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Preface

For centuries, electrical stimulation has been employed for treating neural
disorders. As early as the Egyptian period, for example, medical records cite

the use of electric eel shock therapy for pain, while during the eighteenth
century it was used for treating paralysis and psychiatric symptoms. Enthusiasm
for electrotherapy waned somewhat in the late 1800s and early 1900s as
psychotherapies came to acquire greater prestige for treating psychiatric symptoms.
In recent decades, however, interest in neurostimulation for therapy has again
reignited, beginning chiefly with applications for motor disorders and pain
treatment. High-frequency stimulation of the subthalamic nucleus or globus
pallidus in patients with Parkinson’s disease (PD) was notably found to produce
clinical effects that were similar to surgical ablation, yet were reversible, unlike
surgery, making them an appealing therapeutic strategy.

For the most part, the mechanisms elicited by neurostimulation are unknown.
One widely acknowledged proposal is that neurostimulation somehow affects the
electrical patterning that enables information transfer, since electrical activity is
known to be fundamental to brain communication. The understanding of how
patterning is structured, however, has been both evolving and vigorously debated,
with the result that mechanisms of neurostimulation are themselves poorly
understood. In the 1990s, though, Singer proposed a new thesis premised on the
combinatorial properties of brain oscillations, which were intrinsic to neural
operation. This provided for virtually unlimited freedom of expression in neural
communication, unlike earlier models. Impelled in part by the prospect of an
improved understanding of underlying mechanisms that may modulate, facilitate,
or disrupt brain activity, as well as successes in symptomatic and long-term
therapeutic relief, neurostimulatory and neuromodulatory protocols have since
seen rapid growth in domains other than the motor diseases. Additionally fueling
recent growth are the intrinsic advantages of neurostimulation over the more
commonly used pharmaceutical agents. Unlike pharmacological approaches, which
are difficult to target to specific brain regions and whose temporal distribution

is usually prolonged, neurostimulation is inherently better suited to address the
discrete spatial and temporal variation that characterizes individual dysfunctions.

The need for surgical intervention with its risk of secondary complications has
spawned, moreover, an additional and equally broad group of non-invasive
applications, including transcranial magnetic stimulation (TMS), transcranial
direct current stimulation (tDCS), and repetitive TMS (rTMS), among others,
which can be used both therapeutically as well as diagnostically. Diagnostically,
for example, TMS can be a surrogate marker of recovery that is both sensitive
and quantitative for cranial vascular disorders. TMS has also proven to be a
useful tool for examining cortical and corticospinal physiology and enabling the
understanding of motor dysfunction. When physiologic data are correlated with
clinical function, they can assist diagnosis of underlying motor dysfunction.
Operant conditioning with TMS, for instance, has been used both to assess the
weakness of corticospinal connections and to promote targeted neuroplastic
change.



In view of the promise of these new methods, this book documents their
expanding panorama, with particular emphasis on their evolution in medical
care. The wide variety of medical applications presented in the text is intended
not only to document the latest advances but also to evidence that their
development is servicing more than the epiphenomenal; that is, neurostimulation
and neuromodulation are not simply providing symptomatic care but involve
substantive effects on dysfunctional physiology within the nervous system.
Accordingly, the chapters illustrate the versatility of the technology and the
generality of the physical and biological principles evoked in various treatments.

The book is divided into four sections that sequentially cover theory and breadth,
a focal exploration of neurostimulation in motor diseases, new and ancillary
treatments for diseases of neural degeneration, and, finally, novel applications
likely to see future growth.

Keeping in mind the factors propelling the evolution of these approaches, Section 1
considers a trio of topics, including theoretical issues governing neurostimulatory
influence, ancillary methodological support for enhancing efficacy, and the range
of circumstances encountered in application. Specifically, Chapter 1 speaks to

how neurostimulation is likely to influence the structure of global brain activity

in disease, with epilepsy used as a paradigmatic case. Chapter 2 features ancillary
methodological issues involving the targeting of neurostimulation that are
fundamental to therapeutic efficacy. Chapter 3 then surveys the diversity of
neurological diseases and impairments for which neurostimulation has achieved
therapeutic success, illustrating the common principles evoked in each treatment.

Section 2 explores how neurostimulation therapies evolve in medical management,
with motor diseases as an exemplar, since these applications have had the

longest interval within which to develop. Focusing on spasticity and dystonia,

the section provides an in-depth examination of how neurostimulation can

be merged successfully with pharmacological and rehabilitative methods in
medical management regimes. Chapter 4 emphasizes the medical management
of rehabilitation in spasticity and how adjunct treatments using neurostimulation
or pharmacology can promote rehabilitative practices. Reversing this approach,
Chapter 5 considers the now prevailing use of pharmacological intervention for
spasticity and how approaches that rely primarily on pharmaceutical reagents can
be enhanced through supplementary treatments that include neurostimulation.
Chapter 6 closes this section with a review of the diagnostic tools needed for
selecting among these options.

An especially significant new field for neurostimulation and neuromodulation

is the neurodegenerative diseases, discussed in Section 3. Given the increased
prevalence and chronic nature of cognitive diseases characterizing the elderly and
a worldwide upward trend in elderly demographics, there is great need for new
approaches to the treatment of these diseases. The chapters in this section discuss
two strategies for approaching treatments of these diseases: the delay of their
temporal progression and the mitigation of their effects on quality of life. Chapter 7
explores a novel neuromodulatory option for treating Alzheimer’s dementia (AD)
using improved long-term insulin delivery protocols that can delay neuron loss in
degenerating brain tissue. Chapter 8 reviews how neurostimulation can overcome
debilitating side effects like insomnia and somatosensory dysfunctions that greatly
impact quality of life.

XIvV



Finally, Section 4 explores the current diversity of applications for which
neurostimulation is increasingly resorted to. These applications target not only the
brain but also major tracts that course through the spinal cord. Chapters 9 and 10
explore the use of non-invasive neurostimulation for pain. The significance of

this work becomes apparent when one considers that chronic pain affects billions
of people yearly. Chapter 9 reviews the clinical use of neurostimulation, often
employed for intractable circumstances, while Chapter 10 explores potential
mechanisms evoked by stimulation. Finally, Chapters 11 and 12 discuss therapeutic
applications of neurostimulation in spinal dysfunctions.

This is an exciting time for therapies used to treat CNS disorders, when traditional
rehabilitative and neurotransmitter-based pharmacological approaches are being
supplemented or even supplanted by the new methods of neurostimulation and
neuromodulation, which can intervene more precisely and on shorter time scales
in regions specifically affected by the disorders. This book seeks to convey the
therapeutic prospects of these new methods as well as the details of medical praxis.
It is hoped that the excitement of these developments will induce their use in wider
clinical settings and inspire the evolution of an even broader range of regimes that
can engage the brain in the brain’s own language.

Denis Larrivee

Professor,

Mind and Brain Institute,

University of Navarra Medical School,
Spain

Loyola University Chicago,
USA

Seyed Mansoor Rayegani, M.D

Professor of Physical Medicine and Rehabilitation,
Physical Medicine and Rehabilitation Research Center,
Shahid Beheshti University of Medical Sciences,
Tehran, Iran
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Theory and Practice







Chapter1

Introductory Chapter:
Neurostimulation and the
Structural Basis of Brain Activity

Denis Larrivee

1. Introduction: neurostimulation and global organization

Despite its remarkable clinical efficacy and several decades of use, neuro-
stimulation remains a therapy whose neurophysiological basis is yet undetermined
[1]. This lack of basic scientific understanding has imposed a conceptual barrier
that has broader implications for therapeutic efficacy. Nonetheless, an improved
understanding of the mechanisms of brain activity, observations on the etiological
basis of neurological diseases, and insights from diverse therapeutic applications
offer hope for understanding how the therapy physiologically impacts neural
impairments.

Because the form of neurostimulation is rhythmic, it has been suggested that
neural mechanisms responding to stimulation are similarly rhythmic [2]. Rhythmic
activity is notably ubiquitous in brain operation, and has been observed in single
neurons that display patterned spiking, as well as at network levels, where variable
inhibitory and excitatory feedback configure repetitive activity [3]. Increasingly,
these are proposed to be oscillatory [4]. Significantly, oscillators are prone to pair-
ing and can combine in an indefinite number of permutations to recreate encoded
feature representations. The therapeutic role played by neurostimulation thus
plausibly entails oscillatory interactions, where neurostimulation could modify dys-
functional oscillations, presumably by altering their intrinsic features, like pattern-
ing, synchronization, and desynchronization. Recent studies show in fact that brain
activity is globally structured through oscillatory interactions, with key elements
distributed throughout the brain. Such elements would be expected to be similarly
perturbed in various impairments; hence, restoring normal function would require
that they be reconstructed.

Consistent with this proposal, it is known that global brain activity is coordi-
nated by slow frequency oscillations that resonate between subcortical and cortical
regions [4]. These activity structures mediate organismal functions, which are
cohesively ordered to the good of the individual; hence, their investigation can be
expected to provide a basis for understanding the higher order organization that
underlies brain dynamics at global scales. Indeed, without such understanding, the
effects induced by neuromodulation and neurostimulation remain anecdotal and
their utility to therapeutic design uncertain.

How then is global brain activity affected by neurostimulation? Some insight
into this question can be expected from the study of diseases known to disrupt
global brain events. One candidate is epilepsy, which has been treated by neuro-
stimulation for several decades. Significantly, a characteristic feature of epilepsy
is the occurrence of epileptogenesis outside initial seizure foci. The processes
associated with this distribution are not known, but current evidence implicates
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contributions from both higher order cognition and homeostatic mechanisms, that
is, top-down and bottom-up factors that amplify and spread local seizures. This
chapter will review current work on these processes, some of which associate with
consciousness and default mode network operation, with the expectation that they
are also likely to be found in other disease states. Their characterization is thus likely
to inform intervention in other medical disorders and so enhance the efficacy of
neurostimulation for an increasingly diverse range of cognitive impairments.

2. Epilepsy as a paradigm for global perturbation

Epilepsy is a widely occurring, common neurological disorder. After stroke, it is
the second leading brain impairment, affecting nearly 50 million people worldwide
[5]. Epilepsy has been defined by the International Bureau for Epilepsy (IBE) as a
“disorder of the brain characterized by a persistent predisposition to generate at least
one epileptic seizure and by the neurobiological, cognitive, psychological and social
consequences of this condition” [6]. Seizures may also cause various sequelae that
can entail brief changes in perception and behavior, mild convulsions, and tempo-
rary loss of consciousness, which appear to relate to seizure origin and the degree of
their intensity. The neurophysiological factors leading to these sequelae are currently
unknown. On the other hand, it is known that epileptogenesis affects brain areas
well beyond the epileptogenic foci [7]. The domains affected, their mechanisms of
spatial distribution, and the nature of disturbance are thus likely to be significant
factors in generating the variability observed in epilepsy’s symptoms. Among the
often profound changes occurring during epileptic episodes, for instance, are altered
states of consciousness, which are likely to involve major networks outside the
region of seizure origin. Consistent with such observations, functional connectiv-
ity is impaired in large-scale brain networks that extend both bilaterally and via
subcortical structures [8]. For recurring seizures, therefore, large-scale interactions
could be major pathogenic factors contributing to symptom severity.

Findings from patients resistant to treatment with anti-epileptic drugs, in
fact, strongly suggest this. Because the probability of resistant patients to achieve
complete remission with new antiepileptic drugs is less than 10%, surgical inter-
vention is often considered the best option for treating intractable epilepsy [9];
however, after temporal lobe and/or localized neocortical resections, only 29-65%
of the patients are free of seizures. This relatively low success rate has prompted a
number of studies on the mutual, excitatory, and inhibitory interrelations of brain
structures participating in epileptogenesis, which have converged on a proposal of
epileptic systems that develop in the brains of these patients. The existence of such
complex epileptic systems could explain the intractability of epilepsy and the lack
of success of resective surgery.

2.1Impaired homeostasis and the globalizing of epilepsy

How extra-focal, ictal activities emerge in the epileptic brain is still unknown.
However, since many of the factors contributing to epileptogenesis, such as stroke
or trauma, likely affect homeostatic mechanisms, it has been suggested that
included among the chief etiological factors are those related to impaired preserva-
tive or homeostatic processes [10]. Fasting, notably, has long been known to have
an anticonvulsant effect. The discovery in the 1920s that the anticonvulsant activ-
ity was due to ketosis led to treatments using strictly altered diets, for example,
the ketogenic diet. Consistent with the results of these dietary studies, conditions
precipitating epilepsy like traumatic brain injury, and diseases with which epilepsy
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is often comorbid, like Alzheimer’s, exhibit a chronic loss of energy homeostasis.
Moreover, energy levels are acutely impaired during seizures or their precipitating
events. Since energy homeostasis is clearly a global requirement, its impairment is
likely to contribute to the spread of epileptic foci.

Since the discovery of the effect of fasting on epilepsy, many studies have con-
firmed the essential participation of metabolic dysregulation and the imbalance of
energy metabolites in the disease. During seizures, for instance, the rates of glucose
and oxygen consumption rise [11], requiring more energy than that produced by
oxidative phosphorylation via the TCA cycle. Glycolysis, consequently, replaces
oxidative phosphorylation as the main supply of neuronal ATP. Enzymes involved
in the TCA cycle, such as aconitase, malate dehydrogenases, and succinate dehydro-
genases decrease their activity during seizures, whereas those involved in anaerobic
glycolytic metabolism, such as phosphofructokinase and glucose kinase, increase.
The fall in oxygen levels occurring during seizure hyperactivity also induces the
expression of hypoxia-inducible factors (HIFs), further exacerbating the inhibi-
tion of the mitochondrial TCA cycle and the preferential activation of glycolysis.
Glycolysis, however, is insufficient to sustain the hypo-polarization required for
preventing spontaneous axonal firing, which is mediated by the energy-demanding
sodium-potassium-ATPase (Na‘/K*-ATPase) enzyme. Na'/K'-ATPase malfunction-
ing, for example, has been shown to result in neuronal hyperexcitability, and to be
involved in post-seizure extracellular K* clearance and in neonatal seizures [12].

Additionally, with the onset of seizures, the rapid drop in ATP resultsina
corresponding elevation of adenosine that can exceed baseline levels by more than
40 times [13]. Adenosine, significantly, is a key regulator for energy homeostasis
in cells. Its rise, due to ATP depletion, serves as a negative feedback regulator that
attenuates cellular activities that consume energy. The rise in adenosine in neurons,
particularly, has been shown to attenuate cellular ATP-consuming processes directly
related to neural function. Among its effects is a receptor-mediated inhibition of
synaptic transmission in the brain [14]. The presynaptic adenosine-1 receptors
(A1R), for instance, inhibit synaptic release of most neurotransmitters, especially
those used for excitatory transmission. Significantly, a pathological hallmark of
epilepsy is astrogliosis, which has been linked to the overexpression of adenosine
kinase (ADK) and the consequent adenosine deficiency. Consistent with this
observation, a fall of 25% in adenosine is measured by microdialysis in epilepto-
genic zones. Increased ADK expression, furthermore, results in the spontaneous
occurrence of seizures, whereas ADK reduction in the cortex and hippocampus of
transgenic mice confers resistance to seizures and to epileptogenesis. Cumulatively,
impaired adenosine metabolism—and the specific impairments to aerobically
generated energy metabolites appear as key factors leading to epileptogenesis.

2.2 Epileptogenic recruitment and energy impairment

An important aspect of the generation of epileptic seizures is the recruitment of
substantial regions of cortical tissue into pathological activity. Given a progressive
spreading of metabolic impairment, recruitment can be expected to consecutively
engage nearest neighbor, neuronal circuits. On this basis Wang et al. [15] posited a
model of interacting minicolumn arrays distributed across a cortical tissue sheet,
which sequentially evoked epileptogenic activity. Their model generated focal zones
of hyperactivity within the simulated sheet, an observation consistent with micro-
periodic epileptiform discharges seen during interictal intervals in epilepsy. The high
activity zones recruited first neighboring and, later, distant sites, eventually lead-
ing to abnormal activity throughout the whole sheet. The time required to recruit
the whole sheet depended on the number of hyperexcitable clusters, with earlier
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recruitment occurring when more clusters were present. Together, the models pre-
dictions were consistent with some notable observations seen during epileptogenesis.
Among the chief mechanisms likely to account for the global activation seen
in these results is that of spike timing-dependent plasticity (STDP), where units
neighboring epileptic zones experience localized and synchronous depolarizations
coinciding with the depolarization occurring within the zones [3]. With STDP, epi-
leptogenesis would be expected to initiate synchronized activity focally, followed by
a progressive advance to larger and larger cortical areas. Indeed, it has been pre-
sumed that ictal episodes lead to recruitment through processes of synchronization.
Such synchronization has been shown to occur during the late phases of seizure
discharge. Seizure initiation and interictal epileptiform events, however, are not
consistently associated with synchronous activity, as would be expected if synchro-
nization were chiefly due to localized effects of spike timing-dependent plasticity.
One of the most common neurophysiological patterns observed in focal seizures
is characterized by low-voltage fast activity at seizure onset, followed by irregular
spiking that only subsequently develops into periodic bursting, interspersed with
post-burst depressions. This pattern is nearly always seen in human temporal lobe
epilepsy [16], in neocortical focal epilepsy, and in acute models of focal seizures.
Moreover, there is also a fragmentation of the low amplitude, fast activity, which
becomes substituted with a variety of novel background rhythms. Interictal events,
additionally, vary in amplitude, pattern, and duration, and are characterized by
spikes, sharp waves, and short spike bursts, with rhythmic activity in theta/delta
frequency range that can be recorded both within the epileptic zone and around it.
In fact, observations of interictal and ictal patterns from epileptic patients showed
that synchronization and enhanced excitation were not likely to occur in specific
phases of ictogenesis and that synchronous neuronal bursting was not observed
during interictal spikes and seizures. Intracranial recordings during the early phase
of seizures instead showed that neurons in the epileptic zone and in surrounding
areas reduce their firing activity and synchronization, as measured by spiking
heterogeneity indices. Transitions into seizure activity due to a localized synchro-
nous enhancement, thus, were relatively rare making them unlikely to contribute to
seizure spread. Cumulatively, the data (variability of spiking patterns, the temporal
and spatial nonuniformity of foci, and the lack of neighboring recruitment) are
therefore caveats to explanations invoking metabolic impairment as a chief vehicle
for epileptic globalization, implicating other mechanisms in seizure spreading.

2.3 Globalizing epileptogenesis through higher order cognitive structure:
consciousness and the DMN

Unlike the contribution from metabolic impairment, these additional mecha-
nisms likely include interactions with structured cognitive activity [4], including
global brain states that govern higher order cognition. Evidence for such influence
on two higher order states is considered here, consciousness, and default mode
network activity. Both have been shown to be impaired in epilepsy.

2.4 Relating changes in consciousness to epileptogenic spreading

In the most commonly occurring type of chronic, drug-resistant epilepsies, the
temporal lobe epilepsies (TLEs), alterations of consciousness (AOC) constitute a
particularly dramatic clinical manifestation [17]. Video-EEG recordings reveal that
some 60-80% of patients suffering from TLE exhibit AOC during seizures. Due to
the frequency of AOC in these patients, the international classification of epileptic
seizures has identified impaired consciousness as a framework within which the
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main categories of partial seizures, simple and complex, can be differentiated. The
association between epilepsy and consciousness, a global, higher order brain state,
suggests that specific processes associated with consciousness are factors that may
contribute to how epileptogenesis spreads to various brain regions.

Consistent with this, temporal lobe seizures are characterized by epileptic
discharges originating from one or several regions of the temporal lobe and propa-
gating through apparently interconnected networks located between cortical and
subcortical structures [18]. Among the features that have been shown to contribute
to a spreading epileptogenesis during AOC are those involving long-range increases
in neural synchrony (as opposed to localized influences of synchronization), that
is, between the temporal lobes and regions outside the temporal lobe. Studies of
severely affected patients, those exhibiting a complete loss of consciousness, could
be distinguished from less severely affected subjects on the basis of synchronization
differences seen in long-range measurements. Within the temporal zone, differences
during seizures were not markedly different between the two groups but differed
significantly when measurements were also made of more distant regions, includ-
ing the thalamus and parietal cortex. Since the group displaying complete loss of
consciousness exhibited a specific increase in synchronization between these widely
separated regions, the results suggest that extra-temporal structures are associated
with increases in long-range synchrony during AOC [18].

2.5 Changes in default mode network connectivity during epileptogenesis

Another key, higher order structure, the default mode network (DMN), has also
been shown to be impaired by epilepsy [8]. The DMN is a major resting network
that enables transitioning between task-negative and task-positive states, with
functional communication occurring through the basal ganglia. Significantly,
several experimental and clinical studies show that the putamen and other BG
nuclei are likely to modulate epileptic seizures, with changes in functional con-
nectivity between the DMN and ganglia apparently the source of this modulation.
The changes observed in these studies occurred in nuclei of the DMN in epileptic
patients even during rest, a task-negative state. Within the DMN, functional
connectivity in the left superior, frontal gyrus, left postcentral gyrus, and the right
superior temporal gyrus was decreased in epilepsy patients compared with normal
controls. Between the basal ganglia and DMN, including the regions belonging to
the left lingual gyrus, left and right putamen, right insula/inferior frontal gyrus,
and left inferior frontal gyrus, connectivity was increased; that is, the connectiv-
ity between the DMN and basal ganglia regions was no longer anticorrelated as in
controls, but was instead either insignificant or even slightly positive. Thus, the
data suggest that the putamen operates in a manner that is quasi-independent of
the DMN during epilepsy, a feature that may relate to changes within nuclei of the
DMN itself. Although these studies do not show the emergence of ictal episodes in
the DMN, as a group they demonstrate that epileptogenesis can modify functional
connectivity in a major neural network at long distances from seizure sites.

3. Mechanisms of neurostimulation: beyond functional inhibition
3.1 Oscillations and spreading regimes in epileptogenesis
The effect of epilepsy on global, higher order cognition suggests that these

distributed associations could comprise therapeutic targets. Crucially, neurostimu-
lation has been found to decrease seizure frequency in medically resistant epilepsy,
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apparently through mechanisms affecting extended epileptogenic systems [9].
However, details of these mechanisms, like those for motor diseases, remain to be
clarified. For example, the proposal of functional inhibition for PD does not explain
all functional changes observed in the basal ganglia [19].

Instead of functional inactivation, by mechanisms such as local depolarization
block, inactivation of neuronal voltage-dependent channels, or functional deaf-
ferentation, functional activation has also been observed in PD. Most of the cells
inhibited by high-frequency stimulation still preserve spontaneous activity, for
instance. Moreover, tremors in Parkinson’s are most prominent during wakefulness,
when motions are most frequent, a state characterized as disassociated, but are
much reduced in sleep, when down states, which are characterized by associations
with large amplitude slow oscillations, are present [4]. These observations indicate
that neurostimulation is likely to exert a much more complex influence on neural
activity in PD, and, by extension, in epilepsy as well.

The complexity of this influence is likely to be due to several properties known
to characterize neural oscillations that are intrinsic to the principle oscillatory
patterns seen in normal brain operation [3]. Disease states are known to alter these
properties, modifying oscillatory behavior and affecting how neurostimulation
can in turn reverse the effects of the disease. The intrinsic ability of oscillators to
combine through synchronization, for example, can be evoked via a number of
mechanisms such as phase and amplitude coupling [20] and various forms of cross-
frequency coupling that configure the conditions for synchrony in which oscillators
align and then resonate in unison. Due to their ubiquity throughout the brain they
are capable of coordinating with global (proposed to occur through slower oscilla-
tions like theta and delta waves), and regional (thought to involve gamma waves)
activities [3]. Resonating in unison has the important effect of enabling information
transfer and so of regulating communication between brain domains [21]. On the
other hand, oscillators must also disengage through desynchronization, where their
frequencies are no longer aligned, to generate new combinations with function-
ally different outcomes. For example, both beta and mu basal ganglia rhythms
show event-related desynchronization prior to movement in the basal ganglia,
with sustained suppression during movement execution [22]. Desynchronization
requires a discrete segregation of oscillator pairs to avoid functional overlap; that is,
a qualitative bifurcation of the two that is fundamentally a nonlinear and dynamical
event, for which several mechanisms are proposed [21], like phase resetting through
pulsing, or noise-induced effects that entrain localized rhythms [20]. Phase shift-
ing, or curve resetting, is a common mechanism for oscillatory control, one already
implicated in Wilson Cowan excitatory inhibitory models. By means of spike
timing-dependent plasticity, oscillatory phases can be advanced or delayed to adjust
synchronization [20], a mechanism that could be evoked by neurostimulation.

Synchronization and desynchronization help the brain to maintain reliability as
well as to achieve the flexibility needed for functional variance. Additionally, these
“performance” needs must be contextualized in terms of global operation, which
ultimately defines the sorts of mechanisms required for the “good” of the whole
individual. Significantly, the resident oscillator field is not unimodal, but represents
abroad distribution of oscillator attractors elicited by the network connectivity and
determined by the physical parameters that give rise to them such as impedance reso-
nance and anatomical configurations [3]. Neurostimulation may drive synchrony
with a subset of oscillators but may do so only if the relative coupling between the
source of neurostimulation and the neural oscillators is energetically preferred to
other combinations, where local instabilities might otherwise disengage them [23].

Critically, for neurostimulation, rigid or full phase locking is rarely if ever
achieved [21, 24], a natural physical feature permitting the separation of pair
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members with the corresponding potential to form new combinations. Due to the
intrinsic tendency for oscillators to align (or disengage), influences of neurostimula-
tion on neural oscillators can be expected to specifically impact the spectral power
attained during DBS frequency output, including factors like the extent of phase
alignment in the population [20], frequency modulation due to the phase depen-
dency of the coupling constant [21], intermittency of alignment [23], and oscillator
disruption that may be occasioned by excessive coupling strength [25]. The need for
oscillators to recombine requires that synchronization be of only modest strength.
This requirement has led to the current model for oscillator pairing, the Theory of
Weakly Coupled Oscillators [3, 21], which is mathematically described by the Adler
equation. (Weak here means that interactions lead to phase adjustments without
strong perturbations of the oscillatory generative mechanisms.) The Adler equa-
tion, accordingly, includes terms for repulsion, termed detuning, and for coupling,
both of which vary as a function of the frequency difference between pair members
(Figure1).

3.2 Weak associations and neurostimulation

Because perfect synchrony is not strictly attainable, the effect of increasing
coupling strength is to increase synchronization residency within a preferred
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Synchrony between two oscillators is governed by two factors, the difference between the intrinsic oscillator
frequencies and the coupling strength between them. The individual phase evolution for each of two oscillators
(A) and (B) is mathematically described: dO/dt = w4 (t) and dOp/dt = wg(t). From TWCO theory,

the evolution of the phase precession angle, Op is: dOp/dt = (W4 (t) — wp(t)) + Ksin (Op(t)) + Np (Adler
equation). (A and D) Rigid phase locking occurs when the vate of precession equals 0 and the phase difference
angle is a constant value. (B and E) The rate of precession is constant and oscillation precesses through all
phase angles. (C and F) With coupling, the precession rate is variable and described by the sine of the phase
precession angle. Slowing occurs when the phase difference angle is small, termed the phase overlap range, and
speed increases when the phase difference is large, a phenomenon known as the Arnold tongue. Such frequency
modulation effects result in information transfer in the region of phase overlap [21].
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overlap range where oscillator frequency differences are minimal, mathematically
described by the sine of the phase angle difference between oscillators. As a result,
the oscillators continue to experience frequency modulation throughout the cycle,
which is manifest in the continual change in their precession rates (Figure 1).
(Frequency modulation is posited to lead to information transfer in the maximal
overlap range).

Moreover, increasing coupling strength by neurostimulation for the purpose
of improving synchronization with a neural oscillator is intrinsically limited and
possesses an upper bound [25]. Neural oscillations exhibit stochastic behavior with
intermittent synchronization, where neural signals go in and out of synchrony [23]
revealing that synchronization (of weakly coupled oscillators) represents a statisti-
cal median where a predominant fraction of “micro” oscillating circuits determine
the behavior of the population oscillator. Thus, the overall oscillatory distribution
may be considered to have a certain phase variance range. Increases in coupling
strength, accordingly, can be expected to shift only a proportion of the individual
cycling circuits into a non-oscillatory range as increases in the strength of cou-
pling progressively shift the population to a phase lock value near one (Figure 2).
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Ef]gfects of varying coupling strength on oscillator attrition. Mathematically, synchronization can be defined

in terms of the phase locking value at perfect constancy, that is, equal to 1, minus the influence due to

phase precession and the loss of “micro” oscillators due to quenching. Normalized precession influences on
synchronization are then described: S(t) = 1 — dOp/dt (T —1)/dOp(T) — G((1 — dOp/dt (T —t)/d6p(T))),
where S(t) is the velative synchvonization as a function t of the precession cycle (T). Ahn and Lubchinsky
characterize an oscillating population microstructure [23] in terms of the frequency distribution of the phase
differences present within the synchronized set. Using this variance, the proportion of oscillators enteving a zone
of attrition may then be described by a cumulative normal distribution. Thus only the optimally synchronized
set will approach a phase lock value leading to quenching, which is expressed as a product of the cumulative
normal distribution and the synchroniged population, where G, the fraction entering attrition, can be obtained
from the cumulative normal distribution, which is bounded, due to phase variance, at phase constancy.

(A) Reduction in synchvonization due to oscillator attrition. (B) Variation in the coupling strength constant as
a function of the precession angle.
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Taken together, the physical properties structuring brain oscillations define a set
of parameters within which neurostimulatory intervention could modulate brain
dysfunctions.

4. Epileptogenic spreading and neurostimulation affect higher order,
global oscillations

Significantly, recent studies demonstrate that epileptic activity affects long-
distance oscillatory associations in the brain, including those influencing higher
order cognitive activity [26]. A key finding has been the detection of coupling
between epileptic electrical activity and slow brain oscillations—posited to mediate
interareal coordination of brain activity—in loci distant from seizure origins. Using
a biomarker of experimental epileptogenesis, fast ripples (FRs) (high-frequency
waveforms that can be induced by kainite injection) the study demonstrated the
presence of nonrandom brain activity specifically associated with slow oscillations.
Fast ripples were shown to couple with two bandwidths, a slow oscillation in the
3- to 5-Hz range and one involving interictal epileptic episodes in the 20- to 30-Hz
range. Phase-amplitude coupling during these events aligned at 4.5 Hz frequency
for phase and 27 Hz frequency for amplitude and was 2.1 times higher than during
baseline. Domain-specific analyses additionally revealed that the frontal cortex
and left and right hippocampi specifically increased in power at 3-5 Hz in all three
regions indicating that the ripples were synchronized across these brain domains.
Furthermore, the increase in synchronization converged toward a common value,
revealing that distribution of phase differences tended to converge and to coincide
with the slow oscillation. Additionally, frontal cortex synchronization was delayed
with respect to the two hippocampi, demonstrating that functional connectivity
was oriented from the hippocampi to the frontal cortices, a finding also confirmed
by Grainger analysis. Altogether, the data revealed a strong influence of structured
brain activity on epileptogenesis, with cross-frequency coupling between the slow
oscillation and FRs shaping the latter’s temporal pattern and directionality in the
brain.

Critically, epileptic coupling with slow oscillations has been shown to modify
memory consolidation, a higher order brain function [27]. Memory consolidation
is known to require three patterns of network activity (and their corresponding
physiological coupling): hippocampal ripples, neocortical slow oscillations, and
neocortical sleep spindles. By selectively eliminating ripples, for instance, mem-
ory performance can be greatly impaired in laboratory animals. In normal func-
tioning, the coupling of the three patterns between the hippocampi and prefrontal
cortices during NREM sleep leads to consolidation. Experimentally, accordingly,
these studies examined how epileptogenesis interfered with the temporal coupling
between these events. Specifically, the introduction of experimentally induced,
interictal episodes was used to reduce fast ripples. Multivariate correlations
between experimentally induced IEDs and fast ripples and spindles then showed
that the reduction in FR resulted in significant declines in task-related memory
performance, demonstrating a direct effect between the epileptogenic event,
the brain patterning, and the inability to recall learned tasks. Significantly, the
experimentally induced IEDs modified structured, global activity involving slow
oscillations. In all cases, the hippocampal IEDs induced a marked decrease in neu-
ronal firing (relative to baseline firing) within 200 ms, a time window known to
be correlated with neuronal hyperpolarization and reduced spiking during NREM
sleep and anesthesia that corresponded to slow oscillation, delta waves.
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4.1 Neurostimulation treatments

The effects of epilepsy on these higher order oscillatory structures suggest that
neurostimulation could restore normal function by reversing these effects. Work in
this area remains preliminary, but consistent with this hypothesis.

4.1.1 Vagal nerve stimulation

Therapeutic approaches using neurostimulation for epilepsy primarily involve
vagal nerve stimulation (VNS), although other techniques such as deep brain
stimulation and repetitive transcranial magnetic stimulation (rTMS) have seen
limited use. Existing studies suggest that neurostimulation influences mechanisms
of consciousness, which are altered during epilepsy [28]. For afferent vagal nerve
fibers, the brainstem nucleus of the solitary tract (NST) is the main relay station.
This nucleus has widespread projections to numerous areas in the forebrain, brain-
stem, thalamus, and areas involved in learning and memory formation (amygdala,
hippocampus). Additionally, learning, memory encoding and recall are known to
be modulated by arousal, an integral feature of consciousness. Consistent with the
observations on the effect of epilepsy on memory consolidation, animal models of
vagal nerve stimulation showed that it positively influenced hippocampal long-
term potentiation (HLP). In humans, for instance, a chronic increased alertness is
observed in VNS-implanted subjects with acute effects on memory consolidation.

4.1.2 DBS

DBS in epilepsy has been applied to a number of targets, including the thalamus
(anterior and centromedian nuclei), cerebellum, and basal ganglia (subthalamic
nucleus, caudate, substantia nigra pars reticulata). Via the brainstem and basal
forebrain arousal systems, the thalamus is hypothesized to underpin conscious-
ness through distributed mechanisms of arousal regulation. Of these, the anterior
nucleus of the thalamus appears to underlie limbic seizures and to present in
medically resistant seizure formation, whereas the centromedian nucleus of the
thalamus is involved in the reticulothalamocortical system that is considered
integral to the modulation of vigilance. Significantly, deep brain stimulation of
the anterior nucleus of the thalamus has emerged as a promising therapy for drug
resistant epilepsy, with recent findings indicating a key mechanistic role for brain
oscillations. A study by Chang, for example, showed that desynchronization of the
ipsilateral hippocampal background electrical activity over a broad frequency range
influenced epileptic discharges, including interictal spikes and high-frequency
oscillations [29]. Furthermore, high-frequency stimulation of the anterior nucleus
of the thalamus appeared to decouple large-scale neural activity between the hip-
pocampus and regionally distant cortical areas.

5. Summary and conclusion

Singer’s discovery in the 1990s of patterned electrical activity for brain commu-
nication provided the conceptual basis for moving beyond temporal sequencing for
encoded representations [30]. It also overcame the most significant theoretical limi-
tation of Hubel and Wiesel’s abstraction thesis for coding, which had been premised
on their discovery of motion and edge detector cells in the occipital cortex. The use
of rhythmic, typically oscillatory, activity for communication and the ordering of
cognition has since been confirmed in a wide variety of studies. This understanding
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has enabled a sounder strategy for investigating the structure of brain operation
and how the impairment of this structure might lead to brain dysfunction and
disease. It has also opened a window to the new therapeutic modes of neuromodula-
tion and neurostimulation. These recent forms of therapy, many described in this
volume, are exploiting such understanding to yield the current profusion of medical
applications now revolutionizing treatment for brain disease.
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Abstract

Most commonly used for the treatment of Parkinson’s disease (PD), the deep
brain stimulation (DBS) is a new neurosurgical method whose other applications
are still under development. Neuroimaging has a variety of main roles in DBS
including evaluating the final electrode contact position, localizing the target
nucleus, and detecting complications. Despite being a neurosurgical method,
successful DBS intervention is highly dependent on an appropriate neuroimag-
ing technique. For achieving satisfying clinical results, DBS needs the presence
of neuroradiologists. In this chapter, we have reviewed the role of neuroimaging
in all stages of deep brain stimulation as well as the underlying mechanism in this
domain.

Keywords: neuroimaging, neurostimulation, deep brain stimulation, functional
neurosurgery

1. Introduction

Most commonly used for the treatment of Parkinson’s disease (PD), the deep
brain stimulation (DBS) is a new neurosurgical method which its other applica-
tions is still under development [1]. Neuroimaging has a variety of main roles in
DBS including evaluating the final electrode contact position, localizing the target
nucleus, and detecting complications.

Benabid et al. were the very first researchers who introduced the chronic high-
frequency stimulation of the ventral intermediate nucleus (VIM) of the thalamus
in early 1990s [2]. The authors used a subcutaneous pulse generator, which was
implanted in the thoracic region, connected to chronic stimulating electrodes in
the VIM for treatment of 6 patients with essential tremor and 26 patients with
Parkinson’s disease (PD). The patients maintained improvement up to 29 months.
As the first clinical effort to introduce the chronic high-frequency stimulation of
nuclei (deep brain stimulation), this study showed that this newly come up method
could be used instead of common destructive surgeries such as thalamotomy.

Another similar technique, bilateral DBS of the subthalamic nucleus (STN), was
then introduced by the Benabid team for the treatment of severe motor fluctua-
tions and akinetic rigid Parkinson’s disease [3]. In 2002, the USA food and drug

17 IntechOpen



Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice

administration (FDA) approved the treatment of Parkinson’s disease by stimulation
of bilateral STN and the stimulation of internal globus pallidus (GPi) was approved
in 2003. Although advanced Parkinson’s disease is the main indication for DBS, a
number of different additional uses have been mentioned for DBS, such as Tourette
syndrome, cluster headache, and dystonia as well as psychiatric indications such as
major depression (MDD) and obsessive-compulsion disorders (OCDs).

Despite being a neurosurgical method, successful DBS intervention is highly
dependent on an appropriate neuroimaging technique. For achieving satisfying
clinical results, DBS needs the presence of neuroradiologists. In this chapter, we
have reviewed the role of neuroimaging in all stages of deep brain stimulation.

2. Targets for DBS

A variety of indications and targets have been proposed for DBS since its
starting era. Essential tremor and Parkinson’s disease are among the most common
and ancient indications of DBS, which are managed by stimulation of VIM nucleus
[4-6]. On the other hand, STN and GPi are the most effective targets for Parkinson’s
disease DBS. It has also been reported that VIM DBS may relieve orthostatic tremor
[6]. Tourette syndrome is another indication for DBS that is done through bilateral
thalamic stimulation [7, 8].

Subthalamic nucleus (STN) stimulation by bilateral implantation of electrodes
comprises a majority of DBS interventions for management of advanced Parkinson’s
disease [9, 10]. Intractable epilepsy is another described indication for STN DBS
[11]. Recently, different psychologic disorders, such as OCD, have been discussed
as possible indications for STN DBS [12]. Internal globus pallidus (GPi) is another
target for DBS, which is more commonly indicated for managing dystonia and
advanced Parkinson’s disease [13-16]. Also, winter’s cramp and Tourette syndrome
have been managed by DBS of GPi [17-19]. Previous studies have shown that GPi
DBS improves Yale Global Tic Severity Scale and reduces Tic in a range of 65-96%.
An older reported indication for DBS is chronic pain for which a variety of targets
have been proposed from internal capsule and periventricular gray matter to
sensory thalamus [20, 21].

A variety of other targets have been come up for DBS in management of
psychiatric disorders such as major depression or OCD [22-25]. On the other
hand, cluster headache has been treated by hypothalamic DBS [26]. Also, seizures
that are resistant to medical treatment have been managed by DBS of cerebellum,
centromedian, or anterior nucleus of thalamus and hippocampus [26-28].

3. Pre-interventional imaging

Magnetic resonance imaging (MRI) is the most commonly used modality for
pre-interventional brain assessment in Parkinson’s disease patients who are candi-
dates for DBS, whether STN DBS or bilateral GPi. Multiple lacunae, severe atrophy,
or leukoencephalopathy are among the MRI abnormalities that contraindicate DBS
surgery [29, 30]. Some features in MRI imaging are predictors of desired or non-
appropriate postoperative results. For example, a normalized surface measure of
mesencephalon is correlated with satisfying clinical effects of bilateral STN stimu-
lation on motor disability in Parkinson’s disease; while, a smaller surface of mesen-
cephalon is more associated with non-desired results of stimulation [31]. Also, it
has been mentioned that brain atrophy is not related to non-desired postoperative
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clinical results in patients who are candidates for bilateral STN stimulation. There
is a supporting hypothesis for connecting these imaging features to post-interven-
tional clinical results that believes that a small mesencephalic surface area is cor-
related with cognitive impairment and non-dopaminergic non-levodopa responsive
axial motor symptoms that do not appropriately respond to STN stimulation.

Imaging modalities have an important role in targeting for DBS. Appropriate
placement of electrodes is a sensitive and difficult neurosurgical technique, which
involves highly skilled surgeons. In the first stage of DBS, anatomical landmarks are
determined by MR imaging. Previously, invasive ventriculography was used to deter-
mine the anatomical landmarks for STN implantation; however, it is very uncommon
these days [32]. MR imaging has two remarkable benefits: first of, it can be easily used
for stereotactic targeting in DBS surgery and second, electrodes can be accurately
implanted with no additional negative effects [33, 34]. Another option for targeting is
MR imaging/CT fusion technique in which the data acquired from the two modalities
are fused and MR imaging with stereotactic condition is not used anymore [35].

4. Imaging during intervention

Plain control radiographs are more commonly used by most of the neurosurgery
teams during placement of implants to ensure that the electrodes are accurately
following the predetermined pathway [36]. In addition, intraoperative use of MR
imaging or CT scan has been recently developed for this purpose [37, 38].

Although it has remained a controversy, electrophysiological study of brain has
been used intraoperatively for checking electrode placement in DBS surgery. Some
neurosurgeons consider electrophysiologic mapping of the anatomic target during
STN electrode implantation while others prefer not to apply it, as it prolongs the
surgery and may be associated with risks and complications [39-41].

5. Postoperative imaging

In most of the cases, postoperative imaging is performed to detect the possible
complications. CT scan is the most common modality that is used for this purpose.
It seems that MR imaging has a higher sensitivity in comparison with CT scan for
some complications; for example, electrode-related infections are more detected
by MR imaging. Also, MR imaging correctly indicates the position of contact of
implanted electrodes. MR imaging study provides a bunch of valuable data includ-
ing the exact position of electrodes in case of clinical failure and also relationships
between electrode and the target. Neurosurgeons more commonly register an atlas
on postoperative MR imaging for checking the exact position of contact. Electrode
heating is the most common complication of MR imaging, which is induced by
electromagnetic waves [42, 43].

Post-interventional imaging has provided a remarkable source of data for
discovering new therapeutic methods for many neurologic and psychiatric diseases.
When undesired symptoms and manifestations are presented after DBS, research-
ers can assess the effect by imaging and this will lead to identification of new targets
for managing a variety of disorders. It was found that bilateral hypothalamic DBS,
which was used for treating morbid obesity, has evoked detailed autobiographic
memories [44]. Also, the correlation of severe obsession and hyperactivity of cau-
date nucleus was found during intraoperative electrophysiologic study of caudate
nucleus DBS in patients with OCD [45].
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6. PET, fMRI, and DBS

Functional MRI (fMRI) is a neuroimaging modality with a wide range of appli-
cation in both biomedical research and clinical studies. In addition to its high reso-
lution for soft tissue imaging, MRI has the ability to assess physiological parameters
including metabolites, diffusion, or hemodynamics [46]. Neuronal activity causes
a secondary hemodynamic response, including a local vascular response, which
can be measured by fMRI [47, 48]. fMRI has promoted our understanding about
behavioral and translational neuroscience as it has provided human brain function
maps in addition to conventional anatomical imaging.

When it comes to DBS, positron emission tomography (PET) scan is more pre-
ferred than fMRI as it provides a safer modality for studying patients during DBS
intervention. PET is used for studying both mechanism and unexpected effects of
DBS [49]. According to these facilities, PET has become a gold standard for imaging
of in vivo neurochemistry.

Combination of fMRI and PET modalities has provided a terrific opportunity
in research to understand the neurochemistry of brain and underlying biochemical
nature of brain function.

7. Diffusion tensor imaging (DTI)

Diffusion tensor imaging is an emerging modality that enables us to characterize
microstructure of white matter and this may help with further development of tar-
geting methods and brain stimulation therapies [50]. The technology used behind
the DTI is measuring three-dimensional movement of water molecules in biological
tissue. DTI calculates diffusion of water in three dimensions by fitting a tensor to
each voxel of a brain diffusion-weighted MR scan [51]. Three-dimensional visual-
ization of brain white matter pathways can be provided by DTI-based tractography
[52, 53]. This has resulted in better understanding of brain anatomical structure,
which can be implied in neurosurgical procedures [54, 55].

Defining accurate position of targets is a key point in neurosurgical stimulation
process. The role of DTI in detailed visualization of white matter becomes more
important when the conventional imaging modalities cannot reliably show the
putative target location [50]. Tractography-guided neuromodulation has been tried
for DBS in patients with Parkinson’s disease and dystonia. This will help surgeons
with finding individual anatomic variations and so achieving better results.

8. Less invasive stimulation modalities

Neuromodulation carries a vast range of procedures from pharmacological
interferences to the direct stimulation of brain with placed electrodes. Noninvasive
brain stimulation (NIBS) devices work based on transferring electrical currents into
the brain (usually cortex) through externally placed electrodes. These currents may
be alternating or even created by magnetic fields [56]. In addition to its developed
application in research, NIBS has dramatically entered to the clinical management
of several neurologic/psychiatric disorders. Repeated trains of transcranial mag-
netic stimulation (rTMS) were first approved by FDA for management of major
depressive disorders and obsessive-compulsive disorders, while migraine headaches
are managed by single pulse TMS [56, 57].

A dynamic magnetic field is produced by TMS devices, which induces a
consequent electric field through the skull and scalp. When this electric field is
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delivered to the motor cortex, neurons forming the corticospinal tract are depo-
larized at the junction of gray and white matter. In addition, axons in superficial
layers of cortex including interneurons and thalamocortical afferents can be trig-
gered by TMS pulses. TMS has effects on various brain neurotransmitter systems
including their second messengers and receptors. Also, it promotes synaptic
plasticity, which is a justification for TMS use in pain management. On the other
hand, some previously published researches have indicated that TMS is effective
in reducing frequency of epileptic attacks in patients with medically refrac-

tory epilepsy, without imposing any additional side effects. Another pilot study
holds the belief that TMS in combination with EEG is an appropriate method for
developing quantitative biomarkers of cortical hyperexcitability in patients with
epilepsy [58].

A considerable problem with application of rTMS is its variable effects among
different patients [59, 60]. This makes the research results’ replication a problem
and application of rTMS to clinical therapeutic setting a controversial issue. When
we use r'TMS in a precise cortical area, it will equally affect all the neuronal popula-
tions and consequent behaviors involving that area [61]. Therefore, combination
of EEG and rTMS seems to be an appropriate method in order to specify the rTMS
effects in patients through direct measurement of cortical responses to TMS pulses
[62]. This helps with measurement of TMS-evoked potentials (TEPs) and the
meantime effects of TMS on the recording EEG. Various TEPs’ components are
areflection of activity in a precise area of cortical neurons. So, this may result in
development of more selectively targeted forms of rTMS in non-motor areas of
the cortex.

Transcranial direct current stimulation (tDCS) is another form of noninvasive
brain stimulation techniques that is easily available and not extensive, while the
exact mechanism of action has not been yet discovered [63, 64]. In this method,
electrodes are placed on the scalp and they conduct weak prolonged (about
10-20 min) currents to brain tissues. Indeed, neuronal excitability is modulated in
a polarity-specific manner by tDCS [65]. The modulatory effects of tDCS are the
main role considered for this procedure as it shifts membrane polarity resulting
to modifying the neuronal discharge. There are two subdivisions: anodal tDCS
increases the rate of spontaneous neuronal firing by depolarizing resting membrane
potential, while cathodal tDCS shifts the resting membrane potential to hyperpo-
larization, which leads into decreased cortical excitability [66]. tDCS has approved
improving effects on patients with various types of anxiety disorders such as social
anxiety disorders, generalized anxiety disorders, and anorexia nervosa as well as
major depression and chronic pain [67-69].

Besides the proved applications of tDCS in previous studies, the effect of sham
tDCS has not been yet completely assessed. Some previously conducted sham-
controlled studies have reported inconsistent results with placebo response, which
make this idea more important [70].

9. Neuroimaging and neurosurgical treatment of psychiatric disorders

Progresses in neuroimaging have resulted in developing a notable amount of
new indications of DBS for psychiatric disorders. Discovering new functions and
relationships for internal capsule, cingulate cortex and their networks is a result
of modern neuroimaging techniques. In the major part of the situations, nodes of
these networks are in the regions that are responsible for functional changes in psy-
chiatric pathology that kind of confirms the benefits of conventional capsulotomy
and cingulotomy [71].
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These days, personalized medicine has become the most commonly mentioned
subject in the modern medicine. All the medicine-related fields are trying to find
ways that help with individualized treatment of the diseases, thus treating patients
instead of diseases [72]. So, psychiatrists are following this trend and modern neu-
roimaging techniques may help them with finding proper treatment for each patient
[73]. So far, neuroimaging was used only for checking the proper placement of
electrodes and retrograde evaluation of interventional mechanisms; however, these
modalities will be used for planning new treatment methods and targets for DBS
in near future. Neuroimaging can provide lots of valuable data about connectivity
and regional volume in each patient. Thus, it not only helps with choosing the most
appropriate approach in psychiatric neurosurgery but also simplifies prediction of
interventional outcomes [74-76].

Looking at the recent published studies around neuroimaging, we found out that
developing neuroimaging techniques is leading to the age of “precision surgery.” In
this period of time, neuroimaging will change the face and approach to electrode
implantation and patient selection as well as selection of surgical targets throughout
individualized neuroanatomy extracted from modern neuroimaging modalities and
technologies [74, 77, 78].

10. Conclusion

As the researches are getting more informative, more patients are going under
DBS intervention especially for treating Parkinson’s disease. In addition, as the
modern technologies are developed, more new applications and targets are get-
ting introduced for DBS. So, neuroimaging has a notable role in preoperative and
postoperative sections as well as during DBS intervention. Further researches are
required to discover more efficient imaging modalities that will lead to discovery of
new targets and indications for DBS and functional neurosurgery.
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Chapter 3

Deep Brain Stimulation Approach
in Neurological Diseases

Dev Priya and Pathak Abhishek

Abstract

The technique was emanated in early 1960s; nowadays, deep brain stimulation
(DBS) has become a huge practice in treatment of various movement disorders along
with some psychiatric disorders. The advancement of DBS in different neurodegen-
erative diseases and managing patients with refractory brain disorders are closely
related to the developments in technology. This development in regard with the
device advancement along with the safe coupling of DBS to high-resolution imaging
can help us to shape our knowledge in brain-wide networks and circuits linked with
clinical aspects. DBS is found to be useful in learning and memory. On the contrary,
traditional epilepsy surgeries are more complicated and technologically DBS is
easier and more feasible. There are mild adverse effects of this DBS treatment, but a
number of studies have shown positive treatment outcome with movement disorders
and many kinds of psychiatric disorders too.

Keywords: deep brain stimulation, neuromodulation, brain, movement disorder,
neurodegenerative disease, psychiatric disorder

1. Introduction

Neuromodulation is an increasingly rising field in the successful treatment of
neurological disorders [1, 2]. Neurostimulation allows highly flexible alteration
of disease symptoms. A number of medications fail due to severe side effects that
outweigh the medication benefit, but neurostimulation has been so long to be
potentially used as a treatment option for several movement disorders [2], with
mild side effects with unknown mechanism of action in other disorders [3].

2. Types of Neuromodulation techniques

1. Deep brain stimulation (DBS) is an approved option for the treatment of
intractable forms of various diseases. It involves inflecting the dysfunc-
tional neuronal networks by long-term electrical stimulation, which utilizes
implanting electrodes placed in the target neurological site that excites the
neuronal circuits [4]. In recent years, evolution of DBS has revolutionized the
treatment few neurological diseases especially in the treatment of movement

disorders [5].

2.Vagal nerve stimulation (VNS) uses a device to stimulate the vagus nerve via
electrical impulses. VNS is very helpful for people who have not responded to
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intensive antiepileptic drug treatment and suffers from their adverse effects.
FDA has approved VNS in 1997 for the treatment of epilepsy, depression, and
various other disorders.

3. Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation
by producing electrical impulses at a specific area of the brain through electro-
magnetic induction or by changing magnetic field [6].

4.Spinal cord stimulation (SCS) is useful in the treatment of long-lasting
pain, which utilizes a stimulator that gives an electrical stimulus to the
spinal cord.

5.Epidural motor cortex stimulation technique is highly useful in the treatment
of intractable long-term neuropathic pain.

6.r'TMS is useful in the treatment of experimental pain, neuropathic pain, and
nonneuropathic chronic conditions.

7. Transcranial direct current stimulation is a highly used noninvasive technique
altering neuronal plasticity. It is moderately used in treating neuropathic pain
and fibromyalgia [7].

3. Deep brain stimulation (DBS)

DBS is an electrode implantation method using stereotactic techniques into
the deep regions of brain for modulating neuronal function. An implantable pulse
generator (IPG) is attached below the clavicle region, with an intention to treat
neurological and psychiatric conditions. This attached IPG works on battery and
delivers electrical stimulation, which is regulated externally by patients with the
help of the remote. The electronic components like frequency, pulse, voltage, and
other parameters can be altered to attain maximum efficacy of the treatment. It is
believed that it works on excitation and inhibition of neurons present nearby the
electrodes, but the exact mechanism is still unknown.

Low-frequency stimulation seems to excite nearby neurons, while high-frequency
stimulation may decrease local activity leading to rescindable functional lesion.
This simple-minded opinion for the mechanistic action has been a challenge
in recent years, and more comprehensive knowledge may promote enhanced DBS
treatments [8].

4, Brief chronicle of DBS
4.1 Early history

During the early 1900s’ experiments, first stereotactic frame was designed that
allowed stimulation of deeper regions of brain. In 1947, X-ray pneumoencepha-
lography was developed that enabled surgeons to locate the target with the help of
detailed stereotactic atlas that was developed later on. In 1950, stereotactic tech-
niques were used for the tremor treatment. Later, in 1963, Albe Fessard reported
high-frequency (~100-200 Hz) electrical stimulation for the first time in the ven-
tral intermediate thalamic nucleus that could substantially alleviate Parkinsonian
tremor [9].
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4.2 Thelast 50 years

In 1960, levodopa treatment development was highly effective for Parkinsonian
symptoms with lesser risk and expense compared to DBS implantation and this led
the curtailing of early forms of DBS research.

Inspite of the drawbacks, the research for use of DBSnever stopped. DBS con-
tinued to observe restricted use in intractable chronic treatment, with Medtronic
Inc. (Minneapolis, MN, USA) and released the first fully implanted DBS systems
commercially accessible for this purpose in the mid-1970s [10].

Other study groups investigated the use of thalamic DBS to treat consciousness
diseases and reported few benefits. By the end of 1980s, it was evident that using
levodopa would not hold the promising effects, after years of therapy, and patients
developed wearing off along with the side effects like dyskinesias. Meanwhile, the
technology of implantable medical devices had improved to the stage that it was
routinely used for chronically implanted devices like cardiac pacemakers and spinal
cord stimulators. The animal model study eventually got translated into clinical
practices, and the first subthalamic nucleus (STN) DBS study got published [11]. By
the beginning of the century, clinical use of DBS in Parkinsonian disorders has begun
to become common [8].

