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A B S T R A C T

Within the language domain, movement disorders triggered by frontostriatal damage are characterized by
deficits in action verbs, motor-language coupling, and syntax. However, these impairments have not been jointly
interpreted under a unifying rationale or integratively assessed in terms of possible clinical implications. To
bridge these gaps, here we introduce the “disrupted motor grounding hypothesis”, a new framework to conceive
such impairments as disturbances of embodied mechanisms (high-order domains based on the recycling of
functionally germane sensorimotor circuits). We focus on two relevant lesion models: Parkinson's and
Huntington's disease. First, we describe the physiopathology of both conditions as models of progressive fron-
tostriatal impairment. Then, we summarize works assessing action language, motor-language coupling, and
syntax in samples at early and preclinical disease stages. To conclude, we discuss the implications of the evidence
for neurolinguistic modeling, identify key issues to be addressed in future research, and discuss potential clinical
implications. In brief, our work seeks to open new theoretical and translational avenues for embodied cognition
research.

1. Introduction

Frontostriatal circuits are neuronal pathways that connect the
frontal lobes with the basal ganglia. Specifically, they originate in
prefrontal and motor regions and project to the striatum, followed by
the globus pallidus, the substantia nigra, and then the thalamus, with
feedback loops leading from the latter structure back to the prefrontal
cortex (Alexander and Crutcher, 1990; Alexander et al., 1986; Tekin
and Cummings, 2002) –see Fig. 1A for details. The main innervations to
the basal ganglia are glutamatergic (predominantly from prefrontal
cortical areas) and dopaminergic (from the substantia nigra and the
ventral area). Further inputs to these circuits are serotoninergic, cho-
linergic, and noradrenergic. The activity of these pathways modulates
several higher-order processes and, more particularly, motor function
(Packard and Knowlton, 2002).

More specifically, the frontostriatal network is comprised of highly
interactive cortico-subcortical loops running in parallel through the

basal ganglia (Alexander et al., 1986); –see Fig. 1B. First, the motor
loop, via the putamen to the supplementary motor area, receives input
from the premotor, primary motor, and somatosensory cortices. As
specified below, this circuit is crucially involved in the initiation, co-
ordination, and other aspects of bodily motion. Second, the associative
loop, with inputs from the dorsolateral prefrontal and the lateral orbi-
tofrontal cortices to the head of the caudate nucleus, and outputs
leading back from the basal ganglia via the thalamus, is mainly im-
plicated in executive and other high-order cognitive functions (Krack
et al., 2010; Monteiro and Feng, 2016). Finally, in the limbic loop, the
ventral striatum receives its main input from the medial orbitofrontal
cortex and the amygdala, and, in turn, projects back to these areas via
the medial dorsal nucleus of the thalamus. The latter circuit is im-
plicated in emotional processing, motivational states, and reward-based
learning, so it is not directly relevant for the processes targeted in this
work. Furthermore, the basal ganglia may be divided into (i) a direct
pathway, which runs from the striatum directly to the output nuclei
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(intern segment of the globus pallidus and the substantia nigra pars
reticulate); and (ii) an indirect pathway, which connects the input to
the output via the external segment of the globus pallidus and the
subthalamic nucleus.

In particular, the frontostriatal motor loop comprises putative sub-
strates of bodily movement, playing critical roles in motor learning
(Andalman and Fee, 2009; Lehericy et al., 2005; Turner and Desmurget,
2010), sequential motor control (Alexander and Crutcher, 1990;
Alexander et al., 1986; Graybiel, 2008; Marsden and Obeso, 1994),
response vigor (Turner and Desmurget, 2010), and action selection
(Grillner et al., 2005; Houk et al., 2007). Indeed, the disruption of these
circuits is a hallmark of various neurodegenerative movement dis-
orders, as clearly seen in Parkinson's disease and Huntington's disease
(PD and HD, respectively) (Beste et al., 2011; Zgaljardic et al., 2003).
Both syndromes are associated with basal ganglia atrophy, dysfunc-
tional frontobasal connections, and altered dopamine levels (Helie
et al., 2015), and they afford some of the most compelling evidence on
the links between frontostriatal circuitry and bodily motion: while PD
involves symptoms such as resting tremor, postural instability, and
bradykinesia (Helmich et al., 2012; Rosin et al., 1997), HD is mainly
characterized by overshooting choreic movements (Ross and Tabrizi,
2011).

Also, as stated above, frontostriatal pathways subserve high-order
cognitive functions, such as decision making, attention, working
memory, reward monitoring, motivation, and error monitoring (Beste
et al., 2008; Dubois and Pillon, 1996; Enzi et al., 2012; Owen, 2004).
More particularly, within the language domain, they play critical roles
in three functions, namely: (i) action language (verbal expressions de-
noting bodily motion) (Bak, 2013; García and Ibáñez, 2016; Hochstadt
et al., 2006; Pulvermüller, 2005, 2013), (ii) motor-language coupling
(the integration of action-verb information with ongoing motor actions)
(Cardona et al., 2013; García and Ibáñez, 2014), and (iii) syntax
(grammatical patterning of words and phrases) (Ullman, 2004, 2008).
Indeed, these three domains are distinctively compromised in both PD
and HD, even in early and preclinical stages (e.g., Abrevaya et al., 2017;
García et al., 2017c; Melloni et al., 2015).

Although informative reviews of such clinical findings are available
(e.g., Bak, 2013; Cardona et al., 2013; Damasio, 1989; Dominey et al.,
2003; Glenberg and Kaschak, 2002; Pulvermüller, 1999), they have

addressed only selected subsets of the evidence with a restricted theo-
retical focus and without jointly considering both PD and HD as com-
plementary frontostriatal lesion models. Also, no work so far has of-
fered a unified review of these three impaired domains across both
conditions (in fact, no previous review exists of the evidence from
motor-language coupling tasks in these two populations). Moreover, no
attempt has yet been made to synergistically interpret such patterns
under a unifying theoretical rationale, or to delineate possible clinical
applications of the findings considering the patients’ overall cognitive
status and the sensitivity of these domains to tap deficits in asympto-
matic subjects at risk for either disease. The present review aims to
bridge all these gaps by conceiving of the three functional specializa-
tions above as embodied mechanisms, that is, high-order systems
grounded in functionally germane sensorimotor circuits.

Our rationale runs as follows. In line with the neuronal recycling
framework (Dehaene and Cohen, 2007), we contend that, as individuals
develop linguistic skills, the circuits which represent and coordinate
motoric information become recycled to subserve functionally akin
linguistic operations. Thus, specific frontostriatal pathways critical for
mapping, integrating, and sequencing hierarchically organized move-
ment patterns emerge as functionally apt bases for lexico-semantic
mapping of movement (action language), integrating verbal and motor
information (motor-language coupling), and sequencing hierarchically
organized lexical patterns (syntax).

First, during verbal processing, motor circuits are differentially re-
cruited to map action semantics. For example, linguistic stimuli refer-
ring to actions preferentially performed with a particular part of the
body (e.g., the verbs lick, pick, and kick) activate motor and premotor
areas, even in a somatotopic manner (Pulvermüller, 2005, 2013).
Crucially, however, these circuits evince no such fine-grained distinc-
tions for meanings related to other bodily modalities, such as olfactory
(González et al., 2006) or taste-related (Barrós-Loscertales et al., 2012)
meanings. Thus, in the development of semantic skills, they seem to
have been specifically recycled to subserve action-related meanings.

Second, frontostriatal networks have a crucial role in integrating
action routines with high-order processes. For example, gait can be
disturbed by cognitive tasks like mental tracking (Al-Yahya et al.,
2011). More particularly, in tasks which require manual responses
during processing of action sentences, specific motor hubs exchange

Fig. 1. (A) Schematic representation of frontostriatal
circuits. The striatum (which comprises the caudate
nucleus, the putamen, and the nucleus accumbens)
receives inputs from a range of cortical areas, in-
cluding various motor and frontal regions.
Connections between such regions and striatal
structures comprise three distinct circuits (Tekin and
Cummings, 2002). On the one hand, the motor cir-
cuit originates from neurons in the supplementary
cortex, the premotor area, and the primary motor
cortex. These areas project to the putamen, followed
by the globus pallidus and the substantia nigra pars
reticularis. The globus pallidus connects to the ven-
trolateral nucleus of the thalamus, which projects
back to the motor cortex. On the other hand, the

associative circuit originates in the prefrontal cortex –particularly, in the dorsolateral prefrontal and lateral orbitofrontal cortices. These areas project to the caudate nucleus and the
anteromedial portion of the putamen (Krack et al., 2010; Monteiro and Feng, 2016). Then, neurons in these sites project to the globus pallidus and the rostrolateral substantia nigra pars
reticularis, and then project back via the anterior nucleus of the thalamus. Finally, in the limbic circuit, the lateral orbitofrontal cortex and the amygdala project to the ventral striatum,
including the nucleus accumbens, while projections from the latter to the cortex are mediated by the medial dorsal nucleus of the thalamus (Krack et al., 2010; Monteiro and Feng, 2016).
The panel omits non-frontal projections from the basal ganglia, including links to the somatosensory cortex, the inferior and middle temporal gyrus, the parietal lobe, the cerebellum, and
the thalamus (Leh et al., 2007). Circles represent the origin of connections and hooks indicate their terminal site. (B) Schematic representation of the overlap among the three
frontostriatal circuits. Frontostriatal networks comprise three functionally distinguishable circuits. The associative circuit (including the dorsolateral prefrontal cortex, lateral orbito-
frontal cortices, the caudate nucleus, the putamen, the globus pallidus, the substantia nigra, and the anterior nuclei of the thalamus) is critical for executive and other high-order cognitive
functions. The limbic circuit (spanning the hippocampus, the amygdala, the paralimbic and limbic cortices, the ventral protion of the caudate and putamen, the nucleus accumbens, the
substantia nigra, the globus pallidus, and the mediodorsal nucleus of the thalamus) is implicated in emotional processing, motivational states, and reward-based learning. The motor
circuit (comprising premotor, primary motor, and somatosensory cortices, the posteriolateral putamen, the globus pallidus, the substantia nigra, and the ventrolateral thalamus)
subserves the initiation, coordination, sequencing, selection, and control of bodily movements. Image based on Monteiro and Feng (2016), with permission. SMA: supplementary motor
area; pMA: premotor area; PMC: primary motor cortex; CN: caudate nucleus; NAc: nucleus accumbens; SN: substantia nigra; Thal: thalamus; Put: putamen; GP: globus pallidus; DLPFC:
dorsolateral prefrontal cortex; LOFC: lateral orbitofrontal cortex; PFC: prefrontal cortex.
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information with cortical regions involved in abstract semantic pro-
cesses (Ibáñez et al., 2013). This functional property is proposed to
support motor-language coupling at large.

Finally, frontostriatal circuits, as key substrates of procedural
memory, are critical in any form of processing that requires sequencing
structurally organized patterns of information (Janata and Grafton,
2003; Packard and Knowlton, 2002). As captured by well-established
neurocognitive models of language (e.g., Hagoort, 2013; Kotz et al.,
2009; Ullman, 2001), one of the defining characteristics of syntactic
processes, at the phrasal, clausal, or sentential levels, is that they in-
volve grammatically constrained linearization of words and recognition
of the structural relations between them. These operations are the
foundation of multiple syntactic phenomena, such as subject-verb
agreement, phrase structure parsing, participant role assignment, to-
picalization, establishment of long-distance dependencies, and other
forms of sentential hierarchy building (e.g., identification of subject-
relative and object-relative sentences). Despite their functional speci-
ficities, all these functions involve unification of sequentially organized
information within hierarchical structural constraints. Thus, they are
proposed to rely on circuits specialized for such forms of processing
(Hagoort, 2013; Kotz et al., 2009; Ullman, 2001).

By the same token, deficits in the above domains following fron-
tostriatal atrophy in PD and HD are not merely arbitrary anatomo-
clinical correspondences; rather, they can be viewed as dysfunctions of
functionally recycled motor mechanisms. Thus, we propose to interpret
them under the “disrupted motor grounding hypothesis” (DMGH), a
theoretically-driven framework to conceive high-level impairments in
neurological disorders.1 Importantly, this conceptual recast could foster
cross-fertilization between the embodied cognition framework, neu-
ropsychology, and clinical neuroscience, with two main implications.
From a theoretical perspective, available and prospective findings can
promote breakthroughs for neurolinguistics and cognitive neuroscience
at large. From a clinical perspective, the detection of embodied domains
which are convergently targeted by frontostriatal physiopathology
could contribute to the characterization of cross-domain impairments in
early disease stages and, more importantly, to the consolidation of
sensitive prodromal biomarkers.

First, we describe the physiopathological stages of PD and HD as
models of progressive frontostriatal impairment. Second, we review
multiple studies assessing action language, motor-language coupling,
and syntax in patient samples at various disease stages (although the
bulk of the evidence comes from PD, the few studies conducted on HD
offer convergent and complementary insights). Finally, in the
Discussion, we jointly discuss and interpret the three patterns of im-
pairment, considering their implications for neurolinguistic modeling,
the key unresolved issues that should be addressed in future research,
and the potential clinical applications derivable therefrom. In brief, our
work seeks to foster open new theoretical and translational avenues for
embodied cognition research.

2. The progression of frontostriatal damage in PD and HD

The physiopathology of PD and HD is characterized by progressive
atrophy of frontostriatal networks. This process begins with nigral de-
generation in PD and with neostriatal abnormalities in HD, eventually
compromising multiple connections between the basal ganglia and
cortical structures. In both diseases, such disruptions entail partially
overlapping motor and cognitive symptoms, as detailed below.

2.1. Physiopathological and cognitive changes in the course of PD

Affecting one out of 100 individuals above the age of 60, PD is the
most prevalent neurodegenerative movement disorder worldwide
(Samii et al., 2004). It is associated with progressive atrophy of dopa-
minergic neurons in the substantia nigra and Lewy body inclusions
(Rodriguez-Oroz et al., 2009). The vast majority of cases represent
sporadic forms of the disease, often associated with environmental
factors, such as poor nutrition, generating epigenetic changes in the
DNA (e.g., methylation, demethylation, acetylation) (Landgrave-Gomez
et al., 2015). However, PD may also be triggered by genetic mutations
in various target loci (Nalls et al., 2014), including PARK1 and LRRK2.
Mutations in both genes are related with nigral neuronal loss and late
dominant inherited forms of the disease, typically manifesting around
age 60 (Trinh and Farrer, 2013).

Degeneration of dopaminergic neurons in the substantia nigra pars
compacta reduces dopamine innervation to the striatum. This loss ty-
pically starts posteriorly, affecting the motor loop via the putamen and
resulting in characteristic motor symptoms, such as akinesia, bradyki-
nesia, resting tremor, muscle rigidity, and postural instability (Braak
et al., 2003). Then, as progressive atrophy affects more anterior regions
of the striatum in the course of the disease, patients exhibit emotional
and cognitive impairments, including executive deficits.

The progression of the above physiopathological process involves
several stages (Braak et al., 2003). In stage 1, α-synuclein and Lewy
body inclusions appear in the dorsal motor nucleus of the vagal nerve
and olfactory bulb, progressing rostrocaudally up the brainstem. In
stage 2, alterations are evident in the raphe and the locus coeruleus. At
this point, subjects are asymptomatic and cannot be diagnosed through
routine neurological examination. Nigral degeneration, together with
the mesocortical and thalamic atrophy, starts in stages 3 and 4. These
changes signal the onset of the symptomatic phase, characterized by
gradual appearance and worsening of motor impairments such as
resting tremor, postural instability, and bradykinesia (Helmich et al.,
2012; Rosin et al., 1997). Finally, in stages 5 and 6, damage extends to
the neocortex, including prefrontal structures, motor, and sensory areas
(Braak et al., 2003; Rodriguez-Oroz et al., 2009).

