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Petro Julkunen and Jari Karhu

16.1 Brain Plasticity: Unmasking Existing Connections and/
or Establishing New Ones

Plasticity is currently taken as an intrinsic property of the human nervous system
and does not necessarily represent behavioral gain. Network plasticity is the mecha-
nism for development and learning, as well as a cause of maladaptive reorganization
such as epileptic phenomena in conjunction with brain tumors.

The human CNS is capable of change and adaptation (both short and long term)
throughout life (for reviews, see Kaas 1997; Pascual-Leone et al. 2005). Unmasking
of existing connections, shifting synaptic weighting, and even sprouting of new
dendritic connections and formation of new synapses are possible (Kaas 1997).
These modifications can be driven by afferent input, which is often inseparable from
efferent demands and the functional significance of tasks. Despite the largely uncer-
tain exact molecular and biophysical determinants, enough repetitions of a given
task or stimulus in the human neuronal system is likely to give rise to long-standing
modifications in participating networks. Plastic changes seem to underlay the acqui-
sition of new skills, the adaptation to new contexts, and the recovery of function
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after injury. The other issue regarding motor output maps is the question of what is
represented in the motor cortex: muscles, postures, or movements.

Brain plasticity in adults can be observed, for example, via fast induction in
stroke (Rossini et al. 2003). Indications of brain plasticity in slow-growing lesions
provide theoretical support for enabling surgery in areas essential to language or
motor function that might otherwise be considered inoperable (Duffau 2005;
Desmurget et al. 2007). Gray matter plasticity is accompanied by white matter plas-
ticity of subcortical pathways affecting reorganization (Szalisznyo et al. 2013).
Hence, major tumor resections without induction of functional loss in networks
with preserved connectivity and good prognosis after stroke lesions with preserved
motor tract functional connectivity both exist and demonstrate the different modes
of plasticity, while it may be that the plasticity of white matter is more limited than
that of gray matter (Ius et al. 2011; Di Pino et al. 2014). Consequently, brain plastic-
ity may allow there to be no neurological symptoms even when large tumors are
present. Comparison of the recovery for slow-growing lesions and that of acute
injuries has suggested different reorganization patterns (Desmurget et al. 2007;
Keidel et al. 2010). For recovery, a concept of “minimal common brain” has been
introduced, which suggests that there exists a set of mechanisms or networks that is
necessary for basic cognitive functions so minimalistic that it is not sufficient for
complex functions (Ius et al. 2011).

Brain plasticity is commonly considered to cover adaptive changes in neural
networks including cellular, synaptic, and pathway changes, which exhibit as func-
tional reorganization (Smits et al. 2015). In this chapter, we extend the definition to
include those changes that have the appearance of plasticity but are potentially
caused by mechanical effects.

16.1.1 Single-Cell Level Plasticity (Intrinsic Excitability)

At the single-cell level, synaptic plasticity refers to changes in the connections
between neurons, whereas nonsynaptic plasticity refers to changes in their intrinsic
excitability. In general, the connections between network components are prone to
synaptic plasticity, while component functions themselves (i.e., intrinsic excitabil-
ity) of the neurons are prone to intrinsic plasticity.

Intrinsic excitability is the net sum of excitatory-inhibitory single-cell reactions
to either synaptic input (Koch 1998) or exposure to external whole-cell stimulation
such as an electric field induced by TMS (Muller-Dahlhaus and Vlachos 2013). It
may be attributed mostly to the balance and distribution of fast- and slow-adapting
ion channels leading to adaptive changes in membrane excitability and conduc-
tance. When a neuron is stimulated by an external electric field, the geometry of the
dendrites and axons in the stimulating field also has a profound effect on the overall
excitability of a single neuron. Indeed, the same principle can be expanded to glial
cells and to all cells in the brain with sufficient length of neuronal projections in
relation to field strength (Ruohonen and Karhu 2010).
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16.1.2 Synaptic Plasticity

The connections between neural network components with anatomical proximity
and/or connections to, for example, injured or lesioned cortex are prone to synaptic
plasticity, which is required for learning (and memory). This is the prerequisite for
neuronal adaptation to injury or lesion and subsequent restoration of functions. For
example, Koch coined and elucidated a terminology for “synaptic strength” (Koch
1998). The coupling strength of two neurons is described in terms of n = the number
of presynaptic transmitter release sites, p = the probability of transmitter release, and
g = some measure of postsynaptic response such as current, voltage, or conductance
change. Taken together, these measures can be used to determine the time-dependent
response R = npq for “quantal” handling of the synaptic efficacy in neural networks,
providing a simplified method for the characterization of plastic network changes.