5. Rationale and mechanisms of action

Although the exact mechanisms of action of DBS are still elusive in spite of
extensive research, several theories have been put forward. These proposed mecha-
nisms can be divided according to the latency of onset of the effects from the time
of stimulation into acute (seconds to hours) and chronic (days to months). The two
major proposed mechanisms are as follows:

1. Electrophysiological and neurotransmitter modulation 395 likely explain the
acute effects.

2. Plasticity and neurogenesis may explain the chronic effects [12].

However, there is a considerable overlap among the proposed mechanisms and
one group of mechanisms has effects over the other, as described in detail in the
following sections. Furthermore, depending on the methods used to investigate the
mechanisms of action, different aspects of stimulation effects are tested. With an
integrative approach combining investigations employing different modalities, one
can understand the general effects of DBS.

5.1 Modalities used to study the mechanisms of DBS

Different methods have been used to quantify the changes produced by the
DBS at the cellular, tissue and system levels to study the mechanisms of action of
DBS. These modalities can be broadly classified into electrophysiological, imaging,
biochemical, and molecular methods. Imaging techniques such as positron emission
tomography (PET) and functional MRI (fMRI) provide information on both local-
and system-level changes. These are complementary methods: functional imaging
studies have high spatial resolution, whereas electrophysiological methods have
high temporal resolution. Moreover, electrophysiological methods directly measure
neuronal activities rather than indirect measures of neural activities using blood-
flow changes measured by imaging methods [13].
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There are several hypotheses proposed by different schools of thought, to
explain the processes by which DBS works. Accepted and popular hypothesis
relied on the alteration of pathological brain circuit activity induced by stimulation
[12, 14]. The stimulating impacts that are accountable for this disturbance occur
at protein, ionic, cellular, and network levels to produce symptom improvements
[15]. While it is presently unclear that which of the DBS’ wide-ranging impacts
are needed and adequate to generate therapeutic results, it is evident that high-
frequency (~100 Hz) pulse stations (~0.1 ms) produce network reactions that
are essentially distinct from low-frequency (~10 Hz) stimulation. The electrodes
implanted into the brain redistribute the charged particles (such as Na+ and
Cl—ions) throughout the extracellular space, which generates electric field and
ultimately leads to the manipulation of sodium channel protein’s voltage sensor
embedded in the neuron membrane [16]. The opening of sodium channels at
the cellular level may generate a potential action for initiation of axons and can
propagate in both orthodromic and antidromic directions. DBS causes, activated
axons are able to follow very high fidelity stimulus rates at ~100 Hz, but these high-
frequency synaptic transmissions are less robust and much complex than that of
axonal transmission [17, 18].

Under such high-frequency activity, postsynaptic receptors can be depressed
and axon terminals can exhaust their released pool of neurotransmitters [19, 20].
Even though these synapses appear to be active in DBS, theories of information
processing suggest that they could become low-pass filters that can block low-
frequency signal transmission [21]. This general mechanism, defined as “synaptic
filtering,” may play a crucial role in DBS, hampering the transmission of oscillatory
activity patterns throughout the related networks of brain via neurons [22].

DBS’ simple biophysical consequences offers a background where the patterns
of network activity observed in patients can begin to be interpreted. The oscillation
frequency of the stimulation signal is virtually zero as stimulation intensity remains
unchanged during DBS, which could produce what is known as an “information
lesion” in stimulated neurons [23]. According to this theory, action potential
induced by DBS essentially bypasses some endogenous activity directly within the
stimulated nerves and therefore slows down the transmission of oscillatory activity
via the network. Nonetheless, not too many researches support the statement that
high-frequency DBS causes lesion. Research with asleep and behavioral primates
indicates how DBS can serve as a filter, which allows certain sensorimotor-related
regulation of neuronal activity in the activated area, whereas specifically sup-
pressing pathological low-frequency oscillation propagation [24, 25]. Certain basal
ganglia activities, like those of reward-based decision-making or motor sequence
learning, can often be retained during STN DBS or globus pallidus [26].

Certain factors may also have significant roles in treatment mechanism of DBS
for PD like high-frequency DBS could provide an appropriate information lesion
that inhibits the propagation of low-frequency oscillations, unlike low-frequency
synchronization, could have no impact on broader network function [27, 28]. One
of the advantages of this system is that high-frequency DBS is a standard device
that can overcome various forms of clinical low-frequency excitations, like mobile
tremor, dystonia, and akinesia rigidity [29].

The above proposed mechanism of DBS goes some way to explain only the acute
effects of DBS in movement disorders, but this would not explain long-latency,
chronic-adaptive alterations, which arise in individuals with dystonia following
DBS and it may describe the psychological response to DBS. There might be
possibility that low oscillating frequencies are strongly enhanced by long-term
potentiation, while stimulation of high-frequency seems to have smaller plasticity
effect. Therefore, replacing low-frequency patterns with high frequency can reverse

34



Deep Brain Stimulation Approach in Neurological Diseases
DOI: http://dx.doi.org/10.5772/intechopen.91756

those symptoms associated with chronic disease [30]. DBS often takes months
to get maximum benefit in various disorders, such as dystonia, depression, and

epilepsy [31].
5.2 Open- vs. close-loop stimulation system

Nowadays, the open-loop system is embedded in many cases for DBS in which
related parameters such as frequency, amplitude, and duty cycle can be adjusted by
trained physicians. Stimulation, in this method, is fixed for initial months of treat-
ment, then later can be adjusted based on patient’s symptoms and overall conditions.

A closed-loop system receives continuous feedback from the patient’s neuronal
circuits of brain by a present and programmed algorithm and thus appears to be
an effective stimulation, and the parameters are adjusted real time. The implanted
device causes physiological changes, both over long and short term, via automatic
therapeutic parameter delivery with the ability to sense brain signals. Though
there are no randomized controlled trials, comparing the therapeutic effect of
open- vs. closed-loop system, few researchers opine that closed-loop method are
more effective than the open-loop system. Through their novel closed-loop method,
to compare the effectiveness of open-loop systems using two neurons, they dem-
onstrated that closed-loop system with implantable electrodes in GPi region has
better results on the disease motor symptoms in PD patients than the open-loop and
high-frequency systems [32, 33].

6. DBS in different neurodegenerative diseases

The common form of dementia, AD, treated with lesser efficiency of success in
treatment via this technique has been used to modulate nonfunctional neuronal cir-
cuits with abnormalities seen in cortical and subcortical areas of the brain. Treatment
helps in altering cholinesterase inhibitors and NMDA receptor antagonist [31]. DBS is
a significant option for treatment of movement disorders that are intractable to drugs
namely Parkinson’ disease, essential tremors, dystonia, and have recently shown to
be effective against treatment of OCDs, depression, and Tourette syndrome [5, 31].

7. DBS in movement disorders

DBS became the standard therapy refractory over the last 25 years for individu-
als with motor circuit disabilities, most notably PD, dystonia, and essential tremor.
DBS use has now been confined to high-income and developing countries [34].
Hospital-discharge-based studies of US database has showed that >30,000 DBS
surgeries were performed during 2002 and 2011, and the publications on DBS have
also risen over the same period of time [35].

7.1 Parkinson’s disease

Over the last 10 years, STN is used as a target for DBS in PD [36]. GPi is also
used as a target, but the choice between STN and GPi is often guided by the bio-
medical group based on the medical context of the patient.

Multiple studies have already shown that STN DBS produces continuous
symptom relief even after 5-10 years of treatment, although with cognition
and gait regression due to the unremitting development of the underlying
degenerative disorder [37]. In PD diagnosis, DBS is called the “second honeymoon”
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(dopaminergic therapy is the first). Instability in posture and freezing can be
improved by DBS at pedunculopontine nucleus region of the brain [38].

Based on previous studies, there is a general concept of DBS that it can improve
PD patients with advance kind of symptoms like motor fluctuation, dyskinesias
secondary to chronic levodopa as well as those with refractory and marked tremor.
But based on studies of EARLYSTIM findings, DBS can also improve early stages of
PD [39]. Due to these advantages of DBS, it is now been under clinical trials for those
patients who are eliminated from surgery due to age factor, along with those patients
with motor fluctuations in whom medication is effective. Due to the inherent risk of
DBS like hemorrhage and infection, such trials face ethical issues [40].

7.2 Epilepsy

Earlier it was thought that DBS can switch open resective surgery in epilepsy,
but after studies on DBS of the anterior nucleus of the thalamus (ANT), it was
stifled. These researches imposed well on the efficacy of DBS but simultaneously
also demonstrated that many patients did not attain seizure freedom after the DBS
treatment [41, 42]. Closed-loop stimulation is a hopeful technology in epilepsy that
can sense seizure activity with electrode and also can send electrical stimulations to
brain to thwart propagation of seizure [43].

7.3 Essential tremor

After various studies, DBS was recommended by FDA in 1997 for the initial
tremor symptoms of the movement disorder [44]. Along with DBS, other therapies
such as lesional surgery have also been used for the treatment of essential tremors.
DBS is a better choice due to its safety as well as adjustability of the stimulation,
which is not provided by the lesional therapy [45]. Thalamic DBS is used in tremors
of multiple sclerosis patients [46].

7.4 Dystonia

DBS had played a crucial role in dystonia treatment [47, 48]. Pallidal DBS,
for instance, is the first-line treatment in childhood generalized dystonic dis-
ease. The most significant determinant of results was age at which surgery was
performed and the duration of disorder [49-51]. Genetic makeup of patients
has also been important in evaluating the outcome, as individual with DYT1
dystonia are benefited more than the DYT6 dystonia [52]. Therefore, genetic
testing of patients undergoing DBS treatment would suggest which candidate
is going to be benefited more [53]. The posteroventral lateral GPi in dystonia is
the utmost recognized target for DBS [54]. GPi stimulation offers significant
recovery in dystonic patients with adversarial effects on low frequency. The STN
and the thalamus are two other targets for DBS. Despite of positive outcomes
of STN DBS, the therapeutic use is still restricted [55]. An additional important
target is sensorimotor thalamus, which in the age of radiofrequency lesioning,
was considered as standard target [56, 57]. The mode of action of DBS in clinical
improvement is quite intricate because of delayed and progressive effect exhib-
ited over a period of months. The underlying mechanism for this was hypoth-
esized as the alteration of maladaptive plasticity, progressive motor learning, and
modification in pathological oscillatory activity in basal ganglia circuitry [58].
Dystonia can recur within minutes to hours after discontinuation of stimula-
tion during the initial postoperative period; the advantages from stimulation
that has been administered for several years can persist for days and weeks after
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discontinuation [59, 60]. Therefore, DBS acts as a true treatment in case of dys-
tonia where progressive treatments are absent or poorly successful. This rationale
has contributed an EARLYSTIM study in dystonia [61].

7.5 Alzheimer disease (AD)

AD is perhaps the most prevailing neurodegenerative disease but is character-
ized with years of gradual reduction in neurocognitive parameters. Many DBS strat-
egies have been identified for AD, including areas anterior to the fornix, entorhinal
cortex, and the nucleus basalis of Meynert (NBM). Several studies suggest that DBS
can affect cognitive function in AD. Nonetheless, outcome influencing factors such
as baseline neuroanatomical substrates, surgical technique, placement of lead, and
target population choice are the challenges for DBS [62].

8. DBS in psychiatric disorders

Psychiatric disorders are assorted conditions affecting multiple pathways with
overlap. Such disorders have few (if any) biochemical markers that support treatment
and outcomes, and there is a lack of data for its outcome assessment in patients. Thus,
this affects the designing of clinical trial studies. In addition, the quality of surgi-
cal trials is also hindered due to significant selection barriers [63]. In an attempt to
alleviate refractory psychiatric symptoms, numerous prospective studies have been
done to evaluate if focal disruption at specific anatomic targets can impact circuit-
wide or network-wide changes. Though the strategy is enticing, there are still some
challenges.

8.1 Tourette syndrome

Due to the behavioral and cognitive issues in these patients, less than 300 patients
have endured DBS treatment across the world. Patients with chronic symptoms
are improved less than those with mild symptoms as per a meta-analysis [64]. A
randomized controlled trial in 2017 did not report any significant improvement of
tics in Tourette syndrome patients treated with anteromedial GPi stimulation during
the initial blinded phase of the study; however, tics improvement was documented
during the study’s transparent period [65]. There is need of more randomized control
trials for further development of DBS treatment in these patients.

8.2 Major depression

Major depression is a serious disorder that can impact quality of life day-to-
day working and, eventually, life expectancy significantly [66, 67]. As a result of
advancement of imaging techniques, there is a suggestion that depression occurs
due to alteration in mood-related circuits, which can be reversed with neuromodu-
lation along with other antidepressant therapies.

8.3 Bipolar disorder

Bipolar disorders are associated with acute and strong emotive condition, which
are episodic and known as mood episodes; these disorders are less common than
major depression but are linked with increased risk of suicide. Effective targets
in bipolar disorders for DBS are thought to be SCC, the nucleus accumbens, and
sIMFB, but studies are less [68].
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8.4 Obsessive: compulsive disorder

Obsessive—compulsive disorder (OCD) is a debilitating psychological condi-
tion, which is characterized by obsessions combined with time-consuming and
subjectively anxiolytic behaviors. Several targets were proposed for OCD treat-
ment, but STN DBS was found to be the most effective with significant reduction in
OCD symptoms [69].

8.5 Anorexia nervosa

Anorexia nervosa is a severe, prevalent, and has one of the highest mortalities
among any psychiatric disorder. The limbic and emotional circuits are involved
activating and upholding the disorder. The limited availability of treatment in refractory
anorexia nervosa and positive outcomes of DBS in mood-related circuits have led the
curiosity for DBS targets availability in anorexia nervosa condition. Several research
articles are published on SCC DBS target with significant reduction in depression and
anxiety [70]. However, further studies are needed for convincing target for DBS.

9. Pain

For patients with pain, the analysis of DBS outcome is more challenging than
in motor movement disorders due to rationality of pain self-assessment. Though
nociceptive pain can usually be kept in check with opiate medication, DBS targets in
the thalamus or cingulum are considered for patients with severe refractory neuro-
pathic pain [30, 71, 72].

10. Positive influence of the DBS treatment

There are a number of side effects via medication that is highly reduced by
neuromodulation technique. Seizure frequencies and mortality were decreased, but
the results were not evaluated. Successful results of DBS on movement disorder and
vagal nerve stimulation for epilepsy [73, 74]. DBS is a best way to treat extrapyra-
midal motor disorder namely dyskinesia, tremors, rigidity, and dystonia [75-77].
GPi-DBS, in primary generalized dystonia, was proved to be very successful, and
it can be used as an effective treatment option [78]. Although with mild treatment
side effects, a number of studies have shown positive treatment outcome in chronic
disorders of consciousness with unknown mechanism of action [79]. DBS is found
to beneficial in enhancing altered learning and memory. In rodents’ model of
dementia, mesial temporal DBS has shown positive results. Improvement in visual
memory is seen in patients who underwent unilateral amygdalohippocampal DBS
[80]. DBS helps in regaining of learning, memory, and altered communication skills
in patients of postbrain injury with disorders of consciousness [81].

11. Negative influence of the treatment

Severe harmful effects of DBS are seen on dominant side of hippocampal region.
Bilateral hippocampal DBS may cause memory dysfunction in epilepsy patients.
Though DBS, is supposed to be safe, the adverse events can be seen in 7.5-8.5% of
patients. The major adverse effects being, infections, intraoperative seizures and
other complications [7].
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12. Evolution in DBS technologies

Evolutions in technologies have led to the advancement in pain management in
DBS. Several technologies related to spinal cord stimulation like Expanded MRI
labeling, pulse modifier (generator as well as shrinker), dorsal root ganglia stimu-
lating leads, and so on have benefited a lot due to high-frequency and high-density
strategies of software [82-85]. The major problem in DBS is the inappropriate dose,
for which no new technology has been developed for the past two decades; there-
fore, there is lack of competitiveness in DBS technology [30].

13. Summary

DBS is a neurosurgical procedure that utilizes lead-implanted electrodes
that is placed chronically in the target areas of the brain well connected to
pulse generator, which excites the neuronal circuits [1, 4, 5]. It is an invasive
neuromodulation technique that was emanated in early 1960s [1]. Recently, DBS
has become a huge practice in treatment of various movement disorders along
with some psychiatric disorders [4, 5]. As compared to other neurosurgical
options, lower chances of complications are seen with this technique [5].
Although with mild treatment side effects, a number of studies have shown
positive treatment outcome in chronic disorders of consciousness with unknown
mechanism of action [79]. Growth in DBS in respect to pathway and its impact on
neuronal circuit has been mainly propelled by preclinical, neurophysiological, and
computational research. Significant needs and prospect have evolved innovative
techniques and technologies that have improved tolerability as well as research
design, but DBS is still growing in many areas to manage cerebral diseases safely
and efficiently.
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DBS deep brain stimulation

VNS vagal nerve stimulation

TMS transcranial magnetic stimulation

SCS spinal cord stimulation

rTMS repetitive transcranial magnetic stimulation
AD Alzheimer’s disease

NMDA N-methyl-d-aspartate

GPi-DBS globus pallidus internus deep brain stimulation

39



Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice

Author details
Dev Priya and Pathak Abhishek*
Department of Neurology, Institute of Medical Sciences, Banaras Hindu University,

India

*Address all correspondence to: abhishekpathakaiims@gmail.com

IntechOpen

© 2020 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.

40



Deep Brain Stimulation Approach in Neurological Diseases

DOI: http://dx.doi.org/10.5772/intechopen.91756

References

[1] Doruk Camsari D, Kirkovski M,
Croarkin PE. Therapeutic applications
of invasive neuromodulation in children
and adolescents. The Psychiatric Clinics
of North America. 2018;41(3):479-483

[2] Fisher RS, Velasco AL. Electrical
brain stimulation for epilepsy. Nature
Reviews. Neurology. 2014;10(5):261-270

(3] Oliveira L, Fregni F. Pharmacological
and electrical stimulation in chronic
disorders of consciousness: New insights
and future directions. Brain Injury.
2011;25(4):315-327

[4] Lemaire JJ, Sontheimer A, Nezzar H,
Pontier B, Luauté J, Roche B, et al.
Electrical modulation of neuronal
networks in brain-injured patients with
disorders of consciousness: A systematic
review. Annales Francaises d’Anesthésie
et de Réanimation. 2014;33(2):88-97

[5] Falowski SM, Ooi YC,

Bakay RA. Long-term evaluation

of changes in operative technique

and hardware-related complications
with deep brain stimulation.
Neuromodulation. 2015;18(8):670-677

[6] Albert GC, Cook CM, Prato FS,
Thomas AW. Deep brain stimulation,
vagal nerve stimulation and transcranial
stimulation: An overview of stimulation
parameters and neurotransmitter
release. Neuroscience and Biobehavioral

Reviews. 2009;33(7):1042-1060

[7] Cruccu G, Garcia-Larrea L,
Hansson P, Keindl M, Lefaucheur JP,
Paulus W, et al. EAN guidelines on
central neurostimulation therapy

in chronic pain conditions.
European Journal of Neurology.
2016;23(10):1489-1499

[8] Pycroft L, Stein J, Aziz T. Deep brain
stimulation: An overview of history,
methods, and future developments. Brain
and Neuroscience Advances. 2018;2:1-6

41

[9] Albe Fessard D, Arfel G,

Guiot G, et al. Characteristic electric
activities of some cerebral structures
in man. Annales de Chirurgie.
1963;17:1185-1214

[10] Hosobuchi Y, Adams JE,

Rutkin B. Chronic thalamic stimulation
for the control of facial anesthesia
dolorosa. Archives of Neurology.

1973;29(3):158-161

[11] Pollak P, Benabid AL, Gross C,

et al. Effects of the stimulation of the
subthalamic nucleus in Parkinson
disease. Revista de Neurologia.

1993;149(3):175-176

[12] Lozano AM, Lipsman N. Probing
and regulating dysfunctional circuits
using deep brain stimulation. Neuron.
2013;77:406-424

[13] Udupa K, Chen R. The
mechanisms of action of deep brain
stimulation and ideas for the future

development. Progress in Neurobiology.
2015;1386:1-23

[14] Ashkan K, Rogers P,
Bergman H, Ughratdar I. Insights into
the mechanisms of deep brain

stimulation. Nature Reviews. Neurology.
2017;13:548-554

[15] McIntyre CC, Anderson RW. Deep
brain stimulation mechanisms:

The control of network activity via
neurochemistry modulation. Journal of
Neurochemistry. 2016;139 (Suppl 1):
338-345

[16] Groome JR. The voltage sensor
module in sodium channels. Handbook
of Experimental Pharmacology.
2014;221:7-31

[17] Bucher D, Goaillard JM. Beyond
faithful conduction: Short-term
dynamics, neuromodulation, and long-
term regulation of spike propagation



Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice

in the axon. Progress in Neurobiology.
2011;94:307-346

[18] Miocinovic S et al. Computational
analysis of subthalamic nucleus and
lenticular fasciculus activation during
therapeutic deep brain stimulation.
Journal of Neurophysiology.
2006;96:1569-1580

[19] Llinas RR, Leznik E, Urbano FJ.
Temporal binding via cortical coincidence
detection of specific and nonspecific
thalamocortical inputs: A voltage-
dependent dye-imaging study in mouse
brain slices. Proceedings of the National
Academy of Sciences of the United States
of America. 2002;99:449-454

[20] Rosenbaum R et al. Axonal and
synaptic failure suppress the transfer

of firing rate oscillations, synchrony
and information during high frequency
deep brain stimulation. Neurobiology of
Disease. 2014;62:86-99

[21] Lindner B, Gangloff D,

Longtin A, Lewis JE. Broadband coding
with dynamic synapses. The Journal of
Neuroscience. 2009;29:2076-2088

[22] Montgomery EB Jr, Baker KB.
Mechanisms of deep brain stimulation

and future technical developments.
Neurological Research. 2000;22:259-266

[23] Grill WM, Snyder AN,
Miocinovic S. Deep brain stimulation
creates an informational lesion of

the stimulated nucleus. Neuroreport.
2004;15:1137-1140

[24] Agnesi F, Johnson MD,

Vitek JL. Deep brain stimulation: How
does it work? Handbook of Clinical
Neurology. 2013;116:39-54

[25] Zimnik AJ, Nora GJ, Desmurget M,
Turner RS. Movement-related discharge
in the macaque globus pallidus during
high-frequency stimulation of the
subthalamic nucleus. The Journal of
Neuroscience. 2015;35:3978-3989

42

[26] Wichmann T, DeLong MR. Deep
brain stimulation for movement
disorders of basal ganglia origin:

Restoring function or functionality?
Neurotherapeutics. 2016;13:264-283

[27] Moran A, Stein E,

Tischler H, Bar-Gad I. Decoupling
neuronal oscillations during
subthalamic nucleus stimulation in the
parkinsonian primate. Neurobiology of
Disease. 2012;45:583-590

[28] Wilson CJ, Beverlin BII,

Netoff T. Chaotic desynchronization
as the therapeutic mechanism of deep
brain stimulation. Frontiers in Systems
Neuroscience. 2011;5:50

[29] Guridi J, Alegre M. Oscillatory
activity in the basal ganglia and deep
brain stimulation. Movement Disorders.
2017;32:64-69

[30] Tass PA, Majtanik M. Long-term
anti-kindling effects of desynchronizing
brain stimulation: A theoretical study.
Biological Cybernetics. 2006;94:58-66

[31] Lozano AM, Lipsman N,
Bergman H, Brown P, Chabardes S,

et al. Deep brain stimulation: Current
challenges and future directions.
Nature Reviews. Neurology.
2019;15(3):148-160

[32] Rosin B, Slovik M, Mitelman R,
Rivlin-Etzion M, Haber SN, Israel Z,
et al. Closed-loop deep brain stimulation

is superior in ameliorating parkinsonism.
Neuron. 2011;72:370-384

[33] Ghasemi P, Sahraee T,
Mohammadi A. Closed- and open-
loop deep brain stimulation:
Methods, challenges, current

and future aspects. Journal of

Biomedical Physics and Engineering.
2018;8(2):209-216

[34] Bick SKB, Eskandar EN.
Neuromodulation for restoring memory.
Neurosurgical Focus. 2016;40(5):E5



Deep Brain Stimulation Approach in Neurological Diseases

DOI: http://dx.doi.org/10.5772/intechopen.91756

[35] Jourdain VA, Schechtmann G.
Health economics and surgical
treatment for Parkinson’s disease in
aworld perspective: Results from an
international survey. Stereotactic and
Functional Neurosurgery. 2014;92:71-79

[36] Schnurman Z, Kondziolka D.
Evaluating innovation. Part 1: The
concept of progressive scholarly

acceptance. Journal of Neurosurgery.
2016;124:207-211

[37] Deuschl G et al. Stimulation of the
subthalamic nucleus at an earlier disease
stage of Parkinson’s disease: Concept
and standards of the EARLYSTIM-
study. Parkinsonism & Related
Disorders. 2013;19:56-61

[38] Rizzone MG et al. Long-term
outcome of subthalamic nucleus

DBS in Parkinson’s disease: From the
advanced phase towards the late stage
of the disease? Parkinsonism & Related
Disorders. 2014;20:376-381

[39] Hamani C et al. Pedunculopontine
nucleus region deep brain stimulation in
Parkinson disease: Surgical anatomy and
terminology. Stereotactic and Functional
Neurosurgery. 2016;94:298-306

[40] Schuepbach WM et al.
Neurostimulation for Parkinson’s
disease with early motor complications.
The New England Journal of Medicine.
2013;368:610-622

[41] DeLong MR et al. Effect of
advancing age on outcomes of deep
brain stimulation for Parkinson disease.
JAMA Neurology. 2014;71:1290-1295

[42] Fisher R et al. Electrical stimulation
of the anterior nucleus of thalamus

for treatment of refractory epilepsy.
Epilepsia. 2010;51:899-908

[43] Salanova V et al. Long-term efficacy
and safety of thalamic stimulation

for drug-resistant partial epilepsy.
Neurology. 2015;84:1017-1025

43

[44] Jobst BC et al. Brain-responsive
neurostimulation in patients with
medically intractable seizures arising
from eloquent and other neocortical
areas. Epilepsia. 2017;58:1005-1014

[45] Hariz MI et al. Multicentre European
study of thalamic stimulation for
parkinsonian tremor: A 6 year follow-up.
Journal of Neurology, Neurosurgery, and
Psychiatry. 2008;79:694-699

[46] Elias W] et al. A randomized trial
of focused ultrasound thalamotomy
for essential tremor. The New England
Journal of Medicine. 2016;375:730-739

[47] Oliveria SF et al. Safety and efficacy
of dual-lead thalamic deep brain
stimulation for patients with treatment-
refractory multiple sclerosis tremor:

A single-Centre, randomised, single-
blind, pilot trial. Lancet Neurology.
2017;16:691-700

[48] Volkmann J et al. Pallidal
neurostimulation in patients with
medication-refractory cervical dystonia:
A randomised, sham-controlled trial.
Lancet Neurology. 2014;13:875-884

[49] Kupsch A et al. Pallidal deep-
brain stimulation in primary
generalized or segmental dystonia.
The New England Journal of Medicine.
2006;355:1978-1990

[50] Andrews C, Aviles-Olmos I,
Hariz M, Foltynie T. Which patients
with dystonia benefit from deep brain
stimulation? A metaregression of
individual patient outcomes. Journal
of Neurology, Neurosurgery, and
Psychiatry. 2010;81:1383-1389

[51] Isaias IU et al. Factors predicting
protracted improvement after pallidal
DBS for primary dystonia: The role of
age and disease duration. Journal of
Neurology. 2011;258:1469-1476

[52] Lumsden DE et al. Proportion
of life lived with dystonia inversely



Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice

correlates with response to pallidal
deep brain stimulation in both primary
and secondary childhood dystonia.
Developmental Medicine and Child
Neurology. 2013;55:567-574

[53] Panov F et al. Pallidal deep brain
stimulation for DYT6 dystonia. Journal

of Neurology, Neurosurgery, and
Psychiatry. 2012;83:182-187

[54] Jinnah HA et al. Deep brain
stimulation for dystonia: A novel
perspective on the value of genetic

testing. Journal of Neural Transmission
(Vienna). 2017;124:417-430

[55] Moro E et al. Efficacy of pallidal
stimulation in isolated dystonia: A
systematic review and meta-analysis.

European Journal of Neurology.
2017;24:552-560

[56] Ostrem JL et al. Subthalamic
nucleus deep brain stimulation in

primary cervical dystonia. Neurology.
2011;76:870-878

[57] Loher TJ, Pohle T, Krauss JK.
Functional stereotactic surgery for
treatment of cervical dystonia: Review
of the experience from the lesional
era. Stereotactic and Functional
Neurosurgery. 2004;82:1-13

[58] Pauls KA et al. Deep brain
stimulation in the ventrolateral
thalamus/subthalamic area in dystonia
with head tremor. Movement Disorders.
2014;29:953-959

[59] Ruge D et al. Deep brain stimulation
effects in dystonia: Time course of
electrophysiological changes in early
treatment. Movement Disorders.
2011;26:1913-1921

[60] Grips E et al. Patterns of
reoccurrence of segmental dystonia
after discontinuation of deep brain
stimulation. Journal of Neurology,
Neurosurgery, and Psychiatry.
2007;78:318-320

44

[61] Cif L et al. The influence of

deep brain stimulation intensity and
duration on symptoms evolution in an
OFF stimulation dystonia study. Brain
Stimulation. 2013;6:500-505

[62] Vidailhet M, Grabli D,

Roze E. Pathophysiology of dystonia.
Current Opinion in Neurology.
2009;22:406-413

(63] Lozano AM et al. A phase II study
of fornix deep brain stimulation in
mild Alzheimer’ disease. Journal of
Alzheimer's Disease. 2016;54:777-787

[64] Eitan R et al. One year double blind
study of high versus low frequency
subcallosal cingulate stimulation for

depression. Journal of Psychiatric
Research. 2018;96:124-134

[65] Baldermann JC et al. Deep brain
stimulation for Tourette-syndrome: A

systematic review and meta-analysis.
Brain Stimulation. 2016;9:296-304

[66] Welter ML et al. Anterior pallidal
deep brain stimulation for Tourette’s
syndrome: A randomised, double-blind,

controlled trial. Lancet Neurology.
2017;16:610-619

[67] Blair-West GW, Cantor CH,
Mellsop GW, Eyeson-AnnanML. Lifetime
suicide risk in major depression: Sex and

age determinants. Journal of Affective
Disorders. 1999;55:171-178

[68] Whiteford HA et al. Estimating
remission from untreated major
depression: A systematic review and

meta-analysis. Psychological Medicine.
2013;43:1569-1585

[69] Gippert SM et al. Deep brain
stimulation for bipolar disorder-

review and outlook. CNS Spectrums.
2017;22:254-257

[70] Mallet L et al. Subthalamic
nucleus stimulation in severe
obsessive-compulsive disorder. The



Deep Brain Stimulation Approach in Neurological Diseases

DOI: http://dx.doi.org/10.5772/intechopen.91756

New England Journal of Medicine.
2008;359:2121-2134

[71] Lipsman N et al. Deep brain
stimulation of the subcallosal cingulate
for treatment-refractory anorexia
nervosa: 1 year follow-up of an
open-label trial. Lancet Psychiatry.
2017;4:285-294

[72] Boccard SG, Pereira EA,
Moir L, AzizTZ, Green AL. Long-term
outcomes of deep brain stimulation

for neuropathic pain. Neurosurgery.
2013;72:221-230

[73] Boccard SGJ et al. Long-term
results of deep brain stimulation

of the anterior cingulate cortex for
neuropathic pain. World Neurosurgery.
2017;106:625-637

[74] Limousin P et al. Effect of
parkinsonian signs and symptoms
of bilateral subthalamic nucleus
stimulation. Lancet. 1995;345:91-95

[75] Morris GL 3rd, Mueller WM. Long-
term treatment with vagus nerve
stimulation in patients with refractory
epilepsy. The Vagus nerve stimulation
study group E01-E05. Neurology.
1999;53:1731-1735

[76] Coubes P, Cif L, El Fertit H, et al.
Electrical stimulation of the globus
pallidus internus in patients with
primary generalized dystonia: Long-

term results. Journal of Neurosurgery.
2004;101:189-194

[77] Castrioto A, Lozano AM, Poon YY,
Lang AE, Fallis M, Moro E. Ten-year
outcome of subthalamic stimulation
in Parkinson disease: A blinded

evaluation. Archives of Neurology.
2011;68(12):1550-1556

[78] Zhang K, Bhatia S, Oh MY,
Cohen D, Angle C, Whiting D. Long-
term results of thalamic deep brain

stimulation for essential tremor. Journal

of Neurosurgery. 2010;112:1271-1276

45

[79] Mills KA, Starr PA, Ostrem JL.
Neuromodulation for dystonia: Target
and patient selection. Neurosurgery
Clinics of North America.
2014;25(1):59-75

[80] Leone M, Franzini A, Bussone G.
Stereotactic stimulation of posterior
hypothalamic gray matter in a patient
with intractable cluster headache. The
New England Journal of Medicine.
2001;345:1428-1429

[81] Leone M, Franzini A, Proietti
Cecchini A, et al. Success, failure and
putative mechanisms in hypothalamic
stimulation for drug-resistant chronic
cluster headache. Pain. 2013;154:89-94

[82] Leone M, Proietti CA. Deep brain
stimulation in headache. Cephalalgia.
2016;36(12):1143-1148

[83] Pilitsis JG et al. 124 low-back pain
relief with a new 32-contact surgical
lead and neural targeting algorithm.
Neurosurgery. 2016;63(Suppl 1):151

[84] Sun FT, Morrell MJ. Closed-
loop neurostimulation: The clinical
experience. Neurotherapeutics.
2014;11:553-563

[85] Deer T et al. Prospective,
multicenter, randomized, double-
blinded, partial crossover study to
assess the safety and efficacy of the
novel neuromodulation system in the
treatment of patients with chronic
pain of peripheral nerve origin.
Neuromodulation. 2016;19:91-100






Section 2

Neurostimulation in the
Medical Management
of Spasticity

47






Chapter 4
Spasticity: Diagnosis
and Treatment

Alexander Kovalenko, Viktor Misikov, Konstantin Sinelnikov,
Valeriy Shamigulov, Dmitrii Iskva, Svetlana E. Khatkova
and Denis V. Kovlen

Abstract

This chapter presents the technology of spasticity treatment—from diagnosis
and treatment to quality control of treatment and rehabilitation. The diagnosis is
based on methods of manual testing and differential diagnosis of spastic muscles,
methods of quantitative assessment of spasticity on the basis of the Tardieu scale.
The methodical development of the Tardieu scale with variants of its full and
reduced use is presented. The basic patterns of spasticity of the upper and lower
limbs are given. Schemes of management of patients with spasticity with indication
of control points for application of methods of an assessment that shows efficiency
of treatment and rehabilitation are presented. The methodology of spasticity treat-
ment using botulinum neurotoxin (BoNT), including ultrasonic navigation,
orientation of intramuscular motor endpoint of muscles (IME), is described. IME
location diagrams and ultrasound picture of muscles are presented. Scales are
proposed to assess the effect of spasticity on the functions of the upper and lower
limbs. In conclusion, a variant of complex treatment of spasticity and original
patient models are proposed, the use of which makes it possible to calculate the
cost of BoNT.

Keywords: spasticity, patterns of spasticity, testing of spastic muscles,
modified Tardieu scale (MTS), botulinum neurotoxin (BoNT),
ultrasonic navigation, intramuscular motor endpoint (IME), rehabilitation

1. Introduction

Spasticity as the most important component of the defeat syndrome of the upper
motor neuron is a motor disorder characterized by a speed-dependent increase in
tonic stretching reflexes (muscle tone) with increased tendon reflexes, due to
hyperexcitability of the stretching reflex, as one of the components of the syndrome
[1]. It is detected in more than 12 million people in the world and is the cause of
disability in 12-27% of them [2, 3]. The list of nosological forms in which the
structure of the injury syndrome in the upper motor neuron lesion (UMNL) observed
spastic hypertonicity is significant. It is determined in approximately 20-40% of
stroke survivors, 14% of traumatic brain injury survivors, 65-78% of patients with
spinal cord lesions, and 85% of patients with multiple sclerosis [4, 5].
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Spasticity is a major obstacle to the recovery of the patients who have suffered
brain damage. The work of restoring movement becomes impossible with the
unresolved issue of spasticity, the treatment of which expands the frame of “the
rehabilitation window” and defines the rehabilitation terms. In addition, in the
absence of spasticity treatment, the risk of paresis complications increases:
contractures, bedsores, limb deformities, pain, muscle spasms, etc. [6].

The development of spasticity is directly related to the initial stages of recovery
of movement in paretic limbs. In 1-3 weeks after UMNL, the connections of the
cerebral cortex with the structures of the extrapyramidal system (EPS) begin to
recover. Recovery time varies depending on the degree of damage: from 2 weeks
to 3 months [7].

During this period, the initiation of movements, in accordance with their image
in the associative cortex, is able to be realized through intact EPS pathways. This
efferent flow, reaching a-small motor neurons (MN), increases the tone in the
muscles innervated by them (1st movement phase) for subsequent implementation
of the dynamic phase (2-phase motion). However, the latter does not receive a
sufficiently powerful efferentation due to the continuing defective functioning of
the pyramid path. The result of this is the lack of inclusion of a sufficient number
of inhibitory cells (Renshaw), which could inhibit a-small MN and lower
muscle tone [7, 8].

Spasticity in strokes is usually formed in the first 3 months after the vascular
accident. Its first signs usually begin to appear by the beginning of the 3rd week.
The process of spasticity development is quite dynamic and variable. The terms of
spasticity development from the first signs of tonus increase to the formed pattern
in 2-5 weeks [9-11].

The development of spastic syndrome depends on many reasons: pain, stress,
violation of proprioception, violation of the image of the body scheme and balance,
tension and phobias with instability in a sitting or walking position.

Pain syndrome has a special place in the development of spasticity. For example,
pain in the shoulder joint is directly associated with the development of spasticity.
The absence of pain or its temporary relief in 83% of cases reduces the severity
of spasticity.

Instability and uncertainty when walking, as well as stress, significantly affect
the development of spasticity in the upper limb. So, spasticity in the hand, often
develops in patients with severe weakness of the lower limb who retained the ability
to move. During the period of yet unformed pattern of spasticity, these patients
begin to strain, bend, and bring paretic arm to maintain balance while walking,
which in 3-4 weeks causes the formed pattern of spasticity of the upper limb
[12-14].

An important role in the development of spasticity plays the violation of
proprioception, which leads to the violation of the image of the body scheme. Lack
of afferentation triggers mechanisms that should increase the power of information
from the tendons and joints receptors. In the case of spasticity, when dynamic
muscle contraction is impossible due to paresis, it leads to activation of spinal and
supraspinal mechanisms of tonus enhancement [15, 16].

Thus, the main directions in the rehabilitation of the consequences injury to the
upper motor neuron and in the treatment of spasticity are:

* creating conditions precluding the need for the injury. For this purpose,
analgesics, anxiolytics, as well as special styling, exercise therapy and hardware
techniques are used, which activate proprioception, forming an associative
image of the body scheme;
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* the start of the physiological mechanisms of spasticity by activating muscle
antagonists (taping, magnetic, electric stimulation, etc.) and initiating the
mechanism of reciprocal interaction (kinesitherapy and other techniques);

* the use of methods that enable balancing the activity phases of the movement
by reducing the activity in the 1st phase, up to severity 2nd (BoNT injections,
stretching).

The most common complications of spasticity are contractures. They, together
with spasticity, serve as the main obstacle to rehabilitation measures. The most
common are the contractures of the shoulder (86%) and ankle (19%) joints.
Adaptogenes of these contractures is different. Ankle contracture occurs among
patients with late motor activity, severe paresis (70%), low motivation (81%), and
incorrect treatment (23%). In contrast, shoulder contracture in 71% of cases is
caused by the activity and verticalization of the patient in the first 14 days after the
stroke. The shoulder joint, having the largest volume of movements, completely
assumes all weight of the upper limb. With paresis and initial hypotension, often
occurring after a stroke, the entire weight of the arm (4-7 kg) falls on the ligamen-
tous apparatus of the joint, its articular bag, causing their trauma and pain. This, in
turn, leads to the progressing severity of spasticity, as well as periarticular and
articular changes [13].

By 6 months after the stroke, 90% of cases of spasticity, 36% of joint contrac-
tures, and 57% of tendon-muscle contractures (internal spasticity) are formed. At
the same time, of all cases of spasticity, the manifestation of its signs in 77.3% of
patients falls on the first 2-3 weeks. As a rule, the severity of spasticity in the first 2
weeks does not exceed 1-2 points on the Modified Ashworth scale (MAS). Increased
spasticity by 1-point MAS increases the consumption of botulinum neurotoxin
(BoNT) by 100-200 Units, which significantly increases the cost of treatment.
Thus, early detection and treatment of spasticity reduces the cost of therapeutic
rehabilitation measures [13, 14].

In the muscles involved in the spasticity pattern, diffuse muscle changes (DMC)
develop over time in a form of connecting tissue substitution. There are no clear
time criteria for the development of DMC. Among many patients with a disease
duration of more than 4 years, the muscle structure is preserved. Some DMC
develop within 6 months. Clinical signs of DMC are the following: low tissue turgor,
decreased muscle volume, and significant restriction of movement, up to its total
absence. While ultrasounding such muscles, in addition to reducing the volume, a
hyperechogenic signal is registered (Figure 1) [17].

Currently, a classification has been adopted in which generalized, regional, and
focal forms of spasticity are distinguished. There are also patterns of spasticity
characteristic of different joints and muscles of the upper and lower limbs.
Depending on the form and pattern of spasticity, the strategy and tactics of its
treatment are determined [10]:

* generalized spasticity with pain—central muscle relaxants;
* focal and segmental spasticity—drugs BoNT;
* spasticity with marked para- or tetraparesis—intrathecal baclofen [15].

For effective treatment of spasticity with BoNT drugs, it is necessary to deter-
mine the spasticity pattern with verification of the muscles that form it; and then
their correct introduction into the target muscle.
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Figure 1.
Ultrasound picture of normal muscle tissue (a) and muscles with hyperechogenic ultrasonic signal due to
DMC (b).

Twelve main clinical patterns of spasticity for the upper (5) and lower (7) limbs
have been identified. Spasticity patterns for the hands include various, mainly
flexor, variants of flexion in the joints: retracting the shoulder, elbow flexion,
forearm pronation, wrist flexion, and finger flexion [18]. Spasticity patterns for
the leg consist of hip reduction, knee flexion, knee extension, plantar flexion of
the foot, equinovarus positioning of the foot, flexion of the fingers, and extension
of the thumb [19].

2. Clinical diagnostic of spasticity
2.1 Manual testing of muscles for spasticity

Muscle testing is required to identify specific muscles involved in the spasticity
pattern. All spastic muscle testing methods are based on two principles:

1.Identification and activation of exclusive and additional functions of the
studied muscle.

2. Differentiation of movements for muscles with the same function, but passing
through a different number of joints.

For spasticity patterns in the arm, an anatomical description is used with a
representation of all the muscles that could perform a given movement in the
joints (Figure 2). For differentiation of compensatory inclusions of muscles, it is
necessary after definition of type of a pattern of spasticity in a hand to carry out
manual testing.

2.1.1 Upper limb muscle testing

Bringing and pronation of the shoulder. At the heart of the restriction of
movements in the shoulder with spasticity are problems with the withdrawal,
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Type 1 Type 2 Type 3 Type 4 Type 5

Figure 2.
Types of upper limb spasticity patterns [16].

Figure 3.
M. Subscapularis spasticity testing.

lifting of the shoulder, and its supination. Almost all the muscles of the shoulder
girdle can influence these movement vectors, but most often it is done by the
following: m. Pectoralis major (PM) (90%), m. Subscapularis (S/s) (20%), and
m. Laissimus dorsi (LD) (5%).

Spasticity PM and LD is diagnosed when the shoulder is raised and withdrawn
with the express tension of their lateral edge (the anterior and posterior walls of the
axillary cavity, respectively). Diagnosis is done visually and by palpation.

S/s retracts the shoulder and rotates it inward. Spasticity is diagnosed by lifting,
retraction and supination of the shoulder by visual and palpatory control of the
lower angle and medial edge of the scapula. Normally, the shoulder is withdrawn
without moving the blade to the horizontal level (80-90°). Thus, if the movement
of the blade begins before reaching this level, there is an increase in tone in S/s.
There is individual variability, so it is necessary to compare this movement with the
intact hand (Figure 3).

Elbow flexors. The main muscles flexing the elbow are mm. Brachioradialis
(BR), Brachialis (Br), and Biceps brachii (BB) (muscles are listed by importance in
the spasticity pattern). BB is also a powerful arch support of the forearm. The
muscles are tested when provoking a stretch reflex (muscle stretching reflex,
mitotic reflex) at different rates of extension in the elbow joint. The reaction of BR
and BB is evaluated visually and by palpation (Figures 4 and 5). The reaction of Br
can only be assessed by palpation, gripping, with your own fingers upon humerus
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Figure 4.
M. Biceps brachii spasticity testing.

Figure 5.
M. Brachialis spasticity testing.

Figure 6.
M. Brachioradialis spasticity testing.

from below (rear). Win case of spasticity in response to a sharp extension in the
elbow joint under the fingertips you feel tension (Figure 6).

Forearm pronators. Forearm pronates three muscles: mm. Pronator teres (PT)
and Pronator quadratus (PQ) and m. Flexor carpi radialis (FCR). PT and FCR in
pronation act as a single functional unit. In some cases, with ultrasound of these
muscles, you can find the lack of a clear boundary between them, which once again
confirms the generality of their function. Testing these two muscles is based on
provoking the stretch reflex in response to rapid supination. The presence of spas-
ticity in FCR is manifested visually and confirmed by palpation. Spasticity in PT can
be determined only by palpation, putting your fingers on the middle line of the
forearm 2-4 cm below the elbow bend and producing supination. Sometimes when
assessing pronator spasticity, FCR is more stressful than PT.

Flexors of the hand and fingers. Testing is performed by back flexion in the
wrist joint. If no significant resistance is felt during this movement, and the fingers
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are progressively flexed as the hand is extended, this means that neither of the two
flexors of the hand (m. Flexor carpi radialis and m. Flexor carpi ulnaris) participates
in its flexion. Pathological flexion of the hand in this case is due to spasticity m.
Flexor digitorum profundus (FDP) and m. Flexor digitorum superficialis (FDS)
(Figure 7).

In order to distinguish spasticity in FDS and FDP, you can extend the wrist joint.
In this movement, it is necessary to pay attention to the proximal and distal
interphalangeal joints of the fingers. If it is found that the distal interphalangeal
joints are bent to a greater extent, this indicates the spasticity of the deep flexor of
the fingers. If the proximal interphalangeal joints-superficial flexor fingers
(Figure 8). If this bends the distal phalanx of the thumb—this indicates spasticity
m. Flexor pollicis longus (Figure 9).

If manipulations in the wrist joint did not have any effect on the position of the
thumb, it means that the muscles of the hand are responsible for its position: mm.
Flexor pollicis brevis, Opponens pollicis Adductor pollicis (Figure 10).

|
Figure 7.

M. Flexor digitorum profundus u m. Flexor digitorum superficialis spasticity testing.

Figure 8.
Differential diagnosis of spasticity m. Flexor digitorum profundus and m. Flexor digitorum superficialis.
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Figure 9.
M. Flexor pollicis longus spasticity testing.
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Figure 10.
Patterns in spasticity of the muscles of the hand. (A) m. Flexor pollicis longus, (B) m. Flexor pollicis brevis,
(C) m. Adductor pollicis, and (D) m. Opponens pollicis.

2.1.2 Lower limb muscle testing

While a professional consensus has been formed on the upper limb spasticity
patterns based on the work of H. Hefter, a consolidated opinion on the lower limb
spasticity patterns has not been developed, and the question of determining target
muscles and BoNT dosages still remains open [11].

The peculiarity of the lower limb patterns is the ambiguity of their distribution
among clinical nosological forms. This fact and the remaining unclear features of
the pathogenesis of spasticity is that it does not allow you to choose and apply to the
patterns of the lower limb a single classification principle. We can only say about
the predominant frequency of occurrence of a particular pattern in any nosology.

Thus, we can distinguish:

1. Spasticity patterns in cerebral palsy.
* Flexion of hip and knee joints.
* Internal rotation and the tibia adducci.

* equinus.
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* Valgus or varus.
* Exterior turn stop.
* Adduction.
2. Patterns of spasticity in multiple sclerosis.
* Adduction.
* Flexion or extension of the hip.
* Of equinus.
* Flexion or extension of the knee.
3. Spasticity patterns in severe brain injury, encephalitis, and spinal injury.
* “Triple flexion”.
* Flexion of the ankle joints.
* Adduction.
* Flexion of the toes.
4.Patterns of spasticity in stroke and brain injury.
* Dynamic pattern.
* Static pattern (equinovarus)
* their combination with flexion of the toes.

Testing of the muscles of the lower limb is carried out in the supine position, on
both limbs, consistently comparing flexion in the joints (to identify poor muscle
extensibility not associated with spasticity) [18].

There are two main types of lower limb spasticity patterns in patients undergoing
stroke: dynamic pattern (DP) and static pattern (SP), as well as their possible combi-
nations with flexion of the toes and hip reduction. Patterns are proposed based on the
principle of visual assessment of the limb position at rest and when walking [19].

In case DP manifestations of spasticity are determined only in the process of
movement. In the resting position, the legs do not differ from healthy and its normal
statics is kept (limb are visually full length, the joints are in the middle position, and
toes are separated), the position of the fingers most often corresponds with the finger
of these intact side. Walking is characterized by a peculiar pattern, in which in the
phase of hip transfer and knee extension, before lowering the foot to the surface,
there are oscillatory movements of the shin from side to side with possible flexion of
the fingers. The cause of DP is increased tone and muscle-tendon contraction in the
muscles of the back of the thigh (hamstrings), — mm. Semitendinosus (S/t),
Semimembranosus (S/m), Biceps femoris (BF) and in M. gracilis (G).

Gait peculiarity in this type of spasticity is associated with the phylogenetic
foundations of neurophysiology of movement in providing the act of walking and is
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realized through segmental connections, leading, in part, to its automatism [20-22].
As a result, the paretic limb, which tends to step of the same characteristics as the
intact one, encounters hamstrings contraction, which leads to a push of the hip and
knee backward and medially, stopping the inertia of the limb forward, shortening
the step and, sometimes, bringing the hip and shin oscillatory movements [23-25].

SP is characterized primarily by equinecom and equinovarus that can be
observed in standing and lying down. There may also be curvature of the pelvic
position due to changes in limb length, and/or knee flexion. But more often there is
flexion in the ankle joint with a possible compensatory tension of the anterior
muscle group of the thigh. The gait in this case becomes circulatory with a slope
contralateral to the paresis. This result toning any of the four muscles: m. Soleus (S),
m. Gastrocnemius (G/c), m. Tibialis posterior (TP), m. Tibialis anterior (TA).

An additional phenomenon in SP and DP can be flexion of the toes, which is
responsible for spasticity mm. Flexor digitorum longus (FDL), Flexor hallucis
longus (FHL), Flexor digitorum brevis (FDB), and Flexor hallucis brevis (FHB).

1. Assessment of DP (Figure 11):

A For the differential diagnosis of posterior thigh muscle hypertonicity, the
patient’s straight leg is bent at the hip joint. At the limit of extensibility of
spastic muscles, involuntary flexion of the leg in the knee joint is fixed.
Fixing the leg at this level, use palpation and visually determine tense
muscles of the back of the thigh. In difficult cases, for verification of
spastic muscles, ultrasound diagnosis should be carried out.

B. To test spasticity in the inner thigh muscles (adductors, G and m. Sartorius
(Srt)), the leg is retracted to the tensile limit. After that spastic muscles are
examined by palpation, visually, and optionally using ultrasonic
equipment (Figure 12). To differentiate the tone increase in adductors and
G, a gracilis test was also performed (Figure 13). To identify limitations in
the diversion of the leg, it is made bending at the knee (the test must be
performed on the edge of the couch). The ability to perform further hip
abduction after flexion-indicates spasticity in G. The Lack of response to
knee flexion indicates an increase in tone in the adductors.

2. Assessment of SP:
A.To differentiate spasticity in m. Soleus (S) and in the heads of m.

Gastrocnemius (G/c), a Silfverskiold test should be performed
(Figure 14) [26].

Figure 11.
Spasticity testing in posterior thigh muscles (mm. Semitendinosus, Semimembranosus, Biceps femoris, and Gracilis).
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Figure 12.
Testing of spasticity in the hip adductor muscles.

Figure 13.
Testing of spasticity in m. Gracilis (gracilis test).

Figure 14.
Sequential test execution Silverskiold's to identify spasticity in m. Gastrocnemius and m. Soleus.

During the test, the angle of flexion of the foot is consistently determined
with the leg straightened and bent at the knee. No change in the position of
the ankle joint in response to flexion of the knee and the foot clonus testify
the increase of tone in S. Marked decrease of the bending angle up to 80° or
less while you straighten the legs indicates spasticity in G/c. Supination of
the foot of any severity in the last phase of the rectification of the foot
manifests the increased tone only in the medial head G/c. As an additional
test when the leg is straightened, should be a passive extension of the foot
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Figure 15.
Testing of spasticity in m. Tibialis posterior.

with simultaneous sharp proanation. Visually and by palpation fixed
tension of medial head G/c confirms the increase of its tone. The presence
of spasticity only in the medial head G/c leads to tension of the medial part
of the Achilles tendon, which is manifested by pulling the heel bone back
and up with a turn inward.

B. To determine the increase in tone m. Tibialis anterior (TA), it is
necessary to make a rapid flexion of the foot followed by pronation. This
maneuver provokes a stretch reflex in TA. The detected tension TA
(visually and by palpation) and the contour of the tendon at the back of
the foot is the evidence of increase of its tone.

C. To test spasticity in m. Tibialis posterior (TP), it is necessary to perform a
rapid extension of the foot followed by pronation. This triggers the
stretch reflex to TP. The muscle is not visually controllable, but its
tendon runs along the lower edge of the medial ankle. Palpation recorded
muscle tension and tendon contouring indicates an increase in its tone

(Figure 15).

D.Diagnosis of spasticity in the flexors of the toes is made by performing
sequential passive flexion and extension in the ankle joint:

* if there is simultaneous flexion of the toes during the extension of
the foot, this indicates an increase in tone in m. Flexor digitorum
longus (FDL) and/or m. Flexor hallucis longus (FHL);

* maintaining your posture of flexion, regardless of movements in
the ankle joint demonstrates increased tone in m. Flexor
digitorum brevis (FDB) and/or m. Flexor hallucis brevis (FHB).
Tension in them can also be seen with palpation of the arch of
the foot.

3. Scales for assessing spasticity and disorders of activity and
participation

3.1 Rating scale for evaluating the condition of muscles

The main scales to assess the condition of the muscles are: the scale of muscle
contraction force and volume of voluntary movements (MRCS), modified
Ashworth scale (MAS) and the Tardieu scale (MTS) [27-30].

The scale of muscle contraction strength and volume of voluntary movements
(Medical Research Council Scale (Oxford Scale), MRCS) allows to estimate
the strength of muscle contraction and amplitude of active movements in the limb.
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1. Identification of spasticity. 3. Assessment on MTS.
| 2 points or more on MAS
2. Based on MAS 4, The Use of BoNT
Figure 16.

