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Preface

Advances over the past few decades in the neuroscience of speech and language
underscore the potential for efficiently preventing the impairment, predicting and
impeding the deterioration, or enhancing the recovery of speech and language func-
tion. Nevertheless, the translation of such advances into clinical applications
remains strikingly slow. Virtually in their entirety, the large number of contempo-
rary volumes that combine insight from neuroscience and speech—language pathol-
ogy includes very little discussion of the translational insight that the relevant fields
provide on prevention, prediction, and rehabilitation of speech and language disor-
ders. While international scientific journals on the neuroscience of speech and lan-
guage have been occasionally hosting special issues and reviews dedicated to
translational neuroscience over the last decade, such papers have almost exclusively
considered stroke-induced aphasia as the disorder of interest. Importantly, such
work has not so far been represented in the form of a volume.

Instead of providing yet another volume dedicated to the Neuropsychology of
speech and language disorders, or to the Cognitive Neuroscience of speech and
language, this edited volume provides the first presentation of the state-of-the-art in
the application of modern Neuroscience research in predicting, preventing, and alle-
viating the negative sequelae of neurodevelopmental, acquired, or neurodegenera-
tive brain abnormalities on speech and language.

To this aim, this volume brings together contributions from several leading
experts in a markedly broad range of disciplines, comprising Neurology,
Neurosurgery, Genetics, Engineering, Neuroimaging and Neurostimulation,
Neuropsychology, and Speech and Language Therapy. Likewise, the primary audi-
ence of this work comprises frontline clinicians, clinical and cognitive neuroscien-
tists, neuropsychologists and neurologists, speech and language pathologists/
therapists, health researchers, and assistive technologists.

This volume is evidently far from exhaustive with respect to either the vast range
of speech and language disorders or the different theoretical frameworks and tech-
niques that can afford us translational insight. However, we do hope to provide a
framework for discussion, enabling scientists in academia or industry, or, alterna-
tively, from preclinical or clinical backgrounds, to establish a more common
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language, methodology, and motivation for conducting translational research in
speech and language disorders. The reader will find not only state-of-the-art contri-
butions, but also novel venues that are being investigated in a growing number of
laboratories worldwide.

I would like to thank all of the contributors to this volume who have found time
to prepare their chapters despite a busy schedule, as well as the anonymous review-
ers for their valuable feedback. Additionally, I am very grateful to the Editor of the
Series, Mario Manto, as well as the staff of Springer for their support and encour-
agement in making this volume possible.

Finally, this edited volume is dedicated to the memory of Prof. Peter Marién,
whose pioneering work continues to inspire us.

Oxford, UK Georgios P. D. Argyropoulos
September 2019
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Chapter 1
Translational Neuroscience of Speech
and Language Disorders: State of the Art

Georgios P. D. Argyropoulos

Abbreviations

fMRI  Functional magnetic resonance imaging
rTMS  Repetitive transcranial magnetic stimulation
tDCS  Transcranial direct current stimulation

Translational neuroscience applies research findings on brain structure and function
to the development of clinical applications for a broad range of neurodevelopmen-
tal, acquired, and neurodegenerative disorders. This rapidly advancing research area
displays considerable therapeutic and commercial potential, especially given the
global need to alleviate the economic burden to society and the suffering to patients
and carers inflicted by these disorders.

In the case of speech and language disorders, translational approaches remain in
their early infancy. Nevertheless, these can benefit from advances in several fields.
Findings from basic research on animal models can help us gain a better under-
standing of the mechanisms of neuroplasticity and functional reorganization and the
ways in which these can be enhanced, in order to maximize functional gains in
recovering speech and language. Advances in noninvasive brain stimulation research
highlight the potential of using repetitive transcranial magnetic stimulation (rTMS)
and transcranial direct-current stimulation (tDCS) to enhance the effects of speech-
and-language treatment. Moreover, both rTMS and functional magnetic resonance
imaging (fMRI) can be used for the detection of brain areas that support speech and
language and that need to be spared during tumor resection or epilepsy surgery for
each individual patient. In genetically determined neurodevelopmental disorders of
language, such as developmental dyslexia and developmental language disorder,
manipulating individual genes in animal models can help us disentangle the

G. P. D. Argyropoulos (><)
Nuffield Department of Clinical Neurosciences,
John Radcliffe Hospital University of Oxford, Oxford, UK
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gene-brain-behavior relationships and ultimately develop interventions customized
to the needs of each child. Furthermore, identifying the learning and memory sys-
tems that remain unaffected by these neurodevelopmental disorders may help us
develop behavioral interventions that maximize the compensatory contribution of
these systems in acquiring language. Information accumulated on the brain lesions
and speech/language deficits of several hundreds of patients can also be used to
generate individualized predictions on the likelihood and time course of speech/
language recovery for new patients, as well as to help select the interventions asso-
ciated with the best rehabilitation outcomes.

These are some of the topics that this edited volume focuses on. In more detail,
Chaps. 2 and 3 are dedicated to the translational neuroscience of language disorders
in acquired and neurodegenerative brain damage. In Chap. 2, Kasselimis and col-
leagues discuss the challenges in research on post-stroke aphasia rehabilitation and
recovery, as well as the difficulties in integrating the insights from basic neurosci-
ence and studies with clinical populations. The chapter starts with an outline of key
concepts and core topics involving prognostic factors, neuroplasticity, functional
reorganization, and the role of the right hemisphere in aphasia recovery and reha-
bilitation. The authors then turn to issues related to post-stroke rehabilitation
focusing on aphasia, as informed by basic neuroscience and clinical research studies.
The chapter concludes with a number of reflections on future endeavors in research
related to aphasia rehabilitation, and on how intervention programs implemented in
aphasic patients could be improved, by translating findings from animal studies to
human models of treatment.

In Chap. 3, Manouilidou and Nerantzini discuss the current state of intervention
approaches to language impairments resulting from neurodegenerative conditions,
a topic that is often overlooked, given the traditional focus of research on improving
language performance following stroke. Focusing on Alzheimer's disease, mild cog-
nitive impairment, and primary progressive aphasia, the authors highlight the evi-
dence supporting the potential for neuroplasticity and responsiveness to therapy,
even in neurodegeneration. The authors then turn to behavioral intervention meth-
ods targeting the word—as well as sentence-level impairment, and they also focus
on neuromodulatory techniques and their applicability. Neuromodulatory tech-
niques may have longer-lasting effects relative to behavioral treatment, while com-
bined interventions (behavioral and neuromodulatory) have produced more
promising results, maximizing the efficacy of the intervention.

Chapters 4 and 5 are dedicated to translational insights on neurodevelopmental
language disorders. In Chap. 4, Centanni focuses on developmental dyslexia and
discusses how differences in genetics entail challenges for researchers in determin-
ing the neurobiological mechanisms underlying dyslexia and optimizing custom-
ized interventions. The author argues that animal models are appealing for this type
of research, as individual genes can be manipulated and the results can be studied in
an ethical manner. This approach can help disentangle the gene-brain-behavior rela-
tionships and genetic interactions, providing translatable predictions that can then
better inform studies in dyslexia. A better understanding of the gene-brain-behavior
relationships underlying dyslexia may ultimately offer clinicians a set of guidelines
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that may increase early diagnostic success rates in children with dyslexia.
Importantly, this approach may help develop customized interventions for each
child on the basis of their specific biological and behavioral needs.

In Chap. 5, Vogindroukas and colleagues focus on developmental dyslexia and
developmental language disorder and discuss the translational insight afforded by
research on the cognitive neuroscience of learning and memory in relation to lan-
guage processing. The authors outline the evidence for impaired procedural learn-
ing in the face of preserved or even enhanced declarative learning in the non-linguistic
domain, as well as findings of structural and functional brain abnormalities in the
circuitry underlying procedural learning in these developmental disorders. The
chapter concludes with an outline of testable, translatable predictions on maximiz-
ing the compensatory capacity of declarative learning and memory in acquiring
language in these disorders within the context of planned interventions.

Chapters 6-11 investigate the contributions of specific neuroimaging and neuro-
modulatory methods in enhancing the prediction, treatment, and rehabilitation of
speech and language disorders, as well as in presurgical language mapping and the
maintenance of the integrity of language-critical areas on an individual basis.

In particular, Chaps. 68 are dedicated to the potential of noninvasive brain stim-
ulation in enhancing the outcomes of speech and language therapy. In Chap. 6,
Vandenborre and colleagues discuss the benefits of combining speech and language
therapy with tDCS. The authors provide an elaborate, critical discussion of several
parameters pertaining to tDCS protocols, the behavioral tasks of interest, the profile
of the study groups involved, and the outcome measures employed. The authors
present these variables within the context of a patient-centered virtuous circle,
whereby speech and language therapy combined with tDCS is iteratively adjusted
by the clinician in constant dialogue with each patient.

In Chap. 7, Nerantzini and colleagues provide an up-to-date narrative literature
review of the findings from the relatively recent studies applying rTMS in aphasia
therapy. The authors focus on issues pertaining to the effectiveness of rTMS, includ-
ing the stimulation parameters as well as the combined use of rTMS with speech
and language therapy. They also discuss the evidence for improvements in specific
language domains following intervention with rTMS and critically assess the meth-
odological limitations of the current rTMS studies on aphasia rehabilitation.
Crucially, the authors argue that the combination of rTMS with traditional behav-
ioral intervention methods may result in an additive improvement of patients’ lin-
guistic abilities.

In Chap. 8, Leggio and colleagues highlight the potential of targeting the cere-
bellum with noninvasive brain stimulation within the context of the neurorehabilita-
tion of speech and language disorders. While the cerebellum has been traditionally
viewed as a structure confined to motor control, this view has been revised over the
past few decades, with several neuroanatomical, neuroimaging, and clinical studies
providing evidence for cerebellar involvement in non-motor function, crucially
involving language. After briefly reviewing the speech and language impairments
associated with cerebellar damage and broader cerebro-cerebellar network
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abnormalities, the authors provide an overview of the studies that have used nonin-
vasive brain stimulation to investigate the cerebellar role in speech and language
domains. The authors then turn to the translational potential of cerebellar neuro-
modulation to improve speech and language functions after cortical and subcortical
damage. Leggio and colleagues conclude that cerebellar neuromodulation may have
substantial potential as a treatment tool in speech and language disorders, not only
for patients affected by cerebellar pathology but also for patient populations with
supra-tentorial damage.

Chapters 9 and 10 cover the use of advanced methods in mapping the language
network in preoperative settings for the accurate identification and sparing of
language-critical cortex. In Chap. 9, Tsitlakidis and colleagues discuss the utility of
neuronavigated rTMS for language network mapping in preoperative settings of
brain tumors and epileptic disorders. The authors highlight the benefits in decision-
making, surgical planning, patient counseling, and awake mapping optimization in
resective brain surgery that is informed by preoperative rTMS as compared with
language mapping with other techniques.

In Chap. 10, Benjamin and colleagues discuss the translation of fMRI from a
technique developed to identify the brain correlates of cognition to a clinical tool for
mapping the language network in preoperative settings. Since the use of clinical
fMRI requires extensive multidisciplinary theoretical knowledge and technical
training, the authors provide an accessible overview of key topics, including epi-
lepsy, cognitive assessment, fMRI physics, statistical analysis, the language system,
and the interpretation and communication of fMRI findings in a clinically meaning-
ful manner.

Finally, in Chap. 11, I discuss the promising role of advanced lesion-symptom
mapping methods in improving patient care for speech and language disorders.
After a brief historical account of the development of lesion-symptom mapping in
patients with speech and/or language deficits, I highlight the recent emergence of
data-led systems, which combine information from brain lesions and impairment on
speech and language. In the near future, these systems can provide clinicians, car-
ers, and patients with individualized predictions on the possibility, extent, and time
course of language recovery following brain damage. The chapter concludes with a
discussion of a series of well-recognized issues in lesion-symptom mapping, along
with an account of ways to address such limitations.

Overall, it is my hope that this volume will raise awareness of both the transla-
tional potential and the limitations of these approaches among the scientific com-
munity and stimulate further research in the translational neuroscience of speech
and language disorders.
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Chapter 2
Translational Neuroscience of Aphasia
and Adult Language Rehabilitation

Dimitrios S. Kasselimis, Georgios Papageorgiou, Georgia Angelopoulou,
Dimitrios Tsolakopoulos, and Constantin Potagas

Abbreviations
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PET Positron-emission tomography

SLF (LILIII)  Superior longitudinal fasciculi (segments I, II, IIT)
tfEmC Temporo-frontal extreme capsule

UF Uncinate fascicle
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2.1 Perspectives and Challenges in Contemporary Aphasia
Rehabilitation

Stroke is one of the most devastating neurological conditions, leading to deaths and,
for stroke survivors, to motor and cognitive deficits, including aphasia. It is without
doubt that the study of brain anatomy and pathophysiology, at the macroscopic as
well as the neuronal level, has been of great value in the attempt to understand com-
pensatory mechanisms after stroke and recovery processes in aphasia.

Subsequent to brain injury or disease, different molecular, biochemical, and ana-
tomical changes occur that lead to motor, sensory, and/or cognitive deficits
(Whishaw & Kolb, 1988). In the last 15 years, neuroscience research has focused on
the relationship between molecular/cellular changes and cognition, in order to clas-
sify neural circuits amenable to rehabilitation strategies (Pal, Alves, Larsen, &
Mgller, 2014; Vallon, Chang, Zhang, & Kuo, 2014). However, the specific cortical
mechanisms which could result in recovery from and rehabilitation of neurocogni-
tive disorders, such as aphasia, are yet to be elucidated.

Even though lesion studies in acute and chronic post-stroke phases have been
quite popular and have made great progress during the two last decades (Eaton
et al., 2008; Fridriksson et al., 2018; Price & Crinion, 2005), it still remains difficult
to clarify the exact mechanisms of the brain’s structural and functional reorganiza-
tion and how this is related with the observed behavior, in terms of linguistic ability
(Saur et al., 2006). This is due to several reasons, including the huge individual
variability concerning both brain anatomy (Ojemann, 1979; Steinmetz & Seitz,
1991) and post-stroke language deficits (Alexander, Naeser & Palumbo, 1987,
Kasselimis, Simos, Peppas, Evdokimidis, & Potagas, 2017) that affect recovery
(Lazar & Antoniello, 2008; Lazar, Speizer, Festa, Krakauer, & Marshall, 2008). On
the other hand, despite the long history of neuroanatomical research, there are still
many questions to be answered regarding the “localization” of distinct language
processes in the healthy brain and the role of specific brain areas and/or networks in
language function (Campbell & Tyler, 2018; Fedorenko & Thompson-Schill, 2014;
Friederici, 2011; Skeide & Friederici, 2016a, 2016b).

Ever since the first postmortem findings of Broca (1865) and Wernicke (1874),
there is a long history of advanced neuroimaging studies in healthy brain structure
and function, incorporating data from architectonical investigation of cortex (see for
areview Amunts & Zilles, 2012) and comparative studies with primates such as the
macaque monkey (e.g., Petrides & Pandya, 2009) but also studies of structural and
functional neuroanatomy in relation to specific language functions (see for a review
Price, 2012). It is worth mentioning that studies on nonhuman primates using auto-
radiographic methods provide more accurate results regarding white matter tracts
connecting cortical regions, as current neuroimaging methods do not suffice to trace
the exact nature of anatomical structure (Vernooij et al., 2007). However, that even
if such methods are more accurate compared to noninvasive neuroimaging methods,
these studies cannot provide direct evidence for brain-language relationships, given
that language is unique to humans.
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Beyond the importance of investigating the neural underpinnings of language
and the phylogenetic history of the brain regions supporting it, along with the patho-
physiological mechanisms underlying its breakdown, the thorny question of the
efficacy of intervention strategies implemented in neurological patients remains.
While aphasia rehabilitation began to gain major popularity after World War 11
(Basso, 2003), one of the most intriguing questions in contemporary clinical prac-
tice is whether individuals with acquired language disorders can improve their lan-
guage abilities over the course of time (Mazzoni et al., 1995; Pickersgill & Lincoln,
1983; Sarno & Levita 1979a, 1979b). Recent meta-analytic studies on the efficacy
of stroke-induced aphasia rehabilitation demonstrate that aphasia treatment is more
effective compared to spontaneous recovery. It is however noteworthy that, despite
the fact that a large number of studies have focused on different types of treatment
for specific language deficits, such as word retrieval (Hicken, Best, Herbert, Howard,
& Osborne, 2002; Martin & Laine, 2000), verbal fluency (Belin et al., 1996), and
auditory verbal comprehension (Davidoff & Katz, 1985), very little is known about
the neural basis of rehabilitation. In order to understand these effects, a shift of
focus is required from the value of aphasia treatment to the optimization of rehabili-
tation strategies, based on the neurobiological phenomena that occur in the brain in
response to neural injury or disease. In the following sections, we will present the
contemporary view on the brain networks supporting language and then elaborate
on the basic mechanisms of post-stroke recovery. Finally, we will discuss issues
related to treatment and reflect on future endeavors for research in this field.

2.2 A Dual Model for Language Processing: Evidence
from Humans and Nonhuman Primates

It could be argued that the genesis of aphasiology can be traced back to the nine-
teenth century. Postmortem studies during that era indicated that lesions affecting
either one of the two traditional language centers (Broca’s and Wernicke’s areas), or
the underlying fibers interconnecting them, would cause a specific language impair-
ment, the characteristics of which would depend on the topology of the cortical
lesion and/or subcortical disconnection (Lichtheim, 1885). For more than a century,
the Wernicke-Lichtheim model dominated the field of aphasiology, despite the
ongoing debate on the specifics of the structure and function of the perisylvian lan-
guage network (for a historical review and critical discussion, see: Rijntjes, Weiller,
Bormann, & Musso, 2012; Weiller, Bormann, Saur, Musso, & Rijntjes, 2011).

At the dawn of the twenty-first century, a dual stream model was introduced in
an attempt to interpret the neuroanatomical processing of auditory language (Hickok
& Poeppel, 2004, 2007). The newly proposed language network consisted of two
major pathways: a dorsal stream connecting prefrontal areas (with stronger connec-
tions in BA 44 and premotor areas, i.e., BA 6) with the inferior parietal and posterior
temporal cortices, which supported sound-to-articulation mapping, and a ventral
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stream, linking prefrontal areas (mostly BA 45 and BA 47) with ventral temporal
regions involved in sound-to-meaning mapping (Saur et al., 2008).

Collectively, neuroimaging studies using diffusion tensor imaging and functional
connectivity methods have provided insight to the properties of these two major
streams, as well as to the way in which language-related information is integrated.
The superior longitudinal fasciculi segments (SLF I, II, III; Makris et al., 2004;
Petrides, 2014; Petrides & Pandya, 2009) and the arcuate fasciculus (AF) (Catani,
Jones, & Ffytche, 2005; Frey, Campbell, Pike, & Petrides, 2008) are considered to
be dorsal pathways, while the temporo-frontal extreme capsule (tftEmC) (Makris &
Pandya, 2009; Petrides & Pandya, 2009), the uncinate fascicle (UF) (Duffau,
Gatignol, Moritz-Gasser & Mandonnet, 2009), and the inferior-fronto-occipital fas-
ciculus (IFOF) (Sarubbo, De Benedictis, Maldonado, Basso & Duffau, 2013) con-
stitute the ventral system (Saur et al., 2008; Weiller et al., 2011). Diffusion data of
probabilistic tractography in humans are comparable with task-based functional
imaging results (Saur et al., 2008, 2010), thus allowing to assess the expected
language-related function of the two streams and further strengthening the validity
of the dual-path model (for a review in human and monkey brains, see Axer,
Klingner, & Prescher, 2013; for an extensive discussion, see Rijntjes, Weiller,
Bormann, & Musso, 2012; but see also Catani, Jones, & Ffytche, 2005). Structural
and functional connectivity studies associate dorsal stream tracts with mapping
sound onto articulation processes, as required for word- and nonword-repetition
tasks (Saur et al., 2008), but also with hierarchical structure manipulation, as
required in syntax (Friederici, 2012b, 2018). Similarly, task-based fMRI (Saur
et al., 2008, 2010) and electrical stimulation studies (see Duffau, 2012 for a critical
review) provide evidence for the role of the ventral stream and more specifically
tfEmC in mapping sound onto meaning in healthy individuals (for a discussion, see
Friederici, 2012a).

The aforementioned findings are in accordance with evidence derived from dif-
ferent patient cohorts, including tumors (Duffau, Herbet, & Moritz-Gasser, 2013),
post-stroke aphasia (Fridriksson et al., 2018; Kiimmerer et al., 2013; Holland,
Johns, & Woollams, 2018), primary progressive aphasia (Agosta et al., 2013), and
central alexia (Aguilar et al., 2018).

Moreover, there is a close correspondence between neuroimaging findings in
humans and autoradiographic tracing studies in nonhuman primates. Macaque mon-
keys seem to have similar ventral tracts, and especially the tfEmC, connecting ven-
trolateral frontal and temporal and inferior parietal regions (Petrides & Pandya
2006, 2007, 2009; Schmahmann & Pandya 2006). It is noteworthy that in studies
implementing autoradiographic tracing, the tftEmC has been delineated as a separate
tract from the UF, which is considered to be a limbic pathway (Duffau, Gatignol,
Moritz-Gasser, & Mandonnet, 2009; Schmahmann & Pandya 2006). Regarding the
dorsal tract, AF and SLF have been delineated in the macaque monkey brain as
distinct association fiber pathways (Schmahmann et al. 2007), while the middle and
inferior longitudinal fasciculi contribute to the formation of both the AF/SLF and
the tfEmC (Petrides & Pandya, 2007). It can be argued that comparative studies in
human and nonhuman primates lend support to this dual stream language network,
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yet differences arise concerning tract delineation and cortical representation. There
is some evidence that connectivity patterns in the AF (Eichert et al., 2019; Rilling
et al., 2008) and IFOF (Eichert et al., 2019) are different between humans and
macaque monkeys. More specifically, Eichert et al. (2019) showed that the left fron-
tal cortex is connected via the AF with the ipsilateral middle and inferior temporal
gyri in the human brain, but not in the brain of chimpanzees or macaque monkeys,
a finding also supported by Rilling et al. (2008).

In sum, most structural and functional brain connectivity studies confirm the
existence of and illuminate the properties of an extensive language network that
incorporates two major pathways connecting different cortical areas. Future research
will benefit from further development in comparative anatomical and neuroimaging
techniques to shed light on the mechanisms supporting language processes in the
healthy brain and to expand findings in aspects of post-lesion brain reorganization.
Along these lines, understanding the underlying mechanisms of stroke and, most
importantly, post-stroke recovery is crucial, in order to integrate the available data
derived from several fields of neuroscience and eventually formulate a multidisci-
plinary framework for aphasia recovery and treatment. In the following section, we
attempt to describe the mechanisms of recovery after stroke.

2.3 Mechanisms of Post-stroke Recovery

Ischemic episodes are by far the most common types of stroke. Several events occur
during an ischemic episode: mitochondria failure, breakdown of potassium and
sodium pump, oxitoxicity following the release of glutamate and other neurotrans-
mitters, and oxidative stress after the production of free radicals, ending with cell
death (for a review, see Brouns & De Deyn 2009; Deb, Sharma, & Hassan, 2010).
Hemorrhagic strokes cause more deaths compared to ischemic ones and often result
in comparatively more severe motor and cognitive deficits. The hemorrhage leads to
the death of cells and possible damage can also occur from secondary injuries. In
general, hemorrhagic strokes have worse prognosis with regard to survival and cog-
nitive outcome (Lezak, 2012).

Although full neural tissue regeneration cannot take place after a stroke (or any
other event causing brain damage), mammalian brains have a specific mechanism
which allows them to adapt and change based on external stimuli. This unique
mechanism is usually referred to as “neuroplasticity.” The design of the human
brain may facilitate brain reorganization, given that it has a rather high number of
neurons/body mass ratio and its cognitive processes are supported by diffuse func-
tional connectivity (Turkstra, Holland, & Bays, 2003).

Over the last decades, advances in basic neuroscience have improved our knowl-
edge in neural plasticity, a core principle in the field of neurorehabilitation. The
unique ability of neurons to alter their structure and function in order to change
behavior has been demonstrated even in the simplest animals, such as the nematode
C. elegans (Bozorgmehr et al., 2013). The existing data suggest that neuroplasticity
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is a prerequisite for learning new behaviors or relearning the lost ones. This is con-
firmed by a growing body of neuroimaging studies that demonstrate the plastic
potential of the brain in healthy subjects (Raichle et al., 1994; Sowell, Thompson,
Tessner, & Toga, 2001; van Turennout, Ellmore, & Martin, 2000) and in brain-
damaged individuals as well (Belin et al., 1996; Musso et al., 1999; Small, Flores,
& Noll, 1998).

In general, there are three ways in which an injured brain could compensate for
lost tissue: (1) reorganization of all neuronal networks, (2) formation of new net-
works, and (3) regeneration of the lost tissue (Kolb, 1995). It is thus essential to
understand that the “old” brain is developing into a “new” one, resulting into func-
tional reorganization, even in the absence of rehabilitation (Kleim & Jones, 2008).
In animal studies, rehabilitation training after unilateral cortical damage seems to
improve motor function and to enhance neural plasticity in the remaining brain
regions (Biernaskie & Corbett, 2001; Jones, Chu, Grande, & Gregory, 1999).
However, there is evidence that plastic changes are not always beneficial (Mark &
Taub, 2004). As a result, one key aspect of neurorehabilitation is to increase or
induce neuroplasticity in order to maximize functional gains (Keefe, 1995). In the
aphasia literature, there are studies indicating a relationship between neuroplastic
changes and aphasia recovery, which indicates functional reorganization of the
brain (for a review, see Thompson, 2000). There are sparse studies indicating that
rehabilitation can induce neuroplasticity as well, leading to and possibly resulting in
functional gains (Marcotte et al., 2012, Marcotte, Perlbarg, Marrelec, Benali, &
Ansaldo, 2013; Meinzer et al., 2004). Importantly, the type of treatment appears to
play arole in the reorganization of language networks (Musso et al. 1999; Wierenga
et al., 2006). However, further evidence for neuroplasticity is needed in order to
enhance the translation of this area into aphasia research and rehabilitation.

The main factors affecting neuroplasticity are the diffuse functional connectivity
(which allows the brain to remap the neural connections), along with the location
and size of brain damage. In cases of smaller lesions, the adjacent, intact regions
may undertake the recovery of the lost function. In massive strokes resulting in
extensive lesions, this capacity is associated with more distant areas of the lateral
and contralateral hemisphere (Murphy & Corbett, 2009). Several events occur dur-
ing this process, such as changes in synaptic strength, axonal remodeling, and con-
tribution of the healthy areas of the brain (for further review, see Green, 2003). The
process may be modulated by the Hebbian rule, according to which repeated activ-
ity and stimulation of the presynaptic cell is expected to strengthen the synapses that
a particular neuron forms with other neurons (Hebb, 1949). In other words, neurons
that fire together wire together. This could result in the alternation of the representa-
tion areas on the cortex. In addition, homeostatic mechanisms may be triggered by
a cerebrovascular accident, in order to preserve adequate synaptic input, and thus
Hebbian plasticity may redistribute synaptic strength (Marsh & Hills, 2006).
Following this general pattern, a brain-damaged individual may regain, at least par-
tially, a lost function. Indeed, many studies show how neuroplasticity works in a
cortical and subcortical level (for a review, see Green, 2003), facilitating brain
remapping, as well as how ipsilateral and/or contralateral unaffected regions may
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play a compensatory role, as an alternative neural substrate of the lost function. An
example regarding the role of the left hemisphere in aphasia is provided by a study
conducted by Fridriksson, Bonilha, Baker, Moser, and Rorden (2010), who showed
that improved naming performance was accompanied by increased cortical activa-
tion in the left hemisphere in a sample of aphasic patients with naming deficits.
Apart from the processes taking place within the hemisphere ipsilateral to the lesion,
there is accumulating evidence highlighting the role of contralateral (usually the
right in the case of post-stroke aphasia) regions in language recovery. There is sub-
stantial evidence suggesting that language recovery relies on increased activation in
the homologous right hemisphere areas (“theory of right hemisphere compensa-
tion”), in the residual undamaged left hemispheric areas (“map extension”), or in
both (Thompson, 2000). For example, Rosen et al. (2000), in their PET/fMRI study,
found that patients with aphasia due to lesions centered at the left inferior frontal
gyrus (IFG) showed increased activation in the right IFG and left perilesional areas
during language tasks; activation of the right IFG did not however correlate with
verbal performance. The authors therefore attributed the activation of the contrale-
sional IFG to either a recruitment of a healthy network via compensating behavioral
strategies or a possible anomalous response to verbal stimuli in the absence of an
intact left-lateralized IFG. A similar fMRI study (Staud et al., 2002) revealed that
left-stroke survivors showed right-lateralized activation similar to the activation of
the left hemispheric regions in healthy right-handed individuals during a silent
word-generation task, thus indicating the recruitment of the homologous areas of
the right hemisphere after brain damage. Similarly, in an attempt to explain the
involvement of the contralateral hemisphere in recovery, Hamilton, Chrysikou, and
Coslett (2011) have suggested that right-lateralized cortices homologous to the left
perisylvian region may be activated during processing of linguistic stimuli due to a
preexisting language network which was inhibited by the dominant hemisphere
before brain damage occurred.

It should be however noted that, although some studies acknowledge the contri-
bution of the right hemisphere in reorganization, the majority of studies suggest that
the most crucial lesion-related prognostic factors are dependent on the integrity of
the (left) affected hemisphere (Laska, Hellblom, Murray, Kahan, & Von Arbin,
2001; Lazar et al., 2008; for a review, see Kasselimis & Potagas, 2015). Moreover,
other studies have highlighted that right hemisphere changes could be maladaptive
and that increased activation in those areas is associated with worse performance
(Martin et al., 2009; Price & Crinion, 2005). As a means of preventing right hemi-
sphere excitability, recent studies have applied transcranial magnetic stimulation
(TMS) to individuals with aphasia and have shown improved language abilities
after stimulating right homologues of the language network, such as pars triangula-
ris (Naeser et al., 2005; for a review on TMS and aphasia recovery, see Hamilton
et al., 2011). Taking into consideration the evidence highlighting the importance of
the integrity of the left-lateralized perisylvian region, as well as the indications of
the detrimental effects of right hemisphere functionality during post-stroke aphasia
recovery, Hamilton et al. (2011) suggest a hierarchical model for the recovery of
language functions in such patients. Hamilton et al. (2011) summarize a hierarchical
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model to illustrate the recovery of patients with aphasia: (1) best recovery can be
achieved when brain regions originally involved in the language network regain
their normal function; (2) good recovery can be achieved when the functionality of
perilesional areas is restored to counterbalance the function of the damaged areas
originally involved in language; (3) limited recovery can be achieved when lan-
guage recovery is based primarily on the right hemisphere.

In summary, the contribution of the left and right hemisphere changes in aphasia
is not fully understood. Undoubtedly, in order to maximize treatment effects, other
stroke factors need to be taken into account, such as the site and size of the lesion
(Raymer et al., 2007), as well as individual differences in relation to brain remap-
ping and the contribution of the right hemisphere to language recovery
(Gainotti, 1993).

Post-stroke reorganization/recovery follows a specific process, comprising three
phases (Marsh & Hills, 2006): (1) the acute phase, which involves tissue restoration
and lasts for a few hours to days, in which some patients might see rapid improve-
ment, due to restoration of the blood flow in the areas surrounding ischemia (i.e., the
penumbra), where the damage is reversible, because the energy-dependent meta-
bolic processes are still active (Hossmann, 1994); (2) the subacute phase, which
involves recovery from diaschisis and reorganization, during which new synapses
may form; and (3) the chronic phase, which is reflected in the development of new
strategies with regard to cognitive skills in general, among which are language func-
tions. This process could last for months, or even years in some cases (Marsh &
Hills, 2006). Duration and degree of recovery depends on several factors, such as
lesion type and extent, severity of cognitive and language deficits, as well as age and
health status (Kasselimis & Potagas, 2015; Pedersen, Stig-Jgrgensen, Nakayama,
Raaschou, & Olsen, 1995). With regard to aphasia recovery in particular, Saur et al.
(2006) have suggested that there are three phases of post-stroke language recovery,
involving different brain areas: (1) in the acute phase, activation of the remaining
left perisylvian areas is reduced; (2) in the subacute phase, activation of homolo-
gous right hemisphere regions is increased; (3) in the chronic phase, activation pat-
terns tend to approach normalization.

2.4 Timing and Intensity of Treatment

Studies investigating the optimal conditions under which neural repair and conse-
quent remediation of sensorimotor and/or cognitive deficits can be achieved have
shown that timing of intervention is a key element in neurorehabilitation. Recent
findings suggest that training is more effective when applied shorty after injury
(Kleim, Jones, & Schallert 2003; Woodlee & Schallert, 2004). Biernaskie,
Chernenko, and Corbett (2004) observed that a 5-week rehabilitation program in
rats initiated 30 days after brain injury was far less efficacious in improving motor
function compared to the same treatment program starting 5 days post-infarct. A
meta-analysis carried out by Robey (1998) concluded that treatment which initiates
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early in the acute/subacute phase (less than 3 months post-onset) is more effective
compared with rehabilitation sessions starting at 3 or 12 months post-onset. It
should be also noted that delays in treatment delivery may even induce the develop-
ment of compensatory behavioral strategies that may conflict with future rehabilita-
tion efforts (Kleim & Jones, 2008). In sum, timing of treatment seems to be a crucial
factor severely affecting the outcome. However, further research is needed in order
to clarify the specifics of rehabilitation gains in relation to the onset of treatment and
the different improvement patterns that may emerge in the acute, subacute, and
chronic stages after brain injury in humans and other animals (Raymer et al., 2007).

Another critical aspect which is shown to have a significant effect on rehabilita-
tion course and outcome is the intensity of treatment. Kleim (2003) found that
intense training on a skilled reaching task changes the synapse formation within the
motor cortex in rats, eventually resulting in reorganization of motor mapping in the
brain. Taub, Uswatte, and Elbert (2002) suggest that motor rehabilitation programs
implemented in the chronic stage in humans may be most effective if they are deliv-
ered with high intensity over a relatively short period. However, one potential
drawback of training intensity after brain damage is that the possible overuse of an
impaired function may inhibit overall plasticity and worsen overall function
(Molteni, Zheng, Ying, Gomez-Pinilla, & Twiss, 2004). Despite such possible short-
comings, the general consensus is that intense treatment programs are beneficial in
aphasia. A recent review of ten studies showed that the optimal duration for signifi-
cant rehabilitation effects is 8.8 h of treatment per week for an overall period of
11.2 weeks (Bhogal, Teasell, & Speechley, 2003). Results showed that intensity in
general is beneficial in aphasia rehabilitation (Basso, 2005; Baumgaertner
et al., 2013).

2.5 “Use It or Lose It”

In addition to a number of physiological changes after brain injury, individuals
develop behavioral compensatory strategies in order to perform daily activities,
such as the constant use of the unaffected limb by stroke survivors with hemiparesis
(Kwakkel, Kollen, & Lindeman, 2004). Research from basic neuroscience indicates
that these strategies lead to a significant restructuring and neuronal growth in the
contralesional hemisphere (Adkins, Voorhies, & Jones, 2004; Jones & Schallert,
1994). However, avoidance of using the injured limb (“learned nonuse”) may lead
to further degradation of structure or function and may inhibit improvement, even
after treatment (Taub et al., 2002). Based on this notion, constraint-induced therapy
(CIT) has shown promising results with regard to recovery of motor abilities in
patients with post-stroke chronic hemiplegia (Kunkel et al., 1999). In motor reha-
bilitation, the key principles of CIT are massed practice, constraint of the unaffected
limb with forced use of the affected limb, and behavioral shaping of the response.
Pulvermiiller et al. (2001) implemented CIT in an attempt to treat individuals with
chronic aphasia. In their study, nonverbal communication was constrained, and 17
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patients were forced to interact exclusively by talking, practicing their language
skills for 3 hours on each weekday over a 2-week period. In comparison with
patients that received the standard treatment of the institution, CIT-treated patients
improved in tests both of language ability and in ecological verbal competence,
under everyday living conditions. It should be however noted that the amount of
training patients were given in conventional therapy was significantly smaller than
that in CIT.

2.6 Future Endeavors for Aphasia Rehabilitation

Language is a rather complex behavior that can be broken down to several subfunc-
tions and is supported by a widely distributed network, while its associations with
other aspects of cognition are not yet fully understood. In addition, the phenomenol-
ogy and underlying pathological mechanisms of acquired language disturbances
remain, at large, elusive. Despite the different approaches adopted with regard to
testing, intervention strategies, as well as measuring alterations in activation pat-
terns through brain imaging and post-injury cortical remapping, in both humans and
animal models, the exact mechanisms behind the restoration of language functions
after brain damage have yet to be identified. Findings from basic neuroscience have
revealed principles that are crucial to human studies and remain a major influence
on the development of rehabilitation research in patients with aphasia. Undoubtedly,
there are limitations in the translation of findings from animal studies to aphasia
rehabilitation. In order to bridge that gap, computational models of cognition and
language could translate basic neuroscience to human models of treatment (Nadeau,
2000). It should be emphasized that further evidence is needed about how intensity
and timing can interact efficiently in individuals with aphasia, thus avoiding the
negative effects of plasticity (Raymer et al., 2007). Finally, using human in vivo
imaging, identification of changes in brain organization in individuals with aphasia
under treatment could aid in the attempt to customize intervention programs for
specific aspects of language, taking into consideration possible individual differ-
ences (Turkstra et al., 2003).
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Treatment and Intervention Approaches
for the Improvement of Language Abilities
in Neurodegenerative Diseases
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Abbreviations

(r)TMS  (Repetitive) transcranial magnetic stimulation

AD Alzheimer’s disease

CCT Computerized cognitive training
DLPFC  Dorsolateral prefrontal cortex
EF Executive functions

FTD Frontotemporal dementia

LH Left hemisphere

MCI Mild cognitive impairment

PPA Primary progressive aphasia

PPA-G  Agrammatic PPA

PPA-L Logopenic PPA

PPA-S Semantic PPA

RH Right hemisphere

tDCS Transcranial direct current stimulation

3.1 Introduction

The aim of this chapter is to provide an overview of the current treatment and inter-
vention methods for improving language abilities in aging, especially when it is
accompanied by neurodegenerative disorders.
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Recent advances in our understanding of the neurobiology of language have
helped revise some early ideas about language recovery. For instance, focal damage
in stroke-induced aphasia nowadays is mainly investigated with respect to deficits
in broader language networks and less so with problems in isolated brain areas (for
a review see Kiran & Thompson, 2019). Evidence for neuroplasticity in aphasia
research has been confirmed in several studies, showing that therapeutic techniques
can effectively be used to modulate the brain’s capacity for functional reorganiza-
tion, by engaging regions that had previously been uninvolved in language process-
ing to undertake new compensatory roles (Abel, Weiller, Huber, Willmes, & Specht,
2015; Berthier & Pulvermiiller, 2011; Fridriksson, Guo, Fillmore, Holland, &
Rorden, 2013; Sarasso et al., 2010; Saur et al., 2006; Taub, Uswatte, & Elbert,
2002). Specifically, the recruitment of the left hemisphere (LH) and nearby perile-
sional tissue is essential for therapy-induced reorganization (Fridriksson, 2010;
Fridriksson et al., 2012; Heiss, Thiel, Kessler, & Herholz, 2003; Martin et al., 2009;
Meinzer & Breitenstein, 2008; Saur et al., 2006; Winhuisen et al., 2007), although
studies of language recovery in chronic stroke have also shown right hemisphere
(RH) recruitment post-treatment (Kiran, Meier, Kapse, & Glynn, 2015; Menke
et al., 2009; Musso et al., 1999). However, in most cases, RH activation is often
ineffective or even maladaptive, and typically, the best aphasia outcome (improve-
ment of language functions) is yielded when inhibiting the right inferior frontal
gyrus (Barwood et al., 2011; Hamilton, Chrysikou, & Coslett, 2011; Martin et al.,
2009; Naeser et al., 2005).

Language intervention has traditionally been focused on improving communication
abilities of individuals after stroke. Nonetheless, as our knowledge about language
problems in dementia and in neurodegenerative diseases advances, intervention studies
are gradually planned and implemented in aging populations as well. This field, how-
ever, remains in its early infancy, but it is quickly gaining grounds. Given that the
underlying cause of these two major types of disorders (focal vs. neurodegenerative)
appears to be more or less the same, i.e., a processing slowdown, it is unclear why
language intervention should only be administered in one but not the other. This
becomes particularly relevant given that although post-stroke aphasia and neurodegen-
erative diseases (e.g., primary progressive aphasia (PPA)) overlap in terms of their
phenomenology (Grossman, 2018; Thompson et al., 2013), they are essentially differ-
ent with respect to injury type and recovery processes. For instance, PPAs are charac-
terized by the slow, diffused degeneration of cellular units within the language system
with a graceful degradation of the affected systems (Norise & Hamilton, 2017). That
is why in neurodegenerative dementias like Alzheimer’s disease (AD) and frontotem-
poral dementia (FTD), neural degeneration occurs for years before patients become
symptomatic (Grossman, 2010). Despite the progressive/ongoing nature of these con-
ditions, several studies have shown that language impairment in PPA can be responsive
to treatment, demonstrating the potential for neuroplasticity in PPA (e.g., Jokel,
Graham, Rochon, & Leonard, 2014). However, early detection of the neuropathologi-
cal changes in dementia is crucial (Snyder et al., 2014), as early intervention can serve
as a protective mechanism against the decline of the functional level at the very early
stages of the disease.
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In addition to behavioral treatments, an important development in language
intervention both for focal and for neurodegenerative diseases is the use of noninva-
sive brain stimulation. In general, the pharmacological treatment methods used to
manage the symptoms of dementia have a limited degree of efficacy and sometimes
cause serious side-effects. Thus, researchers focus on finding and developing sup-
plementary or alternative therapies which will benefit dementia patients. Recently,
non-invasive brain stimulation approaches such as repetitive transcranial magnetic
stimulation (rTMS) and transcranial direct current stimulation (tDCS) have attracted
considerable clinical and research interest, since they facilitate language recovery
by modulating the excitability of the cortex and enhancing neuronal plasticity at the
level of synaptic communication (Hattori, Moriwaki, & Hori, 1990; Liebetanz,
Nitsche, Tergau, & Paulus, 2002; Moriwaki, 1991), possibly strengthening the con-
nectivity within language networks.

