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ArtiC{e history: Although motor-language coupling is now being extensively studied, its underlying mech-
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the non-representational and the representational views of embodiment. The former posits
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that action language is grounded on the non-brain motor system directly engaged by mus-
culoskeletal activity - i.e., peripheral involvement of ongoing actions. Conversely, the latter
proposes that such grounding is afforded by the brain’s motor system - i.e., activation of

Ié%words" neural areas representing motor action. We addressed this controversy through the
NMO action-sentence compatibility effect (ACE) paradigm, which induces a contextual coupling
ATM of motor actions and verbal processing. ACEs were measured in three patient groups —
Action language early Parkinson’s disease (EPD), neuromyelitis optica (NMO), and acute transverse myelitis
Representations (ATM) patients — as well as their respective healthy controls. NMO and ATM constitute
Embodied cognition models of injury to non-brain motor areas and the peripheral motor system, whereas

EPD provides a model of brain motor system impairment. In our study, EPD patients exhib-
ited impaired ACE and verbal processing relative to healthy participants, NMO, and ATM
patients. These results indicate that the processing of action-related words is mainly sub-
served by a cortico-subcortical motor network system, thus supporting a brain-based
embodied view on action language. More generally, our findings are consistent with con-
temporary perspectives for which action/verb processing depends on distributed brain net-
works supporting context-sensitive motor-language coupling.
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A major area of debate for neurocognitive theories of
language concerns the mechanisms underlying motor-lan-
guage coupling. Most accounts of action language fit well
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within the embodied cognition framework, which pro-
poses that cognitive processes are essentially grounded in
bodily experience (Gallese & Lakoff, 2005; Gallese & Siniga-
glia, 2011). Nevertheless, not all embodied cognition theo-
ries are conceptually identical, as they feature different
views on the cognitive status of representations (for a con-
ceptual review, see Wilson, 2002).

On the one hand, a radical, non-representational embod-
ied view rejects traditional accounts based on internal rep-
resentations (Alsmith & de Vignemont, 2012; Clark, 1997;
Gallagher, 2005b; Van Gelder, 1995). This position sug-
gests that peripheral sensory organs (i.e., musculoskeletal
structures) automatically and unconsciously provide the
necessary feedback for the execution of both gross motor
programs and fine tuning, in the absence of semantic rep-
resentations. In other words, cognitive processes are
claimed to depend on the physical body much more than
commonly assumed.

According to this view, the availability of perceptual
and motor information dispels the need to invoke internal
(mental) representations as the constructs that could ex-
plain complex behavior. Cognition-action couplings are
understood as complex behaviors emerging from interac-
tions among body, environment, and brain, in the absence
of computational representations.

Admittedly, this non-representational account proves
disfavored in contemporary cognitive neuroscience. How-
ever, it has been fruitful to explain phenomena observed
in the fields of robotics (Beer, 2003; Brooks, 1999; Pfeifer,
Bongard, & Grand, 2007; Pfeifer & Scheier, 1999); coordi-
nated social activity in animals (Ballerini et al., 2008;
Barrett, 2011; Reynolds, 1987); visuomotor search, such
as the outfielder problem (Bingham, 1988; Fink, Foo, &
Warren, 2009; McBeath, Shaffer, & Kaiser, 1995); and
developmental changes in object recognition (Thelen,
Schoner, Scheier, & Smith, 2001). Moreover, the non-
representational account has provided new insights into
language-motor coupling (Wilson & Golonka, 2013).

For the non-representational perspective, linguistic
information precipitates actions by means of a coupled
environment-body system (Wilson & Golonka, 2013). Lin-
guistic, as well as perceptual, information would emerge
from situated constraints (Wilson & Golonka, 2013). There-
fore, in the absence of word-meaning representations,
action-sentence couplings would result from situation-
bound processes engaging both relevant linguistic infor-
mation and musculoskeletal structures (Barwise & Perry,
1983). However, the dearth of empirical research suited
to test this hypothesis renders it speculative and, hence,
unpopular.

On the other hand, the more lenient representational
embodied view focuses on the neural mechanisms involved
in motor representation (Meteyard, Cuadrado, Bahrami, &
Vigliocco, 2012). This hypothesis claims that motor activity
and verbal representations of actions are mutually depen-
dent processes at the brain level. Confirmatory evidence
comes from several behavioral and neuroimaging studies
showing significant overlaps between cortical motor areas
engaged in action-related language and action execution
(Aziz-Zadeh, Wilson, Rizzolatti, & lacoboni, 2006; Hauk,
Johnsrude, & Pulvermiiller, 2004; Pulvermiiller, 2005;

Tettamanti et al., 2005). Embodied cognition hypotheses
are the object of intense discussions (Willems & Francken,
2012). The precise role of brain motor areas and musculo-
skeletal structures in cognitive domains is still a matter of
debate (Calvo & Gomila, 2008). Current models suggest a
potential role of supramodal convergence zones in
semantic grounding, in addition to sensory-motor circuits
(Kiefer & Pulvermuller, 2012). However, the embodied
mechanisms underlying action-verb processing remain
unknown (Kiefer & Pulvermuller, 2012) and must be
empirically established.

In this sense, the opposing views outlined above could
be tested by assessing the role of two systems in the
grounding of action-verb processing, namely: (a) the
peripheral or musculoskeletal system (PMS) and (b) the
brain motor system (BMS). Specifically, a comparison of
motor-language interactions in patients with injuries com-
promising either system may shed light on the role(s) that
PMS and BMS areas play in action-verb processing (see
Section 1.3).

