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ABSTRACT

Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative condition affecting the
motor system, but recent work also shows more widespread cognitive impairment. This study
examined performance on measures requiring knowledge of actions, and related performance to
MRI cortical atrophy in ALS.

Methods: A total of 34 patients with ALS performed measures requiring word-description match-
ing and associativity judgments with actions and objects. Voxel-based morphometry was used to
relate these measures to cortical atrophy using high resolution structural MRI.

Results: Patients with ALS were significantly more impaired on measures requiring knowledge of
actions than measures requiring knowledge of objects. Difficulty on measures requiring action
knowledge correlated with cortical atrophy in motor cortex, implicating degraded knowledge of
action features represented in motor cortex of patients with ALS. Performance on measures
requiring object knowledge did not correlate with motor cortex atrophy. Several areas correlated
with difficulty for both actions and objects, implicating these brain areas in components of seman-
tic memory that are not dedicated to a specific category of knowledge.

Conclusion: Patients with amyotrophic lateral sclerosis are impaired on measures involving action
knowledge, and this appears to be due to at least two sources of impairment: degradation of
knowledge about action features represented in motor cortex and impairment on multicategory
cognitive components contributing more generally to semantic memory. Neurology® 2008;71:

1396–1401

GLOSSARY
ALS � amyotrophic lateral sclerosis; ALSFRS-R � ALS Functional Rating Scale–Revised; FTLD � frontotemporal lobar
degeneration; VBM � voxel-based morphometry.

Semantic memory is the long-term representation of the meaning of objects, actions, and
thoughts. Our model of semantic memory includes two components1: the sensory-motor fea-
tures contributing to a concept, represented neuroanatomically near where they are otherwise
processed2; and an amodal component supporting processes like selection from semantic mem-
ory and generalization from familiar to novel instances.3 From this perspective, an action
concept like “typing” depends in part on the representation of finger movements in frontal
motor-related regions, and amodal processes that allow us to recognize typing on a mobile
phone keyboard.4

This study examined the neural basis for action knowledge in amyotrophic lateral sclerosis
(ALS), a disorder of the motor system. About 10% of patients with ALS have frontotemporal
lobar degeneration,5 perhaps related to histopathologic abnormalities shared across these con-
ditions.6 Some nondemented patients with ALS also may have executive control7-9 and lan-
guage10,11 impairments. Selected patients have action verb deficits,12 although it is unclear
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whether this is related to the grammatic prop-
erties of verbs, executive difficulties that limit
verb processing, or some other cognitive dis-
order. There is cortical atrophy in motor-
associated regions in ALS,13,14 and fMRI
studies show frontal motor activation when
listening to action names,15 but we are not
aware of MRI studies directly correlating ac-
tion verb difficulty with the neuroanatomic
distribution of disease in ALS. If motor cortex
disease degrades features of action concepts,
we reasoned that patients with ALS should
have difficulty on tasks requiring action
knowledge, and action knowledge deficits
should correlate with atrophy in motor-
related cortical areas.

METHODS Subjects. We studied 34 right-handed, high

school educated, native English speakers with clinically definite

ALS, diagnosed according to El Escorial criteria.16 Our initial

cohort included 43 consecutively examined patients with ALS,

but 9 were excluded because they did not have a score for both

action knowledge and object knowledge (see below). These pa-

tients participated in an informed consent procedure approved

by the University of Pennsylvania. Based on a screening battery

involving abnormal performance (worse performance than 25

healthy matched controls, according to a z-score criterion of p �

0.05) on three of four tasks (reverse digit span, category naming

fluency, an oral trails procedure, Frontal Behavioral Inventory)

or the presence of a frontotemporal lobar degeneration (FTLD)

syndrome, 14 (35.3%) of the 34 patients with ALS were thought

to have a cognitive impairment. Exclusion criteria included evi-

dence of another neurologic condition (e.g., trauma, hydroceph-

alus) or a medical condition that could explain their disorder.

Participants were not taking sedating medications that could in-

terfere with performance. Patients were evaluated by physicians

who are experts in the diagnosis and care of patients with ALS

(L.M., L.E.). Overall disease severity was assessed with the ALS

Functional Rating Scale–Revised (ALSFRS-R),17 and the degree

of upper motor neuron impairment across face, upper limbs, and

lower limbs as well as right upper extremity disease were assessed

with the Ashworth scale.18 Note should be made of the fairly

high ALSFRS-R score relative to the fairly long duration of ALS.

All patients did not perform all tasks listed below because of time

limitations or inadvertent omission. Clinical and demographic

features of the patients are summarized in table 1.