TMS produces an electromagnetic field, which is delivered to the brain, and
affects cortical plasticity and neuronal activity (Elder & Taylor, 2014). In a similar
vein, tDCS alters! cortical excitability and functional connectivity leading to behav-
ioral changes, including improvements in motor, cognitive, and speech abilities.
These techniques do not normally entail risks to the participants and have been used
worldwide as treatment tools for disorders associated with stroke-induced aphasia,
neurodegenerative diseases such as PPA, or AD, depression, epilepsy, and develop-
mental deficits (for rTMS: Dadgar, Alaghband Rad, Khorrami, & Soleymani, 2016;
Ren et al., 2014; Sokhadze, El-Baz, Sears, Opris, & Casanova, 2014; van den Noort,
Struys, & Bosch, 2015; Wilkinson & Murphy, 2016; for tDCS: Baker, Rorden, &
Fridriksson, 2010; Cotelli et al., 2014; Gervits et al., 2015; Hupfeld & Ketcham,
2016; Kuo, Paulus, & Nitsche, 2014; Tippett, Hillis, & Tsapkini, 2015; Wassermann
& Grafman, 2005).

Neuromodulation techniques hold the potential of alleviating neuropsychiatric
symptoms and improving cognition, with effects lasting for weeks or months (Elder
& Taylor, 2014). Due to its ability to modulate cortical excitability, TMS was
initially used in normal-healthy participants in order to explore its effectiveness in
language processing and cognitive performance. Results of different studies suggest
that TMS might successfully improve language performance (e.g., naming ability)
and cognition (memory, attention, learning) in healthy populations (Elder & Taylor,
2014). Previous studies examined also whether the application of non-invasive neu-
romodulatory techniques can have similar effects on patients diagnosed with
dementia.

Finally, one of the most recent advancements in language intervention is the
option of treating general cognitive abilities, e.g., executive functions (EF), in order
to improve language as well. Successful language processing is the result of close
“collaboration” between language knowledge and cognitive resources. Individuals

'Low-frequency (1-4 Hz) rTMS has inhibitory effects, while high-frequency stimulation (>5 Hz)
causes excitatory effects; similarly, cathodal tDCS induces neural hyperpolarization reducing the
responsiveness of the neurons leading to inhibition of performance, while anodal induces neural
depolarization, increasing neurons’ excitability (Pini et al., 2019).
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with neurodegenerative conditions are predicted to be unable to use these cognitive
resources, thus leading to language failures as well. Driven by that, researchers have
suggested that training EF (e.g., working memory or conflict resolution) may also
demonstrate positive transfer effects in the linguistic domain, given that similar pro-
cessing mechanisms are taking place in both domains. In other words, training
focused on the shared processes between EF and language skills might facilitate
performance in particular language tasks. Given that conflict resolution processes
contribute to a range of linguistic skills, EF training targeting such processes could
theoretically yield wider performance gains in the domain of language. Up to now,
studies have shown that EF enhancement can cause positive transfer effects in
healthy participants as well as in individuals with damage to the left ventrolateral
prefrontal cortex (which has been directly associated with EF) in comprehension
tasks (Hoffman, Jefferies, & Lambon Ralph, 2010), in verbal fluency (Kan &
Thompson-Schill, 2004; Novick, Kan, & Thompson-Schill, 2009; Schnur et al.,
2009), as well as in resolution of lexical (Bilenko, Grindrod, Myers, & Blumstein,
2009; Copland, Sefe, Ashley, Hudson, & Chenery, 2009; Khanna & Boland, 2010),
syntactic (Hussey & Novick, 2012; Hussey, Teubner-Rhodes, Dougherty, Bunting,
& Novick, 2010; Novick, Trueswell, & Thompson-Schill, 2005), and referential
ambiguities (Brown-Schmidt, 2009). In these studies, generalization of the positive
transfer effects of the training is not predicted only for the untrained items but also
for all other tasks that share similar underlying processes, common to the processes
enhanced. For instance, training of conflict resolution might facilitate memory, e.g.,
in the n-back memory task which requires conflict resolution (D’Esposito & Postle,
1999; Kane & Engle, 2000), while transfer is also predicted to occur in language
processing. Although such outcomes have substantial implications for language
processing, these findings have been largely neglected in psycho~/neurolinguistic
research, theoretical or clinical approaches.

In the remaining of the paper, we will be tackling these issues and presenting some
key studies and findings related to language intervention in neurodegenerative diseases.
The paper is organized as follows: in Sect. 3.2, we briefly present the neurodegenera-
tive conditions we will be discussing (mild cognitive impairment (MCI), AD, PPA)
with a focus on the language deficits these populations exhibit. Section 3.3 is dedicated
in presenting the various behavioral and neuromodulatory interventions on populations
with dementia (AD and MCI), while Sect. 3.4 describes intervention approaches in
PPA. Section 3.5 summarizes the findings and concludes the chapter.

3.2 Language Profiles of Individuals with MCI, AD,
and PPA

3.2.1 MCcCI

MCT is defined as the transition stage between normal aging and dementia and is
characterized by loss of cognitive and functional abilities, without, however, meet-
ing the dementia criteria (Petersen et al., 2001). Patients who demonstrate impair-
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ment in domains other than memory, including language, are more likely to develop
dementia (ibid.). With respect to language impairment in MCI, there exists plentiful
evidence from standardized tests (for a review, see Taler & Philips, 2008) and not
much from psycholinguistic studies. Concerning word finding abilities and verbal
fluency, results are controversial. Some studies report no impairment (e.g., Albert,
Moss, Blacker, Tanzi, & McArdle, 2007), while others found word generation and
retrieval process to be compromised in both phonemic and category verbal fluency
tasks (Demetriou & Holtzer, 2017). MCI patients were, also, found to have difficul-
ties in recalling and producing verbs in a verb fluency task (Alegret et al., 2018).
Difficulties in processing ambiguous words (Taler & Jarema, 2006) and impaired
naming and semantic knowledge of objects (Joubert et al., 2010) were also reported.
In a lexical decision task, Manouilidou et al. (2014) reported difficulties in process-
ing concrete and abstract words and impaired semantic priming in MCI. Concerning
morphological knowledge and syntactic structure, studies have disclosed controver-
sial findings in MCI individuals showing either impaired (Lambon Ralph, Patterson,
Graham, Dawson, & Hodges, 2003) or spared performance (e.g., De Jager,
Hogervorst, Combrinck, & Budge, 2003). In a recent study, Manouilidou, Dolenc,
Marvin, and Pirtosek (2016a) examined MCI individuals’ abilities to detect mor-
phological violations in an off-line grammaticality judgment task and an online
lexical decision task. Results revealed that patients’ structural knowledge was not
affected, but processing morphological structure was impaired, especially in the
lexical decision task due to time pressure.

MCI individuals’ language difficulties have been attributed to impairments in
episodic, working (Summers & Saunders, 2012), and semantic memory (Wilson,
Leurgans, Boyle, & Bennett, 2011), processing speed limitations, impaired atten-
tion, and executive dysfunction (Summers & Saunders, 2012). Duong, Whitehead,
Hanratty, and Chertkow (2006), by employing a Stroop picture-naming task, sug-
gested that MCI patients’ performance might be affected by the type of task they are
asked to perform and not only by their language abilities. Increased task complexity
might lead MCI patients to low performance levels, indicating that impaired EF can
also interfere with language processing. Similarly, Manouilidou et al. (2016a) point
out that impaired EF, which helps patients evaluate the necessary information
according to the requirements of the specific task, might affect MCI individuals’
language performance.

3.2.2 AD

AD is a chronic neurodegenerative disease and the most common type of dementia
(Visser, Verhey, Knol, Scheltens, et al., 1999), characterized by progressive cogni-
tive dysfunction. Diagnosing dementia based on neuropsychological assessment
requires the presence of impairment in the domain of memory and in one of the
other cognitive domains (Lindenboom & Weinstein, 2004). At the initial stages of
AD, working memory is impaired (Braaten, Parsons, McCue, Sellers, & Burns,
2006), leading to difficulties in learning new things related either to semantic or
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episodic memory. As the disease progresses, dysfunction in other cognitive domains,
such as EF, attention, and visuospatial skills, is observed. Language abilities are
also affected during all stages of the disease with patients having difficulties in both
production and comprehension of discourse, reading, and writing (Taler & Philips,
2008). Generally, AD patients’ speech displays word-finding difficulties, empty
phrases, lack of coherence, and impairment in both grammatical and semantic
aspects of language (Altmann, Kempler, & Andersen, 2001; Kavé & Dassa, 2018;
Kavé & Goral, 2018).

An early symptom of AD is difficulties in producing and recalling single words.
Previous studies have already revealed noun and verb naming disorders in AD
patients due to impairment at different levels of language processing. Recent studies
report noun naming deficits in AD patients in a revised version of Boston Naming
Test and a picture-naming task (Salehi, Reisi, & Ghasisin, 2017; Silagi, Bertolucci,
& Ortiz, 2015). More specifically, regarding patients’ naming abilities, these studies
(Salehi et al., 2017; Silagi et al., 2015) revealed that naming errors are different in
terms of quantity and quality among the different stages of the disease (mild and
moderate), with patients at the initial stage producing more semantic errors and
patients with moderate symptoms producing fewer correct responses and mainly no
responses at all. While nouns were found to be more impaired than verbs
(Whatmough & Chertkow, 2002), verb naming is also affected in AD. Robinson,
Grossman, White-Devine, and D’Esposito (1996) have reported category-specific
impairments in AD patients, with nouns being better preserved than verbs in a
picture-naming task where homophonic and homographic nouns and verbs (e.g.,
“fish,” “paint”) were tested. Moreover, Masterson et al. (2007) observed more errors
and slower reaction times to verbs compared to nouns in a picture-naming task and
a word-picture verification task in an AD population. The above findings are in line
with studies suggesting that verb production and comprehension abilities are more
impaired than noun naming abilities in AD (Drucks et al., 2006; Kim & Thompson,
2004). Finally, impaired processing of verbs in AD has also been observed through
verb fluency tasks, where patients presented with recalling and producing difficul-
ties (Alegret et al., 2018).

Morphosyntactic abilities in AD have been found to be intact in previous studies.
For instance, Kavé and Levy (2003) found AD patients’ speech less informative
with more semantic errors compared to controls, but their language remained struc-
turally rich. More specifically, patients produced the same syntactic (e.g., indepen-
dent, declarative clauses) and morphological (e.g., inflected words, verb forms)
structures as the cognitively intact participants did. Contrary to these findings,
Fyndanis et al. (2013) found Greek-speaking mild-to-moderate AD individuals to
be impaired in tense, agreement, and especially aspect production in a sentence
completion task. Other studies also reveal general morphosyntactic impairment in
AD, such as impaired verb morphology (Walenski, Sosta, Cappa, & Ullman, 2009),
morphosyntactic errors (e.g., incorrect inflections, word order errors, and missing
matrix or subordinate clauses) in AD individuals’ spontaneous speech and oral pro-
duction (Altmann et al., 2001), and difficulties in interpreting thematic roles of
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verbs (e.g., Manouilidou & de Almeida, 2009; Manouilidou, de Almeida, Schwartz,
& Nair, 2009).

It has been argued that language impairment in AD is associated with memory
limitations and cognitive impairment. Naming deficits, for example, might be attrib-
uted to degraded semantic memory, the part of long-term memory which includes
language and mental lexicon information (Braaten et al., 2006; Vogel, Hasselbalch,
Gade, Ziebell, & Waldemar, 2005). Problems with lexical retrieval might indicate
either deficit in accessing semantic knowledge-information of a word or difficulties
in recalling its phonological form (Salehi et al., 2017; Silagi et al., 2015). Working
memory limitations may also be the source of deficits in some language aspects.
Specifically, the central executive component of working memory has been found to
be impaired in AD individuals (Baddeley, 1996; Kensinger, Shearer, Locascio,
Growdon, & Corkin, 2003).

3.2.3 PPA

PPA is a clinical syndrome caused by a neurodegenerative disease, in which lan-
guage is the main domain of dysfunction for at least the initial stages of the disease,
while other cognitive functions such as memory, behavior, and visuospatial abilities
deteriorate as the disease progresses (Mesulam, 1982, 2013). Based on language
impairments and neuropathological criteria, three major PPA variants have been
reported (Gorno-Tempini et al., 2004, 2011; Maruta, Pereira, Madeira, De
Mendonga, & Guerreiro, 2015; Mesulam et al., 2009; Mesulam, Wieneke,
Thompson, Rogalski, & Weintraub, 2012): semantic PPA (PPA-S), which is linked
with deficits in semantic knowledge and object naming; logopenic PPA (PPA-L),
which is characterized by impaired word retrieval and sentence repetition; and
agrammatic PPA (PPA-G), which is associated with grammatical impairments that
are evident across linguistic domains in both production and comprehension.
While there are striking similarities between these three variants, given that they
all affect word-level knowledge, we also find distinct language profiles. Specifically,
although anomia is a common feature in all variants, several studies that have exam-
ined the performance of PPA patients in various aspects of word knowledge, such as
functional category (i.e., content vs. function words), grammatical category (i.e.,
nouns, verbs, adjectives), and morphological status of a word (i.e., inflected, derived,
or compound words), suggest different word knowledge deficits in each PPA sub-
type. In particular, PPA-G patients have shown greater difficulty in production (but
not in comprehension) of verbs compared to nouns (Ash et al., 2010; Hillis et al.,
2006; Thompson, Lukic, King, Mesulam, & Weintraub, 2012) and a trend towards
higher ratios of content compared to function words in connected speech production
(Thompson et al., 2012, 2013; Wilson et al., 2010). Moreover, PPA-L patients did
not significantly differ from controls in the production of content versus function
words. Concerning the effect of grammatical category, they did not exhibit differ-
ences in nouns and verbs in either production or comprehension, albeit there is a
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tendency for impaired noun production (Thompson, Cho, et al., 2012; Wilson et al.,
2010). Finally, PPA-S patients exhibited lower content to function word ratios than
controls (Thompson, Cho, et al., 2012). Furthermore, they present with impairments
in noun processing (Hillis et al., 2006; Thompson, Lukic, et al., 2012), while pro-
duction and comprehension of verbs is relatively maintained. The noun-verb disso-
ciation indicates that objects are more impaired than actions in both comprehension
and production domains, which is thought to result from semantic memory impair-
ment in object recognition and knowledge (Adlam et al., 2006).

When it comes to morphological processes, a few studies have reported that
PPA-G is linked to impaired production of English inflected words (Schneider,
Thompson, & Luring, 1996; Thompson, Cho, et al., 2012; Thompson & Mack,
2014), albeit there is evidence for better performance in regular words (Wilson
et al.,, 2014). Regarding derivation, Manouilidou, Nerantzini, Dougherty, and
Thompson (2016b) have examined PPA-G patients’ ability to detect different types
of pseudo-words violating various constraints of deverbal word formation® and
reported that they appeared to be not very sensitive to the violations of the combi-
natorial properties of stems and affixes. Moreover, while derivational morphology
has not been examined in PPA-L, evidence from inflectional morphology indicated
that patients did not exhibit difficulties in production of verb morphology (Thompson
et al., 2013; Thompson & Mack, 2014). On the other hand, research in inflection
and derivation is more fruitful in PPA-S (Auclair-Ouellet, Fossard, Houde, Laforce,
& Macoir, 2016). In particular, as in PPA-L, production of verb morphology is also
preserved in PPA-S (Thompson & Mack, 2014). Additionally, several studies have
reported more difficulties with the formation of irregular verbs than regular ones,
suggesting a preservation of rule knowledge despite the shortcomings in lexical
retrieval procedures (Benedet, Patterson, Gomez-Pastor, & Luisa-Garcia de la
Rocha, 2006; Jefferies, Rogers, Hopper, & Lambon Ralph, 2010; Wilson et al.,
2014). Given that irregular verbs (e.g., “go”-“went”) are more idiosyncratic and rely
more on semantic features, this pattern could be attributed to semantic decline
which dominates in PPA-S (Patterson et al., 2006). Additional evidence for retained
rule knowledge in PPA-S comes from recent studies on derivational morphology
which indicated that derivational rules are relatively preserved in this variant (Kavé,
Heinik, & Biran, 2012; Meteyard & Patterson, 2009). Specifically, Auclair-Ouellet
et al. (2016) reported findings from a PPA-S patient who retained the ability to pro-
duce derived verbs semantically related to nouns in a transparent way, while when
the morphological relationship was opaque (e.g., due to root allomorphy), the
patient made errors by adding the more frequent productive ending to the noun
bases. Finally, Kordouli, Manouilidou, Stavrakaki, Mamouli, and Ioannidis (2018)
report major difficulties with the production of compound words with prominent
errors being descriptions of the compound targets and single-word errors, suggest-
ing unawareness of the compound status and morphological structure in PPA-G.

>The process of creating a lexical item from a verbal basis. For instance, teach > teacher, play >
playing, understand > understandable.
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Evidently, a wide spectrum of disorders and language problems appear in each
of the aforementioned conditions. With this in mind, in the following sections we
will be discussing intervention approaches in populations with MCI, AD, and PPA.

3.3 Intervention Approaches in MCI and AD

Different types of interventions have been used in neurodegenerative diseases aim-
ing to either alleviate some symptoms or reduce the rate of decline in the disease
progression. Notably, the beneficial effects of pharmacological treatments [e.g.,
dextroamphetamine (McNeil, Small, Masterson, & Fossett, 1995); bromocriptine
(Farrajota et al., 2012; Reed, Johnson, Thompson, Weintraub, & Mesulam, 2004);
galantamine (Kertesz et al., 2008); oral steroids (Decker & Heilman, 2008); and
memantine (Johnson et al., 2010)], have not been proven scientifically, since there
is no compelling evidence that medications can successfully be used as cognitive
enhancers in dementia by slowing or eliminating language decline. Instead, Boxer
et al. (2013) showed that the use of memantine treatment in PPA-S and PPA-G can
even have a negative effect, with participants performing significantly worse on the
Boston Naming Test after receiving memantine treatment, compared to the control
group who received a placebo. However, other treatment types such as behavioral
treatments, neuromodulatory rehabilitation (e.g., rTMS and tDCS), or combined
interventions (e.g., neuromodulatory and linguistic intervention) have shown more
promising results, maximizing the efficacy of the intervention while producing
more sustained improvements.

Specifically, when it comes to MCI and AD behavioral intervention techniques,
Zhao and Li (2017) report that there are three main types: a) rehearsal-based
approaches, (b) compensatory techniques, and (c) mnemonic strategies. As the
name suggests, rehearsal-based approaches require patients to repeat information
over time. Techniques employing compensatory aids, on the other hand, aim to
change or augment memory processes, hence altering the manner of learning, reten-
tion, and information retrieval of patients. Finally, cognitive “instruments” that help
organize and connect new messages through internal compensatory aids fall under
the category of mnemonic strategies.

A common characteristic of most intervention studies related to MCI is their low
success rate in both receptive and expressive communication (for a review, see
Johnson & Lin, 2014), a fact that can be attributed either to the small sample size of
these studies or to their treatment focus, which has not always been directly related
to communication. Their success rate is considerably higher in AD though. The
most common language domains of intervention in both MCI and AD are verbal
Sfluency, semantic memory, speech, and discourse, although the majority of existing
studies target multiple cognitive domains, such as memory, EF and visuospatial
skills, as well as language. Computerized cognitive training (CCT) appears to be an
intervention method favored by a significant number of studies. Specifically,
Wenisch et al. (2007) targeted memory, EF, and visuospatial skills by teaching cog-
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nitive strategies and demonstrated no significant change in the measure of verbal
fluency in either the 12 subjects with MCI or the 12 healthy counterparts following
the intervention. Barnes et al. (2009) targeted auditory processing speed and accu-
racy by using CCT; no significant differences were found between treatment (22
subjects with MCI) and control (25 subjects without MCI) groups on measures of
semantic memory and verbal fluency in the post-intervention phase. Similarly,
Cipriani, Bianchetti, and Trabucchi (2006) failed to elicit improvement on verbal
fluency after CCT for attention, memory, perception, visuospatial cognition, and
language skills in MCI, but the ten AD patients who participated in this study did
improve on the phonemic fluency task. Finally, Talassi et al. (2007), by combining
CCT with occupational therapy and behavioral training, also found no significant
difference in the intervention groups (30 with MCI, 24 with mild dementia) on ver-
bal fluency or discourse (story recall). In contrast, Rozzini et al. (2007) examined
the effects of CCT (addressing attention, memory, abstract reasoning, visuospatial
skills, and language) alone, as well as in combination with cholinesterase inhibitors,
to a no treatment group (n = 22) and demonstrated significant improvement for the
group receiving the combined intervention on story recall (receptive and expressive
discourse), but not on verbal fluency measures. The CCT-only group and the control
group did not show any significant improvements on either language measure.

While behavioral treatments do not appear to be particularly successful, high-
frequency rTMS has typically been used successfully in studies of neurodegenera-
tive diseases, given that the LH language network is broadly downregulated (Norise
& Hamilton, 2017; Pini et al., 2019). Trebbastoni et al. (2016) have recently inves-
tigated cortical excitability and synaptic plasticity in 40 patients with amnestic MCI
which have the highest risk of conversion to AD. The authors applied trains of 5 Hz
rTMS stimulation, and participants were followed up annually up to a period of
48 months. MCI participants displayed cortical hyperexcitability and altered
synaptic plasticity to 5 Hz-r'TMS when compared with healthy controls, suggesting
that these alterations, which have previously been observed in AD, are thus present
in the early stages of disease and may be considered as potential neurophysiological
markers of conversion from MCI to AD.

In a series of studies, Cotelli and colleagues have reported significant long-
lasting effects of high-frequency rTMS in AD patients. For instance, in Cotelli et al.
(2011), rTMS was applied to AD patients to assess the duration of its effects on
language performance. It was found that a 4-week daily real rTMS treatment was
able to induce at least an 8-week lasting effect on the improved performance when
it comes to cognitive abilities (memory, language, executive functions). Similarly,
rTMS was found to improve naming at all stages of AD (Cotelli, Manenti, Cappa,
Zanetti, & Miniussi, 2008), to improve specific action naming (Cotelli et al., 2006)
and also auditory sentence comprehension (Cotelli, Calabria, Manenti, et al., 2012).
In Cotelli et al. (2012), a significant difference was found between groups (TMS vs.
placebo) over sessions in terms of the percentage of correct responses of auditory
sentence comprehension. Only real treatment induced an improvement in perfor-
mance with respect to baseline or placebo. Moreover, both groups showed a lasting
effect on the improved performance 8 weeks after the end of treatment.
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Similarly, Ahmed, Darwish, Khedr, EI Serogy, and Ali (2012) have reported
long-lasting effects in mild-to-moderate AD patients who received high-frequency
rTMS for 5 consecutive days. More specifically, in the follow-up evaluation (after
each session and after 1 and 3 months since the end of the treatment), 15 mild-to-
moderate AD patients who had received high-frequency rTMS were found to be
improved in the Mini Mental State Examination scale compared to the 15 who had
received low-frequency stimulation and the 15 ones who had received sham treat-
ment. Moreover, both Cotelli et al. (2011) and Ahmed et al. (2012) have reported
behavioral improvement and enhanced performance in the Instrumental Activities
of Daily Living Scale and Geriatric Depression Scale.

In healthy populations, the effect of -TMS was limited to the left DLPFC (Cotelli
et al., 2008). However, in AD participants, the stimulation of both right and left
DLPFC seems to lead to more effective results, supporting the idea of functional
plasticity. It is possible for AD individuals to recruit the RH in order to balance the
impairment of the LH.

3.4 Intervention Approaches in PPA

Most of the behavioral intervention studies in PPA have either focused on fluency
and word finding difficulties, as anomia is the most pervasive symptom in all PPA
variants (e.g., Carthery-Goulart, Silveira, Machado, et al., 2013; Croot et al., 2015;
Croot, Nickels, Laurence, & Manning, 2009; Dressel et al., 2010; Frattali, 2004;
Harciarek, Sitek, & Kertesz, 2014; Jokel et al., 2014; Krajenbrink, Croot, Taylor, &
Nickels, 2016; Meyer, Tippett, Turner, & Friedman, 2018; Newhart et al., 2009; for
computer-based treatment applications, see Evans, Quimby, Dickey, & Dickerson,
2016; Jokel, Cupit, Rochon, & Leonard, 2009; Jokel, Rochon, & Leonard, 2006), or
on spelling impairments (dysgraphia), which also arise early in all three types of
PPA (Faria et al., 2013; Graham, 2014; Rapp & Glucroft, 2009; Tsapkini & Hillis,
2013). A combination of treatments focusing on both oral and written difficulties
(Krajenbrink et al., 2016) has recently been applied in PPA to investigate the facili-
tatory effect of written components to lexical retrieval. Other behavioral treatments
target grammatical deficits and verb production (Hameister, Nickels, Abel, & Croot,
2017; Henry et al., 2018; Machado, Campanha, Caramelli, & Carthery-Goulart,
2014; Schneider et al., 1996), semantic processes (Bier et al., 2009), phonological
processes (Jefferies, Bott, Ehsan, & Lambon Ralph, 2011; Louis et al., 2001), dis-
course (Cartwright & Elliott, 2009; Whitworth et al., 2018), speech intelligibility
(Henry et al., 2013, 2018), or reading (Heredia, Sage, Lambon Ralph, &
Berthier, 2009).

These studies have shown that behavioral treatment can be substantially benefi-
cial for PPA patients if early intervention takes place, since these patients have
proven adequate (a) to change and relearn/or regain their lost abilities by adopting
new strategies and (b) to impede further loss of a particular function by retaining the
gained abilities and generalizing therapy gains over time. Nonetheless, varying out-
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comes have been observed across studies, possibly due to the fact that their vast
majority are either single-case studies or have a small sample size, mainly involving
PPA-S patients, but markedly fewer PPA-L or PPA-G patients.

Generalization of therapy gains seems to vary substantially across the different
subtypes of PPA, with higher prevalence reported for PPA-G or PPA-L, compared
with PPA-S (Cadorio, Lousada, Martins, & Figueiredo, 2017), although treatment
studies for PPA-L are far fewer than those for PPA-G or PPA-S. Specifically,
although immediate treatment gains have been documented in almost all published
studies of lexical retrieval in PPA (Cadorio et al., 2017; Croot et al., 2009, 2019;
Jokel et al., 2014; Savage, Piguet, & Hodges, 2014), PPA-S participants are less
amenable to treatment in terms of generalization to untreated items (Graham,
Patterson, Pratt, & Hodges, 2001; Bier et al., 2009, 2011, Bier et al., 2015, Dressel
et al., 2010; Senaha, Brucki, & Nitrini, 2010; Newhart et al., 2009; Frattali, 2004
but see Savage et al., 2014; for generalization in contexts closely resembling the
training concepts), possibly due to impairment in the semantic network and its con-
comitant deterioration. Interestingly, Mayberry, Sage, Ehsan, and Lambon Ralph
(2011) reported overgeneralization in two participants with PPA-S patients, who
tended to overgeneralize the relearned trained items to concepts that were semanti-
cally and superficially similar, but not to distantly related or unrelated items, sug-
gesting that the degraded semantic system is still involved.

Similarly, lexical retrieval interventions in PPA-G revealed that although partici-
pants are able to relearn associations and improve in the trained items, training gains
do not generalize to untrained items (Croot et al., 2015, 2019; Marcotte & Ansaldo,
2010) but only to different tasks (Jokel et al., 2009). Specifically, Jokel et al. (2009)
documented no generalization to untreated items after administering a naming inter-
vention, but they noticed an improvement outside the context of picture-naming,
(i.e., in the accuracy of their syntactic production, as measured by a sentence pro-
duction task). Given that anomia emerges later in this variant (Gorno-Tempini et al.,
2004, Hillis, Oh, & Ken, 2004; Hillis, Tuffiash, & Caramazza, 2002), sentence-level
behavioral treatments have also been applied in PPA-G. Schneider et al. (1996)
demonstrated that verbal treatment [production of transitive verbs with different
tense markers in simple sentences (e.g., The Woman Kissed the Man)] can yield
treatment gains for verb tense markers, and generalization to untrained verbs within
similar contexts (e.g., The Man Pushed the Baby), suggesting that other word classes
apart from nouns are amenable to treatment in PPA. Similar results were obtained
by Machado et al. (2014), who reported an improvement for trained and untrained
sentences after applying a short-term treatment focusing on errorless learning tar-
geting verb inflection and sentence production, and by Hameister et al. (2017), who
demonstrated significant therapy benefits in the production of trained and untrained
grammatical structures after applying a constraint-induced treatment approach
(Pulvermiiller et al., 2001). Recently, Henry et al. (2018) showed that script treat-
ment targeting speech production and fluency can result in immediate gains in the
production of correct, intelligible scripted words for trained topics, a reduction in
grammatical errors for trained topics, and an overall increase in intelligibility for
trained as well as untrained topics post-treatment.
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In PPA-L, lexical retrieval interventions have proven beneficial, with training
gains evident in both trained and untrained items (Beeson et al., 2011; Meyer,
Snider, Eckmann, & Friedman, 2015; Newhart et al., 2009). Newhart et al. (2009)
demonstrated significant improvements in naming accuracy both to trained and
untrained categories in a participant with PPA-L, after administering a cueing hier-
archy treatment for naming pictured objects. The authors associated this effect to his
relatively spared semantic system and to the activation of the network involved in
lexical retrieval, which led to improved access to the phonological lexicon. Similarly,
Beeson et al. (2011) presented the beneficial results of semantic elaboration strate-
gies in lexical retrieval in one participant with PPA-L that led to significant improve-
ments in naming and broader generalization even to untreated items, compared to
learning lists of items, a strategy that typically results in item-specific generaliza-
tion. Meyer et al. (2015) applied an orthographic treatment in English in a
Norwegian-English bilingual woman with PPA-L, which resulted in transfer of the
therapy gains to her other language (Norwegian) in the same task (oral naming) and
in a different task (name retrieval based on written definitions read aloud by the
experimenter). The authors suggested that the English orthographic training rein-
forced the language-independent semantic representations of the treated items,
thereby facilitating access to their Norwegian phonological representations.

Nonetheless, most studies to date have not followed patients for a substantial
period of time post-treatment to determine the longer-term outcomes of intervention
(but see Henry et al., 2013; Meyer et al., 2018). Thus, it is hard to ultimately assess
the effectiveness of behavioral interventions in the different variants of neurodegen-
erative diseases since our current knowledge regarding the maintenance of improve-
ment in the long-term perspective is rather limited or not systematically examined
due to the absence of randomized clinical trials. Despite the progressive nature of
the disorder, most of the studies have shown that therapy gains are maintained for
the short term (1 week to 6 months post-therapy), irrespective of PPA subtype.
Continuous rehearsal has proven beneficial to maintaining relearned knowledge
(Jokel et al., 2006; Jokel, Rochon, & Anderson, 2010). Characteristically, in the
absence of continuous rehearsal, performance tends to decline under baseline levels
after a period of 6 months (Graham, Patterson, Pratt, & Hodges, 1999).

More recently, the use of TMS has proven to be a powerful tool for intervention
in PPA. Several studies have shown that high-frequency rTMS in PPA patients can
enhance the residual language function in atrophic cortical areas, improving partici-
pants’ performance in a variety of language tasks, including action naming (Cotelli
et al., 2012), verb production (Finocchiaro et al., 2006), and oral and written abili-
ties (Trebbastoni, Raccah, de Lena, Zangen, & Inghilleri, 2013), as well as in cogni-
tive tasks (Antczak et al., 2018). Similar results have been yielded with anodal
tDCS, with improvements reported in naming (Cotelli et al., 2014; Hung et al.,
2017), speech production and narration (Gervits et al., 2016), spelling (Tsapkini,
Frangakis, Gomez, Davis, & Hillis, 2014), and subtests of the Psycholinguistic
Assessment in Chinese Aphasia including auditory word-picture identification,
picture-naming, oral word reading, and word repetition (Wang, Wu, Chen, Yuan, &
Zhang, 2013). For a comprehensive review of noninvasive brain stimulation find-
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ings in post-stroke and neurodegenerative aphasia, see Norise and Hamilton (2017)
and Crinion (2016).

Specifically, Cotelli et al. (2012) applied bilateral high-frequency rTMS to the
DLPFC during object and action naming in ten PPA-G and four PPA-S patients,
showing action-naming enhancement only after/during real stimulation in PPA-G,
while no facilitating effect was found on object naming. In PPA-S patients, no effect
of stimulation was reported. Finocchiaro et al. (2006) applied 20 Hz rTMS over the
left prefrontal cortex in one PPA participant and reported sustained significant and
lasting improvement in verb production compared to both baseline and sham condi-
tions. Trebbastoni et al. (2013) demonstrated that the application of high-frequency
r'TMS to the left DLPFC in a PPA-L patient led to improvements in accuracy of oral
and written skills (with significant reduction in the number of semantic and syntac-
tic errors in sentences) only after real stimulation. Recently, Antczak et al. (2018)
applied bilateral rTMS (10 Hz) over the DLPFC in nine patients with the behavioral
variant of FTD and one with PPA-G, showing cognitive improvements and signifi-
cant reduction of errors in tasks such as the MoCa screening test, the Stroop color
naming-word reading task, the verbal fluency test, and the letter and the digit can-
cellation test (which assesses sustained attention).

Regarding tDCS, Cotelli et al. (2014) investigated whether the application of
anodal tDCS over the left DLPFC in combination with individualized speech ther-
apy would benefit PPA-G patients in naming accuracy. Eight PPA-G patients were
enrolled in the treatment group and eight others in the placebo group. Although both
groups benefited from the individualized speech therapy, the group who received
anodal tDCS benefited the most, since greater improvements in naming skills were
reported compared to the placebo group. Wang et al. (2013) also applied anodal
tDCS over the left posterior peri-Sylvian region in the morning and over the left
inferior frontal gyrus in the afternoon, for 5 consecutive days, in a PPA-G patient.
Performance improvements were reported in language-related tasks such as audi-
tory word comprehension, picture-naming, oral word reading, and word repetition
only after real stimulation, suggesting that anodal tDCS over the left posterior peri-
Sylvian region and Broca’s area can enhance language learning in PPA patients.
Additionally, cortical excitability during language tasks was upregulated in the
stimulated and non-stimulated areas, providing evidence for the modulatory effects
of tDCS on the brain region directly underlying the stimulated areas, but also on a
network of regions that are functionally interconnected with the stimulated area.
Gervits et al. (2016) applied anodal tDCS paired with a speech elicitation task over
the left frontotemporal region in four patients with PPA-L and two PPA-G partici-
pants. Improvements were observed in language-related tasks, including picture-
naming, speech fluency (with increased speech rate and utterance length in a
spontaneous picture narration task), grammatical comprehension, semantic pro-
cessing, and sentence repetition. The authors suggested that the wide range of
improvements observed in language abilities might be due to the increased distribu-
tion of the current flow to a broader network of LH peri-Sylvian areas supporting
these abilities. Recently, Hung et al. (2017) applied anodal tDCS over the left tem-
poroparietal cortex paired with behavioral therapy (semantic feature analysis) that
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consisted of repeated naming and semantic feature generation, in three patients with
PPA-S, one with PPA-L, and one with severe anomia associated with early-onset
AD. All participants (with the exception of the AD patient) showed advantages in
naming trained over untrained items after real stimulation, an effect that lasted for
6 months post-treatment, relative to untrained items that showed continued progres-
sive decline.

Thus, it seems that although the application of those techniques as independent
therapeutic tools has been effective, there is still room for improving their combina-
tion with behavioral training, given that their synergistic effects creat more persis-
tent behavioral changes (Fertonani, Rosini, Cotelli, Rossini, & Miniussi, 2010; Gill,
Shah-Basak, & Hamilton, 2015; Tippett et al., 2015; Tsagaris, Labar, &
Edwards, 2016).

3.5 Conclusion

The vast majority of the reviewed studies has shown improvements on language
skills in patients with different forms of dementia receiving behavioral or noninva-
sive neuromodulatory stimulation, suggesting that participants with neurodegenera-
tive diseases are able to regain their lost abilities and retain the gained abilities over
some time.

However, not all of those studies have shown generalization to other tasks/or
untrained items and long-lasting effects, possibly due to methodological or indi-
vidual factors. With respect to methodological caveats, the majority of the conducted
studies in the field are small-sized studies or single-case studies, in which treatment
duration and designs differ across studies. In that sense, the interpretation of the
reported outcomes requires caution. Moreover, most studies to date have not fol-
lowed patients for a substantial period of time post-treatment to determine the lon-
ger-term outcomes of intervention (but see Henry et al., 2013; Meyer et al., 2018).
Determining the duration of therapeutic effects is critical, because it enables more
effective planning as to when treatment should be repeated, if at all. Besides, indi-
vidual factors also interfere, since there is huge heterogeneity of symptoms and
pathologies within the different dementia types and PPA variants, different stages of
disease progression at baseline, and variable disease resilience with different decline
rates among participants (Wilson et al., 2013). In light of these methodological
caveats, it remains difficult to ultimately assess the effectiveness of interventions in
the different types of neurodegenerative diseases. Our current knowledge regarding
the presence of generalization of therapy effects and the maintenance of improve-
ment in the long-term perspective is, thus, rather limited or at least not systemati-
cally examined due to the absence of randomized clinical trials.

Nonetheless, neuroplasticity-based interventions remain highly promising with
respect to delaying and even altering the trajectory of language decline in neurode-
generation. Strong collaborations between basic and clinical research can help
address pivotal questions regarding plasticity mechanisms, better understand the
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limitations of current approaches, and head toward improved models of intervention
with coherent results for all populations involved.
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Neural and Genetic Mechanisms
of Dyslexia
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Abbreviations

Al Primary auditory cortex
DYS Dyslexia

PA Phonological awareness

RAN Rapid automatized naming

SES  Socioeconomic status

SNP  Single nucleotide polymorphism
TD Typically developing

4.1 Dyslexia Is a Heterogeneous Disorder: Behaviorally,
Cortically, and Genetically

Dyslexia is a common neurodevelopmental disorder, affecting between 5 and 15%
of children (Peterson & Pennington, 2012). Individuals with this diagnosis exhibit
reading skills less than 1 standard deviation below their peers in spite of normal
nonverbal intelligence and adequate instruction. In spite of this clear set of diagnos-
tic criteria, the population of individuals with dyslexia is diverse, with various com-
binations of deficits [including difficulties in rhyming, spelling, phonological
awareness, fluency, and/or comprehension (Zoubrinetzky, Bielle, & Valdois, 2014)].
For many decades, the field has debated (sometimes fiercely) the underlying core
deficit(s) of dyslexia—which deficit is the causal one?
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Two specific skills have received the most attention in this arena. The first,
phonological awareness (PA), is defined as an individual’s understanding of the
individual sounds within a word and the ability to parse and manipulate these pho-
nemes (Gillon, 2005). Difficulties in PA are highlighted in a number of tasks,
including subtests of the Comprehensive Test of Phonological Processing (CTOPP;
Wagner, Torgesen, & Pearson, 2013), Elision (the participant is asked to manipulate
phonemes, e.g., say the word “brake” without the “r” sound), and Blending Words
(two pseudowords are presented, e.g., “dade” and “mame,” and the participant must
blend them together to form a word, e.g., “dame” or “made”). Phoneme knowledge
is especially important in early reading because knowledge of individual letter-
sound relationships subserves the ability to sound out and read unfamiliar words.
Across languages, phoneme awareness ability is an early predictor of reading diffi-
culties in children up to age 12, but this skill loses its predictive value quickly in
transparent orthographies where each letter is associated with only one sound
(Furnes & Samuelsson, 2010; Landerl et al., 2013; Landerl, Wimmer, & Frith, 1997,
Ziegler et al., 2010). In these cases, since the letter-sound relationships are simple,
they are easier to master, and reading instruction shifts away from phonology earlier
in schooling than in more difficult orthographies such as English. Therefore, PA
deficits that persist are more prevalent in complex orthographies than in transpar-
ent ones.

The second dyslexia deficit that has been extensively studied is rapid automa-
tized naming (RAN)—a skill related to the fluency with which an individual can
name objects, digits, and letters (Denckla & Rudel, 1976; Norton & Wolf, 2012). In
opaque orthographies, where there can be multiple sounds associated with a single
letter or combination of letters, such as English, RAN skills early in life predict
outcomes for children who will go on to be reading-impaired but not for children
who go on to be typical readers (Lervag & Hulme, 2009; Meyer, Wood, Hart, &
Felton, 1998; Scarborough, 1998). Interestingly, this relationship exists across
orthographies, with children in more transparent orthographies such as Spanish
exhibiting RAN deficits more frequently than PA ones (Serrano & Defior, 2008). A
study comparing children who spoke English, Greek, and Chinese demonstrated
comparable relationships between rapid naming and reading across orthographies
(Georgiou, Parrila, & Liao, 2008).

These two deficits, PA and RAN, are common in the population of individuals
with dyslexia, and their prevalence in dyslexia is described by a theory known as the
“double-deficit hypothesis” (Wolf & Bowers, 1999). This hypothesis posits that the
population of those with developmental dyslexia is composed of individuals that fail
to acquire reading through PA deficits, RAN deficits, or both. Under this model,
there should be separable subgroups within dyslexia who share their reading strug-
gles but differ in the biological mechanisms that cause the failure. The documenta-
tion of such subgroups is not a recent phenomenon—in the mid-1980s, researchers
reported a group of children with dyslexia who exhibited automaticity deficits with-
out the hallmark PA deficits typically attributed to dyslexia and a group of children
with both RAN and PA deficits (Lovett, 1984). In order to begin addressing the
different intervention needs of a child with dyslexia who struggled with speed
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(as measured by RAN), Wolf, Miller, and Donnelly (2000) designed an intervention
focused on automaticity and fluency to be used with or without more traditional PA
interventions. After 70 h of intervention using the RAVE-O intervention program
(Retrieval, Automaticity, Vocabulary Elaboration, Orthography) (Wolf et al., 2000),
second and third graders with reading disabilities outperformed children with
phoneme training only or math-tutored controls on a number of outcome measures,
including decoding, word reading, and comprehension (Wolf et al., 2009). Though
these behavioral subgroups have been documented, and customized interventions
like RAVE-O exist, the focus on these subgroups has not yet reached the classroom,
the clinic, or even many research labs. However, recently, researchers using neural
imaging techniques have begun to study these subgroups in new ways.