Beyond these histological features and associated movement ab-
normalities, patients may present psychiatric symptoms (e.g., depres-
sion, sleep disorders) and cognitive decline. Indeed, executive, atten-
tional, and mnemonic deficits are associated with reduced frontostriatal
activity (Lewis et al., 2003) and loss of striatal white matter tracts
(Melzer et al., 2013). Moreover, degraded connections between pre-
frontal and striatal (i.e., external and internal capsule) structures fur-
ther compromise cortical functions in the disease (Melzer et al., 2013).
Depending on the severity of these impairments, PD patients may
present with mild cognitive impairment (MCI), a form of higher-order
disability falling below criteria for dementia (Emre et al., 2007; Litvan
et al., 2012). In sum, the disruption of frontostriatal mechanisms
characterizes the physiopathology of PD since early and even pre-
clinical stages, compromising both motor and high-level cognitive
functions grounded in such circuitry.

2.2. Physiopathological and cognitive changes in the course of HD

HD is an inheritable autosomal dominant disorder caused by an
expansion of CAG repeats in the huntingtin gene, placed in the short
arm of the chromosome 4; whereas 36–40 repeats are related to in-
complete penetrance, 41 or more repeats imply full penetrance
(Walker, 2013). Mutations in this gene cause aggregation of the hun-
tingtin protein and compromise the latter's functions, such as axonal
transport, intracellular signaling, protein interactions, and avoidance of
stress-induced apoptosis (Bossy-Wetzel et al., 2008). In particular, these
physiopathological mechanisms severely affect neurons connecting the
striatum with the globus pallidus and the substantia nigra in the basal
ganglia (Tabrizi et al., 2009; Walker, 2013).

1 While this framework focuses on the role of motor networks in the three reviewed
domains, brain regions implicated in other modalities play important roles in the em-
bodiment of other high-order information. For example, words denoting fear, small,
color, and form are grounded in regions specialized for emotion (Naccache et al., 2005),
olfaction (González et al., 2006), chromatic perception (Simmons et al., 2007), and shape
recognition (Wheatley et al., 2005), respectively.
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In pre-manifest stages of HD, although subjects do not evince typical
motor signs (Stout et al., 2011), structural changes can be observed in
the basal ganglia, including atrophy of the caudate and putamen
(Tabrizi et al., 2009). If present, changes in motor skills, personality
(e.g., mood changes, anxiety, depression), processing of reward and
punishment, and high-order cognition (e.g., multitasking, executive
skills) during this stage are only subtle (Baez et al., 2015; Enzi et al.,
2012; Thompson et al., 2002; Walker, 2013) –although they can ap-
proximate those of symptomatic subjects in specific domains, such as
negative emotion recognition (Baez et al., 2015) or moral emotion
processing (Baez et al., 2016). Later on, since early clinical stages,
functional frontostriatal connections become weaker as neurodegen-
eration progresses (Harrington et al., 2015), disrupting corticostriatal
loops (Watkins et al., 2000). Concomitantly, grey matter loss spreads to
the cingulate, precentral, and prefrontal cortices, and even extends to
temporal, parietal and occipital regions, a pattern that is exacerbated in
late stages (Tabrizi et al., 2009).

Such corticostriatal abnormalities are associated with psychomotor,
reward, and executive deficits (Enzi et al., 2012; Montoya et al., 2006).
Indeed, the disconnection of corticostriatal white matter tracts con-
tributes to the first clinical signs of the disease (Kloppel et al., 2008).
Increasingly abnormal choreiform movements associated with HD, as
well as motor incoordination, dystonia, bradykinesia, and characteristic
psychiatric symptoms (Ross and Tabrizi, 2011) would result from hy-
peractivity in the direct pathway due to the selective loss of neurons in
the indirect pathway, which normally inhibits the globus pallidus and
substance nigra output via GABAergic projections to the subthalamic
nucleus (Ross and Tabrizi, 2011). Of note, overt motor abnormalities
may sometimes be accompanied, and in certain cases even preceded, by
psychiatric symptoms. These usually consist in apathy and depression,
but they may also involve manic and psychotic signs (Martinez-Horta
et al., 2016; McColgan et al., 2017). Additional cognitive dysfunctions
include memory deficits, executive dysfunction, and impairments in
cognitive flexibility and speech (Stout et al., 2011). In short, HD is also
characterized by frontostriatal alterations since early and preclinical
stages, with behavioral and cognitive manifestations which go beyond
strictly motor signs.

3. Evidence for the DMGH from PD and HD

As shown in Section 2, frontostriatal abnormalities are a hallmark of
both PD and HD since early and preclinical stages. Following the
DMGH, then, linguistic mechanisms rooted in such circuitry should
yield differential or selective deficits since the very onset of physio-
pathology. That is, atrophy patterns compromising motor network in-
tegrity should particularly disturb functionally akin mechanisms: in
patients with problems to map, integrate, and sequence motor informa-
tion, linguistic deficits should be salient in tasks requiring verbal
mapping of movement (action language), integration of verbal and motor
information (motor-language coupling), and sequencing of lexical patterns
(syntax). Moreover, if these impairments are truly associated with
frontostriatal damage, as opposed to alterations in other regions as
atrophy progresses, they should even be triggered by incipient degen-
eration of the circuit's subcomponents, such as the substantia nigra in
preclinical PD or the caudate and the putamen in preclinical HD. Below
we review critical evidence to test these conjectures, considering our
three target domains in turn.

3.1. Disruptions of action language

Action language comprises verbal stimuli denoting or implying
motor actions. In healthy individuals, processing of words and sen-
tences denoting movements of specific body parts activates somatotopic
regions of the motor cortex (e.g., the verb kick differentially engages
leg-related motor regions) (Arevalo et al., 2012; Aziz-Zadeh et al.,
2006; Hauk et al., 2004; Postle et al., 2008; Tettamanti et al., 2005),

while also triggering more widespread activity throughout motor net-
works at large (Arevalo et al., 2012; de Zubicaray et al., 2010;
Kemmerer and Gonzalez-Castillo, 2010). Notably, although subcortical
portions of frontostriatal pathways do not seem to be differentially re-
lated to action semantics in healthy subjects (Jirak et al., 2010), their
disruption does entail distinctive difficulties in such a domain (for a
discussion, see Section 4.1). Though the bulk of evidence comes from
PD patients, incipient evidence shows similar impairments in HD, even
preclinically (see Appendix, Table 1 in Supplementary material).

In a study on early PD, Boulenger et al. (2008) assessed lexical
decision on nouns and action verbs while patients were “on” and “off”
L-dopa. Dopaminergic treatment selectively influenced reaction times
for the latter word class. Further evidence from lexical decision ruled
out the possibility that such an effect was driven by verbs at large.
Indeed, lexical access in non-demented PD patients is more markedly
impaired for action verbs (grasp, squeeze) than for abstract verbs (e.g.,
depend, improve) (Fernandino et al., 2013a).

Word production is also differentially impaired for action verbs in
early PD. For example, these patients evince specific difficulties for such
a word class during picture naming tasks (Bertella et al., 2001; Cotelli
et al., 2007; Péran et al., 2009). Furthermore, they make more gram-
matical errors and show poorer overall performance in verb generation
relative to noun generation (Crescentini et al., 2008; Péran et al., 2003;
Rodríguez-Ferreiro et al., 2009). Interestingly, whereas action naming
is compromised alongside naming of other categories in PD patients
with MCI, the former skill is selectively disturbed in patients with a
preserved cognitive status (Bocanegra et al., 2017; Bocanegra et al.,
2015).

Additional evidence comes from fluency tasks. Herrera and Cuetos
(2012) studied phonological (letters beginning with F), semantic (ani-
mals or supermarket objects), and verb (infinitive form of action verbs)
fluency in early PD patients while “on” versus “off” L-dopa. Compared
to controls, patients exhibited deficits in all three categories irrespec-
tive of medication. More importantly, while patients could only access
high-frequency verbs during the “off” phase, their performance on ac-
tion verbs at large was similar to controls upon dopamine restoration.

The neural mechanisms subserving action-verb processing in PD
have been specified via neuroimaging evidence. While action-verb
generation in healthy individuals recruits the left inferior and superior
parietal cortex, PD patients process show a distinct involvement of the
prefrontal cortex, Broca's area, and the anterior cingulate cortex (Péran
et al., 2009). Also, as shown by Abrevaya et al. (2017), PD patients and
controls recruit similar circuits for noun listening (Fig. 2A), but each
group relies on different networks for processing action verbs. In
healthy subjects, this lexical category elicits major connectivity be-
tween the primary motor area, and left anterior regions (inferior frontal
gyrus) implicated in action imitation and observation (Decety et al.,
1997). Instead, in PD patients, action verbs engaged long-range con-
nections between the primary motor cortex and bilateral posterior areas
(median cingulate and paracingulate gyri) involved in amodal seman-
tics (Fig. 2B). Notably, the recruitment of such alternative pathways
positively correlates with basal ganglia atrophy (Fig. 2C). Accordingly,
frontostriatal damage seems to involve a selective recruitment of non-
canonical (motor) circuits for action-verb processing.

Moreover, action-language deficits in PD are not restricted to single-
word processing. Indeed, non-demented patients show significant
comprehension difficulties for sentences with action verbs (e.g., The
woman is pinching my cheeks) (Fernandino et al., 2013b). Notably, this
selective deficit emerges even for sentences denoting actions through
idiomatic constructions (e.g., The business is pinching pennies)
(Fernandino et al., 2013b) –Fig. 2D. Such impairments have also been
evinced through naturalistic tasks. García et al. (2016b) evaluated
spontaneous narratives of PD patients via computerized tools. Analysis
of semantic fields revealed that the conceptual make-up of the patients’
texts, relative to those of controls, relied less heavily on action-related
meanings. Notably, this was the case although both groups produced
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similar numbers of action verbs. In a similar vein, evidence from nat-
uralistic reading tasks (García et al., 2017a) shows that deficits in the
appraisal of action meanings prove uniquely sui generis in patients with
and without MCI, and that they emerge selectively in the latter group.
What is more, such a disturbance was the only discourse-level pattern
that robustly classified PD-MCI patients from controls, and it even su-
perseded a sensitive executive battery in discriminating between PD-
nMCI and controls (García et al., 2017a).

The above findings highlight the semantic nature of action-verb
processing deficits in PD. Compatibly, patients are impaired in pro-
cessing action-related concepts even in non-verbal tasks. This has been
mainly shown through the picture versions of the Pyramids and Palm

Trees (PPT) test and the Kissing and Dancing Test (KDT), which assess
conceptual associations between object and action pictures, respec-
tively. For example, (Ibáñez et al., 2013) found that early PD patients
showed specific deficits on the KDT despite presenting a well-preserved
cognitive profile. Moreover, even when both tasks are compromised in
PD patients, only KDT deficits emerge irrespective of executive dys-
function (Bocanegra et al., 2015). Notably, this is the case for samples
with and without MCI, suggesting that action-verb difficulties con-
stitute a selective sui generis deficit present before full-blown frontos-
triatal alterations (Bocanegra et al., 2017).

Finally, although much scanter, evidence from HD underscores the
sensitivity of action-semantic tasks to tap very subtle frontostriatal

Fig. 2. Disruptions of action language in Parkinson’s and Huntington’s disease. (A, B, C) Paradigm and results from Abrevaya et al. (2017). (A1) Subjects listened to non-manipulable
concrete nouns inside the MRI scanner. (A2–A4) Seed analysis differences between controls and patients during noun processing. (B1) Subjects listened to action verbs inside the MRI
scanner. (B2–B4) Seed analysis differences between controls and patients during action-verb processing. Red colors indicate clusters where connectivity with the respective seed was
significantly higher (p < 0.05, FWE corrected at cluster level) for controls than for patients. Blue colors indicate clusters where connectivity with the respective seed was significantly
higher (p < 0.05, FWE corrected at cluster level) for patients than for controls. (C1–C2) Correlations between BG volume and M1 functional connectivity during action-verb processing,
for controls and patients. Scatterplots depict the dispersion of correlation results. PD: Parkinson's disease patients; FC: functional connectivity; BG: basal ganglia; VBM: voxel-based
morphometry. (D) Results from Fernandino et al. (2013b). Response times to action and abstract verbs in a lexical decision task. Error bars represent the standard error of the mean. The
single asterisk (*) indicates p < 0.005; the triple asterisk (***) indicates p < 0.005. (E) Results from García et al. (2017b). Kissing and Dancing Test (KDT) and Pyramids and Palm Trees
in Huntington's disease patients (HDP) and asymptomatic relatives vs. controls. Y axis shows the proportion of correct responses. Statistically significant differences between groups are
indicated by asterisks (*). Panels A, B, and C: Reprinted with permission from Abrevaya et al. (2017); Panel D: Reprinted with permission from Fernandino et al. (2013b); Panel E:
Modified with permission from García et al. (2017b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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damage. Specifically, whereas patients with a confirmed diagnosis are
impaired in both the PPT test and the KDT, asymptomatic first-degree
relatives evince selective deficits in the latter, irrespective of their
cognitive status (García et al., 2017b) –Fig. 2E. Given the autosomal
dominant nature of HD, this evidence suggests that action-semantic
tasks may index incipient disruptions of frontostriatal networks even
before the underlying physiopathological process triggers clinically
visible symptoms.

In sum, action language and action semantics seem to be selectively
or differentially impaired following frontostriatal atrophy. Moreover,
incipient evidence suggests that at least some of those deficits could be
primary in nature (i.e., not epiphenomenal to more general cognitive
dysfunction) and detectable even before the onset of clinical stages
–although more studies are needed in this regard (see Section 4.3). As
shown in the following section, similar findings stem from studies as-
sessing the integration of action language and bodily movements in PD
and, less abundantly, in HD.

3.2. Disruptions of motor-language coupling

Motor-language coupling refers to the situated integration of verbal
processes and deliberate bodily movements (García and Ibáñez, 2014).
In particular, processing of hand-action verbs in the company of on-
going manual actions systematically yields inhibitory or facilitatory
effects in healthy subjects (García and Ibáñez, 2016). To assess whether
this natural coupling is disrupted by frontostriatal damage, a number of
studies have assessed PD samples through the action-sentence com-
patibility effect (ACE) paradigm, and one of them has done so con-
sidering both HD patients and subjects at risk for such a disease (see
Appendix, Table 2 in Supplementary material).

The ACE paradigm taps the ability to integrate action-verb com-
prehension with manual actions. Typically, the execution of specific
movements (e.g., towards or away from the body) is significantly
modulated by concurrent processing of sentences denoting directionally
compatible actions (Borreggine and Kaschak, 2006). In one version of
this task, participants listen to sentences involving actions typically
performed with an open hand (OH, e.g., clapped) or a closed hand (CH,
e.g., hammered), as well as neutral sentences denoting non-manual ac-
tions (e.g., visited). Immediately upon comprehension of each sentence,
participants press a button with a pre-assigned hand-shape (open or
closed). The combination of sentence type and response type generates
compatible (OH sentence and OH response, or CH sentence and CH
response), incompatible (OH sentence and CH response, or vice versa),
and neutral (neutral sentence with either response) trials. In healthy
individuals, the ACE manifests as shorter reaction times for the com-
patible than the incompatible condition (Aravena et al., 2010). At a
neural level, the effect involves bidirectional modulations of motor and
language areas: motor preparation affects verbal processing (as indexed
by an N400 at the left inferior frontal and middle/temporal gyri), and
language processing activity affects movement-related areas (as in-
dexed by a motor potential at primary and premotor cortices) (Ibá & ez
et al. 2013).