Cognitive materials and procedures. Two core tasks were

administered to these patients. These measures were selected be-

cause they are verbally mediated, do not involve gesture or action

performance, are untimed, require minimal response effort in

any modality of expression, and involve minimal task-related

resources.

Associativity judgments of actions and objects19: Patients

were given a target verb naming an action or a noun naming an

object, and were asked to select the one of two available single-

word choices that goes best with the target. The frequencies of

the target stimuli and the choices were matched across categories

using a frequency count sensitive to grammatic category.20

Word-description matching of actions and objects21: Patients
were given a phrase describing an action or object, and then were
asked to select the best of four available action verbs or object
nouns that matches the described target. The frequencies of the
target stimuli and the content words of the descriptions were
matched across categories using a frequency count sensitive to
grammatic category.20

All participants had a score on both a measure of actions and
a measure of objects to achieve a within-patient design. When a
score was available for two action measures or two object mea-
sures, we averaged these percent accuracy scores to yield a single
measure for that category of knowledge.

We administered additional cognitive measures to assess ex-
ecutive functioning and grammatic comprehension (the number
of participants performing each task is provided in parentheses).
These materials were administered to patients as part of a larger
cognitive protocol typically on the same day as the imaging pro-
tocol. Digit span reverse22: the longest number of digits correctly
repeated in the reverse order (n � 27); Category naming fluency23:
the number of unique words beginning with a specified target
letter (“F”) produced in 1 minute (n � 27); Test of the Recep-
tion of Grammar24: a four-alternative, forced-choice sentence-
picture matching task, where we administered the subset of items
requiring agreements for gender and number, and appreciation
of grammatically complex phrasing (n � 32).

Imaging methods and procedures. High resolution struc-
tural MRI scans were available in 26 patients with ALS to estab-
lish cortical volume using a modulated version of voxel-based
morphometry (VBM). These patients were compared to 16
healthy, age-matched adults. Images were acquired by a Siemens
Trio 3T MRI scanner. Each study began with a rapid sagittal
T1-weighted image to determine patient position. Next, high
resolution T1-weighted three-dimensional spoiled gradient echo
images were acquired with repetition time � 1,620 msec, echo
time � 3 msec, slice thickness 1.0 mm, flip angle 15º, matrix �

192 � 256, and in-plane resolution 0.9 � 0.9 mm. Brain vol-
umes were registered in SPM2 using 12-parameter affine, non-
linear registration using 16 nonlinear iterations, and 7 � 8 � 7

Table 1 Clinical and demographic features
of patients with amyotrophic
lateral sclerosis

Characteristics Mean (�SD)

Age, y 59.0 (10.6)

Education, y 14.5 (2.9)

Disease duration to assessment, mo 51.86 (47.0)

Overall disease severity (ALSFRS-R;
max � 48)

37.0 (10.6)

Upper motor neuron disease score
(Ashworth)

14.8 (8.5)

Right upper extremity UMN disease score
(Ashworth)

3.1 (1.8)

Mini Mental State Examination (maximum
score � 30)

27.0 (3.5)

Digit span reverse (largest span reversed
accurately)

4.3 (1.4)

Category naming fluency (total different
words/minute)

10.0 (4.1)

Test of reception of grammar (% correct) 96.7 (7.2)

ALSFRS-R � ALS Functional Rating Scale–Revised.
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basis functions. The brain volumes were then spatially normal-
ized to the MNI coordinate system, and coordinates identified
according to Talairach and Tournaux (www.mrc-cbu.
cam.ac.uk/mni2tal). SPM2 was used to segment the brain vol-
umes into four tissue types (gray matter, white matter, CSF, and
other). Gray matter volume was smoothed with a 12 mm full-
width half-maximum Gaussian filter. A threshold was used to
include only voxels with �40% gray matter. Implicit masking
was used to ignore zeros, and global calculation was omitted.
The cortical volumes of patients with ALS were contrasted with
controls using a two-sample t test to identify the anatomic distri-
bution of significant cortical atrophy. The statistical threshold
for significant atrophy included voxel height corrected for multi-
ple comparisons by false discovery rate at p � 0.05, and cluster
volume corrected for multiple comparisons at p � 0.05. SPM2
was used to perform a regression analysis relating cortical volume
in patients with ALS to performance accuracy on measures of
action knowledge and object knowledge. We used the percent
correct accuracy scores computed for average performance on
measures involving action knowledge and object knowledge. Be-
cause of the very small size of the voxels in the VBM analysis, we
accepted a voxel height threshold of p � 0.001 uncorrected, and
a cluster consisting of �100 adjacent, significantly correlated
voxels, except where indicated by an asterisk in table 2.