Algorithm of diagnosis and treatment of spasticity.

The modified Ashworth Scale (MAS) serves to objectify muscle tone and is the
most used to evaluate the effectiveness of treatment of spasticity of BoNT [31].

MAS allows, without resorting to special measuring tools and calculations, to
assess the degree of mobility of the joints, associated with increased muscle tone
when performing passive movement. At the same time, MAS does not reveal the
nuances of spasticity, such as muscle reactivity, the dependence of its contraction
on the rate of tendon stretching [13].

The modified Tardieu Scale (MTS) [29, 30, 32] allows the most complete assess-
ment of all manifestations of spasticity: tone, stretch reflex (reaction to tendon
stretching), and spastic co-contraction (inclusion of muscles antagonists to
movement).

The capabilities inherent in the MTS assessment system allow not only to verify
spasticity in more detail, but also to quantify muscle weakness, fatigue, and the
state of deep sensitivity [33].

The following algorithm is used to diagnose and treat spasticity (Figure 16) [11]:

The measurement system incorporated in MTS is performed by a goniometer
and must be performed at the same time of the day, and the tested limb must be
placed in the same position during repeated testing (Figure 17) [11].

The peculiarity of MTS application is the assessment of changes in muscle tone
and angles of movement in the joint in response to the provocation of spastic co-
contraction (activation of muscles antagonists to movement) and stretch reflex
(reaction to tendon stretching) obtained at different speeds of passive movement in
the joint.

The speeds are selected according to the following characteristics:

* as slowly as possible (V1);
* speed equal to the speed of fall of a limb moving under the action of gravity (V2);

* as soon as possible (V3) (faster than the speed of natural fall of the limb
segment under gravity).

In recent years, in the professional community, there is a refusal to assess the
rate V2 [31, 33], which leaves two fundamental indicators (Figure 17):

Figure 17.
(A) Slow passive extension, Xv, and (B) fast passive extension, Xv;.
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Xy1 — angle measured at speed V1.
Xy3 — the angle measured at the speed V3.

The Tardieu scale offers a flexible evaluation system that allows you to use
different approaches in the diagnosis of spasticity, opens the possibility of choosing
evaluation parameters, provides options for both rapid evaluations based on one or
two parameters, and a full-scale study of spasticity and paresis with the calculation
of indices and coefficients, which makes it possible to register the minimum
rehabilitation dynamics.

There are two main ways to use MTS. The first of them involves taking into
account the score, which reflects the characteristics of the reaction of muscles and
tendons in response to their stretching, the other option is based on taking into
account the angle of the movement end, without a special assessment of the
nuances of the muscle reaction. It is also possible to combine the use of both options
or the use of separate elements from each of them.

In the 1st variant of MTS application, the assessment is based on two parame-
ters: the degree of muscle reaction (Y) in points and the angle at which the muscle
reaction (X) in degrees is achieved.

To score the degree of muscle reaction (Y), a table of scores and their interpre-
tations is used (Table 1).

The estimated home value of 1st version of evaluation is Index Tardieu (IT)—the
ratio Y (point) to X (degrees) achieved at different speeds of movement in the joint:

IT (V1,V2,V3) =Y (score)/X (angle in degrees). (@))

Thus, if the angle at which the reaction occurs and/or the score varies with the
velocity, we get three results. For example, in the elbow joint:

1.ITy; = 1/180 = 0.005.
2.1Ty, = 2/90 = 0.022.
3.ITy; = 3/90 = 0.033.

ITy4 characterizes increased muscle tone outside the reaction to the stretch
reflex and demonstrates the degree of shortening of the muscle. The results
obtained at V2 and V3 rates characterize the degree of muscle reaction to the tendon
stretching rate and are different degrees of stretch reflex provocation.

A significant difference between ITy; y3 (2.5 times or more) may indicate the
degree of dynamism of the muscle-tendon contracture or its absence, which allows
us to count on a good result when using BoNT. A slight difference in the values of it

Points Interpretation
0 No resistance throughout passive movement
1 Slight resistance throughout with no clear catch at a precise angle
2 Clear catch at a precise angle, followed by release
3 Fatigable clonus (10 s) occurring at a precise angle
4 Unfatigable clonus (>10 s) occurring at a precise angle
5 Joint immobile
Table 1.

Quality of muscle reaction.
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(1.5-2 times or less), with severe limitation of movement in the joint indicates a
worse prognosis and the need for active exercises on muscle stretching or diagnosis
of joint contracture [13].

The 2nd variant of application of MTS actually does not assume the use of the
table of a point estimation and is based on variety of measurements of angles of
movement in a joint and change of a scope of movements depending on manifesta-
tions of spasticity, register:

* Xyi;—angle range of passive movement of a limb at a slow speed (angle arrest);
* Xys—angle stop movement of the limbs at high speed (angle catch);

* Xa—angle muscle power (corner of the active movement in the joint by
working the antagonist muscles spasticity (active motion));

* Xais—angle fatigue of the muscle (measured after 15 s of working the
antagonist muscles spasticity).

The main calculated value in the 2nd variant of MTS application is the spasticity
angle (Xs):

Xs = Xy1 — Xys. (2)

As part of the diagnosis and treatment, it is also necessary to know the Xy —
angle of the normal volume of movement in a particular joint. This is necessary not
only to understand the degree of spasticity but also to calculate the coefficients
proposed in the scale and characterizing the state of the muscles. Such factors are:
(1) velocity factor (C shorting) muscle Cgy, (2) ratio of spasticity (spasticity C) Cs;
(3) the coefficient of weakness (weakness C) muscle Cyy; and (4) coefficient of
fatigue (fatigue C) Cg:

1.Csy = (Xn — Xv1) /XN
2.Cs = (Xv1 — Xy3)/Xvs.
3.Cw = KXy1 — Xa) Xy
4.Cp = (Xa — Xa15)/Xa.

Measuring X, and X35 and calculating Cg and Cyy fill another important gap in
neurology—the ability to fully quantify paresis, thereby significantly
complementing the use of MRCS [33].

There is also a muscle reaction angle (x): measured as the difference between the
forced position of the joint and the angle of the normal anatomical position of the
limb and its segments (applies to all joints except the hip) [32, 34].

In a complete evaluation system for the Tardieu scale includes not only the
motion estimation but also sensitivity. Verification of deep sensitivity disorders is
achieved by measuring the proprioception angle (Xp). Normally, the brain fixes the
angular displacement in the joints to 2-3°.

At neurological examination, as a rule, it is considered sufficient to reveal only
the fact of violation of muscular-articular feeling. But, for the prognosis of spastic-
ity, qualitative diagnosis of proprioception disorders and evaluation of
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rehabilitation dynamics is not enough. This provision has a pathophysiological
justification. One version of the pathogenesis of spasticity is the activation of muscle
contraction in response to afferentation insufficiency [7]. Obtaining information
about the degree of proprioception impairment allows us to predict the subsequent
development of spasticity, suggesting the effectiveness and assessing the dynamics
of rehabilitation. That in turn makes it possible to talk about such a definition as
“rehabilitation potential” and plan the volume, structure and timing of rehabilita-
tion of the patient.

Full use of all the features of the Tardieu scale actually allows you to make a
“passport” of a certain muscle. In cases where we cannot isolate the function of a
single muscle, differentiating it from the synergists, we identify the effect of spas-
ticity of movement in the joint as a whole. An example of this is the work of the
muscles of the back of the thigh, where we cannot separate the function of m.
Semitendinosus and m. Semimembranosusand assess the degree of their isolated
effect on movement in the joint [35].

The “passport” of spastic muscles or restrictions of movements in the joint can
be presented in the form of a table:

Muscle/joint XV1 Xv3 XS XA XA15 Xp CSH CS CW CF

Especially important for the use of the Tardieu evaluation system is the under-
standing of the principles of measuring motion in the joint, in particular, the
selection of the reference point of the angle of motion. In this case, the measure-
ment system is different from that adopted in orthopedic practice. The reference
point is the point is opposite to the studied movement or, in other words, the
measurement is carried out from the extreme points of flexion/extension, reduc-
tion/withdrawal, pronation/supination, that is, the points to which the co-
contraction tends [11]. The point is selected along the axis of the limb segment under
study, regardless of whether the segment reaches this point or not. The main task is
to make a movement from the point of greatest muscle relaxation to the point of
maximum muscle stretching. A good example of this is the study of the movement
during the extension of the ankle joint with spasticity in its flexors (Figure 18) [12].

Angles are measured from the point lying on the continuation of the axis line of
the shin outside the limits of possible flexion in the ankle joint, that is, the count of
extension in the joint a priori begins with 45°. The entire range of extension in the
joint measured from the line of continuation of the Shin, that is, to the angle of 115°,
is estimated. Thus, the movement is carried out in the direction of maximum
stretching of the flexors of the joint. In the presented example (Figure 18), the
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Figure 18.
Measurement of the volume movements of the MTS with increasing tonus of flexors of the ankle joint.
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slow-speed stop (V1) occurs at the extreme point of extension in the joint 115°,
which indicates the absence of muscle contractures. Stopping at a fast speed (V3)
occurs at 80°, which characterizes the stretch reflex and co-contraction of the ankle
flexor muscles. The calculated spasticity angle in this case will be 35°.

In the case where it is necessary to evaluate the extensor muscles of the joint, the
movement is carried out in the opposite direction-toward their maximum
stretching and flexion of the joint. The starting point is the point lying on the shin
axis, but since the maximum extension of the foot reaches 115°, the movement
begins only from the position 65°. The entire range of flexion in the joint is esti-
mated, that is, up to 135°.

Most often, spasticity limits the following movements: flexion and retraction in
the shoulder joint, extension in the elbow, wrist and wrist joints, supination of the
forearm, extension/flexion of the hip and knee joints, hip abduction, extension and
pronation of the foot, and extension of the toes [19, 35]. Accordingly, the reference
point for measuring the volume of these movements will be located at the point of
maximum contraction of the muscles that prevent this movement

(Figures 19-25) [11].

190

Figure 19.
Measurement of MTS range of motion in the shoulder (a) and elbow (b) joints in typical spasticity patterns.

Figure 20.
Measurement of range of motion of MTS in the wrist joint in extension of wrist (a) and supination of the
forearm (b) when the typical patterns of spasticity.
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Considering the treatment of spasticity as part of the rehabilitation process and,
given that the therapeutic effect on spasticity has the ultimate goal of normalizing
the life and activities of the patient, Graces recommends the following step-by-step
strategy for the use of the tardier scale [33].

Extension in the metacarpophalangeal
and phalangeal joints
Xn =80"+100°+50"=230°

g

Figure 21.
Measuring the volume of movements by MTS in typical spasticity patterns in the joints of the hand.

230°

(@)

Figure 22.
Measurement of MTS range of motion in the hip and knee joints with gluteus maximus (a) and hamstrings
(b) spasticity.

180°

Figure 23.
Measurement of vange of motion at the MTS when spasticity in the rectus (a) and lateral vastus, and medial,
intermediomedialis et lateralis of m. Quadriceps femoris (b).
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Figure 24.
Measuring the volume of movements by MTS in adductor spasticity.

Figure 25.
Measurement of the volume of movements by MTS in the ankle joint with spasticity of Gastrocnemius (a)
and Soleus (b).

Step 1: Maximum volume of passive movement (PROM-passive range of
motion) in the joint at slow speed, assessment of the degree of muscle
shortening (angle arest) = Xy;.

Step 2: Passive movement in the joint at fast speed, evaluation of spasticity
(Y and/or angle catch) = Xys;.

Step 3: Active joint movement, strength score = X,.

Step 4: Active and rapid movement in the joint for 15 s. With the subsequent
angle measurement, assessment of fatigue = Xs.

Step 5: Assessment of limb function and human activity (various activity and
participation tests) (LASIS, Frenchay, 10 m walk test, etc.) = F (limb function).
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The place and role of MTS in rehabilitation is demonstrated in the following
algorithm of rehabilitation approach to patients with spastic paresis (Figure 26)
[34]. It involves testing the patient, identifying the problem, selecting the rehabili-
tation goal, developing an intervention plan, and then analyzing the outcome with
the selection of the new rehabilitation goal.

It is possible to use MTS in the most limited form. It is enough to measure V1
and V3 and calculate Xs. Registering these three parameters and their changes will

PATIENTS WITH PARESIS

-

Assessment

Activity and
participation MAS, MTS
scales

—

conclusion about
spasticity as an actual

-

Choosing and setting a

rehabilitation goal
(SMART, GAS)

Development of
intervention plan
(BoNT injection,
rehabilitation
strategics)

RESULT ESTIMATION
MTS. Activity and Participation
Assessment Scales, GAS

Figure 26.
Algorithm of diagnosis and treatment of a patient with spastic paresis.
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allow to sufficiently assess the effectiveness of botulinum therapy and rehabilitation
dynamics.

In the treatment of spasticity, the use of MTS allows us to conclude how the
introduction of BoNT had an impact on the rehabilitation of the patient. The choice
of a specialist drug BoNT for the treatment of spasticity is based on the experience
and analysis of many factors, among which one of the most significant is
pharmacoeconomics. On average, the duration of various drugs BoNT in patients
with spasticity reaches 12-14 weeks [11].

Thus, the stages of application of MTS in the treatment of spasticity BoNT are:

1.testing before injection;
2.testing 3-4 weeks after injection, which demonstrates the effectiveness of BoNT;

3.testing 12-20 weeks after injection of BoNT. Evaluation at this time interval
shows the effectiveness of rehabilitation, as well as being a baseline assessment
for deciding on the next injection session.

Thus, the modified Tardieu scale (MTS) is convenient for full-scale diagnosis of
the main elements of the clinical picture of the central nervous system damage, such
as paresis, spasticity, proprioception disorders and allows to qualitatively and
quantitatively assess the dynamics of treatment and rehabilitation.

3.2 Activity and participation scales

Spasticity has an extremely negative impact on daily and professional activities,
severely restricts independent movement, self-service, reduces the role of the indi-
vidual in the family and society. The therapeutic effect on spasticity has the ulti-
mate goal of normalizing the life and activity of the patient and with a favorable
outcome provides the return to the original standard of living [36].

The Hauser walking index (HAI) and the Rivermead mobility index (RMI) are
used to verify self-mobility and self-service violations. Since these scales are not
sensitive enough to small changes in mobility, they should be supplemented by a
quantitative test to assess walking: distance, time, and independence [36-38].

The concept of self-service includes not only movement but also its assessment
should be supplemented by the analysis of the degree of influence of spasticity in
the hand on daily activities. The most convenient and informative tool for this
analysis is the Leeds scale of influence of spasticity of the hand on the activity
(LASIS) [34, 39, 40].

3.2.1 Movement assessment

The Hauser Ambulation Index (HAI) includes the ranking of patients by 10
gradations depending on the need for external assistance, the use of devices for
movement, and the time of passing the test distance [34, 36].

Index of Rivermead mobility (Rivermead Mobility Index, RMI) [37, 38]. The
value of the mobility index, developed at the Rivermead center, Cambridge Uni-
versity, is the sum of the points: 1 point for each positive response.

The range of values of the scale of the index can vary from 0 points (the inability
to perform any of these actions on their own) to 15 points (the ability to run 10 m),
which corresponds to normal human mobility. Of particular value for assessing the
impact of spasticity on human activity, this test acquires due to the fact that it
includes tasks similar to those performed by a person in everyday practice (that is, it
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has a high “environmental friendliness”). Also, this test can be used to assess the
effectiveness of the use of BoNT in relation to the improvement of movement [41].

Walking assessment tests. A common feature of these tests is the lack of assess-
ment of walking quality. Unfortunately, walking quality cannot be reliably assessed
without the use of laboratory gait analysis techniques. But it must be borne in mind
that it will always be more important for the patient to be able to reach the object he
needs safely and quickly than to walk “beautifully.” Therefore, the above scales and
tests do not lose their relevance in clinical practice, despite the development of
instrumental methods for diagnosing walking disorders.

3.2.2 Evaluation of hand productivity

For a quick (less than 10 min) evaluation of the possibility of manipulation
(capture, lifting and transfer) objects of different sizes, you must use the “Test with
nine pegs” (objects with a diameter of about 1 cm), the test “Box and blocks” (box
and Block Test) (cube edge 2.5 cm), the test ARAT (Action Research Arm Test)
(manipulation of objects with different sizes, shapes, and weights), Frenchay test
(evaluation of functional movements: fixing the ruler, manipulation of objects of
different sizes, pinch grip, as well as the ability to touch the top of the head), and
Leeds Arm Spasticity Impact Scale (LASIS) [42-45].

This scale was developed at the University of Leeds to measure the effect of
spasticity on the functionality and care procedures for paresis of the hand [44]. The
daily activities of the patient or the caregiver during the preceding 7 days shall be
taken into account.

In each case, the respondent, the patient and/or the caregiver are asked if the
action is feasible or not. The difficulty is evaluated on the scale from 0 to 4.

Modified scale Frenchay (Modified Frenchay Test MFS) allows to estimate the
functional state of hands. The concept of “functional state” indicates how the sick
hand is adapted to everyday life and participates in it [46].

4. Treatment of spasticity
4.1 Methods of injection of BoNT in spasticity

The effectiveness of treatment of spasticity BONT depends on the accuracy of
the introduction into the target muscle and thus is directly related to the skill of a
particular specialist and possession of his methods of navigation [47].

4.1.1 Ultrasonic navigation in the treatment of spasticity

Representations of the injection point and depth of the target muscle, based on
the knowledge of anatomy, are often incorrect. The location of muscles and bones
relatively to each other, their volume is individual, and the presence of vessels and
nerves at the injection site is unpredictable. Only 15-20% of individual anatomical
structure corresponds to that presented in the relevant atlases. Any pathology,
associated with the distortion of movement, exacerbates the differences in the
relative position and volume of muscles. Thus, the orientation to the generally
accepted anatomical guidelines in the introduction of BONT makes the treatment of
spasticity extremely ineffective. Ultrasound scanning is the main navigation
method for BoNT injections in the treatment of spasticity [17].

Ultrasound scanner. To navigate the muscles in botulinum therapy, it is enough
to have a black and white ultrasound scanner. The use of the Doppler effect and
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Figure 27.
Indicative ultrasound picture with symbols. Screen view of Edge (FujiFilm SonoSite Inc.’s handheld ultrasound

machine).

color staining is effective, but practically not required for work on the limbs and in

fact is only necessary for the ultrasound of tissues on the body and neck.
Ultrasonic sensor. Optimal, generally accepted and convenient for muscle visu-

alization is a linear sensor with a width of about 38-50 mm and an operating fre-

quency of 3-16 MHz. Sensors of smaller width narrow the ultrasound picture,

thereby reducing the orientation space, some key points fall out of sight. This is

especially noticeable when working on large muscle arrays, such as the thigh muscles.
Ultrasound picture of tissues (Figure 27).

1.Skin and bones represent the most superficial and deepest layers obtained by
ultrasound navigation. Due to their acoustic properties, they tend to be
hyperechogenic, that is, look light, bright. Tendons look almost the same.

2.Tendons are hyperechogenic. They have a characteristic fibrillar striated
structure in the longitudinal and granular in the transverse section.

3. Arteries and veins. Anechoic (black) tubular structures. Arteries are pulsating
and round, veins can be round or oval. A distinctive feature of veins is their
easy compression when pressed by the sensor.

4.Muscle tissue is hypoechoic, compared to bones or tendons; its structure is
flooded with bright spots. If these points are traced along the muscle, you can
see how they come together and form tendons.

5.Nerves. With good resolution, you can see the structure of the nerve. Due to
the presence of nerve fibers, its cut is similar to a honeycomb. The nerve, as a
rule, is located next to the blood vessel and is considered as part of the
neurovascular bundle.

Workplace organization. It is necessary to pay serious attention to the workplace,
achieving its convenience, the correct location of the elements necessary for work.
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Figure 28.
Example of workplace ovganization for injection under ultrasound control.

The task of the doctor is not just to locate and verify the muscle, but also to make an
injection. It should be borne in mind that the positioning of the limbs may be difficult
due to spasticity and disturbance of the patient’s consciousness. Picturing the muscles
can be distorted by muscle contraction, etc. Therefore, it is preferable to use portable
ultrasound scanner that allows you to easily move the machine around the patient. The
most convenient location of the patient is between the doctor and the screen, the
doctor does not have to turn around in order to study the ultrasound picture, and he
can place all the necessary tools directly in front of him/her (Figure 28).

4.1.2 Operating procedure on the ultrasound machine

Pairing and orientation of ultrasound image and sensor. Coordination of
needle and sensor movements, verification of the resulting image and orientation in
the tissues of the body are developed over time. With the necessary experience, no
problems in the orientation of the image will arise. For beginners, determining the
coincidence of the sides of the sensor and the image on the monitor is an elementary
but mandatory rule to get started. To do this, different simple methods are used:
palpation of tissues, tapping on the edge of the working surface of the sensor, and
positioning the label on the basis of the sensor.

Work with instrument settings. The skill of working with the parameters of
the device also plays an important role. If for examining of some muscles (quadri-
ceps femoris), special settings are not required, and then when scanning some other
— the quality of the settings can affect the effectiveness of the injection. Additional
image adjustment may require the location of the long extensors of the thumb and
toes, the posterior tibial muscle, as well as the study of the muscles of the foot.

There are several basic settings for ultrasound imaging. Depending on the
instrument, adjustments can be made manually or partially automatically.

The main adjustment parameters include:

1.Imaging modes:

* B-mode - the main imaging mode in which anatomical tissues and organs
are displayed in real time.
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* Musculoskeletal (Msk) mode, optimal for muscle examination.
2.Depth in most cases, the optimal depth is greater than the depth at which the
target muscle is located. This is because when scanning, it is necessary to focus
on the surrounding markers—vessel, bone, tendon, etc. for examination of the
upper limbs in adults; the average depth are the following:
* Muscles of the shoulder girdle-up to 4 cm.

* Shoulder muscles-up to 4-6 cm.

* Upper third of the forearm 3.3-4 cm.

The middle and lower third of the forearm-3.3 cm.
* Muscles of the hand-up to 2 cm.

3.Frequency (frequency/THI) — the wave frequency is directly related to the
ability to penetrate into tissue. It should be remembered that the higher the
frequency, the faster the tissue absorption and shallower penetration of the
signal, the lower the frequency, the greater the signal immersion. On average,
the optimal frequency for the muscles of the shoulder girdle, shoulder, and
forearm is 7-8 MHz, for the muscles of the hand from 10 MHz.

4.Focus (focus). Focus on a specific object from the overall scan pattern,
allowing for higher contrast and resolution of the object.

5.Brightness (gain). This is the ability to amplify all signals from the entire
image. It is perceived as the increased brightness of the picture. It should be
noted that with excessive amplification, tissue boundaries may be fuzzy and
interference may occur.

In addition to the basic adjustments, there are additional ones that can be used to
change the power of the ultrasonic wave, improve the quality and overview of the
image, change its profile, remove image interference, etc.

4.1.3 Types and methods of needle insertion under ultrasound control

1.Way to Ne 1. Transversely to the ultrasound beam.

The needle is inserted at an angle to the plane of the sensor and, accordingly,
transversely to the plane of the ultrasonic beam. The thickness of the ultrasound
beam is 2-3 mm. Therefore, when moving the needle, the researcher sees only
the displacement of tissues from it and only that part of it, or the slice that
passed through the beam (Figure 29). This method, despite the limitations of
needle visibility, is convenient, easy to learn and most often used in practice.

2.Way to Ne 2. In the plane of the ultrasonic beam (longitudinally). Introduction
of the needle from the end of the working surface of the sensor at an angle. In
this case, the entire needle is in the plane of the beam and is fully visible
(Figure 30).

This method has some limitations: even a slight change in the angle of the
sensor relatively to the skin or its displacement leads to the loss of the needle
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from the plane of the beam and, accordingly, its image on the screen. In
addition, it creates the need for the passage of the needle through the adjacent
muscles and other formations.

Figure 29.
Relative positions of the needle and the sensor introduction in a transverse slice of the needle as a point in the
round pronator.

Figure 30.
The relative position of the needle and sensor in the longitudinal introduction and the needle along the
ultrasound beam in a circular pronator.

Figure 31.
(A) Tissue marking, (B) needle cap pressure mark on skin, and (C) inserting the needle into the center of the
marking.
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3.Way to Ne 3. Needle insertion after ultrasound control.

In a situation where it is impossible to simultaneously hold the sensor and
insert the needle into the tissue, you can use the following method:

Determine the sensor object and depth of injection. Without removing the
sensor, put a mark on the edge of the sensor. It is very convenient to use a
sterile tip of the cap from the injection needle as a marker (Figure 31A).
When you press the cap, a clear imprint in the form of a circle remains on the
skin (Figure 31B). The needle is inserted into the circle on the skin to a
measured depth (Figure 31C).

Tissue traction. Sometimes, for various reasons, it is impossible to get a full
image of the needle on the screen of the ultrasound machine. In this case, you
should focus on the tissue traction that occurs when the needle passes. This effect
can be enhanced by light oscillating movements of the needle. This technique allows
with a certain degree of error to understand at what depth and in what place on the
screen the end of the needle is.

Aseptica. Introduction of drugs under ultrasound control requires compliance
with the rules of asepsis. To do this, there are several different methods of treatment
and protection: sterile gloves for the performer, sterile covers for the sensor, sterilizer
for the sensor, sterile gel, aseptic solutions for the sensor, and the patient’s skin.

For practical execution of the procedure, the scanner sensor can be protected by
a sterile disposable cover, which has an adhesive base inside for fixing to the
working part of the sensor. The adhesive base itself in this case also replaces the gel
for ultrasound. Sterile cover can be replaced with a sterile glove, and instead of the
adhesive base, you can use usual gel, which is applied to the working part of the
sensor and the inner surface of the glove. Fixation of the glove on the handle of the
sensor is performed using a patch (Figure 32).

Gel. Sterile ultrasonic gel is used for invasive manipulations under ultrasound
control. Release form is sachets of 15 g, so when conducting the therapy even on one
limb, you must have a few packages.

Treatment of the injection field. The patient’s skin should be treated with a
solution of 0.015% chlorhexidine.

Sensor processing. Treatment of the sensor with alcohol is undesirable. This
causes damage to the rubber coating of the work surface and premature failure of
the sensor. To sterilize the sensor, special solutions of the Sani-Cloth series are used
and chlorhexidine can be used.

Figure 32.
Sensor in sterile case.
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4.1.4 Methods of administration of BONT in the intramuscular motor endpoint

Neuromuscular transmission is carried out by axon terminals in limited areas of
intramuscular motor endpoint (IME). Accurate introduction to IME makes botuli-
num therapy more effective. The distribution of IME in the left and right limbs is
identical; it does not depend on gender and age. The number of muscle motor points
depends on the complexity of its functions and does not depend on its mass [47].

After finding a muscle using ultrasound navigation to orient the IME projection
of the corresponding muscles on the human body, use the location map or find
them using electroneuromyography (EMG). A cutaneous bipolar stimulating elec-
trode is used to search for muscle IME. The study is carried out at a current strength
of 5-10 mA and a frequency of 2 Hz [47-49]. The use of location maps in combina-
tion with ultrasound navigation significantly increases the effectiveness of treat-
ment (Figures 33-40) [47].

4.1.4.1 Complex treatment of spasticity

Given the timing of the development of spasticity and the risk of complications,
which in the future significantly reduces the effectiveness of rehabilitation and
increases the cost of treatment, treatment of spasticity should be started when just
its first signs appear. The period requiring special attention for early diagnosis and
treatment is between 3 and 12 weeks after brain damage. In severe paresis, the
period of occurrence of spasticity may coincide with the first signs of muscle
strength and purposeful movement [50, 51].

Basically, all the drugs BoNT produced in the world are standardized to the 100-
unit equivalent of Botox. The only drug that stands out from this series is Dysport.
All drugs, except for Dysport, are similar in dosage of introduction to the relevant
muscles and multiples of 100 Units. The drug Dysport is 500-unit drug and is

Figure 33.
Location map of muscle motor points for botulinum toxin injections in the treatment of spasticity.
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Figure 34.
Image of anatomy m. Biceps brachii (BB) and m. Brachialis (Br) and projections of their IME on the surface of
the body.

Figure 35.

Image of anatomy of m. Brachioradialis (BR), Extensor carpi radialis longus (ECRL), Extensor carpi radialis
brevis (ECRB), Flexor carpi radialis (FCR), m. Pronator teves (PT), and projections of their IME on the
surface of the body.

Figure 36.
Image of anatomy of m. Flexor pollicis longus (FPL), m. Flexor digitorum superficialis (FDS), m. Flexor carpi
ulnaris (FCU), and projections of their IME on the surface of the body.

significantly different from the 100 individual drugs, dosage of the injection in the
muscle (Tables 2 and 3) [7, 50-54].

To optimize the calculation of drug consumption and prognosis of needs, it is
advisable to use models of patients based on the frequency of participation in the
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Figure 37.
Image of anatomy m. Pectoralis major (PM) and projections of their IME on the surface of the body.

K
Figure 38.

Image of anatomy mm. Vastus lateralis (VL), Vastus medialis (VM), m. Rectus femoris (RF), m. Tibialis
anterior (TA), and projections of their IME on the surface of the body.

¥

Figure 39.
Image of the anatomy of m. Semimembranosus (S/m), m. Semitendinosus (S/t) m. Gracilis (Gr), and
projections of their IME on the surface of the body.

formation of a pattern of specific muscles (Tables 2 and 3). The use of these models
allows you to accurately determine the required amount of the drug and the cost of
treatment of spasticity.
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Figure 40.
Image of anatomy mm. Gastrocnemius (G/c), Soleus (S), and projections of their IME on the surface of the body.

Model Pattern of spasticity Muscles 100 Units of  Dysport,
the BoNT, U U
1A Flexion of the wrist, fingers Flexor digitorum superfacialis 60 200
and thumb Flexor digitorum profundus 60 200
Flexor pollicis longus 20 60
140 460
2A Flexion of the wrist, fingers Flexor digitorum superfacialis 60 200
and thumb Flexor digitorum profundus 60 200
Flexor pollicis longus 20 60
60 200
Pronation of the forearm Flexor carpi radialis Sometimes one of two 30 30
Pronator teres
230 740
3A Flexion of the wrist, fingers Flexor digitorum superfacialis 60 200
and thumb Flexor digitorum profundus 60 200
Flexor pollicis longus 20 60
60 200
Pronation of the forearm  Flexor carpi radialis Sometimes one of two 30 30
Pronator teres 30 300
Brachialis More often one-two from three 100 400
Elbow flexion Brachioradialis (BB less often than others) 100 400
Biceps brachii (BB)
Very ravely are all muscles involved, so most often 410 1600
the average dosage
4A Flexion of the wrist, fingers Flexor digitorum superfacialis 60 200
and thumb Flexor digitorum profundus 60 200
Flexor pollicis longus 20 60
60 200
Pronation of the forearm  Flexor carpi radialis Sometimes one of two 30 80
Pronator teres 80 300
Elbow flexion Brachialis More often one-two from three 100 400
Brachioradialis (BB less often than others) 100 400
Biceps brachii (BB) 100 400
Impossibility of shoulder Pectoralis major
tracti d tensi
retraction and arm extension Very rarely are all muscles involved, so most often 530 1600

the average dosage

Table 2.
Models of patients with spasticity in the upper limb.
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Model Pattern of Muscles 100 Units Dysport,
spasticity of the U
BoNT, U
1L Dynamic Semitendinosus Almost always 80 300
Semimembranosus 100 400
Gracilis Often 80 200
Biceps femoris Very rarely 140 500
Very rarely ave all muscles involved, so most often the 250 800
average dosage
2L Static Gastrocnemius Almost always 100 400
caput mediale
(G/cc.m.)
Tibialis posterior ~ Most often one of the muscles in 100 400
Soleus combination with G/c c. m. 80 300
Tibialis anterior 80 300
Very rarely are all muscles involved, so most often the 200 700
average dosage
3L Dynamic + Static ~ Semitendinosus Almost always 80 300
Semimembranosus 100 400
Gracilis Often 80 200
Biceps femoris Very rarely 140 500
Gastrocnemius Almost always 100 400
caput mediale Most often one of the muscles in 100 400
(G/cc.m.) combination with G/c c. m. 80 300
Tibialis posterior 80 300
Soleus
Tibialis anterior
All muscles are never involved, so the average 450 1500
dosage is
4L Static + Flexion of ~ Gastrocnemius Almost always 100 400
fingers and big caput mediale Most often one of the muscles in 100 400
toe (G/cc.m.) combination with G/c c. m. 80 300
Tibialis posterior 80 300
Soleus
Tibialis anterior
Flexor digitorum  FDL and FHL are more common 40 140
longus (FDL) than FDB and FHL, and FDL is 40 140
Flexor halucis more common than FHL. 100 400
longus (FHL) A rare combination of long and 30 100
Flexor digitorum short flexors of the fingers.
brevis (FDB)
Flexor halucis
brevis (FHB)
All muscles are never involved, so the average 300 1000
dosage is
5L Dinamic+ Static +  Semitendinosus Almost always 80 300
Flexion of fingers Semimembranosus 100 400
d big t
and big foe Gracilis Often 80 200
Biceps femoris Very rarely 140 500
Gastrocnemius Almost always 100 400
caput mediale Most often one of the muscles in 100 400
(G/cc.m.) combination with G/c c. m. 80 300
Tibialis posterior 80 300
Soleus

Tibialis anterior
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Model Pattern of Muscles 100 Units Dysport,
spasticity of the U
BoNT, U
Flexor digitorum  FDL and FHL are more common 40 140
longus (FDL) than FDB and FHL, and FDL is 40 140
Flexor halucis more common than FHL. 100 400
longus (FHL) A rave combination of long and 30 100
Flexor digitorum short flexors of the fingers.
brevis
Flexor halucis
brevis
All muscles are never involved, so the average 500 1500

dosage is

Table 3.
Models of patients with spasticity in the low limb.

The treatment scheme of spasticity with the complex use of peripheral muscle
relaxants (BoNT) and central muscle relaxants (baclofen) action may also be effec-
tive. Baclofen should be prescribed 25 + 3 days after the introduction of BoNT. This
treatment scheme provides a sufficient clinical effect for 110 & 10 days after the
injection session, which is 14-25 days longer than the action of BoNT in
monotherapy. With an average spasticity treatment time of 2 years, this combina-
tion reduces the number of injection sessions from 7 to 5.
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Abstract

Spasticity is a poorly recognized but common symptom, present in a wide range
of neurological conditions. It can have a major impact on those affected, much of
which is potentially preventable. This chapter provides an excellent paradigm to
incorporate many of the key elements fundamental to the management of chronic
conditions and it is of relevance to those who work in spasticity rehabilitation.
Keywords: spasticity, rehabilitation, orthoses, drug, physiotherapy,
occupational therapy
1. Introduction

Spasticity is one of the common symptoms in a wide range of neurological
conditions, and it needs multidisciplinary approach for best management. This
chapter provides an excellent paradigm to incorporate many of the key elements
fundamental to the management of chronic conditions and it is of relevance to those
who work in spasticity rehabilitation. This chapter presents a comprehensive view
about rehabilitation with these subtitles:

o Assessment of the individual with spasticity

* Provision of education and promoting self-management

* Physical management of spasticity(physiotherapy or occupational therapy)

* Orthoses

* Pharmacological intervention

* Setting up a service

2. Assessment of the individual with spasticity
Accurate assessment of spasticity is the starting point to make a proper and

valuable plan for this route. In addition to assessing physical changes, resistance to
movement, weakness, and contractures, the impact of spasticity on the activities of
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daily life should be considered as well. These assessments should also be carried out
in the follow-up visits. In some references, it is recommended to perform the
assessments by a professional in this area in a multidisciplinary visit with a team of
specialists and clinicians instead of assessments by different specialists in several
visits. The assessment consists of two parts: history and physical examination.

2.1 History

The ultimate goal of assessment of history is to provide a thorough history that
encompasses the impact of the disease on the patient’s communications and inter-
actions with the environment and also covers all aspects of the disease. Therefore,
the provision of a checklist is recommended (Appendix 1). In addition to the
suggested questions, the answers to these two questions are very important in
history taking and should be included in the treatment plan: Does the spasticity
contribute to improving your performance? And is this spasticity a local problem or
a generalized one?

2.2 Physical examination

The physical examination involves three steps, as follows.

2.2.1 Observation

For observation, it is recommended to evaluate the items of posture, alignment,
presence of spontaneous spasms, seating if applicable, movement patterns when
moving (e.g., walking, transferring or picking up objects), and pressure sores.
However, observation alone is not enough and outcome measurements
(Appendix 2) such as timed 10-meter walk test and goniometry are useful.

2.2.2 Assessment of active movement, including range of motion and muscle strength

The grading scale of the Medical Research Council (MRC) (Table 1) can be used
to assess both weakness and spasticity. However, its application in severe to mod-
erate spasticity is difficult.

2.2.3 Assessment of vesistance to passive movement, including assessment of the full range
of motion and contracture identification

Trunk and limb spasms are evaluated in this step. This assessment is usually
performed using the Modified Ashworth scale. However, it may fail to distinguish

Grade Definition
0 No contraction
1 Flicker of contraction only
2 Active movement with gravity eliminated
3 Active movement against gravity
4 Active movement against gravity and resistance
5 Normal power
Table 1.

Medical Research Council (MRC) grading of muscle strength.
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Perform three passive movements only and record the score of the resistance felt on the third
movement

The score is taken within the available range

Move the limbs in the best alignment possible, record position and use when repeating measures

Regulate the speed by counting 1001, 1002, 1003

Table 2.
Recommendations to standardize the measurement of the Ashworth scale.

between neuronal and non-neuronal causes of spasticity [1]; thus, the items
addressed in Table 2 should be noted to avoid misinterpretation [2]. It is effective
to use the Tardiu scale [3] to differentiate between the neuronal component and the
non-neuronal one because of the evaluation at different velocities [4]; however, it is
more time-consuming than the Ashworth test. It should be noted that the suggested
tests are specified for spasticity evaluation in limbs, and if one of the patient’s chief
complaints is trunk spasticity, the verbal or visual analog scales can be used as well
as measuring the distance between two fixed points on the trunk in fast and slow
trunk flexions by using a tape.

It is important to use outcome measures in clinical evaluation; however, it is
always challenging to maintain a balance between test simplicity and speed with its
reliability and validity [5], so different tests and methods have been suggested with
respect to the disease diagnosis. In this book, we recommend the outcome measure
of the National Hospital of Neurology and Neurosurgery (NHNN) in London with a
few modifications [2], which is typically used for patients with moderate to severe
spasticity (Appendix 2).

When the assessment is over and the treatment plan is being outlined, any physi-
cian should ask himself an important question: “why should I treat this spasticity?”
and the more important question is “what are the patient’s expectations of this
treatment?” So the ultimate goal should be discussed with the patients and their
caregivers to expect a realistic outcome. Since these goals are different for each
patient, the following desires can be addressed: sitting comfortably in a wheelchair,
adequate and comfortable night sleep, easier catheterization for bladder drainage, etc.

Different algorithms [6-8] have been developed for the evaluation of and ther-
apeutic approach to spasticity; one of the most applied of them has been developed
by Stevenson et al. [2] and is presented in Figure 1.
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Figure 1.
Therapeutic approach to spasticity.
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3. Provision of education and promoting self-management

Nowadays, it has been found that the patient’s awareness of the disease and the
situation he/she is dealing with promotes the therapeutic process and interventions.
This view and its results have also led to the development of courses known as
Expert Patient Programmes [9]. The patient and his/her caregivers’ understandings
of the medical conditions and therapeutic interventions are crucial and effective to
the treatment and therapeutic protocol selection. This is especially because different
therapeutic interventions for spasticity do not have a linear nature and several
treatments are sometimes considered for the patient at the same time (Figure 1).

To improve the spasticity treatment efficacy, some instructions should be
presented to the patient, either verbally or using a written material [10]. These
instructions include the following:

A.Maintaining movement and adequate positioning and B) Recognizing and
preventing factors that may aggravate or trigger spasticity and spasms.

B. Maintaining movement and adequate positioning:

A main factor in the spasticity treatment is to maintain the joints’ range of
motion, which should be performed by the patient or his/her caregiver.
Moreover, maintaining muscle length is the second factor that is usually
achieved by stretching or splinting [8]. Thus, sitting and standing positions are
also critical.

C. Recognizing and preventing factors that may exacerbate spasticity and spasms:

Elimination of unwanted sensory triggers is an important factor in spasticity
reduction. Naturally, cutaneous and visceral triggers (Table 3) regulate the
interneuronal activity by signaling to the spinal cord. Elimination and dysfunction
of some modulating pathways can inhibit polysynaptic reflexes (such as flexor
withdrawal) and cause spasm [11].

Similarly, abnormal activities of spinal cord circuits induce discharges in motor
neurons innervating several muscles, thereby causing a concurrent contraction of
these muscles and aggravating spasticity [12, 13]. Sometimes, some patients are
aware of such stimuli exacerbating their symptoms (e.g., bowel habit) while having
no clue how to modulate or reduce them. The patients should consider the
following:

1. Optimization of bladder and bowel management. Any defecation alteration
including urinary retention, infection, constipation, or diarrhea can

Cutaneous stimuli Visceral stimuli

Skin lesion (red or inflamed skin, broken skin, ~Bowel and bladder dysfunction: for example,
infected skin, pressure sores, ingrown toenails) constipation, overflow or diarrhea, infections,
retention or incomplete emptying

Tight-fitting clothes or urinary leg bag straps Any systemic or localized infection

Uncomfortable orthotics or seating systems Deep-vein thrombosis

Table 3.
Sensory stimulations that may aggravate spasticity.
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exacerbate the symptoms. Even the mild infection (e.g., Candida) can aggra-
vate the symptoms.

2. Maintaining skin integrity. Avoiding any skin irritation, infection, and pres-
sure sores is effective in spasticity reduction. So skin examinations, especially
in the vulnerable areas including the areas under pressure or under orthosis, as
well as preventing ingrown toenails and deep-vein thrombosis are needed.

Sometimes, there are individual factors that each patient gradually realizes (e.g.,
in some women, symptoms exacerbate during menstruation period). Knowledge of
some of these risk factors is important in treatment choice. In some cases,
elimination of some of these factors or waiting for a few days (e.g., in menstruation
period) and or a temporary rise in the drug dosage is very effective in solving the
patient’s problem.

Another point of patient education is that the weakness and spasticity are con-
comitant [2]; so the patient should know that sometimes the weakness becomes
more pronounced by medication use and subsequent spasticity reduction while
patients consider this effect as a drug side effect or lack of response. So, in case the
spasticity is an effective factor in preserving some of the patient’s functions (e.g.,
standing up and going to the bathroom in the morning), the medication should be
taken after the desired activity (going to the bathroom).

Patients should receive written information on the medication dosage, side
effects, and follow-up tests for the response to treatment. There should be a
telephone number in the form for convenient communication with the health care
center or the physician.

4. Physical management of spasticity (physiotherapy or occupational
therapy)

The key to a satisfying treatment for spasticity is to educate the patient properly
and ensure that the patient follows the instructions correctly. Also, as spasticity
changes during the treatment, treatment regimens should change with the patient’s
condition and be flexible. Proper patient management requires physiotherapy initi-
ation immediately after the disease diagnosis and at regular intervals throughout the
disease course, depending on the patient’s condition and the diagnosis made by the
treatment team. On the other hand, assessment and differentiation between the
neuronal and non-neuronal (connective tissue, joint component, muscle, and ten-
don) causes of hypertonia are critical because the treatment of non-neuronal [14]
(passive) causes involves physical therapies such as stretching and splinting; these
problems do not respond to medical treatments.

4.1 Physical management strategies

The goal of physical management is to maintain and even improve the perfor-
mance level and prevent the problems secondary to spasticity. In fact, spasticity
reduction is not always a treatment goal, as in some cases maintaining the patient’s
function requires a little spasticity and increased tone. Therefore, physical manage-
ment focuses on the performance, discomfort and pain relief, and prevention of
secondary complications including contractures and pressure ulcers. The key goals
of a physical management plan include the following [2]:
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* Maintaining the viscoelastic characteristics of tissues including tendons,
muscles, and joints to prevent contractures. This goal is achieved through
active and passive movements as well as standing and stretching with splints.

* Controlling the spasticity and spasm so that they will not be self-perpetuating;
for example, using techniques and methods in the situations and positions
exacerbating the symptoms.

* Maintaining the individual’s level of performance. It can be achieved by
strengthening activities and keeping cardiovascular fitness.

* Evaluation of spasticity as a positive factor in the patient’s function. But a
balance should be maintained between the benefits and spasticity-induced
complications.

* Generally, there is no single physical modality and the treatments are parallel
and concomitant, depending on the patient’s conditions. In the following, the
treatment options will be discussed in detail.

4.2 Standing

Standing is considered as a therapeutic option since it activates the anti-gravity
muscles, improves flexibility, reduces contractures, modulates the neuronal com-
ponent of spasticity, reduces sensory inputs and lower limb spasms, and has posi-
tive psychological effects [15-18]. Regarding the duration and frequency of this
physical therapy, studies have suggested a duration of between 30 minutes and
1.5 hours while most patients have performed this exercise for 40 minutes and with
a frequency of three to four times a week [18-20]. Remember that the duration and
frequency depend on the patient’s condition; so, the decision should be made based
on this factor. However, at least 30 minutes of standing seems to be reasonable. The
best standing position is in an extended posture with neutral alignment of the trunk,
pelvis, and lower limb joints, carried out actively by the patient himself/herself or
by using standing aids including Oswestry standing frames, motorized or hydrauli-
cally assisted standing systems, standing wheelchairs, or at least a tilt table
(according to the patient symptom severity respectively) [2]. In all these cases,
hypotension is the most notable complication, which can be prevented by arrange-
ments such as avoiding sudden position change or by using compression stockings.

4.3 Active exercise and promotion of optimal movement patterns

In most of the cases, patients with spasticity are advised for spasticity reduction
and less attention is paid to muscle weakness, and sometimes strengthening exer-
cises are not prescribed because of the concern for spasticity exacerbation [21]. It is
recommended, to the extent possible, to perform active exercises in order to
increase the strength, re-educate movement patterns, and improve cardiovascular
fitness. The outcomes achieved by these exercises are not usually observed in
passive exercises. Nowadays, it has been found that not only is antagonist muscle
weakness effective in spasticity, but also an imbalance between agonist and antag-
onist muscles exacerbates the symptoms and causes atrophy [21]. The movement
patterns should also change; in fact, proper movement patterns should be
instructed. At the same time with limb exercises, the alignments of the trunk and
pelvic girdle should be maintained. These exercises alter muscle functions and
structures [22]. The strengthening recommendations should be realistic and close to
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the patient’s daily life activities and include all the involved muscles [23, 24].
Although no specific protocol has been suggested for this kind of patients, most
studies recommend the protocol adapted from the sport sources. These traditional
training rates are a load of 60-80% of one repetition maximum (the maximum
load that can be lifted once), three sets of 10 repetitions carried out three or four
times a week.

Alongside these exercises, cardiovascular fitness exercises have been
recommended in various papers [25, 26]. Because these exercises are being
neglected in these patients due to their inactivity especially.

The task-focused active-use therapy techniques such as the constraint-induced
movement therapy can sometimes be used for upper limbs. The techniques should
be used in an intensive program over a short period (e.g., 4-8 weeks) [27].

4.4 Passive movement

When the patient cannot move his/her limb, passive movements can be carried
out by another person. In passive movement, generally, all the body joints should be
moved in their ranges of motion daily. According to the studies, it seems that using
passive movements can be effective in changing spasticity pattern, alleviating sec-
ondary non-neuronal complications, and improving positioning [2]. It is
recommended to perform the passive movements daily, and it can be carried out
before the patient repositioning. These movements should be safe and comfortable
for both the patient and caregiver. Spasmolytic medication taking in 20-30 minutes
before the movements can be helpful [2]. Sometimes sudden stretching can exacer-
bate the spasm, so the movements should be performed at slow speed. Skin irrita-
tions can cause symptom exacerbation as well; thus, the best way is to desensitize
the skin on a gradual basis or handling the limb on top of clothes. Grabbing and
holding the ball of the foot should be avoided because it is usually a sensitive point
for these triggers and better not to be touched [2]. Moreover, the movements
should be carried out with the best alignments of the muscles and joints,
overstretching should not occur, and stereotypical spasticity patterning (e.g.,
flexing the hip in the midline rather than in adduction and internal rotation) should
be avoided.

The critical point is that after the movements are over, the patient should be
positioned properly. The position should not be the same as the previous position
caused by spasms to keep the benefits of the movements [2]. Usually, these move-
ments are not performed by the physician or therapist because it is time-consuming
and is not cost-effective. So in addition to providing written material on the right
techniques for the patient and caregivers, assistance appliances such as continuous
passive movement machines (CPMs) or lifters (hoist) can also be used [2].

4.5 Stretches

Typically, with a 2-day immobilization, muscle changes initiate, including
muscle shortening and atrophy, muscle compliance reduction, and increasing the
ratio of collagen to muscle fibers [21]. Following these changes, there will be an
increase in the sensitivity of muscle spindles to stretching, which can exacerbate
the neuronal component of spasticity and subsequently the non-neural component
[28]. On the other hand, stretching induces actin and myosin synthesis; as a result,
the number of sarcomeres as well as the muscle length increases [21, 29]. So far,
there is no agreement on the duration and frequency of stretching exercises but the
following protocol can be considered for the daily schedule [30, 31].
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It is suggested to administer the stretching according to the patient’s daily
schedule and his/her posture [2]. The stretching can be carried out actively or
passively (by someone else or with FES). We can use the positioning, for example
standing, sitting, or lying down with using splints and orthosis, to achieve a
prolonged stretching. Another important point is that while stretching a muscle, the
antagonist muscle shortens, so there should be a balance in the stretching schedules
for all the muscles [2, 32]. Regarding the duration of stretching, studies have
suggested 20, 30, or even 60 minutes. So, there is no single protocol [30], but it
seems that the efficacy increases with longer durations. Also, it seems that
stretching before the exercises has a more favorable effect.

The patient should be given written instruction on stretching. Stretches should
include the back muscles, quadriceps, hip flexors, hip adductors, hamstrings, calf
muscles (gastrocnemius and soleus), wrists, and fingers, and should be performed
actively or passively. The therapist should modify the stretching based on each
patient’s condition.

4.6 Positioning

As well as improving the effective stretching and subsequent maintaining of
range of motion, correct positioning also helps in altering the spasticity pattern,
modifying asymmetry, and decreasing the risk of pressure-induced skin injuries
[33]. The golden key to good positioning is to change the position during the day.
An ideal position is important in both lying and sitting; moreover, the presence of
exacerbating factors and triggers (e.g., pressure sore, pain) is critical in position
selection. Performing passive exercises before positioning is helpful; for example,
when the patient tries to use a T roll for the leg flexion position, performing several
knee and hip flexions and bending the hips and knees up toward the chest and
abdomen facilitate this position [34].

In correct positioning, muscles should be stretched and longer than usual. For
example, these are the suggestions to improve the positioning in a patient with
continuous spasticity-induced hip adduction: The patient should monitor his/her
sitting position and try to keep his/her knees apart while sitting so that he/she does
not get accustomed to the wrong position. The impact of trunk and pelvis positions
on the legs should be evaluated. In a flexed posture with a posteriorly tilted pelvis,
the legs tend to be in internal rotation and adduction; so, having a firmer seat base, a
contoured cushion, or extra trunk support may facilitate a more anteriorly tilted
pelvis position, trunk extension, and better lower limbs alignment. In patients
unable to reduce adduction, using aids including a pummel, rolled-up towel,
cushion or T roll can help in reducing the adduction.

4.7 Wheelchair and seating

In patients suffering from spasticity, the sitting position should be modified to
improve the performance, accommodate to contractures and deformities
established, maintain comfort, and reduce fatigue [35, 36]. The main requirements
for a good sitting position are a firm seat base and backrest with subtle changes by
altering the seat base to promote an anterior tilt of the pelvis to help in achieving hip
flexion, abduction, and external rotation as well as trunk extension.

Patients with weakness in the trunk and neck extensors can use the tilt-in-space
systems [37, 38], where the patient seat has a reclining at the back and flexion at the
hip. In this system, hip flexion decreases the extension tone and spasticity as well as
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providing support for the patient’s back (by the backward movement of the back-
rest). Also, these seats improve kyphosis and breathing of the patients and reduce
fatigue and pressure ulcers.

As the patient’s spasticity status changes throughout the treatment, it is neces-
sary to re-evaluate the patient’ sitting position.

5. Orthosis

Orthoses or splints are tools for improving limb performance and preventing
deformity. These appliances are usually custom-made [39]. Non-removable
splinting devices made of plaster or casting tape are referred to as “casts.”

Casts are also a type of splint. Orthoses are used for the following treatment
goals [27, 39]:

* Providing control over the joint’s range of motion and thus improving its
performance.

* Maintaining prolonged stretches on the muscle’s tendon to alter or modify the
changes occurred in tissues.

* Modifying deformities established (e.g., using heel raise in leg length
discrepancy).

* Changing the neuronal component of spasticity through prolonged stretches
and sensory input alteration.

* Increasing the patient’s comfort.

* Correction of the posture.

* Correction of upper extremity performance.

* Improving walking efficiency.

* In children, preventing hip migration or slowing its progress.

In administering orthoses, in addition to discussing the treatment goals with
patients, the method of use, duration, and times of use should be discussed as well.
In each visit, the patient should be asked about pain, discomfort, and sleep disorder,
while muscle wasting and the places under pressure by orthosis should be exam-
ined. Incorrect orthosis usage and feeling discomfort with orthosis use can exacer-
bate the symptoms and cause new deformities. There is no contraindication for
administering orthoses; however, some problems addressed in Table 4 can limit the
use of splints, so these points should be noticed during the follow-up visits and
proper solutions should be considered [2].

The most common splints based on the usage area are discussed here according
to the evidence from different sources and guidelines. Evidence grading is
according to Tables 5 and 6 [40]. However, some of the splints are not mentioned
here, we did not intend to deny their effects but only the splints with the best
evidence are discussed.
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Sensory impairment Uncontrolled epilepsy
Unstable intracranial pressure Heterotrophic ossification
Poor skin condition Edema

Vascular disorder Acute inflammation
Fracture or severe soft tissue injury Medically unstable
Behavioral/cognitive disorders Frequent spasms

Access to limb required for medical purposes

Table 4.
Precautions for the use of splints or orthoses.

Quality of Grading Characteristics

evidence

High A Based on consistent results from well-performed randomized controlled
trials, or overwhelming evidence of an alternative source, for example, well-
executed observational studies with strong effects

Moderate B Based on randomized controlled trials where there are serious flaws in
conduct, inconsistency, indirectness, imprecise estimates, reporting bias, or
some other combination of these limitations, or from other study designs
with special strengths

Low C Based on observational evidence, or from controlled trials with several very
serious limitations

Very low D Based on case studies or expert opinion

Table 5.

GRADE quality of evidence grading.

Strength  Grade Benefits and risks
Strong 1. “Itis Benefits appear to outweigh the risks (or vice versa) for the majority
recommended. ..” of the target group

Conditional 2. “It is suggested. Risks and benefits are more closely balanced, or there is uncertainty
7 in likely service user values and preferences

Table 6.
Strength of grade.
5.1 Ankle

The following advice is suggested to correct contractures [40]:

* It is possible to use casts at the end of the range of motion for acute brain injury
and stroke patients to improve the range of motion (2C). The cast should be
replaced every 5-7 days. Use the cast for a 2- to 12-week period.

