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Abstract

Amyotrophic lateral sclerosis (ALS) is a neurodegyative disease with prime
consequences on the motor function and conconutagtitive changes, most frequently
in the domain of executive functions. Moreover, og@erformance with action-verbs
versus object-nouns has been reported in ALS patienisingathe hypothesis that the
motor dysfunction deteriorates the semantic repitasien of actions. Using action-verbs
and manipulable-object nouns sharing semanticioelstip with the same motor
representations, the verb-noun difference was ssdas a group of 21 ALS-patients
with severely impaired motor behavior, and compaved a normal sample’s
performance. ALS-group performed better on nouas trerbs, both in production
(action and object naming) and comprehension (vpictisre matching). This
observation implies that the interpretation of wieeb-noun difference in ALS cannot be
accounted by the relatedness of verbs to motoeseptations, but has to consider the
role of other semantic and/or morpho-phonologi@aehsions that distinctively define
the two grammatical classes. Moreover, this difieesin the ALS-group was not greater
than the noun-verb difference in the normal samfie mental representation of actions
also involves an executive-control component t@nizg, in logical/temporal order, the
individual motor events (or sub-goals) that forpuaposeful action. We assessed this
ability with action sequencing tasks, requiringtggpants to re-construct a purposeful
action from the scrambled presentation of its dtutste motor events, shown in the
form of photographs or short sentences. In thasestaALS-group’s performance was
significantly poorer than controls’. Thus, the extaee dysfunction manifested in the

sequencing deficit —but not the selective verbaitefis a consistent feature of the
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cognitive profile associated with ALS. We suggéstttALS can offer a valuable model
to study the relationship between (frontal) motemters and the executive-control
machinery housed in the frontal brain, and the icapibns of executive dysfunctions in

tasks such as action processing.

Keywords: Amyotrophic Lateral Sclerosis; action processingamverb dissociations;

dysexecutive syndrome; action sequencing.

Abbreviations:

ALS = Amyotrophic Lateral Sclerosis;

ALSFRS-R = Amyotrophic Lateral Sclerosis FunctioRatting Scale;
PPT = Pyramids and Palmtrees Test;

KDT = Kissing and Dancing Test
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1. Introduction

Amyotrophic lateral sclerosis (ALS), the most conmform of Motor Neuron Disease,
is a neurodegenerative disorder that primarily iogtés the motor system. Motor
dysfunction frequently begins with fasciculations @amps that gradually lead to
weakened atrophic limbs, spasticity and bulbar dpmp, often associated with
dysarthria (a disorder in the articulation of sggeand respiratory symptoms (Silani,
Messina, Polettet al., 2011). The consequences of this neurologicadition are not
limited to motor symptoms: the 20-50% of patienthibit cognitive deficits that, in the
5-15% of the cases, evolve in a full-blown demenigually of the frontotemporal type
or FTD (Raaphorst, De Visser, Linssen et al.,, 20%0ani et al., 2011; Andersen,
Abrahams, Borasio et al., 2012). Most frequenthjtial cognitive changes impact the
executive functions (Abrahams, Leigh, Hanetyl., 2000; Elamin, Phukan, Bedeal.,
2011; Phukan, Elamin, Bed# al., 2012; Taylor, Brown, Tsermentseti al., 2013): in
effect, pathological performance on executive-fiorctests is currently regarded as the
criterion for a diagnosis of cognitive impairmentALS (Strong, Grace, Freedmainal .,
2009). More recently, attention has been revertethhguage impairments, primarily
observed in association with executive dysfunc{Pimukanet al., 2012; Grossman et al.,
2008; Tayloret al., 2013). For instance, Taylet al. (2013) reported that the 43% of 51
non-demented ALS-patients was likely to have auagg impairment, as indexed by a
composite score derived from several language tasks

A number of studies have suggested that the lamgimgairment in ALS is
characterized by a selective deficit in processiagbsvs. nouns (a summary of these

studies is reported in Table 1). Bak and HodgeS87{18escribed three ALS patients with
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aphasia and FTD, whose performance was poorer weiths than nouns, in a word-
picture matching task. Moreover, the only patiehbwould complete the task exhibited
significantly poorer performance in action namihgn object naming. Bak, O'Donovan,
Xuerebet al. (2001) extended this observation to six new cagds ALS and signs of
dementia. Their patients were overall impaired yntactic comprehension, as assessed
with the Test of the Reception of Grammar (TROGsHBp, 1989), and showed greater
difficulties in naming drawings of actions than wiags of objects, and in matching a
spoken verb with the corresponding action (among dptions), relative to matching a
spoken noun with the corresponding object.

In a subsequent study (Bak and Hodges, 2004), tit€epatients with dementia
and aphasia were tested with the Pyramid and Pedes ttest (PPT, Howard and
Patterson, 1992), a picture-picture matching tasklving objects, and with the Kissing
and Dancing test (KDT; Bak and Hodges, 2003), aupepicture matching involving
actions. In all three patients, performance on K¥&s significantly poorer than
performance on PPT. More pronounced difficultiethvéiction-verbs than object-nouns,
in the context of a motor disorder such as ALS ehlagen linked to the deterioration of
motor centers, participating in the representatbractions in language and semantics
(Bak and Chandran, 2012).

This line of research encouraged further analystbe verb-noun dissociation in
ALS, to advance our understanding of the cognitiwglications of ALS, and to establish
whether ALS can be a valuable model for studyirg riélationship between motor and

language/semantic functions.
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Studying the processing of verls. nouns in larger groups of patients could
inform on whether a selective deficit with acticrlated stimuli, such as action-verb, is a
consistent characteristic of the cognitive charigeALS, before a full-blown dementia
develops.

In doing so, we notice that, in the context of vedun dissociation in ALS,
grammatical and semantic components of the effage ecurrently been confused. In
fact, in all the above studies, verb-noun diffeemwere assessed with action-verbs and
object-nouns (i.e. nouns denoting various kindscoificrete objects, such as plants,
animals, vegetables, buildings, artifacts, etc.hil&/the semantic relationship with a
motor representation is considered the cause @magerbsvs. object-nouns differences
in ALS, these categories of stimuli also differ fither semantic, syntactic and morpho-
phonological properties. Thus, performance diffeesnbetween action-verbs and object-
nouns in ALS could reflect differences in actiotatedness or other differences.