16.1.3 Hebbian Plasticity

Hebb described plasticity using the example of two adjacent neurons that could take
part in firing each other with the efficiency of the firing cells increased as a conse-
quence of some growth process or metabolic change (Hebb 1949). The original
formulation is nowadays often described as “what fires together, wires together.”
Nevertheless, Hebb’s principle fits nicely together with the quantal description of
synaptic plasticity. Moreover, it fulfills the basic empirical requirements for LTP,
which is the best known and most studied neuronal learning—and adaptive—mech-
anism in the mammalian brain.

The healthy human brain is known to display adaptation plasticity. Learning new
skills results in the adaption of the neural networks involved in the developed or
trained function (Adkins et al. 2006; Muellbacher et al. 2001; Pascual-Leone et al.
1995). This type of Hebbian adaptation has been observed in different types of
groups, such as musicians and athletes (Rosenkranz et al. 2007; Elbert et al. 1995;
Pearce et al. 2000; Vaalto et al. 2013; Tyc et al. 2005). Musicians are a good model
of use-dependent adaptation neuroplasticity with, for example, adaptive changes in
Broca’s area (Sluming et al. 2002; Abdul-Kareem et al. 2011) and M1 (Bangert and
Schlaug 2006; Vaalto et al. 2013). These types of adaptive changes in the brain may
continue and become active when required (e.g., to enhance or restore brain func-
tions). To understand the analogy behind adaptive neuroplasticity, neural network
models may be used.

16.1.4 Modulation of a Neural Network

The plastic effects of lesions and surgery can be understood using the principal
concept of neural networks. The cortical neural networks are organized and com-
municate in such a way that multiple parts of the network have either excitatory or



270 P. Julkunen and J. Karhu

a chidden layer: b rhidden layer®
input 1, input 1,
\.output 1 \.output 1
.output 2 .output 2

weighted bias weighted bias

Fig. 16.1 Neural network example of normally functioning (a) and lesioned network (b) and
resulting modulation of network function adapting to impairment in parts of the network. The
neural network represents a simplistic view of a functional network of neurons in the brain, which
has an input and an output. The inputs are modulated by a hidden layer of excitatory and inhibitory
neurons to produce a certain output (green circles). If a lesion (e.g., tumor or stroke) impairs an
input or part of the network (red), the output is affected and requires adaptation from the network
to compensate for the impairment. A weighted bias from outside the network may control for the
weight of the effect of each component in the network via, for instance, modulation of the general
level of excitation or parallel/connected networks

inhibitory effects on the input impulses to produce the output of the network
(Fig. 16.1). These components have been optimized through learning and adapta-
tion to produce and control common brain functions. In other terms, the conver-
gence of neural input processing yields an output observed as executed neural
function. A suitable neural function is the objective function that is produced by a
neural network with energy-efficient minimum network size, noise, and error
(Laughlin and Sejnowski 2003). For instance, in the sensorimotor system, the input
of the neural network could be an external stimulus-induced evoked response in the
brain, which activates the “hidden layer” of the neural network to modulate and
process the response and to produce an output, potentially the onset of a type of
motor action. Depending on the input, the hidden layer of the network modulates
the neural impulse to produce an output, and hence the output depends on the inputs
of the neural network and the modulatory and controlling effects of the hidden layer
(Fig. 16.1a).