* In severely spastic patients, we can use casts with botulinum toxin injection
(2B). The cast should be replaced every 5-7 days. Use the cast for a 2- to 12-

week period.

* Using adjustable ankle splints at the end of the range of motion improves
the joint’s range of motion (2C). Splints are used 6-23 hours a day for
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2-12 weeks and should be adjusted with improvements at the end of the range
of motion.

* While using non-custom-made splints, necessary precautions should be taken
to prevent pressure sores (2D).

Contracture prevention [40]:

* Using ankle casts at the end of dorsiflexion range can prevent contractures in
ABI patients (2C). Primary casts should be replaced every 5-7 days depending
on the change in the range of motion until the patient can maintain the plantar
grade position. The last cast should be used as a bivalved plantar grade cast for
18 hours a day until the splint can maintain the range of motion.

* The ankle splint can prevent the limitation of the ankle’s range of motion when
the ankle is at a plantar grade position (2B). The recommended duration of use
for ankle splint is 6-10 hours at night for 2-5 weeks.

* While using non-custom-made splints, necessary precautions should be taken
to prevent pressure sores (2B).

Performance improvement [41]:

* The plantar spasticity ankle foot orthosis (AFO) can be used for better walking.
In the case of mild spasticity, the single midline posterior stop AFO is used. The
type of AFO with pins in the posterior channels can be used for more severe
cases. Moreover, in patients with weak extensors of hip or knee, the solid type
is recommended while the hinged type is suitable for patients with adequate
control. In patients with crouched gait and passive range of motion in hip joints
and pelvis, a ground reaction force AFO can be used.

5.2 Knee
Contracture improvement [40]:
* It is possible to use casts at the end of range of motion for acute brain injury
and stroke patients to improve the knee’s range of motion (2D). The cast

should be replaced every 5-7 days. Use the cast for 2-12 weeks.

¢ Short-term application of the cast (1-4 days) entails fewer complications
compared to the longer uses (5-7 days) (2C).

Contracture prevention [40]:

* Using casts at the end of range of motion in acute brain injury and stroke
patients can prevent contractures (2C). The cast should be replaced every
5-7 days. Use the cast for a 2- to 5-week period.

* Use this cast with caution in the patients with acute lesions (acute brain injury
and stroke) and decreased level of consciousness for preventing secondary

complications such as pressure sores (2C).

* Knee splints can be used for standing control and walking improvement as well.
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5.3 Wrist and hand

98

Contracture improvement [2, 40]:

* Using splints for deformity correction in hand and wrists is not routinely

advised for every patient (e.g., in stroke and acute brain injury patients).
However, they can be used in certain cases in an optional way (2B). These
splints are custom-made or serial and adjustable (10 degrees wrist extension
and finger extension with MCP flexion, wrist at neutral, or maximal available
range of movement). Most of them are used for 20 minutes to 12 hours a day
for a 1- to 8-week period.

Contracture prevention [2, 40]:

* Using splints for deformity prevention in hand and wrists is not routinely

advised for every patient (e.g., in stroke and acute brain injury patients).
However, they can be used in certain cases in an optional way (2B). In the
studies, the splints have been used in different positions (10 degrees wrist
extension and fingers fully extended, wrist at neutral, or close to maximal
available range of movement) with duration of 6-12 hours a day for a 1- to 8-
week period.

* Using splints in combination with botulinum toxin in selected cases can be

effective in reducing the spasticity that has resulted in range of motion loss
(2C). The splint is used at the end of the available range of movement but is not
adjusted daily. On the other hand, strapping is used at the end of available
range of movement, with daily adjustment to maximal stretch for 6 days.

* Using electrical stimulation in combination with splints is not recommended

for contracture prevention (2A).

* Custom-made hand and wrist splints should not be used routinely for

prevention from spasticity exacerbation in acute brain injury and stroke
patients (2B).

* A wrist splint at neutral position can be effective in hand pain prevention

caused by joint malalignment (2A). These splints should be used for minimum
6 hours a day for 13 weeks.

Performance improvement [2, 42]:

* Sometimes, a splint is also used to improve performance (Figure 2) or prevent

tissue damage (e.g., sheepskin palm protector).

* Using volar splints in children with cerebral palsy can reduce the spasticity and

improve the range of motion and performance in upper limb. However, theses
splints are not effective on the upper limb movements in stroke patients.

* Using dorsal splints has no effect on spasticity, range of motion, and

performance of upper limb in stroke patients.

* Dynamic splints can improve the upper limb performance and accelerate

spasticity reduction.
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Figure 2.
sheepskin palm protector is used to prevent tissue damage.

* The use of C-Bar splint is an effective method to improve hand performance

and range of motion while decreasing spasticity in upper limb of cerebral palsy
children.

* Using anti-pronation splints can be an effective technique to improve the

performance of upper limb, range of motion of forearm supination, and wrist
extension, as well as reducing the severity of spasticity in forearms pronator
muscles and wrist flexor muscles. These splints are also effective in improving
the gripping and pinching ability in children suffering from spastic diplegia
cerebral palsy.

* Extension splints are not helpful in the rehabilitation program of stroke

patients.

* As a modern splint, SAEBO splints can be helpful in improving the upper limb

of stroke patients.

* In general, volar, dorsal, anti-pronation, and C-Bar splints are effective in

spasticity reduction and performance improvement of upper limb in children
with cerebral palsy while SAEBO and dynamic splints are useful for
performance improvement and spasticity reduction of upper limb.

5.4 Elbow

29

Contracture improvement [40, 42]:

* Using casts is recommended at the end of range of motion to modify the

elbow’s range of motion (2C). The cast should be replaced every 3-7 days. Use
the cast for a 1- to 4-week period.

¢ Short-term application of the cast (1-4 days) entails fewer complications

compared to the longer use (4-7 days) (2C).

* Enough studies for contracture correction by splint are not available.
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Contracture prevention [40]:

* Enough studies for contracture correction by splints are not available.

Performance improvement [42]:

* Elbow gaiters are recommended to maintain extension and improve function.
5.5 Spinal braces

* Spinal braces are usually used in cases with muscle weakness. In the patients
with spasticity being the predominant complaint, spinal braces are not
frequently used. It is because they are difficult to fit on the patients, are not
comfortable, and can induce breathing problems and sores [2]. In these cases,
the use of customized seating with individualized truncal and pelvic support
can be a more beneficial and comfortable option. The braces can be used in
patients with kyphosis and scoliosis if it helps in sitting.

6. Pharmacological intervention

On the decision for the treatment of spasticity, considering goals is a critical
point and pharmacological interventions should be considered with non-
pharmacological treatment for optimizing the effectiveness of management [2].
Another important point in prescription of drugs is about the patient’s situation and
the dosage and timing should be considered according to it. For example, painful
nocturnal spasms may best be managed with a long-acting agent taken at night-time
that has sedative side effects. As a rule for all medication, “start low and go slow”
[2]. Although it is time-consuming, this approach will limit any deleterious effects
on function or unwanted side effects. For better discussion, pharmacological inter-
ventions are categorized according to spasticity pattern including, generalized,
segmental, and focal.

6.1 Generalized spasticity

There are several oral treatments for management of generalized spasticity.
However, there is more interest for some medications according to the country
strategy (e.g., there is more discussion in American papers for Clonidine, but it is
currently little used in the UK) [39]. Generally, these drugs are used more for
spasticity management: baclofen, diazepam, tizanidine, dantrolene, gabapentin,
and clonidine (Table 7). They may be used to provide systemic effect for modest
spasticity severity. Choosing the drug is dependent on patient problems and goals
[2, 39]. For example, if the neuropathic pain is a problematic as well as spasticity,
gabapentin should be considered for this patient. Besides, some of the drugs are
more recommended in papers for specific diagnosis; for example, gabapentin is also
recommended as first- or second-line treatment for spasticity in the UK National
Guidelines for Multiple Sclerosis [39].

There is no evidence-based consensus for combination drug regimes for oral
treatment. However, they can be used according to associated features [2, 43].
There is no right or wrong way to titrate drugs in combination, and professionals
suggest avoiding polypharmacy. If there is intolerance for maximum dose of first-
line drug, continue the highest level the individual can tolerate comfortably and
added the second-line drug and titrated upward. If the patient’s problem has
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Drug Starting dose Maximum dose Side effects

Baclofen 5-10 mg daily 120 mg daily, usually in Drowsiness, weakness, paresthesia,
three divided doses nausea, vomiting

Diazepam 2 mg daily 40-60 mg daily, usually in Drowsiness, reduced attention,

three or four divided doses memory impairment
Dependency and withdrawal
syndromes

Tizanidine 2 mg daily 36 mg daily, usually in Drowsiness, weakness, dry mouth,
three or four divided doses postural hypotension
Monitor liver function

Dantrolene 25 mg daily 400 mg daily, usually in Anorexia, nausea, vomiting,
four divided doses drowsiness, weakness, dizziness,
paraesthesiae

Monitor liver function

Gabapentin 300 mg daily (can 2400 mg daily, usually in ~ Drowsiness, somnolence, dizziness
start at 100 mg three divided doses
daily)

Table 7.
Drugs in spasticity treatment.

been decreased with this regime, the first drug can be cautiously withdrawn to
see if monotherapy with the second-line drug alone is sufficient to achieve the
goal of treatment. For optimizing the treatment, it is very important the patient
has had written information about treatment goals and efficacy and side effects
of drugs.

Evidence-based recommendations for choosing the drug are listed below:

Baclofen: It is more effective in patients with either multiple sclerosis (MS) [44]
or spinal cord injury and few have concentrated on spasticity of cerebral origin,
including stroke or traumatic brain injury [43].

Tizanidine: It reduces sign and symptoms in MS, spinal cord injury and
stroke; no functional benefit has, however, been demonstrated in MS and spinal
cord injury [45].

Dantrolene: It is the only available agent that works out of CNS with direct
action on skeletal muscle. So, it can be prescribed for spasticity originating from
both spinal and supraspinal lesions. It is effective in management of MS patient
and has modest effect in spinal cord injury, stroke, and cerebral palsy [46-48]. It
does not demonstrate any changes in function.

Diazepam: The efficacy of it in spinal cord injury, cerebral palsy, and MS has
been proven. However, its side effects are more than those of other drugs in the
studies [43].

Gabapentin: There is beneficial effect of gabapentin on measures of spasticity in
MS and spinal cord injury [49, 50].

Clonidine: Its major use has been as an anti-hypertensive agent, but it is efficient
in the spinal cord injury spasticity [43].

In children’s spasticity, baclofen (for long treatment) and diazepam (for rapid
onset) are recommended by NICE guideline [27].
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6.2 For regional or segmental spasticity

This type of spasticity benefits from interathecal administration. This route of
administration delivers the medication directly to where it is needed with less
unwanted side effects like drowsiness and impaired cognition. Interathecal baclofen
pump has been used since 30 years ago [39]. It is effective for lower limbs and trunk
spasticity [51]. To manage changing needs, the dose and timing of drug delivery
can be programmed over the 24-hour period. It has the beneficial effect in the
autonomic storming in people with brain and spinal cord injury [39]. The risk of
infection and the need to attend clinics every 3 months or so to have the pump
refilled are its significant disadvantages.

The pump is recommended in children with severe motor function
impairment (GMFCS level 3, 4, and 5) and bilateral spasticity affecting upper and
lower limbs [27].

An intrathecal baclofen test to assess the therapeutic effect and adverse events is
necessary before making the decision for intrathecal pump implantation. For
evaluation of response, assessing the patient is necessary within 3-5 hours after
sedation and recovery. Before pump implantation, written information is necessary
including possible adverse effects, signs and symptoms suggesting the dose is too
low or high, complications and follow-up appointments [27].

Implantation of the infusion pump can occur within 3 months of satisfactory
response to intrathecal baclofen test [39].

Using intrathecal phenol injections is suggested in some studies too [52]. Com-
pared with the intrathecal phenol, baclofen pump has complication of surgical proce-
dure for implantation of pump, malfunction of pump, needing for dose adjustment
and refilling the pump [52]. The advantages of intrathecal phenol include: less indi-
vidual responsibility, low cost, no requirement of special equipment, and avoiding the
regular clinical visits for refills. But the complications of this procedure are bladder
and bowel incontinence, limb weakness, and paraesthesia, which are the reasons for
intrathecal phenol not being considered for spasticity management routinely [52].

6.3 Focal spasticity

The most famous treatments that are used in this category are phenol neurolysis
and botulinum toxin.

Phenol nerve block has been used for the treatment of spasticity since the 1960s
and it has advantages in comparison with botulinum toxin including: faster onset of
spasticity relief and greater degree of muscle relaxation for much longer and at
much less expense [27, 39]. But it has disadvantages including, neurogenic pain or
paraesthesia (if applied to a mixed motor/sensory nerve) and careful localization
(needing for experienced hand), so some specialist prefer Botulinum toxin. How-
ever, it is appropriate for patients with troublesome spasticity and dystonia of hip
adductors and calf muscles, especially for non-ambulant patients or “walkers” who
are already dependent on an ankle-foot orthosis (AFO) [27, 39].

Botulinum toxin use has shown significant effects on improving the symptoms
of patients with focal spasticity or dystonia [27, 39, 43]. The method of use and
injection is discussed in detail in chapter x. Here is a brief explanation of its indica-
tions and contraindications.

There is more interest in botulinum toxin injection. This procedure for patients
with focal spasticity in upper limb should be considered in the following cases [27]:

¢ Impeding fine motor function

* Compromising care and hygiene

102



Rehabilitation Medicine Management of Spasticity
DOI: http://dx.doi.org/10.5772 /intechopen.93008

* Causing pain
* Impeding tolerance of other treatments, such as orthoses
* Causing cosmetic concern to the child and young person

Botulinum toxin injection for patients with focal spasticity in lower limb should
be considered in the following cases [27]:

* Impeding gross motor function
* Compromising care and hygiene
» Causing pain

* Disturbing sleep

* Impeding tolerance of other treatments, such as orthoses and use of equipment
to support posture

* Causing cosmetic concern to the child and young person

Botulinum toxin is not recommended in the following cases [27]:

* Has severe muscle weakness
* Had previous adverse reaction or allergy to the botulinum toxin type A

* Is receiving aminoglycoside treatment

Administration of botulinum toxin should be done with caution in the following
cases [27]:
The person has any of the following:

* Bleeding disorders for example due to anticoagulant therapy
* Generalized spasticity

* Fixed muscle contracture

* Marked bone deformity

There are concerns about people likelihood of engaging in post treatment
adapted physical therapy treatment.

7. Setting up a service

Setting up a spasticity clinic or service depends on the local conditions and
available resources. Setting up a clinic needs a team in which every member has
certain tasks. Undoubtedly, the roles and duties will overlap, but it is important to
understand the abilities and skills of each professional to evaluate what they can
offer for the treatment process [2]. Thus, outlining the key skills and roles of each
team member and providing a competency framework can help in making an
efficient team.
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In general, four professionals have roles in a spasticity clinic team including a
physician (a pediatric or adult neurologist or a physical medicine and rehabilitation
specialist), nurse, occupational therapist, and physiotherapist [2]. In the following,
the tasks of each professional are briefly discussed.

Physician:

* Understanding the underlying condition, prognosis, natural history, associated
features, and possible complications. Identifying the abnormal features or
unexpected changes that may be caused by a secondary cause.

* Being experienced in neuromuscular history-taking and physical examination.

* Being able to perform necessary interventions including administering oral
medications, botulinum toxin injection, intrathecal drug, and splint.

Nurse:

* Educating the patient and his/her caregivers to manage spasticity.
* Managing cutaneous and visceral triggers.

* Advising the patient on posture, moving, and handling.

* Managing psychosocial issues and considering the impact of spasticity on
employment and social activities of the patient and managing it.

* Monitoring the patient’s and caregiver’s adaptations with the treatments and
ensuring that they follow the protocols and guidelines properly.

Physiotherapist:

* Identifying the potential for movement patterns and functional ability to be
improved.

* Identifying trigger factors of spasticity related to posture and movement.

¢ Identifying muscle weakness underlying the spasticity.

Occupational therapist:

* Assessing the patient for proper use of splints.

* Assessing the patient for posture and siting especially in a wheelchair.

* Assessing the impact of spasticity on the patient’s performance.

¢ Evaluating the patient’s access to work, home, and community environments.

Permanent presences of other specialists in the team are not necessarily needed,
but they can be helpful in the treatment process. These specialists include orthope-
dics, neurosurgeons, speech therapists, orthotists, social workers, continence advi-
sors, and psychologists.

One of the valuable points in setting up such services is their growth and
development to provide better services. This goal is achieved through data
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collection, organization, and extraction so that effective and useful proposals will be
presented. The development of these services based on this information results in
optimizing the services as much as possible and targeted funding for treating these
patients.

8. Conclusion

Spasticity is one of the common symptoms in a wide range of neurological
conditions and it needs a multidisciplinary approach for best management. This
chapter provided an excellent paradigm to incorporate many of the key elements
that are fundamental, including: assessment of the individual with spasticity, pro-
vision of education and promoting self-management, physical management of
spasticity (physiotherapy or occupational therapy), orthoses, pharmacological
intervention, and setting up a service.

Conflict of interest

The authors certify that there is no conflict of interest with any financial orga-
nization regarding the material discussed in this chapter.

Appendix 1.

Demographic data and checklist for impact of the spasticity on the
patient’s communications and interactions with the environment.

Patient’s name: Date of birth: Date: Diagnosis:
Current medication Please comment on dose, route, times, and any side effects
experienced

Other medication used in the past for spasticity:
Why did they stop taking it (ineffective, not tolerated, other reason?)

Primary difficulty: Severity rating out of 10
Is it attributed to spasticity: Yes/No

Other difficulties related to spasticity:

Spasticity Please comment on site and severity of spasticity

Not needing to be assessed

Clonus Please comment whether spontaneous

Not needing to be assessed

Spasms Please comment on which muscles, extensors or flexors, severity,
pain, frequency, and duration

Not needing to be assessed

Pain Please comment on presence, severity, and management.
Indicate if pain has been getting worse, better, or remains the
same

Not needing to be assessed

Sleep patterns Please comment on disturbances, positions, and quality

Bed mobility Please comment on how much, type of mattress used

Not needing to be assessed

Bladder Please comment on current management
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Patient’s name:

Date of birth: Date: Diagnosis:

Not needing to be assessed

Bowel

Please comment on current management

Not needing to be assessed

Skin

Please comment on the presence of pressure ulcers and the ability
to relieve pressure, change position and sensation, and any aids
used (Waterlow Tool)

Not needing to be assessed

Mobility

Please comment on outdoor, indoor, aids, speed, and distance

Not needing to be assessed

Toilet/bath/shower transfers

Please comment on ability and aids required. Indicate if this has
been getting worse, better, or remains the same

Not needing to be assessed

Transfers

Please comment on car, bed, chair, level of independence and
assistance required

Not needing to be assessed

Wheelchair

Please comment on posture, position, type, and make of chair
and cushion

Not needing to be assessed

Previous therapy and nursing input

Please comment on physiotherapy, OT, seating assessments, and
nursing advice. Ensure details of time, date, and location of
treatment obtained, including names, addresses, and contact
details

Options discussed with patient

Assessment by:

Signature:

Appendix 2. The outcome measures of spasticity

Name: Data

Goniometry to measure range of passive movement Resting angle  Full range

(Norkin and White 1985): Right/left available Right/
left

Hip flexion-extension

Hip abduction-adduction

Knee flexion-extension

Ankle PF-DF

Maximum distance between knees as measured during Distance in mm:

passive hip abduction (Hyman 2000):

Modified Ashworth scale (Bohannon and Smith,1987): Right Left

Resistance to: hip and knee flexion in supine

Resistance to: hip and knee extension

in supine

Resistance to: hip abduction in crook lying

Resistance to: ankle dorsiflexion with knee

extended

Clonus and spasms score (self-report) (Smith 1994)"
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Name: Data

Clonus

Spasms

Pain intensity by visual analogue scale(VAS)

Seating posture score (please record 0 = yes, 1 =no)

Are the feet well positioned on the footplates?

Are the knees apart?

Are the hips well aligned?

Is the trunk posture symmetrical?

Total

Record the frequency of falls over the last month(0 = No
falls, 1 = two to three falls per week,

2 = five to six falls per week, 3 = daily falls,

4 = more than one fall per day)

10-metre timed walk (Wade 1987)

No. of steps

Time

Aid used

Identify the main problem that is amenable to treatment:

°0 = absent; 1 = Provoked by painful stimuli only; 2 = Provoked by touch, light pressure and/or occasionally
spontaneous (5/day and/or < 2night); 3 = Provoked by passive movements (during physical therapy or nursing care)
and/or frequently spontaneous (>5 day and/or 2/night).
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Chapter 6
Spasticity and Dystonia: A Brief
Review

Vincenzo Cimino, Clara Grazia Chisari and Francesco Patti

Abstract

Spasticity and dystonia are two neurological conditions with a broad range of
clinical manifestations that can emerge at any age. Although the spasticity and
dystonia symptoms are caused by different pathophysiological mechanisms, both
of them may cause functional impairment that contributes to a poor quality of life.
Spasticity is characterised by a velocity-dependent increase in tonic stretch reflexes
with exaggerated tendon jerks, resulting from hyperexcitability of the stretch
reflex. It mostly occurs in disorders of the central nervous system (CNS) affecting
the upper motor neurons, such as multiple sclerosis, amyotrophic lateral sclerosis,
cerebrovascular diseases, cerebral palsy, traumatic brain injury, stroke, and spinal
cord injury. Therapeutic options may combine, in various proportions, physical
therapy, occupational therapy, self-rehabilitation, the use of orthoses and assis-
tive devices, drug treatment, orthopaedic surgery, and neurosurgery. Dystonia is
defined as a syndrome of involuntary movement that manifests as excessive muscle
contractions that frequently cause twisting and repetitive movements or abnormal
postures. It is often intensified or exacerbated by physical activity, and symptoms
may progress into adjacent muscles. Dystonia has many different manifestations
and causes, and many different treatment options are available. These options
include physical and occupational therapy, oral medications, intramuscular injec-
tion of botulinum toxins, and neurosurgical interventions.

Keywords: spasticity, dystonia, treatments, oral drugs, rehabilitation

1. Introduction

According to Lance and colleagues, spasticity is a “...motor disorder charac-
terised by a velocity dependent increase in the tonic stretch reflex with exagger-
ated tendon jerks, resulting from hyperexcitability of the stretch reflex, as one
component of the upper motor neuron syndrome...” [1]. Over time, the interest of
clinicians on spasticity has increased more and more, topics ranging from patho-
physiology to clinical relevance and treatment options [2-8].

However, in everyday management of patients’ spasticity symptoms, much
more complex situation would be there, full of clinical problems. In fact, other
positive and/or negative signs may be observed together with increased muscle tone
and deep tendon reflexes. Abnormal cutaneous reflexes, spasms, co-contraction,
Babinski reflex, and also dystonia, are described as positive phenomena, and weak-
ness, fatigability, and reduced dexterity are considered negative ones. In clinical
practice each problem that we have to treat may have different pathophysiological
explanations [9]. A central nervous system lesion determines the upper motor
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neuron syndrome, induced by an interruption of descending pathways, which con-
nect the highest centres to the spinal cord. Alternatively, reactivity of spinal cord
circuits may be modified by a direct damage, through a different way to elaborate
the input from peripheral afferents. It is important to differentiate immediate to
delayed consequences of damage to the highest centres in the CNS. The delayed
consequences lead to a rearrangement of reactivity in spinal cord circuits, in which
it is considered a basis of spasticity. Moreover, spasticity may itself be modified by
the consequences of paresis and immobilisation, i.e. development of contractures.
Several pathophysiological mechanisms may explain the development of spasticity
due to CNS lesions. These mainly include defective inhibition, such as postsynaptic
inhibition of alpha motor neurons or presynaptic inhibition of 1a afferents. There is
also a defective excitation of inhibitory interneurons underlying reciprocal inhibi-
tion, autogenetic inhibition, or recurrent inhibition [10].

Dystonia is defined as a neurological disorder characterised by sustained or
intermittent muscle contractions, determining unusual movements and postures
or both. Typically dystonic movements are patterned and twisting and may be
tremulous. Often, dystonic movements may be started by voluntary action, worsen-
ing with typically an overflow muscle activation (Consensus 2013) [11]. Dystonia
classification is based on clinical characteristics and aetiology. Indeed, except for
hereditary forms, dystonic syndromes may be caused by birth-related or other
physical trauma, infection, and poisoning or due to pharmacological treatments,
particularly neuroleptics. The clinical characteristics include age at onset, temporal
pattern, body distribution, and coexistence of other movement disorders. The
etiologic characteristics are the presence or absence of nervous system pathology
and the pattern of inheritance [11].

Focal dystonia is a neurologic movement disorder, due to an incorrect sensorimo-
tor modulation, determining involuntary, excessive muscle contractions. Writer’s
cramp is a specific type of focal dystonia that affects the fingers, hand, or forearm.
Wrriter’s cramp is a task-specific dystonia, characterised by hands twisting into odd
postures. A specific task induces this sign. Other skilled task-specific movements may
induce focal hand dystonia, such as playing a musical instrument, typing, or sewing.
Writer’s cramp is known also as musician’s cramp, focal hand dystonia, arm dystonia,
finger dystonia, task-specific dystonia, and occupational cramp or dystonia.

Task-specific dystonia like writer’s cramp may appear in anyone. It usually
appears between 30 and 50 years of age. Task-specific dystonia, particularly musi-
cian’s cramp, is more common in men.

Two types of writer’s cramp could be described:

1. Simple writer’s cramp, which appears only during writing. The abnormal
postures spring up soon after you pick up a pen. So, it only affects the ability to
write.

2. Dystonic writer’s cramp appears not only during writing but also during other
activities with your hands, like shaving, dressing, or applying makeup.

Probably, repetitive movements determine a remapping of the brain’s senso-
rimotor areas. Bad posture of the hands while holding a pen or pencil associated
with overuse seems to cause simple writer’s cramp. Dystonic writer’s cramp is less
common than simple ones and may represent a symptom of generalised dystonia.
In this case, the involuntary movements can appear also during other non-writing
tasks, such as using a fork or handwashing. Rarely, writer’s cramp could be the early
onset of a generalised dystonia, which is associated with the DYT1 gene [12].

114



Spasticity and Dystonia: A Brief Review
DOI: http://dx.doi.org/10.5772/intechopen.91780

1.1 Pathophysiology of spasticity and dystonia syndromes

Typically, spasticity is considered as a specific “pyramidal” sign; neverthe-
less, selective lesions of the primary motor cortex or corticospinal tract often
induce hypotonia, deficit, or weakness in distal movements, without inducing
spasticity [4]. Only the involvement of non-primary motor areas (premotor and
supplementary areas) and the corticoreticulospinal fibres together with cortical
lesions may induce spasticity. Corticoreticulospinal fibres sends through the
dorsolateral reticulospinal tract descending just anteriorly to the corticospinal
tract, a massive bilateral inhibitory projection to spinal motor neurons, which
are located in the lateral funiculus of the spinal cord. So the fact that a selective
lesion of the anterior limb or the genu of the internal capsula predominantly
induces spasticity without an evident motor deficit and vice versa can be
explained by the different courses of corticoreticular and corticospinal fibres
in the internal capsula. Hence, a lesion involving the corticoreticulospinal
fibres will lead to a decreased inhibition (or to an increased facilitation) of the
spinal cord and ultimately to spasticity [13, 14]. Three fundamental phenomena
occur after a lesion to the central motor pathways assigned to motor command
execution:

1. Paresis: the quantitative lack of command directed to agonist muscles when at-
tempting to generate force or movement.

2. Soft tissue contracture and contractile muscle property changes: shortened posi-
tion induced by immobilisation due to paresis, causing soft tissue and muscle
alterations. [13].

3.Muscle overactivity: as a consequence of corticospinal pathway lesion, which
causes loss of motor command, brainstem descending pathways are activated.
Most of these brainstem descending pathways tend to be constantly active, as
a consequence a constant muscle activity is maintained. Releasing of growth
factors locally is induced in the spinal cord level by the lack of regular descend-
ing excitation to the lower motor neurons. So these phenomena induce local
sprouting from neighbouring interneurons, creating perfect conditions in
order to synthetise new abnormal synapse network, leading to the creation of
new abnormal reflex pathways [8, 9].

1.2 Spasticity

Among these changes, which gradually develop, spasticity represents the
principal sign detectable. A simple definition of spasticity is an increase in velocity-
dependent stretch reflexes [9, 10] which can be evoked at rest by muscle stretch or
tendon taps.

Principal key points:

* A tonic stretch reflex.

* Mediated by type 1a fibre nerve, predominantly in the muscle spindle. Passive
muscle stretch induces exciting of muscle spindle, which sends sensory input
back to the spinal cord through monosynaptic way principally but also oligo-
and polysynaptic reflexes, which at the end induce an efferent impulse to the
muscle, causing contraction.
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* Velocity-dependent.
* Length-dependent.
1.3 Spastic dystonia

The term “spastic dystonia” was coined by Denny-Brown in 1966 to define
tonic-chronic muscle activity that is present in a spasticity pattern, during rest [15].
Thus, spastic dystonia could be described as a spontaneous overactivity at rest, not
induced by a primary triggering factor [14-16]. It is easy to recognise it in patients
with spastic paresis, as spastic dystonia causes specific bad postures in joints and
body. For example, in the upper limb, the shoulder can stay internally rotated
and adducted with a flexed and pronated elbow and flexed wrist and fingers.
Equinovarus deformity represents a specific spastic dystonia in the lower limb, and
itis characterised by plantar flexors and/or toe flexors, which may be painful and
disabling during walking.

1.4 Spastic co-contraction

Spastic co-contraction is defined as an “unwanted, excessive, level of antagonis-
tic muscle activity during voluntary command on an agonist muscle, which is aggra-
vated by tonic stretch in the co-contracting muscle” [13]. Spastic co-contraction in
spasticity pattern is a descending phenomenon, most probably due to misdirection
of the supraspinal drive. It may be caused by loss of reciprocal inhibition during
voluntary command [9, 10]. So, voluntary command of an agonist muscle is the
first step, which induces spastic co-contraction. In patients with good or fairly
good motor control, spastic co-contraction is certainly the most disabling form of
muscle overactivity, because it obstacles muscle physiological muscle voluntary
recruitment.

1.5 Clinical evaluation
1.5.1 Passive range of motion

For each movement evaluated, the corresponding muscles and joints are
stretched at a very slow speed, in order to keep below the threshold for eliciting a
stretch reflex. The angle at which soft tissue offers a maximum resistance is defined
as the passive range of motion for that joint [17].

1.5.2 Angle of catch or clonus and spasticity grade

For each movement evaluated, the clinician should stretch the correspond-
ing muscles and joints as fast as possible for the examiner. The spasticity grade is
determined by the joint angle at which catch or clonus appears, according to Tardieu
scale [18].

1.5.3 Active range of motion

For each passive movement evaluated at first, the clinician asks the patient to
carry out an active movement at maximal range, until the active movement pro-
duced by the agonist muscles is contrasted by the passive resistance together with
the spastic co-contraction of antagonist ones. This angle measure is the effective
active range of motion [18].
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1.5.4 Outcome measure

Tardieu score is a scale realised to measure spasticity that evaluates resistance to
passive movement at both slow and fast speed. Individuals are evaluated both in in
sit and supine position. There are two types of measures:

1. Quality of muscle reaction.

2. Angle of muscle reaction.

The quality of muscle reaction is scored as follows (range 0-4):

0. No resistance throughout the course of the passive movement.

1. Slight resistance throughout the course of the passive movement, followed by
release.

2.Clear catch at precise angle, interrupting the passive movement, followed by
release.

3. Fatigable clonus (<10 seconds when maintaining pressure) occurring at precise
angle.

4.Infatigable clonus (>10 seconds when maintaining pressure) occurring at
precise angle.

In order to consider joint angle, speed movement has to be defined:

* Vlisslow as possible.

* V2 speed of limb falling under gravity.

* V3 moving as fast as possible.

Regarding the joint angle, modified Tardieu describes:

* R1 as the angle of muscle reaction.

* R2 as the full PROM.

The angle of full ROM (R2) is defined at a very slow speed (V1). The angle of
muscle reaction (R1) is detected when a catch or clonus appears during a quick
stretch (V3) [19].

Ashworth scale, original version (1964), is a test which quantifies resistance
to passive movement, with respect to a joint and with varying degrees of velocity.
Scores range from 0 to 4:

0.No increase in tone.

1. Slight increase in tone giving a catch when the limb was moved in flexion or
extension.

2.More marked increase in tone but limb easily flexed.
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3.Considerable increase in tone, passive movement difficult.
4.Limb rigid, sometimes fixed in flexion or extension.

The modified Ashworth scale (Bohannon & Smith, 1987) is similar to the
original one, except for a 1+ scoring category to indicate resistance through less than
half of the movement [20].

2. Treatment options of spasticity
2.1Indications for treatment

It's demonstrated that burden of care is higher in neurological patients who
developed spasticity than that of those without it, in particular regarding treat-
ment costs, quality of life, caregiver burden, and the effects of comorbidities
[21]. The treatment of muscle overactivity may be considered when the condition
is disabling. Muscle overactivity usually impairs motor command, so this itself
justifies the treatment. Moreover, independently from the aetiological context, it
contributes to impair patient’s function [22]. Nevertheless, not all patients with
muscle overactivity need a specific treatment. Treatment in spasticity should be
carried out only after rigorous clinical analysis, in order to determine the severity of
functional impairment. A multidisciplinary approach is necessary in order to obtain
this specific assessment, being different according to patient’s clinical condition; it
may include variably physician, physical therapist, occupational therapist, nurse,
and/or caregiver [22]. In order to obtain an individual, task-oriented therapeutic
strategy, it is necessary to analyse a list of personal measurable objectives, which
may be different for each patient. The clinical follow-up is required in order to show
the benefits as well as adverse events. Muscle spasticity, which usually is responsive
to drug treatment, is not the only motor impairment in spastic paresis. It is neces-
sary also that physiotherapy is associated to drug treatment, in order to obtain
maximum gain in paresis. For example, stretch programmes can be used to treat
soft tissue shortening. Therefore, before treatment, the following three questions
must be answered:

* Is muscle overactivity handicap an activity of daily living? Only after a detailed
analysis of the functional impairment induced by spasticity, it is possible to
carry out an appropriate treatment, which could be really effective to improve
patient’s quality of life.

¢ Is disability caused by muscle spasticity, or is it only a comorbidity? In the lat-
ter case, which components are involved? It is important to specify the quality
of motor control and weakness. If motor impairment is induced or worsened
by muscle overactivity, its treatment is to be considered mandatory, in order to

be helpful to the patient [23].

* Does muscle overactivity involve one specific muscle group, or does it spread to
other? The correct therapeutic approach depends on the answer.

Pharmacological interventions for spasticity can be divided into two groups:
those that act systemically and those that act locally [24] with the locally act-
ing treatments tending to be more invasive, systemically acting drugs used as
a first step [24]. If a systematic approach, which includes baclofen, tizanidine,
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or dantrolene, is not successful, local treatment is allowed [25], such as muscle
botulinum toxin (BTX) injection or peripheral neurolytic blockade with alcohol

or phenol [26]. Surgery is to be considered as the final treatment option; however,
it is rarely used. If the principal aim is to inhibit neurotransmitter activity at one

or more sites within the central nervous system, a systemic approach with specific
drugs is to be evaluated. Targeted therapy could regard pre- or postsynaptic sites
in spinal interneurons (at varying levels of the upper motor neuron pathway),
alpha motor neurons, as well as primary sensory afferent neurons. So, the central
nervous system is influenced by inhibitory effects of the neurotransmitters [27].
Oral administration needs high drug dose in order to cross the blood-brain barrier;
therefore, side effects like dizziness could occur. In order to reduce the probability
for these negative effects, it is possible to introduce some drugs directly into the
cerebrospinal fluid, for example, by an intrathecal pump. For drugs used peripher-
ally via injection directly to the nerve or muscle, systemic side effects are fewer.

2.2 Physical therapy

Physiotherapy is the basic treatment for all patients with spasticity [28, 29].
It may help limit muscle contractures and reduce overactivity for a short period.
Physiotherapy together with drug treatment is fundamental to obtain the best func-
tional gain, in order to help patients adapt to changes. In all cases, physiotherapy
must be considered as complementary to drugs and surgery. In fact, stretching is
considered an import goal in a physiotherapy session, as largely demonstrated [30].
Functional electrical stimulation allows spasticity reduction in antagonists of the
stimulated muscles. An interesting use of electrical stimulation is the stimulation
of hand and finger extensors during prehension training and mixing of overactive
flexor inhibition with extensor activation [31]. Finally, it is important to educate
patient in self-rehabilitation sessions comprehensive of stretching postures and
active exercises, eventually assisted by caregivers and/or orthoses.

2.3 Oral drugs

Pharmacologic approaches emphasise oral drugs, neuromuscular blocks, and
intrathecal agents. Usually, antispastic therapy is initiated with oral drugs, even
though adverse side effects are frequently reported as a systematic effect [32].
Treatment decisions on specific pharmacologic approach are influenced by chronic-
ity, severity, and localisation of spasticity. It was demonstrated that pharmacologic
treatments are most effective if used early, in order to avoid muscle shortening
and contracture development [33]. However, the time to treat is the first problem
to resolve, in particular for drugs. Correctly, spasticity treatment is recommended
when it induces a significant functional impairment, in particular regarding daily
living activities, or clinical disability such as bad posture, motor capacity, or nurs-
ing. When spasticity is diffusely distributed above all in lower limbs, often observed
as a consequence of spinal lesions, its treatment is firstly indicated, than in cerebral
lesions.

The general goal of medical treatment is to decrease spinal reflex excitability by
reducing the release of excitatory neurotransmitters or by potentiating the activity
of inhibitory circuits. In clinical practice it is important to differentiate objectives
in giving spasticity drugs. The technical objectives are focused to induce tone
reduction, in order to increase range of motion or ameliorating joint position and
promote rehabilitative procedures. Nevertheless, we also have functional therapeu-
tic objectives regarding gait improvement, daily living activity, self-care, and spasm
and pain reduction. When we evaluate the real effectiveness of different drug
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approaches, it is important to differentiate these therapeutic objectives. In order

to achieve these therapeutic goals, most of the drugs currently used in spasticity
influence the activity of the CNS neurotransmitters. Inhibitory neurotransmit-

ters (GABA or glycine), as well as excitatory neurotransmitters (glutamate or the
monoamines), are the main target. Diazepam, baclofen, tizanidine, and dantrolene
represent the principal drugs more frequently used.

2.3.1 Diazepam

Diazepam, probably the first and oldest drug used in treating spasticity [34, 35],
is a GABA-A receptor agonist. Its binding, to GABA-A receptors diffused in the
brainstem and spinal cord, acts in increasing presynaptic inhibition. Consequently,
reduction in the resistance to stretch is the principal clinical effect, showing an
objectively increasing range of motion. Other clinical effects are also a reduction
of deep tendon stretch reflexes and painful spasms [36]. Nevertheless, significant
side effects are to be considered. The depressant effect of the drug on the CNS is the
principal side effect, causing an influence on cognitive-level, consciousness status,
leading to sedation, drowsiness, and attention or memory impairment. The same
physiological mechanism explains weakness and motor discoordination caused
by diazepam. Tolerance or dependency phenomena are often observed [37, 38].
Spasticity caused by spinal cord lesion, above all incomplete ones like in patients
with multiple sclerosis (MS), is the principal indication to use diazepam, since the
drug binding is mainly in the brainstem. Less literature are available for the use of
diazepam in spasticity caused by cerebral accident, such as traumatic brain injuries,
cerebral palsy, and stroke. In literature, a double-blind protocol is available showing
the antispastic efficacy of diazepam, only in spinal cord lesions [39]. However, a
possible strength and gait deterioration was also shown consistently in placebo-
controlled studies.

2.3.2 Gabapentin

Gabapentin is approved as an antiepileptic drug. It is indicated also for posther-
petic neuralgia treatment and as add-on therapy in partial seizures. GABA-B
receptors are its target. Moreover, it is quietly safe. In a prospective, double-blind,
placebo-controlled, crossover study, conducted on multiple sclerosis patients, a
statistically significant reduction of spasticity was shown in gabapentin-treated
patients compared to placebo [40]. The most efficient and safe dose range is still an
open question. A dose range between 2700 and 3600 mg/day, as therapy for spastic-
ity due to upper motor neuron syndrome, was found as efficient and safe. However,
doses of 400 mg orally three times a day, in another double-blind, placebo-
controlled crossover study, were shown to be effective in the treatment of spasticity
and muscle painful cramps in patients with MS [41]. Nevertheless, considering the
magnitude of the effect and the good tolerability of the drug, the evidenceisona
weak recommendation for using gabapentin to reduce spasticity in MS [42].

2.3.3 Oral baclofen

Baclofen is another common drug diffusely used in spasticity. This drug is a
GABA-B receptor agonist. Its physiological effect is a suppression of excitatory
neurotransmitter release and, as a consequence, a potentiation of presynaptic
inhibition. The main clinical effects are related mainly to the reduction in flexor-
extensor spasms and mono- and polysynaptic reflexes. Obviously, related to its
mechanism of action, this drug may induce dose-dependent side effects, quite
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similar to those seen with diazepam [43], although less frequent and less severe.
However, sedation, confusion, dizziness, drowsiness, fatigue, and ataxia have been
described as the common side effects observed in baclofen studies. Spasticity due
to spinal cord lesions is the main indication to treat with baclofen. Unfortunately,
in literature, there are very little studies focused on functional changes, so as a
consequence, there is no evidence for effectiveness on functional activities such as
gait, ambulation, or daily living activities. Moreover, also for oral baclofen, a weak
recommendation for treatment of spasticity in MS has been shown [42]. It’s notable
that there is no evidence of significant differences between diazepam, tizanidine,
and oral baclofen, regarding therapeutic effects on spasticity [43, 44].

2.3.4 Tiganidine

Tizanidine, an imidazole derivative approved for the treatment of patients with
spasticity [45], acts as an alpha-2 agonist, both in the spinal and supraspinal level.
Presynaptic activity reduction of the excitatory interneurons represents the main
physiological effect of this treatment. The coeruleo-spinal pathway, because of its
involvement in the control of spinal cord activities, was shown as the main target
in order to induce clinical effect during tizanidine treatment [46]. Consequently,
reduction in tonic and stretch polysynaptic reflexes can be observed. Because
of co-contraction reduction, which is observed, a possible effect on reciprocal
inhibition is questionable. Possible side effects include sedation, dizziness, and
dry mouth. Nevertheless, with respect to diazepam or baclofen, weakness is not
reported as a great problem [47]. From the literature, the indications for its use
are mainly in spasticity due to spinal cord lesions [48]. It has been particularly
used in multiple sclerosis patients [49]. In spasticity caused by cerebral lesions, its
efficacy is less well documented in literature. However, there are a certain number
of reports regarding its antispastic efficacy, also in controlled studies vs. placebo.

In the treatment of spasticity due to cerebral lesions, there are some evidences of its
greater efficacy than diazepam [47]. However, there is very little information about
the possible functional changes resulting from this treatment, i.e. quality of life and
self-care. In fact, although it has been shown to have an antispastic effect, we do not
know whether this will translate into long-term functional benefit for the patients.
In clinical practice, tizanidine is usually well-tolerated. Drowsiness and dry mouth
are the most common although are rare side effects. A range of 24-36 mg is nor-
mally the therapeutic dose (20% mean reduction in muscle tone), usually divided
in three daily doses [50]. Like oral baclofen and diazepam, there is a consensus for a
weak recommendation for the use of tizanidine [42].

2.3.5 Dantrolene

Among the oral dugs, dantrolene is the only one which acts outside the central
nervous system [51]. It acts on the inhibition of calcium release from the sarco-
plasmic reticulum, so, as a final effect, it reduces in muscle the excitation-coupling
reaction between actin and myosin fibres. The documented clinical effects are a
reduction of muscle tone and phasic reflexes, reduction of spasm, and an increased
range of passive motion. Unfortunately, a frequent occurrence of side effects is
described with this drug, such as gastrointestinal symptoms, weakness, and seda-
tion although this is less than that seen with other treatments. Over all, a serious
side effect with the use of dantrolene is hepatotoxicity, which occurs frequently
[51]. In patients with spasticity due to cerebral lesions, dantrolene is the only drug
with evidence of efficacy, so from a pure clinical point of view, this is very disap-
pointing. In fact, dantrolene in approved in patients with stroke, cerebral palsy,
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traumatic brain injuries, and spinal cord lesions. As shown for baclofen, also for
dantrolene, there are many evidences of efficacy and safety of its antispastic effect
proven vs. placebo, but no studies focused on functional changes in activities of
daily living. It’s notable that dantrolene is also used to prevent muscle stiffness and
spasms caused by malignant hyperthermia (a rapid rise in body temperature and
severe muscle contractions) that can occur during surgery with certain types of
anaesthesia [52].

2.3.6 Cannabinoids

It is known, from many evidences, that the psychoactive ingredient in cannabis,
delta-9-tetrahydrocannabinol (delta-9-THC), is able to treat muscle spasticity and
pain. Two types of cannabinoid receptors can be described: CB1 and CB2. CB1s
are located both in the central and peripheral neurons. CB1 and CB2 receptors are
equally activated by delta-9-THC, a cannabinoid receptor agonist [53, 54]. On the
contrary, cannabidiol, a natural cannabinoid, is inactive on the CB1 receptor. Some
studies reported that cannabis extracts, containing approximately equal concentra-
tions of delta-9-THC and cannabidiol administered through sublingual way, can
significantly reduce spasticity. During the last years, several studies investigated
and argued on the efficacy and safety of oral cannabinoid administration in
MS patients as an add-on treatment for spasticity. A multicentre, double-blind,
placebo-controlled trial showed that in MS spasticity treatment, cannabinoid may
help to treat MS-related spasticity and pain [53]. However, according to the results
from clinical trials, it is not allowed to use cannabinoids in MS as a general use. Ina
recent study, 630 MS patients affected by muscle spasticity were randomised to be
treated with oral delta-9-THC, cannabis extract, or placebo for up to 12 months. The
results showed a controversial effect; in fact, there was a small treatment effect on
muscle spasticity and disability as functional independence measure, but patients’
sensation was that these drugs were helpful in treating their disease [54]. Adverse
side effects are generally mild, in particular dry mouth, somnolence, dizziness,
nausea, and rarely intoxication. However, there is a need of longer-term studies
to evaluate other, well-known, adverse side effects of cannabinoid such as risks of
lung cancer and other respiratory dysfunctions. A recent multicentre observational
study confirmed the efficacy and safety of delta-9-THC in clinical practice, as an
effective and safe option for patients with MS with moderate to severe spasticity
resistant to common antispastic drugs [55]. In a recent consensus, a significant
recommendation for the use of cannabinoids in spasticity emerged, particularly for
oromucosal spray nabiximols, as treatment of spasticity in MS; the strength of the
recommendation is strong [42].

2.4 Botulinum toxin

BTX type A is considered as the first-line treatment of multifocal muscle
overactivity, thanks to its better efficacy and safety profile with respect to systemic
approach with drugs. Different from baclofen or tizanidine, the efficacy of BTX
type A has been demonstrated in self-care improvement (in particular for wash-
ing and dressing) and in active movements for the leg, with gait improvement if
possible. Except for using kinematic analysis, no improvement was possibly shown
in active movement or function in the upper limb. Pain was also reduced by BTX
treatment as demonstrated in literature. Four forms of BTX are currently avail-
able in Europe: three type As (BOTOX®, Allergan; Dysport®, Ipsen-Pharma;
Xeomin®, Merz) and one type B (Neurobloc®, Elan-Pharma). It is absolutely rec-
ommended to keep in mind that the units of these four toxins are different, being
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specific for each one. Injection sites are better detected, using electrical stimula-
tion, as anatomical markers alone may induce to an inaccurate target. The use of
ultrasound guidance, particularly in children, in identifying muscle site injection,
is an interesting study object; however, this technique has not been evaluated with
respect to electrical stimulation guidance for its efficiency. Generally, there are

no immediate postinjection complications (except for a little pain as a side effect
related to injection itself). Above all, during the first 3 weeks after each injection
treatment, there would be a low risk of adverse events (swallowing disorders and
botulism-like syndrome), so patients and caregivers must be warned as well as
encouraged to eventually consult if necessary. The effects of treatment could be
assessed 1-6 weeks after the injection, based on personalised goals decided before
treatment. The effect of the toxin is not permanent, so repeated injections are often
needed; nevertheless, a long-lasting effect is also observed. No repeated treatment
is recommended without a specific assessment. When and if needed according to
functional evaluation, a minimum delay of 2-3 months between injections must be
respected, in order to reduce the risk of an immunologic reaction that may induce a
permanent inefficacy of subsequent treatments. Each subsequent treatment should
be planned after an accurate functional evaluation according to the pre-therapeutic
identified goals and task, as well as tolerance. So, a review of the dose and treated
muscles could be scheduled. If therapeutic effects continue to be evident, repeated
injections can be planned [33, 56-60]. Physical therapy has to be considered after
BOTOX injections. Regarding maximum doses, according to European Consensus,
it should be considered:

* Per session: 1500 MU Dysport® 600 U BOTOX®.
* Per site: 125 MU Dysport® 50 U BOTOX®.

It is notable that these dosages are identified relatively to acceptable side effects,
in order to be safe. Moreover, each product could be effective with different doses
for each patient, in terms of both efficacy and safety [61]. As well as the cannabi-
noid, there is a strong recommendation of the use of BTX to reduce muscle tone in
spasticity do to multiple sclerosis [42].

2.5 Alcohol and phenol

Localised and loco-regional spasticity may effectively be treated by selective
neurolysis. Coagulation and denaturing of proteins induced by phenol perineu-
rally injected lead to cellular and axonal damage. Unfortunately, this chemical
denervation is irreversible; moreover, the effects of phenol are not selective
because also vascular and sensory structures can be destroyed [62]. In fact, the
main recommendation choosing this approach is to identify preferably the nerves
to be treated with a low sensory activity and a high motor predominance (i.e.
obturator or musculocutaneous nerves, etc.). However, this focal treatment is usu-
ally not used as a first-line therapy, except in the case of particularly problematic
overactivity affecting a big area under a single motor nerve control, for example,
musculocutaneous nerve for biceps brachii muscle or obturator nerve for thigh
adductor muscles. This may allow to use in the same patient BTX to treat other
muscles, without the risk of an overdose. Electrical stimulation is used to identify
anerve, in order to perform injection on it. Firstly, a transient motor block may
be a plan, in order to evaluate if chemical neurolysis might be significantly effec-
tive and safe. In fact, the efficacy and/or advantages eventually deriving from
alcohol or phenol treatment could be evaluated before, in particular with respect
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to surgery (above all, tissue fibrosis induced by alcohol or phenol, which may
hamper surgery approach). Advantages are the low cost and the long duration of
effect. In clinical practice, 5-7% concentrations of phenol in aqueous solution are
administered.

2.6 Intrathecal baclofen

Intrathecal baclofen (ITB) is a long-term treatment with continuous, intra-
spinal administration via an implanted pump that reduces spasticity, especially in
spinal injury patients and in multiple sclerosis [63, 64]. For this reason, ITB has
become the first choice in intractable generalised spasticity, especially when oral
administration fails to be effective. ITB efficacy in reducing spasticity was dem-
onstrated by several studies [65]. Through direct infusion into the cerebrospinal
fluid, the baclofen can be concentrated regionally, avoiding liver metabolism, so it
is totally available for its therapeutic effects. In fact, with respect to oral baclofen
administration, the ITB, bypassing the blood-brain barrier entirely, needs much
lower dose in order to obtain the same CSF concentrations; it has been determined
that the ITB dose is 100-1000 times smaller than the oral daily dose. Depending
on the pump model, it is possible to modify infusion rate, according to the patient’s
needs. In several studies ITB was shown as safe and effective in reducing spasticity.
The complication rate was found to be low, and the efficacy was maintained over
time [64]. A reduction in the Ashworth scale from 3 to 4 to 1 after ITB implanta-
tion was reported in several studies. Also spasm frequency significantly decreased.
Some activities of daily living, in particular the ability to sit in a wheelchair and
nursing care, improved after ITB implant. In some cases, authors showed that
patients with less severe disability experienced an improvement in the ability to
transfer, thanks to ITB effect [66]. Side effects, such as vertigo, nausea, nystagmus,
dysmetria, mouth dryness, headache, amnesia, bladder, and sexual dysfunction,
have been described in about 4% of patients and mainly are not life-threatening. As
ared flag, it is notable that concerning gastrointestinal function, ITB could affect
peristalsis, which could be severely slowed down to paralytic ileus. Nevertheless,
constipation has previously been reported as an infrequent ITB-induced adverse
effect, ranging from 3 to 10% of treated patients [67], rarely leading to death
[68]. Therefore, recognition of constipation in patients treated with ITB is very
important, not only because constipation is a possible side effect, being reported in
some study, but also because it may be also a life-threatening complication. ITB has
been used in patients with leg diffuse muscle overactivity. This type of treatment
should be used above all in patients, in which muscle overactivity impaired posture,
nursing, and personal independence or causes pain [63]. Several assessments are
required before planning a definite pump implantation, performing drug test
injection via lumbar puncture or via a temporary access device. Efficacy may be
evaluated during the following 3-4 h. The first test dose is usually recommended
up to 50 pg in adults, picking up gradually to a maximum dose of 150 pg, eventually
reached after 3 days. A risk of overdose should be always evaluated, in particular
regarding the effects on consciousness level and respiratory disorders. So, a spe-
cialised medical team is needed in order to monitor patient after and during the
4 h following the test. Only after the end of this test, if the treatment has been
well-tolerated and effective, the team may make the decision to implant the pump.
It is important to monitor the patient during the entire follow-up period, in order to
prevent and/or detect collateral effects related to the procedure (displacement and/
or obstruction of the catheter, infection, etc.), which may induce a serious with-
drawal syndrome. ITB is often recommended for the treatment of spasticity, with a
strong evidence of efficacy [42].
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2.7 Surgery

Surgery may play an important role in the treatment of chronic muscle overac-
tivity or for the after-effects induced by spasticity that become functional impair-
ments (e.g. irreducible equinovarus foot), but it is not the first-line treatment.
Because of its potential adverse events and its definite effects, surgical techniques
should be reserved only in selected patients in order to reach different goals:
hygiene, standing, transferring, walking, and the use of assistive devices. It involves
neurosurgery and orthopaedic surgery. Surgical procedures may include one or
more of the techniques described below. Peripheral neurotomy may include partial
or segmental resection of a motor nerve, involving spastic muscles. In order to bal-
ance agonists and antagonists overlapping the muscle activity, a selective peripheral
neurotomy is recommended to maintain a “functional” muscle tone. Collateral
branches of the posterior tibial nerves and obturator nerves are commonly the
main targets for the legs (e.g. ankle clonus, equinus, inversion of the foot). For
the arms, neurotomy of the musculocutaneous, median, and ulnar nerves showed
good results regarding efficacy and safety [69]. Other surgery techniques, such as
rhizotomies, although used, have potential collateral effects and complications [70].
Musculoskeletal surgery, performed on the muscle or the tendon itself, aims to treat
spasticity consequences, such as contracture and joint deformities. Tendon transfers
(e.g. tibialis anterior) and lengthening are conservative treatments commonly pro-
posed [69]. Tenotomy may be considered in the case of muscle contracture without
active functional objectives [69]. Hip displacements and foot deformities induced
by severe spasticity may be sometimes treated with osteotomies [69]. Arthrodesis
may be the only solution to stabilise joints, notably ankle and foot joints in case of
severe paresis associated with strong muscle overactivity and hypoesthesia [69].