To argue that an action-verb deficit results franpaired motor representations,
one must show that patients fail with action-vefbg. to eat) but not with non-action
verbs (e.g. to wonder), or that the verb-noun diffiee disappears when both sets of
stimuli are semantically related to the same mogpresentations. This latter control has
been implemented in the current study to addressc#usal relation between semantic
relatedness to motor representations and the vealhdhntage in ALS. We reasoned that,
if the semantic relatedness to motor representati@s the exclusive cause of previously
observed noun-verb differences in ALS, such efébciuld not be found with the current

experimental design. Alternatively (i.e., in caselsdifferences persist), we shall refuse
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an account of verb-noun differences in ALS as esickly driven by unbalanced
semantic relationship of the two word categoriethwiotor representations.

Furthermore, we have mentioned earlier that, in AleSguage deficits co-occur
(Phukanet al., 2012) and are tightly correlated with frontakeutive dysfunction
(Tayloret al., 2013). In effect, ALS patients with alleged antiverb deficits most often
had executive dysfunction (see Table 1). Neuropslpgical investigation has shown
that executive functions play a role in tasks inig verbs (Rheet al., 2001; Vigliocco
et al., 2011) and actions (Cooper and Shallice, 20@0jpalrticular, in action processing,
executive functions are critical for retrieving thagical/temporal organization of the
individual motor events (or sub-goals) that constita coherent, purposeful action
(Sirigu, Cohen, Duhamedt al., 1995; Sirigu, Duhamel, Cohest al., 1996; Rumiati,
Zanini, Voranoet al., 2001; Zanini, Rumiati and Shallice, 2002). Fastance, Zaningt
al. (2002) reported that patients with frontal-exeeitilysfunction systematically failed
to retrieve the correct order of motor acts thamied a complete everyday activity (e.g.,
preparing coffee). The ability for action sequegcia independent from the ability to
physically produce action, and may or may not bgsoaated with impaired action
recognition (Humphreys and Forde, 1998; Zaetral., 2002). These observations raise
the new question that deficits in processing aetedated stimuli and action-verb
processing could be affected (or even accountedhdyexecutive dysfunction that most
frequently accompanies ALS.

The current study involved 21 non-demented ALSeqoasi and 14 neurologically
normal controls, and three sets of experimentdistathe first set included three motor

production tasks: pantomiming on verbal commandgeaibuse and imitation. The
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purpose of these tasks was to assess whether tientpawith a diagnosis of ALS
showed visibly deteriorated motor performance netatio the normal population.

Moreover, we tested participants’ retrieval (namiagd comprehension (word-
picture matching) of verbs and nouns. By compatimegperformance of ALS-patienis.
normal controls on these tasks, we assessed whttbeverb-noun dissociation is a
consistent characteristic of the cognitive changesociated with ALS. Importantly, in
our study, both verbs and nouns were related tosdrae motor representations. In
particular, for each action verb (e.g. “scriversy,write), we selected the manipulable
object most consistently involved in the actiongfipa”, pen). The motor representation
associated with the action “to write” is held tortpapate in the representation of the
object “pen”, as it contributes to define its pragr for manipulation and its function
(Johnson-Frey, 2004; Martin, 2007). Thus, if ALSHpats’ disadvantage with verbes(
nouns) truly reflects damage to the motor repregemts implicated by action-verbs, this
effect should disappear when both verbs and nduered motor representations.

Finally, we administered two sequencing tasks, ihictv participants were
instructed to rearrange sets of sentences or ptagibg in a coherent (verbal or pictorial)
description of a purposeful object-directed actiél.actions were of the “schema-type”
(e.g., brushing one’s teeth), namely, simple asticonstituted by motor events (or sub-
goals) carried out in an effector-specific mannem. in brushing one’s teeth, the
toothbrush is hold with a whole-hand grip, as oot precision grip, and is translate
up and down, but not, say, squeezed), to achievdnhl action goal (see Zanisi al.,
2002). This kind of tasks has been proven sensitivdrontal-executive deficits in

neurological populations (Rumiati et al., 2001;igbiret al., 1996; Zanini et al., 2002).
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Thus, with these tasks, we assessed the execuinvaidning of our patients, and
particularly, a component of the executive fundtignthat could have direct implications
for action processing.

- Table 1 about here -

2. Materialsand methods

2.1. Participants
Patients. Twenty-one patients with diagnosis of ALS tooktparthe study (9 females,
mean age, years tstandard deviation: 63.3 £14.@nreducation: 9.8 £5.4). Six patients
were recruited from the neurological unit of thesfi@dali Riuniti” of Trieste, and sixteen
patients from the neurological unit of the “Azien@spedaliero-Universitaria-Santa
Maria della Misericordia” of Udine. A neurologistseessed the severity of physical/motor
dysfunctions and dysarthria with the Amyotrophiddral Sclerosis Functional Rating
Scale (ALSFRS-R; Cedarbaum, Stambler, Madtaal., 1999), a questionnaire-based
scale that measures the abilities for carryingdaiiiy-life activities (see Table 2).

All patients underwent a neurological evaluatiofobe the experimental sessions.
Given that our experimental tasks involved visut@nsli and word production, we
recruited patients who were referred by the negistoas having preserved visual
sensory efficiency and no speech production dsficlo one had a presumptive
diagnosis of dementia.

As part of the screening, all patients were adrtenésl a picture-naming task with
line drawings of 50 objects and 50 actions, matdbedrequency and age of acquisition
of the corresponding word, and picture typicaliGrépaldi, Aggujaro, Arduinct al.