In the sections that follow, I will discuss the history of mechanism research in
humans with dyslexia, recent approaches to tackling these questions in animal mod-
els, and the relationship between these findings and those in humans. Finally, I will
discuss potential applications for this approach into the future as well as the limita-
tions of this method.

4.1.1 Heterogeneity in Dyslexia: Neural Differences

Since noninvasive neural imaging techniques are now well-established and often-
used tools in studies of neurodevelopmental disorders in both children and adults,
research on the double-deficit hypothesis has similarly branched out into this
domain. Of course, research on the neural basis of dyslexia did not begin under a
double-deficit framework, so many studies independently reported neural activation
differences in response to auditory speech sounds and differences in the brain’s
response to rapid processing tasks. Two main hypotheses have arisen from this
work, often referred to as the “Phonological Representations Hypothesis™ and the
“Access Hypothesis.” The Phonological Representations Hypothesis states that the
source of PA deficits in dyslexia is abnormal auditory cortex responses to speech
sounds (Swan & Goswami, 1997). This hypothesis has been supported by a variety
of imaging techniques, including functional magnetic resonance imaging (fMRI),
electroencephalography  (EEG), and  magnetoencephalography  (MEG).
Hypoactivation during phoneme-grapheme matching tasks resulted in reduced acti-
vation in ventral temporal cortex, suggesting deficits in matching auditory phoneme
to visual graphemes (Cao, Bitan, Chou, Burman, & Booth, 2006). Studies using
EEG (Hornickel & Kraus, 2013; Neef, Schaadt, & Friederici, 2016) and MEG
(Centanni et al., 2018; Lehongre, Ramus, Villiermet, Schwartz, & Giraud, 2011)
have similarly found that the auditory brainstem and primary auditory cortical areas
in dyslexic participants respond inconsistently to speech sounds and amplitude-
modulated noise, further supporting abnormal phonological representations.

In contrast, the Access Hypothesis states that dyslexia is caused not by abnormal
phoneme representations but by deficits in retrieving those representations accu-
rately and efficiently (for review, see Ramus & Szenkovits, 2008). A study using
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positron-emission tomography (PET) replicated the reduced activation in language
areas typically attributed to the Phonological Representations Hypothesis but theo-
rized that these hypoactivations were due to deficits in connectivity between lan-
guage regions and not due to abnormal auditory processing (Paulesu et al., 1996).
Similarly, an fMRI study did not find differences in the auditory cortex responses to
speech sounds between adults with and without dyslexia but did observe weaker
connections between regions in the reading network (Boets, de Beeck, &
Vandermosten, 2013).

In 2014, the first study to demonstrate separate neural activation patterns in chil-
dren with each profile in the double-deficit hypothesis was conducted (Norton et al.,
2014). First, the authors reported different patterns of activation during PA tasks
(left frontal and parietal regions) compared to RAN tasks (right cerebellum), sup-
porting that these skills are supported by separate neural networks. Children with
deficits in both PA and RAN exhibited reduced activation in the frontal-parietal
network during phoneme tasks compared to children with PA deficits alone and
controls. Similarly, children with deficits in both skills exhibited reduced cerebellar
activation on rapid naming tasks compared to children with RAN deficits alone and
controls (Norton et al., 2014). Such heterogeneity in neural activation profiles
among children with dyslexia supports the idea that children with different behav-
ioral deficits require different intervention approaches. However, the cause of such
heterogeneity is still relatively unknown.

4.1.2 Heterogeneity in Dyslexia: Genetic Differences

The variability in the dyslexia population, in terms of both behavior and neural cor-
relates of the disorder, may be driven by the heterogeneity of the genes involved.
Dyslexia is a heritable disorder, meaning that it has a strong genetic component and
runs in families. Early studies on the genes implicated in dyslexia began by studying
the postmortem brains of individuals who had dyslexia during their lifetimes.
Galaburda and colleagues discovered common anatomical abnormalities among
several individuals with dyslexia (Galaburda & Kemper, 1979; Galaburda, Sherman,
Rosen, Aboitiz, & Geschwind, 1985; Humphreys, Kaufmann, & Galaburda, 1990).
Specifically, they observed two types of physical abnormalities: perisylvian polymi-
crogyria (an increased number of small folds in language areas of the brain) and
ectopia (clusters of neurons in tissue where neurons were otherwise evenly distrib-
uted). The presence of ectopia was the more common of the two and was often
observed in language-specific areas of the left temporal lobe. Given that these ana-
tomical abnormalities involved neurons in unexpected locations and orientations,
the authors concluded that genes involved in dyslexia were most likely to be genes
involved in neural migration during in utero development. From this work, they
identified four neural migration genes that remain the most well-studied dyslexia
candidate genes: DYXICI1, ROBOI, KIAA0319, and DCDC?2 (Galaburda, LoTurco,
Ramus, Fitch, & Rosen, 2006). Depending on the gene affected, some neurons
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migrate too far, not far enough, or cluster together in ectopia (Burbridge et al., 2008;
Galaburda et al., 2006; Szalkowski et al., 2012; but see Martinez-Garay et al., 2016).
Follow-up work in rodent models has confirmed that suppressing the function of
these genes leads to comparable anomalies, supporting the direct link between these
genes and physical differences in the brain (Burbridge et al., 2008; Szalkowski,
Fiondella, Truong, et al., 2012). Such physical abnormalities may interfere with the
way in which neurons become specialized later in development or cause abnormal
connections between neurons. Although these in utero functions are well known, it
is possible that some or all of the deficits in dyslexia are due to postnatal gene dys-
function, though this hypothesis has not yet been tested.

Though these genes continue to be the target of most studies on the genetics of
dyslexia, none of these genes has emerged as the single causal one, nor is there a
consensus as to which of these is/are more influential on the disorder or how they
interact to cause dyslexia. Like many communication disorders, dyslexia is likely a
disorder caused by many genes and their interaction with the environment. Further,
to date there is no single gene marker present across all cases of dyslexia, suggest-
ing that there are multiple genetic pathways to the same disorder (Fisher & DeFries,
2002; Pennington et al., 1991; Scerri & Schulte-K&rne, 2010). It has therefore been
difficult to determine which genes are “dyslexia genes” and how each gene contrib-
utes to the disorder. Some researchers have therefore shifted their efforts towards
understanding the role each of these genes plays in the context of dyslexia and the
behavioral deficits that lead to failed reading acquisition.

4.2 The Use of Animal Models to Study the Genetics
of Dyslexia

In humans, research attempting to link specific genes to behavioral deficits is cor-
relational in nature by default—genetic expression cannot be altered in a human
population for the purposes of a scientific inquiry. Therefore, research on the genet-
ics of dyslexia has moved to an unlikely arena for reading research—animal models
(most often rodents). When referring to gene names, common nomenclature is to
italicize the gene name but not the protein. Human genes and proteins are written in
all capital letters, while gene names and proteins in rat and mouse models have only
the first letter capitalized. Although communication skills like language and reading
are not present in the rodent, analogous versions of the genes controlling basic
developmental functions, such as neural migration, are well conserved. Since, as
described above, many of the dyslexia-associated genes are involved in neural
migration processes, rodent models were initially used to replicate the structural
abnormalities observed in postmortem study of humans with dyslexia (Burbridge
et al., 2008; Currier, Etchegaray, Haight, Galaburda, & Rosen, 2011; Szalkowski,
Fiondella, Truong, et al., 2012; Threlkeld et al., 2007). Of the four dyslexia-
associated genes involved in regulating the process of neural migration, the two that
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have been most extensively studied are KIAA03719 and DCDC?2. During neural
migration, KTAA0319’s role is to ensure that a migrating neuron is well attached to
the radial glia, a tightrope-like neuron that guides the neuron in the correct direc-
tion. Conversely, DCDC2’s role is to help propel the neuron farther along this
tightrope-like radial glia (Galaburda et al., 2000).

Though the relationship between these genes and physical abnormalities in dys-
lexia was a necessary first step, the critical question is whether these genes are
functionally related to the deficits in dyslexia and not just to physical abnormalities
that may or may not lead to reading impairment. In fact, research in rodent models
has now demonstrated that these two genes are associated with a variety of deficits,
including abnormal speech sound processing (Centanni et al., 2016; Centanni,
Booker, et al., 2013; Centanni et al., 2014), spatial reasoning (Szalkowski, Fiondella,
Truong, et al., 2012), memory (Truong et al., 2014), and learning (Che, Truong,
Fitch, & LoTurco, 2016).

4.2.1 Neural and Behavioral Deficits Linked
to Dyslexia-Associated Genes: Rat Models

Humans with a single nucleotide polymorphism (SNP) in KIAA0319 are signifi-
cantly more likely to have reduced activation in left temporal cortex during a read-
ing task, near brain areas important for reading and language (Pinel et al., 2012).
This evidence suggested that this gene causes a reduction in the brain’s activity
during reading tasks. However, when the rodent homolog of this gene (Kiaa0319)
was knocked down (the amount of protein created by this gene was reduced) in rats,
there was no evidence of reduced neural activity, as expected. Instead, the auditory
cortex of rats with reduced activity of this gene fired with increased variability com-
pared to controls. In other words, their brains responded just as frequently but
exhibited significantly more variability in the timing of their responses to stimuli
(Centanni, et al., 2014; Fig. 4.1a). Kiaa0319-related abnormalities in auditory pro-
cessing have since been replicated in a mouse model (Guidi et al., 2017), suggesting
that this gene may influence dyslexia through cortical processing after birth rather
than by disrupting in utero neural migration.

In the Kiaa0319 knockdown rat, increased cortical variability was associated
with poor performance on speech sound discrimination tasks, in which rats were
trained to press a lever to a target speech sound and ignore distracter sounds using
the initial consonant as a cue (e.g., press to /dad/ but not to /bad/, /sad/, /tad/, or /
gad/). Rats are good at these tasks and exhibit thresholds similar to those seen in
humans with respect to tolerance for background noise (Shetake et al., 2011), signal
degradation (Ranasinghe, Vrana, Matney, & Kilgard, 2012), and presentation rate
(Centanni et al., 2013). Therefore, they are excellent models of not only speech
sound perception in the brain but also to allow researchers to investigate the behav-
ioral consequences of these gene-brain relationships. In the case of rats with reduced
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Fig. 4.1 (a) Neural responses in rats with reduced Kiaa0319 expression were less precise than
control rats as indicated by increased variance to broadband noise bursts at various speeds;
#p < 0.05; (b) Neural responses in rats with reduced Dcdc2 expression were just as precise as
control rats, except at the fastest speed tested; xp < 0.05. All data previously presented (Centanni
etal., 2013, 2016)
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Fig. 4.2 Reduced expression of dyslexia-associated genes leads to nonoverlapping behavioral
deficits. All data originally presented in Centanni et al. (2014) and Centanni et al. (2016). (a) Rats
with reduced expression of Kiaa0319 were impaired on a phoneme discrimination task, while rats
with reduced expression of Dcdc2 were not impaired at this task. Unpaired r-tests between
Kiaa0319 group and control: #p < 0.05; (b) Rats with reduced expression of Dcdc2 were signifi-
cantly impaired at a rapid speech sound discrimination task, while rats with reduced expression of
Kiaa0319 were not impaired. Unpaired r-tests between Dcdc2 group and control: s#xp < 0.01

Kiaa0319 expression, deficits in several tasks were observed, including discrimina-
tion of speech sounds in background noise and of isolated phonemes (e.g., /d/ vs. /t/;
Fig. 4.2a; Centanni et al., 2014), both of which are difficult for humans with dys-
lexia (Farquharson, Centanni, Franzluebbers, & Hogan, 2014; Richards & Berninger,
2008; Ziegler, Pech-Georgel, George, & Lorenzi, 2009).
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In contrast to the neural profile linked to KIAA0319, suppression of the gene
DCDC2 led to strikingly different results in the animal model. While rats with
reduced expression of Kiaa0319 had neural variability and difficulty processing the
rapid acoustic information present in individual phonemes, rats with reduced
expression of Dcdc2 had control-level consistency in auditory cortex responses to
speech sounds, tones, and broadband noise burst trains (Centanni et al., 2016;
Fig. 4.1b). However, it is important to note that studies in mice suggest this gene is
important for timing of action potentials (Che, Girgenti, & LoTurco, 2014) and
further work is needed to evaluate these apparently contradictory findings. Further,
these animals did not have speech-in-noise or phoneme discrimination deficits
(Fig. 4.2a) but were severely impaired on a rapid speech sound discrimination task
(Fig. 4.2b). During this task, consonant-vowel-consonant (CVC) speech sounds
were presented in streams at various presentation rates (Centanni et al., 2016). This
profile more closely resembles the rapid naming or fluency deficits seen in some
children with dyslexia (Denckla & Rudel, 1976; Korhonen, 1995; Norton & Wolf,
2012). Mutation of Dcdc2 in the rodent models also leads to impairments in mem-
ory (Truong et al., 2014). In a radial arm water maze task, mice without Dcdc2 were
impaired on this task, suggesting deficits in working and reference memory for
context cues (Truong et al., 2014). This study and others suggest that this gene does
not interfere with relatively simple tasks but does cause deficits in more cognitively
demanding tasks (Centanni et al., 2016; Gabel et al., 2011; Truong et al., 2014).

DCDC2 regulates cilia length and function in neurons, both during neural migra-
tion and after birth. Work done in cultured cells shows that depending on whether
the amount of DCDC2 protein is increased or decreased, the effect on cilia length
and function changes (Massinen et al., 2011). Too much DCDC?2 protein increased
the length of the cilia, triggered increased dendritic branching, and increased signal-
ing of Shh (important for neurogenesis; Choudhry et al., 2014). Reduced DCDC2
protein had no effect on cilia length but increased Wnt signaling, a pathway also
critical for neurogenesis but that may also influence synapse formation (Ciani &
Salinas, 2005).

Future work in animal models will aid in determining the role of each candidate-
dyslexia gene on driving the brain differences and specific deficits in individual
children with reading disorders as well as inform which interventions work best
for each subtype.

4.2.2 Influence of Dyslexia-Associated Genes on Neural
Plasticity: Rat Models

The efficacy of intervention for some children with dyslexia is well-documented,
with a growing body of evidence demonstrating changes in the brain as a result of
successful intervention (Heim, Pape-Neumann, van Ermingen-Marbach, Brinkhaus,
& Grande, 2014; Meyler, Keller, Cherkassky, Gabrieli, & Just, 2008; Penolazzi,
Spironelli, Vio, & Angrilli, 2010; Temple et al., 2003). In the Kiaa0319 knockdown
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rat, the behavioral training paradigm seemed to drive helpful neural plasticity in
stabilizing the neural response. Four months of behavioral training was enough to
significantly improve neural reliability (Centanni et al., 2014; Fig. 4.3). This result
supports the idea that the brain is capable of change even after a genetically inher-
ited brain abnormality. Further work on this gene in humans will help clinicians
determine whether children with this genetic marker will best benefit from a specific
type of intervention. In the future, this knowledge may even aid in identifying these
children prior to the start of reading instruction.

Interestingly, while rats with Kiaa0319 knockdown benefitted from training,
4 months of behavioral experience actually decreased the precision of speech sound
responses in the brains of Dcdc2 knockdown rats and increased the amount of spon-
taneous neural firing (Centanni et al., 2016; Fig. 4.4). A separate study suggested
that increased neural responses in the Dcdc2 model may be due to differences at the
synaptic level, as mice without this gene had increased numbers of a specific recep-
tor type important for learning and memory [NMDA receptors (Che et al., 2016)].
The observation that DCDC2 may negatively influence intervention response, if
confirmed in additional animal studies and in humans, would provide valuable
information about the percentage of children with dyslexia who do not respond to
intervention. This double dissociation of the two genes studied in rodents and their
respective behavioral deficits demonstrate that genes associated with dyslexia likely
influence the disorder in different ways.

4.3 Relating Work in Animal Models to Humans
with Dyslexia

Though rodent models are undoubtedly useful for a variety of preclinical studies,
including those related to genetics, it is certainly possible that the role of a dyslexia-
associated gene may differ between non-primate animal models and humans.
Researchers have now begun testing the hypotheses derived from dyslexia work in
rats and mice to determine their relevance to humans diagnosed with this reading
disorder.
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Fig. 4.4 Impaired neural plasticity was evident in rats with reduced expression of Dcdc2. Four
months of training increased spontaneous and driven firing rates in primary auditory cortex of rats
with reduced Dcdc2 (b) compared to trained control rats (a), leading to less precise speech sound
representations. (¢) Difference in Al responses after training in Dcdc2 suppressed rats compared
to genetically intact controls (Centanni et al., 2016)

Almost simultaneously, the first studies demonstrating inconsistent neural
responses in the rat (described in a previous section) and in humans with dyslexia
were published by different groups (Centanni, Booker, et al., 2013; Hornickel &
Kraus, 2013). Hornickel and Kraus (2013) reported that a group of children who
were poor readers exhibited reduced consistency in the auditory brainstem response
to speech sounds compared to a group of children who were good readers. The audi-
tory brainstem is an early step in the auditory pathway, and the consistency of the
response at this level to speech sounds can predict literacy (Neef et al., 2016),
suggesting that early auditory areas are critical for reading acquisition in normal
hearing individuals.
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Following the publication of genetic work in rats suggesting a role of the gene
KIAA0319 on this neural inconsistency, follow-up studies were conducted by both
groups. A study in a group of children with a range of reading abilities demonstrated
that SNPs in KIAA0319 corresponded with the degree of auditory brainstem consis-
tency observed as well as behavioral performance on phoneme awareness tasks
(Neef et al., 2017). Finally, a study in children with and without dyslexia demon-
strated a link between one of these SNPs (rs6935076) and neural inconsistency
(Centanni et al., 2018). Importantly, this study also reported heterogeneity in the
dyslexia group—approximately half of the children with dyslexia exhibited
increased variability, while the remaining half had control-level neural consistency
(Fig. 4.5). This body of work, spanning just 5 years across a small number of
research groups, demonstrated for the first time the benefit of using rats as a model
for studying the gene-brain-behavior relationships in dyslexia.

With respect to these findings, it is important to consider whether inconsistent
neural responses to sound may explain other neural differences commonly observed
in dyslexia. For example, as described above, early reports of hypoactivation in the
left temporal lobe of humans with dyslexia may be an artifact of altered temporal
dynamics. If neurons are not firing coherently with one another, the average response
across many neurons will generate a lower amplitude than a population of neurons
firing simultaneously. Individuals with dyslexia also often exhibit reduced habitua-
tion and abnormal mismatch negativity responses compared to their typically
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Fig. 4.5 Heterogeneity in neural variability levels in a sample of children with dyslexia. (a)
Though as a group, children with dyslexia exhibit increased neural variability compared to typical
readers, this effect is driven by about half of the population. These children exhibited neural vari-
ability in primary auditory cortex that was greater than the control mean + 2 standard deviations.
(b) Variability in auditory cortex responses is not speech-specific, suggesting that neural variability
in dyslexia is a general neural firing property rather than a speech-specific deficit. Data originally
presented in (Centanni et al., 2018)
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reading peers (Perrachione et al., 2016; Schulte-K&rne, Deimel, Bartling, &
Remschmidt, 2001; Zari¢ et al., 2014). In each of these paradigms, a stimulus is
presented repeatedly in a single modality. Over successive repetitions, the typically
developing brain will respond less strongly, indicating adaptation to repetition as
the brain notes a lack of change in the signal. If neurons do not fire consistently to
multiple repetitions of the same stimulus, however, it is possible that the brain may
not recognize each stimulus as a repeat but rather as a similar but slightly different
event. Therefore, rather than habituating to a repeated stimulus, the brain maintains
its state of arousal as each stimulus is perceived as a separate and unique item.
Future work in humans should evaluate the relationship not only between neural
timing variability and habituation but also between habituation and KIAA0319 vari-
ants to determine if this basic neural firing property is related to these other deficits
seen in dyslexia.

The other main gene discussed in this chapter, DCDC2, has also recently been
studied in humans in addition to work done in the rat and mouse models. In children
with varied reading abilities (but not diagnosed with dyslexia), SNPs in DCDC2
were associated with slower reading speeds and impaired spelling performance but
did not influence consistency of the neural response (Neef et al., 2017). The work in
rat models supports the hypothesis that this gene influences rapid processing, as
reduction of Dcdc2 protein degraded speech sound discrimination performance in
rapid streams and did not influence neural variability (discussed in previous section,
Centanni et al., 2016, but see Che et al., 2014). In humans with dyslexia, this gene
is associated not only with reading speed (Neef et al., 2017) but also errors in
untimed single-word reading in English (Lind et al., 2010; Paracchini et al., 2008;
Scerri et al., 2011) and Mandarin (Zhang et al., 2016), as well as motion perception
deficits (Cicchini, Marino, Mascheretti, Perani, & Morrone, 2015; Gori, Mascheretti,
& Giora, 2014). In addition to behavioral associations, DCDC2 variants are also
associated with differences in neural migration, observed in reduced volume in vari-
ous white matter tracts critical to the language and reading networks (Burbridge
et al., 2008; Darki & Peyrard-Janvid, 2014). These varied findings could be due to
differences in when the gene’s expression became abnormal, where in the brain
these mutations occur, and/or whether the mutation causes an increase or decrease
in DCDC2 protein.

4.4 Other Genes of Interest: DYXICI1, ROBO1, FOXP2,
and CNTNAP2

Though KIAA0319 and DCDC?2 are the most commonly studied genes of interest in
dyslexia, there are several others that have been identified. Given the genetic com-
plexity of this disorder, it is likely that these other genes play a role in causing many
cases of dyslexia, and understanding their relationships to neural activation and to
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reading ability is just as important. Two additional neuronal migration genes have
both been linked with dyslexia (Galaburda et al., 2006). DYXIC1 is associated with
white matter structure in language areas in humans (Darki, Peyrard-Janvid, Matsson,
Kere, & Klingberg, 2012) and spatial working memory in rat models (Szalkowski
et al., 2012; Threlkeld et al., 2007), though this gene is not consistently found in
varying populations of individuals with dyslexia (Marino et al., 2005; Zou et al.,
2012). The second gene, ROBO1, is associated with the ability to hold phonemes in
working memory (Bates et al., 2011; Lamminmiki, Massinen, Nopola-Hemmi,
Kere, & Hari, 2012), but again, this gene has not been consistently linked with dys-
lexia across different samples.

There are also two additional genes associated with reading, neither of which is
involved in neural migration—FOXP2 and CNTNAP2. First reported in connection
to a speech articulation disorder, FOXP2 (located at chromosome 7q31) is a large
protein that functions as a regulatory factor for neurogenesis during development
(Tsui, Vessey, Tomita, Kaplan, & Miller, 2013) and for other genes later in life (Lai,
Fisher, Hurst, Vargha-Khadem, & Monaco, 2001). CNTNAP2 (also located at chro-
mosome 7q31) has a number of roles related to cell-cell adhesion including mediat-
ing myelination (Poliak & Gollan, 2001) and the localization of potassium channels
(Rasband, 2004). CNTNAP?2 is regulated by FOXP2, which was first identified as a
language gene when it was linked to a severe speech and articulation disorder pres-
ent in the famous KE family (Lai et al., 2001; Vernes et al., 2008). These genes have
been consistently linked to disorders related to speech production and articulation,
such as childhood apraxia of speech (Centanni et al., 2015; Peter et al., 2011; Raca
et al., 2013), and their roles in motor movement for communication have been vali-
dated in multiple animal models including songbirds and rodents (Condro & White,
2014; Groszer et al., 2008; Haesler et al., 2007).

Regarding a relationship to reading, many have found that these genes corre-
spond to deficits in individuals with dyslexia during tasks involving speech produc-
tion, including stuttering (Petrin et al., 2010) and reading out loud (Peter et al.,
2011). Though it is possible that these genes are related to these tasks due to the
motor speech production component of both tasks, imaging in humans also suggests
links between these genes and abnormalities in reading network regions. For exam-
ple, a SNP in FOXP2 was associated with decreased activation in the angular and
supramarginal gyri during a rhyming task (Wilcke et al., 2012). Two SNPs in
CNTNAP?2 have been associated with increased activation during a silent sentence
completion task in right frontal regions (Whalley et al., 2011) that are often hyper-
activated in individuals with dyslexia, perhaps as a compensatory mechanism (Hoeft
et al., 2011). The role of these genes in the neural mechanisms of dyslexia will
require further study to disentangle whether these genes are related to deficits on
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tasks that rely on motor production of speech or whether these genes influence the
reading network specifically.

4.5 Additional Model Systems for Studying
Dyslexia-Associated Genes

This chapter spends a great deal of time devoted to rodent model work on dyslexia
genes of interest, largely due to the ease with which genes are modified in these
models. However, translational work on these genes has also been conducted in
C. elegans, drosophila, nonhuman primates, and cell cultures. For example, work in
C. elegans demonstrated that overexpression of the gene DCDC2 caused ectopic
branching at the cell body and in the dendrites, leading to an abnormal neuronal
morphology which was similar to that seen in a similar experiment in rat neurons
(Massinen et al., 2011). Drosophila models demonstrated that the fruit fly version of
ROBOI (Robo) interfered with axons crossing the midline during development
(Kidd et al., 1998). This finding has been confirmed in rodent models (Ypsilanti,
Zagar, & Chedotal, 2010) as well as in humans using auditory perception studies
that require neural signals to cross at the midline (Lamminméki et al., 2012).

In human cell cultures, a risk haplotype of the gene KIAA0319 led to reduced
expression of the gene (Dennis et al., 2009; Paracchini et al., 2006), which supports
the use of genetic suppression and genetic knockout rodent models described above,
as these models likely mimic the functional consequences of KIAA0O319 SNPs in
dyslexia. Interestingly, one specific deletion in DCDC2 (intron 2) that is strongly
associated with dyslexia is associated with increased expression of the gene in cul-
tured cells (Meng et al., 2011), while many of the studies conducted in mice and rats
involve reducing or eliminating the expression of this gene (Burbridge et al., 2008;
Centanni et al., 2016; Che et al., 2014; Wang et al., 2011). Additional work is needed
to better understand the functional consequences of the mutations in dyslexia genes
on protein expression in humans so that the most accurate animal models can be
used. Future translational work on the gene DCDC2 between rodent models and
humans with dyslexia will need to consider this issue carefully to maximize useful-
ness of rodent model work.

Since these genes are relatively well conserved from the simple worm to the
human, it allows researchers to study these genes in multiple model systems to
determine how they evolved across species and determine how they may relate to
speech and language in humans. Expression patterns for many of the genes dis-
cussed in this chapter (KIAA0319, DCDC2, ROBO1, FOXP2, and CNTNAP2) were
examined in the common marmoset to investigate their overlap with humans (Kato
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et al., 2014). This study found genetic expression patterns in the marmoset that
overlapped those seen in humans, including in the auditory, visual, and motor path-
ways, and suggests that transgenic marmosets (Sasaki et al., 2009) may become a
valuable tool as researchers move from basic elements of reading work in rodents to
more humanlike aspects of language and reading.

4.6 Limitations of Translational Research in Dyslexia

Though the genes KIAA0319 and DCDC2 may contribute to dyslexia in unique
ways, as demonstrated in rat models, one important limitation of the current research
in animal models is that these two genes (as well as many others) interact with each
other and can therefore alter the severity of the observed phenotype of an individual
with dyslexia. At the time of this chapter’s publication, no studies have been pub-
lished on animal models expressing combinations of genetic variants. Since com-
munication disorders are caused by multiple genes and these genes vary across
individuals, understanding gene-gene interactions is critical in our quest to under-
stand the biological mechanisms of this disorder. It will also be critical when studies
of customized interventions are more common and attempt to provide meaningful
recommendations to clinicians based on an individual child’s constellation of
deficits.

One such interaction between genes concerns the two most commonly studied
dyslexia-associated genes: KIAA0319 and DCDC2. A small variant in DCDC?2
(a small section that is copied and repeated) known as READ] interacts with a
region upstream of KTAA0319 that has been previously reported as a risk marker for
dyslexia (Francks et al., 2004; Powers et al., 2016). Different alleles (variations in
the genetic code) of READ1 appear to have different effects on KIAA0319 expres-
sion and the severity of the dyslexia phenotype. Certain alleles of READ1 increase
the effect of the risk haplotype (a set of genetic variations that tend to be inherited
together) at KIAAO319 and lead to a more severe reading disability. Other alleles of
READI negate the effect of the risk haplotype and have a protective effect (Powers
et al., 2016). Therefore, the relationship between each of these genes and the brain-
behavior relationships reported in animal models should be interpreted with caution
until they are fully tested in humans. Animal models, including rats and mice, could
be used in future research to further evaluate the mechanisms by which these genes
interact and whether they influence neural responses to speech sounds or plasticity
during training.

In addition to genetic susceptibility, it is important to note that nongenetic envi-
ronmental factors such as socioeconomic status (SES), access to services, and home
literacy environment (among others) are also highly related to dyslexia risk. Though
some parents are able to seek additional tutoring and therapy, the extra cost of this
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approach leaves many children, especially those from lower SES households,
behind in their reading skill. Children with dyslexia from lower-SES backgrounds
exhibit different patterns in neural plasticity following intervention compared to
higher-SES children, highlighting the need to better understand how this environ-
mental variable influences gene expression and brain activation in dyslexia (Romeo
et al., 2017). There is some controversy, however, about the role of SES on brain
activation in dyslexia, as not all researchers find SES effects in visual or auditory
tasks (Monzalvo, Fluss, Billard, & Dehaene, 2012). Importantly, these factors are
difficult to study using a rat model and so can only be evaluated through studies in
humans. By evaluating the role of individual genes on brain, behavior, and plasticity
in the rat model, we may be better able to account for these variables in future studies
in humans on factors like SES and home literacy environment.

4.7 Conclusion

Given the high degree of heterogeneity in the population of individuals with dys-
lexia, it is not surprising that there is some degree of inconsistency when it comes to
intervention response. In many schools, speech and language pathologists do not
have the time or resources to offer a customized approach to intervention for dys-
lexia and instead offer a single intervention option for children diagnosed with this
disorder. Through a careful study of the biological mechanisms driving dyslexia,
specifically the gene-brain-behavior relationships underlying the disorder, we may
be able to provide clinicians with a set of guidelines that may not only improve early
diagnostic success of these children but also improve the selection of intervention.
Customizing interventions for each child based on their specific biological and
behavioral need will improve outcomes for many children. Using animal models to
disentangle the gene-brain-behavior relationships and genetic interactions will pro-
vide translatable and testable predictions that can then better inform studies in
humans with dyslexia. Rats may not be able to read, but they can still tell us a great
deal about how humans learn this critical skill.
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Chapter 5

The Role of Memory Systems

in Neurodevelopmental Disorders
of Language

Ioannis Vogindroukas, Sophia Koukouvinou, Ilias Sasmatzoglou,
and Georgios P. D. Argyropoulos

Abbreviations

DD Developmental dyslexia

DLD Developmental language disorder

PDH  Procedural deficit hypothesis

SLI  Specific language impairment

TD Typical development/typically developing

5.1 Introduction

Neurodevelopmental disorders cover a broad range of deficits in the development
of the nervous system, which may persist into adulthood to various degrees. These
disorders are typically apparent early in development, often before the child starts
school, and may impede personal, social, academic, and occupational functioning.
The range of developmental deficits varies from specific limitations in a certain
domain (e.g., executive function) to global impairment of intelligence or social
skills. For certain disorders, the clinical manifestation includes symptoms of
deficits and delays in achieving expected milestones (American Psychiatric
Association, 2013).
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Developmental speech and language disorders pertain to developmental deficits
in processes supporting speech, language, reading, writing, and social communica-
tion. Most of these disorders are well characterized, as in the cases of developmental
language disorder (DLD), developmental dyslexia (DD), and motor speech disor-
ders. In a 30-year follow-up study, a majority of young adults who had been origi-
nally diagnosed with speech and language impairments as children reported literacy
difficulties, unemployment, and low socioeconomic status (Elbro, Dalby, &
Maarbjerg, 2011). Increased efforts are thus required to address the long-term social
and economic consequences for both the individual and society.

Nevertheless, there is still very limited collaboration between basic and transla-
tional research on these disorders: on the one hand, professionals identify the symp-
toms and the diverse profiles of children with neurodevelopmental disorders and
implement interventions, while, on the other hand, basic researchers investigate the
brain and behavioral correlates of specific symptoms or broader syndromes.
Collaboration between these two parts is required, in order to design appropriate
approaches for more efficient intervention in children with these disorders.

The goal of this chapter is to review a selection of key research findings in DLD
and DD from the perspective of the cognitive neuroscience of learning and memory,
as well as to highlight possible implications for clinical practice, especially in pro-
viding a more efficient delivery of intervention in children with DLD and DD.

5.1.1 Developmental Language Disorder

In this chapter, we will focus on “primary language impairment,” specifically on
DLD. “Language impairment” pertains to significant delays in a child’s language
skills relative to those of children of the same age. The diagnosis is typically made
by means of a combination of formal evaluation, observations of linguistic perfor-
mance, and professional assessment. Language impairment is often described as
being either “primary” or “secondary.” “Primary language impairment” refers to
language impairment that cannot be explained by sensory or cognitive deficits.
“Secondary language impairment” pertains to language deficits associated with
conditions affecting a broader range of domains (e.g., cerebral palsy, autism, and
hearing loss).

The term “developmental language disorder (DLD)” has been recently put forth
to replace “specific language impairment (SLI)” (Bishop et al., 2017). DLD is char-
acterized by difficulties in receptive and/or expressive language in the presence of
adequate levels of intelligence scores and in the absence of hearing or other devel-
opmental difficulties (Conti-Ramsden, Ullman, & Lum, 2015). DLD has been esti-
mated to affect approximately 3—7% of children (Tomblin et al., 1997) or to have a
prevalence of 5—7% of the population (Leonard, 2014). It represents a developmen-
tal disorder that comprises the largest disability group in preschool-aged children
(Laasonen et al., 2018).
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5.1.2 Developmental Dyslexia

In the Diagnostic and Statistical Manual of Mental Disorders (DSM-5; American
Psychiatric Association, 2013), DD can be found under the category of “Specific
Learning Disorders,” which also includes difficulties in mathematics, reading and
writing. In the new International Classification of Mental Disorders (ICD-11; World
Health Organization, 2019), it is classified as a distinct category: “Developmental
learning disorder with impairment in reading.” In both diagnostic manuals, the cri-
teria for DD include difficulties in academic skills regarding word-reading accu-
racy, reading fluency, and understanding. These characteristics should not be
explained by intellectual or sensory impairment, neurological disorder, lack of edu-
cational provision or language proficiency, or by psychosocial adversity.

DD is one of the most common learning difficulties and has been estimated to
affect 5-10% of the general population, depending on the definition used (Siegel,
2006). In the UK, DD has been estimated to affect the literacy skills of 4-8% of
children and that it can reduce lifetime earnings by £81,000 (Cooper, Field,
Goswami, Jenkins, & Sahakian, 2008). DD has been reported across languages,
whether they have more regular grapheme phoneme correspondences (e.g., French
and Portuguese), use a different script (e.g., Arabic and Hebrew), or are non-
alphabetic (e.g., Chinese) (Goulandris, 2003; Siegel, 1998).

5.2 Memory Systems in Neurodevelopmental Disorders

A central dichotomy in cognitive neuroscience has been that between “declarative”
and “procedural” learning and memory. According to the declarative/procedural
model (Ullman, 2001, 2004), declarative memory relies on hippocampal, entorhinal,
perirhinal, and parahippocampal cortical structures within the medial temporal lobes,
whereas specific cortico-basal ganglia-thalamocortical and cortico-ponto-cerebello-
thalamo-cortical circuits are often discussed as the basis of procedural memory.

The procedural memory system is involved in the acquisition of new motor and
cognitive skills, such as typing, walking and riding a bicycle, as well as the control
of already established ones (Mishkin, Malamut, & Bachevalier, 1984; Schacter &
Tulving, 1994; Squire & Knowlton, 2000; Squire, Knowlton, & Musen, 1993). A
fundamental property of procedural memory is that it is formed gradually and is
ultimately characterized by automaticity, operating below the level of conscious
awareness (“implicit memory”). It is important for acquiring skills related with
sequencing, serial or abstract, sensorimotor or cognitive (Aldridge & Berridge,
1998; Boecker et al., 2002; Jenkins, Brooks, Nixon, Frackowiak, & Passingham,
1994; Saint-Cyr, Taylor, & Lang, 1988; Willingham, 1998). On the other hand,
declarative memory pertains to facts and events that can be consciously recalled
(“explicit memory”), and, as such, includes both episodic and semantic memories
(Eichenbaum, 2012; Ullman & Pullman, 2015).
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Importantly, different aspects of speech and language are supported in different
degrees by the procedural and the declarative memory systems. For instance, the
procedural system primarily supports the acquisition and automatization of articula-
tory sequences, and the implicit acquisition of grammatical rules, whereas the
declarative memory system mainly supports the acquisition of word forms, their
semantic properties, form-meaning associations, and also information pertaining to
irregular morphological forms and larger arbitrary form-meaning mappings, such as
idioms (Ullman, Earle, Walenski, & Janacsek, 2020).

The declarative/procedural model has provided the basis for the development of
the “procedural deficit hypothesis” (PDH) (Ullman & Pierpont, 2005), whereby
DLD and DD, among other neurodevelopmental and adult-onset disorders of speech
and language, are characterized by dysfunction in the procedural memory system.
Underlying such dysfunction would be structural and functional abnormalities pri-
marily in cortico-basal ganglia-thalamocortical circuitry, primarily involving
Broca’s area and the caudate nucleus. On the other hand, declarative memory is
posited to remain intact, even playing a compensatory role in these disorders (the
“declarative memory compensation hypothesis”; Ullman & Pullman, 2015).

A line of work that has partly overlapped with that of the PDH framework within
the context of DD studies has been the research supporting the “automatization defi-
cit hypothesis” (Nicolson & Fawcett, 1990) and the concomitant “cerebellar deficit
hypothesis” (Nicolson, Fawcett, & Dean, 2001). According to this work, the core
deficit underlying DD is the lack of automaticity, which is attributed to impairment
of procedural learning circuits supported by cerebellar circuitry (for an up-to-date
accountof the successor of this theoretical framework, see Fawcett & Nicolson, 2019).

Nevertheless, it is of importance to note at this point that the PDH has not been
universally accepted in the field of neurodevelopmental disorders of speech and
language. For example, there are ongoing debates in the literature regarding the
appropriate tests in assessing declarative and procedural learning (e.g., Conway,
Arciuli, Lum, & Ullman, 2019; West, Vadillo, Shanks, & Hulme, 2018). Nevertheless,
it is beyond the scope of this chapter to assess the explanatory capacity of the PDH
framework as compared to that of other approaches with respect to either DLD or
DD. For instance, DLD has been investigated on the basis of grammar-deficit
hypotheses (whereby the acquisition and processing of particular grammatical oper-
ations is delayed and/or deficient—e.g., Clahsen, 1989; Rice & Oetting, 1993) and
hypotheses positing broader processing limitations in DLD children (e.g., Norbury,
Bishop, & Briscoe, 2001). However, these hypotheses have been criticized for either
failing to account for non-linguistic deficits in DLD or for their preserved linguistic
and non-linguistic capacities (Ullman & Pierpont, 2005). In DD, phonological defi-
cits are reported in the majority of studies. Indeed, one of the most prominent
accounts of the causes of DD is the “phonological (deficit) theory,” whereby the
underlying deficit in DD is related to problems in phonological processing
(Vellutino, Fletcher, Snowling, & Scanlon, 2004). In this respect, individuals with
DD exhibit difficulties in grapheme-to-phoneme conversion due to a specific
impairment in the processing of phonemes, leading to difficulties in reading.
Another prominent account of DD is the magnocellular deficit account, whereby
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reading problems derive from impaired sensory processing. This deficit results from
the impaired development of timing systems in the central nervous system, which
are mediated by large “magnocellular” neurons throughout the brain (for an up-to-
date account, see Stein, 2019). Nevertheless, other aspects of cognitive impairment
are also commonly reported. For instance, there has been evidence for impairment
in motor skills (Fawcett & Nicholson, 1995), naming speed (Wolf & Bowers, 1999),
processing speed (Nicolson & Fawcett, 1994), and implicit structure and sequence
learning (Howard, Howard, Japikse, & Eden, 2006; Pavlidou, Williams, & Kelly,
2009). As in the case of DLD, the PDH framework attempts to account for both the
linguistic and non-linguistic deficits that DD individuals present with (Ullman
et al., 2020).

We turn to a series of studies that the PDH has motivated on the procedural and
declarative learning capacities of children with DLD and DD relative to those of
typically developing (TD) children. Below we briefly present some highlights of
such research.

5.2.1 Procedural Learning in Developmental Language
Disorder

Consistent with the predictions of the PDH, DLD groups have been shown to per-
form poorly relative to TD groups in tasks assessing procedural learning and mem-
ory, such as probabilistic classification (Kemény & Lukacs, 2010), serial reaction
time tasks (Gabriel et al., 2013; Hedenius et al., 2011; Lum, Conti-Ramsden, Page,
& Ullman, 2012; for a meta-analysis, see also Lum, Conti-Ramsden, Morgan, &
Ullman, 2014), artificial grammar learning (Plante, Gomez, & Gerken, 2002), and
implicit statistical learning tasks (Evans, Saffran, & Robe-Torres, 2009). In some of
these studies, evidence has also been presented for a compensatory role of declara-
tive learning in DLD: for instance, in Lum et al. (2012), grammatical abilities (a
composite score derived from both expressive and receptive tasks) were associated
with procedural memory (assessed with a serial reaction time task) in TD children,
whereas they were associated with declarative memory (assessed with standardized
neuropsychological tests of episodic memory) in children with DLD. Similar rela-
tionships were identified in a subsequent study (Conti-Ramsden et al., 2015),
whereby receptive grammar in TD children was only predicted by procedural mem-
ory (assessed, again, with a serial reaction time task) out of three memory measures
(verbal working memory, verbal declarative memory, and non-verbal procedural
memory), whereas it was only predicted by declarative memory (assessed with stan-
dardized neuropsychological tests of verbal episodic memory) in children with DLD.