3. Treatment options of dystonia
3.1Indications of treatment

Treatment options of the management of dystonia include pharmacological
therapies, injections, and surgical interventions. The main pharmacological thera-
pies are anticholinergics (particularly trihexyphenidyl), baclofen, benzodiazepines
(particularly clonazepam), and dopamine-related medications. However, medical
therapy in dystonia is largely empiric and at times may seem anecdotal. Three main
neurotransmitter systems are involved: cholinergic generally acting as antagonist
at postsynaptic M1 receptor, GABAergic-like baclofen, and dopaminergic systems.
Dopaminergic treatments can be divided into two: levodopa and dopamine reduc-
ing medications like presynaptic dopamine depleters such as tetrabenazine and
postsynaptic dopamine-blocking agents, such as clozapine or neuroleptics. The
therapeutic strategy, carried out by Fahn [71], is to “start low and go slow”: medica-
tions should be started at a low dose and upped slowly to the lowest effective dose,
in order to reduce symptoms without side effects. The rate of titration may depend
on age: every 3-4 days in children, compared to every 1 week in adults. A combina-
tion approach is used when monotherapy achieves a “good” dose, but symptom
control is incomplete. The question is which medications should be started first?

3.2 Cholinergic system agents

In 1952, beneficial effects of trihexyphenidyl in writer’s cramp and “dystonia
musculorum deformans” were first reported [72, 73]. The first open-label study of
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high-dose anticholinergics in dystonia using trihexyphenidyl and ethopropazine
was conducted by Fahn [71]. Various forms of dystonia, both “primary and second-
ary,” can be treated with anticholinergics, except for tardive dystonia and Meige
syndrome. Studies showed a good effect in 61% of the children and 38% of the
adults, with mean trihexyphenidyl doses of 41 and 24 mg, respectively. More ben-
efit was demonstrated in children, possibly due to better tolerability, and in patients
who received treatment earlier, within 5 years of disease onset [74]. Several studies
have demonstrated that anticholinergic drugs may be useful to treat various forms
of dystonia including focal [75], cranial [76], and secondary dystonia including
dystonia in cerebral palsy [74], after ischemic stroke [77], and in tardive dystonia
[78]. Side effects can be divided into central ones, which include sedation, cognitive
slowing, confusion, memory impairment, psychosis and chorea, and autonomic
side effects, which include blurred vision, due to mydriasis, dry mouth, urinary
retention, and constipation.

3.3 GABAergic system agents

Baclofen was reported to be useful in tardive dystonia [79]. Just in 1988, Greene
published a retrospective open-label study, showing that 20% of 108 patients
had benefits from baclofen at a mean daily dose of 82 mg [80]. Later, Greene and
Fahn also reported beneficial effects of baclofen in 7 of 16 patients with idiopathic
childhood dystonia [81]. ITB was tried initially for spasticity and later in dystonia
[82]. In 1991 Narayan and colleagues showed the efficacy of ITB in axial dystonia
not responding to other drugs [83] and subsequently in dystonic cerebral palsy with
lower extremity involvement [84]. Albright reported the use of intraventricular
baclofen in two patients with dystonic cerebral palsy, one of whom previously failed
ITB therapy and the other has a complex spinal anatomy precluding the intrathe-
cal procedure [85]. Nevertheless, baclofen is generally considered as a second-line
agent, due to its significant side effects like drowsiness, dizziness, fatigue, and
nausea. Regarding benzodiazepines, diazepam therapy was described in “dystonia
musculorum deformans progressiva” and spasmodic torticollis [86]. In 1988, the
benefit of clonazepam was shown by Greene in 16% of 115 patients with dystonia,
also including secondary dystonia [80]. Also in acquired hemidystonia, as shown
in areport of 33 patients, clonazepam and diazepam were found to be the most
effective drugs. Clonazepam and diazepam are the two most commonly used drugs,
partly due to their relatively long half-lives. The side effects of benzodiazepines
include sedation, depression, nocturnal drooling, and behavioural disinhibition.
Benzodiazepines are considered a second- or third-line agent.

3.4 Dopaminergic system agents

In 1976 Segawa firstly used levodopa as a treatment in dystonia, showing a
dramatic response to low-dose levodopa in two patients affected by “hereditary pro-
gressive dystonia with marked diurnal fluctuations” [87], later named Segawa syn-
drome. In dystonia therapy, levodopa is used (1) as an aetiology-specific treatment
in dopa responder dystonia and (2) as a symptomatic therapy in other forms of
dystonia where the dramatic response to levodopa is unfortunately not replicated.
Levodopa may also be used to treat dystonia symptoms which may complicate a
parkinsonian syndrome [88]. In clinical practice, levodopa or dopamine agonists are
rarely used to treat dystonia symptomatically. The side effects of levodopa include
nausea, orthostatic hypotension, and psychosis. In 1972, Swash reported only a
slight benefit of tetrabenazine in spasmodic torticollis [89]. In 1982, a double-blind
crossover trial by Jankovic demonstrated an improvement in 11 of 12 patients [90].
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Tetrabenazine has been used in various forms of dystonia; however, benefits are
greater in tardive dystonia than that of the other forms [91]. Tetrabenazine is rarely
used as a first-line agent, except in tardive dystonia [92].

4, Conclusions

Spasticity and dystonia syndromes and their consequences negatively impact
the quality of life of patients, so management of symptoms represents an important
care issue. The best choice of antispastic treatments depends not only on the level of
spasticity but also on the outcome achievable, according to a task-oriented reha-
bilitation programme. In this respect, it is important to underline the importance
of the individualised rehabilitative project, which can be carried out only through
a multidisciplinary approach, in which all available options must be targeted to the
real needs of the patients, keeping into account that the final goal is the reduction
of disability and improvement of the quality of life. With advances in diagnosis and
treatment, therapeutic strategies for the management of spasticity and dystonia
symptoms, including pharmacological treatments, have evolved. Progresses in other
areas such as BTX, neuromodulation, and disease-specific treatment have changed
the way patients are treated. Nevertheless, dystonia remains a challenging field in
both diagnostic and therapeutic aspects. Further understanding of its pathophysi-
ology may shed light on more specific therapies. In conclusion, the management
of spasticity and dystonia may include a proper diagnosis and classification with
an evaluation of the aetiology underlying the pathological features and a clini-
cal assessment of the functional impairment. For both conditions, therapeutic
approaches, usually limited to symptomatic therapy, must then be tailored to the
individual needs of the patient.
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Chapter7

Intranasal Insulin as Promising
Therapy for Preserving Pragmatic
Competence in MCI and AD

Sara Schatz

Abstract

Our chapter contends that extended intranasal insulin administration can
preserve pragmatic functioning even when there are temporal lobe and frontal lobe
brain volume losses consistent with AD disease progression. CT scans of a patient
receiving extended intranasal insulin 6 years after AD diagnosis are compared with
his CT scans at the original MCI diagnosis. The results demonstrate that areas of
the brain associated with pragmatic functioning were not as affected as expected in
late-stage AD patients. This, along with linguistic evidence of preserved pragmatic
competence, indicates the likely effectiveness of intranasal insulin treatment in
enhancing neuronal activity in certain areas of the brain associated with pragmatic
competence.

Keywords: MCI, intranasal insulin, brain atrophy, pragmatics

1. Introduction

This chapter explores, on a brain circuitry level, why patients receiving extended
intranasal insulin therapy continue to be able to ambulate independently, pay atten-
tion, speak, and participate in jokes even throughout late-stage AD [1-3]. We find
that extended intranasal insulin administration can preserve pragmatic functioning
even when there are temporal lobe and frontal lobe volume losses consistent with
Alzheimer’s brain (AD) volume loss. A series of CT scans of a patient receiving
extended intranasal insulin from mild cognitive impairment (MCI) diagnosis and those
from the same patient 5.5 years after AD diagnoses are examined. At baseline, this
patient’s original MCI CT scans indicated no significant intracranial pathology and nor-
mal aging brain morphology. Over time, we show how this patient demonstrates slower
atrophy rates in occipital and thalamic structures as compared with the structural
imaging of patients with disease progression from MCI to AD not receiving intranasal
insulin therapy. Enhancing neuronal activity in the areas of the brain associated with
pragmatic competence reduces the likelihood of anomia typical of late-stage AD.

This chapter is structured as follows: Section 1 examines studies of the perfusion
of intranasal insulin in older adults concerning neuropsychiatric tests of cognitive
decline in MCI and AD. Section 2 discusses CT scans and the medical and social
history of the patient case study used in this chapter. Section 3 examines CT scans at
three distinctive points in the patient’s MCI to AD progression (at MCI diagnosis and
3.5 and 5.5 years receiving intranasal insulin therapy). Section 4 suggests that results
demonstrating extended intranasal insulin treatment may slow disease progression
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by reducing some areas of neuronal atrophy in the (thalamus) cortico-pulvinar
projection system associated with the anomia typical of late-stage AD.

2. The perfusion of intranasal insulin in context

In MCI and AD, the intranasal delivery of insulin has been found to enhance
brain insulin activity either through improved glucose metabolism or reducing
hypothalamic inflammation [4]. The route of intranasal insulin to the central
nervous system (CNS) is via the olfactory and trigeminal neural pathways which
innervate the nasal cavity and provide a direct connection to the CNS [5]. Given the
short time frame (15-30 minutes) by which intranasal insulin reaches the brain,
it is assumed that extracellular delivery from the nasal mucosa, instead of axonal
transport, is the main transport mechanism. Glucose metabolism abnormality is
thought to play a critical role in pathophysiological alterations by inducing multiple
pathogenic factors such as oxidative stress, mitochondrial dysfunction, glycolysis,
and Krebs citric acid cycle [6]. By pharmacologically restoring disrupted brain
insulin signaling that ensues from glucose insufficiency [7], intranasal insulin is
thought to promote neurol survival."

Recent studies of the perfusion of intranasal insulin into the regional areas of the
brain cortex demonstrate two main regional cortical areas of penetration. Akintola
et al. [10] found that, in older adults, intranasal administration of insulin signifi-
cantly increased perfusion through the occipital gray matter by 6.5% (P = 0.001)
when compared to the administration of placebo as well as perfusion into the
thalamus (P = 0.003). Perfusion through the parietal gray matter was also increased
by 4.3% after administration (P = 0.034) in older adults.

According to the authors, increased perfusion strongly suggests that intranasal
insulin therapy might restore energy demand and neuronal activity in these regions.
They note:

We observed that intranasal insulin application increased perfusion of the thala-
mus. The thalamus receives information from almost all sensory systems and relays
the information to associated cortical areas. From literature, increased cerebral
blood flow has been linked to vasodilatation around the active area due to increased
energy demand [11]. Also, insulin has been shown to be a vasoactive modulator that
regulates peripheral and cerebral blood flow possibly via a direct vasodilatory effect
[12]. Taken together, our finding of increased perfusion in some brain areas would
support the hypothesis that intranasal insulin application might restore energy
demand and neuronal activity in these regions [4, 10].

2.1 The thalamus and occipital structures in language, attention, and
visuospatial tasks in Alzheimer’s disease

The thalamus is a central mechanism in understanding and formulating
language [13]. It passes information from one cortical area involved in language
generation to another, including semantic feature binding and the generation of

! Delivery of IGF-I to the CNS is thought to be beneficial in the treatment of Alzheimer’s disease or
stroke because of IGF-I’s ability to potently promote neuronal survival [8]. In adult rat CNS, regions of
the circumventricular organs (choroid plexus and median eminence), olfactory system (olfactory bulb,
anterior olfactory nucleus, and primary olfactory cortex), frontal cortex, hippocampus, amygdala, cer-
ebellum, and spinal gray matter exhibit the highest concentration of IGF-I binding sites [9]. In a recent
study, Sami et al. show that intranasal insulin treatment moderately increases glucose uptake in the WT
mouse hippocampus via activating the Akt2 signaling pathway.
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lexical items [14]. Pragmatics, in particular, relies on both the left and the right
hemispheres, and the thalamus mediates from the superior temporal cortex and
posterior parietal cortex, or the “language eloquent cortex” in humans [15, 16].
The thalamus is also relevant to “cognition,” which includes the capacity to pay
attention and to process multiple channels of information at once, i.e., to engage in
“intentionally guided attention” or “engagement in action” [17]. An explicit mecha-
nistic model has even been developed for thalamic stimulation effects on language
and cognition that incorporate modern activation and connectivity data called the
“specific alerting response” (SAR). The SAR effect involves secondary switching
in the striatum caused by the activation of thalamostriatal projections, whereas the
“anomia effect” implicates the disruption of the cortical synchronization action of
the pulvinar via the cortico-pulvinar-cortical projection system [18].> In this SAR
model, the retained ability to speak (an “anti-anomic” effect) depends upon the pres-
ervation of nuclei within the thalamus to regulate the transmission of information to
the cortex and between cortical areas [21]. As such, the thalamus acts as a “selective
engagement mechanism” which suppresses right frontal cortical activity, preventing
it from interfering with language [17]. As Crosson [22] notes:

“in other words, once an intention to act is formed, the frontal lobes engage the
cortical nets relevant to the intended activity. For example, if one intends to engage
in a conversation, frontal cortex associated with language, via the nucleus reticu-
laris and the pulvinar, engages cortices related to understanding and formulating
language. At the same time, areas not involved in the intended activity would be
held in a state of relative disengagement so as to minimize attention to stimuli
irrelevant to the intended task.”

In Alzheimer’s disease, it is well recognized that the thalamus is essential
for generating attention [23], and its anterior and medial nuclei are involved in
declarative memory functioning [24]. Anatomic evidence from AD patients shows
that thalamic volume reduction in Alzheimer’s disease has been related not only
to anomia but also to global cognitive decline in all of these areas: motor behavior,
emotional, motivational, associative, and cognitive abilities [25]. Nevertheless,
until de Jong et al. [26], the direct correlation between measurements of decreasing
thalamic volume and cognitive functioning in Alzheimer’s disease had never been
reported in the literature.

Intranasal administration of insulin also significantly increased perfusion
through the occipital and parietal gray matter in older adults [10]. The occipital lobe
is the visual processing center of the mammalian brain containing most of the ana-
tomical region of the primary visual cortex. It also contains the ventral stream of
vision that enables ability to focus on motor actions in response to outside stimuli.
The parietal lobe is a source of speech and reading. Next to the occipital lobe, the
parietal lobe integrates sensory information among various modalities, including
proprioception, mechanoreception, and visuospatial processing. The posterior
parietal cortex, also referred to as the dorsal stream of vision, receives somatosen-
sory and/or visual input that can be transmitted to motor signals [27].

In MCI and AD, impairments in the dorsal stream of visual perception and
processing have been found to be a predictor of AD [28]. Increasing impairment
in visuospatial skills, visual object processing, and visual recognition of human

? The functional and anatomic evidence supports the assertion that the connectivity of the pulvinar
is the likely nucleus to mediate communication of information [18]. The pulvinar is heavily connected
to the cortex and forms cortico-thalamo-cortical pathways. As a general principle, directly connected
cortical areas will be indirectly connected via the pulvinar [19, 20].
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emotion processing are common on test scores of AD patients as part of annual
cognitive deterioration [29-31]. Previous studies of MCI and AD patients receiv-
ing extended intranasal insulin have demonstrated unusual patterns of relatively
limited annual cognitive declines as measured by several years of neuropsychiat-
ric batteries. This was the case in tests covering visuospatial skills and executive
function and inference tests which required simultaneous attention and the pro-
cessing of multiple sources of information in parallel such as the VOSP Number
Location, Pentagons, Modified Rey, CATS-Fact, and Affect Matching tests [2].
Furthermore, the short-term administration of intranasal insulin (21 days) has
been found to significantly improve response inhibition on discordant items of
an executive function-attention test (the Stroop test) [32, 33]. In addition,
visuospatial function was significantly improved in performance on the Benton
Visual Retention Test (BVRT) after 40 IU of insulin detemir, regardless of apoe4
status [32, 34].

Observational data on one patient receiving extended intranasal insulin therapy
showed that even 5.5 years after AD diagnosis, he was still able to walk indepen-
dently, pay attention to his physical surroundings, process visual information, and
make verbal inferences [2]. Another patient who began intranasal insulin at MCI/
mild dementia diagnosis after having lost the ability to manage his finances, shop,
or independently go to doctor’s visits returned to being able to do all of these tasks
and even to going skiing after 3 years on treatment.

3. CT scans and progression from MCI to AD

Computed tomography (CT) is a structural medical imaging method that
employs computer-based tomographic reconstruction to delineate bodily struc-
tures based on their ability to block X-ray beams. CT images are used to identify
structural abnormalities, such as space-occupying lesions or intracranial neo-
plasms, although CT images are less fine in detail than newer structural imaging
technologies [35].

The key CT structural markers of disease development in the progression from
MCI to AD include atrophy rate measurements in the hippocampus and medial
temporal lobe (the inner part of the temporal lobe, near the divide between the left
and right hemispheres) [36]. In addition, ventricular enlargement of portions of
the lateral ventricles adjacent to the medial temporal lobe (MTL) is also a sensitive
marker of the transition from MCI to AD [37-39]. Thus, in the disease progression
from MCI to AD, hypometabolism in glucose uptake leads to increased atrophy rates
of lateral ventricles adjacent to the MTL and to a reduction of hippocampal volume
and then to the temporal neocortex. Finally, the disease progresses into adjoining
association and primary sensory areas [40, 41].

The medial temporal lobe in particular is thought to be involved in declarative
and episodic memory. Deep inside the medial temporal lobe is the region of the
brain which includes the hippocampus, the amygdala, the cingulate gyrus, the
thalamus, the hypothalamus, the epithalamus, the mammillary body, and other
organs, many of which are of particular relevance to the processing of memory.
Studies of single-dose intranasal insulin demonstrate that intranasal does reach
the hypothalamus but these results did not reach statistically significant levels
([10]:793). Other single-dose studies of intranasal insulin to diabetics showed
acutely increased resting-state functional connectivity between the hippocampal
regions and multiple regions within the DMN, i.e., the medial frontal cortex; the
medial, lateral, and inferior parietal cortex (IPC); and anterior (ACC) and posterior
cingulate cortex (PCC). These are brain regions directly linked to interactive higher
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cognitive functions [42]° including language. The uncus,* an anterior extremity
of the parahippocampal gyrus, a deep structure within the limbic system of the
MTL, is of central importance in protecting/rescuing hippocampal neurons from
amyloid-induced neurotoxicity [43, 45, 46].

Conversely, patients on extended intranasal insulin should demonstrate slower
rates of atrophy as the insulin restores energy demand and neuronal activity in
occipital and parietal gray matter regions and the thalamus [10]. CT scans over
the AD disease course of a patient receiving extended intranasal insulin can be
hypothesized to illustrate patterns closer to “normal aging” of MCI even 5-6 years
after AD diagnosis (see also Additional materials). Thus, it can be hypothesized
that AD patients receiving extended intranasal insulin therapy may demonstrate
slower atrophy rates in occipital and thalamic structures than MCI to AD patients
not receiving this therapy.

3.1 Case study: social and medical history

A series of three CT scans were conducted on patient “AR” between May
2012 and April 2018. AR was between the ages of 82 and 88 during this time and
was being treated by a Kaiser Permanente Neurologist who diagnosed him with
Alzheimer’s disease in December 2012 after a May 2012 diagnosis of mild cogni-
tive impairment. The patient was moved out of state in September 2017 when his
82-year-old girlfriend developed Parkinson’s disease. He subsequently lived near his
daughter in an Alzheimer facility and was seen by a qualified university neurologist
until his death in December 2018.

The patient initially became involved in the compassionate use of twice-daily
intranasal insulin for the purposes of reducing cognitive decline in June 2013. This
treatment was administered by nurses who also gave him his daily medications and
reminded the patient to conduct daily or weekly hygiene (bathing, tooth brushing,
correct dressing). The patient ate independently or with minor assistance through-
out the course until the final months of his life when he needed assistance with
cutting up his food (8/18-12/18). During the years of 2012-2017, AR was still able
to live in his home with his 80-year-old girlfriend who cooked, shopped, and drove
him to their social activities, and his financial and medical management was done

3 Zhang et al. [42] found that intranasal insulin-treated diabetic subjects performed better on the
visuospatial memory task (BVMT-R) and on verbal fluency naming tasks. The former tended to correlate
with stronger connectivity between the left hippocampal region and PCC. Better performance on the
verbal fluency naming task was associated with stronger coefficient of connectivity between the right
hippocampal region and ACC and lesser connectivity between the left hippocampal regions and the MFC
for a more difficult category switching task. As Zhang et al. [42] summarize: “Differences in relation-
ships between cognition and connectivity between the right and left hippocampal regions were found
which reflect a complexity of the large-scale verbal fluency network that comprises of verbal fluency
and orthographic discrimination subnetworks...Set switching is a complex operation involving a number
of different brain structures that usually include various parts of the dorsolateral and dorsomedial
prefrontal cortex, as well as temporal regions where hippocampus is located.”

* The uncus is a rudimentary, small area where the frontal lobe meets the temporal lobe and the area of
cortex on the uncus of the parahippocampal gyrus (both belonging to the olfactory cortex). It is phylo-
genetically older (the so-called paleocortex) and is part of the limbic system. The uncus is connected to
the olfactory tract through nerve fibers which bend abruptly toward it and is separated from the apex

of the temporal lobe by a slight fissure called the incisura temporalis. Given its centrality in early MCI
[43], it is necessary to ascertain potential structural and/or diffusional and cellular barriers to intranasal
insulin penetration into the surrounding CNS tissue and significant clearance of CSF into the venous and
lymphatic circulation [44].

141



Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice

by his daughter [2]. While residing in his Alzheimer residence facility (11/17-12/18),
AR was still ambulatory, fed himself, ate with the early AD patients at the dining
room, and was highly conversational even at this stage of disease progression [3].

AR’s medical history at MCI diagnosis was (5/12) OSA, diverticulosis, tinnitus,
lumbar stenosis, and BPH. His medications were memantine, donepezil, tamsulo-
sin, multivitamin, and intranasal insulin (at 6/13). At 10/16, the same medications,
all blood work normal.’ At 4/18, the same medications, all blood work normal. At
4/18, 5.5 years after his original AD diagnosis and at age 88, his doctor stated to AR’s
daughter that the patient was still “very functional with good language skills” and,
to the doctor’s surprise, still possessed “the body of a 70-year-old” [3].

4. Results
4.1 At MCI diagnosis: before beginning intranasal insulin therapy

AR was diagnosed with MCI in May 2012 based on a Slums test score (24/30)
and a mild cognitive impairment AD8 score = 0/8. His neurologists stated: “The
patient came in because he had begun to not remember essential tasks, lost his keys
and had begun to become disoriented at times. For example, he could not remem-
ber the proper freeway exit for the airport or where he was on the freeway despite
having driven to that airport on that same route for over 40 years. Patient himself
feels memory not so good. He was also beginning to forget the names of plants at the
botanical gardens which he once knew he could. His girlfriend thinks his memory
issue may be out of the ordinary in forgetting day to day conversations [47].

CT scans were ordered due to this “altered level of consciousness.” The initial CT
findings of AR’s neurologist at this time stated there was “no significant intracranial
pathology” with “normal aging brain morphology.” All other CT findings were also
“normal,” i.e., “intact (calvarium, central skull base, temporal mastoids: adequate;
cellular, non-sclerotic, paranasal sinuses: well aerated; brain showed no acute intra-
cranial bleed, large vessel territory infarct, or mass effect) (CT Results 5/12) »B-12
and TSH levels were also in normal limits (5/12). Indeed, the overall assessment of
AR’ 5/12 CT scan was summarized succinctly as “changes of aging brain.”

In terms of his memory loss, however, the neurologist’s findings were more
uncertain. He noted: “Robust looking man. Gait brisk, very cordial and engaging
and gives detailed history but when asked his profession, he seemed to have to think
awhile before he recalled he was a science teacher.” Clearly AR’s neurologist detected
something was amiss when he stated: “While patient score is in the mild cognitive
impairment range, and while he is very intellectually active: plays bridge, studies
German, goes folk dancing still I think he should be scoring higher than he does.
While I cannot make a diagnosis of Alzheimer’s now, I think we need to follow up in
6 months and see how it goes [47].”

Nevertheless, CT at 5/12 did show markers of disease progression toward
AD. AR’s CT scan includes the following analysis: “Ventricles are ‘prominent’ as
there are subarachnoid spaces within cerebrospinal fluid.” Ventricular enlargement
represents a feasible short-term marker of disease progression in subjects with MCI

> Full blood work results available upon request. (10/16): BP 121/58 mmHg | Pulse 84 | Temp(Src) 98.7°F
(371°C) | Resp 18 | Wt 189 Ib. 6 oz. (85.9 kg) | SpO2 98%. Ext: WWP; no leg swelling/asymmetry/edema;
2+ bilateral symmetric radial pulses; no calf swelling/ TTP/cord [47].

® CT HEAD. Technique: Contiguous noncontrast transaxial images from the vertex to the skull base
were obtained. Estimated phantom dose: CTDIvol (mGy): 29 DLP (mGy-cm): 501. Consider follow-up
limited brain FDG-PET evaluation (PET scan) to work up dementia, if clinically indicated.
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and subjects with AD because portions of the lateral ventricles are adjacent to the
medial temporal lobe (MTL), structures that atrophy notably in the preclinical
stages of dementia [38, 48]. Nestor et al. [49] even hypothesize that ventricular
dilatation after 6 months would differentiate normal aging, MCI, and MCI to AD
progressors and be a more sensitive measure of disease progression than cognitive
scores. For example, they found subjects with AD had a 60% greater ventricular
enlargement than subjects with MCI and a fourfold enlargement compared with
normal aging as measured over a 6-month interval. Jack et al. [50] argue that
hemispheric atrophy rates, measured by ventricular enlargement, correlate more
strongly with changes on cognitive tests than medial temporal lobe (MTL) atrophy
rates and capture significant variation between subjects with MCI and AD [37, 39].
The rate of ventricular volume change is also highly correlated with an increase in
senile plaques and neurofibrillary tangles [51].

In AR’ case such ventricle enlargement was, in fact, a sensitive measure of
disease progression. Six months later in his follow-up visit (12/18), AR’s Slums score
had dropped by 4 points to 20/30, and his AD8 score increased by 1 point to 1/8.
Even more disease progression was evident in cognitive measures of his short-term
memory: AR scored 4/8 in story recall and had a 0/5 recall of objects 5 minutes
later [47]. At this point in time, December 2012, AR’s neurologist diagnosed him
with early AD. He noted: “Impression and plan: It is now clear that this is early
Alzheimer’s. Will begin Aricept. Gave information on Alzheimer’s disease and
referral number of our incredibly skilled and compassionate memory clinical social
worker. Follow up on 3-4 months [47].

4.2 3 V> years after diagnosis: 3 years on intranasal insulin: still looks more like MCI

AR, in conjunction with his family, made the decision to begin intranasal
insulin therapy in June 2013, 6 months after his 12/12 AD diagnosis. At this point,
his MMSE score was 24 (3/13), and his word recall after 10 minutes was 0/9 (3/13)
[2]. The patient’s functional abilities had also markedly deteriorated from a year
previous at his 5/12 MCI diagnosis. AR could no longer manage his finances or his
medical treatments and could no longer drive. His family also noticed the develop-
ment of significant social and linguistic withdrawal, irritability, and flattened
affect ([1]:331-333). For example, AR expressed very little positive emotion upon
seeing his daughter and granddaughter at the airport after a 6-month separation.
Furthermore, he was unable to participate in conversations or even access anything
about himself such as how he was feeling, often remaining silent for extended
periods of time, and withdrawing from social engagement ([1]:331-333).

The patient’s family began compassionate use of intranasal therapy (6/13) at twice
daily for AR (20 IU per dose). Over the subsequent 6-8 months of treatment, they
noticed a marked return of pragmatic functioning, an increase in social and linguistic
participation (even returning to telling and understanding jokes), self-awareness, and
decreased irritability ([1]:333-35). AR himself reported just 2 days after beginning
therapy that his head hurt less, spontaneously holding his head with his hand and
stating to his daughter: “Oh, it is like I have had a terrible headache for a long time.”

A return of meaningful linguistic interaction after intranasal insulin therapy
and a stabilization of the further deterioration were also noted by other patient’s
family members after several months. This stabilization was reflected in his 2014
and 2015 neuropsychological battery of tests. These cognitive tests revealed a
marked slowing of annual percent decline in executive function and visuospatial
scores compared with average annual declines [2, 31]. AR also was able to use and
respond affectively to humor in conversations, related areas of the brain typically
associated with significant deterioration in AD progression [52].
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A CT scan was taken on AR in October 2016, just over 3 years after the patient
began receiving intranasal therapy (Figure 1a and b). Again, the overall neurolo-
gist’s impression was “age-related volume loss.” The record reads:

Comparison: “Comparison is made with 05/17/2012. There is no evidence of
intracranial hemorrhage, mass, mass effect, large infarct or midline shift. Prominence
of the ventricles and sulci are noted, likely age-related volume loss. Scattered periven-
tricular white matter hypodensities are noted, most commonly seen with small vessel
ischemic changes. Vascular calcifications are noted. Partial opacification of the ethmoid
and sphenoid sinuses noted. Bones are unremarkable. Impression: No evidence of acute
intracranial process. Age-related volume loss. Likely small vessel ischemic changes [47]”

This diagnosis of “age-related volume loss” after 3 years receiving intranasal
insulin suggests some positive effects of extended therapy. AR’s neurologist noted
in his 10/16 comments that the patient was: “alert and oriented” with “5/5 strength
in all 4 extensions with full distal sensation; no saddle anesthesia; 2+ symmetric
reflexes throughout and ambulates without difficulty [47].”

Figure 1a and b shows evidence of AD disease stage progress. For example, in
his 10/16 notes, AR’s neurologist comments on the “prominence of the ventricles
and sulci” which are more enlarged (the ventricles) and deeper (the sulci in
the frontal lobe) (Figure 1a) than AR’s 5/12 MCI diagnosis CT scan (Figure 2).
Furthermore, AR’s memory was very uneven; he stated that he quit smoking when
he was 30 years old but did not remember his daughter who lived out of state.

Further clarification of the positive effects of intranasal insulin therapy at 3
Y4 years after his AD diagnosis can be observed comparatively. Figure 3 shows a
structural MRI of the typical progressive atrophy (of medial temporal lobes and hip-
pocampus) in an older cognitively normal (CN) subject, an amnestic mild cognitive
impairment (aMCI) subject, and an Alzheimer’ disease (AD) subject. In this disease
progression from MCI to mild AD, the hippocampus of the subject in Figure 3 shows
marked atrophy as indicated by the white arrows. Hippocampal atrophy, especially
left volumes, and its contribution to memory decline in the process of Alzheimer’s
disease have been often described and are widely accepted [53, 54].

In contrast, AR’s CT scan (Figure 1a) shows a hippocampus size that is still rela-
tively robust. As indicated by the white arrow in Figure 1a, ARs left hippocampus
is similar to that of the patient in Figure 3 at MCI disease stage. Figure 1a and b also
shows significantly less overall frontal cortex atrophy, medial temporal lobe atro-
phy, and occipital lobe atrophy as compared with disease progression of the MCI to

Figure 1.
(a) and (b): CT scans of patient AR, 10/16.

144



Intranasal Insulin as Promising Therapy for Preserving Pragmatic Competence in MCI and AD
DOI: http://dx.doi.org/10.5772/intechopen.9o725

Figure 2.
CT scan of patient AR, 5/12.

Normal control Mild AD

Figure 3.

Structural MRI of the typical progressive atrophy (of medial temporal lobes and hippocampus) in an older
cognitively normal (CN) subject, an amnestic mild cognitive impairment (aMCI) subject, and an Alzheimer’s
disease (AD) subject.

AD patient (Figure 3). These are significant positive effects of extended intranasal
insulin as illustrated in AR’s 10/16 CT scan.

A return of meaningful linguistic interaction after intranasal insulin therapy
and a stabilization of AR’s executive functioning test scores also reflect his neurolo-
gist’s overall interpretation of “age-related” (vs AD disease progression related)
volume loss in his 10/16 CT scan. AR’s executive functioning capacities at year 4
after AD diagnosis include still being able to actively watch a TV series in several
45-minute episodes. In addition, on one occasion, when a scratched DVD disk
caused the episode to pause, AR was able to immediately alert his daughter of the
need to fix the problem. This demonstrates that AR was actively paying attention
[2]. Prolonged attention span was found across patients with Phelan-McDermid
syndrome after 1 year receiving intranasal insulin [55].

Another patient diagnosed with mild AD improved his executive functioning area
scores (immediate recall, delayed free recall, and animal recall scores) after 8 months
receiving intranasal insulin [2]. As Sperling et al. [56] note, AD causes considerable
damage to the neurobiological substrate of episodic memory, the hippocampal-
entorhinal complex (located in the medial temporal lobes) early in the course of the
disease. After several years receiving intranasal insulin therapy, the patient continued
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to demonstrate capabilities in visual processing skills (occipital and parietal lobe
functioning) as well as improvements in executive functioning under targeted
therapy. At 3 years, he had returned to being able to ski (2019) after having lost the
ability to manage his finances, shop, or independently go to doctor’s visits [2].

4.3 5Y2years after AD diagnosis and 5 years on insulin therapy: less atrophy of
occipital and thalamic structures

Atyear 5 %2 after AD diagnosis and at 5 years receiving intranasal insulin therapy
(12/17-12/18), AR was still able to inferentially reason. He was also fully ambulatory,
eating with the mild AD patients at his nursing home, and looked at books and TV
while paying attention to both. His visual skills were also still intact. For example, one
day AR was walking independently back to his room with his daughter and headed
toward a large automatic opening and closing door to the Alzheimer wing which
was being held open by a staff member. AR immediately turned to his daughter and
asked: “Can we go through?” His daughter responded: “Yes” Then AR was able to
remember, proceeded to analyze contextual information and to simultaneously warn
her of possible impending danger, telling her: “Hurry up. It closes fast” [3].

Figure 4 is AR’s CT scan at 5 years receiving intranasal insulin therapy (5
Y2 years after AD diagnosis) (4/18). Figure 5a and b presents subcortical segmenta-
tion of MRI scans after boundary correction of a subject classified as MCI (4a) and
of a subject diagnosed with probable Alzheimer’s disease (4b) [26].

Consistent with our hypothesis that extended therapeutic usage should slow AD
disease progression, AR’s 4/18 CT scans demonstrate that his occipital lobe does
not show a significant shrinkage of gray matter volume (indicated by black arrow,
Figure 4). Similarly, AR’s thalamus, indicated by the yellow arrow (Figure 4), is
also not as atrophied in terms of volume loss as the AD patient (Figure 5b) despite
his significant frontal volume loss and lateral ventricle enlargement consistent with
late-stage AD [50].

AR’ retained volume in the occipital and thalamic subcortical structures supports
previous findings that intranasal insulin directly reaches the occipital cortical brain
regions and the thalamus in older adults [10]. These results suggest such enhanced
insulin action in these brain areas can, in fact, slow AD disease progression.

Figure 4.
CT scan of patient AR, 4/18.
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Figures.
(a) and (b): subcortical segmentation of MRI scans, after boundary correction, of a subject classified as MCI
(a) and of a subject diagnosed with probable Algheimer’s disease (b) (sagittal view) [26].

Figure 6a and b demonstrates how AR clearly shows signs of advanced AD by
4/18. AR’s neurologist noted of his 4/18 CT scan:

“Lateral ventricles are enlarged with disproportionate enlargement of the frontal
horns. Temporal horns ave both markedly enlarged, more so on the right. Third
ventricle is moderately enlarged. Basel cisterns are enlavged, as are the sylvian
fissures. Overall, findings ave compatible with genevalized volume loss, with dis-
proportional frontal and temporal lobe volume loss. This includes medial temporal
lobe volume loss with likely considevable hippocampal volume loss especially on the
right. Sulci are not symmetrical on both sides [47].”

(a) (b)

Figure 6.
(a) and (b): CT scans of patient AR, 4/18.
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Figure7.
(a) and (b): subcortical segmentation of MRI scans, after boundary correction, of a subject classified as MCI
(a) and of a subject diagnosed with probable Alzheimer’s disease (b) (axial view) [26].

Yet, as (again) compared with probable AD (Figure 7b), AR demonstrates less
overall volume loss even with respect to the medial temporal lobe. Furthermore, in AR’s
case, left hippocampus atrophy is less pronounced than right (Figure 6a and b). This
is also a significant finding because, as de Jong et al. [26] found in their Alzheimer’s
disease group, volume reduction of the left hippocampus, putamen, and thalamus
formed the strongest predictors for declining cognitive performance in Alzheimer’s
disease progression.

5. Discussion

The potential of intranasal insulin to curb the development and progression of
AD [57] is by avoiding decreases in cerebral glucose metabolic rate within a complex
neuronal network which comprises the hypothalamus, hippocampus, thalamus, and
cortical brain structures. A series of CT scan results of a patient receiving extended
administered intranasal insulin usage shows delayed atrophy of key areas of the
brain associated with cognitive, visual, executive, and pragmatic functioning as
compared to disease progression in MCI to AD patients not receiving therapy. These
findings, particularly those that demonstrate slowed atrophy of the thalamus and
occipital lobe, strongly suggest that extended intranasal insulin treatment might
slow disease progression by reducing some areas of neuronal atrophy in the (thala-
mus) cortico-pulvinar projection system [18] associated with the anomia typical of
late-stage AD [58, 59]. They also highlight the importance of thalamic stimulation on
language and cognition and the ability of the preservation of nuclei within the thala-
mus to regulate the transmission of information to the cortex and between cortical
areas [21]. The reduced atrophy of the occipital lobes in this patient on extended
intranasal insulin therapy is also significant because lesion studies have shown that
the pulvinar is critically involved in visual perception, attention, and visually guided
behavior [21], which can include directing visual attention to a cued location.

The slowing of atrophy of the thalamus is also consistent with the hypothesized
medial pathway of insulin [2, 3, 60] in which the thalamus is reached via the olfac-
tory tubercle. Future research is required to refine precisely how intranasal insulin
promotes glucose utilization in these neuronal networks, i.e., through changes in
hippocampal synaptic plasticity and/or by increasing synapse density and dendritic
plasticity in structures that process visual input ([61]:216).

Future follow-up studies are needed to explore how intranasal insulin’s poten-
tial effectivity for reducing transition rates from amnestic MCI to AD is related
to preserving those neurological structures associated with pragmatic tasking.
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Specifically, additional studies are required consisting of mapping out the bulk
flow of intranasal insulin along the olfactory and trigeminal pathways between the
nasal passages and the CNS into deeper structures within the medial temporal lobe
(MTL) ([45, 62]:491). The region of the MTL showing the greatest atrophy in mild
cognitive impairment is the entorhinal cortex, which is precisely part of the para-
hippocampal gyrus and is the same region that has been postulated by Braak and
Braak [40] to be the site where AD pathology is first expressed.

Additional practical studies are necessary to understand the relationship between
the olfactory system and the delivery route of intranasal insulin on such hippocam-
pal structures within the MTL to further elucidate the potential of intranasal insulin
therapy. AR’s continuing pragmatic abilities including sarcastic utterances, utilizing
empathic tone and pragmatic discourse markers [3] 6 years after AD diagnosis and
5 Y2 years on intranasal insulin, point toward the partial effect of intranasal insulin
on deeper hippocampal brain structures. The right parahippocampal gyrus, for
example, has functions beyond the contextualizing of visual background stimuli and
identifying social context such as the inclusion of paralinguistic elements of verbal
communication resulting in the ability to employ sarcasm [63]. As Smith [43] notes:

Many years (up to 50) before the symptoms (of AD) occur, neurofibrillary
tangles start to form in neurons in the parahippocampal gyrus. At some stage, this
process is exacerbated, and many projection neurons in the MTL then start to die,
leading to atrophy of the lobe and to early signs of memory deficits. Once denuded
of their input from the MTL, neurons in the target areas of neocortex show reduced
activity, leading to slower metabolism and a fall in local blood flow. They will no
longer function properly in the neural networks underlying higher cognition [64].

The findings in this chapter also illustrate, on a brain circuitry level, AR’s other
continued pragmatic capacities even with late-stage AD [2, 3]. Several weeks before
his death from a post-hip surgery-related heart attack, AR was still able to employ
a bodily related metaphor: “I am tired. It seems like that is all I say. What a pain in
the ass that is.” This statement involves the capacity to abstract and inhibit literal
interpretation, both of which are associated with executive functioning tasks. Other
linguistic evidence of AR’s preserved pragmatic competence even 5.5 years after his
AD diagnosis include telling jokes and using humor to assert autonomy [1-3]. The
capacity to detect, understand, and respond to humor deteriorates significantly in
the progression of AD [65]. Scholarship on the neural basis of humor processing
precisely suggests that humor engages a core network of cortical and subcortical
structures, including temporo-occipito-parietal areas involved in detecting and
resolving incongruity [66]. The temporo-parietal junction incorporates information
from the thalamus, among other systems.

Treatment-induced improvements in neuronal activity in the thalamus and
occipital and parietal lobes can bring moderate to significant improvements in
communication exchanges with caregivers, thereby reducing the AD patient’s
social and communicative isolation, lessen caregiver stress, and improve execu-
tive functioning. Furthermore, AR’s annual, standard blood tests did not reveal
abnormalities or indicators of chronic intranasal insulin therapy leading to
(further) desensitization of his brain insulin signaling [67] a concern expressed in
the literature [57].

The results contained in this paper are the first published CT scans of a
patient receiving extended intranasal insulin use. Begun at early MCI diagnosis,
the extended use of intranasal insulin could substantially impact sites along the

7 Future studies can measure this potential through recent exosome biomarker tests derived from blood,
plasma, and serum for the detection of brain insulin signaling resistance [68, 69].
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olfactory pathway (hypothesized to be affected early on in AD).® This could
potentially arrest the further spread of the disease process in the involvement of
the hippocampus, areas of the neocortex in the parietotemporal and frontal lobes,
as well as hypothalamic inflammation linked to age and disease-related declines

in insulin sensitivity [4, 46]. One patient after 8 months of intranasal insulin was
administered a series of pre- and post-therapy neuropsychological tests, including
visuospatial skills, visual spatial ability, visual working memory, and executive
functioning after beginning intranasal insulin [2]. Eight months later, his neurolo-
gist concluded that: “There was about a two-year reversal of cognitive impairment
while receiving intranasal insulin, going from mild dementia to mild cognitive
impairment [3].” A return to MCI from early AD is a significant therapeutic
achievement that deserves further application and investigation.

Additional materials

Several previous studies on 153 MCI and AD patients involved in the short-

(4 months) and medium-term (12 months) administration of intranasal insulin
using the ViaNase device to deliver the drug confirm the findings of the preservation
of caregiver-rated functional ability in MCI and AD patients. The first randomized,
placebo-controlled pilot study of ViaNase delivered intranasal insulin consisted of
104 adults with amnestic mild cognitive impairment (n = 64) or mild to moderate

AD (n = 40), all of whom were treated with 20 and 40 IU daily dosages of intranasal
insulin for 4 months (9). The mean patient age was 71 years old, and the mean

3MSE score was 83.7-84.3 [20 IU/40 IU]. 50-57% were positive for the high-risk
apolipoprotein E epsilon-4 allele. The following results were reported: “Treatment
with 20 IU of insulin improved delayed memory (P < .05), and both doses of insulin

(20 and 40 1U) preserved caregiver-rated functional ability (P < .01). Both insulin doses
also preserved general cognition as assessed by the ADAS-cog score for younger
participants and functional abilities as assessed by the ADCS-ADL scale for adults
with AD (P <.05). Cerebrospinal fluid biomarkers did not change for insulin-treated
participants as a group, but, in exploratory analyses, changes in memory and function
were associated with changes in the AB42 level and in the tau protein-to-Ap42 ratio in
cerebrospinal fluid. Placebo-assigned participants showed decreased fludeoxyglucose
F 18 uptake in the parietotemporal, frontal, precuneus, and cuneus regions and
insulin-minimized progression.” The second placebo-controlled study of ViaNase
delivered intranasal insulin administration consisted of 49 of 289 patients with mild
cognitive impairment (MCI) or mild Alzheimer’ disease (AD) who were randomized
to receive either insulin or placebo daily for 12 months [70].” This was a phase 2/3

trial at 26 US sites and a change in cognitive function from baseline to 12 months
served as the primary endpoint, with the primary outcome measuring the Alzheimer’s

& In the olfactory system, the sites that are affected include the anterior olfactory nucleus, the uncus, and
the medial group of amygdaloid nuclei—all receives fibers directly from the olfactory bulb ([69]:4534).
® Assessments were made at baseline and at 3-month intervals until the end of the study, when
participants were offered open-label insulin treatment for another 6 months. The other 240 patients
used a different device (Precisions Olfactory Delivery [POD]) which failed to produce any difference
in outcome on the ADAS-Cog 12 measure at 12 months with the placebo group. Both POD and placebo
groups increased by about 4 points on the ADAS-Cog 12 measure, indicating worsening. Nor were
there any changes in any other Alzheimer-related biomarkers like amyloid-beta 40 and 42, total tau, or
phosphorylated tau (Clinical Neurology News 12/4/18:2). The model is controlled for age, sex, genetic
risk status, and investigation site. Patients were a mean of 71 years old, with a mean Mini Mental State
Exam score of 25. Around 42% were positive for the high-risk apolipoprotein E epsilon-4 allele.
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Disease Assessment Scale-Cognition measure (ADAS-Cog 12). The ViaNase delivered
intranasal insulin slowed the annual progress of cognitive decline by 50%—or only a 2.5-
point decline per patient on the ADAS-Cog12 versus the 5-point decline per patient of
the placebo group. This significant “separation was evident at 3 months and continued
to widen over the course of the [12 month] study” [71].

The finding in this chapter of the reduction of caregiver stress after the longer-
term administration (3 plus years) of intranasal insulin is also evident from
qualitative findings from an open-label study of 22 MCI and AD patients on the
compassionate use of intranasal insulin.”’ These patients displayed, before ViaNase
delivered treatment, significant symptoms of social and linguistic withdrawal,
flattening of affect, and irritability, as well as moderate to high levels of family-
reported caregiver stress [1-3, 60]. Several publications also extensively document
treatment-mediated improvements in language, visuospatial, and, in particular,
executive functioning test scores of patients at moderate AD and an early MCI
patient (5) and a return of pragmatic competence in the areas of jokes, self-expres-
sion, and empathy in early and moderate AD and MCI patients [1, 60]. Over 90%
of caregivers of the 22 compassionate use patients also reported moderate to very
strong reductions in caregiver stress after 1 year of intranasal insulin administration
to their family members [1, 60, 73, 74].

% These MCI and AD patients live in naturalistic settings (2011-present) and provide linguistic
evidence on phenomena as they naturally occur, i.e., they provide conversational data for the case study
methodology as used by sociologists for the purpose of theory development and building. Hamilton [72]
found that it is only in such conversations that it is possible to describe the full range of communicative
competence of a person with AD.
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Abstract

Deep brain stimulation (DBS) is a functional neuromodulatory technique that
involves the use of a neurostimulator to deliver electrical impulses to the brain. It pri-
marily alleviates the motor symptoms in neurodegenerative diseases; however, it has
been found beneficial in a multitude of neurological and psychiatric diseases, such as
dystonia, essential tremor, Tourette syndrome, intractable pain, epilepsy, treatment-
resistant depression, and obsessive-compulsive disorder. Nonmotor symptoms,
such as neurobehavioral disorders, autonomic dysfunction, sleep dysfunction, and
somatosensory dysfunction, play an important role in neurodegenerative diseases
and have a significant impact on the quality of life. The effects of deep brain stimula-
tion on these symptoms are not yet apparent, although early results are promising
and warrant future investigations. The main problem in interpretation is the lack of
studies in this field, as most have methodological issues or small sample sizes, which
limit the strength of the evidence. However, it is clear that DBS has a promising
future in the treatment of neurodegenerative diseases in general and will have a vital
role in personalized medicine as functional neuroimaging and our understanding of
brain physiology improve.

Keywords: deep brain stimulation, nonmotor symptoms,
neurodegenerative diseases, neuromodulation, neurostimulation

1. Introduction

Deep brain stimulation (DBS) is a functional neuromodulatory technique that
involves the use of a neurostimulator to deliver electrical impulses to the brain [1].
It has been used for several decades, primarily in advanced Parkinson’s disease
(PD), to alleviate the motor symptoms of the disease [2]. The exact mechanisms
of therapeutic efficacy are not yet precisely defined; however, DBS is beneficial in
a multitude of neurological and psychiatric diseases, such as dystonia, essential
tremor, Tourette syndrome, intractable pain, epilepsy, treatment-resistant depres-
sion, and obsessive-compulsive disorder [3]. It is generally used to target specific
locations in the brain that will be discussed later in the chapter. Despite this, the
effects of DBS can be considered as systemic, as it influences neuronal pathways in
both an upstream and a downstream manner. In that sense, it can affect a plethora
of symptoms, including nonmotor symptoms in neurodegenerative diseases [4]. It is
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becoming more apparent that neurostimulations will have an even more critical role
in the future as our understanding of brain physiology and pathways improves with
novel imaging techniques. This chapter includes the basics of how deep brain stimu-
lation works, what are the nonmotor symptoms in neurodegenerative diseases, and
what is the current evidence on the effects of DBS on nonmotor symptoms.

2. Deep brain stimulation
2.1 How does deep brain stimulation work?

The system for DBS consists of three key components: an electrode that is placed
in specific cerebral structures, an implantable pulse generator (IPG), and an exten-
sion that connects the two. Even though the exact mechanism is not yet known, the
current hypothesis is that DBS works via excitation and inhibition of neurons and
axons that are in proximity of the placed electrode [5]. The desired effect is achieved
by changing the frequency of stimulations, as low-frequency stimulations most often
excite nearby neurons [1], while high-frequency stimulations reduce local neuronal
activity. Details of the implantation procedure are beyond the scope of this chapter,
although it is useful to know that it is implanted stereotactically. In most cases, the
stimulation is bilateral, although it is possible to stimulate unilaterally as well. The
targets for stimulation are deep brain structures, as well as deep white matter tracts.
A key benefit of DBS is the ability to adjust stimulations wirelessly via handheld
devices to improve symptom relief and reduce possible side effects [5].

Currently used method for DBS function is based on an open-loop system,
which enables trained physicians to adjust various settings depending on the
patient’s condition [6]. This works adequately for most patients; however, changes
in patient states bring challenges as modifying stimulations require a physician
visit. A possible solution to this problem is the closed-loop or adaptive DBS that
will enable real-time adjustment of the neurostimulations due to the continuous
feedback signals. This will most likely be achieved with the help of various wearable
sensors, neurochemical sensors, and electrophysiological recordings, which would
all be interpreted with the Internet or mobile applications that will enable constant
insight into the state of each patient [7]. Unfortunately, numerous challenges till
the clinical application remain, but the prospects are bright, and hopefully such
systems will be perfected in the near future.

The main and the most studied effect of DBS occurs via electrical potential gen-
erated by the neurostimulations. There was a prevailing thought that the effects of
DBS are dominantly local in the areas that the electrodes were placed [8]. However,
recent advances indicate that neuromodulation with DBS affects entire pathways,
both afferently and efferently, and thus can influence more than just the stimulated
structures [9]. Both animal and human studies in vivo show this, mainly through
increased neurotransmitter release from axon functional magnetic resonance
imaging (fMRI) studies [10]. In a practical sense, this means that targeting motor
dysfunction, for example, in Parkinson’s disease, has an added effect of chang-
ing the function of other neuronal pathways and not only the motoric dopamine
pathways that are primarily disrupted in the disease. Therefore, choosing the right
target is essential for adequate treatment response.

2.2 Targets for stimulation

The two most common targets for DBS are the globus pallidus inter-
nus (GPi) and the subthalamic nucleus (STN), which are a part of the
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cortico-basal-ganglia-thalamocortical circuit loop. They are most commonly used
in Parkinson’s disease for control of dopaminergic symptoms such as tremor, rigid-
ity, and bradykinesia [5], although beneficial effects of GPi stimulation were found
in dystonias as well [11]. Another possible target in PD is the ventral intermediate
nucleus (VIM), an area of the thalamus, that if stimulated improves tremor-
dominant variants of the disease and can also be used in patients suffering from
essential tremor [12]. Furthermore, stimulating the anterior nucleus can help in
medically refractory epilepsy, while benefits of thalamic stimulation were also seen
in Tourette’s syndrome, neuropathic pain, and traumatic brain injury as well.
Advancements in preclinical and neuroimaging research studies and neurosurgi-
cal experiences led to a discovery of several targets that could prove beneficial to
numerous diseases. DBS in the ventral capsule, the ventral striatum, or nucleus
accumbens (NA) has been shown to improve symptoms of obsessive-compulsive
disorder [13], while NA stimulation has been shown to reduce the severity of
obesity and anorexia [14]. Treating treatment-resistant depression is also possible
with DBS; however it requires an individualized approach due to numerous pos-
sible targets [15]. Moreover, benefits of DBS are observed in dementia as well, with
the possible targets being the fornix and the nucleus basalis of Meynert (NBM) in
Alzheimer’s disease [16]. In general, the most reliable evidence for DBS use comes
from movement disorders, while other indications still require randomized, well-
designed studies to prove efficacy. Different possible targets and adjustable nature
of DBS put it at the forefront of personalized medicine in the future, especially as
functional neuroimaging improves, as stimulations will be catered to each patient

individually.
2.3 The mechanism of DBS

The neuromodulatory effects of DBS occur in various stages, while most of the
focus in the early days of DBS was on the immediate effects. In time, it is becoming
more apparent that short-term and long-term effects of DBS are just as significant,
as those are opening new frontiers in therapy. All of the cells in the body function
through changes in electric potential, but our neurons are special in the sense that
they comprise a series of networks where this potential can be passed on to other
neurons or cells [17]. This physiological basis creates the stage for neuromodulation
with DBS, as different impulse settings create different effects on the cell bodies and
axons of neurons. Even a single DBS pulse can influence neuronal activities for sev-
eral milliseconds, while an increased frequency can prevent the cells from resetting
to their base values [18]. In neurons, these pulses dissociate cell bodies of neurons
from their axons and essentially “hijack” the signaling in both afferent and efferent
directions [19]. Generally, the pulses inhibit cell body activity while creating action
potentials in the axons [20]. The pulses also act on astrocytes and microglia in the
area of stimulation, causing a change in glial activity and complete changes in ion
concentrations such as potassium and calcium, which in turn influences the changes
in action potentials of neurons [21]. Immediate effects of DBS are a consequence of
the function of individual neurons that are stimulated in the vicinity of the placed
electrode and vary greatly depending on the selected target.

In the neurochemical sense, the milieu of brain tissue is significantly changing as
several changes occur in the concentration of neurotransmitters and neurotrophic
factors. The values of crucial neurotransmitters (dopamine, noradrenaline, sero-
tonin, and gamma-aminobutyric acid) are altered depending on the location of
the modulation, which makes target selection key, as increasing serotonin [22] or
noradrenaline by stimulating NA, for example, affects mood and can have an anti-
depressant effect [23]. However, even the presence of the electrode can significantly
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impact the neurochemical properties surrounding it. It is a foreign object that
necessitates reaction from microglia and astrocytes that create an immediate
inflammation and edema that subsides over the long term with the creation of a
fibrotic membrane by astrocytes [24, 25].