2006). The purpose of this test was to assessnarh-differences with a task analogous
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to those used in most previous studies on ALS stingi of action and object nhaming
(e.g., Bak and Hodges, 1997; Bak and Hodges, 2@®in those previous studies, intra-
individual differences between object- and actiaming were computed (chi-square
statistics), revealing that 18 out of 21 patiergsfgrmed qualitatively better on object
than action naming; in 9 cases this difference significant Ps<0.05; see Table 2).
Descriptively, the verb-noun difference was on ager11.62 percentage points (82.8%
correct for verbs and 94.4% correct for nouns)sThumber is within the range of verb-
noun differential scores (2-15 percentage poimt$revious samples reported in Table 1,
except for Bak et al. (2001), who reported a dédfere of ~30 percentage points
averaging across three patiéntFhis analysis demonstrated that our sample was
comparable with the samples of previous studieshiowing an overall advantage of
object-nouns over action-verbs.

Controls. Fourteen neurologically healthy adults (8 femaksge = 65.1 +16.3,
education = 10.3 £3.3), matched with patients fge and education (ag&33)=-0.35,
P=0.72; educationt(33)=-0.26,P=0.79), served as controls. They were clear of sajns
cognitive decline, as assessed with the Montreain@ive Assessment (Nasreddine,
Phillips, Bédirianet al., 2005). The study was approved by the local EtGiommittee.
All patients and controls signed the informed comgefore taking part in the study.

- Table 2 about here -
2.2. Simuli
Actiong/action-verbs and object/objects-nouns. The following stimuli were taken from

Papeocet al. (2010): 15 color video clips of pantomimes of manactions (3 s each), in

verb-noun differential scores were obtained from dlescriptive statistics reported in the studitedi in
Table 1 or, where not available, estimated fromplioés of action and object naming performances.

10
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which the same actor pantomimed the use of a mkatijguobject (the object was not
shown); 15 real manipulable objects (those impliedhe above actions); 15 verbs
denoting the above object-use actions; and 15 ndensting the above manipulable-
objects and matched with verbs for lengtfil4)=-0.63, P>0.1), age of acquisition
(t(14)=-0.31,P>0.1), and frequency (from Bertinetto et al., 20%4)=1.87,P=0.08).
Thus, the sets of actions/action-verbs and obmuestts-nouns shared a semantic
relationship with identical motor representations.

We evaluated this relationship empirically, asdalé. First, we assessed whether
each manipulable object (e.g. a pen) was conslgtegtrieved upon presentation of a
video-clip, where an object-use action (e.g. wglivas pantomimed but the object was
not displayed. Twenty-one participants (15 femalge 24 +2.8; education 16 £1.7) saw
the 15 action pantomimes used in the study and ddhee“target” object involved. For
each item, at least 76% of participants retrievesl dorrect target-object (mean 92.4%
+8.8). Binomial tests showed that this response sigrgficantly above chance (50%) for
each pantomimePs<0.02).

In a second study, 20 new patrticipants (14 femage, 25 years +3.9; education
16 years £1.7) were presented with the photograplise same 15 manipulable objects,
and were asked to generate an associated actioesponse to all objects, the 100% of
participants retrieved a verb denoting a manuabacMoreover, for all objects, at least
85% of participants (mean 98% +4.1) retrieved amitincluded in the experimental
action-verb list. This response was above the ahdecel for each object-stimulus

(binomial testsPs<0.01).

11
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The semantic relationship between action-verbs @lnj@ct-nouns was further
evaluated with a rating study involving a panell6fnew participants (7 female, age 27
years +2.7; education 18 years +0.3). We createdlists of stimuli: in one list, each of
the verbs denoting the 15 pantomimes was pairell thié noun denoting the object
involved in the pantomime (matched pairs); in ate@i(“scrambled”) list each noun was
randomly assigned to one verb of the list. Pargiotp were randomly presented with the
15 matched and the 15 scrambled pairs; for eachthaly had to rate on a 7-point Likert-
scale the extent to which the action-verb and thjead-noun were associated. The mean
rating for each matching pair was above the neutidipoint 4 (mean: 6.85 £0.23D).
These ratings were significantly greater than gstiassigned to the control pairs (mean:
1.5 +0.773D; t(28)=-25.52,P<0.0001), implying that the semantic relationshgivieeen
action-verbs and object-nouns in our stimulus-sets vétronger than the semantic
relationship betweeany manual action anany manipulable object.

The same panel evaluated the semantic relatedhesslo individual stimulus in
our list (15 action-verbs and 15 object-nouns) fehgsical action, on a 7-point Likert-
scale. To prevent response-bias, we included 1%alowerbs and 15 control nouns,
matched with our stimuli for frequency and lengtlt lvith no obvious motor-action
content (verbs: frequency(14)=1.14, P=0.27; length,t(14)=-1.55, P=0.14; nouns:
frequency,t(14)=-0.62,P=0.54, lengthf(14)=0.21,P=0.83). Although ratings for verbs
were on average higher than ratings assigned tosng(@4)=13.51,P<0.001), all items
included in the main study obtained ratings abdweerieutral mid-point 4 (mean rating

for verbs: 6.48 £0.2%D, for nouns: 6.12 £0.26), which were significantligher than

12
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ratings assigned to control-verli€léd)=13.34,P<0.001) and control-noun$(14)=41.75,
P<0.001).

With this series of studies, we ascertained th#bmae and manipulable objects
(and by extension, the corresponding verbs andsj)aarour stimulus-set overlapped for
semantic relatedness to motor representations.
Sequences. We createdde novo 55 color photographs depicting fragments of 1%edbj
use actions (each action was described by a segwénric5 photographs; the object was
shown) and 54 sentences describing the differeaissbf 15 object-use actions (each
action was described by a sequence of 4-5 senferineaddition, five new sequences
were created for control tasks, including shapesitf@e-, heart-, square-, or triangle-
shapes, of four different sizes made in red cac#t3tor numbers (10 different numbers

of one or two digit, printed in black ink on terdreards).

2.3. Tasks and Procedures

The order of tasks was counterbalanced acrosscipartis. Items in each task were
presented in a fixed pseudorandom order, excepthirobject-use task, where items
were randomly presented. Patients’ testing wasechaut in a quiet room of the hospital,
controls were tested in a dedicated room at SISSA.