Ibá & ez et al. (2013) first administered the task to early PD patients,
(during the “on” phase of levodopa or a dopamine agonist) and mat-
ched controls. Despite their relatively preserved motor and cognitive
repertoire, the patients showed a diminished ACE, even when tested on
medication. Furthermore, ACE performance correlated with KDT
scores. Importantly, the deficit was independent from general cognitive
impairment or executive dysfunction (Fig. 3A).

Importantly, this abnormality is not caused by any movement dis-
order. Cardona et al. (2014) administered the ACE task to early PD
patients and two samples featuring peripheral (i.e., musculoskeletal)
movement disorders: neuromyelitis optica and transverse myelitis pa-
tients. While the ACE was abolished in PD patients, it emerged normally
in the other two groups, indicating that such a disruption is specifically
triggered by frontostriatal damage.

More recently, Melloni et al. (2015) replicated the finding of an
abolished ACE in early PD patients and showed that it was accompanied
by aberrant fronto-temporal connectivity at high and low frequencies
(Fig. 3B). Such results suggest that functional connectivity in PD can be
modulated by cognitive load during motor-language coupling. Fur-
thermore, the patients showed reduced modulations of the motor po-
tential in compatible trials. Remarkably, such electrophysiological ab-
normalities were predicted by overall basal ganglia atrophy, further
highlighting the intimate links between motor-language coupling and
frontostriatal integrity.

Finally, Kargieman et al. (2014) applied the ACE paradigm in two
groups: one composed of patients genetically and clinically diagnosed
with HD, and another one comprising asymptomatic subjects with a
positive history of HD to the first-degree of consanguinity. Each group
was matched in sex, age, and years of education with healthy controls.
Results showed that the ACE was impaired not only in the patients, but
also in the asymptomatic relatives. This suggests that motor-language
coupling deficits may appear even 10 years before motor symptoms
become manifest, opening a promising avenue for early detection of
incipient frontostriatal damage in subjects at risk for motor diseases
(Figs. 3C and D). However, so far, Kargieman et al.'s is the only study
exploring this issue. More research is thus needed before this claim can
be firmly embraced (for further insights, see Section 4.2 below).

In short, the natural integration of action-verb information and
congruent manual movements seems to be distinctively disrupted by
frontostriatal degeneration. Although scant, the available evidence
further suggests that this alteration may be independent from more
general cognitive disturbances and observable before subjects reach
clinical stages (see Section 4.3). As shown below, such findings are
complemented by others from studies assessing syntactic skills in PD
and HD.

3.3. Disruptions of syntax

As described in the Introduction, syntax involves multiple opera-
tions which involve sequencing, hierarchization, and unification lexical
patterns (Ullman, 2004, 2008). In healthy subjects, syntactic compu-
tation engages left striatal circuits alongside perisylvian regions, par-
ticularly during local phrase structure building (Friederici et al., 2003b)
and even when sentences are made up of pseudowords (Moro et al.,
2001). As we argued at the outset, such linguistic operations correspond
with broad functions of frontostriatal hubs implicated in homologous
motor patterns. In healthy individuals, syntactic processing is grounded
in movement-related regions, such as the motor cortex, Broca's area,
and the basal ganglia (Ullman, 2004, 2008). This domain, too, is dis-
tinctively compromised in PD and HD patients (see Appendix, Table 3
in Supplementry material).

In early stages of PD, patients are impaired in processing sentences
of varied syntactic complexity, as observed in both monolingual
(Angwin et al., 2006; Lieberman et al., 1992) and bilingual (Zanini
et al., 2004) samples. For example, they exhibit disproportionate defi-
cits when parsing non-canonical sentences, such as those with raised
subjects –e.g., Music is easy for Jacob to play (Kemmerer, 1999). Other
studies on PD have also reported impairments for processing passive
sentences (Colman et al., 2006; Hochstadt et al., 2006) and center-
embedded (specially, object-relative) subordinate clauses –e.g., The
man that the woman touched was tall (Angwin et al., 2005, 2006;
Grossman et al., 2000, 2002; Lee et al., 2003).

Significant deficits also emerge in tasks tapping comprehension of
implied and metaphorical meanings evoked by sentences (Berg et al.,
2003; Monetta and Pell, 2007). Moreover, they are evident in the
production of spontaneous discourse. For example, Murray (2000)
found that non-demented PD and HD patients produced a smaller
proportion of grammatical sentences than controls during a narrative
task. In the same vein, Murray and Lenz (2001) reported reduced
syntactic complexity during conversational discourse in PD patients.
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Similar results were obtained by Reddy et al. (2016). However, differ-
ential syntactic performance in PD may also involve an overuse of
specific grammatical features, such as subordinating conjunctions
(García et al. 2016b).

A debate has emerged on whether syntactic impairments in PD are
strictly linguistic or secondary to executive dysfunction. On the one

hand, some studies have attributed morphosyntactic deficits in PD to
deficits in selective attention (Lee et al., 2003) or other executive re-
sources, such as working memory (Angwin et al., 2006; Hochstadt
et al., 2006). On the other hand, individuals with PD appear to have
morphosyntactic impairments regardless of the presence of non-lin-
guistic cognitive alterations (Longworth et al., 2005; Terzi et al., 2005).

Fig. 3. Disruption of motor-language coupling in
Parkinson’s and Huntington’s disease. (A) Results from
Ibá & ez et al. (2013). ACE in Parkinson’s disease (PD). (A1)
Mean reaction times from compatible, incompatible, and
neutral trials for PD and control participants. Control group
participants show a classic ACE, whereas the ACE was ab-
sent for PD participants. (A2) ACE subtraction; group
comparison of ACE normalized by subtracting the mean
reaction time of the neutral trials from those of the com-
patible and incompatible trials. (B) Results from Melloni
et al. (2015). (B1) Global broadcasting of information
across distant cortical regions, as asssessed with the
Weighted Symbolic Mutual Information (wSMI) metric.
Two-tailed t-tests on the wSMI matrices of each group were
obtained upon subtracting the correlation matrices of the
incongruent and congruent conditions. The Frequency
Specificity Graph shows the sensitivity of wSMI to pure-
frequency signals. The value of τ makes the wSMI measure
sensitive to different frequency ranges (τ = 4 ms is specific
for frequencies among 11–40 Hz and τ = 32 ms is specific
for frequencies ranging between 1 and 11 Hz). (B1) Ana-
lysis for tau = 4 ms (> 11 Hz): (i) histogram showing the
number of occurrences (y axis) of the t-values (x axis); the
distribution of these values exhibits a positive trend, in-
dicating that information sharing is larger for controls than
early PD (EPD) patients; (ii) correlation matrix of raw T-
value; (iii) masked correlation matrix: T-values were cor-
rected with an alpha level set at p < 0.01; non-significant
values were assigned a value of 0; (iv) connectivity map of
significant connections only across the scalp indicating that
controls presented higher information sharing at fronto-
temporal regions. (B2) Analysis for tau = 32 ms (specific
for 1–11 Hz): (i) histogram showing the number of occur-
rences (y axis) of the t-values (x axis); the distribution of
these values exhibits a positive trend, indicating that in-
formation sharing is larger for controls than EPD patients;
(ii) correlation matrix of raw T-value; (iii) masked corre-
lation matrix: T-values were corrected with an alpha level
set at p < 0.001; non-significant values were assigned a
value of 0; (iv) connectivity map of significant connections
only across the scalp indicating that controls presented
higher information sharing mainly at bilateral temporal
regions. (C, D) Results from Kargieman et al. (2014). Action
compatibility effect (ACE) in Huntington’s disease patients
(HDPs) and asymptomatic relatives (HDRs). (C1) Mean
reaction time from compatible, incompatible, and neutral
trials for HDP. Unlike controls, HDPs did not show an ACE.
(C2) ACE subtraction; group comparison of the ACE nor-
malized by subtracting the mean reaction time of the
neutral trials from those of the compatible and in-
compatible trials. (D1) Mean reaction times for HDRs.
Unlike controls, HDRs did not show an ACE. (D2) ACE
subtraction, calculated as in A2. In all panels, the bars de-
pict the SD. Panel A: modified with permission from
Ibá & ez et al. (2013); Panel B: reprinted with permission
from Melloni et al. (2015); Panels C and D: modified with
permission from Kargieman et al. (2014).
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Against this background, recent evidence suggests that the role of ex-
ecutive deficits in syntactic difficulties depends on the specific gram-
matical demands of the task. In a study by Sambin et al. (2012), HD
patients could normally process center-embedded and right-branching
relative clauses (e.g., The girl who watches the dog is green vs. The girl
watches the dog which is green) despite their differential demands on
working memory. However, they failed to acknowledge that names and
pronouns cannot be co-referential in sentences such as He smiled when
Paul entered. Thus, the authors concluded, this specific syntactic deficit
is not a byproduct of working memory impairment. Similarly,
Bocanegra et al. (2015) documented syntactic deficits in PD patients
with and without MCI, but noted that these depended on executive
skills only when syntactic comprehension demands were high (namely,
when stimuli featured embedded clauses, as in The woman who is fat is
kissing her husband). This result was replicated in patients featuring both
sporadic and genetic forms of the disease (García et al., 2017c). In sum,
then, at least some grammatical dysfunctions following frontostriatal
damage may occur in a sui generis fashion (i.e., they are not secondary
to extralinguistic deficits).

Additional evidence has revealed some neurological markers of
syntactic alterations in PD. Friederici et al. (2003a) found that the
P600, a specific marker of late syntactic integration and repair pro-
cesses, was abnormally modulated during sentence processing in PD,
while the N400 and the LAN (indexing semantic and early grammatical
processes, respectively) were similar to those of controls. The authors
concluded that basal ganglia damage specifically affects late syntactic
processes, without compromising earlier, automatic aspects of sentence
parsing. Another study showed that these alterations may involve not
just the basal ganglia, but also its extended cortical projections. Spe-
cifically, Grossman et al. (2003) found that PD patients had less striatal,
anteromedial prefrontal, and right temporal activation when processing
long sentences, suggesting that impaired sentence comprehension in PD
may reflect disturbances of a large-scale network (Fig. 4A). Moreover,
neuroimaging evidence shows that selective rule application impair-
ments in HD correlate with striatal atrophy, as indexed by bicaudate
ratios Teichmann et al. (2006).

The sensitivity of syntactic tasks to tap the integrity of frontostriatal
circuits is further emphasized by research on preclinical samples. For
example, asymptomatic relatives of HD patients are selectively im-
paired in syntactic tasks requiring the establishment of long-distance
dependencies (García et al., 2017b) (Fig. 4B). Also, García et al. (2017c)
reported that, relative to matched controls, asymptomatic individuals
with mutations in PD-related genes manifested selective deficits in a
syntactic task requiring the identification of functional roles of noun
phrases within predicates (Fig. 4C). Notably, in the latter two studies,
such patterns emerged in the absence of executive deficits, highlighting
the strictly grammatical nature of the dysfunction. Moreover, the very
tasks revealing deficits in each group were spared in the other. Con-
sidering that preclinical atrophy is mostly nigral in PD and pre-
dominantly neostriatal in HD, this double dissociation suggests that
specific subportions of the basal ganglia could play distinct roles in
specific syntactic functions (see Section 4.1).

By the same token, De Diego-Balaguer et al. (2008) studied the
learning of a simplified artificial language in HD patients at different
disease stages and pre-symptomatic subjects with confirmed HD-related
genetic mutations. As compared with healthy subjects, late-stage pa-
tients showed deficits in both rule and word learning, whereas early-
stage patients were predominantly impaired in the former skill. More
strikingly, although pre-symptomatic individuals were unimpaired in
general language tests, they exhibited specific difficulties in transfer-
ring newly learnt grammatical rules. This finding complements evi-
dence that morphological processing in pre-symptomatic HD patients is
characterized by rule-application alterations, such as over-suffixation
and over-regularization (Nemeth et al., 2012).

All in all, syntactic processes in PD and HD are systematically re-
lated to frontostriatal alterations. Furthermore, some studies indicate

that such deficits can emerge in the absence of other cognitive deficits
and, more notably, before the onset of clinical symptoms (see Sections
4.1, 4.2 and 4.3 below). While more research is needed to compre-
hensively test these incipient patterns, extant findings highlight their
potential relevance to forge useful links between the embodied cogni-
tion framework, clinical neuroscience, and neuropsychology, as dis-
cussed below.

4. Discussion

Traditionally, descriptions of linguistic deficits in PD and HD mainly
emphasized changes in articulation and other motoric aspects of verbal
production (Cummings et al., 1988). However, as seen in this review, at
least three high-order language domains (action-verb processing,
motor-language coupling, and syntax) seem to be distinctively com-
promised after frontostriatal disruptions. Although the evidence mainly
comes from PD, the more sparse research on HD shows considerable
convergence. Importantly, these deficits have been reported even in
preclinical stages. Such findings align with the DMGH, highlighting the
possibilities of for more direct dialogue between the embodied cogni-
tion framework, neuropsychology, and translational neuroscience. At
the same time, the evidence expounds the limitations of the hypothesis,
paving the way for a new, promising research agenda. Next, we address
these issues, identifying theoretical insights, challenges for future re-
search, and potential clinical implications.

4.1. Insights for neurolinguistic modeling

Our review indicates that linguistic subsystems specialized for the
lexico-semantic mapping of movement, the integration of verbal and
motor information, and the sequencing of hierarchically organized
lexical patterns become distinctively dysfunctional upon compromise of
frontostriatal networks, which are critical for mapping, integrating, and
sequencing hierarchically organized movement patterns. This three-
fold pattern aligns with the embodied cognition framework, which has
compellingly shown that high-order mental systems are grounded in
sensorimotor systems mediating our interactions with the world
(Barsalou, 1999; Gallese and Lakoff, 2005; Pulvermüller, 2005, 2013).
More particularly it supports the DMGH, as postulated at the outset. In
other words, we propose that the reason why these seemingly unrelated
domains become consistently compromised in PD and HD is that they
depend on the functional recycling (Dehaene and Cohen, 2007) of
frontostriatal motor loops.

The evidence broadly aligns with recent neurolinguistic models fo-
cused on the biological basis of action language (Pulvermüller, 2005,
2013), motor-language coupling (Cardona et al., 2013; García and
Ibáñez, 2016), syntactic mechanisms (Ullman, 2004, 2008), and even
with overall accounts of the organization of the linguistic system
(Ardila et al., 2016; Hagoort, 2013; Hagoort and Indefrey, 2014).
Moreover, some of the above findings motivate refinements of the
neural substrates proposed in these models. In particular, results from
preclinical samples emphasize the critical dependence of all three do-
mains on the substantia nigra and the neostriatum, given that atrophy
in prodromal stages of PD (Braak et al., 2003) and HD (Halliday et al.,
1998) is typically confined to those structures, respectively. Such
findings move beyond coarse-grained models which posit an un-
differentiated role of the entire frontobasal circuitry to specific lin-
guistic domains, such as syntax (Ullman, 2001) –for additional insights,
see Section 4.2 below.