Evidence from studies on the neuroanatomy of DLD is also consistent with the
core premises of the PDH: a systematic review of 18 articles (Mayes, Reilly, &
Morgan, 2015) has identified atypical brain structure and function in key regions
supporting the procedural memory system for language, such as the caudate nucleus,
the inferior frontal gyrus, and the posterior superior temporal gyrus.
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5.2.2 Procedural Learning in Developmental Dyslexia

Similar to the findings on DLD, a meta-analysis of 14 studies employing serial reac-
tion time tasks demonstrated that, as compared to TD controls, individuals with DD
showed on average worse procedural learning abilities (Lum, Ullman, & Conti-
Ramsden, 2013). In another study, implicit sequence learning was assessed in chil-
dren with DD relative to TD children beyond a single session, also examining the
effects of overnight consolidation as well as those of further practice on a subse-
quent day. Despite a trend toward poorer learning in the DD group in the first learn-
ing stage, the sequence learning impairment became significant only after extended
practice, including an overnight interval (Hedenius et al., 2013). Dovetailing with
the “declarative memory compensation hypothesis” (Ullman & Pullman, 2015),
another study demonstrated that, when an implicit task of artificial grammar learn-
ing was made explicit, learning differences were no longer seen in a group of adults
with DD relative to TD adults (Kahta & Schiff, 2016). Moreover, better perfor-
mance has been reported for DD relative to TD children in a visual object recogni-
tion memory task (Hedenius, Ullman, Alm, Jennische, & Persson, 2013).

Consistent with both the PDH and the cerebellar deficit hypothesis, structural
abnormalities in DD have been reported in the neostriatum (caudate nucleus and
putamen), the cerebellum, and the superior temporal/temporoparietal and inferior/
ventral temporal regions (Brown et al., 2001; Eckert et al., 2005; Eckert, Berninger,
Vaden Jr., Gebregziabher, & Tsu, 2016; Pernet, Poline, Demonet, & Rousselet,
2009). Likewise, functional abnormalities have been reported in in the caudate
nucleus and the lentiform nuclei (putamen and globus pallidus), motor and inferior
frontal regions, and the aforementioned temporal cortical regions (Paulesu, Danelli,
& Berlingeri, 2014; Richlan, Kronbichler, & Wimmer, 2011).

5.3 Implications for Designing Intervention Programs

The PDH framework has generated a series of promising translational predictions
regarding the diagnosis of and interventions for DLD and DD. To begin with, the
neural system-level analysis of frequently interrelated and comorbid neurodevelop-
mental disorders may in the future provide an alternative classificatory system that
complements the current symptom-based one. Implications of such a framework for
the diagnostic approach to neurodevelopmental disorders might be more fruitful in
revealing a range of cognitive strengths and weaknesses that are to be addressed by
intervention. It may be possible that diagnosis could also be based on the presence
of particular neuroanatomical anomalies in procedural memory structures (and lack
thereof elsewhere) as well as by the presence of deficits (e.g., long-distance gram-
matical dependencies) that are difficult to compensate for in declarative memory
(Ullman et al., 2020; Ullman & Pullman, 2015). Moreover, the findings of deficits
extending beyond language in both DLD and DD highlight the need for a thorough
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assessment of cognitive strengths and weaknesses of the child, in particular their
non-linguistic declarative and procedural learning capacities.

Another promising field that requires further research is the design of interven-
tion programs based on the potential utility of pharmacological agents in enhancing
procedural and declarative memory. For instance, levodopa (a precursor to the neu-
rotransmitter dopamine) has been shown to enhance (at least feedback-based types
of) procedural learning in healthy young adult humans (De Vries, Ulte, Zwitserlood,
Szymanski, & Knecht, 2010), whereas administration of methylphenidate has been
shown to trigger amplified long-term plasticity in the hippocampus of preadolescent
rats (Dommett, Henderson, Westwell, & Greenfield, 2008) and also enhance mem-
ory in healthy humans (Repantis, Schlattmann, Laisney, & Heuser, 2010; Ullman &
Lovelett, 2018), and clinical research is required to assess their efficacy in
DLD and DD.

Moreover, theoretical frameworks like the PDH may inform therapists in select-
ing from the currently available intervention programs, and may also provide the
basis for the design of novel programs that take into account the (declarative, proce-
dural) learning capacities of a specific child. Though the field is still in its infancy,
the PDH has generated a number of pedagogical predictions for enhancing (primar-
ily declarative) learning and longer-term retention within the context of first and
especially second language acquisition, based on independent findings from the
memory enhancement literature. Nevertheless, these predictions may be translated
into interventions for language recovery and rehabilitation in both neurodevelop-
mental and later-onset disorders (Ullman & Lovelett, 2018). Indeed, introducing
principles of unimpaired learning into language treatment is an under-researched
yet promising way of enhancing the efficacy of language interventions (Alt, Meyers,
& Ancharski, 2012). Given the “declarative memory compensation hypothesis™ per-
taining to several neurodevelopmental disorders of speech and language (Ullman &
Pullman, 2015), the efficacy of such interventions deserves further exploration
within the context of enhancing declarative learning and memory in DLD and DD:
According to the PDH, for instance, DLD children should be able to compensate to
a certain extent for their grammatical deficit by acquiring and employing strategies
(such as chunking, whereby “the dog” and “barked” are stored as chunks and are not
derived from the particular lexical and grammatical morphemes involved) and
explicit rules (e.g., “add -ed to the end of the verb when the event has already hap-
pened”) in declarative memory (Ullman, 2004; Ullman & Pullman, 2015).
Enhancing declarative learning and memory in children with DD or DLD may thus
maximize the extent to which they can compensate for their impaired procedural
learning in language.

These behavioral interventions may pertain to enhanced learning in an individ-
ual (“learner-level” approaches) or enhanced acquisition and retention of specific
memoranda (“item-level” approaches) (Ullman & Lovelett, 2018). The former
may involve (1) syndrome-specific educational strategies integrating sleep, time
course, and time of day in the child’s learning schedule (Ashworth, Hill, Karmiloff-
Smith, & Dimitriou, 2017); (2) physical activity intervention (aerobic exercise),
given the evidence for a causal relationship with hippocampal structure and memory
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performance in children (Chaddock et al., 2010); and (3) diet—for instance, the
positive effects of flavonoids that have been reported on declarative memory in both
TD children (Whyte & Williams, 2015) and older adults (Brickman et al., 2014)
should be further assessed in children presenting with DLD and DD.

With respect to item-level approaches, these would involve (1) “deep encoding,”
i.e., ensuring semantically rich processing of the memoranda (Craik & Lockhart,
1972; Galli, 2014); (2) mnemonic strategies such as the method of loci, also known
as “memory palace,” which involves mentally mapping the memoranda onto image-
able locations (Legge et al., 2012); (3) gesture-based learning (“the enactment
effect”), such as accompanying word learning with contextually appropriate ges-
tures (Kelly, McDevitt, & Esch, 2009); (4) spaced repetition (“distributed practice,”
“spacing effect”), i.e., the introduction of temporal gaps between brief, iterated pre-
sentations of the same memorandum (Gerbier & Toppino, 2015); and (5) retrieval
practice (“testing effect”), i.e., retrieving learned information from memory instead
of restudying it (Roediger & Butler, 2011) (for further discussion, see Alt et al.,
2012; Ullman & Lovelett, 2018).

The design and implementation of such interventions in the case of neurodevel-
opmental disorders of speech and language require considering their fundamental
differences from interventions for later-/adult-onset speech and language disorders:
the former are characterized by deviations in the development of cognitive and lin-
guistic skills, resulting in deficiencies of the skills. The latter involve typically intact
premorbid abilities. With respect to disorders in children, we have to develop the
ability, while in adults we have to restore the ability in question. Overall, we suggest
that such interventions should be embedded within the context of naturalistic
approaches taking into consideration the following: (1) the mental and physical
health of the child (e.g., high levels of stress or overall poor physical condition
would diminish their ability to actively participate in the therapeutic process and
develop new skills); (2) the environmental setting: this should be compatible with
the child’s age, cognitive processing level, as well as their personal interests, provid-
ing them with opportunities to explore the environment and acquire experiences;
and (3) the involvement of family members, which should be in accordance to their
own abilities, opportunities, and wishes to support the therapeutic process. The abil-
ity of the therapist to identify an optimal way for family members to support the
process is an important point in the naturalistic approaches.

5.4 Conclusion

The PDH represents an explanatory framework for the brain and behavioral corre-
lates of DLD and DD with substantial translational potential. Further investigation
is required in terms of both basic and translational research, in order to assess its
capacity to explain DLD and DD and also to guide the design of successful
interventions.
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MTG Middle temporal gyrus

NMDA N-Methyl-p-aspartate

PFC Prefrontal cortex

PML Principles of motor learning

pSTG Posterior superior temporal gyrus
STG Superior temporal gyrus

tDCS Transcranial direct current stimulation
TMS Transcranial magnetic stimulation

6.1 Introduction

The modulation of cognitive functions by noninvasive stimulation of the human
brain has gained increasing attention over the last few decades. The two most known
neuromodulation techniques are transcranial magnetic stimulation (TMS) and tran-
scranial direct current stimulation (tDCS). The popularity of tDCS compared to
TMS is due to its safety, portability, and cost-effectiveness. Moreover tDCS is an
easy-to-use, painless, tolerable corticomotor modulation technique with no or mini-
mal side effects (Bolognini, Pascual-Leone, & Fregni, 2009). While TMS impli-
cates more artefacts such as acoustic noise and muscle twitching, only minor
adverse effects are reported from tDCS (Fertonani, Ferrari, & Miniussi, 2015;
Poreisz, Boros, Antal, & Paulus, 2007).

tDCS can be used to probe and modulate cortical plasticity (Prehn & Floel, 2015)
that is defined as the capacity of the brain to develop new neuronal-synaptic inter-
connections and thereby develop and adapt new functions or reorganize/compensate
for changes. During tDCS, weak polarizing direct currents are delivered to the cor-
tex via two electrodes placed on the scalp. The current induces changes in the rest-
ing membrane potential of the neurons. This means that tDCS does not directly
elicit action potentials but changes the amount of additional input needed to gener-
ate an action potential in neuronal populations. In other words, tDCS changes the
likelihood that an incoming action potential will result in postsynaptic firing both
immediately during stimulation and a short period of time after stimulation.
Therefore, tDCS has an impact on two neurophysiological mechanisms: (1)
subthreshold alterations of the resting membrane potential involving ionic concen-
tration shifts within the extracellular fluid (“primary effect”) and (2) the synaptic
plasticity of glutamatergic connections (i.e., N-methyl-D-aspartate (NMDA)
receptor-dependent processes) (“aftereffect”) (Prehn & Floel, 2015). Since tDCS
acts upon the resting membrane potential and NMDA-receptor activity, it promotes
synaptic plasticity of glutamatergic connections (namely, synaptic long-term poten-
tiation (LTP)-/long-term depression (LTD)-like mechanisms) that can outlast the
duration of stimulation for several hours (Stagg & Nitsche, 2011). In general, the
resting membrane potential is lowered underneath the anode, inducing higher excit-
ability, while it is heightened underneath the cathode, inducing lower excitability.
While these neurophysiological effects are well understood, little is known about
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the long-term effects, especially with respect to cognitive enhancement (Holland,
Leff, Penny, Rothwell, & Crinion, 2016).

Studies show a high variability in terms of the methodological approach, the
characteristics of the study group, the targeted cognitive functions (Cappon,
Jahanshahi, & Bisiacchi, 2016), and the outcome measures used. To the best of our
knowledge, there is no standard protocol to evaluate the impact of tDCS. A standard
protocol is arguable considering the differential impact and the diversity of the
research, but a road map focusing on different parameters and their impact might be
a valuable starting point (Jacobson, Koslowsky, & Lavidor, 2012). In this chapter,
we provide a critical review on all the influencing parameters, along with a draft for
such a road map. In the Appendix in the Back matter of this book, a non-exhaustive
overview of studies using tDCS to study/boost language functions in healthy
(Appendix A: Tables A1 and A2) and patient (Appendix B: Tables B1, B2, and B3)
populations is included, which will give the reader a general idea of the demo-
graphic characteristics of the targeted population (Tables Al and B1) and the meth-
odological (Tables A2 and B2) and therapeutic (Table B3) approach of the current
studies.

6.2 Variability in Methodological Approach

6.2.1 tDCS Protocol

Zooming in on the methodological approach, many parameters pertaining to the
tDCS device may influence its impact: (1) the stimulation schedule (frequency,
duration, and type), (2) the current of the stimulation (intensity, density, and total
charge), (3) the targeted area of stimulation (left/right, frontal/temporal), (4) the
used electrodes (montage, material, sizes, and shape), and (5) the combination of
tDCS and therapy (online or offline stimulation, impact of stimulation on task
performance).

Stimulation Schedule

The stimulation schedule has three general dimensions: frequency, duration, and
type. Frequency pertains to the amount of tDCS sessions a participant gets. In lit-
erature, one session is often used for healthy participants and repeated sessions are
used in participants with speech-language impairments. In research, sessions are
often separated by at least four hours since the cortical excitability alterations can
last for over an hour after the end of the stimulation (Westwood & Romani, 2017).
In practice, sessions are often separated by a minimum of 24 h or even one week. In
clinical practice, daily sessions are recommended to evoke a cumulative and long-
term effect. Repeated stimulations after a short interval of 20 min (i.e., during the
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aftereffects of stimulation) result in initially reduced yet ongoing excitability
enhancement (LTP-like plasticity), while temporally contiguous stimulation and
repeated stimulation after a prolonged time interval (i.e., after the aftereffects have
disappeared) might result in a reversal of neuroplasticity (Monte-Silva et al., 2013).
This suggests that, in a clinical population, studies need to focus not only on the
frequency but also on the interval time between consecutive sessions, so that opti-
mal neuroplasticity effects can be induced.

By duration we mean the total number of time one session takes. This parameter
ranges in the literature from 6 to 30 min, with a mean duration of 20 min.

Different types of stimulation can be used: anodal tDCS (atDCS), cathodal tDCS
(ctDCS), and placebo (sham). From a neurophysiological point of view, the type of
stimulation refers to the polarity of the current and thereby to the way neurons are
influenced. However, a nonlinear system like the brain is unlikely to have a linear
response to an externally applied electric current (Westwood & Romani, 2017). In
general, anodal stimulation increases cortical excitability, whereas cathodal stimu-
lation decreases it (Fiori et al., 2011). In literature, however, there is a consensus
about the stimulation effect of arDCS (e.g., Alberto Pisoni et al., 2015; Jacobson
et al., 2012), but there is no consensus about the effect of ctDCS. Sham is the pla-
cebo stimulation where the electrodes are also attached on the head, but the current
is turned on for a maximum period of one minute. The current is quickly ramped up
and down in the beginning (and in some studies in the end as well) of each stimula-
tion session. This technique is useful within a research context, since it blinds the
participant from knowing whether they are actively stimulated or not, by giving
them the initial sensation of the current building up (Gandiga, Hummel, & Cohen,
2006). Bastani and Jaberzadeh (2012) state that the application of tDCS is associ-
ated with minimal or no somatosensory input, implicating that the stimulation
remains imperceptible by most people during its application. However, some par-
ticipants do report an itching sensation beneath both electrodes during the early
rising phase of the current. This tingling sensation elicited on the scalp lasts only for
the first few seconds and then disappears (Nitsche et al., 2003). However, the
research of O’Connell et al. (2012) showed that participants receiving both types of
stimulation can easily discriminate between real and sham stimulation. When par-
ticipants only received one type of stimulation, blinding was much more reliable
(Russo, Wallace, Fitzgerald, & Cooper, 2013). Unreliable blinding may play a role
in data variability present in current tDCS literature. In a research context, often
different types of stimulation are used with the order of sessions counterbalanced
across participants to control for learning effects. However, in clinical practice,
repeated sessions of one type of stimulation are the most favorable approach in
order to accumulate the most positive effect. The assumption that atDCS enhances
and ctDCS diminishes cortical excitability (Nitsche & Paulus, 2000) has been
mainly supported by studies that focus on the effects of tDCS on motor functions.
However, a meta-analysis of tDCS studies found that the probability of achieving
this classical “anodal-facilitatory/cathodal-inhibitory” effect on motor outcomes
was only 0.67 and for cognitive outcomes only 0.16 (Jacobson et al., 2012). The
underlying explanation might be that the anodal electrode increases further neuro-
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nal firing of a previously activated region, contributing to a greater facilitation of
(cognitive) performance of this area. Decreased neural firing, resulting from the
cathodal electrode, cannot generate sufficient inhibition when the initial rate is
already high, since subjects are engaged in cognitive tasks. Moreover, since cogni-
tive functions are not restricted to a specific brain area but rather to a brain network,
these functions may be immune to inhibitory stimulation.

Stimulation Current

The applied current can be defined by its intensity, density, and total charge. The
current infensity varies from 1 to 2 mA. Although stimulation with a stronger cur-
rent over a longer period of time is more intense, it is unknown whether stimulation
is also more effective (Prehn & Floel, 2015). Voroslakos et al. (2018) found that
current intensities conventionally used in tDCS studies are insufficient to affect neu-
ronal circuits directly, suggesting that reported behavioral and cognitive effects
result from indirect mechanisms. The current intensity has an impact on local (i.e.,
modulation of endogenous low-frequency oscillations) brain areas (Hartwigsen,
2015), within network connectivity (Meinzer et al., 2012), as well as on functionally
connected, remote brain areas (i.e., spreading via excitatory and inhibitory neural
pathways (Polanfa, Nitsche, Korman, Batsikadze, & Paulus, 2012)); the exact
amount of the impact is still questionable. Therefore, researchers often define the
current density, i.e., the stimulation intensity (mA) per area of stimulating electrode
size (cm?). This density is independent of the duration of the stimulation. Densities
below 25 mA/cm? are considered safe, since 25 mA/cm? is the threshold for brain
tissue damage in rats. Electrode sizes of 25-35 cm? are commonly used with a con-
stant current of 2 mA intensity, resulting in a current density of 0.080-0.057 mA/
cm? at the skin which will not induce brain tissue damage. Nonetheless, the inten-
sity of current that reaches and affects the cortex below the electrodes is difficult to
determine. It is typically inferred from physiologic outcomes such as functional
imaging, which is not necessarily linear or even monotonic with local current inten-
sity, or from behavioral changes, where the relationship with regional current flow
is yet less clear (Edwards et al., 2013). Moreover, Sandars, Cloutman, and Woollams
(2016) reported that even though current density is uniform, between 41% and 61%
of the applied current does not penetrate the skull. This limited spatial accuracy is a
potential limitation of tDCS (Raffin & Siebner, 2014). In order to overcome this
limitation, high-density (HD) tDCS is required, which can be achieved by using
smaller electrodes, in configurations that yield more focal stimulation (Datta, Baker,
Bikson, & Fridriksson, 2011). While the exact amount and the spreading of the cur-
rent are hard to define, the maximum effect may not be below the electrode pads as
assumed, making it more complicated to choose the appropriate stimulation site.
Precise modeling studies might be essential for future research to employ stimula-
tion parameters that optimize current density distribution. Therefore, researchers
also report the fotal charge of the current, i.e., the amount of current that is applied
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over the head during the session and is determined by the duration of the session and
the current intensity.

Area of Stimulation

The next important question is the area of stimulation, since therapeutic goals and
outcomes of tDCS are linked to the targeted brain regions. For this parameter as
well, there is no consensus about the optimal location of the electrodes. The place-
ment of the tDCS electrodes is usually guided by the 10-20 EEG system, since this
is a helpful and easy-to-use technique facilitating the incorporation of tDCS in day-
to-day clinical practice (Meinzer, Darkow, Lindenberg, & Floel, 2016). As outlined
earlier, the stimulated area is a window onto a large-scale functional network, rather
than on an isolated site (e.g., Bikson, Datta, Rahman, & Scaturro, 2010; Manjaly
et al., 2005; Moliadze, Antal, & Paulus, 2010). So the question is: which is the ideal
network to stimulate in order to obtain the maximum out of tDCS? Many research-
ers stimulate the left frontal cortex, since this includes the area of Broca, which is
important for speech production, i.e., speech repetition, reading, writing, and nam-
ing (Bashir & Howell, 2017). The frontal cortex is 1/3 of the cortex and electrodes
are 25-35 cm?, so a more specific spot needs to be chosen. For example, Meinzer
etal. (2014) have shown that tDCS over the primary motor cortex (M1, C3) induces
long-lasting changes in cortical excitability and can improve word retrieval in
healthy participants. Besides the primary motor cortex, the left dorsolateral prefron-
tal cortex (DLPFC, Fpl/AF3) (Manenti et al., 2015; Saidmanesh, Pouretemad,
Amini, Nillipour, & Ekhtian, 2012; Shah-Basak et al., 2015; Wirth et al., 2011) or
the inferior frontal gyrus (F5) (e.g., Campana, Caltagirone, & Marangolo, 2015;
Fiori et al., 2013; Pisoni, Papagno, & Cattaneo, 2012; Vestito, Rosellini, Mantero,
& Bandini, 2014) are frequently targeted areas of stimulation. Depending on the
behavioral task administered during stimulation, researchers also stimulate other
brain areas beyond the frontal cortex, such as the left temporal region. Sparing,
Dafotakis, Meister, Thirugnanasambandam, and Fink (2008), for example, applied
tDCS over the posterior perisylvian region, i.e., an area which includes Wernicke’s
area (T5), and reported an impact on lexical-phonological retrieval. Besides the
therapeutic goals and outcomes, interindividual variability may also influence the
impact of tDCS. Therefore, studies that employed similar areas of stimulation
resulted in highly variable stimulation effects (de Aguiar, Paolazzi, & Miceli, 2015).
Klaus and Schutter (2018) argue that the placement of the active electrode over the
targeted region and the reference electrode over the contralateral supraorbital region
yields the highest field strengths anterior to the targeted region as well as additional
frontal effects in the right hemisphere. These wide electrical field distributions may
cause collateral activation of surrounding tissue and contribute to the heterogeneous
findings reported in previous studies. It remains to be tested whether additional
modifications of the montages (e.g., by using smaller electrodes or a HD tDCS
setup) further reduce induced field strengths in regions peripheral to the targeted
region. The area chosen for stimulation also depends on the location of the reference
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electrode. Most researchers place the reference electrode on the contralateral (right)
supraorbital region (e.g., Buchwald et al., 2019), whereas others place it on the
contralateral (right) homologue area (e.g., Marangolo et al., 2013).

Electrodes

Different electrodes, i.e., different montages, materials, shapes, and sizes, vary
across studies. Different montages are available: (a) bipolar (two cephalic elec-
trodes) (e.g., Marangolo et al., 2013) or (b) unipolar (one cephalic and one extrace-
phalic electrode) (e.g., Nitsche & Paulus, 2000). The magnitude of the tDCS-elicited
changes in cortical excitability depends on the electrode montage, due to the inter-
dependence between neuronal orientation and the orientation of the induced current
(Wagner et al., 2007). At present, different electrode arrangements have been evalu-
ated — this has been done mainly for stimulation of the primary motor cortex, less
for non-motor areas. Since language is a complex cognitive task involving language
networks, not specific areas, in recent literature, researchers have investigated the
added benefits of bilateral/bipolar stimulation over unilateral stimulation (e.g., Li
et al., 2015; Moliadze et al., 2010). Regarding the material of the electrodes, two
types are most often used: nonmetallic, conductive rubber electrodes, covered by
saline-soaked sponges or rubber electrodes used with conductive gel (Prehn &
Floel, 2015), minimizing chemical reactions at the electrode-skin interface.

Looking at the size and shape of the electrodes, two large electrode pads with
areas of several tens of cm? are used (Saturnino, Antunes, & Thielscher, 2015). This
conventional tDCS electrode montage results in very diffuse brain current flow, with
areas of clustering (“hot spots”) and ineffective pervasion of the targeted area
(Edwards et al., 2013). When using the conventional large stimulation electrodes
(i.e., 25-35 cm?), tDCS is less suitable to investigate functional-anatomic subdivi-
sions within language areas, but it might be preferable for therapeutic, longitudinal
purposes (Monti et al., 2013).

Combination of tDCS and Behavioral Task

The fifth variable concerns the combination of tDCS and the behavioral task;
researchers distinguish between online and offline tDCS. Online tDCS implicates
that the tDCS stimulation is given during a therapy session, therefore potentially
optimizing the effects of language therapy, whereas offline tDCS implicates that the
tDCS stimulation is given before a therapy session, potentially priming the lan-
guage system in preparation for the task used during treatment (de Aguiar, Paolazzi,
& Miceli, 2015). Behavioral priming results in improved performance due to
repeated encounters with the same or related stimuli and is caused by a reduction in
task-dependent neural activity (Holland et al., 2011). Neural priming is the neuro-
physiological explanation of the cumulative effect of tDCS on behavior. Since the
human brain consists of dense neuronal tissue, it operates on limited neural resources
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and thereby consists of overlapping neural networks (Brem, Unterburger, Speight,
& Jincke, 2014). In cognitive and neurobiological models, cognitive functions are
supported by distributed, interconnected, overlapping, and highly parallel process-
ing networks (Hebb, 1949; Horwitz, Heng, & Quazi, 2003). In these networks,
higher-order cortices can be involved in a flexible, context-dependent manner in
different functions (Behrens & Sporns, 2012; Bressler & Menon, 2010). For exam-
ple, the language and motor action systems feature tight functional connections and
share neural resources (Willems & Hagoort, 2007). This implicates that enhance-
ment of cognitive functions by means of tDCS is never isolated. The facilitated
switching between the overlapping neural systems involved during the behavioral
task explains the improved behavioral performance afterwards. In this way, priming
cortical excitability using tDCS optimizes the learning processes involved in lan-
guage therapy and leads to more distinct and long-term functional communication
gains (Bolognini et al., 2009). However, the exact cumulative mechanism of the
externally applied tDCS, the internal modulation of neuronal activity, and the
impact on an individual’s behavior has yet to be determined (Holland et al., 2016).
Since Monti et al. (2008) suggest the absence of effects of offline perilesional
atDCS, recent studies have focused on online atDCS in elderly participants with or
without aphasia (e.g., Binney et al., 2018).

Based on the results of the literature, we believe that the following tDCS param-
eters should result in the most effective outcome: multiple stimulation sessions (>5)
should be used, each lasting for at least 20 min, with a short time interval (~24 h),
so that neurons are triggered effectively. The current strength is set at 2 mA and the
25-35 cm*“electrodes are placed in saline-soaked sponges to obtain an optimal cur-
rent flow. The area and the type of stimulation are linked to the training/therapeutic
goal (Table 6.1). This leads to determining the influencing parameters of one spe-
cific behavioral task.

6.2.2 Behavioral Task

To the best of our knowledge, there is no consensus on what the behavioral task, i.e.,
the speech-language therapy, should be. Nonetheless, selecting the correct pairing
between the area of stimulation and the behavioral task may crucially influence the
therapeutic outcome and thereby its efficiency. The goals of speech-language ther-
apy may be better achieved if tDCS is delivered to an area putatively involved in the
task at hand, as this ensures that electrical stimulation is paired with ongoing synap-
tic activation, a seemingly necessary factor for lasting effects (Fritsch et al., 2010).

In an ideal cumulative situation, tDCS enhances corticomotor excitability and
augments the efficacy of therapeutic approaches inducing lasting neurobiological
effects (Hummel & Cohen, 2006). Different tasks might be differentially sensitive
to performance changes induced by tDCS. Moreover, there is an economical argu-
ment as well: therapists have less time to treat patients and limited funding is avail-
able. Therefore, clinicians are looking for the most ideal therapy program to
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Table 6.1 Recommended tDCS parameters based on current literature results

tDCS parameter Settings

Intensity Frequency: >5 sessions

Duration: 20-30 min

Type: atDCS, ctDCS (or sham)

Current Intensity: 1.5-2 mA

Density: 25 mA/cm?

Total charge: 0.057 mA/cm?

Area of stimulation Left/right/bihemispheric, frontal/temporal
Adapted to therapeutic task

Used electrodes Montage: uni- or bipolar

Material: nonmetallic or rubber

Covered in saline-soaked sponges or coated with conductive
gel

Size: 25-35 cm?

Shape: rectangle

Combination of tDCS and Online/offline

therapy

maximize the patient’s communicative skills in as little time as possible and at the
lowest possible cost, aiming for the most effective outcome (Maas et al., 2012).

Considering the literature on the cumulative effects of tDCS and behavioral
speech-language therapy, researchers have reported cognitive enhancement in
healthy participants for different cognitive (e.g., sustained attention, working mem-
ory, information processing, and language) and executive (e.g., inhibition and plan-
ning) functions. This chapter will focus on language and on motor speech, the two
main domains of speech-language therapy.

tDCS and Language

Most studies focus on phonological and semantic aspects of oral language produc-
tion, examining the effects of tDCS on picture naming (Fertonani, Brambilla,
Cotelli, & Miniussi, 2014; Holland et al., 2011; Indefrey, 2011), verbal fluency
(e.g., Iyer et al., 2005), or picture-word interference (Indefrey & Levelt, 2004). Few
studies focus on the cumulative effect of tDCS and semantic aspects of language
comprehension, using lexical decision (Briickner & Kammer, 2017), semantic judg-
ment (McDermott, Petersen, Watson, & Ojemann, 2003), or ambiguous words
(Peretz & Lavidor, 2013). Two studies have focused on the syntactic aspects of
language (e.g., Cattaneo, Pisoni, & Papagno, 2011; De Vries et al., 2010). Two stud-
ies (Dick, Goldin-Meadow, Hasson, Skipper, & Small, 2009; Manuel & Schnider,
2016) have focused on tDCS and nonverbal communication, and three studies have
combined tDCS with functional communication (Campana et al., 2015; Marangolo
et al., 2014; Marangolo, Fiori, Calpagnano, et al., 2013) (Appendix A).

With respect to phonology and semantics, several researchers have reported the
cumulative effect of tDCS on picture naming (Fertonani et al., 2014; Holland et al.,
2011; Indefrey, 2011). However, no consensus has been reached on the stimulation site,
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since a large left frontotemporal network plays an important role in a naming task,
including phonological and semantic skills. This network supports many cognitive pro-
cesses, i.e., word-retrieval processes and different cognitive control processes, the ini-
tiation and sequencing of speech, and the motor speech act (Crosson, 2013; Dick,
Bernal, & Tremblay, 2014; Eickhoff, Heim, Zilles, & Amunts, 2009). As Westwood
and Romani (2017) state, picture naming necessitates cortical excitation (word retrieval)
as well as inhibition (fending off alternative competitors). This network consists of the
dorsal stream (i.e., left frontal hemisphere, the mapping of sensory input, and phono-
logical information on the articulatory network) and the ventral stream (i.e., bilateral
temporal hemispheres, the mapping of sounds onto meanings and meanings onto spo-
ken output) (Hickok & Poeppel, 2000; Sandars et al., 2016). Studies have reported
significant effects from applying atDCS over the left superior temporal gyrus and
DLPFC on object and action naming (Fertonani et al., 2014; Fertonani, Rosini, Cotelli,
Rossini, & Miniussi, 2010; Sparing et al., 2008), with tDCS mostly affecting naming
latencies, rather than error rates (Table 6.2).

Table 6.2 Combination of behavioral task and targeted stimulation area

Type of
Behavioral task Stimulated brain area | stimulation
Language production Picture naming Left STG (word ctDCS
(phonology + semantics) rehearsal) (T7) ctDCS
Right STG (T8) atDCS
Left DLPFC (word
selection) (AF3/Fpl)
Verbal fluency Left PFC (switching) atDCS
(Fpl) atDCS
Left IFG (word finding) | atDCS
(F5)
Left STG (clustering)
(T7)
Left ITG (semantics)
(FT9)
Picture-word Left MTG (semantics) | atDCS
interference (T7) atDCS
Left STG (phonology) | atDCS
(T7)
Left temporal cortex
(T7)
Language comprehension Lexical decision Left pSTG (T5) ctDCS
(semantics) Semantic judgment | Left IFG (F5) atDCS
Ambiguous words | Right STG (T8) atDCS
Syntax Grammar Left IFG (F5) atDCS
Nonverbal communication Gesture-language | Left IFG (F5) atDCS
interplay
Functional communication Conversational Left IFG (F5) atDCS
therapy

STG superior temporal gyrus, DLPFC dorsolateral prefrontal cortex, PFC prefrontal cortex, ITG
inferior temporal gyrus, MTG middle temporal gyrus, STG superior temporal gyrus, pSTG poste-
rior superior temporal gyrus, /FG inferior frontal gyrus
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Another frequently examined language task pertains to verbal fluency (e.g., lyer
et al., 2005; Meinzer, Flaisch, et al., 2012). This usually involves a short test in
which participants are required to generate as many words as possible from a
semantic category (i.e., “semantic fluency,” which is a more common task, since we
organize our daily lives in semantic categories) or beginning with a specific letter
(i.e., “phonemic fluency,” a more complex and less familiar task) within a limited
period of time. Many cognitive processes are involved in verbal fluency. In order to
name as many examples as possible, one has to search the word content, retrieve it,
monitor it, and select the appropriate word form from among competing alternatives
(Fertonani et al., 2010). Considering its cognitive complexity, many brain areas are
involved: (1) the prefrontal cortex (“switching,” i.e., changing from subcategories,
as seen when one goes from providing examples of one subcategory to another, a
more controlled process), (2) the inferior frontal gyrus (finding words), and (3) the
superior temporal gyrus (“clustering” of words, i.e., the contiguous generation of
words, a more automatic process) (Hirshorn & Thompson-Schill, 2006) (Table 6.2).
To make it even more complex, phonemic and semantic word fluency involve par-
tially different neural networks: semantic fluency is associated with a greater activa-
tion of the left inferior temporal lobe, reflecting the site of stored information being
retrieved (Heim, Eickhoff, & Amunts, 2008). The inferior frontal gyrus is likely to
subserve common processes critical for both semantic and phonemic tasks
(Costafreda et al., 2006). Clustering and switching processes are also dependent on
a number of participant characteristics, such as age and level of education
(Vannorsdall et al., 2016). Evidence suggests that older healthy participants switch
less frequently on semantic fluency tasks and produce larger clusters on phonemic
fluency tasks than younger participants (Troyer, Moscovitch, & Winocur, 1997).
While some studies report increased verbal fluency during or after tDCS (inferior
frontal gyrus: Cattaneo et al., 2011; Iyer et al., 2005; Penolazzi, Pastore, & Mondini,
2013; Pisoni et al., 2018; DLPFC: Vannorsdall et al., 2012), other studies have not
obtained such an effect (inferior frontal gyrus: Cattaneo et al., 2011; Ehlis,
Haeussinger, Gastel, Fallgatter, & Plewnia, 2016; Vannorsdall et al., 2016; DLPFC:
Cerruti & Schlaug, 2009). A third, less frequently reported language production
task is a picture-word interference task. Participants are asked to name pictures
while ignoring a visually or aurally presented distractor word. The relatedness of
the target and the distractor is systematically varied. Typically, a semantically
related distractor increases naming latencies compared to an unrelated distractor,
while a phonologically related distractor speeds up naming latencies. Lexical-
semantic processing has been associated with the left medial temporal gyrus, while
phonological processing has been located in the left superior temporal gyrus
(Indefrey & Levelt, 2004) (Table 6.2). Semantically related distractors are examined
in more detail in semantic blocking tasks. In such a task, naming latencies are com-
pared between semantically homogeneous (i.e., containing words from the same
semantic category) and heterogeneous (i.e., semantically unrelated words) blocks.
Retrieving and producing semantically related words in a row typically results in
longer naming latencies compared to producing semantically unrelated words. This
effect is called “the semantic interference effect” and underlines the competitive
selection of target responses. This process is believed to rely on the left temporal
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cortex (Indefrey, 2011). Therefore, Indefrey (2011) and Wirth et al. (2011) focused
on semantic interference during spoken word production using continuous and
blocked cyclic naming paradigms (Damian, Vigliocco, & Levelt, 2001; Howard,
Nickels, Coltheart, & Cole-Virtue, 2006). The underlying explanation is that in
order to map a conceptual representation onto a speech representation, lexical-
semantic encoding needs to take place (Belke & Stielow, 2013). However, on the
one hand, researchers still have to unravel the precise functionality of the human
brain. For example, Indefrey (2011) suggests that more research is needed to disen-
tangle the precise role of subregions of the left inferior frontal gyrus and of the
inferior parietal cortex in word production. On the other hand, the setup of the lan-
guage task itself is still open for debate. Belke and Stielow (2013) demonstrate that
the study of semantic context effects on object naming has proven to be a powerful
tool for investigations in language production, although the persistency of semantic
context effects still remains to be elucidated.

While there is an abundance of literature on language production, less is known
on language comprehension, on syntax, on nonverbal communication, or on func-
tional communication. Looking at language comprehension, Briickner and
Kammer (2017) focused on the relationship between a lexical decision task and
ctDCS across the left posterior superior temporal gyrus. McDermott et al. (2003)
focused on semantic judgment and the specific role for the left inferior frontal
gyrus, while Yang, Fuller, Khodaparast, and Krawczyk (2010) reported a positive
effect of atDCS over Broca’s area while performing a figurative language
comprehension task (Table 6.2). Peretz and Lavidor (2013) focused on ambiguous
words while using a semantic decision task. De Vries et al. (2010) and Cattaneo
et al. (2011) focused on syntax: they combined implicit artificial grammar learning
with atDCS of the inferior frontal gyrus.

Only one study (Dick et al., 2009) focused on nonverbal communication. They
reported the cumulative effect of gesture-language interplay, in which the inferior
frontal gyrus plays a critical role.

Looking at functional communication, Marangolo, Fiori, Campana, et al.
(2014); Marangolo et al. (2013); and Campana et al. (2015) combined tDCS with
activity-based intensive conversational therapy. They used short video clips to set up
a natural conversation and encouraged the individual to use a broad range of com-
municative means (e.g., gestures, drawings, orthographic or phonological cues) to
exchange salient information about the video clip. They concluded that atDCS
delivered over Broca’s area improved informative speech, i.e., individuals used
more and more communicative units and the improvement persisted after 1 month
(Table 6.2).

tDCS and Motor Speech Act

Recently tDCS has also been used in normal motor control (e.g., Grimaldi et al.,
2016; Kang, Summers, & Cauraugh, 2016; Lefaucheur, 2016). The literature on the
effects of tDCS on the motor speech act is far more scarce compared to tDCS and
language. Five studies have combined tDCS with repeating orally presented words



6 Transcranial Direct Current Stimulation (tDCS) and Language/Speech... 93

(Bashir & Howell, 2017; Buchwald et al., 2019; Chesters, Hsu, Bishop, Watkins, &
Mottonen, 2017; Fiori, Cipollari, Caltagirone, & Marangolo, 2014; Simione, Fregni,
& Green, 2018) and only one study has combined tDCS with oral reading (Wong,
Chan, Ng, & Zhu, 2019). Their overall focus was on maximizing speech motor
performance, i.e., the fluent and accurate articulation of sequential sounds in words,
measured by acquisition, retention, and generalization of speech motor performance
(e.g., Maas, 2015; Marangolo, Fiori, Campana, et al., 2014). Although speech pro-
duction is a habitual and unique form of human daily communication, it is a com-
plex behavior requiring the integration of concurrent linguistic, cognitive,
attentional, and sensorimotor processes (Oh, Duerden, & Pang, 2014; Simione
etal., 2018). When speaking, one should carefully plan and program precise muscle
instructions, and oral movements must be highly coordinated.

During the last two decades, studies (Adams & Page, 2000; Bislick, Weir,
Spencer, Kendall, & Yorkston, 2012; Ito, Coppola, & Ostry, 2016; Jones & Croot,
2016; Lisman & Sadagopan, 2013; Steinhauer & Grayhack, 2000; Wong, Whitehill,
Ma, & Masters, 2013) have primarily focused on the integration of training princi-
ples in the nonspeech domains of motor learning, i.e., principles of motor learning
(PML) (Schmidt, 1988; Schmidt & Lee, 2005). These PML are derived from rela-
tively easy motor tasks, implicating that they cannot be directly translated to such
complex motor tasks as the speech motor act, which possibly depends on a separate
and unique motor system (Ziegler, 2003). PML specify (1) the structure of the prac-
tice, i.e., practice amount, distribution, variability and schedule, attentional focus,
and target complexity, and (2) the nature of feedback, i.e., type, frequency, and tim-
ing, in order to enhance the learning capabilities for novel movements (Bislick
et al., 2012). Although the application of these PML in speech motor learning has
shown positive results in a healthy population, further investigation is warranted
(Bislick et al., 2012; Maas, 2015), including replication of current research, exten-
sion of investigations of young healthy participants to older healthy participants,
extension of investigations to motor speech disorders (e.g., ataxic dysarthria), and
investigations of additional PML in both healthy participants and participants with
motor speech disorders. In this way, PML can function as a theoretical framework,
generating specific hypotheses that need to be investigated in more detail in differ-
ent populations.

Recently, Buchwald et al. (2019) found that atDCS over the left motor cortex
(C3) can improve speech motor learning in an offline condition, which makes it a
possible stimulation target to enhance the performance in pure speech motor pro-
cessing, such as syllable repetition or nonword repetition (Fuertinger, Horwitz, &
Simonyan, 2015). Fiori et al. (2014) have confirmed critical involvement of the left
premotor region (BA 6), including Broca’s area (BA 44/45), in speech repetition
(e.g., Baddeley, 2010; Trost & Gruber, 2012). They showed that speech accuracy
and vocal reaction times while repeating tongue twisters during atDCS significantly
improved during and 1 h after the stimulation. On the contrary, ctDCS significantly
reduced speech articulation performance, while sham had no influence on speech
articulation. Moreover, they showed generalization effects to untreated language
production skills, which underlined the fact that speech engages motor and linguis-
tic networks (Simione et al., 2018).
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tDCS and Task Complexity

Besides the specific speech-language task, the complexity of the task influences the
effect of tDCS and thereby the functional outcome. de Aguiar, Paolazzi, and Miceli
(2015) reported that atDCS may be more suitable for easy tasks, while ctDCS may
be more appropriate when the task is difficult. The question remains which task is
easy and which task is not. Difficulty is not a one-way scale from “easy” to “‘com-
plex 7, and different multi-way parameters have an impact on the level of complex-
ity in different ways. First, the input, i.e., the way the task is delivered, might affect
task complexity and thus the effectiveness of tDCS. A visually presented task, such
as a reading task, impacts other, more occipital brain areas than an aural task, such
as a repetition task, which impacts more temporal brain areas (Church, Coalson,
Lugar, Petersen, & Schlaggar, 2008). For example, in a recent study, Rollans,
Cheema, Georgiou, and Cummine (2017) suggested that the left inferior fronto-
occipital fasciculus is more sensitive to overt response times that reflect slower and
nonautomatic processes. Secondly, cueing and feedback, i.e., the way the task is
supported, can be defined in different ways to influence the level of complexity.
Miniussi, Harris, and Ruzzoli (2013) created a cueing strategy for a picture naming
task, while Peach and Chapey (2008) postulated a cueing hierarchy of different
semantic, orthographic, and phonological cues for the same task. Thirdly, the out-
put, i.e., the way the task is performed, will impact which brain regions will be
involved. For example, an oral response induces activity in other brain regions than
a written response, the same for a verbal response versus a nonverbal response.
Finally, the training material itself might impact task complexity. A consistent find-
ing has been that when naming objects in context with other items from the same
semantic category, response time increases compared to naming in unrelated con-
texts (Gauvin, Meinzer, & de Zubicaray, 2017).

