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Abstract

Patients with amyotrophic lateral sclerosis (ALS) have a motor disorder and cognitive difficulties,
including difficulty with action verbs. However, the basis for the action verb impairment is
unknown. Thirty-six participants with ALS and 22 with Parkinson’s disease (PD) were assessed
on a simple, two-alternative forced-choice associativity judgment task, where performance was
untimed and did not depend on motor functioning. We probed 120 frequency-matched action
verbs, cognition verbs, concrete nouns and abstract nouns. Performance was related to T1 MRI
imaging of gray matter atrophy. Patients with ALS were significantly impaired relative to healthy
senior control participants only for action verbs. Patients with PD did not differ from controls for
all word categories. Regression analyses related action verb performance in ALS to motor-
associated cortices, but action verb judgments in PD were not related to cortical atrophy. These
findings are consistent with the hypothesis that action verb difficulty in ALS is related in part to
the degradation of action-related conceptual knowledge represented in motor-associated cortex.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative condition of the motor system
that has increasingly been associated with cognitive deficits [1]. This includes difficulty with
action words [2, 3], although the basis for this is unclear. One possible explanation is that

action words are a type of verb, with verbs serving as the grammatical anchor of senten
Recent work has demonstrated impaired language, including grammatical deficits, in A
[4]. Another possibility for this difficulty is that verbs depend on executive resources

ces.
LS

because of the multiple semantic and grammatical components that require integration for

verb processing. Considerable evidence underlines limited executive resources in ALS

[5,

6]. Finally, ALS compromises neocortical motor-associated regions. Sensory-motor theories

of semantic memory hypothesize that word meaning depends in part on knowledge

represented in brain regions important for processing the corresponding attribute. Consistent

with other disorders associated with declines in language processing, pyramidal/
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neuromuscular disorders such as ALS may be associated with degraded motor-action
knowledge [3, 7, 8].

In this study, we examined the cognitive and neuro-anatomic basis for the action word
deficit in ALS with three converging approaches. First, we compared ALS action verb
performance with other word categories, including cognition verbs with grammatical and
executive demands but minimal associated action. We also assessed executive functioning
(letter fluency and category fluency), grammatical comprehension, naming (Boston Naming
Test) and semantic memory (Pyramids and Palm Trees). Second, we administered the same
protocol to patients with Parkinson’s spectrum disorders (PD) who have a motor disorder
evidencing minimal disease in motor cortex. Difficulty with action verbs in PD has been
related to limited executive resources [9-11], although some have related this deficit to
degraded motor knowledge [12-14]. Third, we examined gray matter (GM) atrophy, and
related action word performance directly to the anatomic distribution of GM atrophy in
ALS.

We studied 36 right-handed, high school-educated, non-aphasic native English speakers
with ALS. Demographic features are summarized in Table 1. Five of these patients differed
by 1.5 S.D. from controls in their performance on the two executive measures reported in
Table 2, and these patients were considered to have ALS-MCI [15]. We also included four
ALS patients with mild, co-occurring frontotemporal degeneration (FTD) [16] so that this
series was representative of the ALS clinical spectrum. We also studied 22 right-handed,
high school-educated, non-aphasic native English speakers with PD spectrum disorder,
including clinically definite PD (n = 8), PD with mild cognitive impairment (PD-MCI, n =
3) [17], Dementia with Lewy Bodies (PD-DLB, n = 3) [18], and PD with dementia (PDD, n
= 8) [19]. Patients who were receiving dopaminergic supplementation (16 taking
carbidopalevodopa, two taking ropinerole, four unmedicated) were maintained on a stable
dose. These groups were matched for demographic features, except that ALS patients were
significantly younger than PD patients, in keeping with the known demographic distribution
of disease in these patient groups. Moreover, there was no correlation between age and
performance on action verbs in the associativity task (r = 0.046; p = 0.701). Patients were
mildly impaired cognitively, and average MMSE scores were in the non-demented range.
Table 2 summarizes executive, semantic, grammatical functioning and naming in
participants. Participants were excluded based on the presence of other neurological,
psychiatric or medical conditions that could contribute to a cognitive deficit, and were not
taking any sedating medications. We also studied 13 right-handed, high school-educated
healthy seniors. All individuals (and their responsible caregivers, as appropriate)
participated in an informed consent procedure approved by the University of Pennsylvania
that is consistent with the Declaration of Helsinki.
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Associativity judgment task

We developed a two-alternative forced-choice associativity judgment task to examine
knowledge of verb and noun meaning. Participants are given as much time as needed to
indicate which of two choices printed in the lower half of a computer screen is best
associated with the target word printed in the center of the upper half of the screen. We
chose this untimed technique because the task has minimal resource demands, and
performance does not depend on motor response in a particular modality. Probed categories
included 60 verb triads (half motion, half cognition) and 60 noun triads (half concrete and
half abstract). The correct choice for each category was equally distributed on the left and
the right. We frequency-matched stimulus materials across all word categories (p > 0.2), and
assessed each triad for concreteness and imageability to ensure that abstract nouns and
cognitive verbs were less concrete and less imageable than the concrete nouns and action
verbs, respectively.