Most programs for DBS are intended for long-term function, and all these
changes that happen immediately or short term after initiating the therapy have a
profound effect on the structure and function over extended periods. The physi-
ological basis for this is a result of our brains’ adaptive capacity, which we call
synaptic and neural plasticity [26]. Constant stimulation on the same areas and
the changes mentioned above in neuronal activity and extracellular milieu lead
to changes in synaptic structure and density, neurogenesis, and neuroprotection,
which in turn change the properties of neural networks [27]. This is most likely
mediated by neurotrophic factors, such as the brain-derived neurotrophic fac-
tor (BDNF), similarly as in the physiological central nervous system conditions
[28]. The changes in neuroplasticity and neuronal organization lead to functional
improvements of various symptoms over time; this is especially pronounced in
alleviating neuropathic pain, axial symptoms, obsessive-compulsive symptomatol-
ogy, and several nonmotor symptoms as well [5].

Aside from the neurochemical changes, there are effects of DBS on brain oscil-
lations present in numerous neuropsychiatric diseases. Current data points out that
synchronous brain activity can be amplified in Parkinson’s disease (beta oscillations
in the basal ganglia [29]), Alzheimer’ disease (gamma oscillations in the hippo-
campus [30]), and treatment-resistant depression (gamma and theta oscillations in
the subcallosal cingulate gyrus [31]). Early data indicates that DBS can affect these
oscillations and provide a balance to brain activity, reducing the amplification that
is pathologically found [30-32]. Further research is required to detect various oscil-
lation patterns in diseases to develop therapeutic goals for treatment, not only with
DBS but with other neurostimulation techniques as well.

3. Nonmotor symptoms in neurodegenerative diseases

Nonmotor symptoms in neurodegenerative diseases are disturbances in neu-
robehavior, autonomic function, and sleep and sensory function that are not a
consequence of motor symptoms [33]. Most of the studies are focused on nonmotor
symptoms in Parkinson’s disease, but they can be present in most other central ner-
vous system disorders. The pathophysiology and incidence differ from one disease
to another, although the spectrum of symptoms remains the same. In many cases,
the first signs of neurodegeneration will be nonmotor disturbances as they often
precede other symptoms [34]. It is important to point out that these symptoms are
present as primary diseases as well, usually in the psychiatric spectrum of diseases.
However, in the context of validated and approved DBS stimulation in the classical
targets of stimulation, they can be considered as nonmotor symptoms in extrapyra-
midal diseases. It is clear that as the field matures, new nomenclature will be needed
to accurately assess the effect of DBS on various neuropsychiatric symptoms, espe-
cially if those symptoms are primary targets (e.g., treatment-resistant depression or
obsessive-compulsive disorder). We can divide the nonmotor symptoms into several
key categories: neuropsychiatric symptoms, sleep disorders, autonomic symptoms,
gastrointestinal symptoms, and sensory symptoms [33]. Nonmotor symptoms pres-
ent a vital field of study as they can have a significant impact on the quality of life
and are often overlooked in clinical practice.

Neurobehavioral symptoms frequently present in neurodegenerative disorders
are excessive fatigue, depression, anxiety, apathy, and cognitive dysfunction.
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Depression and anxiety both commonly occur at the same time in patients and
often precede diagnosis with mild symptoms at the beginning, although more
severe forms occur as the disease progresses [35]. On the other hand, apathy can

be present as a separate symptom, mainly if there is a prominent degeneration

of dopamine pathways in the limbic system [36]. Finally, cognitive dysfunction

is considered as an inevitable consequence of long-term neurodegeneration. The
extent of cognitive difficulties varies from mild to severe depending on the disease,
with different cognitive domains affected as well [37].

Sleep dysfunction and sleep-related problems are common nonmotor symptoms
in neurodegenerative diseases. The pathophysiological basis is likely the variation
in physiological dopamine function, as changes in dopamine are known to impact
wakefulness [38]. The physiological importance of sleep comes from enabling the
regeneration of brain tissue and reestablishing homeostatic conditions. Therefore,
sleep disorders can increase the severity of disease progression as a vicious circle
forms that disables proper neural regeneration [39]. Sleep-onset insomnia is a
frequent occurrence in neurodegenerative diseases, as the progression of the disease
and chronic loss of neuronal function lead to neurotransmitter disbalance that in
turn causes a sleep-wake disruption. This presents as a dysfunction of the circadian
rhythm in Alzheimer’ disease and Huntington’s disease, while in Parkinson’s dis-
ease the difficulties are mostly sleeping through the night and initiation of rapid eye
movement phase during sleep [40]. Sleep quality can also be affected, as difficulties
in nighttime mobility and excessive fragmentation of sleep are common, as well as
problems in rapid eye movement (REM) phases of sleep [41]. Furthermore, dif-
ficulties with restless legs syndrome (RLS) and involuntary limb movements create
sleep difficulties, although these symptoms are more frequently found in diseases
that feature dopamine dysfunction and generally have a response to dopamine
therapy [42].

Autonomic dysfunction develops as a consequence of progressive degeneration
in neural pathways, mostly in diseases characterized by the accumulation of Lewy
bodies or a-synuclein, and is much less pronounced in diseases such as Alzheimer’s
or frontotemporal lobar degeneration [43]. Three main symptoms of autonomic
dysfunction are issues with bladder control, nocturia, and sexual dysfunction, all of
which are linked to the dysfunction in the dopamine pathways and can somewhat
improve with dopaminergic therapy [44]. Moreover, gastrointestinal symptoms
fall in this category as well and are an interesting subset of symptoms as the dys-
function, which often presents as constipation or anorectal dysfunction, could
be a consequence of both central and enteric nervous system degeneration [45].
Interestingly, these symptoms can be present in prodromal stages of many neurode-
generative diseases, which have made the gut-brain axis an attractive research target
in recent times [46].

Finally, sensory symptoms have a significant role in the clinical course of neu-
rodegenerative diseases, especially in the prodromal stages. Hyposmia, a reduced
capacity for the sense of smell, is often seen in the early stages of Parkinson’s and
Alzheimer’s disease [47, 48]. Recent neuroimaging studies reveal a decreased
volume in the olfactory regions of the brain, while neuropathological studies found
a high accumulation of a-synuclein, ap amyloid, and Tau proteins in the olfactory
bulb during the early stages of neurodegenerative diseases [47, 48]. Something
similar can be seen in the optical pathways as well, as there is an increase of visual
hallucinations, reduced color recognition, visual acuity problems, and double
vision as neurodegeneration progresses [49]. Pain syndromes are frequent as well
and are more likely of neuropathic origin. Unfortunately, the mechanisms for pain
in neurodegeneration are varied, and managing pain requires an individualized
approach, as specific types of pain require different medications. High prevalence
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of pain impacts the quality of life, as do all nonmotor symptoms in general, which
makes proper measurement a necessity in the current clinical evaluation of neuro-
degenerative diseases.

3.1 How do we measure nonmotor symptoms?

Comprehensive measurements of all the symptoms mentioned present a chal-
lenge in everyday clinical practice. Naturally, objectifying the symptoms is crucial
not only in the initial evaluation but also in the evaluation of the therapeutic effects
as well. There is a wide variety of instruments available for a detailed assessment
of each symptom, but this has proven to be inadequate in everyday use [50]. Best
suited scales for rapid and accurate identification of nonmotor symptoms are
multidomain instruments that cover most of the nonmotor symptomatology. Two
scales were developed for use in Parkinson’s disease; however, they are suitable for
use in other neurodegenerative diseases as a quick screening of the prevalence of
nonmotor symptoms.

First is the nonmotor symptom questionnaire (NMSQuest), a scale developed
to provide a useful screening tool, as it contains 30 items that have yes and no
questions covering various domains of nonmotor symptoms [51]. It is designed
to be completed by patients themselves, and there is no grading of the severity of
symptoms, just whether they exist or not. Nonetheless, it has proven to be an effec-
tive screening tool in further validation studies that can afterward lead to a more
focused examination of reported symptoms [52]. On the other hand, the nonmotor
symptom scale (NMSS) is developed to be rated by clinicians, and it incorporates
the severity and impact of the symptoms on the daily life of the patients [53].
Similar to the NMSQuest, it has 30 items, spread across 9 domains, but the overlap
is in 23 of the 30 items; therefore using both of them has clinical sense. It is crucial
to point out that these scales have inevitable shortcomings as more nonmotor
symptoms come into focus over time. Therefore, a modified NMSS is currently in
active development that should improve its use in all neurodegenerative diseases.
Furthermore, it is required to use the scales focused on each domain to precisely
measure the severity of each symptom on its own, as only focused scales go into
enough details to have a complete overview of the effect that each symptom has on
the quality of life. In any case, as the focus of symptomatology studies turn toward
nonmotor symptoms, it is to be expected that more comprehensive scales will be
developed that are adequate for use in clinical and clinical trial settings.

4. Effects of DBS on nonmotor symptoms

The focus of clinical practice and research in DBS is on the effects it has for
motor symptoms in advanced Parkinson’s disease. As previously said, the nonmotor
symptoms in neurodegenerative diseases are only recently coming into focus, as
is the effect of DBS on them. Most robust studies come from the research done in
Parkinson’s disease and from patients whose targets for neuromodulation are STN
and GPi; however, research from other diseases and stimulation targets will also be
assessed in the coming paragraphs [54].

4.1 Neurobehavioral symptoms
Effects of DBS on neurobehavioral outcomes are a complex subject as there are

possible advantages and disadvantages, depending on the initial patient selection
and the deep brain target of neuromodulation. Cognitive dysfunction, as a frequent
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symptom in most neurodegenerative diseases, can have varying severity depend-
ing on the disease and between each patient individually [55]. In classical DBS
targets, the STN and GPi, there are mixed results regarding the effect on cognition.
Generally, stimulation of these areas will not improve cognitive function, and there
is even a mild risk of cognitive decline, which has been found minor in more exten-
sive trials and not clinically relevant [4]. There is a caveat to this, as DBS in patients
with pronounced cognitive dysfunction tends to increase the severity of symptoms
more than in those who do not have significant cognitive impairment [56]. The
same can be observed in patients who had problems with depression or anxiety

in the past before being diagnosed with a neurodegenerative condition [57]. STN
stimulations, in particular, led to an increase in apathy and hallucinations, while
there was a minor improvement in impulsive behavior (impulse buying, gambling,
excessive sexual behavior) compared to the control groups [58-60]. Benefits of DBS
were found in symptoms of depression as well but mostly in milder cases without
pronounced symptoms [61].

On the other hand, phase I clinical studies in Alzheimer’s disease with DBS target-
ing the fornix [62] or the NBM [63] show encouraging results on cognitive impair-
ment in the early stages of the disease while being safe and well tolerated. There is
currently a lack of studies in this field, but more are being conducted at the time of
writing. Furthermore, early research shows that patients who suffer from depres-
sion could benefit from DBS, especially severe types that are resistant to therapy.
Similar to Alzheimer’s disease, there are promising early results, but proper targets
and correct settings for stimulations are not yet clear, and larger, controlled studies
are needed [15]. To summarize, the effects of DBS on neurobehavioral symptoms are
significantly impacted by the target locations for stimulation, as both beneficial and
harmful effects are present. Therefore, appropriate patient selection is critical, as the
impact it can have on the quality of life depends much on an individual basis.

4.2 Autonomic dysfunction

Dysfunctions in the autonomous nervous system are the more frequent nonmo-
tor symptoms in neurodegenerative diseases. Generally, there is a lack of extensive
studies featuring a high number of patients, and studying the effects of DBS
on autonomic dysfunction is usually not the main focus. Dysautonomia is more
frequently found in movement disorders than other diseases in the neurodegenera-
tion disease spectrum [43]. Early studies that focus on STN and GPi stimulation
reveal that DBS has a beneficial effect on urinary symptoms, especially in reducing
nocturia, frequency, and urgency [64]. The most likely mechanism, revealed by
urodynamic evaluation, is through increased bladder capacity and reflex volume,
and the effect seems to persist over time after initial surgery [65, 66]. Similarly,
neuromodulation with DBS appears to be beneficial in gastrointestinal function
as well, especially in the early phases after surgery. Significant improvement was
found in constipation, salivation, and gastric emptying, as the contractions of the
whole gastrointestinal tract improved [67-69]. However, studies show that there is
no effect on dysphagia, possibly due to a different mechanism that causes it com-
pared to problems with emptying the gastrointestinal tract [70]. Sexual dysfunction
is not significantly impacted by DBS, with most patients reporting a slight improve-
ment, especially in younger patients [71].

4.3 Sleep

Sleep disorders have a significant impact on the quality of life, as they
lead to fatigue and daytime sleepiness. Sleep quality is often disrupted in
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neurodegenerative diseases and has been a subject of study after initiating

DBS. Polysomnographic studies show that DBS in STN leads to an objective
improvement sleep quality [72], which is seen in subjective-based studies as well
[73, 74]. Improvement in sleep and pain was also observed in dystonia patients who
were treated with STN DBS [75]. Interestingly, daytime sleepiness does not seem to
be affected by DBS [76]. A possible reason for this could be a lacking effect on REM
sleep, as DBS patients have an increased risk of developing REM sleep behavioral
disorder in the case of STN stimulations [77]. The effect on restless legs syndrome
appears to be positive in moderate to severe cases, but new cases of the syndrome
can appear after initiating DBS [78, 79]. Overall, it seems that constant stimulations
improve sleep quality over the long term by influencing nighttime mobility and
sleep maintenance.

4.4 Sensory functions

Somatosensory dysfunction is often reported in neurodegenerative diseases and
presents a significant burden in everyday life of the patients. Problems with the
sense of smell and taste arise in the early phases of neurodegeneration. Subjective
improvement in both smell and taste was reported in a recent prospective study
[64]. It appears that the improvement in smell stems from improved odor informa-
tion processing, as only odor discrimination and identification were improved,
while the detection was not affected by DBS [80, 81]. There are improvements in
visual function as well, mostly due to the effect on ocular smooth motor function
and improving problems with saccade movement [82]; however, the amount of
evidence in this field is severely limited and still inconclusive.

Fortunately, the DBS effects on pain are more apparent. Most studies suggest a
beneficial effect of DBS on pain [83], especially in patients who suffer from pain in
off periods [84]. There are varied types of pain that can be present in patients, but
it appears that STN DBS has a substantial effect in curbing dystonic and musculo-
skeletal pain, while central and neuropathic pain are less affected [85]. However,
severe neuropathic pain can be treated with DBS if the target for stimulations is the
periaqueductal gray matter, possibility due to an increased release of endogenous
opioids [86, 87]. There are promising results in chronic pain as well, with the
anterior cingulate cortex showing potential, though it is too early to tell due to a
lack of studies in this field [88]. This finding underlines the importance of selecting
the right target for neuromodulation depending on the wanted results, which holds
promise for the future of DBS.

5. Conclusion

Nonmotor symptoms represent a challenge in the treatment of neurodegenera-
tive diseases and have a significant influence on the quality of life. DBS shows
promise in alleviating these symptoms, depending significantly on the target of
stimulation. The main problem is the lack of studies in this field, as most have
methodological issues or small sample sizes, which limit the strength of the evi-
dence. Likewise, only a handful of studies have nonmotor symptoms and primary
end points. The number of approved indications for DBS is still small and mostly
focused on extrapyramidal symptoms, and therefore, most studies are focused on
the effects of DBS in STN or GPi. However, it is clear that DBS has a promising
future in the treatment of neurodegenerative diseases in general and will have
an important role in personalized medicine as functional neuroimaging and our
understanding of brain physiology improves.
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Appendices and nomenclature

DBS deep brain stimulation

PD Parkinson’s disease

IPG implantable pulse generator

fMRI functional magnetic resonance imaging
GPi globus pallidus internus

STN subthalamic nucleus

VIM ventral intermediate nucleus

NA nucleus accumbens

NBM nucleus basalis of Meynert

BDNF brain-derived neurotrophic factor
REM rapid eye movement

RLS restless legs syndrome

NMSQuest nonmotor symptom questionnaire
NMSS nonmotor symptom scale
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Chapter 9

Cerebellar Transcranial Direct
Current Stimulation (ctDCS)
Effect in Perception and
Modulation of Pain

Tommaso Bocci, Roberta Ferrucci, Alberto Priovi,
Massimiliano Valeriani and Ferdinando Sartucci

Abstract

Transcranial direct stimulation (tDCS) in the treatment of intractable or
marginally tractable pain is experiencing an increasing diffusion in many fields
worldwide. Recently, new modality of tDCS application has been proposed and
applied, as cerebellar transcranial direct current stimulation (ctDCS). Indeed, the
cerebellum has been proved to play a role in pain processing and to be involved in
a wide number of integrative functions. In this chapter, we encompass the history
of the technique, analysis of principles, a general description, including the meth-
odological procedures of ctDCS; then, main clinical applications and their main
effects in perceptive threshold of pain and other sensation, pain intensity, and laser
evoked potentials (LEPs) changes.

Keywords: cerebellum, tDCS, cerebellar stimulation, pain, phantom limb pain

1. Introduction

Pain still remains a challenge for clinicians and neuroscientists, and current
pharmacological therapies are often ineffective for the prevention and treatment of
chronic pain. In particular, chronization of pain represents a multi-step phenom-
enon, comprising spinal phenotypic switch in the expression of neuropeptides,
as well as elusive brain mechanisms, ranging from the so-called “thalamo-cortical
dysrhythmia” to a functional reorganization of sensorimotor maps (Figure 1)
[1-4]. In this scenario, the putative relationship between pain and the cerebellum
is particularly intriguing, as the cerebellum is anatomically located between the
spinal cord and the brain, possibly interfering both with top-down and bottom-up
mechanisms underlying pain control and ultimately responsible for central pain
sensitization.

The cerebellum is involved in a wide range of integrative functions, ranging
from motor adaptation to working memory and associative learning, but its role in
nociceptive experience and pain processing remains debated [5-10].

Overall, the cerebellum likely belongs to a widespread network that mediates
reactions stronger to negative external stimuli than to positive ones [11, 12]; recent
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Figure 1.
“Red Flags” responsible for chronization of pain. Chronic pain is a multi-level and multi-step phenomenon,

comprising changes at brain as well as spinal levels, and involves different neurotransmitters and neuronal

pathways.

Figure 2.
Rationale for the use of cevebellar tDCS (tcDCS) for pain treatment: possible mechanisms of action and

molecular pathways.
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evidence has strengthened the hypothesis that plasticity subserving the storage and
retention of unconditioned responses selectively occurs in the cerebellum [13-16];
recently we have proved a cerebellar role in learning of aversive reactions inside
the peripersonal space [17], and studies in humans have highlighted a cerebellar
engagement both in pain empathy and nocifensive withdrawal [18-20].

Nonetheless, some important questions remain open: (1) whether the cerebel-
lum is engaged in the primary sensory-discriminative dimension of pain; (2) how it
interacts with the cerebral cortex for pain processing; (3) whether it may be used as
a putative target for non-pharmacological therapies, as non-invasive brain stimula-
tion techniques (NIBS).

In this chapter, we encompass the current knowledge about the cerebellar role
in pain processing, suggesting novel strategies for pain control and therapy in the
emerging field of non-invasive neuromodulation (Figure 2).

2. Current pitfalls for the use of NIBS in pain treatment

Cerebellar direct current stimulation has been widely used for the treatment
of several neuropsychiatric diseases, ranging from movement disorders [21-25] to
autism and schizophrenia [26, 27], but only few evidence has been reached so far
regarding pain therapy.

In general, transcranial direct current stimulation (tDCS) has been proposed
for pain therapy, especially when applied over the primary motor area (M1) or
the dorsolateral prefrontal cortex [28, 29]; nonetheless, the too small sample sizes
and the extreme variability of stimulation parameters have limited its efficacy:
as a result, pain improvement is often weak and brief, in line with the so-called
“placebo-effect.” There are also other possible explanations.

First, pain is a complex experience, involving phenomena at a sensory, affective-
emotional and cognitive level: thus, clinical scales are often inappropriate to
describe the whole phenomenon and follow putative effects of therapies over time.

Second, chronic pain involves different neurotransmitters and neuronal circuit-
ries at a spinal and supra-spinal level: therefore, non-invasive stimulation applied
over a limited brain target usually induces a transient pain improvement.

Third, only few groups have enough experience about the use of neurophysi-
ological tools for pain assessment [30]; among these techniques, laser evoked poten-
tials (LEPs) offer an unique opportunity to study the sensory-discriminative, as
well as the affective-emotional dimension of pain, which are differently carried by
medial and lateral spinal nociceptive systems and rely on the activation of distinct
cortical areas [31-33].

3. Transcranial direct current stimulation (tDCS) and the cerebellum:
an overview

3.1 Putative mechanisms of action of cerebellar tDCS and implications for pain
treatment

Transcranial direct current stimulation (tDCS) has emerged in the past
few years as a novel, noninvasive, inexpensive, and safe technique to modulate
cortical excitability, both in health and disease. tDCS uses subthreshold currents
(1.0-2.5mA), too weak to induce neuronal activity independent from afferent
input, but sufficient per se to alter both the excitability and spontaneous neuronal
firing rate.
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tDCS shows short- and long-term effects; the first ones outlast the end of
stimulation for only a few minutes and involve non-synaptic mechanisms, compris-
ing changes in membrane polarity, migration, and steric conformation of trans-
membrane proteins. Conversely, the long-term after-effects are mainly driven by
synaptic modifications. In particular, anodal tDCS seems to have an overall excit-
atory effect, probably reducing intra-cortical GABA, whereas cathodal polarization
dampens cortical excitability by reducing glutamate [34, 35]. Many studies reported
the same polarity-specific effects for cerebellar tDCS, although they also depend on
the position of the return electrode (namely, the “reference”), as well as on the size
of electrodes and duration of the stimulation [36, 37].

Direct current polarization has both on-line and off-line effects on cerebellar
excitability. This is in agreement with the effects elicited by tDCS in the cerebral
cortex that are observable after both short-term and long-term delays and most likely
interfering with long-term potentiation (LTP-like) phenomena [38]. From a cellular
point of view, animal studies suggest that the electrical stimulation of Purkinje cells
mediates on-line effects [39], whereas depolarization of Golgi inhibitory neurons is
responsible for long-lasting changes [40]. Nonetheless, electrical fields induced by
cerebellar tDCS in humans are much smaller than those used in animals, thus making
it difficult to compare their mechanisms of action [41].

Purkinje cells represent the output from the cerebellar cortex, and their acti-
vation leads to the inhibition of cerebellar nuclei, ultimately dampening motor
cortex excitability. Cerebellar tDCS (ctDCS) may interfere with this connectivity,
influencing the so-called “Cerebellar-Brain Inhibition” (CBI); consequently, anodal
ctDCS may reduce pain perception by increasing the inhibitory tone exerted by the
cerebellum on different brain targets, whereas cathodal ctDCS could elicit opposite
effects by inducing hyperalgesia. This tentative model has been recently confirmed
by a clinical study of Ruscheweyh and co-workers [42], showing that patients with
cerebellar infarctions have reduced pain thresholds, as concerns both placebo and
offset analgesia.

Apart from non-synaptic and synaptic (neuroplastic) changes, tDCS may
modulate pain experience and processing through different mechanisms. In recent
years, a growing body of evidence has strengthen the importance of tDCS after-
effects on regional blood flow and immune responses. In particular, animal studies
have proved that tDCS elicits neural stem cells (NSCs) activation in vivo, thus
influencing the development and the distribution of microglia in the adult brain
[43]. In addition, tDCS likely modulates inflammatory response by regulating pro-
inflammatory cytokines and increasing glutathione levels [44].

3.2 Cerebellar tDCS: setting parameters

Commonly, tDCS uses two electrodes, a cathode and an anode, but montages
with multiple electrodes are possible. Their sizes vary among different studies and
critically depend on the target; small electrodes (3 x 5 cm, 3 x 3 cm) are used for
cerebellar polarization [36], whereas larger ones are commonly applied for direct
spinal stimulation [45].

The return electrode (namely, the “reference”) may be applied either over
another cortical region or extra-cranially (e.g., the shoulder); the second choice
should be preferred because cutaneous impedance is reduced and opposite effects
of anodal and cathodal stimulation emerge more clearly.

Both electrodes are connected to a standard tDCS stimulator, delivering currents
for 15-25 min, at an intensity ranging from 1 to 2 mA. This stimulation intensity
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Figure 3.

Cugrrent density generated by cerebellar transcranial divect current stimulation (cerebellar tDCS) in
humans. Examples of segmented tissues in two human realistic virtual family models (Ella and Duke)
undergoing cerebellar tDCS. The spread of the curvent density (J) over the occipital cortex—quantified

as the percentage of occipital volume where the amplitude of J-field is greater than 70% of the peak of ] in
the cerebellum—was only 4% for “Duke” and much less than 1% for “Ella” [modified from Parazzini et al.
[49], with permission].
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induces an electric field of the same order of magnitude as that influencing the
cerebellar neuron activity in animal experiments [37].

3.3 Cerebellar tDCS: safety

When the procedure is correctly delivered, according to the safety guidelines, no
adverse effects occur, except for a transient itching of tingling sensation.

In most subjects, cerebellar tDCS evokes no sensation likely because cutaneous
nerves in the occipital region show a higher threshold than those located in the
frontal trigeminal dermatomes [46].

Researchers and therapists should keep in mind only few exclusion criteria, such
as the presence of metallic implants in the skull or in the brain [47], and subjects’
skin should be lightly cleaned with a swab. Second, electrode sponges should be
soaked with saline solution to reduce skin impedance. Finally, a current density
limit of 0.029-0.142 mA/cm?, corresponding to a maximum of charge density of
about 40 pC/cm? at the stimulating electrode, has considered to be safe [48].

Notably, despite some inter-individual differences, recent modeling researches
have revealed that the current spread to other structures outside the cerebellum is
negligible and unlikely to produce functional effects (Figure 3) [49].

4. Cerebellar tDCS: emerging evidence for pain treatment

In previous papers from our laboratory, we have demonstrated for the first time
that cerebellar tDCS modulates pain processing in healthy humans, probably by
interfering with the CBI network [50-52]. In particular, ctDCS exerts polarity-spe-
cific effects on the amplitude of laser evoked potentials (LEPs), thus modifying the
perception of experimentally induced pain in young volunteers: anodal stimulation
leads to analgesia, whereas cathodal polarization increases pain perception.

This is in line with the theory that cerebellum exerts an overall inhibitory
effect on pain processing at a cortical level, similar to that induced within motor
pathways.

Because tDCS is effective on the modulation of both N1 and N2/P2 components
of LEPs and these responses are generated by parallel and partially segregated spi-
nal pathways reaching different cortical targets [32], we argue that the cerebellum
is involved in pain processing by modulating the activity of both somatosensory
and cingulate cortices. Indeed, from a functional point of view, the cerebellum is
engaged in the sensory-discriminative, as well as in the emotional and cognitive
dimension of pain [53, 54]: therefore, non-invasive cerebellar current stimula-
tion may modulate pain experience and the associated cortical activities through
different, not mutually exclusive mechanisms. Moreover, our results indicate, for
the first time in humans, that the cerebellum is also engaged in the primary sensory-
discriminative dimension of pain.

A recent paper by Pereira and co-workers [55] has confirmed our results, show-
ing that anodal cerebellar tDCS reduces lower extremity pain perception in healthy
humans.

However, in a previous study, Zunhammer and colleagues [56] failed to demon-
strate analgesic effects of rTMS applied over the cerebellum; the discrepancy with
our results, may be due to different factors: the authors evaluated changes in subjec-
tive pain thresholds, without any neurophysiological support, and used a different
neuromodulation technique (rTMS vs. tDCS).

The efficacy of cerebellar tDCS on pain treatment has been recently confirmed
also in patients suffered from “phantom limb pain” (PLP) [51].
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Figure 4.

Painful (top row) phantom limb phenomena: changes in VAS scores overtime. Note that anodal ctDCS (black
circles) significantly improved paroxysmal pain compared to the sham condition (white squares). Data are
given as percentage of baseline value +1 S.D. At each time interval, the statistical significance refers to the
comparison between anodal (active) and sham (placebo) stimulation (***p < 0.001, Bonferroni post-hoc
comparison; modified from [51], with permission).

PLP remains a challenge for clinicians and neuroscientists. The short and long-
term effectiveness of pharmacological interventions is unclear; most of the studies
were limited by their small sample sizes and by different pharmacological effects
on either painful and non-painful phenomena; also invasive spinal cord stimula-
tion (SCS), probably due to its poor somatotopic specificity, failed to demonstrate
significant and long-lasting effects specificity [57, 58].

Recent studies have shown that tDCS applied over the motor cortex represents
a promising therapeutic tool in PLP, with effects likely arising from a transient
restoration of the cortical representation of the phantom limb [59-62]. Based on
this, we have recently shown that anodal ctDCS improves both paroxysmal pain
and non-painful phantom limb sensations in subjects with upper limb amputations
(Figure 4), as confirmed by changes observed in LEP amplitudes, with anodal
tDCS significantly reducing the amplitude of both N1 and N2/P2 components [51].
We argue that, different from other brain targets and depending on the extent of
anatomical connections between the cerebellum and the brain, ctDCS may reduce
both painful and non-painful phantom limb sensations, which are induced by
maladaptive changes in the sensorimotor network and posterior parietal cortex,
respectively [59].

5. Laser evoked potentials (LEPs) as a valuable outcome measure: setting
and method

Laser evoked potentials (LEPs) allow to evaluate both the lateral and the medial
pain pathways, two different, parallel and partially segregated spinal “highways,”
targeting cortical areas differently involved in nociceptive experience and pain pro-
cessing. In particular, the two main LEP components, formally named N1 and N2/
P2 potentials, correspond, respectively, to the activation of the secondary somato-
sensory cortex (SII) and of the insular region; from a functional perspective, N1
reflects the sensory-discriminative, whereas N2/P2 complex the affective-emotional
dimension of pain [32, 33].

A solid-state laser is commonly used in clinical trials (neodymium: yttrium-
aluminum-perovskite, Nd: YAP; wavelength 1.04 mm, pulse duration 2-20 ms,
maximum energy 7J: Stimul 1340VR, Electronical Engineering®, Florence, Italy).
The laser beam was transmitted from the generator to the stimulating probe viaa
10 m length optical fiber; signals were amplified, band pass filtered (0.1-200 Hz,
time analysis 1000 ms) and fed to a computer for analysis [30, 63, 64]. Compared to
CO; laser, Nd: YAP uses pulses with a shorter duration and lower wavelengths, thus
resulting in a better synchronization of afferent inputs, reducing at the same time
the possibility of tissue damage (Figure5).
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Non-painful (top row) phantom limb phenomena: changes in VAS scoves overtime. Note that anodal ctDCS
(black circles) significantly improved phantom movements and sensations compared to the sham condition
(white squares). Data are given as percentage of baseline value +1 S.D. At each time interval, the statistical
significance vefers to the comparison between anodal (active) and sham (placebo) stimulation (***p < 0.001,
Bonferroni post-hoc comparison; modified from [51], with permission).

In our paper [51], the stump was stimulated by laser pulses (individual variabil-
ity: 15.75-24.91 J/em?) with short duration (5 ms) and small diameter spots (5 mm),
inducing pinprick sensations. Twenty stimuli, whose intensity was established on
the basis of the perceptive threshold of each patient, were delivered: we used a fixed
intensity set at two times the individual sensory threshold, defined as the lower
stimulus intensity that elicited a distinct painful pinprick sensation. In order to
reduce both skin lesions and fatigue of peripheral nociceptors, the laser beam was
shifted slightly by ~10 mm in a random direction between consecutive pulses [64].
Patients were reclined on a couch, wore protective goggles, and were instructed to
keep their eyes open and gaze slightly downwards; they were requested to mentally
count the number of stimuli, to keep their attention level constant. The interstimu-
lus interval varied randomly between 15 and 30 s.

The main AS-LEP complex, N2/P2, and the earlier lateralized N1 component
were recorded through standard disc, nonpolarizable Ag/AgCl surface electrodes
(diameter 10 mm; BiomedVR, Florence, Italy). N2 and P2 components were
recorded from the vertex (Cz), referenced to the earlobes; the N1 component was
recorded from the contralateral temporal leads (T3 or T4), referenced to Fz [63].
The baseline-to-peak and the peak-to-peak amplitudes of N1 and N2/P2 compo-
nents, respectively, were evaluated. Blinks and saccades were recorded with an
EOG electrode placed on the supero-lateral right canthus connected to the system
reference. Ground was placed on the mid-forehead.

Skin impedance was kept below 5 kQ. An automatic artifact rejection system
excluded all trials contaminated by transient signals exceeding the average value by
+65 pV on each recording channel, including the EOG.

6. Theoretical limitations to tDCS for cerebellar stimulation

Cerebellar tDCS has still some limitations. First, the variability in outcome mea-
sures as well as the applied stimulation parameters across studies prompts further
research about montage, duration, intensity of stimulation, electrodes number, and
placement.

Second, direct current stimulation may exert different, sometimes opposite,
effects on motor and non-motor cerebellar functions; in this view, while stud-
ies exploring cognitive and emotional domains have used a classical monopolar
configuration, others focusing on motor functions have adopted a different
montage, in which the return electrode is positioned over the ipsilateral face. Only
in the second case, tDCS has demonstrated long-lasting polarity-specific effects.
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That could be critically depend also on the cerebellar somatotopy: the motor
cerebellum is mainly represented within the anterior areas, whereas non-motor
functions are likely located in the posterior regions. In this connection, only few
studies have demonstrated to date the “reverse effect” between anodal and cathodal
polarization [45, 52, 65].

Third, tDCS effects critically depend on the structure orientation relative to the
electric field direction: neurons of the cerebellum are not identically orientated and
follow complex anatomical distributions over folia. That might cause a hyperpolar-
ization in some cells, while others are depolarized at the same time [66, 67].

7. Conclusions

Cerebellar current stimulation represents an emerging, safe, and effective
neuromodulation strategy for pain treatment. The possibility to interfere with
cerebellar activity is particularly fascinating in the field of chronic pain syndromes,
given that the cerebellum itself regulates both ascending and descending pathways
involved in pain processing and nociception. However, the exact mechanisms of
action are not fully understood, and some stimulation parameters have to be clearly
defined, comprising duration, intensity, and charge density. Moreover, more atten-
tion will be deserved to combine and integrate different NIBS techniques, as well as
different targets at the same time; for instance, by using the same device, cerebellar
tDCS may be associate to spinal direct current polarization, in order to improve the
clinical outcome and possibly extend putative effects over time.
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Chapter 10

From Mechanisms to Analgesia:
Towards the Use of Non-Invasive
Neuromodulation for Pain Relief
in the Clinic

Alice G. Witney

Abstract

The use of electricity for analgesic effects has a long history and yet currently
neuromodulation devices based on electrical stimulation are typically restricted
to being a last resort intervention for pain patients after the failure of pharmaco-
logical treatments. Whilst spinal cord stimulation is an established intervention
for intractable neuropathic pain, the use of neuromodulation for other forms of
pain and targeting different aspects of pain processing is less well established.
Non-invasive neuromodulation as part of a standard intervention for pain relief
would be ideal for the long term treatment of a chronic pain condition as it
would avoid the inevitable side effects associated with long term use of phar-
macological interventions or interactions between different drug treatments.
This is particularly relevant as chronic pain can be associated with diseases that
would require pharmacological treatment for the primary condition. However,
there is currently both a deficit in understanding the mechanisms of the different
non-invasive devices and also in how these devices may facilitate pain relief for
specific conditions. This review will focus on the application of electric currents
non-invasively to different sites for pain relief and outline the future potential of
these technologies.

Keywords: pain, electric current stimulation, non-invasive neuromodulation,
transcutaneous stimulation, tDCS, tACS, ta-VNS

1. What is neuromodulation? Why is pain a challenge?

Neuromodulation has been defined by the International Neuromodulation
Society (INS) as “the alteration of nerve activity through targeted delivery of
a stimulus, such as electrical stimulation or chemical agents, to specific neuro-
logical sites in the body” [1, 2]. Neuromodulation has a wide range of possible
clinical applications from the enhancement of vision, auditory function and
the control of musculature, but the application to alleviate pain is perhaps one
of the most challenging for the field. Whilst the efficacy of neuromodulation
interventions, for instance for movement disorders, can be easily measured due
to the many ways in which successful movement execution can be characterized,
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and improvements in vision and audition measured via sensory detection
thresholds, the efficacy of a potential neuromodulation intervention to alleviate
pain is far harder to determine. Currently there is not an established biomarker
for pain, and objective measurement of an individual’s pain levels either before
or after an intervention is difficult due to the subjectivity inherent in the pain
experience.

Pain involves multiple processing regions from the periphery through to the
brain and therefore, successful neuromodulation for pain relief has a number of
possible targets. A clear premise of clinical neuromodulation is that pathological
alterations in neuronal function are targeted, but for chronic pain these altera-
tions can occur due to dysfunctions at a number of different sites within the
multiple interconnected pain processing pathways. Additionally the mechanisms
underlying the persistence of pain long after the initial injury, and the formation
of a chronic pain state, still remain elusive. Pain, particularly chronic pain, is
typically regarded as a human phenomenon, with other animals simply experi-
encing nociception; a stimuli that generates a reflexive response but without key
aspects that encompass pain; that is without cognitive and emotional evaluative
aspects.

Neuromodulation, particularly non-invasive neuromodulation, is a rapidly
emerging field for therapeutic interventions and although the effects of stimulation
are evident, many questions remain open; what patient groups will this technique be
effective for?; what stimulation parameters should be used for optimum efficacy?;
what is the most efficacious target for pain relief? Furthermore the mechanisms
underlying neuromodulation has not been completely established. Therefore, taken
together, the design of optimum neuromodulation protocols and targets for pain
relief is an area that still requires development.

2. Importance of developing neuromodulation for pain relief

Chronic pain is a global health problem with both a high economic cost in
addition to its substantial detrimental impact on quality of life [3]. Remarkably
lifetime prevalence of chronic pain has been put as high as 50% of the global
population [4, 5]. Chronic pain is the most common co-morbidity for a disease,
with pain as the most frequent reason for seeking healthcare. Recently chronic
pain has been recognized by the World Health Organization as a disease and
included in the international classification of diseases (ICD-11) [6]. However,
treatment interventions are lacking; pharmacological interventions providing
inadequate pain relief with the mismanagement of opioids well documented as
both increasing mortality and exacerbating pain. For neuromodulation to be an
effective alternative for analgesia, an understanding of the mechanisms leading
to pain conditions and the networks that enhance pain or inhibit pain is essential.
For therapeutic benefit, neurostimulation techniques should modulate the ner-
vous system in a non-destructive way with reversible effects that can be applied
long term and have specificity to a targeted network. Further the intervention
should be controlled dependent on individual patient requirements [7]. Recently
a number of new non-invasive techniques have emerged; weak electric currents
applied transcranially to cortical or sub-cortical site are proposed as interven-
tions for a number of diseases that are associated with pathological alterations in
neuronal excitability [8, 9], including chronic pain. Further the recent develop-
ment of transcutaneous vagal nerve stimulation also offers therapeutic potential
for some pain patients. Although these novel non-invasive interventions offer
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promise, there remain areas of uncertainty with regards to how to optimize
stimulation protocols and standardize their efficacy across individuals.

3. The anatomical substrates for pain: potential targets for
neuromodulation

The sensation of acute pain originates from stimulation of nociceptors.
Nociceptive input has different modalities; thermal, chemical or mechanical;
that are all capable of causing pain. Receptor types and ion channels will differ
dependent on the stimulus and intensity, but with free nerve endings transmit-
ting the noxious information to A8 and C afferents. The TRP channels for trans-
duction of noxious temperature sensation are well characterized [10, 11], with
less known about mechanical pain [12]. Myelinated, high velocity (20 m/s) A
fibers and un-myelinated, low velocity (2 m/s) and C fibers transmit nociceptive
information from the periphery to the dorsal horn. Both A8 and C afferent fibers
terminate in the dorsal horn of the spinal cord, where afferent input is organized
in the rexed laminae; finer diameter fibers terminate more laterally, and larger
fibers more medially. Large diameter A fibers conveying innocuous touch can
modulate nociception transmission as formulated by the gate-control theory of
pain. This theory represented a ground breaking advance in the understand-
ing of the peripheral and spinal processing of nociceptive inputs that led to
the development of therapeutic neuromodulation interventions [13]. There is
transmission from the spinal cord via multiple ascending pathways; spinotha-
lamic, spinoreticular, spinomesencephalic, and spinocervical pathways [14].
The thalamus is an important site of nociceptive transmission to different brain
regions known to be involved in pain processing and interpretation. Additionally
significant modulation of afferent input occurs at the thalamus that has led to
the region being one of the first supraspinal areas targeted in neuromodulation
interventions. The multiple cortical and sub-cortical regions of the brain that
are involved in pain processing and modulation have become known as the pain
neuromatrix [15], or the pain connectome [16]. Particularly critical to the modu-
lation of pain is the descending pain pathways providing endogenous inhibitory
control of nociceptive input.

Chronic pain typically is defined as pain that lasts 3-6 months, with the pain
experienced no longer associated with a tissue injury. Chronic pain can result
from defects in different sites of the pain processing pathways [17] and is often
associated with both peripheral and central sensitization [18]. The pain processing
network is known to be complex and distributed. In the brain, painful stimuli is
known to lead to activation in diverse brain regions; including the frontal lobe,
anterior cingulate cortex (ACC), primary motor cortex (M1), primary sensory
cortex (S1), secondary sensory cortex (S2), insular; hypothalamus; nucleus
cuneiformis; periaqueductal grey; rostral ventromedial medulla; as observed via
fMRI studies [19]. The development of chronic pain is thought not just to involve
neural changes but also alterations in glia [20]. These glial changes are thought to
partly underlie alterations in pain transmission and the formation of chronic pain
circuitry. Imaging studies show that chronic pain leads to structural and functional
changes in multiple brain regions [21]. Chronic pain has also been reported to
be associated with dysregulation of both the sympathetic and parasympathetic
nervous systems [22]. Therefore, the potential targets for non-invasive neuro-
modulation for pain relief are diverse and could be within the central or peripheral
nervous systems.
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3.1 Primary motor cortex

Electrical stimulation of the primary motor cortex (M1) is long established as
an effective treatment for pain. Originally this intervention was limited to invasive
epidural electrode implantation, and so associated with the risk of surgery [23].
More recently non-invasive cortical stimulation has emerged as an interesting,
effective, and promising modality in the investigation of novel approaches for pain
relief [24]. The motor cortex represents a cortical region with high intra-cortical
connectivity as well as connectivity to sub-cortical regions. There are a number of
explanations for the efficacy of M1 stimulation [25]. M1- thalamic connectivity
is thought to be particularly significant in neuromodulation effects [26]. Efficacy
of M1 neuromodulation is also proposed to be due to inhibitory effects via the
limbic, cortical and subcortical brain areas involved in descending modulatory pain
control. Further M1 tDCS has been shown to reduce secondary hyperalgesia and
enhances descending modulatory control [27].

3.1.1 Monitoring the efficacy of M1 stimulation

The measurement of pain in a clinical setting has been typically through visual
analogue scales (VAS) and numerical rating scales (NRS). However many studies now
include pain threshold testing via standardized quantitative sensory testing (QST)
which involves testing across different modalities of nociceptive stimuli so that a pain
modulation profile can be monitored pre and post treatment intervention [28]. MRI
studies have examined resting-state functional connectivity alterations in pain patients
before and after intervention with tDCS and found alterations in connectivity within
pain processing areas that correlate with a reduction in pain in these patients [29].

Neurophysiological techniques have also been used to monitor changes in corti-
cal excitability after the application of electric currents so that these changes may
be correlated with pain measures. Increased excitability of the corticospinal tract
(CST) as measured by the standard neurophysiological technique of motor evoked
potentials (MEPs) have shown that increased CST excitability is associated with
analgesic effects [30] and beneficial outcomes for patients [31]. Other neurophysi-
ological measures that have been shown to have value include intracortical disinhi-
bition. A number of studies have observed that there is a reduction in intracortical
inhibition and an increase in intracortical facilitation, suggesting that motor cortex
inhibition is dysregulated in chronic pain patients [32] and so providing a neuro-
physiological basis for monitoring efficacy of neuromodulation protocols.

3.2 Endogenous descending control of pain

It is well known that once a nociceptive stimuli has been identified, the typical
response across all animals is rapid reflexive movement away from the source of the
noxious stimulus combined with an autonomic response which acts to optimize the
animal’s ability to escape from threats. The periaqueductal gray (PAG) has a critical
role in the response to threatening stimuli, both aversion and the autonomic response
[33, 34]. The PAG is also a key component of the endogenous descending pain path-
way [35]. It receives nociceptive input from spinal, subcortical and cortical inputs,
and projects to the rostral ventromedial medulla (RVM) and also to cortical areas
and the spinal cord. The initial rodent studies of PAG stimulation demonstrated a
large analgesic effect subsequent to stimulation [36]. Subsequently, PAG stimula-
tion has shown anti-nociceptive effects from rodents to man and is now known as
an essential circuit for opioid based analgesia. However, it is also established that
the PAG and descending pathways play a complex role in pain and can facilitate as
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well as inhibit pain. Importantly, these endogenous descending pain pathways are
thought to be defective in some patients, leading to chronic pain. To improve and
develop neuromodulatory interventions it would be ideal to first characterize the
integrity of the patient’s descending modulatory pathway and subsequently monitor
the effect of an intervention on this pathway. Two experimental observations using
psychophysical methods are thought to enable important insights in the endogenous
descending modulatory control and have generated interest in pain research. These
are offset analgesia (OA) [37] and conditioned pain modulation (CPM) [38]. It
would be useful if these methods could monitor the efficacy of neurostimulation
protocols aimed at enhancing inhibitory pain pathways.

3.2.1 Offset analgesia

Offset analgesia (OA) is a phenomenon observed in both experimental and
clinical studies [39]. OA is defined as a disproportionate reduction in pain after a very
slight decrease in experimental pain stimulus intensity. The size of the OA effect is
very large, with the effect thought to be over 250% when compared with equivalent
increases in pain intensity [39].

The physiological mechanism and function of this phenomenon is not completely
understood, but there is substantial interest in OA due to the apparent analgesia that
it can convey in the presence of a previously painful heat stimulus. Additionally defi-
cits in OA has been demonstrated in a number of different clinical group of chronic
pain patients, and therefore a psychophysical OA protocol could be incorporated as
part of a diagnostic protocol for chronic pain patients [40]. However, there is debate
over whether OA could be used as a means to monitor the success of pharmacological
interventions [41, 42] and suggests that this protocol requires reliability testing prior
to use for the assessment of intervention efficacy. fMRI evidence has suggested that
the PAG is activated during OA suggesting that the descending control pain pathway
is important in the experience of this phenomenon [43].

3.2.2 Conditioned pain modulation

Conditioned pain modulation (CPM) represents the phenomenon of ‘pain
inhibits pain’ and is thought to be the human counterpart to descending noxious
inhibitory control (DNIC) that has strong electrophysiological evidence in rodent
pain models [44]. Although DNIC was observed in rats in the 1970s, the human
counterpart as observed through psychophysical methods is much more recent [38].
While there is increasing evidence that deficits in CPM can predict the development
of chronic pain the reliability of the response has been questioned and there are a
number of alternative protocols in the literature [38].

Patients with knee osteoarthritis have also been found to have defects in the
descending pain control that can be characterized by defects in CPM. Further CPM
paradigms have been used to monitor the effect of neuromodulation interventions on
the endogenous inhibitory pathways in experimental pain in healthy participants [45]
and clinical pain in Fibromyalgia patients [46]. As well as M1 stimulation influencing
descending pain pathways it is possible that prefrontal stimulation may also modulate
PAG due to the known connectivity [47]. Prefrontal tDCS is a common target for tDCS
for pain modulation [25, 48], but not currently assessed in the context of descending
pain pathways as monitored via CPM protocols. However patient studies using tDCS
of the left dorsolateral prefrontal cortex have suggested efficacy is achieved via
enhancement of descending pain modulation as well as known cognitive effects of
this stimulation [49]. The link between PAG and cerebellar circuitry [50] may sug-
gest that cerebellar tDCS could also influence PAG. Experimental pain studies have
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explored the use of cerebellar tDCS as a target for modulating pain thresholds [51],
but there are currently only a few studies.

3.3 Vagal nerve stimulation

The vagus nerve is a large tract originating at the brainstem and is known for its
widespread innervation, targeting every major thoracic and abdominal organ [52, 53].
Vagal nerve stimulation (VNS) has similarly been shown to provide multi-systems
effects, and thus useful for a wide range of disease interventions. The recent develop-
ment of non-invasive vagal nerve stimulation; via transcutaneous auricular vagus
nerve stimulation (ta-VNS); rather than the traditional cervical implantation; increases
therapeutic potential of the intervention as it removes the need for surgery [54].

Due to the novelty of ta-VNS there is currently a lack of consensus over the optimal
stimulation protocol [55]. Stimulation is typically of low amplitude current (~5 mA)
with pulses of 250-500 ps with a frequency of between 10 and 25 Hz [54]. Recently
anumber of studies have made efforts to individualize the stimulation level based on
perceptual threshold using sequential testing protocols.

There is increasing evidence that VNS has anti-nociceptive effects [56, 57].
Analgesia is thought to occur through both the inhibition of spinal nociceptive
reflexes and ascending transmission. There is evidence VNS and ta-VNS also
modulates ascending inputs in the brain by altered activity in pain processing
regions as observed via fMRI [55, 58]. Further a recent study examined the brain-
stem fMRI response to a respiratory gated ta-VNS protocol (known as RAVANS).
Interestingly this study found that stimulation led to greater blood oxygen level
dependent (BOLD) responses in the PAG [59]. Further this study explored the use
of different stimulation frequencies, with a frequency of 100 Hz showing increased
responsiveness of PAG. This alteration to a key site for endogenous pain modula-
tion provides additional support for the potential of VNS for pain relief. Opioid
receptor antagonists are found to reduce the efficacy of VNS, indicating that there
is an opioid based mechanism for analgesia. Further VNS is also widely thought to
have anti-inflammatory effects [56]. These anti-inflammatory effects are proposed
to be due to neural-immune interaction at the peripheral nerves [60], with electric
stimulation of the vagus nerve triggering a neural-immune reflex via cholinergic
anti-inflammatory pathways that dampen the inflammatory response to infection
or tissue injury and suppress the release of pro-inflammatory cytokines.

4. Translation for patient pain relief?

Early studies using tDCS in patient studies have had variable success and lack
strong evidence of treatment efficacy [61]. Initial randomized controlled trials
of anodal tDCS to primary motor cortex (M1) as an intervention for neuropathic
pain found the intervention to be ineffective [62]. However, recent studies provide
support for tDCS of M1 as a treatment intervention for knee osteoarthritis [63],
fibromyalgia [64] and inflammatory bowel disease [29]. There have also been
randomized clinical trials using prefrontal tDCS demonstrating tDCS to be effec-
tive in pain reduction in patients with multiple sclerosis [65] and fibromyalgia [49]
and also reduce post-surgical opioid use [66]. A recent meta-analysis of selected
randomized controlled trials of tDCS for non-cancer pain included predominantly
M1 tDCS but also left dorsolateral prefrontal tDCS [48]. The meta-analysis showed
active stimulation was consistently better than sham stimulation with stronger evi-
dence for the efficacy of anodal M1 tDCS [48]. However, overall there remain short-
comings in the current literature on tDCS in patient groups; the study numbers are
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small; the tDCS protocols differ across studies; the patient groups are heterogeneous
making meta-analysis challenging; and the study designs used inconsistent, with
some studies favoring a cross-over design to a control group. For tDCS to become an
established treatment intervention, large multi-centre randomized controlled trials
with standardized protocols and patient cohorts are necessary.

Studies using VNS in patient groups report beneficial effects of this form of stimu-
lation in patients with pain associated with inflammatory conditions, for instance
rheumatoid arthritis or migraine. Indeed recent studies have provided strong support
for the use of vagal nerve stimulation in arthritis patients [56]. The combination
of anti-inflammatory effects of VNS [67] with the previously mentioned analgesic
effects via the endogenous opioid system may explain the potential for this technique
in these patient groups. In fibromyalgia, although the disease etiology is uncertain,
patients are known to experience systemic inflammation and neuroinflammation,
and so may be a patient group that particularly benefits from this intervention.

5. Methodology for translation of electric current stimulation to the
clinic

Evidence for the efficacy of non-invasive application of electric currents in
humans for neuromodulatory effects has been rapidly increasing, with many pro-
posed applications, including pain. The potential applications explored have been
extensive as the technique is easy to implement, cheap and well tolerated by partici-
pants. Additionally an interesting potential development of non-invasive neuro-
modulation interventions suggests the method is a viable technique for patients to
use in their homes with remote monitoring [68]. However there is not currently a
consensus on the optimal protocols and variability in effects across individuals have
been widely reported. For translation to the clinic, systematic study into the effect
of altering the amplitude and duration of the applied electrical current is essential.
These parameters include; electrode montage when targeting a given area; size of
the electrodes; magnitude of stimulation and duration of stimulation [69]. As with
many therapeutic interventions key questions are; how can neurostimulation dose
be determined?; how can treatment fidelity be ensured?; how can individual vari-
ability be controlled when determining dose?

5.1 Electrode montage in tDCS

In tDCS the stimulation electrodes are typically two saline soaked sponge elec-
trodes; an anode and a cathode; that range from 25 to 35 cm® placed above the region
of interest and the reference electrode is positioned at another cortical region [70].
Early studies with tDCS used a very simple electrode montage, with two electrodes of
the same size often with the assumption that the effect of the active electrode would be
independent of the placement and size of the second, reference electrode. For motor
cortex stimulation the typical electrode montage is to have the reference electrode
placed over the contralateral orbit. It has been suggested that anodal stimulation
protocols can be optimized by having the cathodal reference electrode as a larger size,
thus rendering it functionally inert [71]. Another montage option has been the selec-
tion of an extracephalic reference electrode; typically the deltoid or buccinator muscles.
Regardless of site used the montage of the two electrodes will inevitably impact on the
regions where brain modulation will occur due to stimulation. Further the different
forms of electrodes now available will also influence the applied stimulation as it is
known that the electrode-skin interface has variable impedance that will be depen-
dent on a number of factors that lead to variability in the delivered current. Modern
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stimulators are current controlled, but some earlier studies are voltage controlled lead-
ing to the current that reaches the scalp being dependent on differences in impedance
thus leading to greater variability and difficulty in making comparisons across studies.

5.2 Modeling current flow in tDCS

One limitation of tDCS is that the sites of stimulation are typically identified
based on the cranial landmarks of the 10-20 system for EEG electrode placement.
However individual differences in brain anatomy will result in electrode place-
ment that may not correspond exactly to the intended target site of stimulation.
M1 stimulation can be improved by identifying the individual’s motor hotspot via
transcranial magnetic stimulation (TMS) before electrode placement, but cur-
rently this is not typically included in the protocols for tDCS studies for pain relief.
Recently current flow diagrams have been developed and are regarded as critical
to the optimal administration of tDCS [72]. Ideally these predictions of the cur-
rent flow are adapted to the specific anatomy as recorded via magnetic resonance
imaging (MRI). Implementing tDCS in this way may help to control for some of
the observed inconsistency in the effects of tDCS across populations [73]. This may
be particularly important in some patient populations; recent work has further
suggested that brain atrophy may also impact of the flow of current [74]. Given the
observation of structural changes in the brain of chronic pain patients this may be
problematic [22]. This may to some extent be ameliorated by individualized electric
field models that can optimize tDCS dosage for patients [75, 76]. Current flow
modeling also enables tailoring the dose to electrodes of different sizes, including
high-definition transcranial direct stimulation protocols with smaller electrodes
arranged in more complex montages to facilitate more focused effects [77, 78].
Additionally the current flow modeling may be able to facilitate the use of non-
invasive neurostimulation techniques to deeper brain structures [77], so that novel
targets in the pain neuromatrix could be stimulated.