If the inputs are not producing a wanted or suitable output, the hidden layer may
adapt. Also, if the hidden layer or the inputs are impaired as part of the neural net-
work, the output will discontinue to produce a suitable response, and adaptation of
the remaining hidden layer is required to minimize errors in the objective function
or output (Fig. 16.1b). The Hebbian theory (Hebb 1949) describes a mechanism of
synaptic plasticity, which in the neural network context affects the connections
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between the components (e.g., nodes, neurons, or local networks of neurons) in the
network. New connections or modified connections between components may be
formed in order to compensate for the impaired network and/or input. The biasing
of the different components affecting the output could be adjusted at the general
level via modulation of excitation levels. In addition, new connections to other
existing neural networks could be formed. The number of impaired connections and
the location of the impairments within the network determine the type and extent of
adaptation required. Hebbian plasticity is required for forming new connections,
while intrinsic plasticity is required for regulation of synaptic plasticity, to which
the component functions (i.e., intrinsic excitability) of the neurons are prone. These
two, together with the weighted bias of the different components from outside the
network, form the mechanism through which adaptation to lesion- or injury-induced
impairment of neural networks can occur.

The true neuronal functions could have several layers (i.e., several hidden net-
work levels) deriving from the outputs in Fig. 16.1. As such, impaired parts of the
neural networks likely have effects that cascade into multiple outputs of several
layers of the neural functions. On the other hand, there will be a greater number of
compensating network components, and, hence, a lower level of adaptation from the
individual components may be required than in a small network. The plasticity
required for a brain function recovery after focal lesion or injury therefore involves
the areas in the vicinity of the lesion and requires the reorganization of all brain
networks (Szalisznyo et al. 2013; Guggisberg et al. 2008). To understand the anal-
ogy of multiple layers and connections, neurons are suggested to be able to receive
and deliver signals via thousands of synapses, thereby extensively processing inputs
to implement all information operations in the nervous system (Laughlin and
Sejnowski 2003). Consequently, resectable areas of the brain should be considered
as components within the neural network, meaning that, after their removal, the
neural network should reorganize to eventually preserve behavioral function (Ius
etal. 2011).

In an ideal case, neuronal networks provide energy-efficient, spatially compact,
and accurate processing of the input signals to generate suitable outputs for brain
functions (Laughlin and Sejnowski 2003). However, the true weighting of these dif-
ferent, sometimes competing, objectives for outputs is unknown and complex, indi-
cating that the convergence of neural networks adaption is as continuous as are the
changes in inputs and objectives for optimal outputs. The recently coined term
“metaplasticity” suggests that modification of the direction, magnitude, and/or
duration of plasticity is defined by previous activity in the same postsynaptic neuron
or neural network. Thus, any given synapse would be bidirectional (i.e., either LTP
or LTD can be induced), and the probability of this induction is not stable over time.
However, this depends on the activity of the postsynaptic neuron, which would be
highly relevant for any neuromodulatory attempt to “drive” adaptive plasticity.

The application of cost functions to understand differences between types of
recovery through reorganization of the neural networks has revealed realistic differ-
ences between slow-growing lesions and acute injuries (Keidel et al. 2010). The
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intrinsic properties of the components within the neural networks may also be
affected by maladaptive plasticity. In epilepsy, the components within the network
activate synchronously with adjusted firing rates to cause changes in overall net-
work function and excitability.

The neural network components and connections, and their modification through
injury, lesion, or adaptation in the neural network, determine the potential for reor-
ganization of the network. Considering the brain areas in the proximity of a resec-
tion as components in a neural network will aid in understanding the reorganization
required in order to preserve function after their removal. To minimize the extent of
required reorganization within the network, connectivity should be protected.

16.2 Imaging Plasticity with nTMS

Multiple modes of neuroimaging enable imaging of brain plasticity effects, and the
interaction between lesions and functional cortical areas can be revealed. Commonly,
the relative localization of the functionally relevant cortical sites is done presurgi-
cally to determine surgical constraints and to aid in planning the procedure.
Targeting a functionally active locus on the cortex using n"TMS may produce a mea-
surable response. Since the motor systems of the brain are more responsive in terms
of induced response interpretation than the sensory systems of the brain, the pro-
duced responses can be recorded time locked to the stimulus and its location.
Suitable responses are typically motor responses recorded from muscles using
EMG or interruption responses in language performance recorded using real-time
video recording. While it is likely possible to identify plasticity effects in the
language-related brain areas, the main focus has been in the motor areas with mus-
cle responses, as quantification of the induced responses is convenient when using
stimulation-triggered EMG in evoked responses like MEP or CSP (Pitkénen et al.
2015; Jussen et al. 2016; Vaalto et al. 2013; Foltys et al. 2003; Forster et al. 2012;
Mikeli et al. 2013; Siisdnen et al. 2010; Pascual-Leone et al. 1994).