To our knowledge, no previous report has investigated
the relative involvement of PMS and BMS in verbal pro-
cessing or their relevance in language deficits in motor dis-
eases. One direct way to test these hypotheses is to explore
motor-language coupling in neuromotor conditions that
impair either PMS or BMS structures. A better understand-
ing of this phenomenon may clarify the specific level of
body involvement in action language processing.

1.1. The action-sentence compatibility effect

Recent studies have examined the interaction between
action semantics and motor performance through the ac-
tion-sentence compatibility effect (ACE) paradigm (Arave-
na et al, 2010; Borreggine & Kaschak, 2006; De Vega,
Moreno, & Castillo, 2013; De Vega & Urrutia, 2011; Glen-
berg & Kaschak, 2002). The ACE was originally found by
Glenberg and Kaschak (2002). In their study, participants
read sentences describing actions which denoted move-
ments towards or away from the body and pressed one
of two buttons located either close to, or away from, the
body. The ACE is defined as longer reaction times (RTs)
for incompatible relative to compatible action sentences.
Similarly, Aravena et al. (2010) asked participants to judge
sentences describing motor actions typically performed
with an open hand (e.g., clapping) or a closed hand (e.g.,
hammering). Once again, RTs were faster when the hand
response was congruent with the action in question.
Importantly, Aravena et al. (2010) found brain markers of
bidirectional effects between language comprehension
and motor processes. More recently, the ACE paradigm
was successfully used to tap action-language deficits in a
motor disease —namely, early Parkinson’s disease (EPD,
Ibafiez et al., 2013).

1.2. Motor conditions evaluated in the present study

1.2.1. PMS affectation and BMS preservation: Neuromyelitis
optica

Neuromyelitis optica (NMO), also known as Devic’s dis-
ease, is a demyelinating disease that affects white matter
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in the optic nerve and spinal cord (Lin, Yu, Jiang, Li, & Chan,
2007; Yu et al.,, 2008). It is characterized by varied periph-
eral motor symptoms (e.g., limb weakness, paralysis) with-
out movement-related cortical (premotor and primary
motor areas) or subcortical (e.g., basal ganglia) dysfunc-
tions (Wang, Liu, Duan, & Li, 2011; Wingerchuk, Lennon,
Pittock, Lucchinetti, & Weinshenker, 2006). New evidence
indicates that while NMO does not involve brain atrophy,
there might be some white matter atrophy prevailing in
diencephalic and periventricular areas (Pittock et al.,
2006; Wang et al., 2011) and regions of the corpus callo-
sum (He et al., 2011; Yu et al., 2008). Preservation of the
brain (specially the BMS) in this condition is noteworthy,
since the brainstem is compromised in other neurodegen-
erative diseases. Thus, NMO constitutes a model of PMS
impairment with no BMS affectation (although indirect
affectation through other non-motor sites is possible).

1.2.2. PMS affectation and BMS preservation: Acute transverse
myelitis

Acute transverse myelitis (ATM) is an etiologically het-
erogeneous syndrome characterized by focal inflammation
of the spinal cord and resultant neurological deficits (i.e.,
weakness, sensory loss, and autonomic dysfunction) (Bor-
chers & Gershwin, 2012; Harzheim, Schlegel, Urbach,
Klockgether, & Schmidt, 2004). It is frequently associated
with a variety of immunological mechanisms (e.g., infec-
tious or systemic autoimmune diseases), but its etiology
remains unknown in numerous cases, which are classified
as idiopathic. The typical symptoms in both NMO and ATM
include recurrent, stereotypic, and painful spasms of the
limbs, weakness in PMS, and spinal or limb dysaesthesias
caused by neck flexion (Wingerchuk, Hogancamp, O’Brien,
& Weinshenker, 1999; Wingerchuk & Weinshenker, 2003).
Cognitive problems associated with ATM remain unclear.
ATM constitutes another model of PMS impairment with
no BMS affectation (this time, without subtle brain
affectation).

1.2.3. BMS affectation and preserved PMS function:
Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disor-
der characterized by the loss of voluntary movement con-
trol (Helmich, Hallett, Deuschl, Toni, & Bloem, 2012; Liu
et al., 2006; Rosin, Topka, & Dichgans, 1997). Flexor mus-
cles of the limbs are more affected in the early stages of
the disease (Andrews, Burke, & Lance, 1972; Rodriguez-
Oroz et al., 2009) due to a deficiency in nigrostriatal dopa-
mine and subsequent functional impairment of the basal
ganglia (BG). Recent studies have highlighted speech and
action-language disturbances in PD (Bertella et al., 2002;
Cotelli et al., 2007; Ibafiez et al., 2013; Peran et al., 2009).
Contrary to NMO and MTA, early Parkinson’s disease
(EPD) provides a model of preserved PMS with BMS affec-
tation (BG and their fronto-striatal connections).

1.3. Experimental hypotheses
A direct comparison of language-action processing in

EPD relative to NMO and ATM may provide critical evi-
dence to disentangle the roles of PMS and BMS in motor-

language interactions. To this end, the ACE paradigm may
prove particularly useful, as it is sensitive to the involve-
ment of current motor responses linked to action verbs.
The evidence thus obtained could be used to test conflict-
ing hypotheses derived from the non-representational and
representational embodied views, as follows:

1. Radical, non-representational embodied hypothesis:
Action-language deficits in neurodegenerative motor
disorders have their root in the impairment of ongoing
motor performance (e.g., absence of fine hand-motor
skills). Thus, action-verb processing deficits would
emerge from motor diseases compromising both PMS
and BMS.