Our review also extends models of the neural organization of lexico-
semantics at large and action language in particular. For example, the
declarative/procedural model posits that the lexico-semantic system in
its entirety relies on extra-striatal regions subserving declarative
memory (Ullman, 2001, 2004, 2008). This paper shows that action
verbs, and possibly other lexical categories evoking motor-related
meanings, are crucially grounded in frontostriatal networks. Also,
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robust accounts of action language have emphasized the role of cortical
motor networks in grounding relevant semantic information (e.g.,
Pulvermüller, 2005, 2013). Though fully compatible with this view, our
review shows that action semantics is also critically subserved by the
basal ganglia, and even some of its subportions in particular (García
et al., 2017b; Kargieman et al., 2014). It follows that (i) semantic
processing, in general, spreads beyond declarative memory circuits; and
that (ii) the embodied foundations of action language, in particular,
involve widespread networks cutting across relevant cortical and sub-
cortical hubs. Interestingly, neuroimaging studies in healthy samples
(e.g., Hauk et al., 2004; Kemmerer et al., 2008; Van Dam et al., 2010)
and relevant meta-analytical research (Jirak et al., 2010) indicates that
basal ganglia circuits are not differentially recruited during processing
of action verbs relative to other linguistic units. This suggests that
subcortical components of frontostriatal pathways, when fully pre-
served, may support general lexico-semantic functions (Crosson et al.,
2003), which are accompanied by fine-grained contributions of cortical
motor areas more specialized for action semantics (Pulvermüller, 2005,
2013). However, as seen in Section 3.2, basal ganglia damage may in
fact selectively disrupt action semantics. Indeed, selective deficits of
action semantics may be triggered even when only certain subportions
of the basal ganglia are compromised in preclinical disease stages
(García et al., 2017b; García et al., 2017c). Taken together, these
strands of evidence suggest that abnormal signaling from such sub-
cortical structures may compromise the operation of their frontal

connections, indirectly triggering the selective deficits observed in PD
and HD. However, specific studies should be conducted to test how
subcortical and cortical components of frontostriatal networks interact
during to action semantics, considering both healthy subjects and pa-
tient populations.

Furthermore, frontostriatal networks seem to constitute a key hub
for the convergence of linguistic and motor information. In daily life,
verbal processes do not occur in the context of a static body, and
movements are oftentimes accompanied by linguistic contexts. These
co-occurring phenomena modulate each other in reciprocal ways, as
recently captured by a network-based model (García and Ibáñez, 2016).
The finding that such cross-domain synergies are systematically dis-
rupted in PD and HD, but not in movement disorders resulting from
extra-striatal abnormalities (Cardona et al., 2014), point to the basal
ganglia and their frontal connections as an association area merging
linguistic and non-linguistic signals.

This review also recasts the debate on the relationship among
frontostriatal networks, syntactic processing, and executive functions.
In particular, frontostriatal regions are implicated in both syntactic
(Friederici et al., 2003b; Moro et al., 2001) and executive (Braver et al.,
2001; Gelfand and Bookheimer, 2003; McNab and Klingberg, 2008;
Menon et al., 2000) processing, but the interaction between such do-
mains remains unclear. Based on individual studies from PD and HD,
some authors have argued for a dependence of syntax on extralinguistic
mechanisms (e.g., working memory), while others have framed

Fig. 4. Disruption of syntax in Parkinson’s and Huntington’s disease. (A) Results from Grossman et al. (2003). Regional activation patterns in direct contrasts of PD patients and healthy
seniors. (A1) Areas of reduced activation in PD patients relative to healthy seniors for object-relative long-linkage sentences, including lateral views and representative transaxial views
(left hemisphere on the left) at z = 0 mm (a), z =+8 mm (b), and z =+16 mm (c). 1 = bilateral anteromedial prefrontal region; 2 = left ventral inferior frontal region; 3 = bilateral
striatum; 4 = left posterolateral temporal region; 5 = right posterolateral temporal region; 6 = bilateral occipital region. (A2) Areas of increased activation in PD patients relative to
healthy seniors for object-relative long-linkage sentences. (B) Results from García et al. (2017b). (B1) Performance on the Touching-A-with-B test by Huntington's disease patients (HDPs),
Huntington's disease relatives (HDRs), and their matched controls. (B2) Performance on embedded sentences task by HDPs, HDRs, and their matched controls. Error bars represent SDs.
Statistically significant differences are indicated by **. (C) Results from García et al. (2017c). Performance of sporadic PD patients (PD-Sp), genetic PD patients with parkin or dardarin
mutation (PDGen), and asymptomatic first degree relatives of the latter with similar mutations (PD-Rel), relative to controls, on global syntactic performance (A), the “Embedded
sentences” test (B), and the “Touching A with B” test (C). # indicates statistical differences at p < 0.05. * indicates statistical differences at p < 0.05 after a covariance test adjusted for
executive functions scores. Black vertical bars indicate standard deviations. The y-axis in each panel shows the numerical scores of the corresponding test, except for “Global syntactic
performance”, which is represented in percent values. Panel A: reprinted with permission from García et al. (2017b); Panel B: reprinted with permission from Grossman et al. (2007);
Panel C: reprinted with permission from García et al. (2017c).
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atrophied regions as playing domain-specific roles in grammatical
processing –see Section 3.3. However, neither overarching answer
seems adequate. Indeed, the engagement of executive mechanisms
during syntactic parsing depends on the specific grammatical demands
of the task at hand. For example, Bocanegra et al. (2015) and García
et al. (2017c) reported that syntactic deficits in PD are explained by
executive deficits only when the stimuli involved long-distance de-
pendencies. Similarly, Sambin et al. (2012) found that the difficulties of
HD patients to block incorrect name-pronoun co-reference were not
secondary to working memory deficits. Accordingly, the recruitment of
executive functions subserved by the basal ganglia during sentence
processing cannot be framed as an all-or-nothing problem. Only certain
grammatical operations seem to crucially rely on executive resources
for adequate task completion.

The relationship between frontostriatal networks and syntax is
neither straightforward nor monolithic. Certain syntactic functions,
such as processing of object-relative clauses or of the so-called Principle
C, can become disproportionately impaired in PD (García et al., 2017c),
and HD (García et al., 2017b), respectively. Indeed, in preclinical PD,
incipient atrophy of the substantia nigra (Rodriguez-Oroz et al., 2009)
has been linked to impairments in functional-role assignment (a pre-
dominantly sequential form of syntactic processing), with no con-
comitant deficits in parsing of long-distance dependencies (which dis-
tinctly taxes hierarchical processing mechanisms) (García et al., 2017c).
Instead, preclinical HD patients, characterized by more focal neostriatal
atrophy (Tabrizi et al., 2009), exhibit the exact opposite pattern. This
aligns with computational evidence that different subportions of the
striatum play distinct roles during linguistic processing, including spe-
cializations of specific cortico-striatal pathways for syntactically com-
plex sentences (Szalisznyó et al., 2017). Thus, although the evidence
does not warrant strict attributions of specific syntactic subdomains to
different putative regions, it seems that not all frontostriatal hubs
contribute equally to all syntatic processes. In this sense, it has been
proposed that Brodmann area 44 would be a key contributor to the
processing of complex hierarchical structures (Zaccarella and
Friederici, 2016), while certain substructures of the basal ganglia (e.g.,
the substantia nigra) would be more critically involved in sequential
than in hierarchical processing (García et al., 2017b). While these
possibilities remain speculative, the evidence does suggest that specific
patterns of atrophy may lead to differential patterns of disturbed and
spared syntactic functions. Further research is needed to clarify the role
of each subportion of motor networks in specific syntactic domains.

Note that, in stating that frontostriatal networks are critical to
ground action verbs, motor-language coupling, and syntax, we are not
claiming that they are the sole substrates of these domains. Indeed, all
three functions also recruit additional areas. For example, the thalamus,
the cerebellum, and temporal regions have been acknowledged as key
contributors to action-verb processing and motor-language coupling
(Cardona et al., 2013; García et al., 2016a; García and Ibáñez, 2016),
whereas the anterior cingulate cortex (Thothathiri et al., 2015) and
hippocampal-prefrontal connections seem to play critical roles in syn-
tactic processing (Opitz and Friederici, 2003). At the same time, neither
are frontostriatal networks exclusively devoted to these language
functions. Indeed, several of their constituting hubs have been im-
plicated in fluency (Ardila et al., 2016), phonology (Tettamanti et al.,
2005), and orthographic processing (Glezer et al., 2016). In sum, while
these circuits and the three subdomains reviewed are critically linked,
they do not stand in a one-to-one relationship.

Finally, and more generally, the DMGH implies that the lesion-
model approach can partially circumvent some theoretical caveats in
embodied cognition research. Since most neuroscientific evidence in
the field is correlational, associations between neural substrates and
high-order functions have been mainly postulated at an indirect level.
Despite limitations of its own, the use of lesion models can reveal more
direct links between specific cognitive domains and specific cerebral
circuits, especially when complemented with neuroimaging data

(García-Cordero et al., 2016; Melloni et al., 2016; Rorden and Karnath,
2004). In this sense, other extrapolations of the DMGH could be fruit-
fully incorporated into multiple research agendas within the embodied
framework and neurolinguistics at large.

4.2. Challenges ahead

Admittedly, the three domains targeted above are not the only as-
pects of language compromised by frontostriatal atrophy. Indeed, PD
and HD patients show impairments in phonological and semantic flu-
ency (Ellfolk et al., 2014; Henry et al., 2004; Ho et al., 2002; Obeso
et al., 2012; Rosser and Hodges, 1994), prosody (De Letter et al., 2007;
Kan et al., 2002; Lloyd, 1999; Pell and Leonard, 2003; Skodda, 2011;
Speedie et al., 1990), pragmatics (Holtgraves et al., 2013; McNamara
and Durso, 2003; Saldert et al., 2014; Saldert et al., 2010), and dis-
course processing (Copland et al., 2001; Murray and Stout, 1999).
However, except for fluency, these skills have not been systematically
studied in either population. More importantly, none of them is dis-
tinctively compromised by frontostriatal damage. Indeed, deficits in
such domains have been observed following occipital, parietal, and
temporo-occipital damage in posterior cortical atrophy (Crutch et al.,
2013), hippocampal abnormalities in amnesia (Kurczek et al., 2013),
bilateral temporal atrophy in primary progressive aphasia (Adlam et al.,
2006), anterior temporal lobe damage in semantic dementia, superior
temporal lesions in Wernicke's aphasia (Thompson et al., 2015), and
posterior middle and inferior temporal damage in semantic aphasia
(Thompson et al., 2015).

To be firmly accepted as putative embodied functions of frontos-
triatal networks, action language, motor-language coupling, and syntax
should not be significantly compromised in conditions which fully or
largely spare such circuits. Available evidence suggests that this could
be the case. For example, unlike subjects with frontal atrophy, semantic
dementia patients (featuring antero-lateral temporal damage) are more
impaired in object than action semantics (Bak and Hodges, 2003). Also,
motor-language coupling deficits fail to emerge in motor disorders not
triggered by frontostriatal lesions, such as neuromyelitis optica and
acute transverse myelitis patients (Cardona et al., 2014). Likewise,
syntactic abilities are typically preserved in conditions characterized by
temporal degeneration, such as Alzheimer's disease and semantic de-
mentia –for a review, see Ullman (2001). Yet, direct assessments of
these domains in contrastive lesion models are scant. It would be cri-
tical for PD and HD samples to be compared with populations char-
acterized by extra-striatal (e.g., temporal or parietal) damage to more
stringently test the specificity of the proposed associations. Also, there
is a paucity of evidence on whether the reported deficits (in particular,
syntax) are related to the degree of motor impairment in each condi-
tion. Extant findings indicate that the level of motor compromise of
individual PD patients can be robustly inferred on the basis of syntag-
matic patterns in spontaneous discourse García et al. (2016b). How-
ever, more direct testing is required to ascertain the predictive power of
these linguistic disorders for subject-level characterization. Also, future
studies may tackle this relation in a more robust way by assessing
whether specific aspects of motility in the patients (e.g., strength, ac-
celeration, intensity, sequencing, and, coordination) can be predicted
on the basis of their linguistic skills.

Likewise, direct neural markers of these embodied links have only
been sparsely produced. Although various cognitive functions have
been systematically examined through imaging techniques in PD and
HD (Postuma and Berg, 2016; Ross et al., 2014), only a handful of
studies have examined the neurological correlates of action language
(Abrevaya et al., 2017; Péran et al., 2009), motor-language coupling
(Melloni et al., 2015), and syntax (Friederici et al., 2003a) in PD, and
even fewer have done so in HD (e.g., Teichmann et al., 2008). The
DMGH requires further assessment by combining neuroscientific
methods with specific lesion models (Rorden and Karnath, 2004)
adapted for research in neurodegeneration. In particular, significant
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theoretical refinements could be attained by examining neurocognitive
correlates of these three target functions in contrastive patient samples,
as shown by recent studies on other domains, such as interoception
(García-Cordero et al., 2016) and social negotiation (Melloni et al.,
2016).

Further research is also needed to fully embrace the claim that the
impairments reviewed above are sui generis in nature. Although a con-
siderable amount of evidence aligns with such a claim (e.g., Bocanegra
et al., 2017; Bocanegra et al., 2015; Cardona et al., 2013; García et al.,
2017a; García et al., 2017c; Ibanez et al., 2013), the evidence is not
entirely consistent. This weakens their relevance as potential behavioral
markers of PD and HD. To foster progress in this direction, three
methodological strategies present in the literature could be more sys-
tematically applied. First, results from domain-general (e.g., executive
functions) tasks could be entered as covariables or regressors in the
analyses of linguistic performance. Second, patient samples could be
divided in terms of their cognitive state (e.g., subjects with and without
MCI). Third, tasks tapping any of the three embodied functions could be
adapted to feature conditions which differ in their extralinguistic (e.g.,
working memory) demands. Such methodological maneuvers could
help specify the primary or secondary nature of the anatomo-clinical
associations targeted in this work.

It is also worth noting that, despite our emphasis on the common-
alities between PD and HD, these diseases are far from identical.
Clinically, PD is characterized by tremors, slowness of movement, in-
creased muscular tone, a paucity of spontaneous movements.
Conversely, HD patients present excessive, uncontrollable, and rela-
tively rapid movements. Moreover, frontostriatal atrophy initially tar-
gets different basal ganglia structures in each condition (the substantia
nigra in PD, the neostriatum in HD). In addition, extra-striatal degen-
eration advances differentially in each case: in PD, it affects the hip-
pocampus (Camicioli et al., 2003), the cerebellum, the left precuneus,
and the bilateral temporal lobes (Camicioli et al., 2009), whereas in HD
it extends to the bilateral insula, the dorsal midbrain, the intra-parietal
sulci (Peinemann et al., 2005; Thieben et al., 2002), the orbitofrontal
cortex (Henley et al., 2009; Ille et al., 2011), the amygdala (Kipps et al.,
2007), and the cingulate cortex (Hobbs et al., 2011). Furthermore,
cognitive impairments follow different trajectories in each condition.
PD patients may or may not present MCI since early stages (Aarsland
et al., 2010; Caviness et al., 2007; Litvan et al., 2011; Muslimović et al.,
2005). The evidence suggests that the cognitive profile of PD-MCI is
predominantly non-amnesic and characterized mainly by executive
dysfunction (Aarsland et al., 2010; Caviness et al., 2007; Janvin et al.,
2006; Yu et al., 2012). Conversely, symptomatic and pre-symptomatic
HD patients typically feature greater cognitive dysfunctions and tend to
develop dementia. For example, they may feature facial emotion re-
cognition impairments correlated with regional loss of brain tissue,
altered brain activation, and changes in brain connectivity (Kordsachia
et al., 2016), alongside mood changes such as apathy, depression, and
irritability (Thompson et al., 2002). These discrepancies suggest that,
despite the numerous similarities, differential cognitive alterations may
emerge in each disease.

Yet, as seen throughout the review, research on motor grounding
domains is considerably scarcer in HD than in PD. Although this
weakens the transnosological relevance of our conclusions, the few
studies on HD align well with the more copious evidence from PD
supporting the DMGH. However, it would be essential for future studies
to systematically assess the three language domains in HD and, if pos-
sible, directly comparing samples from both populations.