Imaging methods and procedures

Subsets of ALS patients (n =19, including two ALS-FTD patients) and PD patients (n = 8,
including one PD-MCI, three PDD, and two DLB patients) agreed to participation in the
imaging component of this study. Patients were not included because of concurrent medical
illness, difficulty breathing in a supine position, difficulty with transportation to our facility,
or unwillingness to consent to magnetic resonance imaging (MRI). Participants underwent
T1 MRI to examine GM atrophy. Imaged patients matched the respective larger cohorts
from which they were drawn in action verb judgment accuracy (ALS: t =0.39; p=0.70; PD:
t = 0.23; p = 0.82) and on demographic, neuropsychological, and language measures
(Appendix e-1). A T1-weighted three-dimensional spoiled gradient-echo sequence was
acquired on one of two Siemens 3.0T Trio scanners using an eight-channel head coil with
TR =1620 ms, TE = 3 ms, flip angle = 15°, matrix = 192 x 256, slice thickness = 1 mm, and
in-plane resolution = 0.9 x 0.9 mm. A covariate was included in the imaging analysis to
remove any potential scanner effect on the analysis. Imaging was acquired within an average
of 5.38 (x4.00) months of the associativity judgment task. Imaging was also collected on an
independent group of 31 healthy seniors.

As described previously [20, 21], the ANTS toolkit implements a validated, reliable
diffeomorphic and symmetric registration and normalization method. Images were
normalized to a standard space and segmented using the PipeDream interface (http://
sourceforge.net/projects/neuropipedream/) to the ANTS toolkit (http://www.picsl.upenn.edu/
ANTS/). The ANTS toolkit implements the most reliable diffeomorphic and symmetric
registration and normalization method available [22]. A local T1 template of 1 mm
resolution was built using ANTS from 25 healthy seniors and 25 neurodegenerative disease
patients. Subject images were registered to the local template, the Atropos tool in ANTS

[23] used template-based priors to guide three-tissue segmentation (GM, WM, and
cerebrospinal fluid), and GM probability (GMP) images were calculated. GMP images were
transformed into Montreal Neurological Institute (MNI) space and down-sampled to 2 mm3
resolution. Images were smoothed in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/
spm8) using a 4-mm full-width half-maximum (FWHM) Gaussian kernel to minimize
individual gyral variations. GM atrophy was determined relative to controls in SPM8 using a
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whole-brain voxel-wise analysis with a height threshold of p <0.05 (uncorrected), a
minimum cluster size of 100 voxels, and a peak voxel threshold of p <0.001. The multiple
regressions module in SPM8 related GM atrophy to action verb accuracy, constrained to
regions of GM atrophy. Regression analyses were accepted as significant using a height
threshold of p <0.05 (uncorrected) with a minimum cluster size of 100 voxels and a peak
voxel threshold of p <0.001.

Cognitive studies

Figure 1 shows that individuals with ALS performed significantly worse than seniors only
on action verbs (t = 2.25, p = 0.03). We found no significant differences in performance
between ALS and controls on other word categories (Table 2). Within-group assessments
showed that controls find action verbs easier than cognition verbs (t = 2.44; p = 0.03), but
ALS patients performed at the same, reduced level on action verbs as on cognition verbs (t =
1.17; p>0.2). ALS patients were more impaired than controls on measures of executive
functioning (letter fluency) and naming (Boston Naming Test). Action word associativity
judgments correlated with performance on neuropsychological measures following
Bonferroni correction for multiple comparisons (Table 2), but these correlations were not
selective for action verbs, and performance on other word categories also correlated with
these measures.

We found no significant differences between PD and seniors for all categories of words,
including action verbs. PD patients, like controls, performed significantly better on action
verbs than on cognitive verbs (t = 2.345; p = 0.029). While PD patients were impaired on
measures of executive functioning and naming relative to controls, these did not correlate
selectively with action verb performance (Table 2).