2. Lenient, representational embodied hypothesis: Action-
language deficits in motor disorders result from impair-
ment of cortical-subcortical areas involved in action
planning and execution. This mainstream view in cog-
nitive neuroscience predicts that action-verb process-
ing deficits would be caused by motor diseases
compromising BMS, but not PMS.

In line with previous evidence, different interpretations
of the above hypotheses are listed below. The ACE in EPD
versus NMO and ATM will differ if motor-language interac-
tion is facilitated by BMS and/or PMS. Specifically:

(a) Hypothesis 1 will be supported if ACE is affected in
EPD and preserved in NMO and ATM. ACE deficits
would thus be associated with BMS, and not PMS,
dysfunction, suggesting that cortico-subcortical
areas are more relevant than PMS per se for
motor-language interaction.

(b) Hypothesis 2 will be supported if ACE is preserved in
EPD and impaired in NMO and ATM. ACE deficits
would thus be associated with PMS, but not BMS,
impairments, suggesting that peripheral responses
themselves are crucial for action-language
processing.

(c) A non-excluding combination of hypotheses 1 and 2
will be supported if ACE is affected in all motor con-
ditions (EPD, NMO, and ATM). ACE deficits would
thus be explained by both BMS and PMS impair-
ments in different clinical manifestations.

(d) Finally, partial support for hypothesis 1 will be
obtained if ACE is affected in NMO but not in ATM.
Given that NMO involves diffuse non-motor affecta-
tion, ACE deficits could then be explained by the
recruitment of affected non-motor brain areas
required for motor-language integration.

2. Materials and methods
2.1. Participants

The samples’ characteristics are summarized in Table 1.
Control participants with a history of alcohol abuse, psy-
chiatric or neurological disorders were excluded. All sub-
jects were native Spanish speakers. They participated
voluntarily and signed an informed consent in agreement
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Table 1
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Main demographic and clinical findings for NMO and ATM patients and their control groups.

NMO group Controls for NMO ATM group Controls for ATM
Sex, F/M 713 713 3/7 3/7
Handedness (right/left) 9/1 91 10/0 10/0
Age (Mean £ SD) 40.60 + 12.88 40.70 £12.70 44.60 + 14.74 44.80 +13.84
Educational level (years) 13.70£2.31 14.90 + 2.81 16.00 +2.49 16.90 £ 2.47
Disease duration 7.40 £ 4.40 NA 6.80 £ 4.62 NA
Positive for NMO-IgG 100% NA 0% NA
EDSS score 2.25+1.01 NA NA NA

Abbreviations: NMO, neuromyelitis optica; ATM, acute transverse myelitis; EDSS, Expanded Disability Status Scale; NA, not applicable.

with the Helsinki declaration. All experimental procedures
were approved by the INECO Ethics Committee.

2.1.1. NMO group and controls (Experiment 1)

Our first experiment involved a group of 10 patients with
NMO and 10 healthy participants. The control group (CG)
was closely matched to NMO patients for age, sex, and edu-
cation. NMO patients were diagnosed according to the re-
cently revised diagnosis criteria proposed by Wingerchuk
et al. (2006). See “Participants” in Supplementary Data.

2.1.2. ATM group and controls (Experiment 2)

In our second experiment, we studied 10 ATM patients
and 10 healthy subjects. The two groups were matched for
seX, age, and years of education. Prior to the study, the ATM
participants had all been diagnosed with idiopathic ATM
according to the Transverse Myelitis Consortium Working
Group (Transverse Myelitis Consortium Working Group,
2002) criteria. Only patients with mild bilateral upper limb
weakness were included in the study.

2.1.3. PD group and controls (Experiment 3)

Experiment 3 was conducted with 15 EPD patients and
15 healthy volunteers. The two groups were matched for
age, level of education, and proportion of males to females
(see Table 2). EPD participants who met UK Parkinson Dis-
ease Society Brain Bank criteria (Hughes, Daniel, Kilford, &
Lees, 1992) were evaluated using part III of the Unified Par-
kinson’s Disease Rating Scale (UPDRS) and Hoehn and
Yahr's (1967) stages I or 1. Assessment was conducted dur-
ing the ‘on’ state of the medication. See “Participants” in
Supplementary Data.

2.2. Neuropsychological assessment

All patients and controls were evaluated with: (1) the
Addenbrooke’s Cognitive Examination Revised (ACE-R,
Torralva et al., 2011) to asses early stages of dementia;
(2) the Mini Mental State Examination (MMSE) (Bak
et al., 2005; Chade et al., 2008; Reyes et al., 2009), as an
additional measure of dementia; (3) the INECO Frontal
Screening Battery (IFS, Torralva, Roca, Gleichgerrcht, Lopez,
& Manes, 2009), to assess executive functions; (4) the pic-
ture version of the Pyramids and Palm Trees Test (PPT,
Howard & Patterson, 1992), to assess noun processing;
and (5) the picture version of the Kissing and Dancing Test
(KDT, Bak & Hodges, 2003), to evaluate semantic represen-
tation of verbs. In addition, based on current recommenda-
tions to assess executive impairment in NMO and ATM

Table 2
Main demographic and clinical data for EPD patients and their control
group.