Pantomiming on verbal command. Participants were given a verbal command to
produce 15 pantomimes of objects-use actions ((gow me how you would drink
from a glass”). They were instructed to simulatédimy and manipulating the object
involved in each action. Participants’ performamees videotaped for off-line analysis,

carried out by one author (C.C.) and two reseasctramed for scoring praxis tasks, and
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blind to the hypotheses of the study and to subjetassification (patients or controls).
Each gesture was scored 2 when at least two rpteged the performance as correct.
When the participant produced an error that was@eledged by at least two raters, we
distinguished between cases in which the action stiisrecognizable (score=1), and
cases in which the error was such that the actias no longer recognizable (score=0).
The maximum score that a participant could obtaas @0.

Pantomimes imitation. Participants were asked to imitate 15 pantomiofiexdject
use shown in 15 video-clips, on a computer screanh gesture was presented once and,
if the participant failed to imitate it correctly,was shown again for a maximum of two
times. Participants’ performance was videotapedaralyzed offline by the three raters,
with criteria identical to those used for the pamitming-on-verbal-command task.

Manipulable-objects use. The 15 manipulable objects were placed, one ana, ti
on the table in front of the participant, who waked to demonstrate how s/he would use
it. Participants’ performance was videotaped amalyaied offline by the three raters. In
evaluating the performance, we distinguished batwa®rect use (score=1) and errors
(score=0, when at least two raters judged the pednce as incorrect). The maximum
score was 15.

Naming of actions and manipulable objects. This task was organized in two
subtests. In subtest 1, participants were instduitgoroduce the verbs describing each of
15 pantomimes of object use, presented as vidgs,aline at a time, on a computer
screen. In subtest 2, participants were instrutdgatoduce the noun denoting each of the
15 manipulable objects depicted in photographs, prmesented one at a time on a

computer screen. Each response was scored astaq@eere=1) or incorrect (score=0).
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Self-repairs, dialect forms of the target and phogical errors, in which the target was
clearly recognizable, were scored as correct. Separaphasias, circumlocutions, and
latencies longer than 5 s were scored as errotthelevent of multiple responses to one
item, the first was considered. The maximum scoreéch subtest was 15.

Verb and noun comprehension. The word-picture matching task was organized in
two subtests assessing verb and noun comprehemegpectively. In subtest 1, a verb
was spoken aloud by the experimenter, while thoder @hotographs (the target and two
distractors) appeared on the computer screen. &ath targets depicted the object-use
gesture corresponding to the spoken verb. The tugtradtors were an action
semantically related to targetand another visually similar to the target, afedi by
modifying a kinematic aspect of the target acti@articipants were instructed to point at
the photograph depicting the spoken item. In swbBstask and procedures were
identical to subtest 1, except that a noun, instehdh verb, was spoken and 15
photographs of the above 15 objects were showrtiegwiith a semantically related and
a visually related object (e.g. target: spoon; semalistractor: ladle; visual distractor: a
round mirror with handle). In both subtests, thiatree position of target and distractors
(left, center, right of the screen) was countenbeda across trials. Correct responses
were scored 1, and incorrect responses (eithaadist) were scored 0. The maximum
score for each subtest was 15.

Sequencing tasks. In the sequencing tasks, participants were iostdl to
rearrange photographs or sentences describingiffieeedt steps involved in the use of

15 manipulable objects. This section was organizeédo subtests, in which participants

2 The semantic distance between targets and senlisttiactors was rated by a panel of 10 subjects (5
female; mean age =26.6 years +3.1; mean educaterelf 16.9 years +1.6). For a detailed descriptid
this rating study we refer Papeo et al. (2010).
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had to organize 4-5 sentences and 4-5 photogrépfs;m a coherent purposeful action.
The 4-5 sentences or photographs were presentziambled order on the table in front
of the participant. One point was assigned to ea&citence or photograph assigned to the
correct position in the sequence. The maximum seae54 for the sentence sequencing
and 55 for the photograph sequencing.

To make sure that participants did understandasle instructions and to evaluate
their general ability to order items based on a&wgieriterion, additional sequencing tasks
were administered (see Humphreys and Forde, 198&@ni%t al., 2002). In those tasks,
participants had to rearrange 5 items with samengétcal shape and different size,
according to the size. Four series of shapes (iearts, circles, squares, and triangles)
were included. One point was given for each shapeectly sequenced. In the last task,
participants were required to order ten numberse @wint was given for each number

assigned to the correct position in the sequence.

2.4. Analyses
We carried out a group level analysis on the irdligis’ percentages of correct responses
obtained in each experimental task. As data frotreps and controls were not normally
distributed (Shapiro Wilk's test,P<0.05), they were normalized with arcsine
transformation.

To compare motor-production performances in patigat controls a repeated-
measures ANOVA was performed with factors, 2 Gr@ogtients and controls) and 3
Task (pantomiming to verbal command, manipulableabuse and imitation). Patients’

and controls’ performances on verbal tasks were peoed in a repeated-measure
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ANOVA with factors, 2 Group (patients and controls2 Task (naming and
comprehension) and 2 Word-category (houns and kefsally, patients’ and controls’
performances on sequencing tasks were compareddpeated-measure ANOVA with
factors 2 Group (patients and controls) and 2 Tésdquencing of sentences and

sequencing of photographs).

3. Reaults

Motor-production tasks (Fig. 1). The ANOVA revealed a significant effect of Group,
F(2,66)=12.48,P=0.001, with patients being more impaired than dstin all three
motor tasks. The effect of Tadk(2,66)=0.56,=0.57, and the interactidf(2,66)=0.46,
P=0.63, were not significant.

The errors made by patients across the motor tasks analyzed by applying the
error classification used for praxis tasks (seesd@est al., 2007). The majority of errors
(66.24%) were spatial (misorientation of hand/arm)28.57% of cases gestures were
unrecognizable; a minor percentage of errors (5)1@%e semantic, consisting of the
“body part as a tool” error (i.e. the participawied not include the object in the gesture
and uses the arm/hand/finger as if it were theabpj&/e remark that, although we used
tasks and error classification proper of apraxiadists, patients’ motor difficulties,
primarily affecting the spatial aspects of the gest, should be intended as a
consequence of the ALS at the peripheral levelslHmption of apraxia can only be
considered when motor production deficits canncateounted for by impaired physical

(peripheral) abilities. This was not the case far jpatients.