Although direct comparisons of language skills between PD and HD
are scant, available evidence points to differential patterns. For ex-
ample, despite similar performance in cognitive and motor speech tests,
HD patients were observed to produce syntactically simpler utterances
than PD patients during spontaneous discourse (Murray, 2000) –but see
(Murray and Lenz, 2001). Also, it would seem that damage to the
specific motor hubs targeted by the preclinical physiopathology of each

disease could differentially compromise specific syntactic skills. For
example, as stated before, specific atrophy of mesencephalic and tele-
ncephalic portions of the basal ganglia in preclinical PD and HD, re-
spectively, can entail selective deficits in grammatical processes of
different complexity (e.g., functional-role assignment and establish-
ment of long-distance dependencies). In short, the specific physio-
pathological processes of PD and HD may involve differential deficits,
or at least trigger similar deficits at different moments in the course of
each disease, although further research is needed to assess this possi-
bility.

In this sense, not all subportions of this motor network seem to be
equally involved in the three domains considered. First, as seen above,
evidence from preclinical samples suggests a partial dissociation be-
tween nigral and neostriatal components to different syntactic func-
tions, suggesting that specific syntactic deficits could be distinctively
related to very early disturbances leading to either PD or HD. Moreover,
specializations of different cortico-striatal pathways also seem present
for action semantics. For instance, evidence from asymptomatic HD
relatives indicates that relatively focal atypicalities of the neostriatum
can selectively compromise action (as opposed to object) semantics
(García et al., 2017b), but no such deficit is observed when alterations
mainly affect the substantia nigra, as is the case in preclinical PD
(García et al., 2017c). In sum, these partial dissociative patterns in-
dicate that different motor hubs comprised by frontostriatal circuits
may be specialized for specific syntactic and semantic subdomains.

Finally, it is worth reemphasizing that a number of studies revealed
disruptions of motor grounding in early and even preclinical stages of
both diseases. However, the clinical notion of “early stage” subsumes
different extents of physiopathology. Similarly, preclinical stages pre-
sent high variability, as they involve patterns of progressive neurode-
generation which may last up to 15 years (Braak et al., 2003). In this
sense, a major caveat of the literature is that available studies do not
consistently report the patients’ disease stage or their extralinguistic
cognitive profile, let alone the lack of longitudinal studies. More sys-
tematic recording of the patients’ disease stages and continuous mon-
itoring of their cognitive profiles would thus be critical to ascertain the
translational potential of the DMGH. Notwithstanding, available find-
ings already pave the way for clinical applications, as discussed below.

4.3. Potential clinical applications

In recent decades, not only have high-order deficits in PD and HD
become well established, but they have also entered the field's clinical
agenda (Ross and Tabrizi, 2011; Svenningsson et al., 2012). Here, in the
context of the DMGH, we have underscored the systematicity of three
forms of linguistic impairment in early and even preclinical stages of
both diseases. Consequently, relevant language embodiment tasks may
offer useful insights into the integrity of the patients’ frontostriatal
networks even before full-blown clinical manifestation (García and
Ibáñez, 2014; García and Ibáñez, 2016).

Such tasks could complement standard assessment tools to char-
acterize cognitive deficits in early stages and, more promisingly, to
detect subtle frontostriatal abnormalities in asymptomatic carriers of
associated mutations. The sensitivity of the motor grounding impair-
ments reviewed above is highlighted by two observations. First, they
have been repeatedly documented in patients without dementia or MCI,
suggesting that they could be primary in nature (i.e., not epipheno-
menal to widespread cognitive dysfunction). Second, at least some of
them are independent of executive deficits, which highlights their re-
levance to detect neurofunctional alterations even if traditional ex-
ecutive screening procedures yield null results –see, for example, García
et al. (2016b).

Moreover, some of the studies reviewed are pregnant with possibi-
lities for translational innovations. First, during action-verb processing,
PD patients seem to recruit a non-motor pathway in a manner pro-
portional to their level of basal ganglia atrophy (Abrevaya et al., 2017).
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These results may inspire breakthroughs for non-invasive brain stimu-
lation protocols. Unlike what happens in healthy subjects, stimulation
of motor hubs in PD does not facilitate processing of specific types of
action verbs (Tomasino et al., 2014). While several explanations seem
plausible (e.g., damage-induced desensitization of the motor system to
stimulation, compensatory side effects, or other neuroadaptation phe-
nomena), such null results might also reflect the partial functional ir-
relevance of motor structures for action-verb processing in patients and,
more generally, they could imply that other high-order functions are
being processed via non-putative circuitry. Future stimulation studies
could assess this conjecture by targeting non-canonical regions to en-
hance processing of specific cognitive functions. In this sense, action
verbs would be good starting candidates.

Second, using automated text analysis tools, García et al. (2016b)
found that reduced reliance on action semantics in PD could be tapped
via naturalistic speech production tasks. This novel paradigm circum-
vents the limitations of standard atomistic paradigms, which typically
exhaust patients by having them concentrate on long lists of dis-
connected stimuli presented in random or arbitrary succession. As
shown in previous studies with other samples (Bedi et al., 2014), such
an approach bypasses the biases and bottlenecks of human-based text
analysis and allows researchers to automatically classify individuals as
belonging to a certain patient group. Moreover, García et al. (2016b)
also found that syntactic and syntagmatic abnormalities during natural
speech in PD allowed classifying individual patients with 75% accu-
racy, and inferring their level of motor impairment with 76% accuracy.
Prospectively, if available results are replicated, spontaneous speech
production tasks could be applied remotely and repeatedly to comple-
ment traditional clinical and neuropsychological assessments, offering a
chance to naturally monitor the progression of cognitive deficits or even
the impact of clinical interventions. In particular, as this approach en-
tails a dramatic reduction of human labor in the administration,
scoring, tabulation, and analysis of data, it could offer unprecedented
opportunities for massive application across geographical boundaries.

Third, both neurodegenerative disorders reviewed here are asso-
ciated with well-known genetic alterations. Specifically, many forms of
PD have genetic determinants such as mutations in the PARK2 and
LRRK2 genes (Spatola and Wider, 2014), and HD is an autosomal
dominant disorder resulting from mutations in the huntingtin gene
(Walker, 2013). While functional scales and traditional tests may be
blind to the subtle consequences of preclinical frontostriatal damage,
the three language domains reviewed can become significantly im-
paired in asymptomatic carriers of associated mutations. Insofar as
timely intervention is a key prerequisite for clinicians to mitigate the
impact of disease, linguistic tasks affording sensitive prodromal mar-
kers could become critical complements to more traditional assess-
ments.

Finally, despite our focus on PD and HD, tasks tapping these three
linguistic domains could also reveal fine-grained cognitive deficits in
other movement disorders. Indeed, several reports have documented
selective action-verb, motor-language coupling, and/or syntactic im-
pairments in progressive supranuclear palsy (Bak et al., 2006), amyo-
throphic lateral sclerosis (Ash et al., 2015; Neary et al., 2000; Papeo
et al., 2015; Yoshizawa et al., 2014), and cerebral palsy (Geytenbeek
et al., 2015). Moreover, the DMGH could be extended beyond models of
motor network damage. For example, specific language motor
grounding mechanisms have been identified in regions specialized for
emotional processing (Naccache et al., 2005), olfaction (González et al.,
2006), and chromatic perception (Simmons et al., 2007). Tasks aimed
to assess verbal processing of those experiential domains (e.g., targeting
processing of emotional, olfactory, or color words) might offer sensitive
clues about the functional integrity of their putative regions across
specific patient populations.

5. Conclusion

Embodied cognition research offers new views into the organization
of linguistic subsystems in the brain, showing their critical links with
specific sensorimotor networks. In particular, the DMGH may represent
a useful heuristic tool in the quest of cognitive biomarkers for neuro-
degenerative motor diseases. While an embodied conceptualization is
neither sufficient nor necessary to such an end, it may certainly con-
tribute to this mission by promoting testable fine-grained hypotheses on
potentially specific markers. As seen in this review, this conceptual
approach could open new windows for theoretical and translational
breakthroughs. The functional affinities between the motor specializa-
tion of frontostriatal networks and three specific motor grounding do-
mains (action language, motor-language coupling, and syntax) call for
extensions and refinements of extant language models. Moreover, they
offer promising alternatives to characterize early deficits in movement
disorders and even promote their preclinical detection. In this sense, the
DMGH may afford a fruitful overarching framework for future basic and
applied research in neurolinguistics and cognitive neuroscience at
large.

Conflict of interest

None to declare.

Acknowledgments

This work was partially supported by grants from CONICET,
CONICYT/FONDECYT Regular (1170010), FONCyT-PICT 2012-0412,
FONCyT-PICT 2012-1309, FONDAP 15150012, and the INECO
Foundation.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.neubiorev.2017.07.011.

References

Aarsland, D., Bronnick, K., Williams-Gray, C., Weintraub, D., Marder, K., Kulisevsky, J.,
Burn, D., Barone, P., Pagonabarraga, J., Allcock, L., 2010. Mild cognitive impairment
in Parkinson disease. A multicenter pooled analysis. Neurology 75, 1062–1069.

Abrevaya, S., Sedeño, L., Fittipaldi, S., Pineada, D., Lopera, F., Buriticá, O., Villegas, A.,
Bustamante, C., Gomez, D., Trujillo, N., Pautassi, R., Ibáñez, A., García, A.M., 2017.
The road less traveled: alternative pathways for action-verb processing in Parkinson's
disease. J. Alzheimer’s Dis. 55, 1429–1435.

Adlam, A.-L., Patterson, K., Rogers Nestor Salmond, T.P.C., Acosta-Cabronero, J., Hodges,
J., 2006. Semantic dementia and fluent primary progressive aphasia: two sides of the
same coin? Brain 129, 3066–3080.

Al-Yahya, E., Dawes, H., Smith, L., Dennis, A., Howells, K., Cockburn, J., 2011. Cognitive
motor interference while walking: a systematic review and meta-analysis. Neurosci.
Biobehav. Rev. 35, 715–728.

Alexander, G.E., Crutcher, M.D., 1990. Functional architecture of basal ganglia circuits:
neural substrates of parallel processing. Trends Neurosci. 13, 266–271.

Alexander, G.E., DeLong, M.R., Strick, P.L., 1986. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu. Rev. Neurosci. 9,
357–381.

Andalman, A.S., Fee, M.S., 2009. A basal ganglia-forebrain circuit in the songbird biases
motor output to avoid vocal errors. Proc. Natl. Acad. Sci. U. S. A. 106, 12518–12523.

Angwin, A.J., Chenery, H.J., Copland, D.A., Murdoch, B.E., Silburn, P.A., 2006. Self-paced
reading and sentence comprehension in Parkinson's disease. J. Neuroling. 19,
239–252.

Aravena, P., Hurtado, E., Riveros, R., Cardona, J.F., Manes, F., Ibáñez, A., 2010.
Applauding with closed hands: neural signature of action-sentence compatibility ef-
fects. PLoS One 5, e11751.

Ardila, A., Bernal, B., Rosselli, M., 2016. How localized are language brain areas? A re-
view of brodmann areas involvement in oral language. Arch. Clin. Neuropsychol. 31,
112–122.

Arevalo, A.L., Baldo, J.V., Dronkers, N.F., 2012. What do brain lesions tell us about
theories of embodied semantics and the human mirror neuron system? Cortex 48,
242–254.

Ash, S., Olm, C., McMillan, C.T., Boller, A., Irwin, D.J., McCluskey, L., Elman, L.,
Grossman, M., 2015. Deficits in sentence expression in amyotrophic lateral sclerosis.
Amyotroph. Later. Scler. Frontotemporal Degener. 16, 31–39.

A. Birba et al. Neuroscience and Biobehavioral Reviews 80 (2017) 673–687

684

http://dx.doi.org/10.1016/j.neubiorev.2017.07.011
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0005
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0005
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0005
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0010
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0010
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0010
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0010
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0015
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0015
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0015
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0020
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0020
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0020
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0025
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0025
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0030
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0030
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0030
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0035
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0035
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0040
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0040
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0040
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0045
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0045
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0045
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0050
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0050
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0050
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0055
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0055
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0055
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0060
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0060
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0060


Aziz-Zadeh, L., Wilson, S.M., Rizzolatti, G., Iacoboni, M., 2006. Congruent embodied
representations for visually presented actions and linguistic phrases describing ac-
tions. Curr. Biol. 16, 1818–1823.

Baez, S., Herrera, E., Gershanik, O., Garcia, A.M., Bocanegra, Y., Kargieman, L., Manes, F.,
Ibanez, A., 2015. Impairments in negative emotion recognition and empathy for pain
in Huntington's disease families. Neuropsychologia 68, 158–167.

Baez, S., Santamaria-Garcia, H., Orozco, J., Fittipaldi, S., Garcia, A.M., Pino, M., Ibanez,
A., 2016. Your misery is no longer my pleasure: reduced schadenfreude in
Huntington's disease families. Cortex 83, 78–85.

Bak, T.H., Hodges, J.R., 2003. Kissing and dancing - a test to distinguish the lexical and
conceptual contributions to noun/verb and action/object dissociation. Preliminary
results in patients with frontotemporal dementia. J. Neuroling. 16, 169–181.

Bak, T.H., Yancopoulou, D., Nestor, P.J., Xuereb, J.H., Spillantini, M.G., Pulvermüller, F.,
Hodges, J.R., 2006. Clinical, imaging and pathological correlates of a hereditary
deficit in verb and action processing. Brain 129, 321–332.

Bak, T.H., 2013. The neuroscience of action semantics in neurodegenerative brain dis-
eases. Curr. Opin. Neurol. 26, 671–677.

Barrós-Loscertales, A., González, J., Pulvermüller, F., Ventura-Campos, N., Bustamante,
J.C., Costumero, V., Parcet, M.A., Ávila, C., 2012. Reading salt activates gustatory
brain regions: fMRI evidence for semantic grounding in a novel sensory modality.
Cereb. Cortex 22, 2554–2563.

Barsalou, L.W., 1999. Language Comprehension: Archival Memory or Preparation for
Situated Action?.

Bedi, G., Cecchi, G.A., Slezak, D.F., Carrillo, F., Sigman, M., de Wit, H., 2014. A window
into the intoxicated mind? Speech as an index of psychoactive drug effects.
Neuropsychopharmacology 39, 2340–2348.

Berg, E., Bjornram, C., Hartelius, L., Laakso, K., Johnels, B., 2003. High-level language
difficulties in Parkinson's disease. Clin. Ling. Phonet. 17, 63–80.

Bertella, L., Albani, G., Greco, E., Priano, L., Mauro, A., Marchi, S., Bulla, D., Semenza, C.,
2001. Noun verb dissociation in Parkinson's disease. Brain Cogn. 48, 277–280.

Beste, C., Saft, C., Konrad, C., Andrich, J., Habbel, A., Schepers, I., Jansen, A., Pfleiderer,
B., Falkenstein, M., 2008. Levels of error processing in Huntington's disease: a
combined study using event-related potentials and voxel-based morphometry. Hum.
Brain Mapp. 29, 121–130.

Beste, C., Ness, V., Falkenstein, M., Saft, C., 2011. On the role of fronto-striatal neural
synchronization processes for response inhibition—evidence from ERP phase-syn-
chronization analyses in pre-manifest Huntington's disease gene mutation carriers.
Neuropsychologia 49, 3484–3493.

Bocanegra, Y., García, A.M., Pineda, D., Buriticá, O., Villegas, A., Lopera, F., Gómez, D.,
Gómez-Arias, C., Cardona, J.F., Trujillo, N., 2015. Syntax, action verbs, action se-
mantics, and object semantics in Parkinson's disease: dissociability, progression, and
executive influences. Cortex 69, 237–254.

Bocanegra, Y., García, A.M., Lopera, F., Pineda, D., Baena, A., Ospina, P., Alzate, D.,
Buriticá, O., Moreno, L., Ibáñez, A., 2017. Unspeakable motion: selective action-verb
impairments in Parkinson’s disease patients without mild cognitive impairment.
Brain Lang. 168, 37–46.

Borreggine, K.L., Kaschak, M.P., 2006. The action–sentence compatibility effect: it's all in
the timing. Cognit. Sci. 30, 1097–1112.