EPD group Controls for
EPD
Sex, FIM 15(9/6) 15(10/5)
Handedness (right/left) (15/0) (15/0)
Age (Mean £ SD) 62.28 £ 6.54 61.33 +8.96
Educational level (years) 12.71£4.13 11.73 £4.10
Disease duration 3.06 £1.85 NA
Hoehn and Yahr 1.21+0.46 NA
UPDRS motor score 1542 £6.33 NA
Onset disease (right/left) (12/3) NA
Levodopa Mg/day (range) 267+57.80(n=8; NA
150-350)
Dopamine agonist Mg/day NA
(range)
Pramipexole .63+.53 (n=2; .25-
1.0)
Piribedil 175+£35.36 (n=2;
150-200)
Other antiparkinsonian drugs, NA
Mg/day (range)
Rasagiline .68+.23 (n=3; .25-
1.0)

Abbreviations: EPD, early Parkinson’s disease; UPDRS, Unified Parkinson’s
Disease Rating Scale; NA, not applicable.

(Rogers & Panegyres, 2007), we included the Paced Audi-
tory Serial Addition Test (PASAT-Inter-stimulus time: 3 s;
Rao, 1990) and the Symbol Digit Modality Test (SMDT;
Smith, 1991). See “Neuropsychological assessment” in
Supplementary Data.

2.3. ACE task

We used a paradigm previously reported in studies with
healthy volunteers, patients with intracranial recordings
and EPD patients (Aravena et al., 2010; Ibafiez et al.,
2013). The subjects were comfortably seated behind a
desk, facing a computer screen. They listened to 52 sen-
tences conveying open-hand (OH) actions, 52 sentences
conveying closed-hand (CH) actions, and 52 neutral (N)
sentences that did not convey manual actions. The hand
position was specifically indicated by a sentence-final verb.
Participants indicated as quickly as possible when they
understood each sentence by pressing a button using a
pre-assigned hand-shape (open or closed). All responses
were performed with the dominant hand. However, both
hands were held in the required shape to control for possi-
ble bilateral hand interference, given that posture has been
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shown to modulate semantic processing (Badets & Pesenti,
2010; A. M. Glenberg, Sato, & Cattaneo, 2008; Linderman,
Yanagida, Norma, & Hosaka, 2006; Van Elk, Van Schie, &
Bekkering, 2008). Also, to ensure that participants were
attending to the stimuli, they were told they would be
asked about the content of each sentence-final word at
the end of the experiment.

Participants were assigned a hand-shape (closed or
open) in each of two counterbalanced blocks: OH response
block first or CH response block first. Each list of sentences
(OH, CH, and N) was divided into two sub-lists of 26 sen-
tences. One sub-list from each pair was randomly assigned
for each participant to a response block (OH and CH
responses). Participants completed a five-trial training
session to become familiar with the task. Each trial began
with an ocular fixation cross appearing at the centre of
the monitor 300 ms before the beginning of the sentence
and disappearing 800 ms after the response. The inter-
stimulus interval was set at 150 ms.

Stimuli were third-person Spanish sentences with a
critical verb in the preterit tense (pretérito indefinido),
located in sentence-final position. The sentence lists used
in the compatible and incompatible conditions were con-
trolled for relevant linguistic variables, including transitiv-
ity, situation aspect, clause content, final target-word
frequency, predictability, prototypicality (how representa-
tive of the pertinent hand-shape was the manual action
encoded by the sentence), and degree of manual specificity
(the manual aperture or closure for each sentence). Note
that neutral sentences are more predictable in this para-
digm, thus eliciting faster RTs. See Aravena et al. (2010)
for details about predictability effects.

Mean sentence duration was 4.57 s (SD =.16 s). Audio
files were edited so that each trial was preceded and fol-
lowed by silence periods of 400 ms and 200 ms, respec-
tively. Mean onset-time of the target verb within the
sentences was 4.05s (SD=.06; 2.92s minimum, 5.64s
maximum). Trials were uniformly distributed over the
three sentence conditions in a counterbalanced list, ensur-
ing that the same condition did not appear more than two
times consecutively. See Aravena et al. (2010) for more de-
tails on stimuli features and validation.

3. Data analysis

We used the same statistical analysis procedure for all
clinical conditions (NMO, ATM, and EPD) and control
groups (CGs). First, repeated measures of analysis of vari-
ance (ANOVA) or X? were used for neuropsychological
assessment and for the ACE paradigm. In the ACE para-
digm, mean RTs were calculated for each subject for each
type of trial (compatible, incompatible, and neutral) and
each type of sentence (OH, CH, and N). Single trials eliciting
RTs above 3.5 SD from the mean were considered outliers
and therefore excluded from the analyses. The repeated
measures ANOVAs had Group as a between-subjects factor
(NMO and CG; ATM and CG; EPD and CG) and Compati-
bility (compatible, incompatible, and neutral) as a
within-subject factor. Sentence type (OH, CH, and N) was
introduced in the analyses as an additional factor.

Moreover, RTs in ACE were normalized by subtracting the
mean RT from the neutral trials from the mean RTs from
the compatible and incompatible trials. The N sentences
are more predictable and frequent than OH and CH sen-
tences, eliciting shorter RTs (Aravena et al., 2010). If any
of the neurological conditions evidence preservation of
semantic discrimination (N sentences yielding shorter
RTs than OH and CH sentences), then the ACE in motor dis-
eases cannot be explained as a general motor impairment.