17



Action processing in a motor disease

Language-semantic tasks (Fig. 2). The ANOVA yielded a main effect of Word-
category,F(1,33)= 41.75,P<0.001: both patients and controls were less atewdh
verbs than with noun in production (i.e., naminB¥@.001 and”=0.019, respectively)
and comprehensionP€0.001 and’=0.042, respectively). There was no significaneetff
of Group,F(1,33)=1.06,P,=0.31, and no interaction between Group and Wotdguay
F(1,33)=1.28P=0.26, or between Group and TaBkl,33)=0.3,P=0.58.

Sequencing tasks (Fig. 3). The effect of Task was significarf(1,33)=5.57,
P=0.024: both patients and controls were more ateuvdth sentences than with
photographs. The effect of Group was signific&i(l,33)=12.55P=0.001. However, the
two factors did not interact(1,33)=0.25,P=0.62, showing that patients’ performance
was poorer that controls’ in sequencing both se@sand photographs.

Both patients and controls performed at ceilingshape and number sequencing
tasks. The patients’ successful performance onethiasks ensured that the impaired
action sequencing did not reflect a general ingbilh organizing sequences of items
according to a given criterion, or inability to cpreahend task instructions.

Our study considered the possibility that executthsfunctions in ALS,
measured here with action sequencing tasks, coffiéttaaction processing. Using
Pearson’s correlations, however, we did not firgthicant correlation between patients’
performance on action sequencing tasks and theforpgance on language-semantic
tasks assessing action recognition Pab.155. The lack of correlation, together with the

finding that ALS patients performed within the n@lmange in naming and word-picture

% Pearson correlation coefficients between actigruercing (verbal version) vs. 1) action naming (60
P=0.6); 2) object naming (r=0.3@=0.1); 3) verb-picture matching (r=0.28+0.2); 4) noun-picture
matching (r=0.33P=0.1). Pearson correlation coefficients betweeioacequencing (pictorial version)
vs. 1) action naming (r=0.2P=0.3); 2) object naming (r=0.00RP=0.9); 3) verb-picture matching (r=0.02;
P=0.9); 4) noun-picture matching (r=0.00350.9).
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matching, but pathologically in action sequencingsks, suggests functional
independence between the ability to recognize angaction and to mentally organize its
constitutive motor events.

- Fig. 1, 2 and 3 about here —

Additional analyses. Acknowledging the cognitive variability of the ALS
population (Consonret al., 2013; Taylor et al., 2012), we considered a bmiatinction
within our sample, based on the results of theomeabbject naming test used in the
patients’ screening (Crepal@t al. 2006). We recall that this test revealed a génera
advantage in our ALS sample for nousaverb retrieval, which was statistical significant
in 9 cases (chi-square tests; see Table 1). Wenpeetl additional ANOVAs over the
patients’ data, including a categorical predictoattdistinguished between two groups:
cases with and without a statistically significaatb-noun difference.

There was no difference between the two groupsiynod the motor tasks (Effect
of Group: F(1,19)=0.26,P=0.61; Effect of Task:F(2,38)=0.7,P=0.46; Interaction:
F(2,38)=1.40P=0.26). In the naming and word-picture matching$ashe advantage for
nouns over verbs independently from the group, meadathe only significant effect
(Word-category effect:F(1,19)=27.81,P<0.0001). All other effects were far from
significance (Group:F(1,19)<1; Task:F(1,19)<1; Task*Group:F(1,19)<1; Word-
category*Group:  F(1,19)<1; Task*Word-Category: E@)<1;  Task*Word-
category*Group: F(1,19)=1.451®=0.24). Finally, no difference between groups was
found in either action sequencing task (Grokft,19)<1; Task#(1,19)=2.21,P=0.15;
Group*Task:F(1,19)<1). The lack of Group effect confirmed tha verb disadvantage

was a general feature in our sample irrespectivehgther, at individual level, the verb-
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noun difference was statistically significance. Taek of Group effect in praxis tasks
and action sequencing tasks confirmed the indepeede®f motor and sequencing
abilities from the lexical-semantic processing ci@-related stimuli.

Finally, we carried out a by-item analysis in whptssible effects of processing
the same items across different tasks were addrelds@ing the same items in different
tasks minimized the effect of differences at thmslus-level on the participants’
behavior in different tasks. However, processing@m in a given task might affect (e.g.
facilitate) the processing of the same item inftllewing tasks. If this were the case, the
performance on individual items across tasks showitcklate. To assess this possibility,
we derived rankings of item difficultly across piand lexical-semantic tasks involving
identical items (the same actions for naming, waidddre matching, pantomiming on
verbal command, and imitation; the same manipuabjects for naming, word-picture
matching and object use). Rank order values of déficulty were defined according to
the number of subjects who hit the target in eask.tWe computed Spearman’s rank
correlation coefficients to evaluate the relatiopsetween the ranked series of items.
Two sets of analysis, considering respectivelygmas’ performances alone and patients’
and controls’ performance in the same model, gdestical results. No rank correlation
was significant (alPs>0.05), except for a trend for pantomiming on eédommand’s.

imitation (P=0.053J. Thus, although items repeated across languagarginand praxis

* Spearman’s rank correlation coefficients for task®lving the same action-stimuli: 1) naming vsora-
picture matching: N=15, Spearman R=0.38, P=0.1paRfomiming on verbal command vs. imitation,
N=15, Spearman R=0.51, P=0.053; 3) naming vs. painiong on verbal command, N=15, Spearman R=-
0.03, P=0.92; 4) naming vs. imitation, N=15, SpeanrR=-0.04, P=0.89; 5) word-picture matching vs.
pantomiming on verbal command, N=15, Spearman B;®80.92; 6) word-picture matching vs.
imitation, N=15, Spearman R=-0.04, P=0.97. Speatsramk correlation coefficients for tasks involgin

the same manipulable objects: 1) naming vs. woctlsg matching, N=15, Spearman R=-0.16, P=0.56; 2)
naming vs. object use, N=15, Spearman R=-0.28,3®+=@) word-picture matching vs. object use, N=15,
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tasks; performance on a given item in a task waspandent from performance on the

same item in the other tasks.