Imaging studies

Figure 2 illustrates that significant GM atrophy was found in ALS relative to controls in
several regions of the frontal lobe bilaterally, as summarized in Table 3, including motor
cortex. Regression analyses related action verb judgments to GM atrophy in bilateral frontal
regions, including motor association cortex and pre-frontal regions. While there was fairly
extensive GM atrophy in the PD cohort, there were no significant regressions relating action
verb judgments in PD to GM atrophy.

Discussion

Non-aphasic individuals with ALS have language impairments, including difficulty with
verbs. In this study, we examined the basis for this deficit. Using a simple, untimed task
with minimal executive and motor demands, we found significant difficulty with action verb
associativity judgments in ALS. This deficit appeared to be relatively selective, since
difficulty was not evident for cognition verbs or concrete nouns. Performance was related to
GM atrophy in motor association and prefrontal regions bilaterally. Patients with PD also
have a motor disorder, but in PD this is due to a disturbance of the extrapyramidal system.
We are unaware of previous comparative studies assessing action verbs in ALS and PD, and
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here we found that action verb associativity judgments are not significantly disturbed in PD.
These findings are consistent with the hypothesis that the action verb deficit in ALS is
related in part to the degraded representation of action feature knowledge in motor-
associated cortical regions.

Non-aphasic patients with ALS appear to have some language deficits [1, 4]. However, the
basis for these deficits has been difficult to establish because of confounding motor and
executive components of many measures assessing language. For example, letter fluency is
a timed task that depends on production in a specific (oral or written) modality. These
confounds are important to recognize because ALS results in both a motor deficit and
executive limitations, and these may interfere with task performance [1, 5, 6]. Limited
executive resources may interfere with verb processing in a more insidious manner as well
because this class of words is relatively complex and involves the coordinated processing of
multiple grammatical and semantic features. While executive dysfunction may explain in
part some difficulty with verbs, there are also examples of significant language deficits in
ALS patients who appear to have normal executive functioning [4]. In the present study, we
found a selective deficit for action verbs. While few studies have assessed cognition verbs in
these patients, we did not find a deficit for cognition verbs. Thus, it is less likely that limited
executive functioning can fully explain the action verb deficit in ALS. Although we found a
correlation between action verb associativity judgments and measures of executive
functioning, this effect was not selective for action verbs and was found for all word
categories. Cognition verbs and abstract nouns were significantly more difficult than action
verbs for PD patients and controls, consistent with a wellknown “concreteness effect” [24].
However, performance with action verbs was as difficult as that for cognition verbs and
abstract nouns in ALS, consistent with the ALS-specific selective deficit for action verbs.

Another hypothesis attributes verb difficulty in ALS to a grammatical deficit. Verbs are
grammatically complex and grammatical deficits may be evident in some ALS patients [4],
although there has been scant work assessing grammatical processing in ALS [7]. In the
present study, the observation of selective difficulty with action verbs but not cognition
verbs is less consistent with the possibility that verb deficits can be easily explained by an
impairment associated with the major grammatical category of verbs. Although action verb
associativity judgments correlated with performance on a measure of grammatical
comprehension, this correlation was not selective for action verbs and applied to other word
classes as well.

Other studies have proposed that motor system disease degrades the representation of action
knowledge associated with verb meaning. This hypothesis is based on the sensory-motor or
embodied model of semantic memory that relates word meaning in part to the representation
of pertinent feature knowledge in sensory-motor association cortices [25]. Previous work
has thus attributed relative difficulty with action verbs compared to concrete nouns to a
deficit with action features of verbs [3, 7]. Observations in the present study now emphasize
selective difficulty with action verbs relative to preserved performance with verbs of
cognition.
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Additional evidence associating action verb deficits at least in part with degraded
representations of action features comes from imaging studies relating action verb
associativity judgments to frontal GM atrophy. This includes motor-associated cortices.
Converging evidence relating action verbs to motor-associated cortices comes from
functional MRI studies of healthy adults that relate passive viewing of action verbs
involving face, arm and leg actions to the topographic representation of these components of
the motor system in motor association cortices [26]. While we previously related difficulty
with action verbs in ALS to motor-associated cortices [3], here we demonstrate the
specificity of our finding for motor-associated cortical disease in ALS but no such deficit for
PD.