RESULTS Cognitive studies. Patients with ALS were
more impaired on measures requiring action knowl-
edge than object knowledge [t(33) � 3.05; p �
0.005] (figure 1). The pattern of worse performance
with measures requiring action knowledge compared
to object knowledge was present in 24 (72.7%) of 33
individuals (one tied score) [�2 (1) � 6.82; p �
0.01]. The effect of cognitive difficulty was evaluated
with an analysis of variance, using a group (2) �
category (2) design. We found a main effect for
group [F(1,32) � 5.79; p � 0.02], where patients
with ALS with cognitive difficulty (mean [�SD] �
88.6% [�9.1] correct) were significantly more im-
paired than patients with ALS without cognitive dif-
ficulty (mean [�SD] � 93.9% [�6.7] correct).
There was also a main effect for category [F(1,32) �
11.03; p � 0.005], with measures requiring action
knowledge worse than object knowledge. However,
there was no interaction effect for group � category

(p � 0.2), suggesting that difficulty on measures re-
quiring action knowledge is not determined by the
presence of overall cognitive impairment.

Performance on executive and grammatic mea-
sures is summarized in table 1. Performance on mea-
sures requiring action knowledge correlated with
executive measures [category naming fluency:
r(27) � 0.57; p � 0.005; digit span reverse: r(27) �
0.56; p � 0.005, two-tailed], while performance on
measures of both action knowledge and object
knowledge correlated with grammatic comprehen-
sion [action: r(32) � 0.58; p � 0.001; object:
r(32) � 0.53; p � 0.005]. Grammatic comprehen-
sion thus does not appear to explain the greater im-
pairment for action knowledge than object
knowledge in ALS. We found no significant correla-
tions between the cognitive measures and the demo-
graphic and clinical features.

Imaging studies. Figure 2A illustrates significant cor-
tical atrophy in ALS relative to controls in the frontal
lobes bilaterally. Table 2 summarizes the anatomic
location of the peak voxels in the clusters showing
significant cortical atrophy. We found significant
cortical atrophy in motor and premotor cortex. We
also saw significant atrophy in prefrontal and ante-
rior temporal cortices.

Figure 2B and table 2 show that cortical atrophy
in premotor areas associated with the representation
of the face, arm, and leg correlated with performance
on measures requiring action knowledge. These areas
overlapped in part with the distribution of cortical
atrophy in these patients (see figure 2A). Nonmotor
cortical regions associated with action knowledge in-
cluded bilateral dorsolateral prefrontal cortex and in-
ferior frontal cortex, also overlapping with cortical
atrophy in ALS. Dorsolateral prefrontal and inferior
frontal areas correlated significantly with perfor-
mance on measures requiring object knowledge as
well (see figure 2C and table 2). However, perfor-
mance on measures requiring object knowledge did
not correlate with motor cortex atrophy.

DISCUSSION Patients with a motor disorder due to
ALS were significantly impaired in their performance
on measures requiring action knowledge. Correlation
studies relating this deficit to cortical atrophy impli-
cated two components of action concepts in ALS:
The motor system that presumably supports the rep-
resentation of knowledge of action features and an
amodal system involved in processing actions as well
as objects. We discuss these findings below.

ALS has long been characterized as a neurodegen-
erative disorder affecting the motor system, and pa-
tients with ALS were thought to have minimal
cognitive difficulty. The exception appeared to in-

Figure 1 Mean (�SD) percent accuracy for
actions and objects on word-
description matching and
associativity judgment tasks in
amyotrophic lateral sclerosis
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clude a handful of patients who had a co-occurring
dementia with a phenotype resembling FTLD.5 Re-
cent studies demonstrate instead that cognitive diffi-
culties are not uncommon in ALS.7-11 Patients with
ALS also have significant cortical atrophy that affects
motor-associated brain regions, consistent with the
upper motor neuron component of their disease.
Moreover, cortical atrophy in ALS extends into pre-
frontal and anterior temporal regions.13,14 This is the
anatomic distribution of disease in patients with
FTLD, including those who have FTLD-U pathology.25,26

The unifying feature appears to be the underlying
histopathology in these conditions: patients with
ALS and patients with FTLD both show FTLD-U
pathology,27,28 with ubiquitin inclusions that are im-
munoreactive for a TAR DNA protein of 43 kDa
(TDP-43) thought to be the disease protein responsi-
ble for both conditions.29,30 One report implicates
TDP-43 in the cognitive difficulties of FTLD-U pa-
tients.31