Tukey’s HSD method was used in the calculation of post
hoc contrasts, and individual differences in ACE were also
explored. A global score of the ACE was defined by the sub-
traction of mean RT for the incompatible and compatible
conditions. The association of global scores with KDT and
age was determined through Spearman’s rank correlations
in both groups.

4. Results
4.1. Demographic, clinical, and laboratory data

Table 1 summarizes demographic, clinical, and labora-
tory results for NMO and ATM patients as well as their
respective controls. Table 2 offers demographic and clinical
data for EPD patients and their control group.

4.2. Neuropsychological assessment

Mean scores of all groups on neuropsychological mea-
sures are shown in Table 3. See “Neuropsychological re-
sults” in Supplementary Data for further details.
Cognitive performance in the NMO group was almost com-
parable to those of its control group (including verbal pro-
cessing, as assessed through the KDT); however, NMO
patients evinced impaired short-term memory, decreased
information processing speed, and partially affected execu-
tive functions. The ATM group presented no impairments
in any domain. Finally, EPD presented impaired working
memory and action-verb processing (KDT).

4.3. The role of PMS and BMS in motor-language processing

4.3.1. Experiment 1: Motor-language processing in NMO
4.3.1.1. ACE is preserved in NMO. No group differences or
interactions were observed in NMO [F (2.36)=.38;
p =.68] (see Fig. 1A). We found a significant compatibility
effect [F (2, 36) =193.54; p <.0001]. A post hoc comparison
(MS =412.66, df = 36.00) showed that, in both NMO and its
CG, incompatible trials elicited longer RTs relative to com-
patible (p <.001) and neutral (p <.001) trials. No differ-
ences between responses to compatible and neutral trials
were observed (p =.69). A separate ANOVA for each group
confirmed these results (see “ACE effects in NMO and CG”
and “Table S1” in Supplementary Data).

4.3.1.2. Subtraction analysis. In order to assess the perfor-
mance of both groups while controlling for their general
differences, neutral RTs were subtracted from compatible
and incompatible RTs. A significant effect of compatibility
was observed [F (1, 18) = 437.75; p <.0001]. After subtrac-
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Table 3

Results of neuropsychological tests in NMO, ATM, and EPD patients.

J.F. Cardona et al./Cognition 131 (2014) 311-322

NMO Group Controls for NMO ATM Group Controls for ATM EPD Group Controls for EPD
(n=10) (n=10) (n=10) (n=10) (n=15) (n=15)
MMSE 29.50 (.71) 29.70 (.48) 29.80(.36) 29.90 (.31) 29.13(.99) 29.33 (1.11)
ACE-R 90.10 (4.01) 95.00 (4.85) 94.00 (2.98) 96.50 (3.30) 91.20 (4.64) 92.53 (6.60)
Ineco frontal screening
Motor programming 3.00 (.00) 3.00(.00) 2.90(.31) 3.00(.00) 2.60(.63) 2.73(.14)
Conflictive 3.00 (.00) 2.80(.42) 2.90(.31) 3.00(.00) 2.67(.49) 2.73(.12)
instructions
Go-No Go 2.80 (.42) 2.50(.53) 3.00(.00) 3.00(.00) 2.73(.46) 2.66(.12)
Digits backward 3.50(1.18) 4.20(.92) 4.40(.84) 4.60(1.17) 3.80(.68) 4.60(.25)
Verbal working 2.00 (.00) 2.00(.00) 2.00(.00) 2.00(.00) 1.93(.26) 1.87(.88)
memory
Spatial working 3.60 (.52) 3.60(.52) 3.90(.31) 3.60(.51) 3.67(.49) 3.80(.18)
memory
Abstraction capacity  3.00 (.00) 2.90(.32) 3.00 (.00) 3.00(.00) 3.00 (.00) 3.00(.00)
Verbal inhibitory 3.90 (.11) 5.70(.48) 5.50(.70) 5.90(.31) 5.73(.46) 5.73(.12)
control
IFS total scores 24.80 (1.40) 26.70 (2.16) 27.10 (1.72) 28.4(1.42) 26.13 (2.36) 27.13(.66)
Kissing & dancing 50.80 (1.32) 51.60(.70) 51.40(.84) 51.40(.97) 44.67(3.22) 51.33(1.18)
test
Pyramids & palms 51.60 (.52) 51.50(.71) 51.80(.42) 51.80(.42) - -
trees
SDMT 53.10 (14.04) 68.50(18.36) 62.70(25.21) 64.30(19.34) - -
PASAT 3s 36.70 (9.94) 50.60(4.74) 50.00(10.13) 51.90(3.35) - -

Mean (£SD) in each clinical condition vs. control group.

Abbreviations: NMO, neuromyelitis optica; ATM, acute transverse myelitis; EPD, Early Parkinson’s disease; MMSE, Minimental State Examination; ACE-R,
Addenbrooke’s Cognitive Examination; SDMT, Symbol Digit Modalities test; PASAT, Paced Auditory Serial Addition Test. Significant differences are in bold.

* P<0.05 in each clinical condition vs. control group.
" P<0.001 in each clinical condition vs. control group.

tion (Fig. 1B), no significant differences were found be-
tween the two groups [Group X Compatibility Interaction,
F(1,18)=1.36; p=.25].

4.3.1.3. Preserved motor response to linguistic variables in
NMO nparticipants. A stimulus content analysis was per-
formed to evaluate whether the content of each sentence
(independent of any ACE) had a differential effect in both
groups. As reported previously (Aravena et al, 2010;
Ibafiez et al., 2013), and consistent with preceding research
showing strong effects of predictability (Fischler & Bloom,
1979; Kleiman, 1980; Kliegl, Grabner, Rolfs, & Engbert,
2004; Kliegl, Nuthmann, & Engbert, 2006), N sentences
(which have increased levels of predictability) elicited
shorter RTs than ON and CH sentences.