6.2.3 Study Group

Besides stimulation- and task-related parameters, one should also take into account
interindividual variability. Individual cortical susceptibility to stimulation may dif-
fer, inducing different levels of excitability among participants (Krause & Cohen
Kadosh, 2014; Parazzini, Fiocchi, Liorni, & Ravazzani, 2015).

Mattson (2015) and Rabipour, Wu, Davidson, and Iacoboni (2018) report a list of
interindividual differences: (1) general physiognomic differences, such as the mor-
phology of the individual’s brain (Kim et al., 2014); (2) cognitive differences, such
as information processing capacity, processing speed, attention, episodic memory,
decision making, executive control functions, emotion processing, regulation, and
lifelong cognitive stimulation; (3) demographic differences, such as age, gender
(Madhavan, McQueeny, Howe, Shear, & Szaflarski, 2014), and level of education
(El Hachioui et al., 2013); (4) social differences, such as social support and lifestyle
factors; (5) medical differences, such as diabetes, overweight, or the use of medica-
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Table 6.3 Checklist of interindividual differences impacting the responsiveness to tDCS

Interindividual differences Examples

Physiognomic differences Morphology of the brain

Cognitive differences Information processing capacity and speed
Attention
Memory

Executive functioning
Lifelong cognitive stimulation

Demographic differences Age
Gender
Level of education
Social differences Social support
Lifestyle factors
Medical differences Diabetes
Overweight
Use of medication
Physical differences Physical activity
Psychological differences Motivation
Expectation

Emotional state

tion; (6) physical differences, such as physical activity; and (7) psychological differ-
ences, such as motivation, expectations of outcomes, and affect (Table 6.3).

Physiognomic Differences

Regarding physiognomic differences, interindividual differences in cranial and
brain anatomy can influence the impact of tDCS by inducing variability in the actual
current received by the brain, even when the same electrical dose is administered.
Some examples of these physiognomic differences are skull thickness and cerebro-
spinal fluid thickness (Opitz, Paulus, Will, Antunes, & Thielscher, 2015), subcuta-
neous fat (Truong, Magerowski, Blackburn, Bikson, & Alonso-Alonso, 2013), gyral
pattern (Datta, Truong, Minhas, Parra, & Bikson, 2012), local tissue heterogeneities
(Shahid, Wen, & Ahfock, 2014), and orientation of neurons (Arlotti, Rahman,
Minhas, & Bikson, 2012). Anatomical factors do not always have the expected
influence. For example, Opitz et al. (2015) demonstrated that a thicker skull resulted
in a more complex relationship between skull thickness and current density.

Cognitive Differences

As for cognitive differences, Smith and Clithero (2009) demonstrate that both
atDCS and ctDCS over the left DLPFC can enhance performance in attention tasks,
working memory, planning abilities, information processing capacity, and speed.
For example, sustained attention is an influencing factor in the rehabilitation pro-
cess, since it is a prerequisite of cognitive relearning.
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Demographic Differences

With respect to demographic differences, such as aging, researchers often start
with healthy, young participants. Nevertheless, Summers, Kang, and Cauraugh
(2016) underline that the neuroplasticity of the elder brain differs from that of a
younger brain. They reported that it is more difficult for older participants to retrieve
proper names in a naming task and that their verbal fluency is slowing down. This
implicates that test results of a younger population cannot be extrapolated to an
older population. At the neurophysiological level, aging negatively impacts gray
and white matter integrity and neurotransmitter activity (Gutchess, 2014). The
impact ranges from a loss of neurons and cortical thinning over impaired
neurotransmitter-receptor binding and signaling and an accumulation of neurofibril-
lary tangles and amyloid plaques to altered concentrations of various brain metabo-
lites (Jagust, 2013). Tatti, Rossi, Innocenti, Rossi, and Santarnecchi (2016) suggested
this results in reduced hemispheric lateralization in cognitive aging, which leads to
a complex relationship between functional overactivation, structural integrity, and
cognitive abilities. Meinzer, Lindenberg, Antonenko, Flaisch, and Floel (2013)
showed that elderly participants present with greater bilateral prefrontal activation
than young adults and that this correlated with poorer performance in semantic
word generation. In word-retrieval studies, decreased accuracy (Meinzer et al.,
2009) and increased reaction times (Wierenga et al., 2008) have been noted for
older populations. Right frontal activity has only been found in more demanding
tasks, i.e., when the older participants produced fewer correct responses compared
to the young adults (Meinzer et al., 2009; Meinzer, Flaisch, et al., 2012). This
increased bilateral activity is explained by enhanced cognitive demands. According
to Meinzer et al. (2014), there might be a co-interference of aging and challenging
task conditions. They reported enhanced activity in right prefrontal areas in healthy
older compared to younger participants when performing a language task. This
enhanced activity might be due to an age-related phenomenon or it might reflect
task difficulty effects. Moreover, control processes may have been more challenged
in the older group due to deterioration of specialized neural populations in left fron-
tal areas (Park & Reuter-Lorenz, 2009) or medial temporal structures (Pihlajamiki
et al., 2000). Changes in hippocampal functions (Pihlajamiki et al., 2000) may also
explain selectively impaired semantic word generation in healthy older participants.
This may result in local changes in brain activity and also disruption of coordinated
activity between different brain regions. Bennett and Madden (2014) have also
demonstrated widespread changes in structural connectivity in aging, which has
been linked to behavioral impairment and changes in functional networks, such as
frontoparietal attention networks. Taking this into account, researchers agreed that
atDCS is a viable tool to improve language function in aging (Fertonani et al., 2014;
Perceval, Floel, & Meinzer, 2016).

Moreover, cognitive performance declines with age (Mattson, 2015), although
this decline does not affect all individuals equally (Berryhill & Jones, 2012). This
decline is due to structural changes, i.e., neural atrophy from prefrontal and parietal
regions, as well as functional changes, i.e., the recruitment of additional resources
to maintain cognitive task performance (Davis, Dennis, Daselaar, Fleck, & Cabeza,
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2008). Besides the impact of age, the level of education might impact the functional
outcome after tDCS. For example, Katz et al. (2017) show that cognitive training
may be more beneficial to those who already have strong cognitive abilities. The
advantage of tDCS seemed to increase proportionally with decreasing baseline abil-
ity and conferred little additional advantage to a participant who had already per-
formed high at baseline. It is still unclear which specific cognitive ability, such as
higher levels of numeracy, literacy, or academic attainment, may mediate the inter-
action between stimulation and low baseline performance.

Social Differences

Social differences may also affect responsiveness to therapy. Patients with better
social support experience better and faster recovery (Glass, Matchar, Belyea, &
Feussner, 1993). To the best of our knowledge, the specific impact of social differ-
ences on tDCS efficacy has not been examined yet, but it is a factor that needs to be
taken into account when using tDCS as a therapeutic aid.

Medical Differences

As for medical differences, besides concomitant diabetes or overweight, medica-
tion as well can impact the effect of tDCS. Prehn and Floel (2015) focused on the
interference of dopaminergic and serotonergic agents and tDCS, which could
change the outcome of the stimulation. More research is necessary to investigate the
value of additional biomarkers, such as learning relevant candidate genes, inflam-
matory markers, neurotransmitter concentrations, markers of cortical excitability
and neurodegeneration, as well as neuronal activation patterns in predicting the
therapeutic efficacy of tDCS.

Physical Differences

Regarding physical differences, even something as seemingly minor as hair thick-
ness may impact the outcome of tDCS, since poorer electrode contact can reduce
the amount of current passing through the scalp and skull. Other more obvious dif-
ferences, such as poorer motor coordination or postural control, might influence the
impact of tDCS on functional outcome (Uehara, Coxon, & Byblow, 2015).

Psychological Differences

tDCS studies rarely examine psychological differences such as motivation, expec-
tations of outcome, affect, and attitude which may influence tDCS responsiveness
through placebo-like effects. Two findings in the literature have underlined the
importance of examining psychological differences in tDCS studies: evidence for
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the influence of (1) expectations on cognitive interventions (e.g., Foroughi, Monfort,
Paczynski, McKnight, & Greenwood, 2016) and performance (e.g., Schwarz,
Pfister, & Biichel, 2016) and (2) factors such as emotional state (Sarkar, Dowker, &
Cohen Kadosh, 2014) and motivation (Jones, Stephens, Alam, Bikson, & Berryhill,
2015) on responsiveness to tDCS.

Brain Lesions

Besides these seven interindividual differences in a healthy population, an extra
category of differences is linked to the brain lesion underlying an acquired speech-
language disorder. Focusing on a participant with a brain lesion, a variety of factors
has the potential to influence the outcome of speech-language therapy. Relevant
roles can be played by:

1. Stroke severity (Pedersen, Vinter, & Olsen, 2004): for example, Maas et al.
(2012) reported the negative influence of a larger lesion on post-stroke aphasia
recovery.

2. Lesion characteristics such as site, size (Maas et al., 2012), and type (El Hachioui
et al., 2013): looking at the lesion site, lesions of the left hemisphere might pro-
vide cortical disinhibition in perilesional structures, thereby increasing activity
in left areas involved in language, with this perilesional activation associated
with good recovery. However, this lesion can also disrupt the balance of inter-
hemispheric competition. Whether increased right hemisphere activation is ben-
eficial or maladaptive is controversial (Hamilton, Chrysikou, & Coslett, 2011).

3. Characteristics of the speech-language disorder: less severe overall aphasic def-
icits (Pedersen et al., 2004) and sparing of phonological skills (El Hachioui et al.,
2013) are significant predictors of recovery.

Several stroke studies showed that participants with larger deficits and less sur-
viving brain structures, assessed by lesion size (Bolognini et al., 2015), white matter
tract integrity (Bradnam, Stinear, & Byblow, 2013), or level of impairment (Saucedo
Marquez, Zhang, Swinnen, Meesen, & Wenderoth, 2013), appeared to experience
less benefit from tDCS. Bradnam et al. (2013) reported that ctDCS on the contral-
esional hemisphere in severely impaired patients could even have a negative effect.
The underlying explanation might be that the contralesional activity is having a
compensatory effect rather than impairing recovery of the lesioned hemisphere
(O’Shea et al., 2014). Other factors such as time post-onset (Saucedo Marquez
et al., 2013) and increased baseline functional connectivity (Rosso et al., 2014)
might also confer better responsiveness to tDCS. Knowledge of the mechanisms
underlying spontaneous recovery and of those underlying the effect of tDCS is yet
insufficient to constrain neurostimulation strategies in participants with post-stroke
aphasia.
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6.2.4 Outcome Measures

A final methodological variable is the used outcome measure. The reported mea-
sures vary across studies and are often not ideal for evaluating the therapeutic goals.
Speech-language therapy is a type of neurorehabilitation that focuses not only on
the rehabilitation of an impairment but also searches for compensating strategies,
implicating a progress in functional communication. Therefore, in a picture naming
task, researchers should not only evaluate the impairment (i.e., using a picture nam-
ing task after naming therapy), but they should also focus on transfer (i.e., does the
patient’s naming also improve on non-trained words) and generalization (i.e., does
the patient use the trained words in functional communication) of the naming abili-
ties. Moreover, researchers should not only focus on naming accuracy but also on
the reaction time, since higher reaction times are associated with more fluent lan-
guage output, which maintains the flow of the conversation. This implicates that
they should focus on the functional outcome and on the impact on the participant’s
quality of life. An impairment-based outcome measure has an advantage for the
researcher, since it assesses the interplay between the neurophysiological effects of
tDCS and levels of cortical excitability. For the clinician and the patient, however,
the impairment-based focus is less crucial; they are more focused on improving the
functional communication and the patient’s quality of life.

Moreover, the outcome measures should not only be evaluated immediately after
therapy, but follow-up measures should be included as well to determine whether
treatment effects endure after treatment. Some studies (e.g., Shah-Basak et al.,
2015) have shown only a trend towards improvement immediately after the combi-
nation of atDCS and naming therapy, but showed significant improvement at
2 months’ follow-up.

6.3 tDCS in Patients with Language/Speech Disorders

6.3.1 Aphasia

The clinical application of tDCS in participants with aphasia was first reported in
August 2006 (Hummel & Cohen, 2006). Since then, 44 studies have been pub-
lished, investigating the therapeutic potential of the technique. These studies have
included 394 participants with aphasia due to a vascular lesion. About 76% of the
participants (n = 301) had chronic aphasia, 17% (n = 68) (Hesse et al., 2007; Kang,
Kim, Sohn, Cohen, & Paik, 2011; Jung, Lim, Kang, Sohn, & Paik, 2011) had sub-
acute aphasia (4-8 weeks post-stroke), and 6% (n = 25) (Rosso et al., 2014) were in
the lesion phase (3—6 months post-stroke). To exclude spontaneous recovery, most
studies zoom in on participants with chronic aphasia. However, in clinical practice
it might be better to combine tDCS with aphasia therapy in the lesion phase so that
the cumulative effect of spontaneous recovery and therapy-induced recovery can
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merge into the most optimal recovery for the individual participant with aphasia.
Zooming in on the tDCS parameters, most of these 44 studies use: (1) multiple
tDCS sessions (ranging from 1 to 30 sessions, mean: 7.1 sessions); (2) with a cur-
rent strength of 1.5 mA (ranging from 1 to 2 mA); (3) the active electrode is most
often placed on the left inferior frontal gyrus and the reference electrode is placed
on the right supraorbital region; (4) a unipolar montage is used; (5) current is trans-
ferred by nonmetallic electrodes covered in saline-soaked sponges of 35 cm?; and
(6) tDCS is combined with online therapy. Most studies focused solely on patients
with non-fluent aphasia (n = 172; 44%), i.e., Broca’s aphasia, global aphasia, and
transcortical motor aphasia (e.g., Marangolo et al., 2014; Marangolo, Fiori,
Campana, et al., 2014; Saidmanesh et al., 2012). Fridriksson, Richardson, Baker,
and Rorden (2011) reported a study focusing solely on patients with fluent aphasia
(n =8; 2%), i.e., Wernicke’s aphasia, amnestic aphasia, and transcortical sensory
aphasia. Other studies combine patient groups: non-fluent aphasia (n = 161; 40.5%),
fluent aphasia (n = 47; 12%) and mixed aphasia (n = 6; 1.5%) (Baker, Rorden, &
Fridriksson, 2010; de Aguiar, Paolazzi, & Miceli, 2015; Jung et al., 2011; Kang
et al., 2011; Lee, Cheon, Yoon, Chang, & Kim, 2013; Vestito et al., 2014; Volpato
et al., 2013).

With these different methodological approaches in mind, determining a specific
pathway for participants with aphasia is far from simple. Aphasia is among the most
devastating consequences of stroke, as it affects vocational integration, social life,
and psychological well-being on the individual level and places major burdens on
the healthcare system. Intensive and deficit-oriented treatment can alleviate aphasia
even in the chronic stage, but treatment effect sizes are often modest (e.g., Brady,
Kelly, Godwin, & Enderby, 2012; Wilssens et al., 2015); hence there is a pressing
need to explore new strategies to enhance treatment efficacy in chronic aphasia. The
combination of tDCS and behavioral therapy might be important in evidence-based
language therapy (Marangolo, 2017). Multisession tDCS has been shown to induce
more permanent behavioral and neural modulation (Meinzer, Darkow, et al., 2016).
Therefore, interest in tDCS as a therapeutic tool for aphasia is booming (e.g.,
Crinion et al., 2006; Holland & Crinion, 2012; Tippett, Niparko, & Hillis, 2015),
based on its potential to guide neuroplasticity in recovery and thereby facilitate
learning during behavioral therapy.

Recent neuroimaging and behavioral data have indicated that considerable
changes in the cortical representation of language processing can occur in the days,
weeks, and months following stroke in the left hemisphere, and the degree of lan-
guage recovery after stroke depends significantly on the degree of neuroplasticity in
the participant’s brain (Hamilton et al., 2011). Three kinds of changes in neural
activity after stroke may be most relevant for aphasia recovery: (1) recruitment of
perilesional left hemisphere regions for language-related tasks; (2) acquisition,
unmasking, or refinement of language processing ability in the nondominant right
hemisphere; and (3) dysfunctional activation of the nondominant hemisphere that
may interfere with language recovery. Evidence indicates that unilateral injury, such
as left hemispheric stroke, can lead to cortical disinhibition in at least two regions:
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(1) neighboring ipsilesional cortical areas and (2) contralesional homotopic areas
connected via the corpus callosum (Biitefisch, Kleiser, & Seitz, 2006).

It is well established that activity in one cerebral hemisphere affects activity in
the other one via a rich network of interhemispheric connections and that these
interactions represent a dynamic process that can be flexibly modulated based on
task demands or by exogenous stimulation (Chrysikou & Hamilton, 2011). The
inhibitory interplay between homologous hemispheric regions likely contributes to
normal performance on a variety of tasks and can be manipulated with
tDCS. Unilateral stroke gives rise to maladaptive patterns of interhemispheric com-
petition. In the healthy brain, there is a mutual inhibitory control between the two
hemispheres, mediated by transcallosal connections (Biitefisch, Wefling, Netz,
Seitz, & Homberg, 2008). Thus, a unilateral left-side lesion reduces transcallosal
inhibition of the right hemisphere by the left hemisphere and therefore increases
activity in the intact right hemisphere. Since the right hemisphere can still send
transcallosal inhibitory impulses to the left hemisphere, activation in the damaged
left hemisphere is further reduced (de Aguiar et al., 2015; de Aguiar, Paolazzi, &
Miceli, 2015).

Appendix A shows an overview of the heterogeneous literature on tDCS and
aphasia. The first reports focused on the safety of the tDCS device in participants
with aphasia (e.g., Hesse et al., 2007). Since 2011, the focus has moved from the
most ideal stimulation site over to the most ideal task and the most ideal stimulation
schedule. Unfortunately, researchers do not formulate a clear step-by-step protocol
that fits all patients, due to all the interrelated methodological variables. In Sect. 6.4,
we will present a road map for determining a tDCS protocol that can be used in
therapy.

6.3.2 Motor Speech: Dysarthria/Apraxia of Speech (AoS)

As in the case of aphasia, it is complex to specify a pathway for participants with
isolated motor speech disorders, i.e., dysarthria (Duffy, 2013) or apraxia of speech
(AoS), or for individuals with motor speech disorders in the presence of aphasia
(Wambaugh, Duffy, McNeil, Robin, & Rogers, 2006).

In daily clinical practice, many treatment approaches have been developed to
remediate motor speech disorders. For dysarthria, the application of PML can be
interesting as a therapeutic approach (Austermann Hula, Robin, Maas, Ballard, &
Schmidt, 2008; Ballard, Maas, & Robin, 2007; Kaipa & Peterson, 2016; Van der
Merwe, 2011; Wambaugh et al., 2017, 2018; Wambaugh, Nessler, Cameron, &
Mauszycki, 2013; Wambaugh, Nessler, Wright, & Mauszycki, 2014; Whitfield &
Goberman, 2017). Systematic reviews (Mitchell, Bowen, Tyson, Butterfint, &
Conroy, 2017) have indicated that people with AoS benefit from articulatory treat-
ment at the impairment level. However, no data are available about the impact of
motor speech disorders and/or motor speech disorder therapy on functional com-
munication (Wambaugh & Mauszycki, 2010) and well-being.
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To the best of our knowledge, no research data exist about the impact of tDCS on
speech motor performance for participants with dysarthria. For AoS, Marangolo
and colleagues are the only researchers who have studied the impact of tDCS in this
patient population (Marangolo et al., 2016, 2011; Marangolo, Fiori, Cipollari, et al.,
2013). Marangolo et al. (2011) treated three right-handed native Italian speakers (2
M, 1 F, mean age 66 years) with stroke-induced (ischemic lesion, n = 2; hemor-
rhagic lesion, n = 1) chronic non-fluent aphasia and severe AoS. All three had a
lesion in the left hemisphere involving damage to (1) structures functionally con-
nected with Broca and (2) the insula. None of them showed damage to the inferior
frontal gyrus. In a randomized double-blinded experiment, all three underwent
online intensive articulatory training with online tDCS for 2 weeks. The tDCS pro-
tocol involved sessions (atDCS, 20 min, 1 mA) followed by a 6-day intersession
interval and another five sessions (sham tDCS, 20 min, 1 mA) or vice versa. The
behavioral task was an aurally presented repetition task of speech stimuli (n =40 per
condition) ranging from consonant-vowel (CV) syllables to CVCCV disyllabic
words. The word list was adapted for each participant according to their own spe-
cific motor speech disorder. Training was delivered in five different steps: (1) the
patient could watch the articulatory movements of the clinician; (2 and 3) the patient
repeated this focusing on syllable-segmentation, vowel-sound prolonging and exag-
gerating the articulatory gestures; and (4 and 5) the patient fluently repeated this.
The stimulating electrode (atDCS) was positioned over the left inferior frontal gyrus
(inferior frontal gyrus, F7), and the cathodal electrode was placed over the contra-
lateral supraorbital region. The accuracy of training was measured pre- and post-
treatment. Results showed a significant acquisition effect indicated by a higher
accuracy of syllable/word repetition in the post-training phase in both tDCS condi-
tions. Moreover, the mean percentage of correct responses was greater after atDCS
than after sham. Language measures showed generalization effects to oral (i.e.,
reading aloud) and written (i.e., writing to dictation) production tasks. None of the
participants improved on oral naming. Marangolo et al. (2011) conducted three
follow-ups (1 week, 1 and 2 months), which resulted in significantly better retention
effects after atDCS than after sham. However, study results established significant
improvements on acquisition, retention, and generalization of training in both
atDCS and sham.

Marangolo and colleagues replicated these findings in a group of 17 right-handed
subjects (9 M, 8 F, mean age 56.71 years) with chronic, ischemic stroke. All 17 were
native Italian speakers with non-fluent aphasia and severe AoS (Marangolo et al.,
2016; Marangolo, Fiori, Cipollari, et al., 2013). All 17 had a lesion in the left hemi-
sphere involving damage to (1) structures functionally connected with Broca and
(2) the insula. These studies as well resulted in improved accuracy of speech articu-
lation and generalization effects. The studies of 2013 and 2016 differ at some meth-
odological variables from the study of 2011:

1. tDCS parameters, i.e., (a) the intensity of the current is now set at 2 mA (instead
of 1 mA); (b) the treatment intensity is augmented from five to 15 sessions; and
(c) bihemispheric stimulation (instead of unihemispheric stimulation) is used.
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This means that the anode was placed over the ipsilateral and the cathode over
the contralateral IFG (F7 and F6).

2. The outcome measures: two tasks, i.e., vocal reaction times and picture descrip-
tion, were added and only one follow-up (after 1 week) was performed. Vocal
reaction times declined after atDCS and 11 out of 17 patients improved on the
picture description task after atDCS.

In the 2016 study, Marangolo et al. (2016) included fMRI data and showed that
atDCS boosted the recovery process by increasing functional connectivity in the left
lesioned cerebral hemisphere. After sham stimulation, on the other hand, functional
connectivity increased in the right intact cerebral hemisphere.

6.4 Road Map

In Fig. 6.1 we have constructed a road map, summing up all the variables and link-
ing them in a patient-centered virtuous circle. We believe that speech-language
therapy should be an iterative process where the clinician is in constant dialogue
with the patient. (A—B) The clinician should formulate shared, monitored, accessi-
ble, relevant, transparent, evolving, and relationship-centered (SMARTER: Hersh,
Worrall, Howe, Sherratt, & Davidson, 2012) therapeutic goals taking into account
interindividual differences and the patient’s expressed needs (Table 6.3). (C) These
goals should be linked to therapy, identifying the therapeutic material that is rele-
vant for each particular patient in each particular stage of their rehabilitation.
Meanwhile, the clinician should consider how they will present the material to the
patient (nonverbal, oral, or written input), how they will support the patient (cueing
and feedback), and how the patient should respond (nonverbal, oral, or written

H A
FOLLOW UP N PATIENT’S EXPRESSED NEEDS
v
Subjective Objective Acute Subacute Chronic 1
G Outcome measures B Therapeutic goal
Impairment Transfer  Generalization| Impairment Activity Participation
ﬂ | PATIENT-CENTERED APPROACH | U
F Stimulation parameters C Training/Therapy
Intensity Duration # Frequency On-/Offline Impairment Activity Participation
E . . D . .
Type of stimulation Area(s) of stimulation
A
. N
Inhibitory Excitatory Area specific Network general

Fig. 6.1 Road map for tDCS implementation in speech-language therapy
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output). (D) The clinician should choose the area of stimulation, identifying the
brain regions that are involved in the language processes in question (Table 6.2).
Here, a specific brain area or a language network can be targeted. To optimize the
effects of tDCS on impaired networks and to choose the relevant targeted area and
polarity, clinicians need a better understanding of brain reorganization, the time
course of the reorganization, and the involvement of perilesional and contralesional
cortices, in addition to the precise molecular mechanisms associated with tDCS
(Biou et al., 2019). Moreover, the right Broca homologue and supplementary motor
area seem to be involved in the subacute phase of stroke, and language reorganiza-
tion needs these divergent processes before a normalization and reshifting of cortex
activity towards the left can occur at the chronic stage (Saur, 2006). Klaus and
Schutter (2018) showed in their meta-analysis a small, but reliable effect of online
tDCS on language production. On the other hand, Westwood and Romani (2017)
found no effect of tDCS on performance in language production and reading tasks.
(E) The clinician has to determine the type of stimulation, taking into account the
location and the severity of the stroke. Different strategies can be used through inhi-
bition of interfering areas or excitation of compensating/perilesional tissue. This
will depend on several different factors (e.g., timing of stimulation and area of stim-
ulation). (F) The clinician has to establish the stimulation parameters, determining
the intensity, current, and area of stimulation; the placement, type, size, and shape
of the electrodes; and linking these settings with the therapeutic goal (Table 6.1).
(G) The most sensitive outcome measure should be chosen with a focus on the
impairment, the transfer, or the generalization to functional communication. (H)
Follow-up is needed to evaluate if the progression remains or possibly augments.
Here, it is also important to take into account the patient’s subjective feeling of
progress and well-being. In close consultation with the patient, new therapeutic
goals can be set, thereby repeating the circle.

6.5 Discussion

These heterogeneous influencing parameters illustrate the difficulties associated
with tDCS in anticipating the direction and the magnitude of its behavioral effects
(Jacobson et al., 2012; Oldrati & Schutter, 2017). Recent publications have high-
lighted substantial variability among reported stimulation effects in healthy partici-
pants (e.g., Wiethoff, Hamada, & Rothwell, 2014), criticized methodological
reasons (Antal, Keeser, Priori, Padberg, & Nitsche, 2015), or even questioned the
potential of tDCS to induce behavioral effects on cognition and on motor function
(Horvath, Forte, & Carter, 2015). They have motivated reflections on the use and the
efficacy of tDCS and prompted urgent calls for more rigorous methodology (e.g.,
within-subject instead of between-subject designs), including replication studies
(Fertonani & Miniussi, 2017) and extension of investigations to older participants,
to other language disorders (e.g., semantics or syntax) and other motor speech dis-
orders (e.g., ataxic dysarthria), and to specific behavioral tasks (e.g., investigations
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of additional PML in participants with motor speech disorders). However, the more
parameters one can distinguish as impacting the functional outcome, the more com-
plex it becomes to find homogeneous groups in order to unravel the cumulative
effect of speech-language therapy and tDCS.

Moreover, the complexity of the brain network which controls speech and lan-
guage remains largely unknown. Functional MRI (fMRI) data highlight (1) the exis-
tence of a shared core network of segregated local neural communities in the
primary sensorimotor and parietal regions, in which the left primary motor cortex
plays an important role in the speech network organization; (2) the flexibility of
these strong interconnected local neural communities based on their participation in
several functional domains across different networks; and (3) the capacity to adap-
tively switch long-range functional connectivity, depending on the nature of the
task. This means that each behavioral task addresses a different functional network
which is related to a different neural community structure (Fuertinger et al., 2015).
For example, the motor speech production network and the real-life language net-
work share high-strength neural communities but also recruit function-specific non-
shared network nodes. Predicting the efficacy of tDCS over a specific region will
therefore depend on our knowledge about the exact involvement of that region in the
task that will be used in combination with tDCS. Especially in patients, the underly-
ing neural mechanisms are usually not easy to determine or understand. Therefore,
besides as an interventional tool, tDCS should also be used as a research tool to
complete neuroimaging approaches, neurophysiological parameters, and behavioral
measures and thereby unravel the mechanism of neuroplasticity (Hartwigsen, 2015).
This more fundamental methodological approach could be developed in parallel
with clinical practice, in which therapy goals should be carefully planned and train-
ing should be impairment, activity, or participation oriented.

6.6 Conclusion

Considering patients with aphasia, atDCS over the left inferior frontal gyrus (F5)
associated with naming therapy can result in higher naming accuracy for right-
handed participants with chronic non-fluent vascular aphasia. Patients with severe
AoS and chronic non-fluent vascular aphasia might benefit more from atDCS asso-
ciated with articulation therapy, i.e., oral repetition. However, the generalizability of
the tDCS findings to other aphasic symptoms or to other speech motor impairments
in other stages of rehabilitation might be limited. Concerning tDCS parameters,
bihemispheric stimulation might be more efficient than unihemispheric stimulation
(Marangolo et al., 2016; Marangolo, Fiori, Cipollari, et al., 2013). These findings
are in line with the interhemispheric inhibition hypothesis and confirm the impor-
tance of activating perilesional brain tissue for enhanced speech-language outcome.
The stimulation schedule should include repeated sessions of tDCS that might
induce more permanent behavioral and neural long-term effects in the stimulated
network (Meinzer et al., 2014; Meinzer, Darkow, et al., 2016; Reis et al., 2009). To



106 D. Vandenborre et al.

determine the appropriate behavioral task, reactivation or (mal-)adaptation strate-
gies should be monitored. More evidence from behavioral treatment studies in
speech motor learning could help in exploring the impact of tDCS. However, the
impact of tDCS with modality- and task-specific speech-language therapy remains
limited and equivocal. Interindividual differences should be taken into account; in
tDCS studies only demographic information about age, gender, and education has
been well reported. Since it is known that the neuroplasticity of the elder brain dif-
fers from that of a younger brain, further research is warranted in all age categories
of a healthy population (Summers et al., 2016).

However, it is impossible to set up a standard protocol since many parameters
co-interfere with the behavioral task and interindividual variability and therefore
hamper comparability between studies. While there is study-specific evidence for
the efficacy of tDCS in language production research, the methodological variabil-
ity between studies is large. Therefore, a patient-centered road map has been
described in this chapter, which can be used as a guideline to determine the tDCS
protocol with the most potential for each individual patient. This road map has been
constructed as a virtuous circle since the needs of the patient and the neural com-
plexity of the damaged network will change over time. This also allows for timely
evaluation of the efficacy of the tDCS protocol and makes it possible to adjust if
needed.

In general, further research should bridge the gap between tDCS and neuroimag-
ing, neurophysiological, and behavioral findings in speech-language therapy, while
using a more homogeneously constructed research methodology. The implementa-
tion of tDCS in the clinical speech-language therapy is promising, but remains
experimental. Many research questions still need to be addressed: (1) More research
is required to study the advantages of high definition tDCS, which can be used to
stimulate more focally. (2) More research is needed for specific patient populations.
There is evidence to promote online tDCS in participants with chronic non-fluent
aphasia (combined with severe AoS), but up until now, there is less to no evidence
to promote online tDCS in other patient populations, such as individuals with dys-
arthria. And (3) research should focus more on functional communication, well-
being, and follow-up results, instead of focusing only on the impairment.
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7.1 Introduction

Aphasia is a highly prevalent acquired language disorder usually caused by damage
induced after a stroke or traumatic brain injury to a network of areas (with various
topographical patterns) of the left cerebral hemisphere (LH); it is mainly character-
ized by impairments in the production and comprehension of speech, word-finding
difficulties, and difficulties in reading and writing (Harley, 2001: 23).

Recovery and rehabilitation of language abilities in aphasia has been a challenge
for clinicians and researchers, as is evident in a plethora of studies focused on the
effectiveness of different therapeutic approaches (for discussion, see Gauvreau, Le
Dorze, Croteau, & Hallé, 2019; Wortman-Jutt & Edwards, 2019). In addition, the
increasing number of stroke patients due to the aging of the population and lifestyle
changes (high levels of stress and/or generally unhealthy lifestyle) has resulted in a
rise of public health cost. There is a need for an alternative or adjunct therapy in
addition to behavioral therapy techniques. In the past decade there has been a sig-
nificant rise in the use of therapeutic brain stimulation protocols for aphasic popula-
tions. In the present chapter, we discuss the treatment approaches used in individuals
with stroke-induced nonfluent aphasia with agrammatism, who show a pattern of
erroneous sentence production and comprehension in grammatically complex con-
structions (Caramazza & Zurif, 1976; for a review, see Bastiaanse & Thompson,
2012). We focus on noninvasive neuromodulatory techniques and, in particular,
repetitive transcranial magnetic stimulation (rTMS), which has recently generated
considerable clinical and research interest.

Language therapeutic interventions have traditionally focused on improving
communication abilities in stroke-induced aphasia by alleviating certain symptoms.
Behavioral treatments have been used to address either lexical deficits (Herbert,
Best, Hickin, Howard, & Osborne, 2003; Hillis, 1998; Kiran & Bassetto, 2008) or
sentence-level deficits (Murray, Timberlake, & Eberle, 2007; Schwartz, Saffran,
Fink, Myers, & Martin, 1994; Thompson & Shapiro, 1994, 1995; Thompson,
Shapiro, & Roberts, 1993; Thompson, Shapiro, Tait, Jacobs, & Schneider, 1996;
Webster & Whitworth, 2012). With respect to lexical deficits, interventions typi-
cally focus on improving semantic processing by investigating the effectiveness of
semantic and/or phonological cues for lexical retrieval. For example, Marshall,
Pound, White-Thomson, and Pring (1990) investigated the effectiveness of seman-
tic and phonological cueing by asking the patient to provide an appropriate name for
a visually presented picture after reading aloud two semantically related words, an
unrelated word and the target. Semantic feature analysis training has also been
employed in aphasia therapy for improving naming disorders. This approach aims
at strengthening the semantic, pragmatic, and cultural associations of lexical items
within semantic networks to enhance retrieval ability by increasing the level of acti-
vation. Most of the intervention studies within this framework have dealt with
single-word training, which positively impacts on single lexical item retrieval, with
nevertheless inconsistent application of this retrieval in oral speech (see
Antonucci, 2009).
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Regarding sentence-level deficits, Thompson and colleagues have conducted
several behavioral studies investigating the effects of training on language
(re)learning and generalization in aphasia (Thompson et al., 1993, 1996; Thompson
& Shapiro, 1995), applying a behavioral linguistic intervention focusing on specific
grammatical aspects. Specifically, in these studies, agrammatic speakers were
trained to produce wh-questions (e.g., who did the woman kiss at the park?), relative
clauses (e.g., Peter saw the woman who kissed the boy at the park), and passive
constructions (e.g., the woman was kissed by the man at the park). Training was
explicitly focused on the underlying linguistic properties that take place during the
production of those constructions, specifically, on training linguistic movement,
which is the underlying mechanism generating those constructions. These studies
have suggested that linguistically related structures recover together; in other words,
positive outcomes can be generated in structures that entail similar movement oper-
ations (wh-questions, relative clauses, since they both entail wh-movement).
However, no generalization is observed to unrelated movement structures (e.g., in
passives, since they entail noun phrase (NP) movement, which is a different move-
ment type) (see Thompson & Shapiro, 2005). More importantly, training complex
structures results in generalization to less complex forms, as long as they share lin-
guistic properties; nonetheless, the opposite pattern (simple-to-complex generaliza-
tion) rarely occurs (Thompson et al., 2003; Thompson & Shapiro, 2007). “Treatment
of Underlying Forms™ has proven to be successful over the years, leading to robust
treatment and generalization effects in people with mild-to-moderate agrammatism
(Dickey & Yoo, 2010). Relatively little is known, however, about whether (a) there
is a change in the processing system in response to such behavioral treatments and
(b) neural changes resulting from training can be traced in the brain.

Evidence from recent studies suggests that online sentence processing abilities in
agrammatic aphasia can be modulated and become more “normalized” following
behavioral treatment that targets impaired linguistic processes and representations.
Specifically, with respect to sentence comprehension, Dickey and Thompson (2004)
found that agrammatic listeners became better at detecting syntactic anomalies in
noncanonical sentences after receiving behavioral treatment. Similarly, Mack and
Thompson (2017) showed that online sentence comprehension strategies normalize
following treatment; more typical eye movements (i.e., agent-first looking patterns
in correct responses) were recorded after treatment in an online sentence-picture
matching task in ten individuals with chronic agrammatic aphasia. Similar improve-
ments and shifts to more typical sentence processing have been reported for sen-
tence production as well. In a recent study, Mack, Nerantzini, and Thompson (2017)
used a structural priming task with eye tracking to monitor treatment-induced
changes in online sentence production in nine aphasic speakers. Before and after
language treatment (which trained production and comprehension of complex pas-
sive constructions), participants’ eye movements were tracked as they produced
active and passive sentences. Prior to treatment, the aphasic speakers showed poorer
production of passive sentences and an abnormal eye-tracking pattern in the encod-
ing of agent and theme noun phrases. Posttreatment, however, not only did they
show improved sentence production, but they managed to fixate on the agent more
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often in active sentences than in passive, reflecting improved encoding of the sen-
tence subject. These findings indicate that behavioral treatment not only improves
offline sentence comprehension and production but also that it results in shifts to
more normal sentence processing strategies.

Neural activation also seems to shift as a result of behavioral treatment. Language
therapy-induced reorganization can elicit measurable changes in brain function
(i.e., brain regions that have not been used previously in language processing can
undertake new compensatory roles; see Fridriksson, Guo, Fillmore, Holland, &
Rorden, 2013; Saur et al., 2006). The contribution of each hemisphere to aphasia
rehabilitation, however, is highly controversial, since both hemispheres participate
in the recovery process. After LH damage, the region’s activity is downregulated
and left functional recovery can occur in different ways. Some studies show that the
right hemisphere (RH) can undertake language functions that are typically mediated
by the LH. Specifically, studies with children or adults, with hemispherectomy of
the dominant hemisphere for language (LH) or injury in the LH, have shown stron-
ger engagement of the RH in language processing (Bulteau et al., 2017; Calvert
etal., 2000; Danelli et al., 2013; Moosa et al., 2013; de Mendonca, 2014, for discus-
sion). Alternatively, LH areas are being recruited, with increased activation (i.e.,
upregulation) of non-lesioned tissue in the LH, in nearby perilesional areas
(Fridriksson, Richardson, Fillmore, & Cai, 2012; Meinzer et al., 2008) or the resid-
ual LH structures that may have been involved in language function previously
(Heiss & Thiel, 2006; Saur et al., 2006). However, although some studies have
shown that better recovery and spontaneous recovery is mainly associated with the
restoration of function by the LH (de Mendonga, 2014; Fridriksson et al., 2013;
Heiss & Thiel, 2006; Saur et al., 2006; Schlaug, Marchina, & Wan, 2011), contral-
esional areas (homologous to language and speech-motor regions) in the RH (Heiss
& Thiel, 2006; Kiran, Meier, Kapse, & Glynn, 2015; Thompson, den Ouden,
Bonakdarpour, Garibaldi, & Parrish, 2010; Thompson, Riley, den Ouden, Meltzer-
Asscher, & Lukic, 2013) are also recruited in the recovery process to compensate
for the lost function.

Thompson et al. (2006) examined the effects of training on neural activation pat-
terns and found that treatment gains map onto perilesional (LH) tissue as well as RH
homologues of LH language areas, even in chronic patients. In a more recent study,
Barbieri, Mack, Chiappetta, Europa, and Thompson (2019) reported upregulation in
the activation of RH region homologues of LH regions involved in both sentence
processing and domain-general functions after training production and comprehen-
sion of complex passive constructions in 14 agrammatic speakers. These findings
provide compelling evidence for treatment-induced neural plasticity in chronic
aphasia and highlight the role of language networks in the restoration of normal-like
sentence processing patterns in chronic aphasia.

More importantly, the effectiveness of treatment and aphasic speakers’ ability to
recover can vary across individuals due to factors including: (1) participant demo-
graphic characteristics (i.e., age, sex, years of education) (e.g., Laska, Hellblom,
Murray, Kahan, & Von Arbin, 2001; Pedersen, Vinter, & Olsen, 2004); (2) severity
type, related to lesion size and site (e.g., Lazar et al., 2010; Maas et al., 2012;
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Marchina et al., 2011; Pedersen et al., 2004); (3) time post-onset (e.g., Bakheit,
Shaw, Carrington, & Griffiths, 2007); (4) the anatomical characteristics of the right
auditory-motor white matter tracts (e.g., arcuate fasciculus) (Forkel et al., 2014;
Marchina et al., 2011); and (5) the integrity of tissue within specific brain regions,
such as the middle/superior temporal gyrus and the basal ganglia (Bonilha,
Gleichgerrcht, Nesland, Rorden, & Fridriksson, 2016; Fridriksson et al., 2012).

In light of these individual factors which can interfere with the prognosis of
aphasia treatment, and in order to ensure that the treatment approach used results in
maximal gains in the treated modality, an important development in language inter-
vention for both focal and neurodegenerative diseases is the use of noninvasive
brain stimulation. This can be applied in conjunction with or independently from
behavioral treatments. In the remainder of the paper, we will review studies using
rTMS as a tool for language intervention in aphasia.