Bossy-Wetzel, E., Petrilli, A., Knott, A.B., 2008. Mutant huntingtin and mitochondrial
dysfunction. Trends Neurosci. 31, 609–616.

Boulenger, V., Mechtouff, L., Thobois, S., Broussolle, E., Jeannerod, M., Nazir, T.A., 2008.
Word processing in Parkinson's disease is impaired for action verbs but not for con-
crete nouns. Neuropsychologia 46, 743–756.

Braak, H., Del Tredici, K., Rub, U., de Vos, R.A., Jansen Steur, E.N., Braak, E., 2003.
Staging of brain pathology related to sporadic Parkinson's disease. Neurobiol. Aging
24, 197–211.

Braver, T.S., Barch, D.M., Kelley, W.M., Buckner, R.L., Cohen, N.J., Miezin, F.M., Snyder,
A.Z., Ollinger, J.M., Akbudak, E., Conturo, T.E., 2001. Direct comparison of pre-
frontal cortex regions engaged by working and long-term memory tasks. Neuroimage
14, 48–59.

Camicioli, R., Moore, M.M., Kinney, A., Corbridge, E., Glassberg, K., Kaye, J.A., 2003.
Parkinson's disease is associated with hippocampal atrophy. Mov. Disord. 18,
784–790.

Camicioli, R., Gee, M., Bouchard, T.P., Fisher, N.J., Hanstock, C.C., Emery, D.J., Martin,
W.W., 2009. Voxel-based morphometry reveals extra-nigral atrophy patterns asso-
ciated with dopamine refractory cognitive and motor impairment in parkinsonism.
Parkinsonism Relat. Disorders 15, 187–195.

Cardona, J.F., Gershanik, O., Gelormini-Lezama, C., Houck, A.L., Cardona, S., Kargieman,
L., Trujillo, N., Arévalo, A., Amoruso, L., Manes, F., 2013. Action-verb processing in
Parkinson's disease: new pathways for motor–language coupling. Brain Struct. Funct.
218, 1355–1373.

Cardona, J.F., Kargieman, L., Sinay, V., Gershanik, O., Gelormini, C., Amoruso, L., Roca,
M., Pineda, D., Trujillo, N., Michon, M., 2014. How embodied is action language?
Neurological evidence from motor diseases. Cognition 131, 311–322.

Caviness, J.N., Driver-Dunckley, E., Connor, D.J., Sabbagh, M.N., Hentz, J.G., Noble, B.,
Evidente, V.G.H., Shill, H.A., Adler, C.H., 2007. Defining mild cognitive impairment
in Parkinson's disease. Mov. Disord. 22, 1272–1277.

Copland, D.A., Chenery, H.J., Murdoch, B.E., 2001. Discourse priming of homophones in
individuals with dominant nonthalamic subcortical lesions, cortical lesions and
Parkinsons disease. J. Clin. Exp. Neuropsychol. 23, 538–556.

Cotelli, M., Borroni, B., Manenti, R., Zanetti, M., Arevalo, A., Cappa, S., Padovani, A.,
2007. Action and object naming in Parkinson's disease without dementia. Eur. J.
Neurol. 14, 632–637.

Crescentini, C., Lunardelli, A., Mussoni, A., Zadini, A., Shallice, T., 2008. A left basal
ganglia case of dynamic aphasia or impairment of extra-language cognitive pro-
cesses? Neurocase 14, 184–203.

Crosson, B., Benefield, H., Cato, M.A., Sadek, J.R., Moore, A.B., Wierenga, C.E., Gopinath,
K., Soltysik, D., Bauer, R.M., Auerbach, E.J., 2003. Left and right basal ganglia and
frontal activity during language generation: contributions to lexical, semantic, and
phonological processes. J. Int. Neuropsychol. Soc. 9, 1061–1077.

Crutch, S.J., Lehmann, M., Warren, J.D., Rohrer, J.D., 2013. The language profile of
posterior cortical atrophy. J. Neurol. Neurosurg. Psychiatry 84, 460–466.

Cummings, J.L., Darkins, A., Mendez, M., Hill, M.A., Benson, D., 1988. Alzheimer's dis-
ease and Parkinson's disease Comparison of speech and language alterations.
Neurology 38 (680-680).

Damasio, A.R., 1989. Time-locked multiregional retroactivation: a systems-level proposal
for the neural substrates of recall and recognition. Cognition 33, 25–62.

De Diego-Balaguer, R., Couette, M., Dolbeau, G., Dürr, A., Youssov, K., Bachoud-Lévi, A.-
C., 2008. Striatal degeneration impairs language learning: evidence from
Huntington's disease. Brain 131, 2870–2881.

De Letter, M., Santens, P., Estercam, I., Van Maele, G., De Bodt, M., Boon, P., Van Borsel,
J., 2007. Levodopa-induced modifications of prosody and comprehensibility in ad-
vanced Parkinson's disease as perceived by professional listeners. Clin. Ling.
Phonetics 21, 783–791.

Decety, J., Grezes, J., Costes, N., Perani, D., Jeannerod, M., Procyk, E., Grassi, F., Fazio,
F., 1997. Brain activity during observation of actions: influence of action content and
subject's strategy. Brain 120, 1763–1777.

Dehaene, S., Cohen, L., 2007. Cultural recycling of cortical maps. Neuron 56, 384–398.
Dominey, P.F., Hoen, M., Blanc, J.-M., Lelekov-Boissard, T., 2003. Neurological basis of

language and sequential cognition: evidence from simulation, aphasia, and ERP
studies. Brain Lang. 86, 207–225.

Dubois, B., Pillon, B., 1996. Cognitive deficits in Parkinson's disease. J. Neurol. 244, 2–8.
Ellfolk, U., Joutsa, J., Rinne, J.O., Parkkola, R., Jokinen, P., Karrasch, M., 2014. Striatal

volume is related to phonemic verbal fluency but not to semantic or alternating
verbal fluency in early Parkinson's disease. J. Neural Transm. 121, 33–40.

Emre, M., Aarsland, D., Brown, R., Burn, D.J., Duyckaerts, C., Mizuno, Y., Broe, G.A.,
Cummings, J., Dickson, D.W., Gauthier, S., Goldman, J., Goetz, C., Korczyn, A., Lees,
A., Levy, R., Litvan, I., McKeith, I., Olanow, W., Poewe, W., Quinn, N., Sampaio, C.,
Tolosa, E., Dubois, B., 2007. Clinical diagnostic criteria for dementia associated with
Parkinson's disease. Mov. Disord. 22, 1689–1707 (quiz 1837).

Enzi, B., Edel, M.-A., Lissek, S., Peters, S., Hoffmann, R., Nicolas, V., Tegenthoff, M.,
Juckel, G., Saft, C., 2012. Altered ventral striatal activation during reward and
punishment processing in premanifest Huntington's disease: a functional magnetic
resonance study. Exp. Neurol. 235, 256–264.

Fernandino, L., Conant, L.L., Binder, J.R., Blindauer, K., Hiner, B., Spangler, K., Desai,
R.H., 2013a. Parkinson's disease disrupts both automatic and controlled processing of
action verbs. Brain Lang. 127, 65–74.

Fernandino, L., Conant, L.L., Binder, J.R., Blindauer, K., Hiner, B., Spangler, K., Desai,
R.H., 2013b. Where is the action? Action sentence processing in Parkinson's disease.
Neuropsychologia 51, 1510–1517.

Friederici, A.D., Kotz, S.A., Werheid, K., Hein, G., von Cramon, D.Y., 2003a. Syntactic
comprehension in Parkinson's disease: investigating early automatic and late in-
tegrational processes using event-related brain potentials. Neuropsychology 17, 133.

Friederici, A.D., Rueschemeyer, S.-A., Hahne, A., Fiebach, C.J., 2003b. The role of left
inferior frontal and superior temporal cortex in sentence comprehension: localizing
syntactic and semantic processes. Cereb. Cortex 13, 170–177.

Gallese†, V., Lakoff, G., 2005. The brain's concepts: the role of the sensory-motor system
in conceptual knowledge. Cogn. Neuropsychol. 22, 455–479.

García, A.M., Ibáñez, A., 2014. Words in motion: motor-language coupling in Parkinson's
disease. Transl. Neurosci. 5, 152–159.

García, A.M., Ibáñez, A., 2016. A touch with words: dynamic synergies between manual
actions and language. Neuroscie. Biobehav. Rev. 68, 59–95.

García, A.M., Abrevaya, S., Kozono, G., Cordero, I.G., Córdoba, M., Kauffman, M.A.,
Pautassi, R., Muñoz, E., Sedeño, L., Ibáñez, A., 2016a. The cerebellum and embodied
semantics: evidence from a case of genetic ataxia due to STUB1 mutations. J. Med.
Genet. 54, 114–124.

García, A.M., Carrillo, F., Orozco-Arroyave, J.R., Trujillo, N., Bonilla, J.F.V., Fittipaldi, S.,
Adolfi, F., Nöth, E., Sigman, M., Slezak, D.F., 2016b. How language flows when
movements don’t: an automated analysis of spontaneous discourse in Parkinson's
disease. Brain Lang. 162, 19–28.

García, A.M., Bocanegra, Y., Herrera, E., Moreno, L., Carmona, J., Baena, A., Lopera, F.,
Pineda, D., Melloni, M., Legaz, A., 2017a. Parkinson's disease compromises the ap-
praisal of action meanings evoked by naturalistic texts. Cortex. http://www.
sciencedirect.com/science/article/pii/S0010945217302228.

García, A.M., Bocanegra, Y., Herrera, E., Pino, M., Muñoz, E., Sedeño, L., Ibáñez, A.,
2017b. Action-semantic and syntactic deficits in subjects at risk for Huntington's
disease. J. Neuropsychol. http://onlinelibrary.wiley.com/doi/10.1111/jnp.12120/
abstract;jsessionid=5F9DBE1830135F12CEE69963D6545BFF.f02t02.

García, A.M., Sedeño, L., Trujillo, N., Bocanegra, Y., Gomez, D., Pineda, D., Villegas, A.,
Muñoz, E., Arias, W., Ibáñez, A., 2017c. Language deficits as a preclinical window
into Parkinson's disease: evidence from asymptomatic parkin and dardarin mutation
carriers. J. Int. Neuropsychol. Soc. 23, 150–158.

García-Cordero, I., Sedeño, L., de la Fuente, L., Slachevsky, A., Forno, G., Klein, F., Lillo,
P., Ferrari, J., Rodriguez, C., Bustin, J., Torralva, T., Baez, S., Yoris, A., Esteves, S.,
Melloni, M., Salamone, P., Huepe, D., Manes, F., García, A.M., Ibañez, A., 2016.
Feeling, learning from and being aware of inner states: interoceptive dimensions in
neurodegeneration and stroke. Phil. Trans. R. Soc. B : Biol. Sci. 371.

Gelfand, J.R., Bookheimer, S.Y., 2003. Dissociating neural mechanisms of temporal se-
quencing and processing phonemes. Neuron 38, 831–842.

Geytenbeek, J.J., Heim, M.J., Knol, D.L., Vermeulen, R.J., Oostrom, K.J., 2015. Spoken
language comprehension of phrases, simple and compound-active sentences in non-
speaking children with severe cerebral palsy. Int. J. Lang. Commun. Disorders 50,

A. Birba et al. Neuroscience and Biobehavioral Reviews 80 (2017) 673–687

685

http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0065
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0065
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0065
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0070
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0070
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0070
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0075
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0075
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0075
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0080
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0080
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0080
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0085
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0085
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0085
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0090
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0090
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0095
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0095
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0095
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0095
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0100
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0100
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0105
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0105
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0105
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0110
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0110
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0115
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0115
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0120
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0120
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0120
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0120
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0125
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0125
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0125
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0125
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0130
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0130
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0130
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0130
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0135
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0135
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0135
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0135
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0140
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0140
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0145
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0145
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0150
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0155
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0155
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0155
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0160
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0160
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0160
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0160
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0165
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0165
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0165
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0170
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0170
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0170
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0170
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0175
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0175
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0175
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0175
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0180
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0180
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0180
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0185
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0185
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0185
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0190
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0190
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0190
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0195
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0195
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0195
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0200
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0200
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0200
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0205
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0205
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0205
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0205
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0210
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0210
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0215
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0215
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0215
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0220
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0220
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0225
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0225
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0225
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0230
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0230
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0230
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0230
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0235
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0235
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0235
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0240
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0245
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0245
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0245
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0250
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0255
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0255
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0255
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0260
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0260
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0260
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0260
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0260
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0265
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0265
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0265
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0265
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0270
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0270
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0270
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0275
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0275
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0275
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0280
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0280
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0280
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0285
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0285
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0285
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0290
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0290
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0295
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0295
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0300
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0300
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0305
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0305
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0305
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0305
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0310
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0310
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0310
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0310
http://www.sciencedirect.com/science/article/pii/S0010945217302228
http://www.sciencedirect.com/science/article/pii/S0010945217302228
http://onlinelibrary.wiley.com/doi/10.1111/jnp.12120/abstract;jsessionid=5F9DBE1830135F12CEE69963D6545BFF.f02t02
http://onlinelibrary.wiley.com/doi/10.1111/jnp.12120/abstract;jsessionid=5F9DBE1830135F12CEE69963D6545BFF.f02t02
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0325
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0325
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0325
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0325
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0330
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0330
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0330
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0330
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0330
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0335
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0335
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0340
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0340
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0340


499–515.
Glenberg, A.M., Kaschak, M.P., 2002. Grounding language in action. Psychonomic Bull.

Rev. 9, 558–565.
Glezer, L.S., Eden, G., Jiang, X., Luetje, M., Napoliello, E., Kim, J., Riesenhuber, M., 2016.

Uncovering phonological and orthographic selectivity across the reading network
using fMRI-RA. Neuroimage 138, 248–256.

González, J., Barros-Loscertales, A., Pulvermüller, F., Meseguer, V., Sanjuán, A., Belloch,
V., Ávila, C., 2006. Reading cinnamon activates olfactory brain regions. Neuroimage
32, 906–912.

Graybiel, A.M., 2008. Habits, rituals, and the evaluative brain. Annu. Rev. Neurosci. 31,
359–387.

Grillner, S., Hellgren, J., Menard, A., Saitoh, K., Wikstrom, M.A., 2005. Mechanisms for
selection of basic motor programs–roles for the striatum and pallidum. Trends
Neurosci. 28, 364–370.

Grossman, M., Cooke, A., DeVita, C., Lee, C., Alsop, D., Detre, J., Gee, J., Chen, W., Stern,
M., Hurtig, H., 2003. Grammatical and resource components of sentence processing
in Parkinson's disease An fMRI study. Neurology 60, 775–781.

Hagoort, P., Indefrey, P., 2014. The neurobiology of language beyond single words. Annu.
Rev. Neurosci. 37, 347–362.

Hagoort, P., 2013. MUC (memory, unification, control) and beyond. Front. Psychol. 4,
416.

Halliday, G., McRitchie, D., Macdonald, V., Double, K., Trent, R., McCusker, E., 1998.
Regional specificity of brain atrophy in Huntington's disease. Exp. Neurol. 154,
663–672.

Harrington, D.L., Rubinov, M., Durgerian, S., Mourany, L., Reece, C., Koenig, K.,
Bullmore, E., Long, J.D., Paulsen, J.S., Rao, S.M., 2015. Network topology and
functional connectivity disturbances precede the onset of Huntington's disease. Brain
138, 2332–2346.

Hauk, O., Johnsrude, I., Pulvermüller, F., 2004. Somatotopic representation of action
words in human motor and premotor cortex. Neuron 41, 301–307.

Helie, S., Chakravarthy, S., Moustafa, A.A., 2015. Exploring the cognitive and motor
functions of the basal ganglia: an integrative review of computational cognitive
neuroscience models. Front. Comput. Neurosci. 7.