In this context, we found significant difficulty on
measures requiring action knowledge compared to
object knowledge in ALS. Although the discrepancy
between actions and objects may appear somewhat
greater for the word-description matching task than
the associativity judgment task, the pattern of worse
performance for actions than objects was present in a
significant majority of individual patients with ALS.
Greater difficulty on tasks requiring action knowl-
edge than object knowledge emphasizes that the im-
pairment cannot be explained entirely by a
nonspecific semantic memory deficit. We hypothe-
size instead that the deficit in ALS is related at least in
part to the degradation of action feature knowledge
associated with a neurodegenerative condition that
compromises motor-related cortical regions. Direct
evidence consistent with the degradation of action
knowledge comes from the correlation of perfor-
mance on measures requiring action knowledge with
cortical atrophy in motor regions. Since this correla-
tion overlaps with the anatomic distribution of corti-
cal atrophy in ALS, it appears that the large-scale
neural network underlying action concepts is inter-
rupted in these patients. The selective nature of this
correlation is emphasized by the fact that perfor-
mance on measures of object knowledge does not
correlate with motor cortex atrophy. Sensory-motor
theories of semantic memory postulate that the mo-
tor features of action concepts are represented in
brain regions close to where the motor processes are
implemented; namely, motor-associated cortex.2

fMRI studies of healthy adults show activation of
motor and premotor cortex during tasks challenging
action knowledge.4 For example, the leg region of
primary motor cortex is activated when reading or
silently naming verbs that involve a leg action, and
the face region of primary motor cortex is recruited
when reading and naming verbs that involve a facial
action.15

While evidence in this study suggests that de-
graded action feature knowledge contributes to a se-
mantic memory deficit in ALS, this may not entirely
explain their difficulty. Performance on measures re-
quiring action knowledge also correlated with execu-
tive control tasks. This correlation was not seen for
measures of object knowledge. This is consistent
with previous work showing that verbs are more dif-
ficult to process than nouns.32 We assessed other pos-
sible accounts for action verb difficulty. The sets of
action and object words were matched for frequency,
so this cannot explain the verb deficit. Performance
on a grammatic comprehension task was correlated
with measures involving both action verbs and object
nouns. A comparison of subsets of patients with ALS
with differing levels of cognitive difficulty found that

Figure 2 (A) Cortical atrophy in amyotrophic lateral sclerosis; (B) correlation
of cortical atrophy with performance on tasks requiring action
knowledge; (C) correlation of cortical atrophy with performance
on tasks requiring object knowledge
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both cognitively intact and cognitively impaired
groups have greater difficulty with actions than ob-
jects, and that the discrepancy between these catego-
ries of knowledge is equivalent across groups. There
are other differences between action verbs and object
nouns that may contribute to the action verb deficit
in ALS, and these should be investigated in future
work.

We also found overlapping correlations between
measures of both action and object knowledge, on
the one hand, and cortical atrophy in inferior frontal
and dorsolateral prefrontal cortex in ALS. fMRI
studies in healthy adults show inferior frontal and
dorsolateral prefrontal activation during semantically
related executive processes. For example, interpreta-
tion of word meaning requires cognitive components
beyond category-specific feature knowledge such as
selection from semantic memory33,34 and categoriza-

tion of stimuli into a meaningful concept.35,36 Execu-
tive components of semantic memory such as these
are shared by action and object concepts, although this
may affect verbs more than nouns because of the greater
executive demands associated with verbs. The correla-
tions in left inferior frontal and dorsolateral prefrontal
regions also may be related to grammatic processing
that allows verbs and nouns to be used correctly in
speech. fMRI studies in healthy adults show inferior
frontal and dorsolateral prefrontal activation during
probes of lexical grammatic subcategory,37,38 and gram-
matic processing also utilizes executive resources.39,40

Several caveats must be kept in mind. We studied
small numbers of patients on a limited number of
tasks, and difficulty on measures involving action
knowledge in ALS must be confirmed. We may not
have seen a correlation between action knowledge
and upper motor neuron disease because we did not
assess actions involving specific body parts or study
patients with disease involving only one body seg-
ment, and it would be useful to confirm involvement
of specific motor cortex regions by relating impaired
knowledge of actions involving specific body parts
with disease involving the corresponding portion of
motor cortex in patients with selective motor impair-
ments. With these caveats in mind, we found a defi-
cit on measures of comprehension in patients with
ALS that compromises action knowledge signifi-
cantly more than object knowledge. This impair-
ment appears to reflect disease in motor cortex that
interferes with tasks requiring knowledge of action
features. The deficit also may be due in part to pre-
frontal disease associated with an amodal semantic
impairment.
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