7.2 TMS in Aphasia Rehabilitation

TMS is a noninvasive neuromodulatory technique that has been utilized recently to
target pathologies for therapeutic gains, including therapy for depression, and reha-
bilitation of both developmental (Sokhadze, El-Baz, Sears, Opris, & Casanova,
2014) and acquired disorders (Khedr et al., 2014; Lisanby, Kinnunen, & Crupain,
2002; Loo & Mitchell, 2005; Otal, Olma, Floel, & Wellwood, 2015; Perera et al.,
2016; Ren et al., 2014). In addition to its use in brain navigation and mapping
(Ahdab et al., 2014; Weiss Lucas et al., 2016), rTMS has been effectively employed
to facilitate language recovery by noninvasively manipulating cortical excitability
in targeted focal brain regions in order to enhance neuronal plasticity at the level of
synaptic communication, strengthening the connections within language networks
(Hattori, Moriwaki, & Hori, 1990; Liebetanz, Nitsche, Tergau, & Paulus, 2002;
Moriwaki, 1991). The procedure entails no significant risk to the recipients and has
proven to be a beneficial intervention tool for different stages of aphasia recovery.
Importantly, there are specific safety guidelines (Krishnan, Santos, Peterson, &
Ehinger, 2015) that need to be followed with respect to intensity, frequency, and
intertrain interval, in order to eliminate the risk of developing adverse effects such
as fatigue, headache, nausea, seizures, and deterioration of language abilities.
Noninvasive brain stimulation protocols have been used to either increase excita-
tion in ipsilesional cortical regions by applying high-frequency stimulation (>5 Hz)
or decrease excitation in contralesional cortical regions by applying trains of low-
frequency stimulation (1-4 Hz) resulting in inhibitory effects for several minutes
after stimulation (Pobric, Lambon Ralph, & Jefferies, 2009). The use of inhibitory
brain stimulation can be beneficial since it suppresses inhibitory effects from the
intact hemisphere onto the perilesional cortex of the affected hemisphere. Facilitatory
high-frequency stimulation, on the other hand, can also improve language skills in
patients with stroke-induced aphasia. Recently, a few clinical studies have tried to
directly compare the effects of low- and high-frequency rTMS in stroke-induced
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aphasia (Chieffo et al., 2014; Hu et al., 2018); their findings are discussed in the
next section. Besides classic inhibitory and excitatory stimulation approaches, a few
other rTMS protocols have been successfully applied in post-stroke neurorehabilita-
tion: (a) intermittent theta-burst stimulation (iTBS), an excitatory form of high-
frequency repetitive stimulation (Szaflarski et al., 2011); (b) continuous theta-burst
stimulation (¢TBS), an inhibitory form of high-frequency rTMS (Kindler et al.,
2012); and (c) paired-pulse stimulation, in which stimulus pulses are administered
concurrently, or at varying intervals (Vuksanovi¢ et al., 2015; for combined iTBS
and cTBS).

7.2.1 Stimulation Parameters (Intensity and Stimulation Site)

The vast majority of published studies have examined the inhibitory effects of rTMS
in stroke patients by applying low-frequency 1 Hz stimulation to the intact homolo-
gous areas of the RH in the inferior frontal gyrus (IFG) (Abo et al., 2012; Barwood
et al., 2011, 2012, 2013; Garcia, Norise, Faseyitan, Naeser, & Hamilton, 2013;
Hamilton et al., 2010; Heiss et al., 2013; Martin et al., 2009, 2014; Medina et al.,
2012; Naeser et al., 2005, 2011, 2012; Schlaug et al., 2011; Thiel et al., 2013; Tsai
etal., 2014; Wang et al., 2014; Weiduschat et al., 2010; Winhuisen et al., 2005; (for
a review see Li, Qu, Yuan, & Du, 2015; Otal et al., 2015; Ren et al., 2014)), while
fewer studies have used high-frequency (>3 to 20 Hz) rTMS applied to the LH, to
investigate whether stimulating perilesional regions can boost recovery (Dammekens,
Vanneste, Ost, & De Ridder, 2014; Khedr et al., 2014; Schlaug et al., 2011), prob-
ably due to the fact that the safety of the former is higher in this population com-
pared to high-frequency rTMS. Note that there are also studies that combine
low- and high-frequency stimulation in an attempt to maximize the effectiveness of
treatment (Chieffo et al., 2014; Hu et al., 2018; Kakuda, Abo, Momosaki, &
Morooka, 2011). With respect to the stimulation site, studies that use low-frequency
rTMS mainly target the triangular part of the right IFG (Barwood et al., 2013;
Hartmann, Rubi-Fessen, & Heiss, 2013; Heiss et al., 2013; Senidéw et al., 2013;
Thiel et al., 2013; Weiduschat et al., 2011), and not the right pars opercularis (fol-
lowing Naeser et al., 2011), with the exception of Waldowski, Seniéw, Le$niak,
Iwanski, and Cztonkowska (2012) that also included the pars opercularis.
Specifically, Naeser et al. (2011) showed that rTMS suppression of the right pars
triangularis, through 1 Hz stimulation, significantly increased picture naming accu-
racy with simultaneous decrease in response time, in eight nonfluent chronic patients
with aphasia. By contrast, while inhibitory effects on the right pars opercularis led
to a significant increase in response times, there was no impact on participants’
accuracy in picture naming. These results were interpreted as showing that specific
RH areas may be more appropriate for optimal language recovery. Similar benefi-
cial effects of the inhibitory stimulation over the contralesional pars triangularis
have been reported by Tsai et al. (2014), who demonstrated significantly better
performance on object naming, compared to sham stimulation, in a group of 56
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patients with nonfluent aphasia after treatment. These changes persisted for at least
3 months.

On the other hand, Dammekens et al. (2014) conducted a case study using high-
frequency stimulation to the damaged left IFG in post-stroke nonfluent aphasia. The
application of 10 Hz rTMS was shown to be beneficial, since it decreased activity in
the right IFG, while increasing activity in the right supplementary motor area and
functional connectivity between the left and right IFG, and to improve participants’
performance in repetition, naming, and comprehension tests.

Previously, Kakuda et al. (2011) had employed high- and low-frequency stimula-
tion, which was applied to the right IFG of four individuals with chronic aphasia. In
addition to the rTMS therapeutic protocol (18 sessions, in total, consisting of 10 min
6 Hz priming stimulation followed by 20 min 1 Hz low-frequency rTMS), intensive
speech therapy was provided. Improvement was reported in both expressive and
receptive language modalities in all patients (Kakuda et al., 2011). Furthermore,
Khedr et al. (2014) also employed a bi-hemispheric stimulation paradigm in 30
patients with subacute post-stroke nonfluent aphasia. The researchers performed
combined sequential stimulation of both hemispheres during 10 TMS sessions (5
sessions per week). A session consisted of one continuous train of low-frequency
inhibitory (1000 pulses) rTMS (1 Hz) over the RH homologue of Broca’s area (500
pulses over pars triangularis and 500 pulses over the pars opercularis) followed by
10 trains of high-frequency 20 Hz rTMS stimulation over the left Broca’s area of the
affected hemisphere (five trains over pars triangularis followed by five trains over
pars opercularis). Speech and language training for 30 min followed this applica-
tion. The results indicated significant gains in linguistic abilities as shown by the
aphasia severity rating scale. Interestingly, these researchers reported therapeutic
gains maintenance over 2 months after the therapeutic protocol application.

In an attempt to directly compare the effects of excitatory (10 Hz), inhibitory
(1 Hz), and sham rTMS over the right homologous Broca’s region, Chieffo et al.
(2014) investigated the performance of five chronic post-stroke patients with apha-
sia in a picture naming task, before and immediately after three sessions of rTMS
separated by a 6-day washout period to eliminate any carryover effects. Patients
were assessed with the naming task immediately before and after the stimulation
session. The authors reported that only the excitatory 10 Hz stimulation induced
significant improvements in picture naming performance, compared to baseline and
pre-r'TMS evaluations, and that this effect was larger than that observed with inhibi-
tory rTMS. This proves that excitatory stimulation can also induce facilitatory
effects in chronic aphasia.

In a recent study, Hu et al. (2018) examined the efficacy of different frequencies
of rTMS applied to the contralesional hemisphere in stroke patients with nonfluent
aphasia. Patients were assigned to four groups: (a) a high-frequency rTMS group
(10 Hz; n = 10); (b) a low-frequency rTMS group (1 Hz; n = 10); (c) a sham stimula-
tion group (n = 10); and (d) a control group (n = 10). All patients received additional
therapy including speech and language therapy services at the time of the study.
Greater improvement was noted for the low-frequency rTMS group in expressive
and receptive language abilities as compared to the high-frequency group, even 2
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months posttreatment. Notably, as compared to the control group, the group that
received high-frequency stimulation showed significantly better performance on
repetition and aphasia quotients as evident on follow-up testing (2 months after
treatment). Based on these results, the authors suggested that while both low- and
high- frequency rTMS might be beneficial, the former results in both immediate-
and long-term benefits, whereas the latter produces only long-term benefits (Hu
et al., 2018).

7.2.2 Language Domains Affected

Most of the intervention studies with rTMS in stroke-induced aphasia have focused
on fluency and word-finding difficulties, showing facilitation in naming after rTMS
(Barwood et al., 2011; Martin et al., 2009; Naeser et al., 2005; Weiduschat et al.,
2011, among others). A few studies, however, have also shown improvements in
spontaneous speech and picture description tasks, calculated by word number, sen-
tence length and function word use (Barwood et al., 2011; Hamilton et al., 2010;
Martin et al., 2009; Naeser et al., 2005), articulatory agility (Naeser et al., 2005),
discourse productivity (Medina et al., 2012), expressive and receptive language
abilities (Barwood et al., 2013), as well as repetition (Barwood et al., 2011).

For instance, Medina et al. (2012) applied 1 Hz rTMS daily (1200 pulses) at dif-
ferent sites in the right IFG in order to identify the optimal target for stimulation in
ten nonfluent aphasic speakers for ten sessions over 2 weeks. Half of the partici-
pants initially received sham stimulation and 2-month follow-up after they received
real rTMS. These researchers explored whether narration could be affected after
right IFG rTMS. Significant improvement was observed after real stimulation in
several aspects of discourse production as compared to baseline performance.
However, there were no differences in accuracy rates concerning grammatical and
sentential aspects.

7.2.3 Studies with Combined Speech and Language Therapy
and Stimulation

Neuromodulatory techniques have been employed in different research designs
either by using rTMS independently as a treatment tool (Garcia et al., 2013;
Hamilton et al., 2010; Medina et al., 2012; Tsai et al., 2014; Weiduschat et al., 2010)
or in combination with speech and language intervention practices (Abo et al.,
2012; Heiss et al., 2013; Rubi-Fessen et al., 2015; Thiel et al., 2013; Yoon, Han,
Yoon, Kim, & Yi, 2015; Wang et al., 2014; for a review see Heikkinen et al., 2019)
in order to maximize the efficacy of the behavioral intervention while producing
more sustained improvements.



7 Transcranial Magnetic Stimulation in Aphasia Rehabilitation 129

Specifically, Abo et al. (2012) applied ten 40-min sessions (2400 pulses) of low-
frequency stimulation (1 Hz) to the IFG in 14 patients with chronic nonfluent apha-
sia and to the superior temporal gyrus in ten patients with fluent aphasia, combined
with intensive speech and language therapy (60 min), for 11 consecutive days, after
selection of the stimulation area using fMRI. Nonfluent participants showed signifi-
cant improvement of auditory and reading comprehension, as well as repetition
4 weeks after stimulation, while fluent aphasic patients showed significant improve-
ment in spontaneous speech. It is worth noting that no control group was included
in this study.

Thiel et al. (2013) applied inhibitory 1 Hz rTMS over the right triangular part of
the posterior IFG, in 13 patients with subacute stroke-induced aphasia of different
types, followed by 45 min of speech and language therapy for ten sessions.
Significant improvements were observed in their overall performance in the Aachen
Aphasia Test, with improved naming, comprehension, and writing abilities, and
higher scores in the Token Test, after real stimulation as compared to participants
who had received sham stimulation (n = 10). Similarly, Heiss et al. (2013) applied
inhibitory stimulation over the contralesional IFG in 29 right-handed subacute post-
stroke participants with aphasia, who received either 10 sessions of speech and lan-
guage therapy following 20 min of stimulation (n = 15) or ten sessions of speech
and language therapy following sham stimulation (n = 14). Positron emission
tomography (PET) was used prior to and after therapeutic interventions to assess
language activation alterations. Significant improvements were observed in their
overall performance in the Aachen Aphasia Test, after real stimulation compared to
sham; picture naming was particularly improved. Additionally, changes in activa-
tion volume indices were significantly greater after real stimulation compared to
pretreatment or in sham condition. These results provide evidence for network
activity shift toward the left, ipsilesional hemisphere.

Seniéw et al. (2013) administered a 3-week rehabilitation program with speech
and language therapy combined with 30 min inhibitory stimulation (I Hz, 1800
pulses) to the anterior portion of the right Broca’s area homologue (pars triangula-
ris) or sham stimulation. There were 40 participants with different aphasia types in
the subacute phase. All participants showed improvement in linguistic abilities.
However, treatment was not equally effective for all patients. Notably, severely
aphasic patients showed greater improvement than patients receiving sham stimula-
tion in repetition tasks. The authors argued that not all aphasic patients benefit simi-
larly from the inhibition of the right hemisphere.

Although it is common for speech and language therapy to follow rTMS (Heiss
et al., 2013; Rubi-Fessen et al., 2015; Thiel et al., 2013), one study has tested the
efficacy of synchronous verbal picture naming training during rTMS in patients
with chronic, nonfluent aphasia (Wang et al., 2014). Wang and colleagues recruited
45 Chinese patients with stroke-induced aphasia and assigned them to three groups:
(1) a group that underwent contralesional 1 Hz rTMS over the Broca homologue
(i.e., contralesional pars triangularis) for 20 min for ten daily sessions coupled with
a synchronous picture naming training (online model), (2) a group that underwent
stimulation followed by a picture naming activity (offline model), and (3) a group
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that underwent sham stimulation combined with a concurrent naming activity. Their
performance was assessed before, immediately, and 3 months following the inter-
vention. The group who had received stimulation and picture naming therapy simul-
taneously showed significant improvements in their overall scores of the Concise
Chinese Aphasia Test, as well as in expression and description subtests, and in
action and object naming activity, as compared to the two other groups. Treatment
gains were maintained for 3 months, in comparison with the sham group.

To the best of our knowledge, the available studies that combine brain stimula-
tion and speech therapy do not allow us to separate the effects of each therapeutic
intervention (rTMS and intensive language therapy) on language function. Thus, the
positive outcomes reported should be interpreted with caution, since intensive lan-
guage therapy alone can also improve language function in the chronic phase of
stroke. Note also that the content, as well as the duration and frequency of the lan-
guage therapy provided, differs across studies. Bhogal, Teasell, and Speechley
(2003) have reported a correlation between the duration of language therapy (total
number of hours) and the extent of improvement. In an attempt to compare the effi-
cacy of rTMS with speech and language intervention, Yoon et al. (2015) showed
that nonfluent aphasic patients who received only speech and language therapy for
a 4-week period demonstrated no significant improvement, whereas patients who
received inhibitory 1 Hz rTMS for 20 min (1200 pulses) (once per day, five times
per week, for 4 weeks), alongside speech and language therapy, significantly
improved their performance in repetition and naming. This indicates that rTMS,
when used as an adjunct method to speech and language therapy, can boost recovery
and language improvement.

7.2.4 TBS

There are only a few studies that have investigated the impact of TBS on aphasic
patients’ recovery and language functioning. Szaflarski et al. (2011) explored the
potential improvements in language skills in chronic post-stroke nonfluent aphasia,
using an excitatory stimulation protocol combined with fMRI to localize LH Broca’s
area. The protocol included 10 daily treatments of 200 s each, using iTBS. The tar-
get of stimulation was the left Broca’s area. The sample included eight patients with
moderate or severe aphasia, at least 1 year following left middle cerebral artery
stroke. The results revealed that six patients demonstrated significant improvements
in semantic fluency when comparing pre-rTMS and post-rTMS language perfor-
mance. In addition, patients reported improvement in their language and communi-
cation skills after treatment completion. Comparisons between pre- and post-rTMS
fMRI maps indicated higher activation for the left fronto-temporo-parietal language
networks with a significant LH shift in the left frontal and temporo-parietal regions
poststimulation (Szaflarski et al., 2011).

Kindler et al. (2012) examined the effects of TBS by employing an inhibitory
protocol with a shorter application time than the common 1 Hz protocol. Eighteen
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patients with aphasia in different post-stroke phases participated in the study. They
were tested by means of a naming task before and after TBS over the intact right
Broca’s homologue. Patients’ overall naming performance was significantly
enhanced post-TBS. Notably, the best responders were the subacute phase patients.
In addition to the positive effects of this protocol on language function, its short
application time makes it quite suitable for clinical practice as argued by these
researchers (Kindler et al., 2012). In addition, Vuksanovi¢ et al. (2015) have devel-
oped a novel approach, i.e., a bilateral sequential TBS protocol, combining iTBS
and cTBS. The authors stimulated the LH Broca’s area by iTBS and its right homo-
logue by cTBS. The patient who received this treatment (in 15 daily sessions) was
a chronic nonfluent post-stroke right-handed person with aphasia. Posttreatment
assessment indicated improvement in several language functions, mostly in propo-
sitional speech, semantic fluency, short-term verbal memory, and verbal learning
(Vuksanovi¢ et al., 2015).

7.2.5 Final Remarks

As discussed in this chapter, recovery of language functions is possible in the
chronic phase of stroke-induced aphasia using neuromodulatory techniques, either
independently or combined with speech and language therapy. We also know that
the shorter the time post-stroke, the easiest it is to achieve the maximal modulation
of plasticity (Kindler et al., 2012). There are only a few studies investigating the
rehabilitation effects of neuromodulation involving patients in the subacute stage
(Heiss et al., 2013; Rubi-Fessen et al., 2015, 2017; Seniow et al., 2013; Weiduschat
etal., 2011), which report similar beneficial outcomes. Weiduschat et al. (2011), for
instance, applied inhibitory 1 Hz rTMS over the homologue to pars triangularis
combined with speech and language therapy in six patients with various types of
aphasic in the subacute stage, while other four patients received sham stimulation
over the vertex instead of the RH IFG. Significant changes in language performance
were observed in both the TMS and the control groups, possibly due to the fact that
behavioral treatment was administered to the control group as well. However,
improvements in naming performance and in the Aachen Aphasia Test total score
were confirmed only for the TMS group. Nevertheless, our current knowledge
regarding the optimal period for stimulation is limited due to the absence of ran-
domized clinical trials directly comparing the effects of treatment in patients with
chronic aphasia and those in the subacute stage.

Despite the positive outcomes of the reported rehabilitation studies, there are
certain methodological limitations. Firstly, the majority of studies have employed
small samples and varying protocol designs. Specifically, the studies have used het-
erogeneous protocols in terms of the number of pulses and the duration of the inter-
vention, which act as significant confounders in the interpretation of the reported
outcomes. For instance, while some studies include a number of 1200 pulses of
1 Hz rTMS (Heiss et al., 2013; Medina et al., 2012) for 20 min daily for 10 days
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(Garcia et al., 2013; Rubi-Fessen et al., 2015; Thiel et al., 2013), others use a differ-
ent protocol with, e.g., 1 Hz rTMS for 40 (Hara et al., 2015) or 30 min (Waldowski
et al., 2012).

Additionally, not all of those studies have shown generalization to other tasks or
have reported sufficient long-lasting effects. A successful treatment involves
improvement in speech output that can be generalized to untrained language struc-
tures and contexts (Thompson & Shapiro, 2007). Some studies report benefits of the
treatment in language functions evidenced only by using formal neuropsychological
testing. Moreover, most studies have not followed up patients for a long enough
period of time posttreatment to determine the longer-term outcomes of intervention;
typically, the reported studies include only modest follow-up lengths with few stud-
ies exceeding 1 year (see Martin et al., 2009). Results from studies comparing real
and sham rTMS showed that patients undergoing real stimulation had significantly
better performance in language tests (Garcia et al., 2013; Tsai et al., 2014;
Weiduschat et al., 2010), which was permanent at 2 (Barwood et al., 2010; Garcia
et al., 2013; Hamilton et al., 2010; Naeser et al., 2005), 3 (Tsai et al., 2014), 6
(Garcia et al., 2013; Hamilton et al., 2010), 8 (Barwood et al., 2012; Naeser et al.,
2005), 10 (Hamilton et al., 2010), 12 (Barwood et al., 2013), 16 (Martin et al.,
2009), and 43 (Martin et al., 2009) months of follow-up evaluation. Thus, it is hard
to ultimately assess the effectiveness of neuromodulatory interventions in stroke-
induced aphasia.

The majority of the studies includes patients with nonfluent post-stroke aphasia
(Naeser et al., 2011; Seniow et al., 2013; Tsai et al., 2014; Vuksanovic et al., 2015)
and only a few participants with fluent post-stroke aphasia (Abo et al., 2012). To the
best of our knowledge, there is only one study including both fluent and nonfluent
aphasic participants (Abo et al., 2012), showing differential outcomes after 10 treat-
ment sessions (40 min 1 Hz rTMS and 60 min intensive speech therapy); nonfluent
aphasic patients showed significant improvement in auditory comprehension, read-
ing comprehension, and repetition, whereas fluent aphasic patients showed signifi-
cant improvement in spontaneous speech.

Finally, the majority of relevant studies report data from right-handed patients
with LH dominance (Chieffo et al., 2014; Hara et al., 2017; Heiss et al., 2013;
Kindler et al., 2012; Waldowski et al., 2012). Heiss et al. (2013) included two left-
handed patients with stroke-induced aphasia in the subacute stage, in addition to 29
right-handed patients, providing results that can be informative for future studies.
Both groups improved in language functioning, but right-handed patients demon-
strated better recovery.

7.3 Conclusion

This chapter aimed at providing an up-to-date narrative literature review of the find-
ings from the application of rTMS in aphasia therapy. While this technique has only
recently been applied in the aphasia intervention research context, its contribution
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appears positive as shown by its effects, particularly in patients in the chronic stage.
Crucially, the combination of rTMS with traditional behavioral intervention meth-
ods results in an additive improvement of patients’ linguistic abilities. This litera-
ture review revealed certain limitations, including the application of the method to
small samples and specific aphasia types, which pose challenges for further research.

References

Abo, M., Kakuda, W., Watanabe, M., Morooka, A., Kawakami, K., & Senoo, A. (2012).
Effectiveness of low-frequency rTMS and intensive speech therapy in poststroke patients with
aphasia: A pilot study based on evaluation by fMRI in relation to type of aphasia. European
Neurology, 68, 199-208. https://doi.org/10.1159/000338773

Ahdab, R., Ayache, S. S., Farhat, W. H., Mylius, V., Schmidt, S., Brugieres, P., & Lefaucheur, J. P.
(2014). Reappraisal of the anatomical landmarks of motor and premotor cortical regions for
image-guided brain navigation in TMS practice. Human Brain Mapping, 35(5), 2435-2447.
https://doi.org/10.1002/hbm.22339

Antonucci, S. M. (2009). Use of semantic feature analysis in group aphasia treatment. Aphasiology,
23(7-8), 854-866. https://doi.org/10.1080/02687030802634405

Bakheit, A. M. O., Shaw, S., Carrington, S., & Griffiths, S. (2007). The rate and extent of improve-
ment with therapy from the different types of aphasia in the first year after stroke. Clinical
Rehabilitation, 21(10), 941-949. https://doi.org/10.1177/02692155070784522

Barbieri, E., Mack, J., Chiappetta, B., Europa, E., & Thompson, C. (2019). Recovery of offline and
online sentence processing in aphasia: Language and domain-general network neuroplasticity.
Cortex. https://doi.org/10.1016/j.cortex.2019.06.015

Barwood, C. H. S., Murdoch, B. E., Riek, S., O'Sullivan, J. D., Wong, A., Lloyd, D., & Coulthard,
A. (2013). Long-term language recovery subsequent to low frequency rTMS in chronic non-
fluent aphasia. NeuroRehabilitation, 32(4), 915-928. https://doi.org/10.3233/NRE-130915

Barwood, C. H. S., Murdoch, B. E., Whelan, B. M., Lloyd, D., Riek, S., O'Sullivan, J. D, ...
Wong, A. (2012). Improved receptive and expressive language abilities in nonfluent aphasic
stroke patients after application of rTMS: An open protocol case series. Brain Stimulation,
5(3), 274-286. https://doi.org/10.1016/j.brs.2011.03.005

Barwood, C. H. S., Murdoch, B. E., Whelan, B. M., Lloyd, D., Riek, S., O'Sullivan, J. D., ... Wong,
A. (2010). Improved language performance subsequent to low-frequency rTMS in patients
with chronic non-fluent aphasia post-stroke. European Journal of Neurology, 18(7), 935-943.
https://doi.org/10.1111/j.1468-1331.2010.03284.x

Barwood, C. H. S., Murdoch, B. E., Whelan, B.-M., Lloyd, D., Riek, S., O'Sullivan, J., ... Hall,
G. (2011). The effects of low frequency Repetitive Transcranial Magnetic Stimulation (rTMS)
and sham condition rTMS on behavioural language in chronic non-fluent aphasia: Short term
outcomes. NeuroRehabilitation, 28(2), 113—128. https://doi.org/10.3233/NRE-2011-0640

Bastiaanse, R., & Thompson, C. (2012). Eds (Perspectives in agrammatism). New York, NY:
Psychology Press.

Bhogal, S., Teasell, R., & Speechley, M. (2003). Intensity of aphasia therapy, impact on recovery.
Stroke, 34(4), 987-993. https://doi.org/10.1161/01.STR.0000062343.64383.D0

Bonilha, L., Gleichgerrcht, E., Nesland, T., Rorden, C., & Fridriksson, J. (2016). Success of ano-
mia treatment in aphasia is associated with preserved architecture of global and left temporal
lobe structural networks. Neurorehabilitation and Neural Repair, 30(3), 266-279. https://doi.
org/10.1177/15459683155938088

Bulteau, C., Jambaqué, 1., Chiron, C., Rodrigo, S., Dorfmiiller, G., Dulac, O., ... Noulhiane, M.
(2017). Language plasticity after hemispherotomy of the dominant hemisphere in 3 patients:
Implication of non-linguistic networks. Epilepsy & Behavior, 69(4), 86-94. https://doi.
org/10.1016/j.yebeh.2017.01.004


https://doi.org/10.1159/000338773
https://doi.org/10.1002/hbm.22339
https://doi.org/10.1080/02687030802634405
https://doi.org/10.1177/02692155070784522
https://doi.org/10.1016/j.cortex.2019.06.015
https://doi.org/10.3233/NRE-130915
https://doi.org/10.1016/j.brs.2011.03.005
https://doi.org/10.1111/j.1468-1331.2010.03284.x
https://doi.org/10.3233/NRE-2011-0640
https://doi.org/10.1161/01.STR.0000062343.64383.D0
https://doi.org/10.1177/15459683155938088
https://doi.org/10.1177/15459683155938088
https://doi.org/10.1016/j.yebeh.2017.01.004
https://doi.org/10.1016/j.yebeh.2017.01.004

134 M. Nerantzini et al.

Calvert, G. A., Brammer, M. J., Morris, R. G., Williams, S. C., King, N., & Matthews, P. M.
(2000). Using tMRI to study recovery from acquired dysphasia. Brain and Language, 71(3),
391-399. https://doi.org/10.1006/brln.1999.2272

Caramazza, A., & Zurif, E. (1976). Dissociation of algorithmic and heuristic processes in lan-
guage comprehension: Evidence from aphasia. Brain and Language, 3(4), 572-582. https://
doi.org/10.1016/0093-934X(76)90048-1

Chieffo, R., Ferrari, F., Battista, P., Houdayer, E., Nuara, A., Alemanno, F, ... Leocani, L. (2014).
Excitatory deep transcranial magnetic stimulation with H-coil over the right homologous
Broca’s region improves naming in chronic post-stroke aphasia. Neurorehabilitation and
Neural Repair, 28(3), 291-298. https://doi.org/10.1177/1545968313508471

Dammekens, E., Vanneste, S., Ost, J., & De Ridder, D. (2014). Neural correlates of high frequency
repetitive transcranial magnetic stimulation improvement in post-stroke non-fluent aphasia: A
case study. Neurocase, 20(1), 1-9. https://doi.org/10.1080/13554794.2012.713493

Danelli, L., Cossu, G., Berlingeri, M., Bottini, G., Sberna, M., & Paulesu, E. (2013). Is a lone right
hemisphere enough? Neurolinguistic architecture in a case with a very early left hemispherec-
tomy. Neurocase, 19(3), 209-231. https://doi.org/10.1080/13554794.2011.654226

de Mendonca, L. I. Z. (2014). Transcranial brain stimulation (TMS and tDCS) for post-stroke
aphasia rehabilitation: Controversies. Dementia & Neuropsychologia, 8(3), 207-215. https://
doi.org/10.1590/S1980-57642014DN83000003

Dickey, M. W., & Thompson, C. K. (2004). The resolution and recovery of filler-gap dependen-
cies in aphasia: Evidence from on-line anomaly detection. Brain and Language, 88, 108—127.
https://doi.org/10.1016/S0093-934X(03)00283-9

Dickey, M. W., & Yoo, H. (2010). Predicting outcomes for linguistically specific sentence treat-
ment protocols. Aphasiology, 24, 787-801. https://doi.org/10.1080/02687030903515354

Forkel, S. J., Thiebaut de Schotten, M., Dell’ Acqua, F., Kalra, L., Murphy, D. G., Williams, S. C.,
& Catani, M. (2014). Anatomical predictors of aphasia recovery: A tractography study of bilat-
eral perisylvian language networks. Brain, 137(7), 2027-2039. https://doi.org/10.1093/brain/
awull3

Fridriksson, J., Guo, D., Fillmore, P., Holland, A., & Rorden, C. (2013). Damage to the anterior
arcuate fasciculus predicts non-fluent speech production in aphasia. Brain, 136(11), 3451—
3460. https://doi.org/10.1093/brain/awt267

Fridriksson, J., Richardson, J. D., Fillmore, P., & Cai, B. (2012). Left hemisphere plasticity and apha-
sia recovery. Neurolmage, 60(2), 854—-863. https://doi.org/10.1016/j.neuroimage.2011.12.057

Garcia, G., Norise, C., Faseyitan, O., Naeser, M. A., & Hamilton, R. H. (2013). Utilizing repeti-
tive transcranial magnetic stimulation to improve language function in stroke patients with
chronic non-fluent aphasia. Journal of Visualized Experiments, 77, 50228. https://doi.
org/10.3791/50228

Gauvreau, C., Le Dorze, G., Croteau, C., & Hallé, M.-C. (2019). Understanding practices of
speech-language pathologists in aphasia rehabilitation: A grounded theory study. Aphasiology,
33(7), 846-864. https://doi.org/10.1080/02687038.2019.1602814

Hamilton, R. H., Sanders, L., Benson, J., Faseyitan, O., Norise, C., Naeser, M., ... Coslett,
H. B. (2010). Stimulating conversation: Enhancement of elicited propositional speech in a
patient with chronic non-fluent aphasia following transcranial magnetic stimulation. Brain &
Language, 113(1), 45-50. https://doi.org/10.1016/j.bandl.2010.01.001

Hara, T., Abo, M., Kakita, K., Mori, Y., Yoshida, M., & Sasaki, N. (2017). The effect of selec-
tive transcranial magnetic stimulation with functional near-infrared spectroscopy and intensive
speech therapy on individuals with post-stroke aphasia. European Neurology, 77, 186—194.
https://doi.org/10.1159/000457901

Hara, T., Abo, M., Kobayashi, K., Watanabe, M., Kakuda, W., & Senoo, A. (2015). Effects of low-
frequency repetitive transcranial magnetic stimulation combined with intensive speech therapy
on cerebral blood flow in post-stroke aphasia. Translational Stroke Research, 6(5), 365-374.
https://doi.org/10.1007/s12975-015-0417-7

Harley, T. (2001). The psychology of language: From data to theory. Hove: Psychology Press.


https://doi.org/10.1006/brln.1999.2272
https://doi.org/10.1016/0093-934X(76)90048-1
https://doi.org/10.1016/0093-934X(76)90048-1
https://doi.org/10.1177/1545968313508471
https://doi.org/10.1080/13554794.2012.713493
https://doi.org/10.1080/13554794.2011.654226
https://doi.org/10.1590/S1980-57642014DN83000003
https://doi.org/10.1590/S1980-57642014DN83000003
https://doi.org/10.1016/S0093-934X(03)00283-9
https://doi.org/10.1080/02687030903515354
https://doi.org/10.1093/brain/awu113
https://doi.org/10.1093/brain/awu113
https://doi.org/10.1093/brain/awt267
https://doi.org/10.1016/j.neuroimage.2011.12.057
https://doi.org/10.3791/50228
https://doi.org/10.3791/50228
https://doi.org/10.1080/02687038.2019.1602814
https://doi.org/10.1016/j.bandl.2010.01.001
https://doi.org/10.1159/000457901
https://doi.org/10.1007/s12975-015-0417-7

7 Transcranial Magnetic Stimulation in Aphasia Rehabilitation 135

Hartmann, A., Rubi-Fessen, 1., & Heiss, W. D. (2013). rTMS in the treatment of post-stroke apha-
sia. Neurophysiologie Clinique/Clinical Neurophysiology, 43, 70-71.

Hattori, Y., Moriwaki, A., & Hori, Y. (1990). Biphasic effects of polarizing current on adenosine-
sensitive generation of cyclic AMP in rat cerebral cortex. Neuroscience Letters, 116(3), 320—
324. https://doi.org/10.1016/0304-3940(90)90094-P

Heikkinen, P. H., Pulvermiiller, F., Mikeld, J. P., Ilmoniemi, R. J., Lioumis, P., Kujala, T,, ...
Klippi, A. (2019). Combining rTMS with intensive language-action therapy in chronic aphasia:
A randomized controlled trial. Frontiers in Neuroscience, 12, 1036. https://doi.org/10.3389/
fnins.2018.01036

Heiss, W. D., & Thiel, A. (2006). A proposed regional hierarchy in recovery of post-stroke aphasia.
Brain and Language, 98(1), 118-123. https://doi.org/10.1016/j.band].2006.02.002

Heiss, W. D., Hartmann, A., Rubi-Fessen, 1., Anglade, C., Kracht, L., Kessler, J., ... Thiel, A.
(2013). Noninvasive brain stimulation for treatment of right- and left-handed poststroke apha-
sics. Cerebrovascular Diseases, 36(5-6), 363-372. https://doi.org/10.1159/000355499

Herbert, R., Best, W., Hickin, J., Howard, D., & Osborne, F. (2003). Combining lexical and inter-
actional approaches to therapy for word finding deficits in aphasia. Aphasiology, 17(12), 1163—
1186. https://doi.org/10.1080/02687030344000454

Hillis, A. (1998). Treatment of naming disorders. New issues regarding old therapies. Journal of
the International Neuropsychological Society, 4(6), 648—660.

Hu, X. Y., Zhang, T., Rajah, G. B, Stone, C., Liu, L. X., He, J. J., ... Chen, Y. D. (2018). Effects of
different frequencies of repetitive transcranial magnetic stimulation in stroke patients with non-
fluent aphasia: A randomized, sham-controlled study. Neurological Research, 40(6), 459-465.
https://doi.org/10.1080/01616412.2018.1453980

Kakuda, W., Abo, M., Momosaki, R., & Morooka, A. (2011). Therapeutic application of
6-Hz-primed low-frequency rTMS combined with intensive speech therapy for post-stroke
aphasia. Brain Injury, 25(12), 1242—1248. https://doi.org/10.3109/02699052.2011.608212

Khedr, E. M., Abo El-Fetoh, N., Ali, A. M., El-Hammady, D. H., Khalifa, H., Atta, H., & Karim,
A. A. (2014). Dual-hemisphere repetitive transcranial magnetic stimulation for rehabilita-
tion of poststroke aphasia: A randomized, double-blind clinical trial. Neurorehabilitation and
Neural Repair, 28(8), 740-750. https://doi.org/10.1177/1545968314521009

Kiran, S., & Bassetto, G. (2008). Evaluating the effectiveness of semantic-based treatment for
naming deficits in aphasia: What works? Seminars in Speech and Language, 29(1), 71-82.
https://doi.org/10.1055/5-2008-1061626

Kiran, S., Meier, E. L., Kapse, K. J., & Glynn, P. A. (2015). Changes in task-based effective con-
nectivity in language networks following rehabilitation in post-stroke patients with aphasia.
Frontiers in Human Neuroscience, 9, 316.

Kindler, J., Schumacher, R., Cazzoli, D., Gutbrod, K., Koenig, M., Nyffeler, T., ... Miiri,
R. M. (2012). Theta burst stimulation over the right Broca’s homologue induces improve-
ment of naming in aphasic patients. Stroke, 43(8), 2175-2179. https://doi.org/10.1161/
STROKEAHA.111.647503

Krishnan, C., Santos, L., Peterson, M. D., & Ehinger, M. (2015). Safety of noninvasive brain stim-
ulation in children and adolescents. Brain Stimulation, 8(1), 76-87. https://doi.org/10.1016/j.
brs.2014.10.012

Laska, A. C., Hellblom, A., Murray, V., Kahan, T., & Von Arbin, M. (2001). Aphasia in acute
stroke and relation to outcome. Journal of Internal Medicine, 249(5), 413-422. https://doi.
org/10.1046/j.1365-2796.2001.00812.x

Lazar, R. M., Minzer, B., Antoniello, D., Festa, J. R., Krakauer, J. W., & Marshall, R. S. (2010).
Improvement in aphasia scores after stroke is well predicted by initial severity. Stroke, 41(7),
1485-1488. https://doi.org/10.1161/STROKEAHA.109.577338

Li, Y, Qu, Y., Yuan, M., & Du, T. (2015). Low-frequency repetitive transcranial magnetic stimula-
tion for patients with aphasia after stroke: A meta-analysis. Journal of Rehabilitation Medicine,
47(8), 675-681. https://doi.org/10.2340/16501977-1988


https://doi.org/10.1016/0304-3940(90)90094-P
https://doi.org/10.3389/fnins.2018.01036
https://doi.org/10.3389/fnins.2018.01036
https://doi.org/10.1016/j.bandl.2006.02.002
https://doi.org/10.1159/000355499
https://doi.org/10.1080/02687030344000454
https://doi.org/10.1080/01616412.2018.1453980
https://doi.org/10.3109/02699052.2011.608212
https://doi.org/10.1177/1545968314521009
https://doi.org/10.1055/s-2008-1061626
https://doi.org/10.1161/STROKEAHA.111.647503
https://doi.org/10.1161/STROKEAHA.111.647503
https://doi.org/10.1016/j.brs.2014.10.012
https://doi.org/10.1016/j.brs.2014.10.012
https://doi.org/10.1046/j.1365-2796.2001.00812.x
https://doi.org/10.1046/j.1365-2796.2001.00812.x
https://doi.org/10.1161/STROKEAHA.109.577338
https://doi.org/10.2340/16501977-1988

136 M. Nerantzini et al.

Liebetanz, D., Nitsche, M. A., Tergau, F., & Paulus, W. (2002). Pharmacological approach to the
mechanisms of transcranial DC-stimulation-induced after-effects of human motor cortex excit-
ability. Brain, 125, 2238-2247.

Lisanby, S. H., Kinnunen, L. H., & Crupain, M. J. (2002). Applications of TMS to therapy in psy-
chiatry. Journal of Clinical Neurophysiology, 19(4), 344-360.

