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the contributions of motor and cognitive defi cits 
to impaired sentence production. We also related 
language impairments to gray matter (GM) and 
white matter (WM) MRI abnormalities to assess the 
neuroanatomic basis for sentence production defi -
cits. We hypothesized that patients with ALS have 
sentence expression impairments, that aspects of 
language production are minimally confounded by a 
motor disorder and thus can serve as a marker of 
impaired cognition in ALS, and that these defi cits 
are related to a peri-Sylvian neuroanatomic distribu-
tion that does not involve the motor system.   

 Methods  

 Subjects 

 We studied 26 patients with ALS and 19 healthy 
seniors recruited as control subjects. Patients were 
diagnosed by experienced neurologists (LM, LE, 
DJI, MG) in the ALS Center and the Penn FTD 

  Introduction 

 Amyotrophic lateral sclerosis (ALS) is traditionally 
viewed as a motor system disorder, but recent 
studies suggest that cognitive impairments occur in 
up to half of ALS patients (1 – 3). Investigations of 
cognition in ALS have often focused on executive 
diffi culty (1,4 – 6). However, a major confound for 
cognitive defi cits is the motor disorder of ALS, and 
recent work has emphasized the identifi cation of 
defi cits that are independent of motor limitations 
(7,8). Defi cits in language appear to occur at least 
as frequently as executive diffi culty (5). Most assess-
ments of language in ALS have focused on compre-
hension and naming of single words (5,9 – 11), and 
one case report describes effortful speech in two 
ALS patients (12). Few studies have attempted 
to identify speech measures that are minimally 
confounded by the motor defi cit in ALS. 

 In this study we elicited a semi-structured 
sample of connected speech in ALS and examined 
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 Quantitative examinations of speech production in amyotrophic lateral sclerosis (ALS) are rare. To identify language 
features minimally confounded by a motor disorder, we investigated linguistic and motor sources of impaired sentence 
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and grammaticality. Speech rate and articulation errors were related to the patients ’  motor impairment, while grammatical 
diffi culty was independent of motor diffi culty. This was confi rmed in subgroups without dysarthria and without executive 
defi cits. Regressions related grammatical expression to GM atrophy in left inferior frontal and anterior temporal regions 
and to reduced FA in superior longitudinal and inferior frontal-occipital fasciculi. In conclusion, patients with ALS exhibit 
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Center of the Department of Neurology at the Uni-
versity of Pennsylvania according to El Escorial 
revised criteria (13). Three patients had ALS-FTD 
(2). Since ALS-FTD comprises a portion of the ALS 
population (14,15), these patients were included in 
our study to represent the spectrum of disease. None 
had dysarthria or a pronounced motor impairment, 
and they were similar to the other ALS patients on 
the grammatical variables in this study. Diagnosis 
employed a consensus evaluation including a semi-
structured neurologic history, a complete neurologic 
exam, and a detailed mental status assessment. 
Exclusion criteria included vascular disease, struc-
tural brain abnormalities, medical diseases interfer-
ing with cognition, visual-perceptual diffi culty, and 
primary psychiatric disorders. Overall disease sever-
ity was assessed with the ALS Functional Rating 
Scale-Revised (ALSFRS-R) (16). The degree of 
upper motor neuron (UMN) impairment across 
right and left upper limbs, right and left lower limbs, 
and bulbar regions was assessed on a scale ranging 
from 0 to 7 for each of the fi ve body parts. We col-
lected seated percent forced vital capacity (VC) to 
measure patients ’  capacity for phonation. Demo-
graphic characteristics are summarized in Table I. 
One-way ANOVAs indicated that ALS and control 
groups were matched for age and education. With 
scoring adjusted proportionately for the tasks that 
could be performed despite a motor limitation, there 
was no signifi cant difference between the ALS and 
control groups on the Mini Mental State Exam 
(MMSE) (17). 

 Neuropsychological performance is summarized 
in Table I. Six of the ALS patients, including 
the three with ALS-FTD, exhibited a signifi cant 
impairment ( p   �  .05 on a one-tailed test) of execu-
tive functioning on letter-guided (FAS) (18) or 
semantically-guided naming fl uency (18). To mini-
mize the possibility that apparent language defi cits 
were due to executive dysfunction, we assessed ALS 
performance excluding these six patients. To control 
for a bulbar motor disorder that could interfere with 
speech production or sentence expression, we identi-
fi ed six patients with dysarthria, fi ve with a fl accid 
dysarthria and one with spastic dysarthria. We 
analyzed language characteristics separately in 
dysarthric and non-dysarthric patients. 