5.3 What is the optimum magnitude of the applied electric current?

The effects of electric stimulation of the brain have long been studied in animal
models [79, 80]. When applied to the brain, the current is thought to alter underly-
ing neuronal excitability but is also thought to affect functionally connected distant
cortical and sub-cortical regions. However many animal studies apply direct current
stimulation onto the cortical area (DCS). Therefore the current reaching the cortex
is typically much greater than with transcranial application. The magnitude of elec-
tric current may be critical for the observed effects so the two methodologies could
differ substantially. Similarly the trans-cutaneous application of electric currents to
nerves is also emerging as a useful non-invasive intervention, and again the existing
animal and human studies are often based on observations from invasive methods.

tDCS and tACS studies typically apply low currents (typically 1-3 mA) with
1.5-2 mA being the most usual stimulation levels. Recent studies have experimented
with the use of higher currents (up to 4 mA) [81]. Studies have varied substantially
in the protocols used, but all would lead to charge densities that would be far lower
than that required to elicit an action potential. The charge density used in a study
varies dependent on the size of the electrodes used, and is calculated by the size
of the electrical current applied divided by the electrode area. The duration of the
applied electrical stimulation has also been variable across studies but is typically
within the range of 10-30 minutes. To enhance intervention comparisons studies
could compare the total charge administered over stimulation period, so taking into
account the duration electrical stimulation is applied in the intervention period.
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Future work exploring the appropriate current, as well as how this can be adjusted
for different individuals is essential. It already known that lower currents are suf-
ficient to lead to membrane polarization and have potential therapeutic benefits.
Indeed the lower stimulation levels applied to primary motor cortex were in fact
more effective in increasing motor cortical excitability [82], and may avoid the
problematic finding of non-linear tDCS effects that have recently been reported
when increasing current, with a reversal of effects observed in the mid-range of
applied current (2 mA) [83]. This observation has been paralleled in animal models
but pharmacological studies are required to discern the effect of the current on
specific ion channels. Since it has been reported that there is non-linear effect in the
stimulation magnitude, individual differences in cortical excitability; determined
by differences in motor evoked potentials when primary motor cortex is the target;
could become critical for appropriately setting therapeutic dose.

A further tDCS effect that has not undergone much investigation and yet is
important for implementation in a patient population is the duration of any tDCS
therapeutic effects, and the impact of protocols involving repetitive stimulation
is applied. Recent research has explored the short and long stimulation durations
and compared these with those where short duration protocols are repeated with
intervals. There is some evidence that repeated stimulation is more efficacious than
continual longer duration stimulation protocols [84].

5.4 Interaction with individual patient characteristics

There are multiple parameters that can be altered in the administration of tDCS
stimulation [48]. There will also be alterations of the effect of tDCS due to differing
characteristics of the patient. There will be environmental factors that will impact on
tDCS effects that could include the patient’s current cognitive state and fatigue levels.
Increasingly studies have explored the interaction between tDCS and pharmacologi-
cal interventions, but it must also be considered that other medications taken by the
participant could impact on the effect of neurostimulation. Many of the conditions
that tDCS has been proposed to treat would mean that the patient would be taking
medication [85]. This is particularly critical when considering the use of tDCS for
pain relief, as chronic pain is a frequent comorbidity. Hormonal influences have been
suggested to impact both on the perception of pain but also on the effects of tDCS. The
effect of the interaction of tDCS with estrogen has only recently been explored [86].
This is particularly important when considering pain interventions as many conditions
associated with chronic pain have a higher prevalence in women than men.

5.5 Mechanisms of tDCS

The effect of tDCS has been shown to be polarity-dependent [87]. Application
of the anodal electrode (a-tDCS) over the target area increases neuronal excitability
whereas a cathodal electrode (c-tDCS) decreases neuronal excitability [70, 88]. The
underlying mechanisms of tDCS effects are unclear but tDCS is thought to alter
neuronal membrane potential and so impact on the action potential threshold [89].
These studies suggest that anodal stimulation induced neuronal excitability results
from neuronal membrane subthreshold depolarization and cathodal inhibitory
effects are produced by membrane hyperpolarization. It was originally proposed that
the polarization was from the somatic membrane where there is a higher density of
sodium channels. Following from this, the short term effect of tDCS have been sug-
gested to be related to increasing permeability to sodium. Additionally the neuronal
excitability that occurs during anodal tDCS can be removed by pharmacologically
inhibiting calcium channels and voltage-dependent sodium channels [90].
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Human spectroscopy studies have demonstrated that anodal tDCS causes a
local gamma aminobutyric acid (GABA) reduction [91] whereas cathodal stimula-
tion leads to decreased glutamatergic neuronal activity. Currently the suggested
mechanism of tDCS is thought to include presynaptic modulation of neurons, with
the stimulation effects related to synaptic inputs rather than solely action potential
generation [92, 93]. Evidence from animal studies of DCS also suggests presynaptic
effects, with cathodal stimulation reducing the probability of glutamate release and
anodal stimulation increasing glutamate release probability.

To explain the longer term effects of tDCS, anodal tDCS had been initially
assumed to induce long term potentiation (LTP)-like effects whereas cathodal tDCS
thought to induce long term depression (LDP)-like effects. However this is now
thought to be overly simplistic. Some of the variability in effects of anodal and cath-
odal stimulation has been explained by mechanisms of homeostatic plasticity [94]
formalized in the Bienenstock-Cooper-Munro (BCM) rule of bidirectional synaptic
plasticity [95]. These mechanisms are proposed to occur within neural networks to
prevent hyperactivity or hypoactivity [95].

Importantly recently it has also been highlighted that polarization of the cell
membrane must be dependent on the orientation of the neuron to the extracellular
current vector [96]. Further evidence of the importance of axonal orientation has
been provided by animal studies with evidence from rat hippocampus suggests that
effects of electrical current vary dependent on the orientation of axons [97]. The
significance of axonal orientation in the effects of DCS could have wider implica-
tions as to how develop tDCS methods. Diffusion magnetic resonance imaging
(dMRI) enables an assessment of the structural connectivity and integrity of tracts.
It has been suggested that tractography achieved from dMRI may be beneficial for
optimal electrode positioning in clinical instances where there has been disruption
in fibre tracts due to disease [98] or that dMRI may aid understanding of the effects
of neuromodulation at a cellular level [99]. Imaging techniques may also offer a
means of individualizing interventions, but they would have the disadvantage of a
substantial cost increase for an otherwise cheap intervention.

5.6 tACS

Transcranial alternating current (tACS) of the primary motor cortex (M1) has
been shown in the past to be effective in modulating sensory thresholds for tactile
sensation and visual phenomena [100] and offers potential for pain modulation
[101]. tACS involves weak alternating currents being applied through the skull via
electrodes on the scalp with montages similar to those used with tDCS. tACS can be
applied in a wide frequency range, with the effect of each frequency range still to be
explored. There is evidence of gamma and alpha oscillations being associated with
pain processing and perception. Despite its potential only a limited number of studies
have used tACS although alpha range stimulation has been found beneficial for
pain relief [102]. Studies combining tACS with fMRI, neurophysiology or QST may
help address the optimum tACS frequency for pain relief. The mechanistic effects
of tACS are less well understood than tDCS and interestingly there has been the
suggestion that tACS effects could be a result of stimulation of peripheral nerves
trans-cutaneously rather than effects on cortical neurons [103].

5.7 Less explored effects of electric currents and future research avenues
Imposed electric fields may have a wider biological effects. For instance tDCS

could influence glia [89, 104]. Future work should consider these largely unex-
plored effects so as to provide a more comprehensive mechanistic basis for weak
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electric currents dependent on targeted pain processing region. Further some
consequences of weak electric currents are not widely monitored. Recent studies
have begun to explore the possible consequences of tDCS on immune responses,
which is particularly relevant when considering tDCS and ta-VNS for analgesia.
However, thus far this has been in animal models [105, 106]. Imaging techniques
such as proton magnetic resonance spectroscopy (H-MRS) could provide a useful
methodology for monitoring changes in metabolites in response to patient tDCS
or ta-VNS interventions. For instance, choline and myo-inositol are thought to be
altered in chronic pain patients and are associated with neuroinflammation [21].

6. Conclusion

Pain is a complex sensation associated with the activity of multiple cortical
and sub-cortical regions in the brain. The overall pain percept must result from
the interplay between multiple ascending pathways that convey nociceptive input
from the peripheral with descending pathways that act to modulate nociceptive
input. The mechanisms for the formation of chronic pain are uncertain; though
it is known that there are both peripheral, spinal cord and central mechanisms
underlying the formation of chronic pain. Non-invasive neuromodulation through
tDCS presents a particularly interesting treatment intervention for pain as recent
evidence also suggests that its mechanism of action is not only the modulation
of neuronal activity but that the technique also influences the neuro-immune
response. However, for appropriate translation of tDCS to a clinical setting there
remains the need for research for both increased mechanistic understanding as well
as studies how the level of electric stimulation applied can be accurately targeted
and tailored to individuals and different disease groups.
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Abstract

Urological applications of neuromodulation and neurostimulation are among
the most evolving fields for these technologies. First approved for management
of refractory urge incontinence, different modalities of neuromodulation and
stimulation have been tested, applied and verified for a vast spectrum of voiding
and pelvic floor dysfunction disorders. The modalities of delivering this treatment
have also evolved in the last three decades, with a focus on sacral neuromodulation.
The experimental and established “off-label” applications of neuromodulation have
also encompassed chronic pelvic pain disorders, including chronic prostatitis and
bladder pain syndrome, among others. In this chapter, we discuss all the hypoth-
esized theories suggested on how this technology provides therapeutic potential for
anumber of chronic and debilitating urological conditions, the modes of delivery
be it anterior, sacral, and posterior tibial to name a few, and the evolving and future
applications.

Keywords: neuromodulation, sacral neuromodulation, posterior tibial nerve
stimulation, lower urinary tract dysfunction

1. Introduction

Neuromodulation in urological practice is not a novel concept, but certainly one
that has lagged in dissemination. The first reports of the use of neuromodulation to
stimulate bladder emptying date back to as early as the 1970s, although the results
back then were disappointing [1]. It was not until 1988 that Schmidt and Tanagho
restarted the discussion on applications of neuromodulation and electrical stimula-
tion of the sacral nerve in urology, and since then reports on different novel tech-
niques and applications ensued [2, 3]. The term “neurostimulation” was recoined
later to “neuromodulation,” as experts in the neuro-urology field argued that
electrical currents do not only stimulate but rather modulate the messages carried by
different nerves involved in the micturition reflex and the lower urinary tract [4].

1.1 Review of lower urinary tract innervation and processes of storage and
micturition

The urinary bladder has both afferent and efferent innervation. Efferent inner-

vation is both sympathetic and parasympathetic. The hypogastric nerve carries
postganglionic sympathetic fibers innervated at the inferior mesenteric ganglion
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by preganglionic fibers arising from T11-L2. Their main function is inhibition of
bladder wall contraction and excitation of the internal urethral sphincter, both
necessary to maintain continence and facilitate urinary storage. Parasympathetic
efferents which originate preganglionically from the sacral spinal cord through
the S2 to S4 spinal nerve roots reach postganglionic fibers in the pelvic plexus and
bladder wall and through stimulation of release of acetylcholine act on muscarinic
receptors to produce bladder wall contraction.

Afferent innervation from the bladder consists of small myelinated A3 fibers,
which relay information via the pelvic and pudendal nerves to the sacral spinal cord
at S2 to S4 about the properties of a bladder contraction, and synapse with spinal
interneurons and autonomic fibers constituting what is known as the micturition
reflex arc. The interneurons also relay information to higher centers, namely the
periaqueductal gray and pontine micturition centers, as well as the hypothalamus,
thalamus, prefrontal cortex and angulate gyrus in the cerebrum, among other
areas. These centers have a modulatory voluntary control over bladder function
and what is perceived by us from somatic sensation in the bladder and pelvic floor,
such as sensation of bladder fullness. Bladder afferents also consist of unmyelinated
C-fibers which are inactive in normal circumstances but are responsible for trans-
mission of noxious stimuli such as bladder pain and are involved in the development
of neurologic lower urinary tract dysfunction [1].

During the phase of urinary storage, information about increasing bladder
volume and pressure is carried by afferent discharges that stimulate both the
sympathetic and parasympathetic preganglionic fibers. While the stimulated
parasympathetic fibers would elicit a bladder contraction, their activity is inhib-
ited by sympathetic discharges at the postganglionic level, which also maintain
contraction of the internal urethral sphincter at the level of the bladder neck and
contraction of the pelvic floor in response to bladder filling. This coordination of
afferent and efferent pathways ensures stable bladder filling and urinary storage
and subsequently continence. Beyond a certain threshold of bladder filling, afferent
discharges trigger the micturition reflex at the pontine level. This reflex results in
inhibition of sympathetic and efferent continence signals and allowance of para-
sympathetic mediated bladder contractions to facilitate bladder emptying, preceded
by relaxation of the urinary sphincters and pelvic floor.

Any interruption at the gross or microcellular level of these neural circuits
would result in voiding dysfunction, be it by increased bladder sensation resulting
in urinary frequency as is the case in overactive bladder and urgency-frequency
disorders, loss of continence as in urgency urinary incontinence, loss of bladder
sensation or inability to generate a voiding pressure as in non-obstructive urinary
retention, or formation or upregulation of pathological neural circuits for reflex
bladder activity or transmission of noxious stimuli such as is neurogenic bladder or
pelvic pain disorders.

1.2 Mechanisms of action of neuromodulation of lower urinary tract

Neuromodulation of the lower urinary tract aims to restore lost or dysfunctional
neural functions to fulfill the two main functions of the bladder, storage and voiding.
Artificial stimulators directly or indirectly apply electrical stimulation that achieves
this purpose. Through continuous or intermittent electrical stimuli at different
nerves and sites, neuromodulation treats both bladder over- and under-activity, as
well as pelvic and bladder pain [5].

The modes by which these electrical stimulations achieve such restoration differ
from one type of neuromodulation to the other, and this will be further discussed in
each section.
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1.3 General indications

Neuromodulation in urology is aimed at control of uninhibited bladder contrac-
tions to eliminate sensation of urgency and provide appropriate urinary continence.
This is the scenario for overactive bladder disease and neurogenic bladder overactiv-
ity. Inability to void resulting in urinary retention is also corrected by neuromodula-
tion, though the literature has been less evident for neurogenic causes of retention
versus the established restorative effects on voiding in idiopathic non-obstructive
urinary retention (NOUR). Other effects through action on shared nerves between
the lower urinary tract and the pelvic floor musculature are less reported on and are
yet to be approved, but results have shown consistent alleviation of pelvic pain and
sexual dysfunction parameters.

2. Neuromodulation modalities in urology

The spectrum of neuromodulation modalities in urology has evolved yet focuses
around two manners that correspond to our understanding of the innervation of the
lower urinary tract and pelvic floor muscles: sacral neuromodulation, by sacral ante-
rior root stimulation, sacral nerve modulation and recently pudendal nerve stimula-
tion (PNS) and its derivatives, and less invasive neuromodulators and peripheral
nerve stimulators, the most studied of which is posterior tibial nerve stimulation.

2.1 Sacral anterior root stimulation

Though this mode of urological neuromodulation is almost of historical interest
in the face of current advances in the field and the dominance of sacral neuromodu-
lation, it yet deserves honorable mention as it paved the way to utilize the sacral
region for restoration of bladder function. Through stimulation of the anterior
sacral nerve, both bladder parasympathetic efferents and somatic motor fibers
to the external urethral sphincter are activated. This ventral activation facilitates
intermittent bladder emptying [1].

Brindley in 1976 implanted intradurally and bilaterally on the ventral roots from
S2 to S5 subcutaneous cables that were externally powered and would provide on-
demand electromagnetic stimulation to facilitate voiding [5-7]. He later modified
his procedure by performing posterior rhizotomy at the S2-S3 level during implan-
tation of the stimulator to improve the continence outcome by eliminating the effect
C-fiber bladder afferents had on amplifying the micturition reflex. This is what was
later named the Brindley procedure, and its popularity phased out years later as
more studies and reports demonstrated debilitating and unacceptable complications
such as sacral dermatome hyperalgesia, cerebrospinal fluid leak, and damage to the
anterior nerve root. The procedure, however, remains indicated for patients with
complete spinal cord injury (SCI) with maintained bladder reflexes [1, 7-9].

2.2 Sacral neuromodulation

The first reports describing the application of sacral neuromodulation were
by Schmidt and Tanagho, the latter concentrating on its application in neurogenic
lower urinary tract dysfunction [2, 3]. Since then, both experimental and approved
applications and research aiming to understand the mechanism of action by which
sacral neurostimulation, or more appropriately now termed sacral neuromodulation
(SNM), affects and rehabilitates the functions of the lower urinary tract, both in
facilitating bladder storage and voiding, has expanded. Researchers also embarked
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on assessing its efficacy, particularly cost-effectiveness, when compared to other
modes of treatment for its indications. SNM is, perhaps, the best studied mode of
neuromodulation in urology [5].

Compared to the Brindley procedure, SNM posed numerous advantages and
technical differences. The SNM procedure involves extradural electrode implanta-
tion usually in one of the paired S3 foramens. It does not require posterior rhizotomy
either. This minimized the risks of nerve root injury or cerebrospinal fluid leakage.
It provides continuous electrical stimulation to the nerves in its proximity and
is controlled remotely without the need for subcutaneous cables as it has a built
in-battery and antenna. It also modulates for restoration of normal micturition and
suppresses bladder overactivity, which made it applicable to non-neurogenic voiding
dysfunctions as well [1, 3].

The first SNM device made commercially available was the Interstim® (Medtronic
Neuromodulation, Minneapolis USA). It was first approved in 1997 by the US Food &
Drug Administration (FDA) for use in refractory urge incontinence, and later in 1999
its approval was expanded to include significant urgency, frequency, and idiopathic
urinary retention. The US market was the most enthusiastic to adopt it, and back then
and by the year 2004 15,000 units were implanted, the majority of which were in the
USA [10, 11]. Since then, the rates of SNM implantations increased by at least 10 to
20-folds [12, 13].

Sacral neuromodulation is dedicated to the S3 foramen, targeting the S3 nerve
root which is identified as the most relevant home for impulses, containing sensory
fibers from the pelvic floor and parasympathetic neural fibers affecting the detru-
sor muscle of the bladder. This differs from the target of other neuromodulation
modalities, and provides a distinct pattern of identification during implantation,
which will be discussed later [14, 15].

2.2.1 Mechanism of action

The goal of SNM is to modulate abnormal bladder sensations the patient may
have, as well as involuntary uncontrollable reflexes in the lower urinary tract to
restore the patient’s voluntary control and facilitate normal function [16]. The
theories on how it actually achieves these goals are vast, and expanding to date,
and remain complex. This is perhaps in part due to the sophisticated interaction
of higher central voiding centers in the brain and spinal cord and the peripheral
nervous system in facilitating the functions of the lower urinary tract.

Investigators have assessed a multitude of concepts, from the molecular neu-
rophysiological level to broader neurocirculatory behaviors in the brain and spine,
in both animal models and human studies. Yet to date, no single theorem has been
solely agreed upon. Some studies have even shown dual or multiple mechanisms
through different channels by which SNM exerts its modulatory effect on the lower
urinary tract, partly by studying its different effects in many neuro-urological
conditions ranging from bladder overactivity to chronic pelvic pain.

SNM therapeutic effects are speculated to arise through electric stimulation of
both afferent and efferent neural circuits in the pelvic viscera and connections with
spinal interneurons. The stimulator produces an electrical charge in close proximity
to the sacral root nerves, regenerating propagational axonal action potentials in the
region. This in turn stimulates somatic afferents which modulate higher center con-
trol of micturition including the prefrontal cortex and insula, by restoring normal
bladder function and perhaps suppressing reflex bladder activity such as that seen in
overactive bladder (OAB). This indirect effect both on the bladder and the urinary
sphincter is achieved through adaptive neural plasticity, and thus, an intact neural
system, at least distally, is a neural requirement for SNM to successfully restore
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bladder function [15-21]. The SNM device can provide different levels of stimula-
tion, which may further modulate efferents to the bladder-sphincter complex;
however, it does not have any direct effect on urethral resistance [16, 22].

Several studies have proved that SNM has modulatory effects in the brain.
Earlier work has demonstrated stimulatory and inhibitory effects in specific brain
regions including those responsible for alertness, sensation of bladder filling, and
timing of micturition [23, 24]. Utilizing positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI) of the brain, researchers were able
to identify decreased function after SNM in areas like the orbitofrontal cortex,
angulate gyrus, and thalamus, while stimulating the dorsolateral prefrontal cortex,
and the therapeutic effect of SNM corresponded to pre-implantation increased
activity in the angulate and inferior frontal gyri, insula and thalamus. Such pat-
terns of activity in the brain were shown to predict response to SNM treatment
in females with OAB. Furthermore, investigators were able to show that different
SNM stimulus intensities had varied brain responses, which may have differential
therapeutic implications [23-27].

On the neurophysiological level, much has been investigated to understand
which neural receptors and neurotransmitters may be affected by neuromodula-
tion, SNM in particular. Opiod receptors are shown to be inhibited by SNM, and
this inhibitory effect is augmented by tramadol and other opiod receptor agonists
[28]. From animal models, blockade of opiod receptors with naloxone significantly
reduced bladder capacity during sacral neuromodulation for reflex bladder activity.
Blockade of beta-2 receptors, however, showed the opposite response during SNM
[29]. Also mediated by opiod receptors are the SNM inhibitory effects of bladder
overactivity mediated by supraspinal GABA , receptors [30].

2.2.2 Indications and contraindications
2.2.2.1 FDA approved indications

The US Food and Drug Administration has approved four main indications for
SNM application, three of which are urological: refractory urinary urgency and
frequency, urge urinary incontinence (UUI), non-obstructive urinary retention
(NOUR), and lastly, fecal incontinence. This has been agreed upon and resounded
by multiple authorities including the International Continence Society in their
best practice statements, among other bodies [4]. However, FDA approval does
not indicate level of recommendation, and authoritarians and experts in the field
have built on this approval to debate and set the grade and the line of therapy at
which SNM serves for a number of conditions, as well as argue for and against other
indications or applications the FDA has not seen the benefit of SNM for eye-to-eye
with available literature and results. There are, moreover, conditions that must be
met prior to justifying an implantation regardless of the aforementioned indications
and contraindications that must be observed.

The International Continence Society (ICS) assessed the evidence available for
SNM in different pathological genitourinary conditions and published its recom-
mendations based on available literature. In summary, the ICS panel found grade A
evidence to support the efficacy of SNM in overactive bladder and non-obstructive
urinary retention including Fowler’s syndrome and voiding dysfunction; however,
this high level evidence did not change their recommendation of maintaining SNM
as a second or third-line mode of therapy in these disorders. For other conditions
including interstitial cystitis/bladder pain syndrome (IC/BPS) and neurogenic
lower urinary tract symptoms, SNM remained an option based on lower levels of
evidence (grade C evidence/level IIl recommendations) [4, 31].
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2.2.2.2 Off-label uses

Although the FDA has not recognized or approved these applications of SNM,
there is a growing body of evidence that demonstrates its effectiveness in other
genitourinary pathological conditions. In particular are chronic pelvic pain disorders
including both IC/BPS and non-IC chronic pelvic pain syndrome (CPPS). Despite
lack of availability of high-level evidence, the off-label application of SNM in these
conditions continues with variable results in improving associated urinary symp-
toms and quality of life parameters.

Other non-approved applications of SNM include its use in special popula-
tions such as those with neurogenic lower urinary tract symptoms, pediatrics and
adolescents, and even in contraindicated situations including continued SNM in
pregnancy for women with urological conditions. Most of these applications carry
hypothetical risks, a spectrum of which have been refuted in small case series and
reports in literature, but bigger studies are needed to elucidate and clarify the role
of SNM in these situations.

2.2.2.3 Contraindications

Authorities have agreed on certain absolute and relative contraindications for
SNM [4], with exceptions and points up for debate to date in the literature.
Absolute contraindications of SNM are:

1. An inadequate clinical response—this is dictated by the universally accepted
cut-off of more than 50% improvement during the test phase of SNM.

2. The patient’s inability to operate the SNM device, or lack of caregiver support
thereof who could assist in doing so.

3.Pregnancy, and this remains a point of debate across literature, as will be
discussed further next.

The relative contraindications for SNM therapy, as outlined by many guidelines
including the ICS best practice statements, do not preclude use of SNM, but must be
vigilantly observed and discussed with the patient prior to embarking on treatment.
These include:

1. Severe and/or rapidly progressive neurologic disease with urinary symptoms—
in such a state, the patient’s foreseeable benefit from treatment, even based
on a successful test phase, would be challenged by the changing neurological
status or development and progression of the disease.

2. Complete SCI, which would hinder the modulatory effect of SNM in higher
nervous centers as discussed earlier.

3.The ongoing recognized or observed need for magnetic resonance imaging
(MRI) examination, particularly in patients with established neurological
disorders like multiple sclerosis (MS) that may need continued MRI assess-
ment or patients undergoing work-up for other conditions that may need
it, particularly non-head MRI examination, which will be discussed further
in a separate segment as growing reports continue to argue MRI safety with
implanted SNM devices.
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4. Abnormal sacral anatomy is a sensible contraindication in which such deformi-
ties would hinder the identification of the correct sacral foramens required for
optimum effect and implantation.

2.2.2.4 Magnetic vesonance imaging

With the exception of head MRI examination, the ongoing or anticipated
need for MRI examination for patients is a relative contraindication for SNM
implantation [4, 32]. The potential effect of non-head MRI examinations on
an implantable metallic device such as SNM have debilitated practitioners and
potential patients alike with one series reporting that 23% of device explanta-
tions at their center were due to the need of the patient to undergo this examina-
tion. This has absurd financial and clinical implications in the face of an effective
implantation [33].

In the same series, two thirds of the explanted patients required a change in
management post-explantation, including intradetrusor botulinum injections, or
to resort to self-intermittent urinary catheterization or even require in one case
cystectomy and urinary diversion. Thus, explantation has dire consequences that
must be outweighed against the potential need and risks of undergoing MRI espe-
cially when over 20% of the patients that were explanted prior to MRI examination
ended up not undergoing the imaging test and just over 50% of those MRI results
influenced non-genitourinary treatment decision making [33]. Additionally, one
cannot help but wonder the number of patients who may have benefitted from SNM
therapy had they not been excluded due to prospective need for MRI with better
and alternative planning.

2.2.2.5 Pregnancy

It is difficult to design trials to test for the effects of SNM, or any form of
neuromodulation or therapy for that matter, when there is a hypothesis of poten-
tial teratogenic effect on the fetus, or risk of abortion or premature delivery.
Apart from the overridden potential for damage to the SNM system when it was
historically being implanted in the anterior abdominal wall, completely posterior
SNM implants or their predecessors have not been shown in a number of series
and reviews to be associated with any fetal malformations or early deliveries or
a higher rate of cesarean sections. These reports are based on pregnant women
who against recommendation and electively opted to maintain their SNM devices
on during their pregnancies fully or at certain periods and trimesters [34, 35].

Thus, the decision to continue neuromodulation, or to proceed with implanta-
tion for a woman who has not completed her family or is actively trying to conceive,
remains a debatable and individualized decision, but in accordance with manufac-
turer recommendations and societal guidelines and until more compelling evidence
arises, pregnancy will remain a contraindication for SNM, though more relatedly
relevant than absolute [34].

2.2.2.6 Other considevations

Potential interference of SNM devices with other implantable electrostimula-
tors such as cardiac pacemakers has long been speculated. A series of three patients
who have cardiac pacemakers and underwent SNM implantation has reported that
no interference was observed on the part of either of the implanted devices by the
other [36].
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2.2.3 Predictors of effect

One of the hallmarks of diagnosis of urinary and voiding dysfunction disorders
is the utility of urodynamic testing (UDS). Of different types and modes, this
diagnostic test aims at reproducing patient symptoms and correlating them to net
intradetrusor pressure, among other parameters, in simulated bladder filling and
voiding phases. Much has been disputed about the need for UDS testing to diagnose
straightforward and clinically apparent conditions such as overactive bladder, and
whether UDS findings could help predict outcomes of therapy including SNM prior
to its implantation. However, evidence suggests that no single UDS parameter or
finding can predict SNM success [37].

In its best practice statement, the ICS did not find sufficient evidence to sup-
port that urodynamic studies can predict outcomes of treatment for SNM, while
it supported based on higher level of evidence a stronger recommendation for
performing SNM trial phases as the “single most valuable tool” to predict outcome
of SNM [4].

Attention has been given to difference in SNM effects between certain patient
populations. Gender differences have been long hypothesized, with attention
focusing on SNM effects on pelvic floor rehabilitation and its close relatedness to
urinary and chronic pelvic disorders in females as a potential modality of effect.

In a matched pair analysis, a group of researchers reported on 80 patients who
received SNM implants for urge urinary incontinence and found that more women
tended to receive implants than men. While urinary frequency and symptom scores
improved in both groups, over 3 years, the number of urge incontinence episodes
per day improved in men more than women, while the severity of the incontinence
improved in women more than men [38]. This gender discrepancy may be explained
in part by SNM effect, but perhaps is also due to anatomical difference of the distal
urinary tract in men and women.

Another patient population suspected to be at a lesser advantage from SNM
efficacy are older patients and those with certain comorbidities such as obesity.
Interestingly, one study did not only find no difference in response among older
patients but further identified that age correlated with a lower rate of surgical revi-
sions of the implantation—3% lower odds per year. In the same study, BMI did not
influence explantation rates [39].

It is undeniable that there are identifiable structural changes in the bladder mus-
cle and wall that incur from long standing overactive bladder and non-obstructive
urinary retention, and hypotheses suggest this may affect the therapeutic outcomes
of SNM as the symptom duration increases. However, even symptoms extending for
more than 10 years have not been shown to have any significant effect on the success
of SNM [40].

2.2.4 Results of SNM and its efficacy

SNM has proven an efficacious modality of treatment of different genitouri-
nary disorders, with durable success rates between 70 to 80% in certain conditions
such as refractory OAB [11, 31, 41, 42]. In one survey of SNM patients, satisfac-
tion rates were reported to be over 95% with SNM therapy and were not affected
by patient age or any complications or program type, a testament to the efficacy
of this treatment [43]. The multitude of data in the literature also attests to the
general safety of SNM [44].

History of prior back surgery may be deemed a challenging patient condition for
SNM implantation, but a review of 500 patients has shown that such a history did not
negatively affect SNM outcomes [45]. Even in patients with prior anti-incontinence
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surgery and history of pelvic organ prolapse surgery, the efficacy of SNM has been
established. Surgeries of the bladder and pelvic floor may slightly affect the outcomes
of SNM, however, these remain generally good and acceptable [46].

2.2.5 Cost-effectiveness

The debate continues on what is the cost-effectiveness of SNM compared to
other available treatments for refractory voiding conditions be it OAB or UUI or
others. These include in general combination medication, intradetrusor botulinum
injections (repeated as the effect of one injection wears out necessitating periodic
repeat injections), and more definite bladder or anti-incontinence surgeries.

The long term outcomes of SNM compared to the need for maximal medical
therapy or repeated botulinum injections poses a cost-effective benefit superior
to the aforementioned counterparts, with some authors even arguing that from
a patient’s perspective it may well be considered an appropriate primary therapy
rather than a second or third line alternative [47]. Compared to botulinum injec-
tions in particular, SNM was shown in one study to be cost-effective from the third
year of application onwards, with a clear dominance should treatment be continued
for 10 years [48]. However, results from the ROSETTA randomized trial which
compared SNM and botulinum bladder injections for refractory UUI showed SNM
as a less cost-effective alternative [49].

Perhaps the arguments for and against the cost-effectiveness of SNM versus
other treatments lay not just in the treatments it is being compared to but in terms
of what condition these treatments are being utilized for. In a focus article on safety
and cost of SNM compared to botulinum injections for OAB, although SNM was
costlier, it was safer than intradetrusor botulinum injections. The latter carries a
substantial side effect profile including urinary tract infections, hematuria, urinary
retention, and more frequent emergency room visits, all not common occurrences,
but may tip the scale in favor of SNM [50].

2.2.6 Preoperative assessment and counseling

As with any surgical procedure, preoperative assessment and counseling are
of paramount importance. It has been identified that such counseling should
include discussions on possible expected side effects and adverse events of SNM
therapy, such as implant site pain, infection, paresthesia, and leg and buttock pain.
Moreover, the patient must understand that within the spectrum of approved
devices in clinical practice, currently the Interstim® device in its two generations,
there may arise a need for surgical revision of the implant or ongoing reprogram-
ming atop an eminent and eventual need for replacement of the implantable pulse
generator (IPG) once the battery wears out should treatment extend beyond an
expected life-expectancy of 3 to 5 years on average. Additionally, and based on ICS
recommendations, urodynamic testing is not mandatory, but phase testing is highly
recommended prior to embarking on surgical implantation of the SNM IPG [4, 51].

One side effect profile that has been raised in the literature has been the psycho-
logical aspects of SNM therapy, though some authors have argued that a reverse
pathology is possible with patients with chronic genitourinary and pelvic pain dis-
orders who are potential candidates for SNM are pre-operatively burdened or have
pre-existing psychological ailments. As is the limited evidence from some case reports
and series, some patients encounter behavioral changes or exacerbation of preexisting
psychological conditions such as depression, which has led to the argument of need
for psychological assessment of certain traits that may affect SNM outcomes [52].
However, this has yet to be reflected in the guidelines and societal recommendations
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and a causality has not been established. On the other hand, other researchers have
shown no influence of psychological and psychiatric factors on SNM outcomes [53].

2.2.6.1 General considerations

SNM implantation requires, most commonly, fluoroscopic guidance in the lead
placement stage of the procedure to correctly identify the S3 foramen and the depth of
lead placement and direction and correlate it with the reflex responses of the patient.
Though of ongoing concern, studies have shown that radiation during SNM implanta-
tion, be it staged or office-based percutaneous nerve evaluation (PNE), is safe and
within the recommended limits set by the International Commission on Radiological
Protection [54]. That, however, did not alter an ongoing debate on whether “fluoro-
guidance” can be replaced by a less radioactive imaging modality, the ultrasound.
Apart from having a far lower radiation exposure profile, if any, ultrasound-guided
lead placement was found in one study to lower the number of needle punctures
needed to identify the most suitable S3 foramen for patient response; however, that
had minimal effects on total operative time [55].

Preoperative antibiotic administration is also advocated in both stages of implanta-
tion. The recommended antibiotic regimens should target common skin flora patho-
gens. Guidelines published by the French Association of Urology suggest the use of
amoxycillin or broad-spectrum cephalosporins, and in case of hypersensitivity to these
antibiotics, an alternative combination of vancomycin and clindamycin is suitable [56].

2.2.7 Technical aspects and techniques
2.2.7.1 The device: lead and implantable pulse generator

The SNM device consists of a tinned lead, connected to a stimulator, the
implantable pulse generator (IPG), by insulated cords. Improvements have been
made between the initial and current Interstim II device available on the market,
including the tinned lead technology, deflected lead tip, and increased capacity of
storage of programming and patient data, among others.

The tines allow for anchorage of the lead and prevent displacement. The
quadripolar lead contains four electrical stimulation contact regions or electrodes,
which are used to designate four different programmable charges on each region
to provide an endless number of possible combinations of modulatory programs
for patients for a variety of symptoms and effects. These are under the control of
an external programming remote that allows the surgeon or programmer to store
certain programs to the system of the patient. The patient can then use their own
remote to initiate or shutdown certain programs at different times, or switch off the
device all together, as well as control the intensity of the stimulation. An illustration
of the quadripolar tinned lead can be seen in Figure 1.

The IPG is a battery-dependent neuromodulator that delivers electrical stimula-
tion transmitted via the lead. It has an embedded antenna that receives signals from
the operator remote controllers [42].

2.2.7.2 Office-based percutaneous nerve evaluation

This modality of lead testing or screening for possible responses is done in the
office setting under local anesthesia and allows assessment of both sensory and
motor responses of the patient to stimulation. It can be done under fluoroscopy or
ultrasound guidance. It is deemed a less invasive and less resource-intensive testing
phase prior to implantation. However, it is more uncomfortable to the patient since
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Figure 1.
Quadripolar tinned lead utilized in SNM. Labeled are the electrode positions, “0” being most distal and “3”
most proximal. An optimum insertion is eliciting a response on all electrodes at low voltage.

only local anesthesia is being used [57]. As a matter of fact, single-staged implanta-
tion after PNE could save US $1500-5000 depending on how high the success rate
of the implantation is, an argument well utilized on part of advocates at both ends
of the debate of whether to stage or not [58].

Local anesthesia is applied subcutaneously to the mid-sacral region where testing
will be performed. In the prone position, a needle harboring a single-electrode lead
is advanced to correctly identify the S3 foramen. The S3 foramen can be identified
fluoroscopically, or approximated anatomically as evident from cadaveric studies
that showed the mean distance of the superior aspect of the S3 foramen is approxi-
mately 9 cm from the coccyx, and laterally it is 2 cm from the middle of the sacral
back region, while vertical interforamenal spaces are around 1.5 cm in length [59].

The patient is asked to report any sensations felt in the perineal region or
the foot, and motor responses are also examined in the buttock region and the
ipsilateral foot. Stimulation is then performed at different voltages and the area
is marked. Successful office-based PNE is followed by one-stage surgical tinned
4-electrode lead placement and IPG implantation. Motor responses are rechecked
during implantation, and location and laterality may be modified to obtain the most
appropriate response. This is probably one of the most important disadvantages and
arguments against PNE in favor of staged implantation: bypassing a longer assess-
ment or testing period that would reveal more information about the prospective
efficacy of the chosen S3 foramen and SNM implant.

The ideal patient for PNE is a cooperative and apprehensive one who can remain
relaxed during the procedure. Patients who cannot lay prone for any reason or
medical condition, and those who may need more deeper stimulation such as those
morbidly obese or anyone with anatomical variations or previous sacral scars may
preclude office-based PNE [57]. However, in one study by Gonssen and colleagues,
the need for general anesthesia was substituted by a complete permanent SNM
implantation under local anesthesia, and was reported to be both safe and tolerable
with successful outcomes [60].

Focus has been given in current research and modifications of leads to replace
current PNE leads with more functional multipolar leads that would allow a more
idealistic response and minimal manipulation of the lead [57].

2.2.7.3 Stage 1 testing of two-stage implantation

Under sedation or general anesthesia should the patient require it if they can-
not maintain an airway in the prone position, staged SNM implantation depends
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on a primary stage I of testing done in the operative theater where the tinned lead
is eventually implanted after eliciting the best motor response and insulated cord
cables are tracked to the contralateral side and eventually out of the skin to be con-
nected to a temporary pulse generator for the testing phase. These cables are later
re-tunneled back the ipsilateral side where the tinned leads have been implanted
and are connected to the implantable IPG.

This is the method utilized at our center, where we deem it and it has been proven
to be more comfortable for the patient in a controlled setting where even sedation
can be switched to anesthesia should the patient become restless. Nevertheless,
muscle relaxation is not administered to maintain the ability to assess motor
response on lead placement and testing. One particular population of patients which
are ideal candidates for this mode of testing are morbidly obese patients where local
anesthesia administered subcutaneously may not be sufficient for the deep layer
manipulation necessary to deliver the lead to the sacral foramens [57].

Some researchers have continuously advocated staged testing and implanta-
tion despite PNE being a more resourceful alternative. Arguments included the
increased comfort of the patient allows for better identification of ideal patients for
therapy and less likely to result in a misleading positive screening but unsuccessful
subsequent implantation. It also allows the employment of a longer testing trial
period and has the added potential of fine-tuning stimulation parameters. It has
been advocated as the ideal modality of screening for responses in patients with
NOUR, sensory urgency and CPPS [57].

The two-stage implantation technique depends on a 2-4 weeks arbitrary period
of testing for improved responses in patients planned for implantation. This period
has been contested in literature, as are the arguments in favor of office-based
PNE. The range of reported successful test phases is around 60% [61]. However, the
length of this period has been also up for debate. One group of researchers studied
a group of patients who underwent stage I SNM implantation test phase and found
that the mean time needed to identify potential successful outcomes of the test was
3 days, ranging from 1 to 9 days in total. This was not different between patients
implanted for OAB and those for NOUR, and thus they concluded that a test stage I
period of two or more weeks may not be necessary [61].

The importance of such an argument lays in the potential morbidities of a pro-
longed test period, with partially exposed external leads liable for displacement and
a possible route for infection, though the literature does not report on either. The
length of stage I has been suspected to be a risk factor for SNM implant infections,
but the evidence is lacking, and the identifiable association if any may be the result
of improper antibiotic regimens or assessment of small sample sizes of patients [62].

Disadvantages of staged screening and implantation include that only motor
responses are assessed during lead placement. Sensory responses cannot be assessed
in the presence of even light sedation. However, two formal studies have found that
motor responses more importantly surpass sensory responses in predicting SNM
successful outcomes [57]. These are in addition to the logical added financial and
time requirements for testing in the operation theater and the need for anesthesia.

2.2.7.4 Lead placement

In SNM, the lead is placed in the S3 foramen, either on the right or left side, and
rarely bilateral lead placement is undertaken. The S3 foramen has been identified
to be relevant to the target nerve fibers required to achieve the effect of SNM [15].
Patients exhibit and experience typical motor and sensory responses to lead place-
ment in the S3 foramen, depending on the setting of lead placement under local or
general anesthesia. This is further summarized in Table 1, along with responses
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Foramen Sensory response Motor response
S2 Buttock sensation Foot: plantar flexion, foot rotation
Leg sensation Anal sphincter “clamp movement”
S3 Perineal paresthesia or pulling sensation in rectum, Anal bellows “winking”
scrotum or vagina Great toe dorsiflexion
S4 Pulling sensation in rectum only Anal bellows only without leg or
foot movement

Hubsher et al. [63] and Thompson et al. [64].

Table 1.
Expected responses from SNM at different sacral levels.

of adjacent S2 and S4 foramens, which surgeons utilize to correctly identify the S3
foramen and avoid the formers [63, 64].

The placement of the actual tinned lead is preceded by testing or screening using a
conductive long needle that is introduced first in the correct foramen, and a conductor
is used to elicit the best response possible on the most number of electrodes (optimum
being four-out-of-four positive electrodes at the lowest stimulatory voltage possible).
Once finalized, a small skin incision around the needle facilitates for the introduction
of the tinned lead in the chosen foramen. This tracking is aided by an introducer stylet
[42, 63, 65, 66]. Figures 2-5 show an illustration of the steps on the introduction of
the tinned lead and implantation of the IPG, while Figure 6 shows how the inserted
tinned lead looks like and is confirmed to be correctly placed on fluoroscopy.

There is no agreed upon definition of optimal lead placement, and many factors
have been speculated to alter placement and SNM outcomes, including position
and depth of lead, angle, and deflection (straight, lateral or medial related to the
foramen), but none shown to have any relation to SNM outcome. Lateral deflection
is the only factor found to be associated with identifying more active electrodes,
although the number of active electrodes itself has not been shown to correlate with
a better motor response. Thus, the concentration during lead placement especially
under general anesthesia should be on identifying the best motor response rather
than on anatomical details [67].

In the quest for optimal lead positioning and how to facilitate this process, some
researchers have advocated for the use of a curved stylet during the introduction of

Figure 2.

Test needle insertion into the S3 foramen. The needle position is confirmed fluoroscopically or by ultrasound.
An electrostimulation probe is then used in contact with the distal end of the needle to test for appropriate
motor responses.
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Figure 3.
Introductory stylet inserted in chosen S3 foramen. The stylet guides enclosed lead. Once removed, tines allow for
anchorage of lead in proper position.

Figure 4.
Tined lead position after removing of stylet and introductory sheath. Note position of electrodes deep to foramen
and in proximity to nerve root.

Figure 5.
Final position of implanted pulse generator (IPG) and connections.
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Figure 6.
Fluoroscopic confirmation of position of lead and electrodes in velation to sacral spine.

the tinned lead into the foramen. The tip of this stylet has an 18° bend that allows
it to follow the natural pathway of the sacral root nerve. This is thought to allow for
identification of an ideal response on all 4 electrodes at low voltage, subsequently
providing greater flexibility with programming [68].

During lead placement and testing, the requirement is not only limited to correct
identification of the S3 foramen, but also to eliciting the best response from the
patient on stimulation at the lowest voltage possible. Researchers have argued for
years for unilateral or bilateral lead testing. What is evident from studies to date is
that the side that tests with the best motor response (or sensory response if patient
can relay it) does not necessarily translate into the best outcome for therapy on
the long-term. However, bilateral testing has the advantage of allowing patients to
choose the side that they find more beneficial or comfortable [57].

2.2.7.5 Implantation of internal pulse generator/stage II procedure

Implantation of the internal or implantable pulse generator (IPG) can be in the
setting of a single-stage along with lead placement following successful PNE testing,
or the second stage of a staged implantation after a successful trial period following
stage I lead implantation. Regardless of the staging, the IPG is implanted in a subcu-
taneous pocket on the same side the tinned lead has been placed in the S3 foramen.
Sterility of the IPG device must be maintained to avoid acute or chronic infections.

After skin preparation and administration of necessary local anesthesia, a
subcutaneous pocket is created under the skin in the patient’s buttock. This pocket
should be high enough away from the seating area of the patient, and deep enough
to avoid superficial sensation of the IPG by the patient as well. Preoperative mark-
ing is helpful in such scenarios, keeping in mind distance from the employed S3
foramen as well to avoid tension on the connection between the tinned lead and the
IPG. The cord is tunneled from the lead to the IPG subcutaneously and the connec-
tions are made. Before wound closure, wash with a sterile water-based antibiotic
solution has been described by some authors. It is important to avoid saline-based
solutions that may cause electronic malfunction of the device [41, 42, 63, 65, 69].

2.2.8 Post-implantation programming and troubleshooting

Programming is done after IPG implantation when the patient is fully awake and
conscious to provide feedback on different modes and programs as they are being
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tested and tried out and allows them to choose their preferred settings. At our cen-
ter this is done on the next day postoperatively and ensues removal of the urinary
catheter placed during the procedure to allow for trials of voiding [41, 70]. Patient
follow-up is periodic thereafter, during which voiding and stimulation parameters
are checked and patient compliance is evaluated [42].

Good communication between the patient, surgeon and the programmer are nec-
essary to obtain the optimum results and efficacy of SNM. In cases where any unfore-
seeable event occurs, such as sudden loss of efficacy or any of the adverse events that
will be discussed as follows, proper testing of the programs and circuit impedance, as
well as efforts at reprogramming operational electrodes should be utilized extensively
before reaching the morbid decision of revision or explantation [42, 71, 72].

2.2.9 Adverse events and complications

Adverse events associated with SNM are numerous and well-documented. The
majority of such events are anticipated and even counseled for preoperatively, with
a documented range of 16-30% between the test and final implantation stages.
Unanticipated or unexpected adverse events and complications are rare and are
limited to isolated case reports and limited series [73].

2.2.9.1 Pain

Implant site pain is pain perceived at the site of the IPG. This could be the result
of many reasons. A too-superficial implant may be cutaneously felt and pose a
source of discomfort especially if implanted at a lower gluteal point and as such
would be “sat on” by the patient. In one review, the most commonly cited reason
for explantation was site pain [74]. Another series reported this to occur in 7% of
implants, with the majority presenting beyond 30 days of implantation and some
associated with trauma.

Another cause of pain could be stimulation program related. Turning off the
IPG can differentiate between IPG-related and program-related pain, the latter
usually requiring changes in stimulator settings by the programmer [42]. In the
most debilitating cases, and often, this complaint would require surgical revision
of the pocket or implant [73].

Pain could also be felt at the site where the stimulatory sensation is perceived,
and this too, could often be differentiated by turning off the stimulator, and subse-
quently altering the settings [42].

2.2.9.2 Undesirable change in stimulation

Perhaps one of the most unfortunate adverse events is an undesirable change in
stimulation that leads to loss of a successful SNM effect or subjective dissatisfac-
tion with an objectively successful implant. In one series, researchers reported this
to occur in 12% of their surveyed adverse events in SNM implants for OAB. The
majority of such incidences can be corrected with simple or sometimes more
complex reprogramming of the neuromodulator, and rarely requires revision or
explantation [73]. However, decrease in efficacy of stimulation is a major reason for
reoperation and explantation should reprogramming in absence of lead migration
fail to correct the deficiency [42, 75].

Checking the impedance can be useful to assess for any possible lead breakage or
dislodgement which would show high impedance, but if the impedance is less than
50 ohms, this may indicate a short circuit that could be due to a wet connection.
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Reprogramming electrodes with acceptable impedances could provide a temporary
or alternative solution, but lead revision is often necessary [71].

2.2.9.3 Implant infection

In a multicenter retrospective case—control assessment of risk factors for explan-
tation of the SNM device due to infection, researchers reported on an almost 2-3%
incidence of infection and identified that hematoma formation and IPG pocket depth
of greater than 3 cm were independently associated with development of infec-
tion, while implant infection was the leading cause of device explantation at 1 year
follow-up in another large trial [68, 73, 76]. The most common pathogen reported on
cultures obtained from these explants was the skin flora resident S. aureus. Infection
is probable both early in the postoperative period within 30 days of implantation, or
later beyond 30 days and sometimes up to 10 months post-implantation [73, 76].

Risk factors associated with SNM implantation infection have been studied, and
some have been refuted. The choice of preoperative antibiotic regimen is of impor-
tance in both stage I and final IPG implant, and the antibiotic administered should
target potential and common skin organisms such as S. aureus [62].

Prevention of such infections has also been reviewed. One group of researchers
reported on the use of an antibiotic-coated collagen layer placed over the IPG before
wound closure with noticeable results. Skin preparation is also important, particu-
larly with chlorhexidine-based solutions per international recommendations [62, 68].
And although many surgeons still do administer certain courses of post-implantation
antibiotics, this is not supported by any clinical evidence of benefit, though further
research may better define its role as is the case with other prosthetic or implantable
devices [62].

2.2.9.4 Lead fracture and displacement

Lead fracture, migration or dislodgement are a rare occurrence reported at
around 1% of adverse events and eminent needs for device and lead replacements.
The introduction of the tinned leads has aided in lowering the incidence of lead
migration [41].

Patients may have, against better judgment and counseling, engaged electively in
physically demanding exercises, or it may be the result of sudden acute movements
or trauma. The result is a sudden loss of or major change in stimulation. On testing,
high impedance (>4000 ohms) is found on all 4 electrodes [73]. Additionally, sacral
x-ray imaging can help determine if any lead displacement or dislodgement is pres-
ent. If evident, especially in the presence of complete loss of efficacy and all other
alternative reprogramming efforts have been extorted, replacement of the lead is
necessary, and sometimes contralateral placement or even bilateral stimulation may
be needed, though the latter may not always prove successful [42, 71, 77].

2.2.9.5 Unanticipated adverse events and complications

It is important to understand that although rare, complications are an important
predictor of SNM reoperation and may result in severe morbidity [75, 78]. Rare
complications of lead placement and implantation have been reported in separate
case reports and limited series, including one case of retroperitoneal hemorrhage
after SNM implanted for urge incontinence [79]. Another case of lead migration
into the sigmoid colon during implantation was complicated by and presented as a
colocutaneous fistula [80].
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2.3 Direct PNS

As our understanding grew of the neurological contribution and circuits from the
sacral nerve roots, new-found focus has been on stimulation of the whole pudendal
nerve as it originates from its S2, S3 and S4 nerve roots, and not just the S3 nerve
root as with SNM. Theoretically, this should provide a more inclusive sacral nerve
stimulation than targeting S3 alone, resulting in inhibition of the micturition reflex
and controlling uninhibited detrusor contractions while increasing bladder capacity
[14]. This was the hypothesis of the early work on PNS, proposing it would particu-
larly benefit neurogenic bladder patients who fared less successfully with SNM [5].

By placement of both a sacral and pudendal tinned leads in Alcock’s canal either
tranperineally or through a posterior approach, continuous electrical stimulation
similar to SNM is delivered to both nerves [5]. One group of researchers demon-
strated comparable improvements in voiding parameters between the PNS and SNM
groups, but subjective superiority for PNS reported by patients [81]. PNS was not
only found to improve continence but increase bladder capacity in neurogenic blad-
der patients [5]. Another variation of pudendal PNS is dorsal genital nerve stimula-
tion (DGN), the pudendal nerve’s most anterior branch, and this may be the next
therapeutic alternative [5, 82].

2.4 Peripheral, cutaneous and minimally invasive neuromodulation modalities

Bypassing the need for formal implantation of any device, these varied modali-
ties of neuromodulation employ concepts on transmitted electrical stimulatory
signals from the skin to the nerve vicinity or from peripheral nerves to more central
sacral nerve roots and in turn, resulting in a modulatory effect and control on reflex
bladder activity particularly bladder hyperactivity, neurogenic or non.

2.4.1 Posterior tibial nerve stimulation
2.4.1.1 Mode of effect

Posterior tibial nerve stimulation (PTNS) provides indirect and retrograde
electrical stimulation to the posterior tibial nerve as it passes posteriorly to the
medial malleolus of the ankle; the posterior tibial nerve is a mixed nerve with roots
from L4 to S3, and as such, provides its modulatory effects on sacral complex roots
involved in the lower urinary tract through activation of somatic fibers and inhibit-
ing bladder contractions [1, 15, 83].

PTNS is performed by placement of a needle superoposteriorly to the medial
malleolus and a grounding pad placed on the sole of the foot laterally (Figure 7).
The needle is connected to the stimulator device, and low-voltage stimulation is
applied: correct placement is confirmed when flexion of the greater toe is observed
and the patient reports sensations from the sole of the foot [84]. Treatment sessions
are repeated weekly for a period of 12 weeks and in 30-minute sessions. Repeat
session cycles are possible [85].

One of the advantages of PTNS is a “carryover” effect. This has been described
as continued symptomatic improvement not necessarily just during the nerve
stimulation sessions, which is in contrast to the loss of efficacy when the SNM
device is switched off. Many studies have examined the carryover effect and what
implications it may have in devising PTNS regimens and schedules, with variable
success [84, 86, 87].

Another advantage of PTNS is the fact it can be administered by any healthcare
provider or the patient themselves after appropriate training. As a matter of fact,
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Figure 7.
Posterior tibial nerve stimulation.

home administration systems and micro implants are being developed for that sole
purpose [84, 88]. PTNS, too, is less costly than SNM, on average [89, 90].

2.4.1.2 Predictors of PTNS success

In an effort to identify ideal candidates for PTNS treatment in OAB, a number
of investigators identified that history of prior SNM therapy correlated negatively
with PTNS outcomes. On the other hand, more severe complaints of urge urinary
incontinence and urinary bladder volume at first sensation (a UDS parameter) were
predictors of PTNS success [90].

2.4.1.3 Efficacy of PTNS

Efficacy of PTNS as evident from review of 4 randomized controlled trials,
none of which pinned comparison against SNM, showed a majority of patients
were able to achieve at least 50% improvement from baseline complaint; these
studies ruled out the possibility of a hypothesized placebo effect, according to
the reviewers. A substantial complaint from PTNS treatment was temporary foot
pain [74].

Several trials have also compared PTNS to medical treatment of OAB, including
the OrBIT trial, and reported comparable if not somewhat superior results with a
lower side effect profile, particularly dry mouth and constipation among other side
effects associated with anticholinergic medication [85, 91, 92].