Loo, C. K., & Mitchell, P. B. (2005). A review of the efficacy of transcranial magnetic stimulation
(TMS) treatment for depression, and current and future strategies to optimize efficacy. Journal
of Affective Disorders, 88(3), 255-267. https://doi.org/10.1016/j.jad.2005.08.001

Mack, J. E., & Thompson, C. K. (2017). Recovery of online sentence processing in aphasia: Eye
movement changes resulting from Treatment of Underlying Forms. Journal of Speech, Language,
and Hearing Research, 60(5), 1299-1315. https://doi.org/10.1044/2016_JSLHR-L-16-0108

Mack, J. E., Nerantzini, M., & Thompson, C. K. (2017). Recovery of sentence production pro-
cesses following language treatment in aphasia: Evidence from eyetracking. Frontiers in
Human Neuroscience, 11, 101. https://doi.org/10.3389/fnhum.2017.00101

Marchina, S., Zhu, L. L., Norton, A., Zipse, L., Wan, C. Y., & Schaug. (2011). Impairment of
speech production predicted by lesion load of the left arcuate fasciculus. Stroke, 42(8), 2251—
2256. https://doi.org/10.1161/STROKEAHA.110.606103

Martin, P. I., Naeser, M. A., Ho, M., Doron, K. D., Kurland, J., Kaplan, J., ... Pascual-Leone,
A. (2009). Overt naming fMRI pre- and post-TMS: Two nonfluent aphasia patients, with
and without improved naming post-TMS. Brain and Language, 111(1), 20-35. https://doi.
org/10.1016/j.band1.2009.07.007

Martin, P. I, Treglia, E., Naeser, M. A., Ho, M. D., Baker, E. H., Martin, E. G., ... Pascual-Leone,
A. (2014). Language improvements after TMS plus modified CILT: Pilot, open-protocol study
with two, chronic nonfluent aphasia cases. Restorative Neurology and Neuroscience, 32(4),
483-505. https://doi.org/10.3233/RNN-130365

Marshall, J., Pound, C., White-Thomson, M., & Pring, T. (1990). The use of picture/word match-
ing tasks to assist word retrieval in aphasic patients. Aphasiology, 4, 167-184. https://doi.
org/10.1080/02687039008249068

Maas, M. B., Lev, M. H,, Ay, H., Singhal, A. B., Greer, D. M., Smith, W. S., ... Furie, K. L. (2012).
The prognosis for aphasia in stroke. Journal of Stroke and Cerebrovascular Diseases, 21(5),
350-357. https://doi.org/10.1016/j.jstrokecerebrovasdis.2010.09.009

Meinzer, M., Flaisch, T., Breitenstein, C., Wienbruch, C., Elbert, T., & Rockstroh, B. (2008).
Functional re- recruitment of dysfunctional brain areas predicts language recovery in chronic
aphasia. Neurolmage, 39(4), 2038-2046. https://doi.org/10.1016/j.neuroimage.2007.10.008

Medina, J., Norise, C., Faseyitan, O., Coslett, H. B., Turkeltaub, P. E., & Hamilton, R. H. (2012).
Finding the right words: Transcranial magnetic stimulation improves discourse productivity in
non-fluent aphasia after stroke. Aphasiology, 26(9), 1153—1168. https://doi.org/10.1080/0268
7038.2012.710316

Moosa, A. N., Jehi, L., Marashly, A., Cosmo, G., Lachhwani, D., Wyllie, E., ... Gupta, A. (2013).
Long-term functional outcomes and their predictors after hemispherectomy in 115 children.
Epilepsia, 54(10), 1771-1779. https://doi.org/10.1111/epi.12342

Moriwaki, A. (1991). Polarizing currents increase noradrenaline-elicited accumula-
tion of cyclic AMP in rat cerebral cortex. Brain Research, 544(2), 248-252. https://doi.
org/10.1016/0006-8993(91)90061-Y

Murray, L., Timberlake, A., & Eberle, R. (2007). Treatment of underlying forms in a discourse
context. Aphasiology, 21(2), 139-163. https://doi.org/10.1080/02687030601026530

Naeser, M. A., Martin, P. L., Nicholas, M., Baker, E. H., Seekins, H., Kobayashi, M., ... Pascual-
Leone, A. (2005). Improved picture naming in chronic aphasia after TMS to part of right Broca’
s area: An open-protocol study. Brain and Language, 93(1), 95—105. https://doi.org/10.1016/j.
bandl.2004.08.004

Naeser, M. A., Martin, P. L., Theoret, H., Kobayashi, M., Fregni, F., Nicholas, M., ... Pascual-
Leone, A. (2011). TMS suppression of right pars triangularis, but not pars opercularis,
improves naming in aphasia. Brain and Language, 119(3), 206-213. https://doi.org/10.1016/j.
bandl.2011.07.005


https://doi.org/10.1016/j.jad.2005.08.001
https://doi.org/10.1044/2016_JSLHR-L-16-0108
https://doi.org/10.3389/fnhum.2017.00101
https://doi.org/10.1161/STROKEAHA.110.606103
https://doi.org/10.1016/j.bandl.2009.07.007
https://doi.org/10.1016/j.bandl.2009.07.007
https://doi.org/10.3233/RNN-130365
https://doi.org/10.1080/02687039008249068
https://doi.org/10.1080/02687039008249068
https://doi.org/10.1016/j.jstrokecerebrovasdis.2010.09.009
https://doi.org/10.1016/j.neuroimage.2007.10.008
https://doi.org/10.1080/02687038.2012.710316
https://doi.org/10.1080/02687038.2012.710316
https://doi.org/10.1111/epi.12342
https://doi.org/10.1016/0006-8993(91)90061-Y
https://doi.org/10.1016/0006-8993(91)90061-Y
https://doi.org/10.1080/02687030601026530
https://doi.org/10.1016/j.bandl.2004.08.004
https://doi.org/10.1016/j.bandl.2004.08.004
https://doi.org/10.1016/j.bandl.2011.07.005
https://doi.org/10.1016/j.bandl.2011.07.005

7 Transcranial Magnetic Stimulation in Aphasia Rehabilitation 137

Naeser, M. A., Martin, P. I., Ho, M., Treglia, E., Kaplan, E., Bashir, S., & Pascual-Leone, A. (2012).
Transcranial magnetic stimulation and aphasia rehabilitation. Archives of Physical Medicine
and Rehabilitation, 93(1 Suppl), S26—S34. https://doi.org/10.1016/j.apmr.2011.04.026

Otal, B., Olma, M. C., Floel, A., & Wellwood, I. (2015). Inhibitory non-invasive brain stimulation
to homologous language regions as an adjunct to speech and language therapy in post-stroke
aphasia: A meta-analysis. Frontiers in Human Neuroscience, 9, 236. https://doi.org/10.3389/
fnhum.2015.00236

Pedersen, P. M., Vinter, K., & Olsen, T. S. (2004). Aphasia after stroke: Type, severity and prog-
nosis. The Copenhagen aphasia study. Cerebrovascular Diseases, 17(1), 35-43. https://doi.
org/10.1159/000073896

Perera, T., George, M. S., Grammer, G., Janicak, P. G., Pascual-Leone, A., & Wirecki, T. S. (2016).
The clinical TMS society consensus review and treatment recommendations for TMS therapy
for major depressive disorder. Brain Stimulation, 9(3), 336-346. https://doi.org/10.1016/j.
brs.2016.03.010

Pobric, G., Lambon Ralph, M. A., & Jefferies, E. (2009). The role of the anterior temporal lobes in
the comprehension of concrete and abstract words: rTMS evidence. Cortex, 45(9), 1104-1110.
https://doi.org/10.1016/j.cortex.2009.02.006

Ren, C. L., Zhang, G. F,, Xia, N,, Jin, C. H., Zhang, X. H., Hao, J. F,, ... Cai, D. L. (2014). Effect of
low-frequency rTMS on aphasia in stroke patients: A meta-analysis of randomized controlled
trials. PLoS ONE, 9(7), e102557. https://doi.org/10.1371/journal.pone.0102557

Rubi-Fessen, 1., Hartmann, A., Walter Huber, W., Fimm, B., Rommel, T., Thiel, A., & Heiss, W. D.
(2015). Add-on effects of repetitive transcranial magnetic stimulation on subacute aphasia
therapy: Enhanced improvement of functional communication and basic linguistic skills. A
randomized controlled study. Archives of Physical Medicine and Rehabilitation, 96(11), 1935—
1944. https://doi.org/10.1016/j.apmr.2015.06.017

Rubi-Fessen, 1., Thiel, A., Hartman, A., Riecker, A., Zumbandsen, A., Limmroth, V., & Heiss,
W. D. (2017). Does rTMS and/or tDCS improve the outcome of behavioral aphasia therapy
in subacute aphasia? Clinical Neurophysiology, 128(3), e31-e32. https://doi.org/10.1016/].
clinph.2016.10.176

Saur, D., Lange, R., Baumgaertner, A., Schraknepper, V., Willmes, K., Rijntjes, M., & Weiller, C.
(2006). Dynamics of language reorganization after stroke. Brain, 129(6), 1371-1384. https://
doi.org/10.1093/brain/awl090

Schlaug, G., Marchina, S., & Wan, C. Y. (2011). The use of non-invasive brain stimulation tech-
niques to facilitate recovery from post-stroke aphasia. Neuropsychology Review, 21(3), 288—
301. https://doi.org/10.1007/s11065-011-9181-y

Schwartz, M. E, Saffran, E. M., Fink, R. B., Myers, J. L., & Martin, N. (1994). Mapping
therapy: A treatment programme for agrammatism. Aphasiology, 8(1), 19-54. https://doi.
org/10.1080/02687039408248639

Seniow, J., Waldowski, K., Lesniak, M., Iwanski, S., Czepiel, W., & Czlonkowska, A. (2013).
Transcranial magnetic stimulation combined with speech and language training in early
aphasia rehabilitation: A randomized double-blind controlled pilot study. Topics in Stroke
Rehabilitation, 20(3), 250-261. https://doi.org/10.1310/tsr2003-250

Sokhadze, E. M., El-Baz, A. S., Sears, L. L., Opris, L., & Casanova, M. F. (2014). rTMS neuro-
modulation improves electrocortical functional measures of information processing and behav-
ioral responses in autism. Frontiers in Systems Neuroscience, 8, 134. https://doi.org/10.3389/
fnsys.2014.00134

Szaflarski, J. P.,, Vannest, J., Wu, S. W., Di Francesco, M. W., Banks, C., & Gilbert, D. L. (2011).
Excitatory repetitive transcranial magnetic stimulation induces improvements in chronic
post-stroke aphasia. Medical Science Monitor, 17(3), CR132—-CR139. https://doi.org/10.12659/
MSM.881446

Thiel, A., Hartmann, A., Rubi-Fessen, 1., Anglade, C., Kracht, L., Weiduschat, N., ... Heiss, W. D.
(2013). Effects of noninvasive brain stimulation on language networks and recovery in early post-
stroke aphasia. Stroke, 44(8), 2240-2246. https://doi.org/10.1161/STROKEAHA.111.000574


https://doi.org/10.1016/j.apmr.2011.04.026
https://doi.org/10.3389/fnhum.2015.00236
https://doi.org/10.3389/fnhum.2015.00236
https://doi.org/10.1159/000073896
https://doi.org/10.1159/000073896
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1016/j.brs.2016.03.010
https://doi.org/10.1016/j.cortex.2009.02.006
https://doi.org/10.1371/journal.pone.0102557
https://doi.org/10.1016/j.apmr.2015.06.017
https://doi.org/10.1016/j.clinph.2016.10.176
https://doi.org/10.1016/j.clinph.2016.10.176
https://doi.org/10.1093/brain/awl090
https://doi.org/10.1093/brain/awl090
https://doi.org/10.1007/s11065-011-9181-y
https://doi.org/10.1080/02687039408248639
https://doi.org/10.1080/02687039408248639
https://doi.org/10.1310/tsr2003-250
https://doi.org/10.3389/fnsys.2014.00134
https://doi.org/10.3389/fnsys.2014.00134
https://doi.org/10.12659/MSM.881446
https://doi.org/10.12659/MSM.881446
https://doi.org/10.1161/STROKEAHA.111.000574

138 M. Nerantzini et al.

Thompson, C. K., Shapiro, L. P., & Roberts, M. M. (1993). Treatment of sentence production defi-
cit in aphasia: A linguistic specific approach to wh-interrogative training and generalization.
Aphasiology, 7, 111-133.

Thompson, C. K., Shapiro, L. P., Tait, M. E., Jacobs, B. J., & Schneider, S. L. (1996). Training
wh-question production in agrammatic aphasia: Analysis of argument and adjunct movement.
Brain and Language, 52, 175-228.

Thompson, C. K., Shapiro, L. P., Kiran, S., & Sobecks, J. (2003) The role of syntactic complex-
ity in treatment of sentence deficits in agrammatic aphasia. Journal of Speech, Language, and
Hearing Research, 46(3), 591-607.

Thompson, C. K., Milman, L. H., Dickey, M. W., O’Connor, J. E., Bonakdarpour, B., Fix, S. C.,
Choy, J. J., & Arcuri, D. F. (2006). Functional category production in agrammatism: Treatment
and generalization effects. Brain and Language, 99(1-2), 79-81.

Thompson, C. K., den Ouden, D. B., Bonakdarpour, B., Garibaldi, K., & Parrish, T. B.
(2010). Neural plasticity and treatment-induced recovery of sentence process-
ing in agrammatism. Neuropsychologia, 48(11), 3211-3227. https://doi.org/10.1016/j.
neuropsychologia.2010.06.036

Thompson, C. K., Riley, E. A., den Ouden, D. B., Meltzer-Asscher, A., & Lukic, S. (2013).
Training verb argument structure production in agrammatic aphasia: Behavioral and neural
recovery patterns. Cortex, 49(9), 2358-2376. https://doi.org/10.1016/j.cortex.2013.02.003

Thompson, C. K., & Shapiro, L. P. (2007). Complexity in treatment of syntactic defi-
cits. American Journal of Speech-Language Pathology, 16(1), 30-42. https://doi.
org/10.1044/1058-0360(2007/005)

Thompson, C. K., & Shapiro, L. P. (1994). A linguistic-specific approach to treatment of sentence
production deficits in aphasia. In P. Lemme (Ed.), Clinical aphasiology (Vol. 22, pp. 307-323).
Austin, TX: Pro-Ed.

Thompson, C. K., & Shapiro, L. P. (1995). Training sentence production in agrammatism:
Implications for normal and disordered language. Brain and Language, 50, 201-224.

Thompson, C. K., & Shapiro, L. (2005). Treating agrammatic aphasia within a linguistic frame-
work: Treatment of underlying forms. Aphasiology, 19(10-11), 1021-1036. https://doi.
0rg/10.1080/02687030544000227

Tsai, P. Y., Wang, C. P, Ko, J.S.,Chung,Y. M., Chang,Y. W., & Wang, J. X. (2014). The persistent and
broadly modulating effect of inhibitory rTMS in nonfluent aphasic patients. Neurorehabilitation
and Neural Repair, 28(8), 779-787. https://doi.org/10.1177/1545968314522710

Vuksanovi¢, J., Jeli¢, M. B., Milanovi¢, S. D., Kacar, K., Konstantinovi¢, L., & Filipovi¢, S. R.
(2015). Improvement of language functions in a chronic non-fluent post-stroke aphasic patient
following bilateral sequential theta burst magnetic stimulation. Neurocase, 21(2), 244-250.
https://doi.org/10.1080/13554794.2014.890731

Waldowski, K., Seniéw, J., LeSniak, M., Iwanski, S., & Cztonkowska, A. (2012). Effect of low-
frequency repetitive transcranial magnetic stimulation on naming abilities in early-stroke apha-
sic patients: A prospective, randomized, double-blind sham-controlled study. Scientific World
Journal, 2012, 518568. https://doi.org/10.1100/2012/518568

Wang, C.P.,Hsieh, C. Y., Tsai, P. Y., Wang, C. T., Lin, F. G., & Chan, R. C. (2014). Efficacy of synchro-
nous verbal training during repetitive transcranial magnetic stimulation in patients with chronic
aphasia. Stroke, 45(12), 3656-3662. https://doi.org/10.1161/STROKEAHA.114.007058

Webster, J., & Whitworth, A. (2012). Treating verbs in aphasia: Exploring the impact of therapy at
the single word and sentence levels. International lournal of Communication Disorders, 47(6),
619-636. https://doi.org/10.1111/j.1460-6984.2012.00174.x

Weiduschat, N., Thiel, A., Rubi-Fessen, I., Hartmann, A., Kessler, J., Merl, P., ... Heiss, W. D. (2010).
Effects of repetitive transcranial magnetic stimulation in aphasic stroke: a randomized con-
trolled pilot study. Stroke, 42(2), 409-415. https://doi.org/10.1161/STROKEAHA.110.597864

Weiduschat, N., Thiel, A., Rubi-Fessen, I., Hartmann, A., Kessler, J., Merl, P., & Heiss, W. D. (2011).
Effects of repetitive transcranial magnetic stimulation in aphasic stroke: A randomized con-
trolled pilot study. Stroke, 42(2), 409-415. https://doi.org/10.1161/STROKEAHA.110.597864


https://doi.org/10.1016/j.neuropsychologia.2010.06.036
https://doi.org/10.1016/j.neuropsychologia.2010.06.036
https://doi.org/10.1016/j.cortex.2013.02.003
https://doi.org/10.1044/1058-0360(2007/005)
https://doi.org/10.1044/1058-0360(2007/005)
https://doi.org/10.1080/02687030544000227
https://doi.org/10.1080/02687030544000227
https://doi.org/10.1177/1545968314522710
https://doi.org/10.1080/13554794.2014.890731
https://doi.org/10.1100/2012/518568
https://doi.org/10.1161/STROKEAHA.114.007058
https://doi.org/10.1111/j.1460-6984.2012.00174.x
https://doi.org/10.1161/STROKEAHA.110.597864
https://doi.org/10.1161/STROKEAHA.110.597864

7 Transcranial Magnetic Stimulation in Aphasia Rehabilitation 139

Weiss Lucas, C., Tursunova, I., Neuschmelting, V., Nettekoven, C., Oros-Peusquens, A. M.,
Stoffels, G., ... Grefkes, C. (2016). Functional MRI vs. navigated TMS to optimize M1
seed volume delineation for DTI tractography. A prospective study in patients with brain
tumours adjacent to the corticospinal tract. Neuroimage: Clinical, 13, 297-309. https://doi.
org/10.1016/j.nicl.2016.11.022

Winhuisen, L., Thiel, A., Schumacher, B., Kessler, J., Rudolf, J., Haupt, W. F., & Heiss, W. D.
(2005). Role of the contralateral inferior frontal gyrus in recovery of language function in post-
stroke aphasia: A combined repetitive transcranial magnetic stimulation and positron emission
tomography study. Stroke, 36, 1759—1763. https://doi.org/10.1161/01.STR.0000174487.81126.
ef

Wortman-Jutt, S., & Edwards, D. (2019). Poststroke aphasia rehabilitation: Why all talk
and no action? Neurorehabilitation and Neural Repair, 33(4), 235-244. https://doi.
org/10.1177/1545968319834901

Yoon, T. H., Han, S. J., Yoon, T. S., Kim, J. S., & Yi, T. I. (2015). Therapeutic effect of repetitive
magnetic stimulation combined with speech and language therapy in post-stroke non-fluent
aphasia. NeuroRehabilitation, 36(1), 107-114. https://doi.org/10.3233/NRE-141198

Further Reading

Carey, L. (2012). Stroke rehabilitation: Insights from neuroscience and imaging. Oxford: Oxford
Univesity Press.

Kiran, S., & Thompson, C. (2019). Neuroplasticity of Language networks in aphasia: advances,
updates, and future challenges. Frontiers in Neurology, 10, 295. https://doi.org/10.3389/
fneur.2019.00295

Mendoza, J. A., Silva, F., Pachon, M., Rueda, L., Lopez Romero, L. A., & Perez, M. (2016).
Repetitive transcranial magnetic stimulation in aphasia and communication impairment in post-
stroke: systematic review of literature. Journal of Neurology & Translational Neuroscience,
4(3), 1070.

Zimerman, M., & Hummel, F. (2014). Brain Stimulation and its role in neurological diseases. In
C. Kadosh (Ed.), The stimulated brain (pp. 333-369). Amsterdam: Elsevier.


https://doi.org/10.1016/j.nicl.2016.11.022
https://doi.org/10.1016/j.nicl.2016.11.022
https://doi.org/10.1161/01.STR.0000174487.81126.ef
https://doi.org/10.1161/01.STR.0000174487.81126.ef
https://doi.org/10.1177/1545968319834901
https://doi.org/10.1177/1545968319834901
https://doi.org/10.3233/NRE-141198
https://doi.org/10.3389/fneur.2019.00295
https://doi.org/10.3389/fneur.2019.00295

Chapter 8

The Cerebellum: A Therapeutic Target
in Treating Speech and Language
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8.1 Introduction

Approaches to thinking about the cerebellum have historically been overshadowed
by the view that it is a structure mainly involved in motor control and coordination
(Manto & Marién, 2015). However, during the past decades, neuroanatomical, neu-
roimaging, and clinical studies have substantially modified this traditional view and
provided new insights and a body of evidence for cerebellar involvement in a wide
range of nonmotor processes, such as cognitive, affective, and social processes
(Clausi, Iacobacci, Lupo, et al., 2017; Clausi, Olivito, Lupo, et al., 2019; Lupo,
Troisi, Chiricozzi, et al., 2015; Stoodley & Schmahmann, 2010; Tedesco, Chiricozzi,
Clausi, et al., 2011). Within the broad range of functions in which the cerebellum is
involved, several clinical studies have shown the occurrence of different types of
speech and language impairments subsequent to cerebellar damage (Marién &
Borgatti, 2018).

In the first part of the present chapter, we briefly summarize the motor and non-
motor language impairments that have been reported after cerebellar damage in
adults and the associated cerebello-cerebral network alterations. Starting from these
clinical and neuroimaging data regarding the “linguistic cerebellum,” in the second
part of the chapter, we provide an overview of the studies that used noninvasive
transcranial neuromodulation techniques to further investigate the cerebellar role in
speech and language domains. Furthermore, we show the current state of the art and
translational potential of the use of cerebellar neuromodulation to improve speech
and language functions after cortical and subcortical damage.

8.2 Cerebellar Topographical Organization: An Outline

The neuroanatomical substrate of the cerebellar role in motor, cognitive, and affec-
tive processing consists of the proven existence of connections between the cerebel-
lum and the motor, paralimbic, and association cortices (Strick, Dum, & Fiez,
2009). Indeed, the cerebellum receives inputs from the cerebral cortex via cortico-
pontine-cerebellar pathways and sends them back to the same cortical areas via
cerebello-thalamic-cortical pathways (Schmahmann, 1996). Each cerebellar hemi-
sphere mainly sends information to and receives information from the contralateral
cerebral hemisphere.

Neuroanatomical and neurophysiological studies have shown a specific topo-
graphical and functional organization of the cerebellar regions as follows: the ante-
rior cerebellar lobe (lobules I-V and extending into medial lobule VI and lobule
VII) is involved in motor functions, the posterior cerebellar lobe (Crus I, Crus I,
lobules VI, VIIb, and IX) is involved in cognitive functions, and the posterior vermis
is involved in affective functions (Stoodley & Schmahmann, 2010).

Over the years, among the functions in which the cerebellum plays a role, speech
and language processes have received high levels of attention. A number of studies
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have shown cerebellar involvement in both motor and nonmotor aspects of the lin-
guistic domain. These functions have been anatomically localized mainly in the
right hemispheric cerebellar regions (Stoodley & Schmahmann, 2009), although
bilateral cerebellar involvement has also been described (Marién, Engelborghs,
Fabbro, & De Deyn, 2001; Murdoch & Whelan, 2007).

8.3 Role of the Cerebellum in Speech and Language
Impairments: Evidence from Clinical Studies

Evidence for a cerebellar role in the speech and language domains derives predomi-
nantly from evaluations of patients with various cerebellar pathologies in which
different language problems have been identified (Marién & Borgatti, 2018). Indeed,
according to the most relevant literature, several types of motor and nonmotor lan-
guage impairments have been reported after cerebellar damage, as outlined in the
next sections. When language function is considered a highly complex skill that
incorporates different subskills, evidence about specific alterations observed after a
cerebellar lesion can lead to new considerations for possible treatments.

8.3.1 Motor Speech Planning

This term refers to an implicit knowledge of the language regularities in motor pat-
terns that are established during speech acquisition (Mooshammer, Goldstein, Nam,
et al., 2012). A cerebellar lesion may cause ataxic dysarthria, a speech disorder
traditionally ascribed to motor execution impairments and characterized by dis-
torted articulation and prosody. In the last decade, the view of ataxic dysarthria as a
mere motor execution problem has changed, and it is now considered to also encom-
pass deficits in motor speech programming (Marién & Verhoeven, 2007; Spencer &
Slocomb, 2007).

8.3.2 Verbal Fluency

Impairments in verbal fluency tasks are commonly reported in patients affected by
focal or degenerative cerebellar damage (Leggio, Silveri, Petrosini, & Molinari,
2000; Schweizer, Alexander, Gillingham, et al., 2010; Stoodley & Schmahmann,
2009). Performance differences between semantic and phonological fluency tasks
have been described in patients affected by cerebellar lesions with a specific trend
for disruption of phonological processing (Leggio et al., 2000). Although there is a
general agreement on such impairment in phonological fluency after a cerebellar
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lesion, less clear is the cerebellar lateralization effect (Leggio et al., 2000; Murdoch
& Whelan, 2007).

8.3.3 Grammar Processing

Since the 1990s, a growing number of clinical studies have provided evidence for a
possible role of the cerebellum in morphological and syntactic aspects of language
processing in terms of deviations from predicted grammar rules such as subject-
verb agreement or canonical word order (Marién, Baillieux, De Smet, et al., 2009;
Silveri, Leggio, & Molinari, 1994). Regarding grammatical problems, most of the
cases in the literature presented after a right cerebellar lesion (Marién, Engelborghs,
Pickut, & De Deyn, 2000; Silveri et al., 1994). However, left cerebellar hemisphere
involvement has also been described (Fabbro, Moretti, & Bava, 2000; Justus, 2004).

8.3.4 Writing

Among language deficits, writing disorders have been frequently reported after cer-
ebellar lesions. Consequent to focal or diffuse cerebellar damage in adults, different
studies have described the presence of disorders in the coordination, planning, and
execution of writing movements, such as spatial agraphia, apraxic agraphia, micro-
graphia, and neglect dysgraphia (Marién, De Smet, de Smet, et al., 2013; Silveri,
Misciagna, Leggio, & Molinari, 1999), which are not linked to the typical motor
impairments due to cerebellar damage. More central processes of writing are also
affected by cerebellar lesions (Lupo et al., 2019). These are commonly included in
the cluster of graphical buffer deficits (i.e., spelling process, lexical agraphia, deep
agraphia, phonological or semantic agraphia) (Haggard, Jenner, & Wing, 1994;
Silveri et al., 1999). Although writing problems are mainly described after a right
cerebellar lesion, there is no agreement on cerebellar lateralization in this function
(Fabbro et al., 2000; Marién et al., 2009).

8.3.5 Reading

Reading difficulties after cerebellar damage in adults have been reported less often.
In the last decade, Moretti, Torre, Antonello, et al. (2002) provided evidence for
problems in the reading of letters and words in a population of cerebellar patients
with vermal lesions. Furthermore, Marién et al. (2009) described visual dyslexia in
a patient affected by an ischemic infarction in the territory of the right superior cer-
ebellar artery.
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8.3.6 Verbal Working Memory

Verbal working memory (VWM) is the ability to temporarily store and manipulate
verbal information. Data from studies in adult patients showed that the presence of
cerebellar pathology can have a mildly to moderately severe negative impact on
VWM (Chiricozzi, Clausi, Molinari, et al., 2008; Hokkanen, Kauranen, Roine,
et al., 2006; Ravizza, McCormick, Schlerf, et al., 2006). The shared hypothesis
about the cerebellar role in VWM has been that the cerebellum could participate in
the articulatory control system and/or the phonological storage system (Chiricozzi
et al., 2008; Ravizza et al., 2006) described by Baddeley (2003). Ravizza et al.
(2006) suggested that the cerebellum may be involved in creating a memory trace
during the first stage of articulatory control when verbal information is translated
into a phonological representation. Furthermore, impairment in encoding phono-
logical traces has also been described as a consequence of cerebellar damage
(Chiricozzi et al., 2008).

8.4 Structural and Functional MRI Alterations
in the Cerebello-Cerebral Circuitry Related to Speech
and Language Deficits

In the context of language deficits related to cerebellar alterations, further support
has been provided by structural and functional neuroimaging studies. Starting from
the evidence that the cerebellum has a clear topographical organization of functions,
linguistic abilities may be selectively affected based on the site of the cerebellar
lesion. As proposed by Marién et al. (2000) and Marién, Saerens, Nanhoe, et al.
(1996), after cerebellar damage, a reduction in excitatory impulses through the
cerebello-ponto-thalamo-cortical pathways may result in language disturbances that
reflect a remote effect on supratentorial language areas. Consistent with the pres-
ence of contralateral projections between the cerebellum and left-lateralized lan-
guage regions in the cerebral cortex (Hubrich-Ungureanu, Kaemmerer, Henn, &
Braus, 2002; Jansen, Floel, Randenborgh, et al., 2005), different studies in
cerebellar-damaged patients have shown that language deficits (in particular
impaired verbal fluency and agrammatism) occur more often after damage of the
right posterior cerebellar lobe (Schmahmann & Sherman, 1998; Tedesco et al.,
2011). This evidence has been further supported by neuroimaging studies in patients
with cerebellar damage using voxel-based lesion-symptom mapping that have
shown a link between damage to the right Crus I and verbal fluency deficits (Richter,
Gerwig, Aslan, et al., 2007), while damage to right lobules VII through IX was
associated with poorer scores on the Boston Naming Test (Stoodley, MacMore,
Makris, et al., 2016). As suggested by a whole-brain voxel-based morphometry
study (Clausi, Bozzali, Leggio, et al., 2009) in patients affected by isolated cerebel-
lar damage, gray matter (GM) changes may occur in supratentorial regions due to
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the reduced input via cerebello-cortical pathways and result in the observed func-
tional impairment. Specifically, reduced GM volume in the left superior temporal
gyrus has been shown after isolated right cerebellar damage and correlated with
verbal fluency deficits in patients (Clausi et al., 2009). It is worth noting that,
although most studies have indicated crossed cerebro-cerebellar language lateral-
ization (Méndez Orellana, Visch-Brink, Vernooij, et al., 2015; Starowicz-Filip,
Chrobak, Moskata, et al., 2017), clinical and neuroimaging findings have also sug-
gested that the left cerebellar hemisphere contributes to the mediation of language
via ipsilateral cerebello-cortical pathways (Murdoch & Whelan, 2007).

From a structural point of view, further support comes from a diffusion tensor
imaging (DTI) study that investigated the patterns of microstructural integrity
within cerebellar white matter tracts connecting the cerebellum with higher-order
cerebral regions, including those relevant to language (Olivito, Lupo, Iacobacci,
et al., 2017). In particular, in patients with cerebellar neurodegenerative pathology,
specific alterations of diffusion-derived measures within the right superior cerebel-
lar peduncle correlated with verbal and phonological fluency (Olivito et al., 2017).
Moreover, cerebellar mutism syndrome has been described in patients with a sig-
nificant reduction of diffusivity values (i.e., fractional anisotropy) in the superior
cerebellar peduncle (McEvoy, Lee, Poliakov, et al., 2016).

Taken together, these observations suggested that altered interactions within spe-
cific cerebello-cortical modules may be related to language and speech deficits, both
in primary cerebellar pathology and other pathological conditions in which cerebel-
lar damage is reported. In this framework, functional connectivity (FC) studies have
provided great insight into the dissection of the complex interactions between the
cerebellar and cerebral cortex that may subserve linguistic abilities and have
informed our understanding of the cerebello-cerebral functional alterations underly-
ing language and speech dysfunctions. FC refers to synchronous neural activity
between anatomically separated brain regions (Biswal, Van Kylen, & Hyde, 1997)
and can be analyzed by means of resting-state functional magnetic resonance imag-
ing (rs-fMRI). This approach focuses on spontaneous, low-frequency fluctuations
(<0.1 Hz) in the blood oxygen level-dependent (BOLD) signal at rest and allows the
detection of synchronous activations between regions that are spatially distinct
(Biswal et al., 1997). Over the years, an increasing body of rs-fMRI studies in
healthy subjects have revealed the presence of functional intrinsic connectivity net-
works involving the cerebellum and cerebral cortex regions related to language
(Buckner, Krienen, Castellanos, et al., 2011; D’Mello & Stoodley, 2015; O’Reilly,
Beckmann, Tomassini, et al., 2010). Connectivity alterations within cerebello-
cerebral networks have been specifically linked to language deficits reported in
autism spectrum disorders (ASD) (Khan, Nair, Keown, et al., 2015; Verly, Verhoeven,
Zink, et al., 2014). By using a seed-based approach, Verly et al. (2014) reported a
significant reduction in the FC strength between the right posterior cerebellum
(Crus I and Crus II) and cortical language regions, including the left inferior frontal
gyrus, dorsolateral prefrontal cortex, left premotor, and supplementary motor area.
All these cortical regions are related to different language domains (Alario, 2006;
Duffau, 2003), thus suggesting that FC within specific cortico-cerebellar modules
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might play a crucial role in distinct abnormal language functions in ASD. Further
support for these observations has been derived from evidence that FC strength
between different cerebello-cortical nodes correlates with distinct expressive and
receptive language domains (see Verly et al., 2014 for a review). Overall, the struc-
tural and functional observations derived from neuroimaging studies highlight the
centrality of the cerebellum in regulating language networks and may provide
important therapeutic indications in the context of language deficits, particularly
when the increasing interest of cerebellar neuromodulation to treat different motor
and cognitive disturbances is considered (D’Mello, Turkeltaub, & Stoodley, 2017,
Ferrucci, Bocci, Cortese, et al., 2016; Leow, Marinovic, Riek, & Carroll, 2017).

8.5 Cerebellar Neuro-Stimulation Techniques

As reported in the previous sections, a number of clinical and neuroimaging studies
point toward a central role of the cerebellum in regulating speech and language
functions. Specifically, the evidence regarding impairments after cerebellar lesions
and the activation of specific regions of the cerebellum in speech and language tasks
may provide the foundations for developing novel treatments.

The cerebellar anatomical location, right beneath the skull, makes the cerebel-
lum accessible to noninvasive neuro-stimulation techniques such as transcranial
magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) (van
Dun, Bodranghien, Manto, & Marién, 2017), which have been recognized as prom-
ising techniques to modulate neuronal activity in both healthy and patient popula-
tions (van Dun, Mitoma, & Mario Manto, 2018). Indeed, modeling studies have
shown that both TMS and tDCS are capable of inducing electric currents inside the
cerebellar cortex (Hardwick, Lesage, & Miall, 2014; Parazzini, Rossi, Ferrucci,
et al., 2014). Moreover, if we consider the very high concentration and organized
distribution of neurons in the cerebellar cortex, together with the properties of plas-
ticity in the cerebellar microcircuits, these techniques may be very effective when
targeting the human cerebellum, with consequent effects on cognitive domains in
which the cerebellum plays a role, such as speech and language (van Dun et al.,
2017; van Dun, Bodranghien, Marién, & Manto, 2016).

Before examining the cerebellar neuro-stimulation effects on speech and lan-
guage abilities, it is useful to briefly describe the main characteristics of TMS and
tDCS over the cerebellum.

8.5.1 Cerebellar Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a safe and noninvasive neuro-
stimulation technique that allows both activation and modulation of the excitability
of neurons depending on the intensity and frequency of the pulses (Sandrini, Umilta,
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& Rusconi, 2011; Walsh & Cowey, 2000). It is administered by using a magnetic
coil placed on the scalp to induce weak electric currents in the brain sites beneath
the coil. It can be administered as a single pulse (single-pulse TMS) with an excit-
atory effect or as a series of pulses with different frequencies. Similarly, the effects
of repetitive TMS (rTMS) on neuronal activity depend on pulse frequency: high-
frequency rTMS (usually 50 Hz) excites and low-frequency rTMS (usually 1 Hz)
inhibits neuronal activity (Hallett, 2007). A variation in the rTMS protocol is theta-
burst stimulation (TBS), which uses bursts of high-frequency stimulation (3 pulses
at 50 Hz) at a 1-5 Hz rhythm. It can be given in a continuous (cTBS, inhibitory) or
intermittent (iTBS, excitatory) manner (van Dun et al., 2016, 2018); rTMS is often
used in cognitive research to induce a reversible “virtual lesion,” as its effects out-
last the period of stimulation by some minutes (Walsh & Cowey, 2000).

To date, although most TMS studies have been directed at the cerebral cortex,
there is growing interest in applying TMS over the cerebellum to investigate the
effects of cerebellar stimulation on cognitive functions, including language process-
ing (Grimaldi, Argyropoulos, Boehringer, et al., 2014). It has been proposed that
single-pulse TMS over the cerebellum activates Purkinje cells, with increased inhi-
bition of the dentate-thalamo-cortical facilitatory connections that affect the contra-
lateral primary motor and prefrontal cortex (Ugawa & Iwata, 2005). Moreover,
different studies on motor and cognitive processes have inferred suppression of the
activity of the cerebellar cortex after cTBS (Koch, Mori, Marconi, et al., 2008;
Picazio, Oliveri, Koch, et al., 2013).

However, there is no consensus on the effects of rTMS and cTBS of the cerebel-
lum on cerebral cortex function. Indeed, both facilitation and inhibition of motor-
evoked potentials (MEPs) have been reported after cerebellar stimulation (van Dun
et al., 2017). The situation becomes more complex in cognitive studies, in which
behavioral measures are used. In this case, physiological measures of cortical func-
tion, i.e., electroencephalogram, should be encouraged, and several methodological
issues need to be considered, such as the type of coil, the intensity, and site of stimu-
lation (Tomlinson, Davis, & Bracewell, 2013).

8.5.2 Cerebellar Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation
technique that induces site-specific, polarity-dependent modulation of cortical
excitability. However, tDCS is not as powerful as TMS in inducing action potentials
(Woods, Antal, Bikson, et al., 2016). Two electrodes of different polarities (most
frequently used electrode sizes are 25-35 cm?), the “anode” and the “cathode,” are
connected to a 9 V battery-driven direct current stimulator and used to deliver a low-
intensity constant current of 1-2 mA for 8-25 min. One electrode is placed over the
cerebral area of interest and the other electrode over a reference site, which can be
on the scalp for bicephalic stimulation (Grimaldi & Manto, 2013) or on a different
body part, such as the deltoid muscle, for monocephalic stimulation (Ferrucci,
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Marceglia, Vergari, et al., 2008). The current flow passes from one electrode to the
other and in the opposite direction for anodal versus cathodal tDCS, affecting the
sodium and calcium channels and altering resting membrane potentials (Nitsche,
Cohen, Wassermann, et al., 2008; Woods et al., 2016).

In general, in healthy subjects, anodal tDCS leads to neuronal membrane depo-
larization and increases neural excitability, whereas cathodal tDCS leads to neuro-
nal membrane hyperpolarization and decreases neuronal excitability (Bikson,
Inoue, Akiyama, et al., 2004). The effects of tDCS can occur both during and after
stimulation (e.g., in the motor cortex, the effect can last up to 90 min) (Nitsche &
Paulus, 2001) and might result in enhanced or impaired task performance, depend-
ing on the stimulated neuronal circuitry (Antal, Nitsche, Kincses, et al., 2004;
Rogalewski, Bretenstein, Nitsche, et al., 2004).

In recent years, the cerebellum has been considered an ideal target for tDCS due
to its high neuronal concentration and anatomical location. Indeed, as shown in
animal studies, the cerebellum is highly susceptible to polarizing currents (Grimaldi,
Argyropoulos, Bastian, et al., 2016). Although the unique and complex cytoarchi-
tecture of the cerebellum makes it difficult to predict tDCS outcomes (Rahman,
Toshev, & Bikson, 2014), cerebellar tDCS has been increasingly used in both
healthy subjects and patients to study the functional connectivity of the cerebellum
with other parts of the brain and its effects on motor, cognitive, or affective functions.

The effect of tDCS over the cerebellum in humans has been indirectly investi-
gated by studying its effect on “cerebellar brain inhibition” (CBI) (Galea, Jayaram,
Ajagbe, & Celnik, 2009; Ugawa, Uesaka, Terao, et al., 1995), which is the inhibi-
tory action that the cerebellum exerts on the contralateral cerebral cortex by means
of inhibitory output from Purkinje cells to the disynaptic dentate-thalamo-cortical
facilitatory connections (Oulad Ben Taib & Manto, 2013; Ugawa, Genba-Shimizu,
Rothwell, et al., 1994). Specifically, the cerebellar cortex sends efferent fibers to the
cerebral cortex through the cerebellar nuclei, on which it exerts inhibitory action.
Since the cerebellar nuclei exert excitatory effects on the thalamo-cortical pathway,
theirinhibitionresultsinreduced dentate-thalamo-cortical facilitation (Schmahmann,
Smith, Eichler, & Filley, 2008). Galea et al. (2009), using a conditioning paired-
TMS protocol, showed that cerebellar tDCS induces amplitude changes in MEPs
elicited from the contralateral primary motor cortex. In particular, they demon-
strated that cerebellar cathodal stimulation decreased the ability of TMS to elicit
CBI of M1, whereas anodal stimulation had the opposite effects. Although the exact
physiological impact of tDCS over the cerebellum is not yet completely understood,
it has been proposed that it produces its effects by polarizing Purkinje cells and
changing the levels of activity in the deep cerebellar output nuclei, affecting distant
plasticity in human cortical areas (Galea et al., 2009). Moreover, cerebellar tDCS
might affect the transmembrane polarization resulting in prolonged spiking activity
in Golgi inhibitory cerebellar neurons that can explain the long-lasting aftereffects
(Grimaldi et al., 2016).

One limitation of cerebellar tDCS is that although modeling studies have demon-
strated that the electric field effectively reaches the cerebellum, only the lobules in
proximity to the skull, such as the posterior portions of the cerebellum, are accessible
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(Ferrucci, Brunoni, Parazzini, et al., 2013; Rahman et al., 2014). Moreover, cerebel-
lar tDCS effects also depend on the electrical field orientation. The position of the
reference electrode is thus of critical importance: for example, positioning it on the
ipsilateral buccinator muscle or on the shoulder might alter the stimulation effect
(Ferrucci, Cortese, & Priori, 2015). Another issue that must be taken into account is
that there have been no unambiguous conclusions about the polarity-specific effects
of cerebellar tDCS. Indeed, while some studies reported polarity-specific effects
(Galea et al., 2009; Pope & Miall, 2015), with anodal cerebellar stimulation increas-
ing and cathodal stimulation decreasing CBI, other studies found no differences
between anodal and cathodal cerebellar stimulation (Ferrucci et al., 2008; Hamada,
Strigaro, Murase, et al., 2012).

In conclusion, cerebellar tDCS can be considered safe and is not associated with
long-lasting negative side effects. However, it is important to carefully consider
each stimulation parameter to guarantee the health and safety of subjects undergo-
ing stimulation. In particular, the possible short-term side effects (i.e., itching, tin-
gling, burning, mild intensity pain sensations, sensation of a metallic taste, and
redness under the electrode) and subject exclusion criteria (i.e., brain surgery, head
trauma, or tumor, metal in the head, implanted medical devices, central nervous
system-effective medication, pregnancy, scalp sensitivity) have to be taken into
account (Grimaldi et al., 2016).

8.6 Cerebellar Stimulation to Modulate Speech
and Language Abilities in Healthy Subjects

The following subsections will be focused on the studies that used TMS and tDCS
to investigate the cerebellar role in speech and language domains. We will provide
also an overview of the studies that combine these neuromodulation techniques with
neuroimaging analyses to investigate the effect of cerebellar stimulation on the cere-
bral areas involved in speech and language functions.

8.6.1 Cerebellar TMS Effects

Different studies have used TMS to investigate the role of the cerebellum in specific
cognitive domains, including speech and language functions (Arasanz, Staines,
Roy, etal., 2012; Argyropoulos, Kimiskidis, & Papagiannopoulos, 2011; Tomlinson,
Davis, Morgan, & Bracewell, 2014). In particular, to investigate language abilities,
tasks assessing working memory, verbal fluency, and lexical decision tasks have
been administered before and after different types of cerebellar stimulation. A sum-
mary of the studies that investigated the effects of cerebellar TMS on speech and
language functions is reported in Table 8.1a.
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The effects of cerebellar TMS on verbal working memory, measured by the
Sternberg task, have been reported in two studies, and they demonstrated increased
reaction times after single-pulse TMS over the right superior cerebellum (Desmond
etal., 2005) and an impairment in accuracy after cTBS over the same site (Tomlinson
etal., 2014).

As reported in Sect. 8.3, cerebellar damage may also result in verbal fluency
impairments. Arasanz et al. (2012) investigated the impact of cerebellar stimulation
on both phonetic and semantic fluency tasks, focusing on the number of category
switches, that is, the exhaustion of a phonemic or semantic cluster and the shift to
another. They compared two groups of healthy subjects who completed phonemic
and semantic fluency tasks before and after cTBS: one group received stimulation
over the right cerebellar hemisphere and the other over the left cerebellar hemi-
sphere. The results showed that cTBS over the right posterolateral cerebellum
induced lower switching scores during the first 15 s of phonemic fluency perfor-
mance, with no effect on semantic fluency. These data confirmed previous studies
showing that the cerebellum is involved in phonemic but not semantic fluency
(Leggio et al., 2000), and these studies probe the effects of cerebellar stimulation on
the executive control of word generation.