Although overall RT means suggested faster responses
in CG (880ms, SD=37.78) than in NMO (931 ms,
SD = 37.79), the main effect of group was not significant
[F(1,18)=2.10, p = .16]. Indeed, we found a strong content
effect [F (2, 36)=62.62; p <.0001]. Post hoc comparisons
(MS =455.91; df =36.00) showed that both NMO and CG
participants responded faster to N sentences than to OH
(p<.001) and CH (p <.001) sentences. No differences be-
tween responses to OH and CH were observed (p =.94;
Fig. 1C). In addition, no interaction was observed between
type of sentence and group [F (2, 36) =.0065; p =.99]. See
“Stimulus content analysis” and “Table S2” in Supplemen-
tary Data.

4.3.2. Experiment 2: Motor-language processing in ATM
4.3.2.1. ACE is also preserved in ATM. As was the case with
NMO, no group differences or interactions were observed

between ATM and their controls [F (2, 36) =.009; p =. 99]
(see Fig. 1D). A main effect of compatibility effect was
found [F (2, 36)=91.54; p <.0001]. Post hoc comparisons
(MS=1113.0, df =36.00) showed that, in both ATM and
CG, incompatible trials elicited longer RTs than compatible
(p<.001) and neutral (p <.001) trials. No differences be-
tween responses to compatible and neutral trials were ob-
served (p =.12). These results were confirmed by separate
ANOVAs for each group. See “ACE effects in ATM and CG”
and “Table S3” in Supplementary Data.

4.3.2.2. Subtraction analysis. A strong ACE was found
[F (1, 18)=126.13; p<.0001]. No significant differences
were observed between the two groups [Group X Compat-
ibility Interaction, F (1, 18) =.01; p =.91] (see Fig. 1E).

4.3.2.3. Preserved motor response to linguistic variables in
ATM participants. Overall, RTs were numerically similar in
both ATM (924ms, SD=45.25) and CG (920 ms,
SD =44.09), without statistical differences [F (1, 18)=
.013; p=.91]. There were significant differences in RTs
for the effect of stimulus content [F (2, 36)=45.21;
p<.0001]. Post hoc comparisons over this effect
(MS = 881.92, df = 36.00) evidenced faster processing of N
sentences relative to OH (p <.001) and CH (p <.001) sen-
tences. No differences between OH and CH sentences were
observed (p=.65). Additionally, no interaction between
type of sentence and group was observed [F (2, 36) =.05;
p=.95; Fig. 1F]. See, “Stimulus content analysis” and
“Table S4”, in Supplementary Data.
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Fig. 1. ACE in NMO, ATM, and EPD. (A). Mean RTs from compatible, incompatible and neutral trials for NMO and CG participants. NMO and CG groups
showed a classic ACE (compatible facilitation and incompatible delay of RTs). (B) ACE subtraction. Group comparison of ACE normalized by subtracting
mean RT from the neutral trials from the mean RTs from the compatible and incompatible trials. (C) Preserved motor response discrimination for NMO
participants. (D) Mean RTs for ATM and CG participants. ATM and CG groups showed an ACE. (E) ACE subtraction. (F) Preserved motor response
discrimination for ATM participants. (G) Mean RTs for EPD and CG participants. CG groups showed an ACE, whereas the ACE was absent in EPD participants.
(H) ACE subtraction. (I) Preserved motor response discrimination for EPD participants. In all groups, OH and CH sentences yielded longer RTs than N
sentences due to a higher frequency and higher cloze probability of the latter. In all panels, the bars depict the SD.

4.3.3. Experiment 3: Motor-language processing in EPD
4.3.3.1. ACE is impaired in EPD. We observed an interaction
of Group x Compatibility [F (2, 56)=31.50, p<.0001]
(Fig. 1G). Post hoc comparisons (MS=3163; df=_83.92)
showed an ACE in CG: incompatible trials elicited longer
RTs as compared to compatible (p<.001) and neutral
(p <.001) trials. Conversely, we found no ACE in EPD pa-
tients: here, RTs in neutral trials differed from those of
compatible (p<.05) and incompatible (p<.001) trials,
but no differences between compatible and incompatible
trials were observed (p =.99). A separate ANOVA for each
group confirmed these results. See “ACE effects in EDP
and CG” and “Table S5” in Supplementary Data.

4.3.3.2. Subtraction analysis. A strong ACE was found after
subtraction [F (1, 28) =906.83; p <.0001] (Fig. 1H). Group
differences became larger, as shown by the Group x Com-
patibility interaction [F (1, 28) = 90.77; p < .0001]. Whereas
CG showed a large difference between compatible

(M=24ms, SD=25.98) and incompatible (M =209 ms,
SD =22.47; p <.001) trials, in EPD the means for compati-
ble (M=94.69ms, SD=2441) and incompatible
(M =104 ms, SD = 26.75; n.s.) trials were quite similar.