4. Discussion

The present study assessed the performance ohisatieh amyotrophic lateral sclerosis
(ALS) in three motor production tasks (imitatiomnpomiming on verbal command, and
object use), in verbal tasks involving action-rethverbs and nouns (naming action and
manipulable objects, and understanding action vanosmanipulable-object nouns), and
in the executive control over action-related infaton (action-picture and action-
sentence sequencing tasks). The general goal ofttidy was to assess whether a
selective impairment in action-verb processing moasistent, defining characteristic of
the cognitive change associated with a motor nedisorder such as ALS. This analysis,
in a group of 21 ALS patients, can inform on whettiés population can provide a
valuable model for studying the relationship betmveeotor dysfunction and cognitive
abilities such as language and semantics. Moreogieen the frequent executive
dysfunction in ALS, we assessed whether patienif§icalties concerned aspects of
action processing, which rely on executive contngdr action-related information. In the

following, we discuss the findings of the study dhelir implications.

4.1. Verbs and nounsin ALS

Theoretical and empirical work emphasizes a necgsiactional relationship between

motor representations for action execution andéipeesentations of actions in language

Spearman R=0.03, P=0.90. These results considgetfimances of both patients and controls.
Statistically identical results were found considgronly patients’ performances.
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and semantics (Bak and Chandran, 2012). Our psatjmvided a sensitive model for
assessing this hypothesis, as they all had a ds&goba fatal motor neuron degeneration
(ALS) with visible consequences on their motor hétva We found that, relative to
normal controls, ALS patients were significantlypaired in motor production tasks, but
not in language-semantic tasks. In particular rtherformance in tasks involving action-
verbs and manipulable object-nouns provides inghivo questions.

First, what is the cause of the verb-noun difference? In the current study, while both
categories implied motor representations, our pti@erformed better on nouns than
verbs. In previous studies (see Table 1), the secaatatedness to motor representations
was not balanced across verbs and nouns, and gkt exaggerated the difference in
performance with the two word categories. Howeifehe verbs disadvantage reflected
exclusively motor relations in the verbs’ meaning,difference would have been found
here. Instead, the persistence of the verb-nouferdiice demonstrates that the
interpretation of such difference in ALS, as wedl ia the normal population, has to
consider the role of other semantic and/or morpfheaplogical dimensions that define —
and differ between — the two categories.

Second, is a motor dysfunction necessarily associated with selective deficit in verb
processing? We found that the verb-noun difference in ALS-pats was not
disproportionate relative to the difference in tteemal population. This result shows that
the verb deficit is not a specific feature of a anatisorder such as ALS. More generally,
it adds to previous observations on population$ wathological (Garceet al., 2013;
Negri, Rumiati, Zadinet al., 2007; Papeet al., 2010; Papeo and Rumiati, 2013; for a

review see Papeo and Hochmann, 2012) or abnornaaini¥scorps, Andres and Pillon,
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2013) motor abilities, demonstrating that motorrespntations for action execution are
not constitutive of action representations in language and sensantic

How do the current results relate to previous studies on verb-noun differences in
ALS? First, we shall observe that in others’ studiesk(Biaal. 2001; Hillis et al. 2006;
Grossmaret al., 2008), ALS patients had significantly poorer laage performance than
controls; while in ours they performed within thermal range on language-semantic
tasks. This difference across experimental samplgght reflect the large variability
within the ALS population, and/or the circumstant@at we purposefully excluded
patients with signs or diagnosis of dementia. Asoabbserved elsewhere (Bak and
Chandran, 2012; Bak and Hodges, 2004), researdbssncognitively impaired patients
is crucial to isolate the relationship between dgentb motor function and the lexical-
semantic processing of action. Thus, on the assamftat our sample was on average
less cognitively impaired than previous samples, ¢brrent results show that a motor
dysfunction is not sufficient on its own to deteate action processing in language and
semantic tasks

Then, if a verb deficit can only be seen in casexamcurrent aphasia and/or
widespread, severe cognitive loss, the causesabfdéficit can be various. In effect,
verbs are generally more susceptible to cognitds than nouns; but this is the case of
many neurological conditions, not limited to thdkat impact the motor function (e.g.

Crepaldiet al., 2006; De Bleser and Kauschke, 2003; Viglioetal., 2011). Moreover,

® With this respect, we also refer to the recendystoy Consonnét al. (2013). The authors distinguished
between ALS cases with cognitive (i.e. executivefdyction) and/or behavioral symptoms (e.g., apathy
disinhibition and poor social monitoring), and At&ses without either type of symptoms (“unimpaijed”
Although both groups suffered from a motor disoradaty the group of patients with cognitive/behasio
symptoms performed pathologically in action namitignimpaired” patients performed significantly bett
than the other group and comparably to controlss $tudy shows that the motor degeneration onvits o
does not impact language-semantic performanceagtibn-stimuli.
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a stable and consistent advantage of nouns ovéssvieralso typical of the normal

population (see De Bleser and Kauschke, 2003; Isedlze results of the current control
sample). Similar observations in neuropsychologicedearch have highlighted the
importance of relating patients’ performance tonmalr performance. This approach can
ensure that a noun-verb difference in a group dfepes, or in a single-case, is

significantly greater than the difference that cobk found in the normal population

(Crawford, Garthwaite and Gray, 2003; Laws, 2005).

This methodological note is particularly relevant the current context, where
evidence of verb-noun dissociations in ALS mos#lyess on intra-individual comparisons
between a patient's performance in task A (nourcgssing) and the same patient’s
performance in task B (verb processing) (Bak anddés, 1997; Bak and Hodges, 2004,
Bak et al., 2001), or between ALS-group’s performance ik tAsand the same group’s
performance in Task B (Hillist al., 2006; Grossmaet al., 2008).