2.4.2 Transcutaneous tibial nerve stimulation

Utilizing needles applied transcutaneously to stimulate the posterior tibial
nerve, this modality of treatment has been investigated for MS and OAB patients
[9]. There are limited studies that demonstrate variable improvements for OAB
patients with transcutaneous tibial nerve stimulation (TTNS). Perhaps its advan-
tages stem from its safety and fairly minimal adverse events profile, and its low
costs [93].
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2.4.3 Transcutaneous electrical nerve stimulation

As the name suggests, this modality is applied to areas in close proximity to
target internal nerves. These include the pudendal nerve, be it through transcutane-
ous stimulation in the vagina in a female or in the perineal region in the male, or
both the pudendal and sacral nerves when applied to the sacral skin. DGN is also a
form of transcutaneous electrical nerve stimulation (TENS). It is advocated as a less
invasive and low-cost neuromodulation system that can also be taught to patients
for self-application [5].

Multiple small-sized trials have demonstrated improvements in symptom
scores and efficacy in patients with refractory OAB or MS with bladder hyperac-
tivity. However, although it is safe, the durability of its effect has been called into
question [9, 94].

3. Neuromodulation applications for urological conditions

3.1 Overactive bladder, urgency urinary incontinence and urgency-frequency
syndromes

Bladder overactivity manifests in a number of urinary conditions, depending on
the pathophysiology and associated conditions and symptoms. Overactive bladder
(OAB), defined by a compelling frequent urge to void, is not a precession of urgency
urinary incontinence (UUI), nor is it a more defined form urgency-frequency syn-
dromes: these are all an overlapping number of conditions where evidence of over-
activity of the detrusor muscle may or may not be demonstrable, but is subjectively
reported by patients and often objectively measurable.

The treatment for these conditions is mainly conservative and medical, be it
targeting the bladder muscle or the other offending factors that lead to the overac-
tivity, followed by intradetrusor botulinum injections, which has attained a more
defined role in the OAB treatment scheme. SNM is an established mode of treatment
for cases of OAB, UUI and urgency-frequency syndromes that are refractory to
medical treatment, and despite arguments and established results and testaments,
is yet to be designated a more primary or first line place in the treatment of these
conditions [95].

3.1.1 Mode of effect in OAB

It has been shown that SNM has an established modulatory effect both on
micturition reflexes and higher brain centers. The SNM electrical charging of sacral
roots alters neural activity, stimulating somatic afferents that signal to higher brain
centers and in part restore normal control over the bladder while also inhibiting
certain sensory pathways to suppress reflex bladder hyperactivity. From animal
models, evidence suggests this effect is achieved through SNM’s inhibition of
abnormal sensory input from the pudendal nerve and neuropathological C-fibers,
affecting release of p-opiods and glutamate and suppressing bladder reflexes [16].

3.1.2 SNM efficacy in OAB

Efficacy of SNM is perhaps most studied and evidently reported in refractory
OAB [96]. Analysis of five trials have analytically shown significantly higher success
rates for SNM in treatment of OAB compared to standard medical treatment, and
equally as efficacious as intradetrusor botulinum injections with less side effects
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associated with the latter including risk of post-injection urinary retention and
urinary tract infections [41, 74].

In one prospectively conducted multicenter trial on OAB patients, the 5-year
success rate of SNM was 67%, with the most common adverse event or reason for
failure demonstrated to be an undesirable change in stimulation, followed by site
pain and ineffectiveness of treatment [97]. The InSite trial reported on one of the
longest prospective follow-ups for SNM implants for refractory OAB. At 36-months
follow-up, 83% of implants were found to have sustained efficacy [68].

3.2 Non-obstructive urinary retention and Fowler’s syndrome

Non-obstructive urinary retention (NOUR) is one of the main indications for
SNM therapy. It denotes an unidentifiable mechanical cause that may obstruct
urinary outflow from the urinary bladder, resulting in urinary retention. It may be
the result of an established neurological disease, as is the case in the acute phase of
spinal shock after spinal cord trauma, or in a minority of MS patients. Neither of
these conditions are indicated for SNM treatment. However, chronic or recurrent
urinary retention in a “neurologically-intact” patient is.

One form of NOUR is termed Fowler’s syndrome after the neurophysiologist
Professor Clare J. Fowler who first described it in 1985. It is a cluster of symptoms
and findings identified in a typically young woman with unexplained urinary
retention, increased electromyographic activity of the external urinary sphincter
and its failure to relax, and some associations to other female syndromes have been
described including polycystic ovaries. Application of SNM in these patients has
been shown to restore normal voiding activity [98].

3.2.1 Mode of effect

Researchers have used a number of animal models to establish the mode of effect
SNM exerts in NOUR and Fowler’s. Basic science evidence suggests that by blocking
the inhibitory effect that abnormal afferent activity from the external urethral and
anal sphincters has on micturition, restoration of the ability of the patient to void
occurs. This stimulation is through blockade of the pudendal nerve’ stimulatory
effect of the micturition reflex [99].

3.3 Neurogenic lower urinary tract dysfunction

Lower urinary tract symptoms resulting from neurological disease are varied, and
thus, determination of these symptoms and assessment is necessary before consid-
eration for neuromodulation as not all symptoms would be ideally treated using this
modality. Neurological diseases that have documented voiding dysfunction elements
include SCI, MS, Parkinson’s disease, cerebrovascular accidents, and diabetic neuropa-
thy. Congenital neurologic disorders such myelomeningoceles are becoming apparent
causes of voiding dysfunction in adults and SNM candidates, as management of these
pediatric disorders improves, and these patients grow into the adult population [9].

Previously thought to lack efficacy in neurogenic LUTD because of lack of an
intact nervous system, SNM is emerging as an efficacious therapeutic modality for
this population of patients especially in reducing incontinence episodes [9, 100-104].
The concept of neural remodeling as a hypothesized effect of SNM has also been
visited as a potential role in neurogenic LUTD, particularly in acute spinal shock
phases [9, 104].

The ICS recommends SNM as an option for control of urinary symptoms in
patients with stable neurological conditions who are at a low risk of developing
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upper tract deterioration from controlled voiding [4]. It is thus important to stress
the need for proper assessment and continued evaluation of these patients as uri-
nary retention, acute or chronic, could have consequences including urinary tract
infection and renal failure [9].

3.3.1 Spinal cord injury

SCI, especially complete transection, has long been accepted as a contraindica-
tion for sacral neuromodulation on the basis of a disturbed neural circuit. However,
numerous reports have been reviewed that show promising results for SNM in
the management of neurologically-stable SCI patients, even those with complete
disruption [105]. In the acute phase of spinal shock where the bladder is atonic,
SNM has been found to facilitate neurogenic remodeling as researchers theorize and
demonstrate sustained SNM effects and remodeling in the brain [9, 104].

In a review of eight studies where SNM was employed in the management of
lower urinary tract dysfunction in SCI patients, the success rate of the test phase
was a shy 45%, but that later translated into a 75% success rate once the screened
patients proceeded with IPG implantation. The treatment was well-tolerated and
safe without any unexpected adverse events [106].

3.3.2 Multiple sclerosis

MS is of special interest to neuro-urologists as the disease manifests with a spec-
trum of urinary symptoms and progresses with different patterns in this spectrum
along the course of the disorder as well. Demyelination, the pathological hallmark
of MS, eventually affects lower urinary tract nerves, resulting in dysfunction. Up
to 80% of patients show neuro-urological symptoms within 10 years of diagnosis,
most frequently bladder overactivity. As a matter of fact, voiding dysfunction is the
first sign of the disease in up to 10% of patients [107].

Though not FDA approved, neuromodulation has been applied in MS patients
for years, and its efficacy has been repeatedly demonstrated. SNM and PTNS have
been shown in a number of series to decrease urinary symptoms and improve the
quality of life of MS patients who demonstrate bladder overactivity; however,
although SNM is approved for NOUR, it has not shown any benefit for MS patients
demonstrating “hypoactive” urinary bladders with retention [107, 108].

What remains an important issue for MS patients being considered for SNM is
appropriate patient counseling and communication with their treating physician or
neurologist to assess the need for MRI examination in the future as well as stability
of the disease, as disease progression and relapse would negatively affect the SNM
outcomes [9, 105, 107].

3.3.3 Diabetic cystopathy

Diabetic cystopathy is a condition that describes the neuromuscular effect
long-standing diabetes has on the urinary bladder. Part of the condition stems
from diabetic neuropathy, while another part may stem from vasculopathy
affecting the detrusor muscle itself. In the application of neuromodulation to the
control of overactivity symptoms resulting from diabetic cystopathy, promising
results from series were overshadowed by a substantially higher than average rate
of infections (17%) compared to the accepted average, as would be expected from
any foreign body implantation in diabetic patients especially those with poor
glycemic control [105].
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3.4 Special populations and effects
3.4.1 CPPS and IC/BPS

Chronic pelvic pain syndrome in males and its predominantly female counter-
part interstitial cystitis/bladder pain syndrome are chronic conditions of pelvic pain
and voiding dysfunction with a poorly understood etiology [109]. Off-label use of
SNM in the treatment of these disorders is established with significant results, and
similar to its unknown etiology, the way SNM provides subjective and objective
improvements in bladder pain syndrome for example is yet to be clearly defined,
with obvious differences in outcomes between IC/BPS and non-IC/BPS CPPS [110].

Many theories have been suggested for this mode of effect, from restoration of
balance between excitatory and inhibitory signals in the pelvic plexus at different
spinal levels as well as SNM’s modulatory effect on bladder function and in turn
pain. Another issue for consideration is the bilateral or multiple sacral root involve-
ment in bladder and pelvic pain disorders, thus S3 stimulation may be insufficient
to providing symptomatic relief, and some researchers have demonstrated efficacy
of bilateral stimulation [14].

A multitude of studies and researchers are reporting on promising results for
SNM in symptomatic management of CPP disorders, demonstrating improvements
in pain indices and quality of life measures particularly relating to improvements
in sleep, social life and sexual activity [110, 111]. With 10% of patients of IC/BPS
reaching a severe stage refractory to conservative and other modes of management,
SNM has found an emerging role in the therapeutic void for this condition. Success
rates of SNM in IC/BPS have been reported to be high, north of 80% in some series,
with apparent and significant objective improvements in pelvic pain and specific
interstitial cystitis symptom scores as well as improvements in daytime frequency,
nocturia, urinary urgency, and average voided volume [112].

The ICS based on grade C evidence released a level Il recommendation that
designates SNM as an option for patients who are deemed non-responsive to
conservative treatment measures of IC/BPS and non-IC CPPS [4]. However, large
randomized controlled trials are lacking, perhaps in part due to the mixed spectrum
of CPP disorders, both pathologically and symptomatically, heterogenous patient
population, and unclear etiologies, and poorly understood differences in outcomes
between the disorders [109, 110, 113].

3.4.2 Sexual function

The effects of neuromodulation, particularly SNM, on improving sexual func-
tion among female patients, and male patients to an extent, are becoming more
evident in the literature [114]. Dysfunction of the pudendal nerve, an important
nerve in sexual stimulation, has been demonstrated in both refractory OAB and
NOUR [115].

In a cohort of female patients who received SNM implants for OAB, urgency-
frequency syndrome or NOUR, improvements in both female sexual function index
and quality of life indices were reported, though they were not correlated [116].

In another study on SCI female patients who had sexual dysfunction, there was a
demonstratable improvement in the female sexual distress scale after neuromodula-
tion therapy [117].

The argument is whether the improvements SNM provides with regards to uri-
nary symptoms allows for a better sexual experience and confidence among patients
or does SNM’s effect on the pelvic floor musculature rejuvenise sexual function.
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This argument is important in current applications and future considerations of
neuromodulation for the treatment of sexual dysfunction. This was demonstrated
in reviews of studies where sacral neuromodulation was employed in the treatment
of neurogenic lower urinary tract symptoms and had demonstratable and maintain-
able improvements in erectile function indices to almost normal levels in a majority
of patients after up to 3 years of follow-up [118].

On the contrary, another study assessing for pudendal nerve dysfunction in
female patients who received SNM for refractory OAB or NOUR showed nonsignifi-
cant improvement in sexual dysfunction indices, and the authors found that these
improvements as well as others in quality of life measures were in part due to improve-
ments in urinary function; this finding was supported by a recent review [115, 119].

3.4.3 Neuromodulation in children and adolescents

Scarce data, changing anatomy and somatic growth, physical activity, high
reoperation rates, and neurologic instability and disease progression: all are valid
arguments against application of SNM in children and adolescents. However, data
is emerging on its off-label use, with modest responses. In a single center experi-
ence on eight children and adolescents with congenital lumbosacral and traumatic
spinal cord defects and lower urinary tract dysfunction, the initial response rate
to SNM application was 85%. This translated into a sustained efficacy in 50% of
patients on 14-month follow-up, and three patients were able to abandon self-cath-
eterization completely. These results, although on a heterogenous and small cohort
of young patients, are promising and could defy the current status quo [120, 121].

Nevertheless, based on lack of evidence and limited studies, the ICS best practice
statement stressed that the safety of SNM in this population cannot be established,
highlighting the technical challenges associated with anatomical variations and
difference in children and effects of somatic growth [4].

4. Future directions and research
4.1 Further evaluation of effects of neuromodulation in urology

Basic science research is still ongoing and perhaps still early in deciphering
the exact mechanism of action of neuromodulation in restoring and normalizing
bladder function. The different levels of speculated effect, in higher brain and
spinal centers and in the more distal micturition pathways and reflex arcs make
for a vast field of investigation, as well as the interplay of different neural and
cellular messengers.

A better and clearer understanding of all factors involved would definitely
allow for the optimization of patient outcomes, including most suitable candidates,
duration of symptoms, and required concomitant medication, if any, that would
maximize the benefit from different neuromodulation modalities. This is of par-
ticular importance when conflicting data on different effects on receptor pathways
and modulated areas in the brain continue to emerge, and the definition and
descriptions of the mechanisms of action are updated.

4.2 Rechargeable and MRI-compatible systems

SNM, like any battery system, faces depletion. Thus, a rechargeable system is
one of special appeal. Perhaps one of the most appealing arguments for upcoming
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rechargeable systems is the fact it may potentially eliminate replacement surgery. The
Relax-OAB study investigated the Axonics r-SNM system, a rechargeable SNM system
granted post-marketing permission in Europe in 2016 and is under FDA assessment.
Designed to last 15 years with charging requirements for 2 hours every 1-3 weeks,

it has shown comparable objective improvements of up to 91% [83, 122, 123]. The
Axonics system and the next generation InterStim Micro could revolutionize sacral
neuromodulation durability.

The growing need for MR-compatible systems is not a wishful thought, but in
the face of evolving biomechanical technology and a growing population that needs
both SNM and regular MRI assessment, it seems sensible that the development of
such devices is just a matter of time [14].

4.3 Closed-loop neuromodulation

Casually described as a system that “listens to the patient” closed-loop or
functional stimulation is a mode of conditional electrical stimulation that is being
investigated as a potential neuro-prosthesis that senses bladder fullness, detects
bladder contractions, and eventually modulates an electrical response “blindly”
without the patient having to actively control their micturition habits. To date there
are a number of animal and limited human trials on a set of intelligent electrodes
specifically designed to fulfill this purpose. The advantages of such a system are
numerous, mainly bypassing chronic stimulation and subsequent bladder muscle
fatigue through improvements in warning time for impending bladder contractions,
as well as a more natural control on voiding and improved SNM battery life [83].
Many investigators have also looked into improved neurological and bladder pres-
sure sensors as a modality for functional stimulation.

4.4 Expanding indications and revisiting limited applications

Thirty years into its first reintroduction, it is still surprising how limited the
indications for SNM in particular remain in the face of accumulating evidence,
albeit from small trials restricted by a small pool of patients and candidates.
Off-label use of SNM in chronic pelvic pain syndromes, pregnant women, children
and neurogenic bladder patients should be the priority of authoritarian bodies to
promote research and insight especially when treatment of such conditions could
have remarkable effects on the quality of life of those affected [124].

4.5 Dorsal genital nerve stimulation

Though an existing technology, this direct PNS variation has further potential to
modulate the combined sacral nerve roots that the former effects without the need
of a sacral lead. Utilizing a percutaneous prepubic electrode placed on the clitoris
to temporarily deliver electric stimulation and subsequently modulate the dorsal
genital nerve, the anterior terminal branch of the pudendal nerve, this technology
has been tested in small scale trials with promising results.

Hypothesized to exert its effect through inhibition of bladder efferents,
particularly parasympathetic pathways via vesical ganglia and detrusor smooth
muscle, the dorsal genital nerve is stimulated using an external pulse generator,
and has been shown to reduce urgency incontinence episodes in a number of
patient cohorts. However, the device is still not appealing due to lead migration
and difficult controls, improvements on which would surely stir further interest
among physicians and patients alike [82].
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5. Conclusion

Urological applications of neuromodulation are both established and evolving
and are among the most dynamic fields for this modality of electrical stimula-
tion. The safety and efficacy of sacral neuromodulation and posterior tibial nerve
stimulation in refractory overactive bladder syndrome are high. Other indications
of sacral neuromodulation include non-obstructive urinary retention includ-
ing Fowler’s syndrome and urgency incontinence as well as frequency-urgency
syndromes. Minimally invasive and broader neuromodulation targets provide
an opportunity for improving neuromodulation outcomes, as well as potential
advances in the device itself.
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Caudal Traction as a Pathogenetic
Mechanism of Chiari
Malformation Type I

Miguel Bautista Royo-Salvador, Marco Fiallos-Rivera
and Horia Salca

Abstract

Despite the important achievements made with respect to our understanding of
their clinical and image features, Chiari malformations are the result of etiopatho-
genetic mechanisms still sunk into mystery, while most of the efforts to dissipate it
are isolated attempts that deal with rather late, secondary pathogenetic events, such
as the reduction of the posterior fossa volume, the crowdedness of its contents or
the disturbances of the cerebrospinal fluid flow at the level of the foramen mag-
num. Nevertheless, until new research will shed light onto many of these processes,
the actual partial, fragmented knowledge can be structured in a much more reliable
manner if one holds the theory of caudal traction as a guiding principle. We pres-
ent a potential pathogenesis that could culminate into an abnormal axial tension
throughout the spinal cord, as well as some image and therapeutic features found
during our clinical practice, testifying in favor of this relentless caudal traction.

Keywords: Chiari malformation, tonsillar descent, hindbrain, spinal cord,
caudal traction

1. Introduction

The commonest variant of Chiari malformations, the one that has been labeled
“type I,” including some recently derived variants (type O, type 1.5), is unique
among the central nervous system abnormalities by its capacity to elicit just as much
apprehension within the community of patients, as bewilderment among the clini-
cians. Its ominous relationship with sudden death, as well as its resemblance with
the tonsillar herniation seen in terminal stages of brain tumors, intracranial hemor-
rhage, and other space-occupying lesions, would very well serve to explain many
of these feelings. Nevertheless, their deeper reason seems rather to be the apparent
mystery that clouds its pathogenesis, hindering many attempts at agreement among
the authors involved in its investigation.

Notwithstanding, an attentive eye can discover interesting pathogenetic clues
issued from recent research that one only has to pin up at the right spots on an
older scaffold initiated long ago by some intuitive theories that started to explore
into these matters even from the discovery of the hindbrain malformation:
while Hans Chiari favored hydrocephalus as the cause of tonsillar descent, Julius
Arnold proposed the concept that cord tethering at the level of the associated
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myelomeningocele determines a caudal traction along the spinal cord that ends in
the tonsillar descent of Chiari malformation type II [1].

This is why every effort to unveil the origin and the mechanisms of formation of
Chiari malformation type I should be greatly welcomed. It is very likely that the same
can be extrapolated to the less common Chiari malformation type II, which could be
just a more severe form of the same deformity, caused by more intense but qualita-
tively similar pathogenetic alterations. The unifying theory that follows is merely the
result of attentive, scrupulous efforts to acknowledge valuable data in the middle of
puzzling research results and connect them orderly in a logical explanation of the
mechanisms likely to be involved in the production of Chiari malformation type I.

The concept of caudal traction as we use it through the following lines should not
be understood merely from a physical point of view, as a purely mechanical force, as it
refers to a biological system with certain viscoelastic properties and an intrinsic capac-
ity to develop a reaction to any force acting upon it. The development of the human
body is a continuous interplay of genetic, molecular, biochemical, and mechanical
changes that result in a more or less dynamic structure and function. Absolutely all
human beings, as well as other vertebrate species, are subjected to this phenomenon
of caudal traction, which is a necessary part of the development of the spinal cord and
brainstem, as they grow by lengthening, distinctly from the forebrain and cerebellum,
which do it by expansion. In fact, the notion of caudal traction points to a group of
deformities of the nervous system and its surrounding tissues, identifiable on diag-
nostic images and likely to result from this longitudinal growth of its caudal segments
during development; they may be discovered at various stages during this process or
even later, during adulthood, which is by no means a cease of it, but merely a continu-
ation, as an involution—apparently a reversed process, but in fact an ongoing, caudal
traction at a deep structural level of the involved neural organs. After all, the defini-
tion and understanding of this dynamic concept will certainly improve in parallel
with the abilities of the diagnostic tools that we shall be able to use in these patients.

After an initial presentation of this new pathogenetic theory, we will follow
with a second part where we shall bring into view some conditions quite likely to
be produced by means of a mechanism of caudal traction and which are frequently
associated with Chiari malformation type I. The third part of this chapter will deal
with the clinical arguments of our demonstration, presenting a range of suggestive,
but often neglected proofs of this pathogenesis, which we meet during the diagnosis
and treatment of these patients.

2. Embryology of asynchronism

It is very likely that the events that eventually lead to Chiari malformations take
place at a very early stage during embryogenesis; a plausible idea if one takes asan
example the defects of neural tube closure, related in some way to our problem, as
we know well enough that during their evolution, some of them can cause a Chiari
malformation type II—and the future will probably show that the relationship
between these conditions is not limited to this (and caudal traction could be the
link). If some parallel, very early, processes, related but not identical to neurulation
abnormalities, would finally result in a Chiari malformation type I, it means that
actually all purported etiopathogenetic mechanisms of this condition are in fact
late secondary features that simply result from the abnormal development of the
cranio-cervical junction. Most importantly, both the small volume of the posterior
fossa and the disturbances of cerebrospinal fluid circulation across the foramen
magnum would be such effects wrongly converted in causes by the most prevalent
theories that try to explain at present the genesis of Chiari malformations.
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This concept of very early pathogenesis of Chiari malformation type I has also
another important consequence in the way we should try to understand it: most,
if not all of the morphological and mechanical changes involved in its generation
take place in the diminute body of a human embryo, then fetus, and then child
(probably of a comparatively decreasing magnitude throughout these stages), even
though the diagnosis will eventually be secured only at an adult age. This invalidates
many recent research results and actual misconceptions based on mature or adult
human anatomy and physiology.

Perhaps Chiari malformation type I is the best example of the meaning of Lewis
Wolpert’s famous phrase “It is not birth, marriage, or death, but gastrulation which
is truly the most important time in your life” [2], as indeed, the events that finally
lead to its development seem to originate during gastrulation (third week postfertil-
ization), that is, at a much earlier stage of embrionary development than that stated
by all theories invoked nowadays.

Thus, the primordium of the central nervous system divides along its freshly
defined anterior-posterior axis into four regions, corresponding to the future fore-
brain, midbrain, hindbrain, and spinal cord [3], well in advance of any significant
differences in shape or length among them. Interestingly, while the first two limits
are represented by discrete junctional areas that function as organizing centers for
nearby neural territories—the so-called anterior neural ridge between the forebrain
and midbrain and the isthmic organizer between the midbrain and anterior hind-
brain [4]—there is no specific anatomical hint as to the precise location of the pos-
terior hindbrain-spinal cord transition [3]; moreover, its final position depends on
quite sophisticated but also delicate mechanisms involving a negative feedback loop
between retinoic acid signaling, Cdx4 transcription factor, and the Cyp26 enzyme
involved in the degradation of retinoic acid [3, 5]. Despite its importance for all
future development of the nervous system, this hindbrain-spinal cord transition is
exposed to be moved cranially or caudally by various alterations in these complex,
interconnected signaling pathways [3, 5]. For example, experimental loss of Cdx4
function in zebrafish led to caudal displacement of the transition as far as that
corresponding to two somites inside the spinal cord territory. As a consequence, the
hindbrain-spinal cord transition along the developing neural tube will be matched
to a different mesodermal counterpart, belonging to the first pairs of somites, either
occipital or cervical. In this way, it becomes easy to figure out how an alteration of
the Cdx4 gene or an equivalent disturbance of retinoic acid signaling could displace
the transition caudally and place the junction between the developing brainstem
and the spinal cord at the level of the future atlas, while the cerebellum might be
expected to expand until the same area well below the occipital foramen. In fact,
maternal administration of exogenous retinoic acid has been used to produce Chiari
malformations in an experimental model in hamsters [6].

By and large, the tonsillar descent seen in Chiari malformation type I would
thus be the result of delicate molecular abnormalities that occur early in a critical
area of the future body plan, representing the precise border separating the head,
with a neural-driven expansile growth in three directions, from the spine, with a
somatic-driven tensile growth in one predominant direction (Figure 1). This is why
its developmental importance and pathological associations and consequences are
so complex and puzzling in their diversity, far outweighing the apparent trivial
significance that it still has in the eyes of many clinicians.

Of course, it is difficult to apply such an ultra-early pathogenesis involving
molecular and genetic signaling pathways to what we actually think and know
about Chiari malformation type I, but here we have again a point where an analogy
with Chiari malformation type II is quite welcome. Since Julius Arnold’s days, it
was already supposed that a myelomeningocele would “tether” the growing child’s
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Figure 1.
The interplay of molecular and growth influences that grant a special importance to the cranio-cervical
Junction.

spinal cord and thus determine a progressive caudal traction on the cerebellum

and the tonsillar descent through the occipital foramen. The concept of “tethering”
involves both a pathological lesion that fixes the spinal cord to the vertebral column
at some point and an uncompensated load, either in the form of continuous growth,
repetitive forward flexion movements, or a fracture-dislocation with sudden cord
traction. In fact, there is also a third, mandatory component, the lack of an adequate
adaptive reaction of the body, which may be due to the overwhelming intensity,
suddenness, or persistence of the pull. Now, all these features can yet be expressed
in another way if we view tethering more generally, as a relative shortness of the
spinal cord, underlying both Chiari malformation typesI and II, with the mention
that in the former, there is absolutely nothing of spinal cord tethering.

Therefore, patients with Chiari malformation type I would tend to have rela-
tively shorter spinal cords because the neural territory assigned to the formation
of the future spinal cord is reduced with respect to the nearby somitic mesoderm,

a disproportion that will result in a continuous spinal cord tension during growth,
as the neural tissue will always be “one step behind” its mesodermal counterpart
(Figure1).

Interestingly, similar arguments in favor of these pathogenetic mechanisms have
come from the other side of the problem, that is, from attempts to explain a sup-
posedly defective development of the mesodermal tissue composing the prospec-
tive vertebral column, resulting in idiopathic scoliosis: the so-called “Roth-Porter
theory” invokes exactly the same “asynchronism” between the spinal cord and
spine during growth [7-9], reflected in the tridimensional deformity of idiopathic
scoliosis in a much more visible manner [10] than in the case of Chiari malforma-
tion type I, but we shall develop more of these aspects later.

Just as a collateral observation, here we should mention that retinoic acid was
also suspected as a pathogenetic factor in adolescent idiopathic scoliosis [11].

By the way, given its role of mechanical support, the development of osseous
tissue has always been regarded as being associated to the creation and maintenance
of tensile or compressive forces in the neighboring tissues. Thus, the development
of the cranial vault by intramembranous ossification seems to proceed by means of
tensile forces created in the sutures by the growth of the underlying brain [12]. Just
in the same way, it should not be surprising that the growing vertebral column could
exert a barely perceptible but relentless, tensile force that by some yet unknown
mechanism stimulates the growth of the contained spinal cord accordingly.
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Well, this would be exactly the Achilles’ heel in individuals with Chiari malforma-
tion type I, as they are exposed more than normal people to a deficiency of the
homeostatic mechanisms that maintain coupled the growth of the two structures.

In selected cases, this uncoupling can occur also in the absence of a tonsillar descent
or with a minimal one, so that its pathological consequences do not require the 5 mm
of descent that most authors use to define Chiari malformations.

3. Illustrative associations

Without pretending to be exhaustive, Chiari malformation type I is associated
with a few pathological conditions that could be explained by similar mechanisms
involving genetic and molecular abnormalities followed by an axial traction
throughout the spinal cord and the brainstem. But before all, in order to have a
crystal clear vision of these associations, we have to rule out any tonsillar descent
that is obviously secondary to compressive forces from above, as in benign intracra-
nial hypertension, hydrocephalus of any etiology, craniosynostosis, or Paget disease
of the bone and other conditions with calvarial thickening, as these are not real
instances of Chiari malformation [1] and only compound the problem unnecessarily:
one should better consider them as merely secondary tonsillar descents in specific
clinical contexts that require only the treatment of the primary pathology and
nothing more, just as is always done in the posterior fossa tumors, the deadliest cause
of downward displacement of the cerebellar tonsils, where nobody disputes the fore-
most therapeutic objective. Nevertheless, if really and honestly open-minded, one
has to acknowledge that perhaps every tonsillar descent is secondary to a pathologi-
cal process, even though in most cases its nature is still unknown. But in the actual
state of knowledge, we should better consider as “Chiari malformation type I” only
the apparently primary and congenital cases of tonsillar displacement, just keeping in
mind that both features can still be open to debate in any particular case.

Malformations of the occipito-cervical junction, representing a diverse and
complex group of pathological conditions and related deformities, are often
multiple in the same patient and many times occur in conjunction with Chiari
malformation type I—with as many as 38-40% of hindbrain herniations in cases of
atlas assimilation combined with Klippel-Feil syndrome [13]. In these patients, the
abnormal fusions involving the occiput, atlas, and other cervical vertebrae would
most probably be generated by defects in the functions of Hox and Pax-1 genes at
different levels in the occipital and cervical somites [14] at a more delayed stage
than those mentioned above. A possible explanation could be that the genetic and
molecular alterations are more severe and thus extend their effects over segmenta-
tion and resegmentation of the somites and specification of the sclerotomes, not
only affecting the hindbrain-spinal cord boundary as we have mentioned. A second
possibility might be that the anomalous establishment of this boundary creates the
conditions for a defective feedback from the neural counterpart to the mesoderm,
disturbing these molecular pathways and secondarily the formation of cervical
vertebrae. And we could add to these qualitative alterations the obvious quantita-
tive one: if too much mesodermal tissue has been wrongly assigned to build the
prospective spine, it goes without saying that the amount of tissue left for building
the skull will be insufficient (Figure 1). The consequences of this relative lack
of occipito-cervical mesodermal tissue will be distinct from those of the lack of
spinal cord progenitor tissue, as the prospective growth of this segment of somitic
mesoderm will be governed by the underlying hindbrain which, as far as we know,
is very strictly divided in rhombomeres with distinct features, as opposed to the
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monotony of the spinal cord organization in these early stages. Their feedback over
their corresponding (and quantitatively defective) mesodermal counterpart will
put quite stressful limits on the availability of compensatory mechanisms and thus
determine an abnormal formation of the osseous and ligamentous elements of the
occipito-cervical junction.

The same could happen also at more cranial levels, corresponding to the first
occipital rhombomeres, where the same disproportion between the neural tissue
contained within and the nearby mesoderm that receives its developmental induc-
tion would produce the deformities of basilar impression, platybasia, brainstem
kinking, and retroflexed odontoid, found in 7.7% of our patients with Chiari
malformation type I (Royo-Salvador et al., unpublished data). All these osseous
anomalies could probably be explained by the interplay of discrete but persistent
compressive and tensile forces developed among occipito-vertebral mesodermal
segments during their development, secondarily to the mentioned genetic and
molecular defects, recording somehow to the tenets of the Hueter-Volkmann law as
applied to the spine [15].

At the same time, the disproportion between the contained, apparently hyper-
trophic hindbrain and the corresponding scarcely available mesodermal tissue
will create the conditions for what Roth described in 1986 with such a brilliant
intuition as “cranio-cervical growth collision” [16]: the impaction of the developing
hindbrain against the growing vertebral column, which surpasses and deforms the
insufficient occipito-cervical junction mesodermal primordium (the former from
the inside, the latter from below (Figure 1)), accentuating the tonsillar descent,
enlarging the occipital foramen, and leaving too little room for the formation of the
occipital bone. It is amazing how the actual general opinion is able to conceive only
this last developmental step [1, 17], but yes, finally, there is a para-axial mesoder-
mal insufficiency associated with the Chiari malformations, but it is an associated
phenomenon, somehow delayed and of secondary importance.

Among cranio-cervical junction malformations, a special mention deserves
odontoid retroflexion, as it is a bony deformity that although it is less known and
more imprecisely defined, it was found to be more marked and more common
in children and adults with Chiari malformation type I than in normal controls
[18, 19]. Moreover, in children with Chiari malformation type I, a study found it
was correlated with the presence of syringomyelia and with a lower position of
the obex [18]—that is, with a more intense cranio-caudal distortion of the brain-
stem. The pathogenesis of odontoid retroflexion seems more clearly related to an
abnormal caudal traction exerted by the growing cervical spine than that of other
occipito-cervical junction malformations, its mechanism of action being also more
prolonged, as the dental central synchondrosis that connects the odontoid to the
body of the axis can persist until the age of 8 years [13], being thus exposed to this
axial strain, transmitted through the occipito-cervical dura mater and neighbor-
ing ligaments and membranes. But the most important detail that these studies on
odontoid retroflexion provide is that they prove indirectly that the cerebellar tonsils
were pulled and not pushed into the cervical funnel—in other words, that traction
overrides compression at least in these cases—because if the opposite were true, the
odontoid had been displaced anteriorly in patients with Chiari malformation type I,
as a result of the “overcrowding” of the posterior fossa [18].

Since long ago, observations were published on the frequent association between
Chiari malformation type I and idiopathic scoliosis [20], even though no coher-
ent explanation of this fact has ever been provided. As a specific point, we have
to insist that the presence of syringomyelia is not really necessary, as many have
thought so far. Among our patients, Chiari malformation type I was associated with
idiopathic scoliosis in 78.8% of cases, out of which only 52.1% also had idiopathic
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syringomyelia (Royo-Salvador et al., unpublished data). Instead, a common patho-
genesis, based on an abnormal caudal traction, seems more likely to be involved: in
fact, as we mentioned before, the concept of “neuro-vertebral growth asynchrony”
was coined in the realm of idiopathic scoliosis and constitutes the mainstay of the
Roth-Porter pathogenetic theory [7-9], which uses various mechanical experi-
mental models to demonstrate that an uncoupling of the growth velocity between
the spine and spinal cord makes the latter to lag behind, putting tension on the
posterior elements which will grow at a slower pace (here we come once again in
close contact to the Hueter-Volkmann law), so that the anterior elements will grow
too much and the vertebral bodies, “tethered” posteriorly, will start to rotate around
an axis represented by the spinal cord itself and will deviate to one side as they grow
restrained in this way, thus creating the scoliotic curve [21]. It is not difficult to
imagine how a similar mechanism of caudal traction would produce both a Chiari
malformation type I and an idiopathic scoliosis if this intrinsic “tether” acted
continuously over the vertebral column and spinal cord throughout their develop-
ment and associated longitudinal growth, a fact especially conceivable if, following
the mentioned alterations in the definition of the hindbrain-spinal cord boundary,
there is a relative excess of mesenchymal tissue composing the sclerotomes of the
future thoracic spine, even though it would be much later that this unbalanced
tissue distribution would become manifested, during the growth spurt of the
adolescence.

Last but not the least, among enlightening pathological associations of Chiari
malformation type I is the tethered cord syndrome, maybe the most interesting of
all, the most difficult to explain, and nevertheless, the most important, as it forms a
bridge between Chiari malformation typesI and II. In fact, this association should
be better regarded as a separate third category of Chiari malformations, taking into
account the different mechanism of relative spinal cord “shortening™: if in Chiari
malformation type I this originated in a caudal displacement of the hindbrain-
spinal cord boundary and in Chiari malformation type II, in the traction exerted by
a caudal myelomeningocele on the growing spinal cord, here there is an abnormal

filum terminale, short, thickened, and/or lipomatous that hampers the spinal cord
longitudinal growth and that alters the coupling between vertebral and neural
growth. Among our patients, the level of the conus medullaris was below the L1 L2
disk in as many as 20.9%, and most interestingly, it was statistically correlated with
the degree of tonsillar descent (Royo-Salvador et al., unpublished data).

Now of course, if one accepts that the pathogenesis of Chiari malformations
includes a common pathway of relative shortening of the spinal cord with respect
to the vertebral column, of various etiologies that can be grouped into these three
large groups, an important question comes about: why not any patient with this
relative spinal cord shortening has a tonsillar descent? Well, the answer is quite
simple, because, as we have already pointed out, there is another decisive factor
that will eventually determine the occurrence or not of a Chiari malformation: the
adequacy of the neural tissue reaction to the tensile forces developed as a conse-
quence of the growth asynchrony. In other words, the tonsils will descend only if
this homeostatic mechanism doesn’t function properly for one reason or another;
moreover, any degree of tonsillar descent and of brainstem and fourth ventricle
distortion should be possible in every one of the three main etiopathogenetic
groups mentioned, so it should be time that we stop associating Chiari malforma-
tion type II only to myelomeningocele and instead, consider, for example, three
degrees of tonsillar descent, perhaps labeled as Chiari malformation types 1, 1.5,
and 2 (even four if a Chiari malformation type 0 were added) and defined with
clear-cut morphological criteria, including measures of brainstem elongation and
fourth ventricle distortion [22].
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4. Clinical arguments

Magnetic resonance imaging, if scrutinized really carefully, can provide much
more information than just detect Chiari malformation type I. Early on, we men-
tioned the special meaning that a retroflexed odontoid can get as a proof of caudal
traction applied on the occipito-cervical junction (Figure 2).

In many Chiari malformation type I patients, we can ascertain a descent not
only of the cerebellar tonsils but seemingly of the whole cerebellum, as there is a
readily identifiable difference of width of subarachnoid spaces above and behind
the cerebellum, a feature that others have labeled “obliteration of retrocerebellar
cerebrospinal fluid spaces” [17] following a different interpretation; of course, if
a diminished posterior fossa volume were the cause of the tonsillar descent, there
would be no free subarachnoid space visible underneath the tentorium as we see in
many patients (Figure 3).

But maybe the most spectacular image testimony of the mechanisms mentioned
above is the feature that we called “tense spinal cord,” which has also been described
in relation to idiopathic scoliosis [9] but that we could identify in many patients
with Chiari malformation type I with or without scoliosis: in sagittal cuts, the spinal
cord does not follow closely to the curves of the spinal canal, but instead, it takes
the shortest route within the canal and is thus more or less straightened, in some
cases even stuck on the concave side of the lordotic or kyphotic curve of the spinal
canal (Figure 4a), corresponding in axial cuts to an eccentric position of the spinal
cord in the canal, closer to the concave side (Figure 4b).

We interpret in a similar way another associated image feature, denominated
“lateralized spinal cord,” visible in coronal or axial cuts (Figure 5) and that can
be understood as a marker of tension through the spinal cord if one keeps in mind
Porter’s experimental model [9], this time conditioned by the presence of at least a
minimal degree of scoliosis. All this is even easier to figure out by neurosurgeons,
because here the spine recalls the principle of functioning of the Leyla retractor
system introduced by Gazi Yasargil and so often used to hold brain spatulas. In
other words, a central cable in a hollow curved construct will deviate towards the
concavity if subjected to axial tension, and in the vertebral column, this can happen
either in the sagittal plane, in the coronal plane, or in both.

Figure 2.
The causative vector of a retroflexed odontoid is likely parallel to the caudal traction (arrow).
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Figure 3.
Increased subarachnoid spaces between the tentorium and the cevebellum veflect the global displacement of the
latter towards the foramen magnum.

Figure 4.
Tense spinal covd in a sagittal cut (a) and an axial one (b). The spinal cord travels closer to the concavity of
the curves and occupies an eccentric downward position in axial images (arrows).

As an expected consequence of an incomplete understanding of the etiopatho-
genesis of Chiari malformation type I, its surgical treatment seems the unhappy
heir of a mysterious real estate, haunted by dreadful ghosts such as sleep apnea
and sudden death. If in some cases it is indeed elementary caution and justi-
fied to do no treatment at all, as the tonsillar descent is merely an asymptomatic
deformity discovered incidentally, in many other instances, the patients are left to
struggle with their own despair as the obvious symptoms and signs they present
are not recognized as such by the neurosurgeons in charge. And the reverse is also
true: when an active treatment is chosen, it consists usually of suboccipital crani-
ectomy, C1 laminectomy, and duraplasty, which is equivalent to performing an en
bloc resection with healthy borders followed by radiotherapy and chemotherapy
for a tumor of unknown behavior (not to mention the tonsillar resection added
at times). Well, some minimalizing technical advances have been proposed, like
leaving the dura mater or the atlas intact, but their problem rests in not getting to
the heart of the matter—so, they might lack the desired efficacy. Recent efforts
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Figures.
Lateralized spinal cord deviated towards the left inside the spinal canal.

complicating more this subject have tried to define instances of cranio-cervical
or atlantoaxial instability that supposedly would require complicated and risky
procedures applied without firstly securing more confidently a diagnosis of
genuine instability—one that is perfectly plausible in selected cases of traumatic
spine injury.

Many of the delusions and mishaps issued from the actual therapeutic strategy
applied to Chiari malformation type I could be avoided if, taking into account
patiently all the facts presented above, one should switch his or her vision from the
actual obsession to perform a circumferential decompression of the tonsils squeezed
against the elongated brainstem to an objective of a rather longitudinal or axial
release of the deformity that affects not only the brainstem-spinal cord junction but
the whole of the brainstem and the spinal cord starting at the level of the dorsum
sellae—upper end of the notochordal-influenced growth and somitic division of the
mesoderm—until the very tailbone that at earlier stages was the advancing front
of axial somatic growth and a possible regulator and intermediate of the coupling
between the vertebral and spinal cord growth.

The most logical initial step for interfering with this pathogenesis, consider-
ing caudal traction as a final common pathway of multiple etiologies, would be to
interrupt this unique route of producing damage to the brain, spinal cord, and spine
itself. Technically, this is straightforward if done at the caudal end of the tense spi-
nal cord instead of a frontal attack upon the delicate, impacted cranio-cervical junc-
tion. This should consist of afilum terminale release by means of the best available
technique. A bonus of this approach is that it eliminates the concerns of a possible
worsening of a hidden cranio-cervical instability. Its guarantee of success in releas-
ing the conflict between the tonsils, brainstem-spinal cord junction, and occipital
foramen stands in the continuous process of spinal growth which produced the
progressive lengthening of the cord throughout the intrauterine life and childhood,
by adding up collagen and elastin fibers to the complex tridimensional network
that conforms the pia mater and holds the spinal cord connected mechanically with
the vertebral column during its growth and movements. During adulthood, as we
have already mentioned, although growth eventually stops, the axial tension is
maintained by ongoing processes of degeneration and atrophy which paradoxically,
instead of reverting it, will convert the mentioned neuro-vertebral asynchrony into a
lifelong feature of the human body.

254



Caudal Traction as a Pathogenetic Mechanism of Chiari Malformation Type I
DOI: http://dx.doi.org/10.5772/intechopen.90044

& b
Figure 6.
Preoperative (a) and postoperative (b, at 30 months) magnetic vesonance images of a 56-year-old male patient
with Chiari malformation type o, operated of filum terminale sectioning; the improvement of his idiopathic

syringomyelia, visible also in a previous control (not shown), is now quite obvious, pointing to caudal traction
as a possible mechanism.

Yiww

Figure7.

Prgopemtive (A—F) and postoperative (G-L, at 3 months) photographs, radiographs, and magnetic resonance
images of a 17-year-old male patient with Chiari malformation type I, idiopathic syringomyelia, and severe
scoliosis, operated of spinal resection and instrumentation, with marked improvement of his syringomyelia
(with permission from Wang et al. [25]).

Of course, the actual surgical approach of suboccipital craniectomy does lead
to the completion of a similar release of longitudinal spinal tension but at a much
higher cost and with much more risk of potential complications; moreover, it might
be less efficient, because in the cervical spine, the stronger and more numerous
dentate ligaments limit more the stress release than in the lumbar region.
Interestingly, against all odds, some subtle developments occurred in recent
years in the surgical treatment of Chiari malformation type I, proving that more
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Figure 8.

Preoperative (a) and postoperative (b, at 7 years) magnetic resonance images of a 49-year-old female patient
with Chiari malformation type I, operated of filum terminale sectioning, with impressive improvement of the
tonsillar descent from 17 to 13 mm with respect to McRae’s line (measured in the cuts with maximal descent).

and more clinicians are starting to accept that maybe suboccipital craniectomy is
not the only surgical solution to this condition. For this reason, we can present here
three “surgical” testimonies in favor of the theory of caudal traction, as follows:

1.1In fact, it is suboccipital craniectomy itself that opened these new perspec-
tives when in the hands of some fearless teams [23, 24]; it started to be used for
treating patients with syringomyelia without tonsillar descent, with encourag-
ing results, but they did not realize their meaning not even when they dis-
covered that in these children, there were image features suggesting a caudal
elongation of the brainstem with displacement of the obex and increased
diameter of the foramen magnum, as occurs also in Chiari malformation type II
[24]. In Figure 6 we show a similar example from our series of patients,
where sectioning the filum terminale determined a marked improvement of a
cervicothoracic syringomyelia in a case of Chiari malformation type 0.

2. Another ingenious team discovered that if they performed idiopathic scoliosis
correction by a technique of posterior vertebral column resection with spine
shortening and instrumentation after applying compressive forces, the cere-
brospinal fluid flow at the level of the foramen magnum improved in patients
with Chiari malformation type I and syringomyelia, and in many of them,
even the latter diminished in size [25]. Obviously, scoliosis surgery by no
means could have accomplished any circumferential decompression of the occipi-
tal foramen but a release of the tension in the brainstem and tonsils (or, as we
stated above, a welcome longitudinal decompression) (Figure7).

3. Yet the most important testimony came from the hands of a group which oper-
ated 318 patients presenting both tethered cord syndromes defined according
to very exigent criteria and Chiari malformation type I or low-lying cerebellar
tonsils of 0—4 mm descent (that we consider as being also Chiari malformation
type I, together with more and more authors [1]), but the technique used was
not suboccipital craniectomy, but sectioning of the filum terminale by means of
an L4 laminectomy. Their results were excellent, both concerning the clini-
cal picture and various morphometric criteria of the posterior fossa contents,
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demonstrating that the hindbrains of these patients were abnormally de-
scended preoperatively and improved their position after the indirect surgery
and applied to the other end of the spinal cord [22]. In Figure 8 we present
pre- and postoperative images of one of our cases, with a significant ascent of
the tonsils after the filum terminale release.

5. Final remarks and future directions

In the actual state of knowledge, it is imperative to recognize that the devel-
opment of the hindbrain and the spinal cord is a complex process regulated by
genetic, molecular, mechanical, endocrine, and nervous homeostatic mechanisms
that compensate one for another—within certain limits—in case of imbalances
and disturbances. Nevertheless, it is exactly this complexity, coupled with the
elevated functional requirements that the cranio-cervical junction has to meet,
that makes their union so sensitive to various pathogenetic factors and determines
malformations among which the one known as Chiari malformation type I is the
most common. According to all the arguments presented in this chapter, the final
common pathway of these etiopathogenetic aggressions seems to be caudal trac-
tion, a complex biological phenomenon that by no means should be reduced to
a simple mechanical force of axial pull. There is still much left to discover about
the physiologic mechanisms that govern the coupling between the growth of the
vertebral column and that of the spinal cord during somatic development, where
maybe future research will define the roles played by the pineal gland, the subcom-
missural organ, and the filum terminale, just to cite a few of the possible actors
eligible for this casting.

Author details

Miguel Bautista Royo-Salvador, Marco Fiallos-Rivera and Horia Salca*
Institute Chiari and Syringomyelia and Scoliosis of Barcelona, Spain

*Address all correspondence to: hsalca@institutchiaribcn.com

IntechOpen

© 2019 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.

257



Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice

References

(1] Raybaud C, Jallo GI. Chiari
deformity in children: Etiopathogenesis
and radiologic diagnosis. In: Manto M,
Huisman TAGM, editors. Handbook

of Clinical Neurology, (3rd series) The
Cerebellum: Disorders and Treatment.
Vol. 155. Amsterdam: Elsevier BV; 2018.
pp. 25-48

[2] Wolpert L. The triumph of the
embryo. Courier Corporation.
2008.p. 12

(3] Chang ], Skromne I, Ho RK. CDX4
and retinoic acid interact to

position the hindbrain-spinal cord
transition. Developmental Biology.
2016;410:178-189

[4] Martinez-Barbera JP, Signore M,

Boyl PP, Puelles E, Acampora D,
GogoiR, etal. Regionalisation of anterior
neuroectoderm and its competence in
responding to forebrain and midbrain
inducing activities depend on mutual
antagonism between OTX2 and GBX2.
Development. 2001;128:4789-4800

[5] Lee K, Skromne I. Retinoic acid
regulates size, pattern and alignment
of tissues at the head-trunk transition.
Development. 2014;141:4375-4384

[6] Marin-Padilla M, Marin-Padilla TM.
Morphogenesis of experimentally
induced Arnold-Chiari malformation.
Journal of the Neurological Sciences.

1981;50:29-55

[7] Roth M. Idiopathic scoliosis from the
point of view of the neuroradiologist.
Neuroradiology. 1981;21(3):133-138

(8] Porter RW. The pathogenesis of
idiopathic scoliosis: Uncoupled neuro-
osseous growth? European Spine
Journal. 2001;10:473-481

[9] Porter RW. Can a short spinal cord

produce scoliosis? European Spine
Journal. 2001;10(1):2-9

258

[10] Chu WC, Lam WM, Ng BK, et al.
Relative shortening and functional
tethering of spinal cord in adolescent
scoliosis—Result of asynchronous
neuro-osseous growth, summary of

an electronic focus group debate of the
IBSE. Scoliosis. 2008;3:8. Published
2008 Jun 27. DOI: 10.1186/1748-7161-3-8

[11] Dayer R, Haumont T, Belaieff W,
Lascombes P. Idiopathic scoliosis:
Etiological concepts and hypotheses.
Journal of Children’s Orthopaedics.
2013;7(1):11-16

[12] Opperman LA. Cranial sutures
as intramembranous bone growth
sites. Developmental Dynamics.
2000;219(4):472-485

[13] Menezes AH. Craniocervical
developmental anatomy and its
implications. Child’s Nervous System.
2008;24(10):1109-1122

[14] Pang D, Thompson DNP.
Embryology and bony malformations
of the craniovertebral junction. Child’s
Nervous System. 2011;27:523-564

[15] Stokes IAF. Mechanical effects
on skeletal growth. Journal of
Musculoskeletal & Neuronal
Interactions. 2002;2(3):277-280

[16] Roth M. Cranio-cervical growth
collision: Another explanation of the
Arnold-Chiari malformation and of
basilar impression. Neuroradiology.
1986;28:187-194

[17] Milhorat TH, Chou MW,

Trinidad EM, Kula RW, Mandell M,
Wolpert C, et al. Chiari I malformation
redefined: Clinical and radiographic
findings for 364 symptomatic patients.
Neurosurgery. 1999;44(5):1005-1017

[18] Tubbs RS, Wellons JCIII, Blount JP,
Grabb PA, Oakes WJ. Inclination of



Caudal Traction as a Pathogenetic Mechanism of Chiari Malformation Type I
DOI: http://dx.doi.org/10.5772/intechopen.90044

the odontoid process in the pediatric
Chiari I malformation. Journal of
Neurosurgery. 2003;98(1 Suppl):43-49

[19] Besachio DO, Khaleel Z, Shah LM.
Odontoid process inclination in normal
adults and in an adult population with
Chiari malformation Type I. Journal of
Neurosurgery. Spine. 2015;23:701-706

[20] Muhonen MG, Menezes AH,
Sawin PD, Weinstein SL. Scoliosis
in pediatric Chiari malformations
without myelodysplasia. Journal of

Neurosurgery. 1992;77:69-77

[21] Dickson RA, Lawton JO, Archer IA,
Butt WP. The pathogenesis of idiopathic
scoliosis: Biplanar spinal asymmetry.

Journal of Bone and Joint Surgery.
British Volume (London). 1984;66:8-15

[22] Milhorat TH, Bolognese PA,
Nishikawa M, et al. Association of
Chiari malformation type I and tethered
cord syndrome: Preliminary results of

sectioning filum terminale. Surgical
Neurology. 2009;72:20-35

[23] Newton EJ. Syringomyelia as a
manifestation of defective fourth
ventricular drainage. Annals of the
Royal College of Surgeons of England.
1969;44:194-213

[24] Tubbs RS, Elton S, Grabb P,
et al. Analysis of the posterior fossa
in children with the Chiari 0

malformation. Neurosurgery.
2001;48:1050-1055

[25] Wang Y, Xie ], Zhao Z, Zhang Y,
LiT, SiY. Changes in CSF flow after
one-stage posterior vertebral column
resection in scoliosis patients with
syringomyelia and Chiari malformation
Type I. Journal of Neurosurgery. Spine.
2013;18:456-464

259



Edited by Denis Larrivee
and Seyed Mansoor Rayegani

Clinical applications of neurostimulation or neuromodulation are experiencing
rapid growth, driven by an evolution in neurotechnologies, the limitations of
pharmacotherapy, and an improving understanding of brain physiology. New

methods are promising for intractable or marginally tractable cognitive diseases and
for adjunct therapies, as they offer greatly improved spatial and temporal resolution,
thereby promising greater specificity and quicker recovery from disease. This book
includes up-to-date and in-depth studies of many of these therapies, with chapters
addressing their use in epilepsy, spasticity, pain, neurodegeneration, and spinal cord
dysfunctions, among others, illustrating their versatility and therapeutic promise for
cognitive dysfunction.

ISBN 978-1-83968-772-3

Published in London, UK
© 2020 IntechOpen

© Stnhyu/ 15t0%k IntechOpen

9“7 18

818397687723



	Neurostimulation and Neuromodulation in Contemporary Therapeutic Practice
	Contents
	Preface
	Section 1
Neurostimulation inTheory and Practice
	Chapter1
Introductory Chapter: Neurostimulation and the Structural Basis of Brain Activity
	Chapter2
Neuromodulation in the Age of Modern Neuroimaging Technologies
	Chapter3
Deep Brain Stimulation Approach in Neurological Diseases

	Section 2
Neurostimulation in the Medical Management of Spasticity
	Chapter4
Spasticity: Diagnosis and Treatment
	Chapter5
Rehabilitation Medicine Management of Spasticity
	Chapter6
Spasticity and Dystonia: A Brief Review

	Section 3
Neuromodulation for Neurodegenerative Disease
	Chapter7
Intranasal Insulin as Promising Therapy for Preserving Pragmatic Competence in MCI and AD
	Chapter8
Deep Brain Stimulation in Non-motor Symptoms of Neurodegenerative Diseases

	Section 4
Neurostimulation and Neuromodulation for Pain and Spinal Dysfunction
	Chapter9
CerebellarTranscranial Direct Current Stimulation (ctDCS) Effect in Perception and Modulation of Pain
	Chapter10
From Mechanisms to Analgesia: Towards the Use of Non-Invasive Neuromodulation for Pain Relief in the Clinic
	Chapter11
Neuromodulation in Urology: CurrentTrends and Future Applications
	Chapter12
Caudal Traction as a Pathogenetic Mechanism of Chiari MalformationType I