4.3.3.3. Preserved motor responses to linguistic variables in
EPD. Overall, RTs were numerically faster for CG (1070 ms,
SD = 40.9) than EPD participants (1102 ms, SD = 42.00), but
the difference was not significant [F (1, 28) = 1.60; p = .20].
Importantly, both EPD and CG participants responded
faster to N sentences than to OH and CH sentences
[F (2, 56) = 40.04; p <.0001]. Post hoc comparisons (HSD
Tukey test, MS = 1944.3, df = 56.00) yielded significant dif-
ferences of N versus OH (p <.001) and CH (p <.001) sen-
tences. No difference was observed between OH and CH
sentences (p =.31) (see Fig. 1I; see also “Stimulus content
analysis” and “Table S6” in Supplementary Data). In
addition, no interaction was observed between type of
sentence and group [F (2, 56)=.20; p =.81].
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These results confirm that motor impairment in EPD
participants was not so severe as to preclude effects of lin-
guistic variables. Consequently, the ACE deficits in EPD
cannot be explained by a general motor or language
impairment.

4.4. Correlations

Considering all patient groups and controls, we found a
strong association between KDT accuracy and ACE (more
KDT accuracy, stronger ACE: r=.5; p <.001; Fig. 2B). Con-
versely, no association with age was observed among all
participants (r=—.10; p =.54).

5. Discussion

The present study investigated the role of PMS and BMS
in motor-language integration by assessing action-sen-
tence compatibility effects and verbal processing in NMO,
ATM, and EPD participants. Interestingly, ACE performance
was affected as a result of BMS impairment only (EPD
group). To our knowledge, this is the first report testing
both the representational and non-representational views
of embodiment in the domain of motor diseases.
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5.1. Action-verb processing and the PMS

In experiments 1 and 2, ACE performance was similar
for patients with PMS impairments triggered by demyelin-
ating-inflammatory syndromes of the spinal cord (NMO
and ATM) and their controls: RTs were longer for incom-
patible than for compatible action sentences. Thus, the
ACE task is unlikely to reflect PMS activity. In addition,
KDT results indicate adequate action/verb processing in
both groups. These findings suggest that action-language
processing does not directly depend on PMS activation. In-
stead, motor-language interaction is most likely subserved
by the preserved motor brain areas.

5.2. Action-verb processing and the BMS

Conversely, participants with EPD (Experiment 3)
exhibited impaired ACE compared to healthy participants,
replicating previous reports (Ibafiez et al., 2013). Likewise,
EPD patients were selectively impaired for action/verb pro-
cessing. These results suggest that the cortico-subcortical
motor system is directly involved in motor-language inte-
gration. The contrast between experiments 1 and 2, on the
one hand, and 3, on the other, indicates that ACE perfor-
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Fig. 2. Verbal processing (KDT) in NMO, ATM, and EPD. (A) KDT scale denotes percentage of correct responses. (B) KDT is associated with the ACE. The ACE is
computed as the subtraction between incompatible and compatible trials (the higher the time interval, the stronger the ACE).
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mance depends on BMS integrity, and not on peripheral
activation. These findings are clearly inconsistent with
the non-representational embodied view, which assumes
that the PMS is directly involved in motor-cognitive inte-
gration. Similarly, the semantic grounding of action words
seems to depend on cell assemblies in sensory-motor areas
(Kiefer, Sim, Liebich, Hauk, & Tanaka, 2007).

5.3. Testing different ACE hypotheses

Regarding ACE performance, we proposed two main
hypotheses about the possible roles of PMS and BMS in
motor-language coupling. These, in turn, gave rise to the
four interpretations recapitulated below:

(a) H1 = ACE is affected in EPD and preserved in NMO
and ATM.

(b) H2 = ACE is preserved in EPD and impaired in NMO
and ATM.

(c) Partial H1 and H2 = ACE is affected in EPD, BMO,
and ATM.

(d) Partial H1 = ACE is affected in NMO but not in ATM.

In the present study, EPD patients exhibited impaired
ACE as compared with healthy and other neurological
(NMO and ATM) participants. This pattern is consistent
with postulate (a) and constitutes strong evidence that ac-
tion/verb processing is embodied but dependent primarily
on BMS activation. This representational view of embodi-
ment indicates that action-language coupling depends on
a network distributed throughout partially overlapping
motor-language areas (Arevalo, Baldo, & Dronkers, 2012).

For its own part, postulate (b) suggests that ACE manifes-
tation depends primarily on peripheral activation, with min-
or participation of BMS. However, our results rule out this
hypothesis by showing quite the opposite effect. This finding
speaks against the non-representational embodied view.

In a similar way, postulate (c) posits that the ACE
equally depends on both peripheral and cerebral compo-
nents. However, our results showed that the ACE is pre-
served in NMO and ATM, but not in EPD, suggesting that
it depends specifically on brain motor-language coupling.
This finding disconfirms hypothesis (c).

Finally, regarding postulate (d), different studies have
revealed early cognitive impairment associated with corti-
cal affectation in NMO (Blanc et al., 2008; He et al., 2011).
However, those studies did not explore the motor-lan-
guage domain. Our results showed that action/verb pro-
cessing is preserved in these patients. Therefore, slight
and diffuse non-motor brain affectation in NMO seems to
have no significant impact on motor-language interaction.