A cortical map can be constructed of stimulus locations accompanied by response
size (Julkunen 2014; Kallioniemi and Julkunen 2016; Pitkidnen et al. 2015; Forster
et al. 2012) (Fig. 16.2). The produced cortical map is fixed to the time of the map-
ping. Therefore, the plasticity-induced effect before or after the mapping cannot be
quantified without separate mapping data. For neurosurgery, the most important
application of n'TMS is to produce momentary cortical maps representative of cer-
tain neural functions. These cortical maps are alternatives to cortical maps produced
by other methods such as fMRI, PET, single-photon emission computed tomogra-
phy (SPECT), EEG, or DES. These methods may complement and contradict each
other. As neuroplasticity arises in several ways, it appears in different cortical maps
in different ways. The accuracy of these methods is limited due to local neurovascu-
lar and metabolic coupling, physical properties of the tissue, and the fact that distin-
guishing essential areas from modulatory areas—that is, areas that need to be
preserved and areas that can be resected without permanent harm—cannot be made
with confidence (Tus et al. 2011).
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Fig. 16.2 Example of an outlined cortical map of hand muscle function on the M1 overlaid on an
axial MRI slice. The functional area is represented as red, and the tumor and affected anatomical
structure is outlined with a white dashed line in the close-up on the right. Outlining was performed
using spline interpolation of MEP amplitudes (Julkunen 2014)

16.2.1 nTMS Cortical Maps for Detecting and Accounting
for Plasticity

The nTMS technique is used to construct cortical maps as a clinical procedure,
for example, preceding surgery or radiotherapy (Conti et al. 2013; Kato et al.
2014, Siisanen et al. 2010; Lefaucheur and Picht 2016; Picht et al. 2009). To
observe plasticity effects in cortical maps, parameters measured from the maps
are used for quantitative evaluation: center of gravity (COG), map area, MEP
volume, number of responses, rMT, and MEP amplitude. COG represents a
spatial average of the cortical map of a function (Julkunen 2014; Kallioniemi
et al. 2016; Borghetti et al. 2008; Byrnes et al. 1998; Classen et al. 1998;
Freund et al. 2011; Wassermann et al. 1992) and can be used to detect shifts or
relocation (Byrnes et al. 1998; Siebner and Rothwell 2003). Map area can be
estimated based on response-size distribution to compute streamline edges for
the cortical map to evaluate the size of the function’s cortical area (Julkunen
2014; Pitkdnen et al. 2015; Jussen et al. 2016). The cortical map has also been
evaluated using MEP volume maps by summing up all responses (Hetu et al.
2011; Kesar et al. 2012) or by counting number of induced responses/active
sites on a stimulus grid (Gagne et al. 2011; Foltys et al. 2003; Malcolm et al.
2006; Pascual-Leone et al. 1995). To study excitability changes, simple mea-
sures of response threshold or response amplitude can be conducted (Pascual-
Leone et al. 1995).
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16.2.2 Physical Changes in Cortex Affecting Brain Mapping
with nTMS

From a physical perspective, plasticity effects can be expected to be visually appar-
ent during presurgical mapping of functional cortical areas, as plasticity preceding
cortical mapping procedure may have reorganized the network by altering (1) the
location of functional motor areas (relocation), (2) the extent of the functional
motor areas (resizing), or (3) the excitability of the functional motor areas (excit-
ability). Surgical operation may also either directly or indirectly facilitate plasticity
to arise in similar ways. Therefore, the types and underlying reasons for plasticity
effects may need to be identified.