Helmich, R.C., Hallett, M., Deuschl, G., Toni, I., Bloem, B.R., 2012. Cerebral causes and
consequences of parkinsonian resting tremor: a tale of two circuits? Brain 135,
3206–3226.

Henley, S., Wild, E.J., Hobbs, N.Z., Frost, C., MacManus, D.G., Barker, R.A., Fox, N.C.,
Tabrizi, S.J., 2009. Whole-brain atrophy as a measure of progression in premanifest
and early Huntington's disease. Mov. Disord. 24, 932–936.

Henry, J.D., Crawford, J.R., Phillips, L.H., 2004. Verbal fluency performance in dementia
of the Alzheimer's type: a meta-analysis. Neuropsychologia 42, 1212–1222.

Herrera, E., Cuetos, F., 2012. Action naming in Parkinson's disease patients on/off do-
pamine. Neurosci. Lett. 513, 219–222.

Ho, A.K., Sahakian, B.J., Robbins, T.W., Barker, R.A., Rosser, A.E., Hodges, J.R., 2002.
Verbal fluency in Huntington's disease: a longitudinal analysis of phonemic and se-
mantic clustering and switching. Neuropsychologia 40, 1277–1284.

Hobbs, N.Z., Pedrick, A.V., Say, M.J., Frost, C., Dar Santos, R., Coleman, A., Sturrock, A.,
Craufurd, D., Stout, J.C., Leavitt, B.R., 2011. The structural involvement of the cin-
gulate cortex in premanifest and early Huntington's disease. Mov. Disord. 26,
1684–1690.

Hochstadt, J., Nakano, H., Lieberman, P., Friedman, J., 2006. The roles of sequencing and
verbal working memory in sentence comprehension deficits in Parkinson's disease.
Brain Lang. 97, 243–257.

Holtgraves, T., Fogle, K., Marsh, L., 2013. Pragmatic Language Production Deficits in
Parkinson's Disease.

Houk, J.C., Bastianen, C., Fansler, D., Fishbach, A., Fraser, D., Reber, P.J., Roy, S.A., Simo,
L.S., 2007. Action selection and refinement in subcortical loops through basal ganglia
and cerebellum. Phil. Trans. R. Soc. B : Biol. Sci. 362, 1573–1583.

Ibáñez, A., Cardona, J.F., Dos Santos, Y.V., Blenkmann, A., Aravena, P., Roca, M.,
Hurtado, E., Nerguizian, M., Amoruso, L., Gomez-Arevalo, G., 2013. Motor-language
coupling: direct evidence from early Parkinson's disease and intracranial cortical
recordings. Cortex 49, 968–984.

Ille, R., Holl, A.K., Kapfhammer, H.-P., Reisinger, K., Schäfer, A., Schienle, A., 2011.
Emotion recognition and experience in Huntington's disease: is there a differential
impairment? Psychiatry Res. 188, 377–382.

Janata, P., Grafton, S.T., 2003. Swinging in the brain: shared neural substrates for be-
haviors related to sequencing and music. Nat. Neurosci. 6, 682–687.

Janvin, C.C., Larsen, J.P., Aarsland, D., Hugdahl, K., 2006. Subtypes of mild cognitive
impairment in Parkinson's disease: progression to dementia. Mov. Disord. 21,
1343–1349.

Jirak, D., Menz, M.M., Buccino, G., Borghi, A.M., Binkofski, F., 2010. Grasping lan-
guage–a short story on embodiment. Conscious. Cogn. 19, 711–720.

Kan, Y., Kawamura, M., Hasegawa, Y., Mochizuki, S., Nakamura, K., 2002. Recognition of
emotion from facial, prosodic and written verbal stimuli in Parkinson's disease.
Cortex 38, 623–630.

Kargieman, L., Herrera, E., Baez, S., García, A.M., Dottori, M., Gelormini, C., Manes, F.,
Gershanik, O., Ibáñez, A., 2014. Motor–language coupling in Huntington's disease
families. Front. Aging Neurosci. 6, 122.

Kemmerer, D., Gonzalez-Castillo, J., 2010. The Two-Level Theory of verb meaning: an
approach to integrating the semantics of action with the mirror neuron system. Brain
Lang. 112, 54–76.

Kemmerer, D., Castillo, J.G., Talavage, T., Patterson, S., Wiley, C., 2008.
Neuroanatomical distribution of five semantic components of verbs: evidence from
fMRI. Brain Lang. 107, 16–43.

Kipps, C., Duggins, A., McCusker, E., Calder, A., 2007. Disgust and happiness recognition
correlate with anteroventral insula and amygdala volume respectively in preclinical

Huntington's disease. J. Cogn. Neurosci. 19, 1206–1217.
Kloppel, S., Draganski, B., Golding, C.V., Chu, C., Nagy, Z., Cook, P.A., Hicks, S.L.,

Kennard, C., Alexander, D.C., Parker, G.J., Tabrizi, S.J., Frackowiak, R.S., 2008.
White matter connections reflect changes in voluntary-guided saccades in pre-
symptomatic Huntington's disease. Brain 131, 196–204.

Kordsachia, C.C., Labuschagne, I., Stout, J.C., 2016. Beyond emotion recognition deficits:
a theory guided analysis of emotion processing in huntington's disease. Neurosci.
Biobehav. Rev. 73, 276–292.

Kotz, S.A., Schwartze, M., Schmidt-Kassow, M., 2009. Non-motor basal ganglia functions:
a review and proposal for a model of sensory predictability in auditory language
perception. Cortex 45, 982–990.

Krack, P., Hariz, M.I., Baunez, C., Guridi, J., Obeso, J.A., 2010. Deep brain stimulation:
from neurology to psychiatry? Trends Neurosci. 33, 474–484.

Kurczek, J., Brown-Schmidt, S., Duff, M., 2013. Hippocampal contributions to language:
evidence of referential processing deficits in amnesia. J. Exp. Psychol. Gen. 142,
1346.

Landgrave-Gomez, J., Mercado-Gomez, O., Guevara-Guzman, R., 2015. Epigenetic me-
chanisms in neurological and neurodegenerative diseases. Front. Cell. Neurosci.
9, 58.

Lee, C., Grossman, M., Morris, J., Stern, M.B., Hurtig, H.I., 2003. Attentional resource and
processing speed limitations during sentence processing in Parkinson's disease. Brain
Lang. 85, 347–356.

Leh, S.E., Ptito, A., Chakravarty, M.M., Strafella, A.P., 2007. Fronto-striatal connections in
the human brain: a probabilistic diffusion tractography study. Neurosci. Lett. 419,
113–118.

Lehericy, S., Benali, H., Van de Moortele, P.F., Pelegrini-Issac, M., Waechter, T., Ugurbil,
K., Doyon, J., 2005. Distinct basal ganglia territories are engaged in early and ad-
vanced motor sequence learning. Proc. Natl. Acad. Sci. U. S. A. 102, 12566–12571.

Lewis, S.J., Dove, A., Robbins, T.W., Barker, R.A., Owen, A.M., 2003. Cognitive impair-
ments in early Parkinson's disease are accompanied by reductions in activity in
frontostriatal neural circuitry. J. Neurosci. 23, 6351–6356.

Lieberman, P., Kako, E., Friedman, J., Tajchman, G., Feldman, L.S., Jiminez, E.B., 1992.
Speech production, syntax comprehension, and cognitive deficits in Parkinson's dis-
ease. Brain Lang. 43, 169–189.

Litvan, I., Aarsland, D., Adler, C.H., Goldman, J.G., Kulisevsky, J., Mollenhauer, B.,
Rodriguez-Oroz, M.C., Tröster, A.I., Weintraub, D., 2011. MDS task force on mild
cognitive impairment in Parkinson's disease: critical review of PD-MCI. Mov. Disord.
26, 1814–1824.

Litvan, I., Goldman, J.G., Troster, A.I., Schmand, B.A., Weintraub, D., Petersen, R.C.,
Mollenhauer, B., Adler, C.H., Marder, K., Williams-Gray, C.H., Aarsland, D.,
Kulisevsky, J., Rodriguez-Oroz, M.C., Burn, D.J., Barker, R.A., Emre, M., 2012.
Diagnostic criteria for mild cognitive impairment in Parkinson's disease: movement
Disorder Society Task Force guidelines. Mov. Disord. 27, 349–356.

Lloyd, A., 1999. Comprehension of prosody in Parkinson's disease. Cortex 35, 389–402.
Longworth, C.E., Keenan, S.E., Barker, R.A., Marslen-Wilson, W.D., Tyler, L.K., 2005. The

basal ganglia and rule-governed language use: evidence from vascular and degen-
erative conditions. Brain 128, 584–596.

Marsden, C.D., Obeso, J.A., 1994. The functions of the basal ganglia and the paradox of
stereotaxic surgery in Parkinson's disease. Brain 117 (Pt 4), 877–897.

Martinez-Horta, S., Perez-Perez, J., van Duijn, E., Fernandez-Bobadilla, R., Carceller, M.,
Pagonabarraga, J., Pascual-Sedano, B., Campolongo, A., Ruiz-Idiago, J., Sampedro,
F., 2016. Corrigendum to Neuropsychiatric symptoms are very common in pre-
manifest and early stage Huntington's disease. Parkinsonism Relat. Disorders 31, 161
Parkinsonism Relat. Disord. 25C (2016) 58–64.

McColgan, P., Gregory, S., Razi, A., Seunarine, K.K., Gargouri, F., Durr, A., Roos, R.A.,
Leavitt, B.R., Scahill, R.I., Clark, C.A., 2017. White matter predicts functional con-
nectivity in premanifest Huntington's disease. Ann. Clin. Transl. Neurol. 4, 106–118.

McNab, F., Klingberg, T., 2008. Prefrontal cortex and basal ganglia control access to
working memory. Nat. Neurosci. 11, 103–107.

McNamara, P., Durso, R., 2003. Pragmatic communication skills in patients with
Parkinson's disease. Brain Lang. 84, 414–423.

Melloni, M., Sedeño, L., Hesse, E., García-Cordero, I., Mikulan, E., Plastino, A., Marcotti,
A., López, J.D., Bustamante, C., Lopera, F., 2015. Cortical dynamics and subcortical
signatures of motor-language coupling in Parkinson's disease. Sci. Rep. 5.

Melloni, M., Billeke, P., Baez, S., Hesse, E., de la Fuente, L., Forno, G., Birba, A., García-
Cordero, I., Serrano, C., Plastino, A., Slachevsky, A., Huepe, D., Sigman, M., Manes,
F., García, A.M., Sedeño, L., Ibáñez, A., 2016. Your perspective and my benefit:
multiple lesion models of self-other integration strategies during social bargaining.
Brain. https://academic.oup.com/brain/article-abstract/139/11/3022/2141148/
Your-perspective-and-my-benefit-multiple-lesion?redirectedFrom=fulltext.

Melzer, T.R., Watts, R., MacAskill, M.R., Pitcher, T.L., Livingston, L., Keenan, R.J.,
Dalrymple-Alford, J.C., Anderson, T.J., 2013. White matter microstructure deterio-
rates across cognitive stages in Parkinson disease. Neurology 80, 1841–1849.

Menon, V., Rivera, S., White, C., Glover, G., Reiss, A., 2000. Dissociating prefrontal and
parietal cortex activation during arithmetic processing. Neuroimage 12, 357–365.

Monetta, L., Pell, M.D., 2007. Effects of verbal working memory deficits on metaphor
comprehension in patients with Parkinson's disease. Brain Lang. 101, 80–89.

Monteiro, P., Feng, G., 2016. Learning from animal models of obsessive-compulsive
disorder. Biol. Psychiatry 79, 7–16.

Montoya, A., Price, B.H., Menear, M., Lepage, M., 2006. Brain imaging and cognitive
dysfunctions in Huntington's disease. J. Psychiatry Neurosci. 31, 21–29.

Moro, A., Tettamanti, M., Perani, D., Donati, C., Cappa, S.F., Fazio, F., 2001. Syntax and
the brain: disentangling grammar by selective anomalies. Neuroimage 13, 110–118.

Murray, L.L., Lenz, L.P., 2001. Productive syntax abilities in Huntington's and Parkinson's
diseases. Brain Cogn. 46, 213–219.

Murray, L.L., Stout, J.C., 1999. Discourse comprehension in Huntington's and Parkinson's

A. Birba et al. Neuroscience and Biobehavioral Reviews 80 (2017) 673–687

686

http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0340
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0345
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0345
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0350
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0350
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0350
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0355
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0355
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0355
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0360
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0360
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0365
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0365
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0365
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0370
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0370
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0370
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0375
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0375
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0380
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0380
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0385
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0385
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0385
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0390
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0390
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0390
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0390
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0395
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0395
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0400
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0400
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0400
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0405
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0405
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0405
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0410
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0410
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0410
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0415
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0415
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0420
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0420
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0425
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0425
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0425
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0430
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0430
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0430
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0430
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0435
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0435
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0435
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0440
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0440
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0445
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0445
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0445
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0450
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0450
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0450
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0450
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0455
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0455
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0455
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0460
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0460
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0465
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0465
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0465
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0470
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0470
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0475
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0475
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0475
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0480
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0480
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0480
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0485
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0485
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0485
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0490
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0490
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0490
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0495
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0495
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0495
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0500
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0500
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0500
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0500
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0505
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0505
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0505
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0510
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0510
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0510
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0515
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0515
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0520
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0520
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0520
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0525
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0525
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0525
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0530
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0530
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0530
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0535
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0535
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0535
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0540
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0540
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0540
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0545
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0545
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0545
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0550
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0550
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0550
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0555
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0555
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0555
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0555
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0560
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0560
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0560
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0560
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0560
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0565
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0570
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0570
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0570
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0575
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0575
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0580
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0585
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0590
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0590
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0595
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0595
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0600
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0600
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0600
https://academic.oup.com/brain/article-abstract/139/11/3022/2141148/Your-perspective-and-my-benefit-multiple-lesion?redirectedFrom=fulltext
https://academic.oup.com/brain/article-abstract/139/11/3022/2141148/Your-perspective-and-my-benefit-multiple-lesion?redirectedFrom=fulltext
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0610
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0610
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0610
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0615
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0615
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0620
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0620
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0625
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0625
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0630
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0630
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0635
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0635
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0640
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0640
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0645


diseases. Am. J. Speech Lang. Pathol. 8, 137–148.
Murray, L.L., 2000. Spoken language production in Huntington's and Parkinson's diseases.

J. Speech Lang. Hear. Res. 43, 1350–1366.
Muslimović, D., Post, B., Speelman, J.D., Schmand, B., 2005. Cognitive profile of patients

with newly diagnosed Parkinson disease. Neurology 65, 1239–1245.
Naccache, L., Gaillard, R., Adam, C., Hasboun, D., Clemenceau, S., Baulac, M., Dehaene,

S., Cohen, L., 2005. A direct intracranial record of emotions evoked by subliminal
words. Proc. Natl. Acad. Sci. U. S. A. 102, 7713–7717.

Nalls, M.A., Pankratz, N., Lill, C.M., Do, C.B., Hernandez, D.G., Saad, M., DeStefano, A.L.,
Kara, E., Bras, J., Sharma, M., 2014. Large-scale meta-analysis of genome-wide as-
sociation data identifies six new risk loci for Parkinson's disease. Nat. Genet. 46,
989–993.

Neary, D., Snowden, J., Mann, D., 2000. Cognitive change in motor neurone disease/
amyotrophic lateral sclerosis (MND/ALS). J. Neurol. Sci. 180, 15–20.

Nemeth, D., Dye, C.D., Sefcsik, T., Janacsek, K., Turi, Z., Londe, Z., Klivenyi, P., Kincses,
Z.T., Szabó, N., Vecsei, L., 2012. Language deficits in pre-symptomatic Huntington's
disease: evidence from Hungarian. Brain Lang. 121, 248–253.