We contrasted performance in ALS with performance in PD spectrum disorders. While
previous work observed a deficit for verbs in PD-related disorders, the basis for this deficit
has not been clear. Some reports described a deficit with action verbs compared to concrete
nouns [12-14, 27]. However, this work did not evaluate verbs of cognition to determine
whether the action verb deficit is related to the executive resource demands or grammatical
demands associated with all classes of verbs. While patients receiving dopaminergic
supplementation had more difficulty with action verbs compared to the patients “off” their
medication regimen [27], dopaminergic supplementation did not appear to compromise
action verb performance in the present study because these PD patients were relatively
unimpaired, despite being “on” their medication regimen. Using a variety of techniques,
others have pointed out that difficulty with verbs in PD may be related in part to the
extensive executive resource demands associated with verbs [9-11]. PD-related disorders
are not associated with significant disease burden in the pyramidal system that includes
motor-associated cortices. Regression analyses did not relate action verb performance to
cortical atrophy. Instead, PD typically implicates the striatum and other components of the
extrapyramidal system that modulate motor performance.

Several caveats should be kept in mind when interpreting our findings. We studied a small
number of patients. These patients had a limited range of motor impairments, and they were
examined with a small number of action verbs. Additional work is needed to relate a wider
range of action verbs to motor difficulty involving a particular anatomic distribution of
disease. We did not confirm the pathologic basis for disease in these patients at autopsy.
Although we minimized the executive component of task performance by presenting a
simple, untimed choice between two alternatives, and although the same measure was used
for all word categories, an on-line task without any decision component would have
completely eliminated the possibility that an executive component contributed to task
performance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.
Gray matter atrophy in amyotrophic lateral sclerosis, and regression relating action verb

performance to gray matter atrophy. Green areas indicate significant atrophy; regression
analysis relating action verb performance to atrophy is in purple
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Mean (xSD) demographic and clinical characteristics of patients with amyotrophic lateral sclerosis spectrum

and Parkinson’s disease spectrum disorders

Amyotrophic lateral sclerosis

Parkinson’s disease

Healthy seniors

Age (years)@ 59.28 +11.25
Education (years) 14.46 +2.81
Disease duration (years) 3.53+2.65

Motor symptom severity, ALS (ALS functional rating scale, max ~ 29.2 + 10.09
=48)

Motor symptom severity, PD (UPDRS part 3) N/A
MMSE (max = 30) 27.47+3.08"

70.82 £7.26

15.68 +2.03
9.20 £4.97
N/A

29.24 £9.04

26.59 + 4.32"

68.85 + 9.56

16 +3.48
N/A
N/A

N/A
29.25 + .27

UPDRS Unified Parkinson’s Disease Rating Scale

According to paired t tests,

*
differs from healthy seniors p <0.01

aALS patients were significantly younger than healthy seniors (t = 2.95; p <0.008) and patients with PD spectrum disorder (t = 4.29; p <0.001)
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Mean (xSD) cognitive findings

Table 2

Amyotrophic lateral sclerosis?®

Parkinson’s disease®

Healthy seniors

Language

Boston naming test (max = 30)

Executive functioning

Letter fluency (# words/min)

Category fluency (# words/min)
Grammatical comprehension (max = 72)
Pyramids and palm trees test (max = 104)

Associativity judgment task
Verb judgments—action
Verb judgments—cognition
Noun judgments—object

Noun judgments—abstract

27.16 +2.34" @

36,71+ 14.10" @
18.45 + 6.401.@
705+ 1817 @

99.71+3.70T-@

91.7+8.0"
90.3+9.8
92.6+5.2
90.8 8.0

26.77 + 3.48"

38.62 + 19487 @
15.90 + 7.20°+.@
67.76 £5.44"

97.68 +7.257.@

93.0+£7.4

89.4+09.2
90.7+75
88.9+85

29.80+0.44

52.40 £ 11.54
24.80 +4.60
71.33+£0.57

104

95.6 £4.2
90.6 +7.6
92.6 +6.6
93.1+6.8

According to paired t-tests,

*
differs from healthy seniors p < 0.01;

Page 13

AS
differs from healthy seniors p < 0.05. ALS and PD did not differ in their performance on neuropsychological measures Following Bonferroni

correction for multiple comparisons,

+
correlates with action word associativity judgments p <0.05;

@ correlates with associativity judgments for other word classes p < 0.05

aNeuropsychoIogicaI measures obtained within 1 month of the associativity judgment task include: Letter fluency: the number of unique words
beginning with a target letter listed in 1 min, administered for three different letters (F, A and S); category fluency: the number of different animals
named in 1 min; Boston Naming Test: assessment of confrontation naming evaluating the number of correctly named line drawings of objects using
a 30-item version; Pyramids and Palm Trees test: assessment of semantic memory evaluating the number of correct items in a two-alternative
forced-choice associativity judgment task for identical word or picture representations of objects; grammatical comprehension: a two-alternative
forced-choice sentence-picture matching task, where subjects matched a sentence featuring cleft and center-embedded phrase structures in subject-

relative or object-relative voice to one of two pictures
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