The known physical factors and most important determinants that affect nTMS
mapping of the cortex include the distance from TMS coil to the cortical surface,
TMS coil placement (position, rotation, tilt), the induced electric field direction
with respect to the cortical neuronal organization, the neuronal organization and the
strength of the stimulus, and stimulus characteristics (Schmidt et al. 2015; Danner
et al. 2012; Julkunen et al. 2012; Kallioniemi et al. 2015; Ruohonen and Karhu
2010). These physical factors provide the underlying theory for how changes that
have the appearance of plasticity are revealed with nTMS mapping. However, these
factors do not account for the neuronal plasticity effect causing reorganization of
the cortical functions. Instead, macroscopic lesions close to the stimulated area,
such as tumors, cause physical effects that may exhibit as change in location, size,
and excitability.

For instance, a tumor located in the vicinity of M1 could, as a result of expan-
sion, cause dislocation of the cortical structure, giving the appearance of relocation
plasticity. An extracortically located tumor that is dislocating the cortex could
increase the distance between the stimulated cortex and the coil, which would
necessitate greater stimulation power to achieve sufficient excitation in the cortex
(Fig. 16.3c). This could give the impression of reduced excitability and/or a wider
area of cortical excitation in the immediately adjacent tissue. Alternatively, a sub-
cortical tumor that is compressing the cortex from beneath could push the cortical
surface from inside the sulcus toward the stimulation coil, hence reducing the stim-
ulation power required to achieve cortical excitation and response (Fig. 16.3b and
d). This could lead to an impression of increased excitability. Compression and
stretching of the cortical tissue will likely be observed as changed excitability as
well, as the neuronal organization is affected and therefore the excitable volume of
neurons upon stimulation is altered, including a different volume of activated
neurons.

Compression and stretching could further give the impression of resized func-
tional areas. Changes in the curvature of the cortex may also affect apparent excit-
ability and hence affect the required stimulation power. Dislocation of a functional
area may therefore be accompanied by changes in excitability. Similar types of
changes may occur in the axonal pathways (Fig. 16.4).
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Fig. 16.3 Effect of lesion growth within M1 represented in simplified schematic images. In the
images, a coronal view is used for 2D visualization of the common homunculus for simplicity
reasons. (a) Normal, intact brain in adult human subjects. Functional area of the thumb is high-
lighted in green. (b) A subcortical growth affecting cortical tissue geometry and causing
mechanical dislocation of the muscle representation area by compression of the cortex from
beneath. (¢) An extracortical growth affecting tissue geometry and causing mechanical disloca-
tion of the muscle representation by compression of the cortex from the outside. (d) A large
subcortical growth causing subcortical tissue dislocation and resulting compression of the corti-
cal structure. Vectors in the images indicate the direction of compression. Lesions are repre-
sented as red areas

Tongue

Fig. 16.4 Effect of lesion growth within the axonal motor pathway represented in simplified
schematic images. In the images, a coronal view is used for 2D visualization of the common
homunculus for simplicity reasons. (a) Normal, intact brain in adult human subjects. Functional
area of the thumb is highlighted in green with connected descending axonal pathways as black
lines. (b) A subcortical lesion affecting parts of the descending motor pathway and partly impair-
ing connectivity and motor function. Red lines indicate the affected axonal pathways. (¢) A subcor-
tical lesion affecting a large portion of descending motor pathway and impairing connectivity and
motor function. (d) A subcortical lesion affecting parts of the descending motor pathway by com-
pression and dislocating the motor pathway with potential effects on motor function and connec-
tivity. Lesions are represented as red areas