Note that, based on mere intra-individual compassave found that 18 out of 21
patients showed an advantage with nouns over \({#ibdifference was significant in 9
cases) in the action and object naming screensig-{€repaldet al., 2006). The group-
level analysis of ALS-patients’ performance in #gerimental tasks on action-related
verbs and nouns confirmed this effect (nouns > s)erdowever, when the ALS-group
performance was compared with the controls’, neramtion was found. This observation
is entirely compatible with previous studies, whialled to report an interaction between
group (patients and controls) and word-categoryb@eand nouns), i.e. relative to
controls, ALS-patients were comparably impairedhwitouns and verbs (Badt al.,

2001; Grossman, Anderson, Kheral., 2008). The relevance of this interaction (oklac
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of interaction) in deriving conclusions on ALS, hewer, has surprisingly been
downplayed.

The current set of results does not support thendhat the verb-disadvantage is a
genuine, specific feature of ALS; it rather suggehat the verb-noun difference in ALS-
patients reflects the typicalprmal trend that is often preserved, even when the laggu

function is generally impaired (i.e., in the evehtphasic syndromes).

4.2. Action sequencing deficit in ALS

Relative to controls, ALS patients were signifidgnmpaired in action sequencing
tasks (verbal and pictorial). These tasks involtredability to operate on representations
of the individual motor events (or sub-goals), éproduce their logical and temporal
order for achieving a coherent, purposeful actiéxtensive research has ascribed this
ability to the domain of frontal executive-functe(Cooper and Shallice, 2000; Rumiati
et al., 2001; Siriguet al., 1996; Zaningt al., 2002), which are frequently affected in ALS
(Elamin et al., 2011; Phukarmt al., 2012; Stronget al., 2009; Tayloret al., 2013). The
same research has shown that this ability is inudgr& from the ability to physically
realize actions and to recognize actions. Thieladissociation was replicated in our
ALS-group, where impaired action sequencing occliwih intact action recognition, as
indexed by patients’ performance in naming and wooture matching.

What does the ALS impairment in action sequencing imply? Action sequencing
tasks were included to assess the frontal-executimetioning in our patients, and
particularly an executive component with direct licgttions for action processing. The

actions included in the tasks were of the “scheypat (e.g., brushing one’s teeth),
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whereby each step, or sub-goal, is carried ounimféector-specific manner to achieve
the final action goal (Cooper and Shallice, 2008nidi et al., 2002). With these tasks,
we measured the ability to organize the steps rdmair in an action, by encoding the
concrete sensorimotor relations (or immediate opusieces) of each step to determine
what comes next.

We can exclude that the failure of ALS-patientsagtion sequencing was due to a
general inability to organize items according tgige criterion, or to compute sequences
based on perceptual relations, as ALS-patientsopadd successfully in sequencing
tasks relying on this kind of relations (e.g. shapd number sequencing). At the same
time, based on our data, we cannot exclude thaadttien sequencing deficit extends
beyond the processing of “schema-type” actionsarny task that involves retrieving
temporal/causal relations among stimuli or everitsanticipation of further research, we
shall regard the action sequencing deficit as aemgerexpression of the executive
dysfunction characterizing the cognitive chang@lss.

Finally, we lack data to make claims about the akuworrelates of action
sequencing. However, we note that the link betwaetion sequencing and frontal
“executive” regions, based on prior research, dm¢deave out a possible contribution of
the motor aspects of the frontal lobe (i.e., inphecentral gyrus). Models of frontal-lobe
functioning acknowledge the involvement of precaintcortex in executive control
(Koechlin and Summerfield, 2007); and neuroimagiegearch has specifically related

precentral cortex activity to sequencing tasks &t and Schubotz, 2006; Schubotz,

® Note that the characterization of action sequenama test for evaluating the retrieval of tempanal/or
logical (or causal) relations across the stepsi@aion, acknowledges the difficulty of teasinguahis
two aspects of the task (i.e. the temporal andtiusal/logical one). In effect, whether they can be
separated at all remains an open issue, as thetahiplation (or contiguity) among events is pdrthe
definition, and is pivotal in perception of causale.g. Scholl and Tremoulet, 2000).
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2007). Under the assumption that precentral cagexffected in ALS (see Baét al.,
2001; Grossmart al., 2008), our results promote the view that impbksathis brain
structure in the executive-control machinery hostetthe frontal brain.

What is the relationship between action sequencing and action recognition? We
have gathered three pieces of information sugggd$tinctional independence between
the two abilities: 1) ALS-patients performed noriyain naming and word-picture
matching (assessing action recognition) but pathicédly in action sequencing; 2) their
performances in the two sets of tasks were noetaigd; 3) patients with quantitatively
different noun-verb effect, as indexed by Crepatdil.’s screening test, did not behave
differently in action sequencing. These observaticare in line with previous
neuropsychological reports of dissociation betweenability for action sequencing and
the ability to recognize actions (Rumiettial., 2002; Zaningt al., 2002).

Yet, one might conjecture that the progressive tdssxecutive functions eventually
impacts cognitive operations relevant for propdroacrecognition. In effect, executive
dysfunction and lexical-semantic disorders appiggutly related in ALS population; in
particular, the latter primarily — or exclusively eccurs in patients with executive
dysfunction (Consonrat al., 2013; Phukaet al., 2012), and is at least partly accounted
by it (Tayloret al., 2013). Finally, it remains possible that anriatéion between action
sequencing and the conceptual processing of acéinrbe highlighted with finer-grained
tasks, others than naming and word-picture mat¢hiriggch only assess the global
recognition of actions. Understanding in which taskditions the ability to compute
action sequences interacts with conceptual praugssi actions is a goal for future

research.
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4.3. Conclusions

We found that, in a group of 21 patients with a@nateuron disorder diagnosed as ALS,
lexical-semantic processing was better with notas with verbs, but this difference
was not disproportionate relative to the differemcthe normal population. The noun-
verb asymmetry likely reflects the effect of a nianbf semantic and/or grammatical-
class features (not entirely specified) that diffetween the two word categories; and, in
the light of our findings, it cannot be attributextclusively to the relatedness of the
words’ semantics to action, typically greater ferlys than for nouns. In fact, when this
aspect was balanced (like in the current desige)performance difference with verbs
and nouns remained, in ALS-patients as well akembrmal population.