Obeso, I., Casabona, E., Bringas, M.L., Álvarez, L., Jahanshahi, M., 2012. Semantic and
phonemic verbal fluency in Parkinson's disease: influence of clinical and demo-
graphic variables. Behav. Neurol. 25, 111–118.

Opitz, B., Friederici, A.D., 2003. Interactions of the hippocampal system and the pre-
frontal cortex in learning language-like rules. Neuroimage 19, 1730–1737.

Owen, A.M., 2004. Cognitive dysfunction in Parkinson's disease: the role of frontostriatal
circuitry. Neuroscientist 10, 525–537.

Péran, P., Rascol, O., Démonet, J.F., Celsis, P., Nespoulous, J.L., Dubois, B., Cardebat, D.,
2003. Deficit of verb generation in nondemented patients with Parkinson's disease.
Mov. Disord. 18, 150–156.

Péran, P., Cardebat, D., Cherubini, A., Piras, F., Luccichenti, G., Peppe, A., Caltagirone, C.,
Rascol, O., Démonet, J.-F., Sabatini, U., 2009. Object naming and action-verb gen-
eration in Parkinson's disease: a fMRI study. Cortex 45, 960–971.

Packard, M.G., Knowlton, B.J., 2002. Learning and memory functions of the basal ganglia.
Annu. Rev. Neurosci. 25, 563–593.

Papeo, L., Cecchetto, C., Mazzon, G., Granello, G., Cattaruzza, T., Verriello, L., Eleopra,
R., Rumiati, R.I., 2015. The processing of actions and action-words in amyotrophic
lateral sclerosis patients. Cortex 64, 136–147.

Peinemann, A., Schuller, S., Pohl, C., Jahn, T., Weindl, A., Kassubek, J., 2005. Executive
dysfunction in early stages of Huntington's disease is associated with striatal and
insular atrophy: a neuropsychological and voxel-based morphometric study. J.
Neurol. Sci. 239, 11–19.

Pell, M.D., Leonard, C.L., 2003. Processing emotional tone from speech in Parkinson's
disease: a role for the basal ganglia. Cognitive Affective. Cognit. Affect. Behav.
Neurosci. 3, 275–288.

Postle, N., McMahon, K.L., Ashton, R., Meredith, M., de Zubicaray, G.I., 2008. Action
word meaning representations in cytoarchitectonically defined primary and premotor
cortices. Neuroimage 43, 634–644.

Postuma, R.B., Berg, D., 2016. Advances in markers of prodromal Parkinson disease. Nat.
Rev. Neurol. 12, 622–634.

Pulvermüller, F., 1999. Words in the brain's language. Behav. Brain Sci. 22, 253–279.
Pulvermüller, F., 2005. Brain mechanisms linking language and action. Nat. Rev.

Neurosci. 6, 576–582.
Pulvermüller, F., 2013. Semantic embodiment, disembodiment or misembodiment? In

search of meaning in modules and neuron circuits. Brain Lang. 127, 86–103.
Reddy, M.S., Rao, A.P., Narayanan, S., 2016. Narrative discourse in persons with

Parkinson's disease. Speech. Lang. Hear. 19, 1–9.
Rodríguez-Ferreiro, J., Menéndez, M., Ribacoba, R., Cuetos, F., 2009. Action naming is

impaired in Parkinson disease patients. Neuropsychologia 47, 3271–3274.
Rodriguez-Oroz, M.C., Jahanshahi, M., Krack, P., Litvan, I., Macias, R., Bezard, E., Obeso,

J.A., 2009. Initial clinical manifestations of Parkinson's disease: features and patho-
physiological mechanisms. Lancet Neurol. 8, 1128–1139.

Rorden, C., Karnath, H.-O., 2004. Using human brain lesions to infer function: a relic from
a past era in the fMRI age? Nat. Rev. Neurosci. 5, 812–819.

Rosin, R., Topka, H., Dichgans, J., 1997. Gait initiation in Parkinson's disease. Mov.
Disord. 12, 682–690.

Ross, C.A., Tabrizi, S.J., 2011. Huntington's disease: from molecular pathogenesis to
clinical treatment. Lancet Neurol. 10, 83–98.

Ross, C.A., Aylward, E.H., Wild, E.J., Langbehn, D.R., Long, J.D., Warner, J.H., Scahill,
R.I., Leavitt, B.R., Stout, J.C., Paulsen, J.S., 2014. Huntington disease: natural history,
biomarkers and prospects for therapeutics. Nature reviews. Neurology 10, 204.

Rosser, A., Hodges, J.R., 1994. Initial letter and semantic category fluency in Alzheimer's
disease Huntington's disease, and progressive supranuclear palsy. Journal of
Neurology. Neurosurg. Psychiatry 57, 1389–1394.

Saldert, C., Fors, A., Ströberg, S., Hartelius, L., 2010. Comprehension of complex dis-
course in different stages of Huntington's disease. Int. J. Lang. Commun. Disorders 45,
656–669.

Saldert, C., Ferm, U., Bloch, S., 2014. Semantic trouble sources and their repair in con-
versations affected by Parkinson's disease. Int. J. Lang. Commun. Disorders 49,
710–721.

Sambin, S., Teichmann, M., de Diego Balaguer, R., Giavazzi, M., Sportiche, D., Schlenker,
P., Bachoud-Levi, A.-C., 2012. The role of the striatum in sentence processing: dis-
entangling syntax from working memory in Huntington's disease. Neuropsychologia
50, 2625–2635.

Samii, A., Nutt, J.G., Ransom, B.R., 2004. Parkinson's disease. Lancet 363, 1783–1793.
Simmons, W.K., Ramjee, V., Beauchamp, M.S., McRae, K., Martin, A., Barsalou, L.W.,

2007. A common neural substrate for perceiving and knowing about color.
Neuropsychologia 45, 2802–2810.

Skodda, S., 2011. Aspects of speech rate and regularity in Parkinson's disease. J. Neurol.

Sci. 310, 231–236.
Spatola, M., Wider, C., 2014. Genetics of Parkinson's disease: the yield. Parkinsonism

Relat. Disorders 20, S35–S38.
Speedie, L.J., Brake, N., Folstein, S.E., Bowers, D., Heilman, K.M., 1990. Comprehension

of prosody in Huntington's disease. J. Neurology, Neurosurg. Psychiatry 53, 607–610.
Stout, J.C., Paulsen, J.S., Queller, S., Solomon, A.C., Whitlock, K.B., Campbell, J.C.,

Carlozzi, N., Duff, K., Beglinger, L.J., Langbehn, D.R., Johnson, S.A., Biglan, K.M.,
Aylward, E.H., 2011. Neurocognitive signs in prodromal Huntington disease.
Neuropsychology 25, 1–14.

Svenningsson, P., Westman, E., Ballard, C., Aarsland, D., 2012. Cognitive impairment in
patients with Parkinson's disease: diagnosis, biomarkers, and treatment. Lancet
Neurol. 11, 697–707.

Szalisznyó, K., Silverstein, D., Teichmann, M., Duffau, H., Smits, A., 2017. Cortico-striatal
language pathways dynamically adjust for syntactic complexity: a computational
study. Brain Lang. 164, 53–62.

Tabrizi, S.J., Langbehn, D.R., Leavitt, B.R., Roos, R.A., Durr, A., Craufurd, D., Kennard, C.,
Hicks, S.L., Fox, N.C., Scahill, R.I., Borowsky, B., Tobin, A.J., Rosas, H.D., Johnson,
H., Reilmann, R., Landwehrmeyer, B., Stout, J.C., 2009. Biological and clinical
manifestations of Huntington's disease in the longitudinal TRACK-HD study: cross-
sectional analysis of baseline data. Lancet Neurol. 8, 791–801.

Teichmann, M., Dupoux, E., Kouider, S., Bachoud-Lévi, A.-C., 2006. The role of the
striatum in processing language rules: evidence from word perception in Huntington's
disease. J. Cogn. Neurosci. 18, 1555–1569.

Teichmann, M., Dupoux, E., Cesaro, P., Bachoud-Lévi, A.-C., 2008. The role of the
striatum in sentence processing: evidence from a priming study in early stages of
Huntington's disease. Neuropsychologia 46, 174–185.

Tekin, S., Cummings, J.L., 2002. Frontal–subcortical neuronal circuits and clinical neu-
ropsychiatry: an update. J. Psychosom. Res. 53, 647–654.

Terzi, A., Papapetropoulos, S., Kouvelas, E.D., 2005. Past tense formation and compre-
hension of passive sentences in Parkinson's disease: evidence from Greek. Brain Lang.
94, 297–303.

Tettamanti, M., Buccino, G., Saccuman, M.C., Gallese, V., Danna, M., Scifo, P., Fazio, F.,
Rizzolatti, G., Cappa, S.F., Perani, D., 2005. Listening to action-related sentences
activates fronto-parietal motor circuits. J. Cogn. Neurosci. 17, 273–281.

Thieben, M., Duggins, A., Good, C., Gomes, L., Mahant, N., Richards, F., McCusker, E.,
Frackowiak, R., 2002. The distribution of structural neuropathology in pre-clinical
Huntington's disease. Brain 125, 1815–1828.

Thompson, J.C., Snowden, J.S., Craufurd, D., Neary, D., 2002. Behavior in Huntington's
disease: dissociating cognition-based and mood-based changes. J. Neuropsychiatry
Clin. Neurosci. 14, 37–43.

Thompson, H.E., Robson, H., Ralph, M.A.L., Jefferies, E., 2015. Varieties of semantic
‘access’ deficit in Wernicke's aphasia and semantic aphasia. Brain 138, 3776–3792.

Thothathiri, M., Rattinger, M., Trivedi, B., 2015. Cognitive control during sentence
generation. Cognit. Neurosci. 1–11.

Tomasino, B., Marin, D., Eleopra, R., Rinaldo, S., Cristian, L., Marco, M., Enrico, B.,
Zanier, M., Budai, R., Mondani, M., D'Auria, S., Skrap, M., Fabbro, F., 2014. To move
or not to move: subthalamic deep brain stimulation effects on implicit motor simu-
lation. Brain Res. 1574, 14–25.

Trinh, J., Farrer, M., 2013. Advances in the genetics of Parkinson disease. Nat. Rev.
Neurol. 9, 445–454.

Turner, R.S., Desmurget, M., 2010. Basal ganglia contributions to motor control: a vig-
orous tutor. Curr. Opin. Neurobiol. 20, 704–716.

Ullman, M.T., 2001. A neurocognitive perspective on language: the declarative/proce-
dural model. Nat. Rev. Neurosci. 2, 717–726.

Ullman, M.T., 2004. Contributions of memory circuits to language: the declarative/pro-
cedural model. Cognition 92, 231–270.

Ullman, M.T., 2008. The role of memory systems in disorders of language. Handbook of
the Neuroscience of Language. Elsevier Ltd, Oxford, UK, pp. 189–198.

Van Dam, W.O., Rueschemeyer, S.-A., Bekkering, H., 2010. How specifically are action
verbs represented in the neural motor system: an fMRI study. Neuroimage 53,
1318–1325.

Walker, F.O., 2013. Huntington's disease: the road to progress. Lancet Neurol. 12,
624–625.

Watkins, L.H., Rogers, R.D., Lawrence, A.D., Sahakian, B.J., Rosser, A.E., Robbins, T.W.,
2000. Impaired planning but intact decision making in early Huntington's disease:
implications for specific fronto-striatal pathology. Neuropsychologia 38, 1112–1125.

Wheatley, T., Weisberg, J., Beauchamp, M.S., Martin, A., 2005. Automatic priming of
semantically related words reduces activity in the fusiform gyrus. J. Cogn. Neurosci.
17, 1871–1885.

Yoshizawa, K., Yasuda, N., Fukuda, M., Yukimoto, Y., Ogino, M., Hata, W., Ishizaka, I.,
Higashikawa, M., 2014. Syntactic comprehension in patients with amyotrophic lat-
eral sclerosis. Behav. Neurol. 2014.

Yu, R.-L., Wu, R.-M., Tai, C.-H., Lin, C.-H., Cheng, T.-W., Hua, M.-S., 2012.
Neuropsychological profile in patients with early stage of Parkinson's disease in
Taiwan. Parkinsonism Relat. Disorders 18, 1067–1072.

Zaccarella, E., Friederici, A.D., 2016. The Neurobiological Nature of Syntactic
Hierarchies. Neuroscience and biobehavioral reviews.

Zanini, S., Tavano, A., Vorano, L., Schiavo, F., Gigli, G.L., Aglioti, S.M., Fabbro, F., 2004.
Greater syntactic impairments in native language in bilingual Parkinsonian patients.
J. Neurol. Neurosurg. Psychiatry 75, 1678–1681.

Zgaljardic, D.J., Borod, J.C., Foldi, N.S., Mattis, P., 2003. A review of the cognitive and
behavioral sequelae of Parkinson's disease: relationship to frontostriatal circuitry.
Cogn. Behav. Neurol. 16, 193–210.

de Zubicaray, G., Postle, N., McMahon, K., Meredith, M., Ashton, R., 2010. Mirror neu-
rons, the representation of word meaning, and the foot of the third left frontal con-
volution. Brain Lang. 112, 77–84.

A. Birba et al. Neuroscience and Biobehavioral Reviews 80 (2017) 673–687

687

http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0645
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0650
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0650
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0655
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0655
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0660
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0660
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0660
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0665
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0665
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0665
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0665
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0670
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0670
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0675
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0675
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0675
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0680
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0680
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0680
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0685
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0685
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0690
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0690
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0695
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0695
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0695
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0700
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0700
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0700
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0705
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0705
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0710
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0710
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0710
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0715
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0715
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0715
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0715
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0720
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0720
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0720
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0725
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0725
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0725
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0730
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0730
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0735
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0740
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0740
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0745
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0745
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0750
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0750
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0755
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0755
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0760
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0760
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0760
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0765
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0765
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0770
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0770
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0775
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0775
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0780
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0780
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0780
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0785
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0785
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0785
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0790
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0790
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0790
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0795
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0795
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0795
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0800
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0800
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0800
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0800
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0805
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0810
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0810
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0810
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0815
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0815
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0820
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0820
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0825
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0825
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0830
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0830
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0830
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0830
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0835
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0835
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0835
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0840
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0840
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0840
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0845
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0845
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0845
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0845
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0845
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0850
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0850
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0850
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0855
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0855
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0855
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0860
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0860
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0865
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0865
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0865
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0870
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0870
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0870
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0875
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0875
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0875
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0880
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0880
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0880
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0885
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0885
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0890
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0890
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0895
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0895
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0895
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0895
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0900
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0900
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0905
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0905
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0910
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0910
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0915
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0915
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0920
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0920
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0925
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0925
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0925
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0930
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0930
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0935
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0935
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0935
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0940
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0940
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0940
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0945
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0945
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0945
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0950
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0950
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0950
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0955
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0955
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0960
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0960
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0960
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0965
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0965
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0965
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0970
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0970
http://refhub.elsevier.com/S0149-7634(17)30070-2/sbref0970

	Losing ground: Frontostriatal atrophy disrupts language embodiment in Parkinson’s and Huntington’s disease
	Introduction
	The progression of frontostriatal damage in PD and HD
	Physiopathological and cognitive changes in the course of PD
	Physiopathological and cognitive changes in the course of HD

	Evidence for the DMGH from PD and HD
	Disruptions of action language
	Disruptions of motor-language coupling
	Disruptions of syntax

	Discussion
	Insights for neurolinguistic modeling
	Challenges ahead
	Potential clinical applications

	Conclusion
	Conflict of interest
	Acknowledgments
	Supplementary data
	References