16.3 Plasticity Effects in nTMS Cortical Maps Directly
Relevant to Neurosurgical Procedures

16.3.1 Plasticity Preceding Surgery
Plasticity preceding surgery may occur in various ways, some of which may be

important to identify prior to surgery. For this reason, analysis of brain anatomy
may not be sufficient and functional analysis may be required. To account for
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plasticity-induced changes in normal brain function and anatomic brain areas, plas-
ticity preceding surgery must be mapped. Here we consider the sources of plasticity
in three types: lesion-induced, use-dependent, and maladaptive plasticity. Lesion-
induced plasticity may be caused e.g., by stroke or tumor, while use-dependent
plasticity may be e.g., due to muscle disuse, amputation, or training (Elbert and
Rockstroh 2004). Maladaptive plasticity may be e.g., due to focal cortical dysplasia
(FCD) causing epilepsy or to adaptation to neural network changes causing pain or
tinnitus (Langguth et al. 2005). The separation of the types is not strict and they may
overlap, as they do in the case of FCD, which can induce lesion-induced and mal-
adaptive-type changes. FCD has been demonstrated to cause a major reorganization
of motor function (Narayana et al. 2015) (Fig. 16.5a and b). In addition, large lesions
or injuries could have radical effects on the reorganization of cortical functions.
Radical cortical reorganization has been demonstrated after partial hemispherec-
tomy to treat refractory seizure disorders (Narayana et al. 2015) (Fig. 16.5¢). The
appearance of plasticity in this way is likely affected both by the dysfunctional
hemisphere and the partial hemispherectomy.

Brain plasticity in the context of neurosurgery does not need to be adaptive plas-
ticity; the appearance of plasticity may simply be due to mechanical pressure from
a lesion causing changes in function and altered appearance in cortical maps
(Conway et al. 2016). Once the source of mechanical load (e.g., tumor) is removed,
normal function may be regained with no plastic adaptation required. Therefore,
unlike use-dependent and maladaptive plasticity, lesion-induced plasticity is not
necessarily associated with adaptation. Use-dependent plasticity manifests due to
changes in activation of the cortex and the peripheral connections. It is easily dem-
onstrated via immobilization of restrictions of movement or related muscle disuse,
which may reduce the size of the functional motor area in a cortical map (Liepert
et al. 1995; Elbert and Rockstroh 2004), while training of skills may expand the
functional motor area (Elbert et al. 1995; Pascual-Leone et al. 1995; Vaalto et al.
2013; Elbert and Rockstroh 2004). Also, learning a fine motor skill may confine the
motor function (Vaalto et al. 2013).

Maladaptive plasticity exhibits as harmful adaptation to neural network changes,
such as in FCD, which may cause epilepsy or pain by disturbing normal neural
network function. The different sources of plasticity may interact to produce the
final summation of the plasticity effect that is observed in the cortical map.
Interacting multiple effects of plasticity may complicate the identification of differ-
ent sources of plasticity based purely on the cortical map; however, a structural MRI
may help by imaging the axonal pathways using DTI with tractography (please see
Chap. 6). Lesion-induced impairment of normal function has been shown in cortical
and subcortical structures and pathways (Papagno et al. 2011). Likely, effects of
lesion-induced plasticity are the relocating and resizing of the functional areas. A
subcortical efferent lesion may cease a descending motor tract from functioning at
different locations of the tract, whereas altered sensory pathways may change func-
tional activation patterns feeding into motor functions and therefore induce plastic
effects.

Previously recorded plasticity effects due to lesions in the brain are numerous;
the most fundamental of these are stroke and tumors. Gliomas have been shown to
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Fig.16.5 Functional reorganization of the motor cortex. (a) nTMS motor mapping demonstrating
the effect of cortical dysplasia on cortical functional reorganization in a 13-year-old girl. Normal
organization of the left motor cortex with normal cortical localization of the right hand and leg. (b)
Polymicrogyria and the vertical cleft extending from the posterior aspect of the right Sylvian fis-
sure. The location and extent of the left-hand muscle representation in the right hemisphere is
aberrant and localized over the area of polymicrogyria with the displaced location of the primary
leg motor cortex. (¢) nTMS motor mapping demonstrating cortical reorganization in a 16-year-old
female patient who had suffered left hemisphere trauma at 32 weeks’ gestation. Bilateral limb
representation is noted in the right primary hand and leg motor area. (Modified from Narayana
et al. 2015 with permission)