Moreover, we found that ALS-patients failed in tas&quiring the retrieval of the
logical/temporal sequence of motor events thatrreca purposeful action. This function
is ascribed to the domain of frontal-executive tiors; this ALS-patients’ impairment is
therefore regarded as an expression of the execdyisfunction associated with this
neurological condition. The current work sets imeav light the contribution that the
study of ALS can make to cognitive neuroscienceSAlatients can provide a valuable
model to study the relationship between the mototers and the executive-control
machinery housed in the frontal brain, and the ifipeole that executive functions may

play in action processing.
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Figure caption
Figure 1. Performance (expressed as percentage of corrgmingss) of ALS-patients
and controls across the praxis tests: pantomimimgeobal command (povc), pantomime

imitation and tool use. Error bars denote standamr of the mean.

Figure 2. Performance (expressed as percentage of corrgmbnses) of ALS-patients
and controls in verb and noun production (namimg) i verb and noun comprehension.

Error bars denote standard error of the mean.

Figure 3. Performance (expressed as percentage of corrqungss) of ALS-patients

and controls in the verbal (sentences) and pidtgphotographs) version of action

sequencing.
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Table 1. Studies that reported intra-individual differenbetween verbs and nouns (i.e., advantage for nowgrsverbs), in single-cases or groups
of patients with Amyotrophic Lateral Sclerosis. Thember of cases with verb-noun and action-objéerdnce supported by quantitative

information are indicated.

APPROACH N CASES N CASES WITH SIGNS/DIAGNOSIS OF NOUNS (N) > VERBS (V) OBJECTS > ACTIONS
Dementia Executive Naming Word-picture Other tests** PPT vs. KDT***
dysfunction matching

BAK & Single-case 3 3 3 3 1* - -

HODGES 1997

BAKET AL. Single-case 6 2 5 3* 6 - -

2001

BAK & Single-case 3 0 3 o* o* - 3

HODGES 2004

HILLIS ET AL. Group 13 13 0 Significant in - Non-significant Non-significant

2006 written (not oral)

GROSSMAN Group 34 Unknown 14 - - Significant -

ET AL. 2008

CONSONNI Group 23 3 8 N: ALS = controls’ - - -

ET AL. 2013 V: ALS < controls’

Note. * The remaining patients did not exhibit abraoun difference or did not complete the testOther tests for assessing verb-noun differences
were: in Grossman et al. (2008), word-word matchang word-description matching; in Hillis et al.0(5), word-word matching. *PPT =
Pyramids and Palmtrees Test (Howard and Pattef€9®) for testing action knowledge; KDT = KissingdaDancing Test (Bak and Hodges,
2003) for testing object knowledd&his difference only concerns the 8 ALS patientdwiognitive impairment (i.e. executive dysfunctidix8).
ALS patients with no executive dysfunction or otbegnitive impairments did not differ from controls



Table 2. Characteristics of patients in the ALS-group.

CASE SEX HOSPITAL AGE EDUCATIO ONSET SITE TESTING POST- SCREENING POST ALSFRS-R PICTURE NAMING*
(YEARS) N (YEARS) ONSET (MONTHS) ONSET %N %V P
(MONTHS)

1 F ub 56 12 Spinal 14.4 14.4 44 98 86 0.02
2 F ub 79 5 Bulbar 7.8 7.8 42 96 63 <0.01
3 F TS 73 7 Spinal 18 18 37 84 62 0.0001
4 F TS 80 7 Spinal 26.4 26.4 29 88 88 -
5 F ub 57 11 Spinal 15 = 25 100 92 0.04
6 F ub 70 5 Spinal 20 29 41 100 96 n.s.
7 M ub 73 6 - 24 - 33 88 74 n.s.
8 F ub 61 5 Spinal 15 28 30 84 58 <0.01
9 M ubD 64 10 Bulbar 6 6 38 98 92 n.s.
10 M ub 45 11 Bulbar 12 - 39 100 100 -
11 M TS 49 11 Spinal 60 60 28 100 94 n.s.
12 M ub 62 8 Bulbar 19.2 19.2 30 96 73 0.02
13 M ub 63 25 Spinal 15.6 - 42 100 98 n.s.
14 F TS 67 5 Spinal 60 60 20 94 76 0.01
15 M ub 65 13 Bulbar 15 15 - 98 84 n.s.
16 M TS 23 15 Spinal 21.6 21.6 26 98 100 n.s.
17 M ub 65 7 Spinal 36 50 43 100 92 0.04
18 F ub 41 22 Spinal 48 - - 100 96 n.s.
19 M TS 78 5 Spinal 6 6 20 94 84 n.s.
20 M ub 74 11 Spinal 36 - 19 98 78 0.002
21 M ub 84 5 Spinal 15 - 31 68 52 n.s.




Note: Patients are sorted alphabetically by their ilHti& = female. M = male. UD = neurological unitthé “Azienda Ospedaliero-Universitaria- Santa lari
della Misericordia” in Udine. TS = neurological tiof the “Ospedali Riuniti” in Trieste. ALSFRS-RALS Functional Rating Scale: Individual item scoaes
added to produce a reported score between O=wmist&=best (Cedarbaum, Stambler, Malta et al., 1$86ture haming = object and action picture namin
(Crepaldi et al., 2006); *% of accurate responeasbject naming (N), in action naming (V) andalues (alpha-level = 0.05) of the chi squarestassessing the

difference between the two conditions=0 .05).



ACCEPTED MANUSCRIPT

m patients © controls

* * *

% correct responses
g 2 g g 3

(5]
o

imitation

praxis



% correct responses

m patients © controls

verbs nouns verbs nouns

naming comprehension



ACCEPTED MANUSCRIPT

m patients = controls
*

*

e

o

o
L

% correct responses
2 3 28 8

[6)}
o
4

sentences photographs

action sequencing