Recently, we proposed a hypothetical model of motor-
language coupling to understand the specific action-
language impairment in EPD (Cardona et al., 2013). We
suggest that a distinct BG-thalamocortical circuitry might
be involved in the motor-language integration observed
in action/verb processing. The proposed model includes
two major mechanisms: a motor component (BG-frontal
loop), involved in the processing of motor simulation and
action patterns in cortical areas; and a semantic compo-
nent, which would play a major role in the grounding of

abstract conceptual knowledge. Behavioral studies on
action priming (Helbig, Graf, & Kiefer, 2006; Helbig,
Steinwender, Graf, & Kiefer, 2010; Kiefer, Sim, Helbig, &
Graf, 2011) and interference effects (Myung, Blumstein, &
Sedivy, 2006) also offer convergent evidence for the inter-
play between action-related and conceptual information.
Moreover, converging evidence from PD suggests a more
complex relationship between the language and motor
systems by showing a bidirectional influence of motor
and language areas, including subcortical motor and
non-motor regions (Cardona et al.,, 2013; Ibanez et al.,
2013; Peran et al., 2009). Results from the present study
also support this hypothetical model and are in line with
previous reports (Glenberg & Kaschak, 2002). In sum, these
findings reinforce the notion that BMS activation is a crucial
mechanism underlying facilitation in the ACE paradigm.

Furthermore, motor-language integration would involve
an internal simulation implicating the brain areas which
subserve the execution of a particular action (Garagnani,
Wennekers, & Pulvermiiller, 2007). According to our find-
ings, the BG would provide a trigger for simulation of action
generation and motor habit activation in action language
(Alegre, Guridi, & Artieda, 2011; Cardona et al., 2013). Taken
together, these findings support the involvement of the mo-
tor system in action-word processing, indicating that the
semantic grounding of such representations involves an
emergent and distributed cortical-subcortical network.

Notice that this model does not (seek to) explain how
abstract knowledge is represented. Other models (e.g., Kie-
fer and Pulvermuller, 2012) have made theoretical efforts
to explain the representation of abstract concepts within
modality-specific sensory, motor, and emotional brain cir-
cuits. The latter proposal is consistent with our notion of a
bidirectional coupling between motor and language areas
(Aravena et al., 2010; Cardona et al., 2013; Ibafiez et al.,
2013). However, unlike our model, it posits that represen-
tations are organized in a modality-specific and somato-
topic fashion, an assumption that has been recently
challenged (Cardona et al., 2013).

5.4. Theoretical implications

The opposition between the non-representational and
representational embodied views foregrounds the involve-
ment of corporeal and cerebral motor components in cog-
nitive processes. This debate does not challenge the notion
of embodiment. Instead, it concerns the presence or ab-
sence of brain-specific involvement in grounded cognition.
The non-representational embodiment view states that
peripheral sensory organs and effectors are crucial in
structuring information flow (Clark, 1997; Gallagher,
2005a, 2005b). Our results rule out the possibility that cog-
nitive processing exclusively depends on the PMS, as pro-
posed by non-representational embodied views. Instead,
they support contemporary theoretical perspectives for
which cognitive functions are served by distributed and
interactive brain networks (Fischer & Zwaan, 2008; Uttal,
2003). Notice, however, that the PMS may indeed play an
important role in certain aspects of verbal comprehension,
particularly when emotional aspects are involved (Foroni &
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Semin, 2009; Havas, Glenberg, Gutowski, Lucarelli, &
Davidson, 2010).

Our study lends further support to the dominant
embodied view, for which semantic grounding depends
on brain motor areas. More generally, another implication
of our findings concerns the nature of the perception-ac-
tion system. It is likely that similar cortical-subcortical cir-
cuits play a cardinal role in the initiation of both action/
verb processing and movement execution. In neurodegen-
erative diseases, contextual coupling impairments may re-
flect damage to these circuits (Ibafiez & Manes, 2012;
Ibafiez et al., 2013).

5.5. Limitations and suggestions for further research

This study presents important limitations that should
be addressed in future research efforts. First, our relatively
small sample size may have influenced the results. Not-
withstanding, our data does systematically show that
BMS - as opposed to PMS - impairment is directly related
with ACE and action/verb processing failures.

Another potential limitation is that motor symptoms
can vary in the three neurological conditions considered.
However, the level of motor affectation in superior limbs
was assessed with the UPDRS (in EPD) and EDSS (in NMO
and ATM), and it was also controlled by two neurologists
specialized in motor disorders (OG and VS).

Assessment was conducted during the ‘on’ state of the
medication. In this time-period, antiparkinsonian medica-
tion temporarily diminishes motor symptomatology in
EPD patients, facilitating their participation in the experi-
ment. However, since levodopa has been shown to im-
prove verbal processing in a percentage of PD subjects
(Mattis, Tang, Ma, Dhawan, & Eidelberg, 2011), any ob-
served impairment of ACE or verbal processing cannot be
explained by medication effects.

Also, our patients were investigated only with routine
MRI recordings, as was the case in other cognitive studies
on PD (for a recent overview, see Cardona et al.,, 2013)
and NMO (Blanc et al., 2008). Regarding ATM patients, brain
MRI abnormality was an exclusion criterion (Borchers &
Gershwin, 2012). Further volumetric and fMRI studies
may provide additional insights about the relationship be-
tween the location of cortical-subcortical involvement,
the pattern of cognitive impairment, and the specifics of
high-order motor dysfunction in these conditions.

6. Conclusions

The main finding of this study is that patients with PMS
impairment (ATM and NMO) showed preserved action-lan-
guage processing, while those with BMS affectation (EPD)
did not. Our results speak against non-representational
embodied views as well as completely disembodied theo-
ries. On the contrary, they are consistent with an embodied
view in which semantic content requires close interaction
with brain motor systems. Specifically, the motor system
might be intricately involved in language comprehension,
with BG circuitry playing an important role in the cognitive
loop that enables motor-language coupling.
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