cause relocation of the functional motor areas, as they tend to shift motor areas in
their close vicinity (Takahashi et al. 2012; Conway et al. 2016). Similar observa-
tions have been made in language-related areas as a potential hemispheric shift
(Krieg et al. 2013; Rosler et al. 2014). In addition, SMA appears to play a major role
in motor cortex plasticity in HGG patients (Majos et al. 2015). Cortical maps of
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LGG patients have revealed various patterns of reorganization with brain functions
remaining within the tumor, reorganizing around the tumor, spreading in the ipsilat-
eral hemisphere, or even moving to the contralateral hemisphere (Desmurget et al.
2007). Cerebral palsy has been shown to relocate motor function by enabling ipsi-
lateral activation of the primary motor tract with nTMS (Pihko et al. 2014). In epi-
lepsy, the epileptogenic zone can often be detected with an MRI as reorganized
structures. Evaluation of the epileptogenic zone can be done using a variety of func-
tional imaging techniques combined with anatomic imaging. The use of cortical
TMS mapping has demonstrated the representational adaptations of the motor cor-
tex in epilepsy, when epileptogenic focus involves a motor area (Labyt et al. 2007).
The adaptations include changes in excitability and apparent representation resiz-
ing, potentially due to modified inhibition and representation shift. FCDs, a com-
mon cause of intractable epilepsy, are known to reorganize the local network
(Sisodiya et al. 2009; Otsubo et al. 2005). Intracranial AVMs are also known to
induce plasticity, the effects of which can be observed using nTMS (Kato et al.
2014). Previously, right-sided language lateralization in AVM patients has been
reported (Lehericy et al. 2002; Pouratian and Bookheimer 2010; Vikingstad et al.
2000).

In stroke, the timing of creating the cortical map is crucial, as vast time-dependent
changes tend to occur both in the acute and subacute phases, while milder changes
may still occur during the chronic phase (Julkunen et al. 2016a, b; Mikeld et al.
2015). Stroke-induced plastic changes may reveal extensive plasticity effects
(Fig. 16.6). Unlike stroke, where plastic effects are rehabilitative and potentially
recovering toward normal function, tumors and lesions tend to exhibit a progression

Fig. 16.6 Functional reorganization after stroke. (a) Left-foot and (b) right-foot muscle represen-
tation revealed by nTMS mapping in a 19-year-old male epilepsy patient with right-sided hemipa-
resis and an extensive perinatal vascular infarction in the left middle cerebral artery territory. Sites
eliciting MEPs are indicated by red color. Image data by courtesy of Jyrki Mikeld (Mékeld et al.
2015)
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that steers brain function away from normal function, and adaptive and nonadaptive
processes may induce plasticity to occur in various ways, such as relocated func-
tional area, extended functional area, and altered excitability (Conway et al. 2016;
Krieg et al. 2013). With nTMS, relocation of motor areas may also be disguised as
altered excitability when a tumor of subcortical origin extends/pushes the cortex
toward the skull, thus reducing coil-to-cortex distance and giving the appearance of
a lower excitability threshold and diminished functional map due to suboptimal
stimulus strength.

For neurosurgical applications of cortical mapping and to understand/account for
plasticity effects, it may be of interest to determine whether the observed plastic
changes prior to presurgical mapping are expected to continue after surgery and
therefore potentially affect long-term brain function.

16.3.2 Plasticity Following Surgery

Normalization of the plastic effects preceding surgery may occur after surgery.
However, relocation after surgery may predominantly be observed as a shift toward
the resection cavity as has been reported in the case of gliomas (Conway et al.
2016). Potentially, this shift or lesion-induced relocation prior to surgery may not
have induced adaptive changes, and removal of the source of mechanical tissue
compression may allow for a quick recovery. The vascularization of the cortex close
to the resection cavity also plays a critical role. A report on extra-intracranial bypass
surgery in occlusive cerebrovascular disease suggests a reversibly impaired cortical
motor function in the ischemic brain with cerebral revascularization leading to
improved motor output, observed as increased cortical motor excitability and
resized motor representation (Jussen et al. 2016).