Another language ability that has been reported as impaired in cerebellar patients
and in which the cerebellum seems to play a role is reading ability (see Sect. 8.3),
in which lexical aspects are crucial. Since 2011, Argyropoulos and colleagues have
used cTBS to investigate the role of the cerebellum in the lexical domain. In particu-
lar, in an initial study (Argyropoulos, 2011), cTBS was applied over the right medial
and lateral cerebellum to investigate its effect in a lexical decision task by using
lexical associative priming. The author found that medial cerebellar stimulation led
to a significant enhancement of associative priming when it was based on the co-
occurrence of words in idiomatic speech. These results suggest that the cerebellum
has a role in predictive aspects of language processing. Moreover, in the same study,
the authors found that, when right medial stimulation was administered before (first
session) the lateral stimulation (second session), the subjects showed a significant
drop in the post-stimulation lexical decision task accuracy. This aspect was further
addressed in a subsequent study (Argyropoulos et al., 2011) in which the effects of
the right cerebellar cTBS on practice-induced acceleration of lexical decisions were
investigated. Right medial and right lateral cerebellar sites were stimulated, and a
visual lexical decision task was used. The results showed that the practice effects on
the lexical decision task were reduced after medial cTBS, suggesting a cerebellar
role in acquiring, storing, and/or retrieving associative memories. Moreover,
Argyropoulos and Muggleton (2013), using cTBS and a lexical decision task, dem-
onstrated that stimulation of the right lateral cerebellum enhanced noun-to-verb
semantic associative priming. These findings were recently reinforced by Gilligan
and Rafal’s (2018) study. These authors provided evidence that left cerebellar hemi-
sphere cTBS decreased, and right hemisphere stimulation increased, associative
word priming in a lexical decision task.

Recently, Allen-Walker and colleagues (2018) showed that cTBS over the left
cerebellar hemisphere influenced backward associative priming with short stimulus
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onset asynchrony (SOA) in a lexical decision task. They found a significant increase
in the priming size only for backward related stimuli after the stimulation of the left
cerebellar hemisphere and no changes for forward priming. This is in line with a
previous fMRI study in which activation of the left cerebellum was found for back-
ward priming at short SOA, together with brain areas involved in lexical processing
system (such as the right occipitotemporal network) (Terrien et al., 2013). It has
been hypothesized that the presence of automatic and fast feedback loops in the left
cerebellum could be involved in the backward priming and seem to be dissociated
from forward connections (Allen-Walker et al. 2018).

These results are in line with clinical (Marién et al., 2001) and neuroimaging
(Murdoch & Whelan, 2007) data, indicating the involvement of both cerebellar
hemispheres in the language domain. Taking the combined results of these studies
in consideration, the right cerebellum is clearly involved in lexical associative com-
putations and the left cerebellum seems to have a selective role in backward priming.

Consistent with the above, Lesage et al. (2012) provided evidence that low-
frequency rTMS over the right cerebellum affected predictive processes in a task of
sentence comprehension. The results showed that after cerebellar stimulation, par-
ticipants were significantly slower at predicting the final noun of an auditorily pre-
sented sentence. The authors argued that the right cerebellum might contribute to
language prediction, providing an efferent copy of internalized speech, due to its
connections with cortical language areas such as Broca’s area. This idea is in line
with language processing theories proposing that the self-monitoring of language
production is achieved through internal modeling, in a manner similar to other
somatic actions (see Argyropoulos, 2016 for discussion). In this light, Runnqvist
et al. (2016) studied the possibility of a causal role of the right posterior cerebellum
in self-monitoring of speech errors. They applied low-frequency rTMS over the
right or left cerebellar hemisphere (lobules Crus I and IT) and used a speech produc-
tion task. The authors found that language production was impaired after right cer-
ebellar stimulation and interpreted this result as evidence for direct cerebellar
involvement in language production “in terms of internal modeling of upcoming
speech through a verbal working memory process used to prevent errors” (Runnqvist
et al., 2016, p. 203).

Finally, Oliveri et al. (2009) investigated the possible involvement of the cerebel-
lum in spatial-temporal interactions in language, linking this aspect with the gram-
matical aspects in which the cerebellum plays a role. In this study, the subjects were
asked to indicate whether a stimulus was past or future tense with right and left
response buttons. The participants were faster and more accurate if the left button
was associated with the past and the right with the future tense, showing a spatial-
temporal association of linguistic tenses. rTMS over both cerebellar hemispheres
decreased this enhanced accuracy for identifying future (right) and past (left) tense.
In addition, stimulation of the right cerebellum selectively slowed down responses
to the future tense of action verbs. The authors interpreted these findings as a dem-
onstration of a cerebellar role in establishing the grammatical rules for verb conju-
gation. They also suggested that the right cerebellum may be important in
anticipating future events based on past experiences, in line with the hypothesis that
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the cerebellum acts as a predictive device across different domains (Leggio &
Molinari, 2015; Miall, Weir, Wolpert, & Stein, 1993; Roth, Synofzik, &
Lindner, 2013).

In this complex set of findings, when we look at cerebellar speech and language
functions, in most of the studies, the right lateral cerebellum (lobule VIIa/Crus I)
appears to be the preferred target for the TMS. This region has been implicated in a
range of language tasks by both lesion and imaging studies (Marién et al., 2001).
However, starting from these studies, specific conclusions are difficult to draw.
Indeed, in some experiments, low-frequency rTMS or cTBS led to enhanced perfor-
mance (Argyropoulos, 2011; Argyropoulos & Muggleton, 2013), whereas in others,
there was a disruptive effect (Argyropoulos et al., 2011; Desmond et al., 2005;
Lesage et al., 2012; Oliveri et al., 2009; Tomlinson et al., 2014). These findings may
be due to the excitatory and inhibitory connections that the cerebellum has with dif-
ferent cerebral areas; thus, the stimulation effects may depend on the targeted path-
ways and on their contribution to the studied task. Therefore, a number of variables
must be taken into account to design therapeutic protocols, and the few negative
results reported in the literature need to be examined. In one relatively early study,
Rami et al. (2003) did not find any effect of online high-frequency rTMS over the
right cerebellar hemisphere in phonetic fluency and episodic memory tasks. These
results could be due to differences in the timing or types of TMS protocols.

8.6.2 Cerebellar tDCS Effects

A novel line of research is also represented by the study of cerebellar tDCS effects
on cognitive functions (Ferrucci & Priori, 2014). In the present section, we will
focus on the studies in which the effect of cerebellar tDCS on speech and language
abilities was investigated to understand the potential use of this technique as a treat-
ment intervention. A summary of the studies that investigated the effects of cerebel-
lar tDCS on speech and language functions is reported in Table 8.1b.

Studies have primarily focused on the effects on verbal working memory task
performance (i.e., Sternberg task) (Ferrucci et al., 2008; Macher et al., 2013). In
particular, Ferrucci et al. (2008) found that both anodal and cathodal cerebellar
stimulation impaired practice-dependent improvements, significantly affecting the
reaction times, but with no effect on task accuracy.

In 2013, Boehringer et al. (2013) found that cathodal tDCS over the right cere-
bellum decreased forward digit span task performance and blocked the practice-
dependent increase in verbal working memory for backward digit spans, with no
effect on word reading, finger tapping, and visually cued sensorimotor tasks. These
findings are in line with those that demonstrated an impairment of the practice-
induced facilitation in word-generation tasks after cerebellar damage (Fiez, Petersen,
Cheney, et al., 1992; Gebhart, Petersen, & Thach, 2002). In the same year, in con-
trast with the absence of an effect on accuracy reported by Ferrucci et al. (2008),
Macher et al. (2013) reported a positive effect of right anodal cerebellar stimulation
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on the recognition of items of medium difficulty in the Sternberg task, with no effect
on the items of easy or hard difficulty level. These results seem to indicate that task
complexity might influence the effects of cerebellar tDCS and explain the absence
of a significant effect of cerebellar stimulation on accuracy in the study by Ferrucci
et al. (2008), in which intermixed Sternberg stimuli of three difficulty levels were
used. A task-difficulty influence on cerebellar tDCS findings has also been demon-
strated by Pope and Miall (2015). In this study, the authors reported an effect of
tDCS over the right cerebellum on the difficult paced auditory serial subtraction
task (PASST), but not on the easier paced auditory serial addition task (PASAT). In
particular, the authors observed an improvement of the performance and a reduction
in verbal response latency on the PASST selectively after cathodal stimulation. The
authors suggested that cerebellar stimulation affects distinct levels of executive
demand and memory load, hypothesizing that when cognitive load is high, cathodal
depression of the right cerebellar cortex may release cognitive resources by disin-
hibiting the left prefrontal cortex and enhancing performance (Pope & Miall, 2015).
Moreover, in the same study, the authors found a facilitatory effect of cathodal tDCS
over the right cerebellum on the rate and consistency of subjects’ verbal responses
in a verb generation task. They explained these facilitatory effects as a result of
disinhibition of the left prefrontal cerebral cortex. Indeed, the inhibitory effect of
the cathodal tDCS on the cerebellar cortex releases the cerebellar nuclei, thus result-
ing in enhanced activity in the projections to cerebral areas (Pope & Miall, 2015).
These results are in line with the enhanced lexical associative priming observed
after the cerebellar cTBS that has an inhibitory effect on the cerebral cortex as well
(Argyropoulos, 2011; Argyropoulos & Muggleton, 2013). In a more recent study,
Turkeltaub et al. (2016) demonstrated that anodal tDCS over the right posterolateral
cerebellum significantly improved phonemic fluency (the same trend was found for
cathodal stimulation).

As shown in studies that investigated the cerebellum’s role in language abilities
by using cerebellar TMS (reported in Sect. 8.6.1) and in line with recent hypotheses
(Argyropoulos, 2016; Miall et al., 2016; Moberget & Ivry, 2016), the cerebellum
might support predictive and learning mechanisms involved in linguistic processing
(Lesage et al., 2012), as it does on motor control, to optimize the behavior. In this
framework, Miall et al. (2016) investigated the polarity-specific effects of cerebellar
tDCS on linguistic prediction, hypothesizing that cathodal polarity should impair
and anodal polarity should facilitate linguistic prediction. Their experimental design
also tested whether tDCS modulated associative learning in a manual variation of
the visual world paradigm used by Lesage et al. (2012). Consistent with the previ-
ous TMS study by Lesage et al. (2012), the authors found that cathodal stimulation
decreased and anodal stimulation enhanced the response time advantage for the
predictable sentence items, without changing performance for the nonpredictable
ones. These results are consistent with a role for the right posterolateral cerebellum
beyond motor aspects of language and suggest that internal models of linguistic
stimuli in the cerebellum might also support semantic prediction, due to the cerebel-
lar functional connectivity with cerebral cortical language networks.
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As evidenced by the studies reported above, there have been inconsistent reports
on whether anodal or cathodal tDCS over the cerebellum improves or disrupts lan-
guage processing. Thus, additional studies are needed to clarify the polarity-specific
effects of the cerebellar tDCS on cognitive processing.

8.6.3 Cerebellar TMS/tDCS Effects on Cerebro-Cerebellar
Networks

As shown in Sect. 8.4, neuroimaging studies clearly demonstrated that the cerebel-
lum is a component of distributed language networks (Buckner et al., 2011; O’Reilly
et al., 2010), but the functional relationship between the cerebellum and cerebral
areas involved in language processing remains to be further elucidated. A novel
approach to this issue has been recently employed, by combining brain stimulation
and neuroimaging techniques to precisely investigate how magnetic or electrical
stimulation over the cerebellum may affect this structure, the rest of the brain, as
well as the interaction between them. A summary of the studies that combine cere-
bellar TMS or tDCS with neuroimaging analyses to investigate the effect of cerebel-
lar stimulation on the cerebral areas involved in speech and language functions is
reported in Table 8.2.

Interestingly, some studies have shown that the application of TMS and tDCS
over the cerebellar cortex might determine changes in the activity not only of cere-
bellar output (Das, Spoor, Sibindi, et al., 2017; Oulad Ben Taib & Manto, 2013) but
also of the cortical areas targeted by the cerebellar projections (Cho et al., 2012;
Macher et al., 2014).

In a combined rTMS and positron emission tomography study, Cho et al. (2012)
observed increased glucose metabolism in cognition- and language-related areas,
such as the left superior temporal gyrus (Wernicke’s area) and left inferior frontal
gyrus (Broca’s area), when 1 Hz rTMS was applied over the left cerebellum. Taking
into account the data showing co-activation of Broca’s area and the cerebellum dur-
ing language-related tasks (Honey, Bullmore, & Sharma, 2000; Majerus, Laureys,
Collette, et al., 2003; Paulesu, Frith, & Frackowiak, 1993), the authors hypothesized
that rTMS works as a cerebellar “virtual lesion” and compensatory neuronal activity
can occur in other brain areas to maintain the functional state. It has to be underlined
that this result is to be seen in the context of the ongoing debate about the role of left
and right cerebellar hemispheres in linguistic abilities (Gebhart et al., 2002). Indeed,
although cerebellar language-related deficits have been observed more often after
lesions of the right lateral cerebellum (Baillieux, De Smet, Dobbeleir, et al., 2009;
Gottwald, Wilde, Mihajlovic, & Mehdorn, 2004), and some studies have demon-
strated activation of the right cerebellar hemisphere during language tasks (Hubrich-
Ungureanu et al., 2002; Jansen et al., 2005), both clinical and neuroimaging studies
have provided evidence for a role of the left cerebellar hemisphere in the language
domain (Gebhart et al., 2002).
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Brusa et al. (2014) administered daily iTBS sessions over the cerebellum for
2 weeks in patients with progressive supranuclear palsy (PSP). The CBI measure (to
investigate the interaction between the cerebellum and M1), rs-fMRI and a clinical
rating scale were involved both pre- and post-iTBS. The authors observed an
increase in CBI and alleviation of dysarthria. Moreover, the rs-fMRI showed an
increased BOLD signal in the caudate nuclei, suggesting an enhanced functional
connectivity between the cerebellar hemispheres, caudate nuclei, and cortex.

Furthermore, combining right cerebellar tDCS with fMRI in healthy adults,
Macher et al. (2014) found an impaired digit recognition performance in a modified
Sternberg task after anodal cerebellar stimulation. They also found attenuated
hemodynamic signal in the right lobule VIIb and decreased FC between this lobule
and the posterior parietal cortex during the late encoding phase. However, in a more
recent study, Turkeltaub et al. (2016) demonstrated that anodal tDCS over the right
posterolateral cerebellum modulated rs-fMRI FC in language networks, increased
the FC between the cerebellum and language and speech motor regions, and
improved verbal fluency.

In a subsequent study combining tDCS over the right posterolateral cerebellum
and fMRI, D’Mello et al. (2017) showed that anodal tDCS increased activation in
right Crus I/IT during semantic prediction and enhanced resting-state FC between
hubs of the reading/language networks. Interestingly, they observed that cerebellar
tDCS did not broadly increase activation throughout the brain; indeed, the effects of
tDCS were focal to language-associated regions of the cerebellum and cerebral cor-
tex. This is consistent with the previous study by Turkeltaub et al. (2016) showing
that cerebellar tDCS over the posterolateral cerebellum altered FC in cerebro-
cerebellar association networks without affecting somato-motor networks.

All in all, these studies further confirm that the cerebellum has functional links
to the cerebral areas involved in specific aspects of language processing and that
electric or magnetic stimulation applied over the cerebellum affects these cerebello-
cerebral networks.

8.7 Cerebellar Stimulation to Modulate Speech
and Language Abilities in Patients

In recent literature, studies have applied TMS or tDCS over specific cerebral areas,
such as the left dorsolateral prefrontal cortex or posterior perisylvian area in patients
presenting with language deficits to investigate the effect of neuromodulation on
specific language tasks, often obtaining therapeutically promising improvements in
linguistic performance (Monti, Ferrucci, Fumagalli, et al., 2013).

Regarding the cerebellum, initial studies reported an improvement in ataxic
gait after 21 days of rTMS over the cerebellum in patients with spinocerebellar
ataxia (SCA) (Shiga, Tsuda, [toyama, et al., 2002; Shimizu, Tsuda, Shiga, et al.,
1999). Farzan et al. (2013) applied the same protocol on a patient affected by
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idiopathic late-onset cerebellar atrophy. The patient presented with scanning
speech dysarthria, a type of ataxic dysarthria in which spoken words are broken
up into separate syllables, often separated by a noticeable pause, and spoken
with varying force. During the training sessions, the patient was required to
complete one trial of normal walking and one trial of motor-cognitive dual task-
ing during which they had to name items found in a supermarket while walking.
Interestingly, when cerebellar stimulation was applied, the authors found not
only an improvement in limb coordination and gait but also in speech, as char-
acterized by a louder and clearer voice. Moreover, the patient named more items
in the dual-task condition.

The authors linked this finding to a reduction in CBI due to transient depletion
of cerebellar cortical neuro-mediatory mechanisms responsible for suppression
of the dentate nucleus consequent to the inhibitory effect of low-frequency stim-
ulation over the cerebellar cortex. Farzan et al. (2013) argued that the low-fre-
quency TMS might exert its therapeutic efficacy by reducing the cerebellar
cortical inhibitory control over the dentate nucleus, thereby potentiating the
residual activity of the dentate nucleus, resulting in a facilitatory effect on both
motor and nonmotor cerebral areas. This hypothesis is in line with studies that
described modifications in prefrontal cortical activity and language functions
after cerebellar stimulation in healthy subjects (see Sect. 8.6.3). The case study
described by Farzan et al. (2013) provides important evidence about the efficacy
of cerebellar stimulation as a therapeutic approach in cerebellar degenerative
ataxia. These findings have been reinforced by the study of Brusa et al. (2014),
in which alleviation of dysarthria was observed in PSP patients after 2 weeks of
daily iTBS sessions over the cerebellum.

Recently, cerebellar tDCS has also been used in clinical populations to inves-
tigate its potential application as a therapeutic tool in the language domain.
Characteristically, Marangolo et al. (2018) investigated the effect of cerebellar
tDCS coupled with language treatment in improving performance in a verb gen-
eration task in subjects with aphasia by using a randomized, crossover, double-
blind design. Each participant received cerebellar tDCS in four experimental
conditions (right and left cathodal or sham stimulation), run in five consecutive
daily sessions over 4 weeks. tDCS was administered during a verb naming task
or a verb generation task. Significant improvements were found only in the verb
generation task following the cathodal stimulation conditions. The authors
hypothesized that cerebellar tDCS is a viable tool for recovery from aphasia,
particularly when the language task also demands the activation of nonlinguistic
strategies, as in the case of the verb generation task, which requires executive
and memory components.

The studies above provided evidence that cerebellar neuromodulation has the
potential to become a treatment tool for speech and language disorders, not only for
patients affected by cerebellar pathology but also for other patient populations, such
as SCA, PSP, and subjects affected by aphasia.
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8.8 Conclusions and Future Directions

Cerebellar involvement in speech and language domains has been largely demon-
strated by clinical and neuroimaging studies. These data have been reinforced by the
application of neuromodulation techniques, such as TMS and tDCS, which hold a
significant advantage over correlational fMRI methods and clinical studies because
of the capacity to demonstrate the causal relationship between cerebellar function-
ing and language abilities (Arasanz et al., 2012; Pope & Miall, 2015). Thus, as
described in the present chapter, in recent years, the cerebellum has become an
interesting target for these novel and highly promising techniques. Although, to
date, these noninvasive tools have been mainly employed in a research context,
cerebellar stimulation represents not only an interesting tool to study the role of the
cerebellum in language processing but also a therapeutic approach that could be
exploited for speech and language disorders (Grimaldi et al., 2016). In the literature,
a number of studies have demonstrated a behavioral facilitatory effect of tDCS over
different brain areas (Vallar & Bolognini, 2011), in motor and perception tasks
(Antal et al., 2004; Fregni, Boggio, Nitsche, et al., 2005), and in working memory
and language-related tasks (Fertonani, Rosini, Cotelli, et al., 2010; Fregni et al.,
2005). These findings highlight the potential of neuromodulation as a therapeutic
intervention in psychiatric and neurological conditions (i.e., depression and stroke)
(Floel, 2014; Nitsche, Boggio, Fregni, & Pascual-Leone, 2009). Regarding the
speech and language domains, despite some discrepancies in the findings as
described in the previous sections, it is clear that both TMS and tDCS over the cer-
ebellum can modulate speech and language functions and also produce improve-
ments in specific abilities (Argyropoulos, 2011; Argyropoulos et al., 2011;
Turkeltaub et al., 2016). In this light, very recent studies using cerebellar transcra-
nial stimulation in clinical populations have reported improvements in dysarthria in
PSP patients and verb generation in patients with aphasia (Bradnam, Graetz,
McDonnell, et al., 2015; Brusa et al., 2014; Marangolo et al., 2018). Considering
the cerebellar role in learning and skill acquisition through the error-based adapta-
tion of internal models that enable fluent, optimized performance (Ito, 2008), cere-
bellar neuromodulation may enhance language abilities, with potential positive
effects on aphasia recovery. Indeed, pairing cerebellar tDCS with speech-language
therapy might enhance the learning of compensatory strategies and relearning of
language mechanisms during aphasia rehabilitation.

In fact, targeting the cerebellum might represent a novel way to modulate the
excitability of not only the cerebellum but also remote cortical regions and their
functions. Indeed, as evidenced in Sect. 8.6.3, both cerebellar TMS and tDCS are
capable of modulating cerebello-cerebral FC, affecting the connectivity between the
cerebellum and language networks (D’Mello et al., 2017; Macher et al., 2014;
Turkeltaub et al., 2016). Providing sufficient reinforcement of this enhanced net-
work connectivity through multiple sessions of cerebellar stimulation could contrib-
ute to long-lasting effects on the reorganization of residual language networks after
stroke. However, due to the high variability in the impact of cerebellar TMS and
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tDCS on the cortico-cerebellar pathways, studies with more stringent methodologi-
cal standards (larger sample size, sham-controlled designs) are needed to under-
stand the effects of different experimental protocols (Nordmann, Azorina, Langguth,
& Schecklmann, 2015). This information could be crucial to efficiently implement
cerebellar TMS and tDCS in therapeutic settings.

In comparison with cortical neuromodulation, cerebellar neuromodulation might
have some additional practical advantages as a treatment approach for specific path-
ological conditions (Turkeltaub et al., 2016), and future potential applications
should be considered. For example, in patients with aphasia consequent to a cere-
bral cortical stroke with encephalomalacia at the lesion site, cerebellar stimulation
might represent a useful choice. Indeed, encephalomalacia makes direct perilesional
cerebral cortical stimulation difficult (Baker, Rorden, & Fridriksson, 2010;
Dmochowski, Datta, Huang, et al., 2013). Targeting the right hemispheric language
homologs could be an alternative, but encephalomalacia in the left hemisphere may
result in unpredictable patterns of current flow when stimulation is delivered over
the right hemisphere (Anglade, Thiel, & Ansaldo, 2014; Gainotti, 2015). As an
alternative approach, in the case of right posterolateral cerebellar stimulation, this
site is distant enough from the cerebral cortical stroke sites associated with aphasia,
and it is unlikely that the electrical current flow would be affected by encephaloma-
lacia, especially when the reference electrode is placed off the head. Furthermore,
considering the emerging literature about the possible role of connectivity altera-
tions within cerebello-cerebral networks in language deficits reported in ASD sub-
jects (Khan et al.,, 2015; Verly et al.,, 2014) (as described in Sect. 8.4), the
neuromodulation of cerebellar activity might represent a potential tool to intervene
in autism language disorders.

Before concluding, it is important to warn that prior to using the cerebellar TMS
and tDCS as potential treatment techniques in speech and language disorders, both
researchers and clinicians have to take into account the working mechanisms and
the advantages/disadvantages of each technique. Indeed, while TMS is capable of
inducing action potentials by acting on axons and monosynaptic or polysynaptic
pathways resulting in genuine neuronal firing, tDCS cannot excite neurons and is
mostly used to modulate neuronal excitability. Nevertheless, in many cases, the
aftereffects of the two techniques are very similar, probably due to shared electrical
characteristics of cerebellar neuronal populations (Grimaldi et al., 2016).

As a therapeutic tool, cerebellar tDCS seems to have some advantages over
TMS. The device to administer TMS is sophisticated and costly, while the tDCS
device is simple to use and less expensive. In addition, since the device is small and
easily portable, no specific room is required for the administration of tDCS, making
it easy to combine tDCS with other speech therapies (Priori, Hallett, & Rothwell,
2009). Other practical advantages of cerebellar tDCS over TMS regard the possi-
bilities of implementing sham-controlled and double-blind studies (Hummel,
Celnik, Giraux, et al., 2005). Indeed, placebo stimulation, often named “sham”
stimulation, is more reliable in tDCS than in TMS, particularly with respect to the
extent of the physiological artifacts that cerebellar TMS can generate (Merabet &
Pascual-Leone, 2008).
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Furthermore, during TMS, the copper wire windings within the coil tense and
often produce a brief “click” exceeding 120 dB (Pascual-Leone, Cohen, Shotland,
et al., 1992). This noise might represent a potential confound in behavioral perfor-
mance, especially in speech perception and auditory sentence comprehension tasks.
Moreover, because the suboccipital muscles of the neck attach to the skull close to
the cerebellum, the magnetic field generated by the electrical current running
through the coil can activate local sensory nerves or muscles with an unpleasant
effect or induce a startle reaction affecting reaction-time measures (Hummel et al.,
2005; Merabet & Pascual-Leone, 2008; Paulus, 2003). These aspects might also
compromise the sham condition. In contrast, during tDCS, no sounds are produced,
and only mild transient tingling sensations with no twitches may occur during the
first few seconds (Ferrucci et al., 2015). One limitation of tDCS is its spatial resolu-
tion, which is markedly lower than that of TMS (Jahanshahi & Rothwell, 2000). In
this light, the more focal effect of TMS might allow the stimulation of particular
cerebellar regions specifically involved in language subcomponents.

In conclusion, cerebellar neuromodulation has enormous potential as a treatment
tool in speech and language disorders, not only for patients affected by cerebellar
pathology but also for other patient populations. Future placebo-controlled trials in
patients with specific diagnoses would permit the identification of individuals who
can benefit the most from this therapeutic approach. Furthermore, neuroimaging
studies should be implemented to precisely identify the mechanisms of cerebellar
TMS and tDCS to guarantee more efficacious personalized treatment protocols.
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9.1 Introduction

The extent of resection constitutes a principal prognostic factor for patients with an
intrinsic brain tumor (Ius et al., 2012; McGirt et al., 2008, 2009; Sanai & Berger,
2008; Sanai, Polley, McDermott, Parsa, & Berger, 2011; Smith et al., 2008; Stummer
et al., 2008; Wisoff et al., 1998). As a consequence, maximal resection with concur-
rent preservation of functionally important areas is a key treatment goal (Duffau,
2009; Hervey-Jumper et al., 2015; Ojemann & Whitaker, 1978; Stupp et al., 2014;
Stupp, Tonn, Brada, Pentheroudakis, & ESMO Guidelines Working Group, 2010;
Weller et al., 2014). Over the years, numerous techniques have been developed in
order to attain this goal, including intraoperative imaging (magnetic resonance
imaging (MRI)) (Black et al., 1997; Foroglou, Zamani, & Black, 2009; Knauth
etal., 1999), ultrasound (Rubin & Dohrmann, 1983), and neuronavigation (Golfinos,
Fitzpatrick, Smith, & Spetzler, 1995), that are used to assist the intraoperative iden-
tification of the neoplastic tissue and guide the operative process. It is axiomatically
accepted that brain functions influencing the patient’s quality of life postoperatively,
like language, should be protected, even though the relevant areas are neighboring
to the neoplasm or are infiltrated by the neoplastic process (Watts & Sanai, 2016).

According to recent models of language organization, information is processed
through a dorsal sensorimotor stream and a ventral semantic stream (Hickok &
Poeppel, 2004; Rauschecker & Scott, 2009), following a hodotopic paradigm
(Catani, 2007; Duffau, 2008, 2010). Although traditional models emphasize the pre-
vailing participation of the dominant hemisphere, there is evidence that the non-
dominant hemisphere contributes significantly in language function (Baum, Martin,
Hamilton, & Beauchamp, 2012; Brennan & Pylkkanen, 2012; Briganti et al., 2012;
Cogan et al., 2014; De Witt Hamer, Robles, Zwinderman, Duffau, & Berger, 2012;
Desmurget, Bonnetblanc, & Duffau, 2007; Devlin & Watkins, 2007; Schuhmann,
Schiller, Goebel, & Sack, 2012; Southwell, Hervey-Jumper, Perry, & Berger, 2016;
Thiel et al., 2005; Vigneau et al., 2011). It should be emphasized that the functional
brain anatomy of language is characterized by significant intersubject variability.
This variability may be even more accentuated in cases where brain plasticity is
induced by slowly growing lesions. Accordingly, surgical resection of intrinsic
brain lesions is hindered, and functional integrity is put in jeopardy, when the unique
language brain anatomy of the patient remains unknown (De Benedictis &
Duffau, 2011).

In order to address this issue, a number of techniques for the intraoperative local-
ization of areas relevant to critical functions, like language and motor areas, have
been introduced in the neurosurgical armamentarium (Hervey-Jumper et al., 2015;
Ojemann & Whitaker, 1978; Sanai et al., 2008). These techniques include intraop-
erative cortical mapping (Berger, Cohen, & Ojemann, 1990; Rostomily, Berger,
Ojemann, & Lettich, 1991), continuous neurophysiological monitoring of the cor-
tex and the subcortical white matter (Keles et al., 2004; Kombos, Suess, Ciklatekerlio,
& Brock, 2001), as well as awake craniotomy (Berger, 1994, 1995; Berger,
Deliganis, Dobbins, & Keles, 1994; Berger & Ojemann, 1992; Penfield, 1954;
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Silbergeld, Mueller, Colley, Ojemann, & Lettich, 1992; Taylor & Bernstein, 1999;
Walsh, Schmidt, & Marsh, 1992). Direct cortical stimulation (DCS) is the current
gold standard for the accurate localization of functional cortical anatomy (De Witt
Hamer et al., 2012). In order to achieve functional mapping of areas relevant to
language processing, it is necessary that the patient be awake, cooperative, and con-
centrated. Therefore, the duration of mapping with DCS during awake surgery is
limited by discomfort, distraction of attention, fatigue, or boredom (Kilbride, 2013).
It should be noted that the effects of DCS may spread to adjacent and remote corti-
cal areas, a phenomenon which may act as a confounder in the interpretation of
results (Borchers, Himmelbach, Logothetis, & Karnath, 2011). It should also be
noted that responses to repetitions of DCS at the same site may show significant
variation (Lesser et al., 2008; Whitaker & Ojemann, 1977). During object naming,
the most effective task for the intraoperative determination of language-related cor-
tex (Petrovich Brennan et al., 2007), each site is stimulated for three nonconsecutive
times, and, if a response is elicited at least two times, it is marked as positive.

Apart from intraoperative functional mapping, preoperative knowledge of func-
tional language anatomy may assist surgical planning, reduce mapping time in
awake craniotomy, and contribute to patient preparation and counseling. This urgent
clinical need is addressed by a variety of methods for the preoperative mapping of
functional networks. Among these, navigated repetitive transcranial magnetic stim-
ulation (nr'TMS) stands out as a novel, accurate, noninvasive, and feasible method.

The outline of the present chapter is as follows: First, the basic principles of
nrTMS and nrTMS-seeded tractography are described. Second, the indications of
the method, various methodological issues, and adverse event profile are presented,
and the results of the clinical application of nf'TMS for language mapping are criti-
cally discussed and contrasted with those of other relevant functional mapping tech-
niques. The chapter concludes with a brief remark on the future research perspectives
regarding the optimization of this highly promising method.

9.2 Principles of nr'TMS

Transcranial magnetic stimulation (TMS) is a noninvasive neurophysiological tech-
nique for motor (Barker, Jalinous, & Freeston, 1985) and language network map-
ping (Pascual-Leone, Gates, & Dhuna, 1991), which is based on the phenomenon of
electromagnetic induction (Faraday, 1832; Maxwell, 1865). Briefly, an electric field
E is induced in the brain by a rapidly changing, high-intensity magnetic field B
produced by a coil outside the brain and propagating unattenuated through the scalp
and the cranium. It is noteworthy that no direct contact of the coil with the patient is
needed, no electric current is administered, and the magnetic field has no biological
consequence by itself alone. However, the intracranially induced electric field gives
rise to the hyperpolarization or depolarization of cortical neurons and, as a result,
the formation of action potentials with resultant physiological effects. The size of
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the stimulated cortical area depends on the intensity of the TMS pulse (Hannula &
IImoniemi, 2017).

The action potentials generated by the action of TMS on the motor cortex spread
through the pyramidal tract, and their activity can be detected with electromyogra-
phy (EMG) as motor evoked potentials (MEPs) from peripheral muscles (Rothwell
et al., 1999). Concurrently, inhibitory neurons are activated as well, leading to the
appearance of the cortical silent period (CSP), which is recorded as an attenuation
of the signal after the MEP (Saisanen et al., 2008).

Among various stimulating coil configurations, the figure-of-eight coil (Ueno,
Tashiro, & Harada, 1988) is widely used to focus the induced electric field on a
specific point. In order to accurately position the focused electric field on a point in
the cortex, a frameless stereotactic neuronavigation system with the investigated
subject’s reference MRI is employed (navigated TMS (nTMS)) (Ilmoniemi,
Ruohonen, & Karhu, 1999; Karhu, Hannula, Laine, & Ruohonen, 2014; Krings
et al., 2001; Ruohonen & Ilmoniemi, 1999; Ruohonen & Karhu, 2010). Regarding
the estimation of the stimulated cortical area, two methods of navigation have been
proposed. Line navigation assumes that the target lies on a line perpendicular to the
plane of the coil and passing through its center, and it may lead to inaccuracy in
targeting (Sollmann et al., 2016). Alternatively, the more accurate E field navigation
is based on computational modelling of the electric field, taking into consideration
the characteristics, position, and orientation of the coil, the anatomy of the patient,
and the characteristics of the tissues (Picht et al., 2011). Locally spherical
(Nummenmaa et al., 2013; Picht et al., 2011), boundary element (Nummenmaa
et al., 2013), or finite element models (Opitz, Windhoff, Heidemann, Turner, &
Thielscher, 2011) can be applied, the latter two in off-line mode only, each with its
own advantages and disadvantages.

Instead of using single TMS pulses, which is the norm in motor mapping, lan-
guage mapping uses repetitive TMS (rTMS) pulses (Espadaler & Conesa, 2011;
Jennum, Friberg, Fuglsang-Frederiksen, & Dam, 1994; Michelucci et al., 1994;
Pascual-Leone et al., 1991). In a similar procedure to DCS during awake craniot-
omy, patients execute language-related tasks, and, simultaneously, rTMS attempts
to disrupt language function (Devlin & Watkins, 2007; Epstein et al., 1996;
Vigliocco, Vinson, Druks, Barber, & Cappa, 2011).

TMS and rTMS have similar physiological effects to those of DCS by inducing
a reversible disturbance in the language processing networks. Although it is not yet
entirely understood how rTMS impairs language functioning, it seems that language
networks are temporarily inhibited by focal depolarizations (Epstein et al., 1996).
With regard to the underlying neural processing mechanism, theories put forward
suggest that (1) rTMS evokes a “virtual transient lesion” by reducing signal strength,
i.e., by causing a transitory interruption of ongoing neural processing which may act
synergistically with signal noise without actually introducing one (Harris, Clifford,
& Miniussi, 2008), (2) rTMS evokes a “virtual transient lesion” by introducing
noise to the signal (Walsh & Cowey, 2000), or (3) rTMS does not evoke a “virtual
lesion,” but instead it induces behavioral effects by differentially activating func-
tionally distinct neural populations (Silvanto & Muggleton, 2008).
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It should be noted that, similarly to DCS, the effects of rTMS may spread to
cortical areas other than the stimulated one (Ilmoniemi et al., 1997; Robertson,
Theoret, & Pascual-Leone, 2003; Valero-Cabre, Payne, Rushmore, Lomber, &
Pascual-Leone, 2005; Walsh & Cowey, 1998).

The accuracy of a n'TMS system, defined as the root of the sum of squared errors
from all sources, can be as low as 5.7 mm, with possible sources of error being the
localization of the coil (optical tracking, manufacturing tolerances for the coil and
coil trackers), the movement of a head tracker, the computation model for the E
field, and the registration of the system to the reference MRI (Ruohonen & Karhu,
2010). The mean distance between a stimulated site in nTMS and DCS in motor
cortex tumor surgery has been reported to lie between 4 and 8 mm (Krieg et al.,
2012; Paiva, Fonoff, Marcolin, Cabrera, & Teixeira, 2012; Picht et al., 2009, 2011;
Takahashi, Vajkoczy, & Picht, 2013). The minimum spatial resolution of nr'TMS
during language network mapping, defined as the smallest distance of a positive and
a negative stimulation point that can be distinguished by the system, ranges from
10.8 + 4.8 to 16.6 = 4.8 mm, comparable to the width of a gyrus (Sollmann et al.,
2016). Thus, nr'TMS is able to discriminate between two adjacent gyri regarding
their relevance to language.

However new it may be as a technique, nTMS has already proven its safety
(Tarapore et al., 2016a, 2016b) and has been widely utilized for the preoperative
noninvasive mapping of motor and language networks (Conti et al., 2014; Frey
et al., 2012; Krieg et al., 2012; Picht, Frey, Thieme, Kliesch, & Vajkoczy, 2016;
Tarapore et al., 2013; Weiss et al., 2015).

9.3 nrTMS-Seeded DTIFT

Of its own accord, nr'TMS is capable of mapping cortical areas in a depth of a few
centimeters. However, it can be further extended by providing seeding points for
diffusion tensor imaging (DTI) fiber tracking (FT). The latter is based on the aniso-
tropic diffusion of water in the white matter, as observed with diffusion-weighted
imaging (DWI) MRI (Moseley et al., 1990). The diffusion tensor, its principal axis
following the direction of the fascicles, and the degree of anisotropy, namely, frac-
tional anisotropy (FA), for each voxel, are computed from the DWI data (Basser,
Mattiello, & LeBihan, 1994). The estimation of the white matter tracts from the
diffusion tensors is performed using either a probabilistic or a deterministic algo-
rithm. In order to limit tracking to fibers belonging to the language network, land-
marks based on general anatomical models of language (Catani, Jones, & ffytche,
2005; Mori, Wakana, Nagae-Poetscher, & Van Zijl, 2005; Stieglitz, Seidel, Wiest,
Beck, & Raabe, 2012) or on the unique language brain anatomy of the subject, as
determined with functional techniques, like nr'TMS, are used as seeds (Negwer
et al., 2017). The distinction between voxels in the tract and those out of the tract is
achieved by applying termination criteria, such as a turning angle threshold or a
minimal FA threshold (Negwer et al., 2017; Soares, Marques, Alves, & Sousa, 2013).
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9.4 Indications of nr'TMS

It is conceivable that nf'TMS for preoperative mapping of the language network is
indicated for lesions in areas traditionally associated with language function, such
as the cortex around the Sylvian fissure in the dominant hemisphere (Broca, 1861;
Hervey-Jumper et al., 2015; Wernicke, 1874). As evidence for the participation of
the non-dominant hemisphere in language organization is increasing (De Witt
Hamer et al., 2012; Desmurget et al., 2007; Southwell et al., 2016), it seems plau-
sible that the treatment of lesions in both hemispheres would benefit from mapping.

Like all techniques utilizing strong magnetic devices, n"TMS is contraindicated
in case the patient has metallic implants, foreign metal cranial bodies, or implanted
electronic devices like cardiac pacemakers (Rossi, Hallett, Rossini, & Pascual-
Leone, 2009), while its use with proper parameters and precautions is allowed in
childhood (Rejno-Habte Selassie, Pegenius, Viggedal, Hallbook, & Thordstein,
2018; Rosenstock, Picht, Schneider, Koch, & Thomale, 2019). Further, the unprob-
lematic use of nTMS has been reported in patients with ventriculoperitoneal shunts
(Lavinio et al., 2008; Lefranc et al., 2010), aneurysm clips (Hsieh et al., 2012), or
deep brain stimulation electrodes (Kuhn & Huebl, 2011). It should be noted that
attempts to map the language network with nr'TMS are unreliable in severe aphasia
and cognitive impairment due to an increased number of naming errors that are
independent from stimulation(Schwarzer et al., 2018).

9.5 Methodology

A variety of protocols for language mapping have been used in the literature (Hauck
et al., 2015a, 2015b; Hernandez-Pavon, Makela, Lehtinen, Lioumis, & Makela,
2014; Krieg et al., 2014; Lioumis et al., 2012; Picht et al., 2013; Rogic, Deletis, &
Fernandez-Conejero, 2014; Tarapore et al., 2016a, 2016b; Vitikainen, Makela,
Lioumis, Jousmaki, & Makela, 2015; von Campe & Jehna, 2017; Weiss et al.,
2013). Since the differences between the various protocols make the comparison
between their results difficult and hinder the clinical application of nf'TMS for lan-
guage mapping, a group of leading nTMS centers across the world has recently
published a consensus for n"TMS mapping of motor and language functions. The
focus of that protocol was to standardize the procedures followed during nTMS for
mapping the motor and language network in the preoperative setting of neurosurgi-
cal patients (Krieg et al., 2017).

In a nutshell, a reference MRI is performed before the nr'TMS examination. It
includes at least three-dimensional high-resolution structural data for nTMS,
nrTMS, and intraoperative neuronavigation, while DWI data for DTI FT can be
obtained in the same session. The common reference MRI is fed into the navigation
system of the TMS setup (Lefaucheur & Picht, 2016; von Campe & Jehna, 2017).
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Throughout the nr'TMS examination, the patient should be comfortably seated
and concentrated. The entire procedure of the examination is explained beforehand.
Surface EMG electrodes are attached to small hand muscles for the purpose of
motor cortex threshold determination (vide infra). The navigation MRI is registered
to the head of the patient. Thereafter, in certain setups, the induced E field is calcu-
lated by the system and visualized on the MRI in real time (Jarmo Ruohonen &
Ilmoniemi, 2005) (Fig. 9.1).

Language network mapping with nt'TMS can be performed after motor cortex
mapping with nTMS, which may be indicated depending on the location of 