The reversible effects of the plasticity preceding surgery may occur as the orig-
inal inductor is removed. In the case of lesion-induced plasticity preceding sur-
gery, the lesion removal may, in addition to the aforementioned relocation, allow
for retaining neural network connections, enabling adaption to normal network
function. This is expected after tumor resection in the form of normalized excit-
ability, functional recruitment, and most of all normalized brain function. For
instance, in the case of retained muscle function, use-dependent plasticity may
cause recovery of the motor representation to be observed in the cortical maps
(Fig. 16.7). Similar effects can be observed with language function. Obviously,
the mechanical effect of the resection cavity needs to be accounted for (Conway
et al. 2016).

As maladaptive plasticity may be caused by changes in the input to the neural
network, the brain may try to compensate for lower-level input by increasing the
excitability level of the remaining neural network (see weighted bias in Fig. 16.1),
which could cause false outputs in the network to appear as unwanted functionality
of the neural networks. This type of maladaptive plasticity could be caused by surgi-
cal procedures and perhaps appear as delayed effects after surgery. These may be
caused by both resection itself and vascular changes.
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Fig. 16.7 Use-dependent plasticity. Schematic example of potential effects of use-dependent
plasticity on functional hand motor area of the M1. (a) Normal representation area (as green). (b)
Effects of long-term disuse of the muscle result in reduction of size of the functional motor area
(Liepert et al. 1995; Elbert and Rockstroh 2004). (¢) Added use via training may expand the func-
tional representation area (Elbert et al. 1995; Pascual-Leone et al. 1995; Elbert and Rockstroh
2004)

16.4 Final Discussions on Plasticity Effects in Cortical Maps

Even though the effects of different types of plasticity may be observed as a sum-
mation in the cortical nTMS map, it may be impossible to identify the different
sources of plasticity due to various chemical and mechanical factors causing the
observed plasticity effects. While some of the plasticity effects may be relevant to
identify for the cortical map construction for neurosurgical applications, some
effects of plasticity are irrelevant for the time scale used for preoperative mapping,
currently the most important application of nTMS in neurosurgery. Short-term plas-
ticity is usually controlled and considered negligible for the mapping procedure, as
time between mapping and surgery/radiotherapy is commonly short and should be
kept short; this is especially true in cases where quickly occurring plastic changes
are expected (e.g., in aggressive tumor growth). Theoretically, an aggressive tumor
growth affecting either the cortex or the subcortical tracts could cause some of the
plasticity effects to occur between the mapping and surgery, and therefore the valid-
ity of the mapping could be compromised.

As the indications for neurosurgical operations vary and functional reorganiza-
tion might show potentially rapid (transient) effects (Duffau 2006), localizing the
brain functions and connected tracts needs to be performed individually. Even
though there are functional limitations in each imaging technique, combinations of
different methods will lead to the best results in terms of surgical indications and
optimal EOR (Ius et al. 2011). The combination of DTT with nTMS enables assess-
ment of cortical function and connected white matter tracts (Negwer et al. 2016;
Conti et al. 2014; Frey et al. 2012) (Chaps. 6 and 9). This can also be achieved by
combining DTI and fMRI, albeit the determination of the cortical “seed” or origin
of the tracts is arguably more inaccurate (Kamada et al. 2007).
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Brain plasticity is often considered to be the normal ongoing state of the CNS
throughout life (Pascual-Leone et al. 2005). However, the state and demand of
plasticity is modulated heavily by lesions, injury, or surgical interventions affect-
ing the neural networks of the brain. The emphasis on the continuous ongoing state
of plasticity is crucial with slow-growing tumors that necessitate continuous func-
tional reorganization and implementation of compensatory networks (Desmurget
et al. 2007; Ius et al. 2011). In addition, areas outside the damaged area may take
over the impaired functions while facilitating recovery (Duffau 2006). The dynam-
ics of the reorganization of brain networks occurring through adaptation in every-
day life or after a lesion demonstrate the versatile redundancies that exist in the
brain available for functional substitution (Ius et al. 2011; Bavelier and Neville
2002; Duffau et al. 2000; Schieber and Hibbard 1993; Rossini et al. 2003).
Understanding the plasticity of functional brain areas is important for optimizing
individual surgical options.
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