 All subjects completed a written informed 
consent procedure in accordance with the Declara-
tion of Helsinki and approved by the Institutional 
Review Board of the University of Pennsylvania.   

 Materials and procedure 

 The subjects ’  task was to tell the story of the word-
less children ’ s picture book,  Frog, Where Are You?  
(19). The book ’ s sequence of 24 drawings elicited an 
extended speech sample with a known target that 
was comparable in content across subjects. We used 
this method to avoid the interruptions of turn-taking 

that occur in conversation, and we used a relatively 
unknown story to avoid the confounds associated with 
narrating an over-learned story such as a fairy tale. 

 Each participant looked through the book to 
become familiar with the story; then the participant 
was asked to start at the beginning and narrate the 
story while paging through the book, as if telling it 
to a child. Narratives were recorded digitally and 
transcribed in detail by trained transcribers using the 
signal processing software Praat (20). The transcrip-
tion conventions used to capture the irregularities in 
patients ’  speech are defi ned elsewhere (21). The nar-
ratives were scored from transcripts by trained judges. 
All coding was checked by a linguist (SA) with 
expertise in phonetic and grammatical analysis. We 
assessed features of speech fl uency, grammaticality, 
and lexical access. These included the overall dura-
tion of the speech sample, number of words pro-
duced, number of utterances, words per minute, 
phonological and phonetic articulation errors, per-
centage of utterances that were grammatically well-
formed sentences, and occurrences of nouns and 
tense-marked verbs. We related language functioning 
to motor performance using the bulbar measure 
from the UMN score, the speech subscale from the 
ALSFRS-R, and VC. To avoid the confound of 
impaired motor performance (4), we used the 
untimed task of reverse digit span as an index 
of executive functioning to be related to language 
production.   

  Table I. Mean (SD) demographic and clinical characteristics of 
ALS patients and controls. 1   

ALS Controls

 n  (male/female) 19/7 6/13
Age (yrs) 61.0 (9.2) [26] 66.3 (8.4) [19]
Education (yrs) 14.7 (2.8) [26] 15.3 (2.5) [19]
Disease duration (yrs) 3.8 (2.4) [26]  – 
Bulbar motor score 

(from Upper Motor 
Neuron score) 
(max    �    4)

1.08 (1.10) [24]  – 

ALSFRS-R 31.7 (8.9) [25]  – 
ALSFRS-R speech 

subscale
3.28 (0.74) [25]  – 

Forced vital capacity, 
seated

68.4 (21.7) [25]  – 

MMSE (max    �    30) 2 28.2 (2.3) [26] 29.1 (1.1) [16]
Neuropsychological 
measures

Category fl uency 
(animals)

17.5 (6.3) [23] 21.7 (4.8) [15]

FAS 34.7 (13.6) [26] * 44.6 (10.9) [13]
Reverse digit span 4.8 (1.3) [26] 5.4 (1.5) [11]
Forward digit span 6.7 (1.2) [26] * 7.7 (1.2) [12]
Boston naming test 

(% correct)
86.4 (21.0) [22] 92.1 (10.3) [13]

   Differs from controls,  *  p    �     0.05.   
  1 Number of subjects with available data is given in square 
brackets.   
  2 Score adjusted proportionately for tasks that could be 
performed despite a motor limitation.   
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 Statistical considerations 

 Statistical analysis was conducted using SPSS. 
Levene ’ s tests indicated that most language measures 
did not meet the requirement of homogeneity of vari-
ance for parametric statistical tests, so we used non-
parametric tests (Mann-Whitney  U  and Wilcoxon 
signed ranks) to assess between-group differences. 
Correlations were calculated using Spearman ’ s rho.   

 Imaging data acquisition and analysis 

 A structural T1-weighted three-dimensional spoiled 
gradient-echo sequence and diffusion-weighted 
imaging (DWI) was available for 10 ALS partici-
pants, including the three with co-occurring FTD. 
Exclusion criteria included health and safety (e.g. 
diffi culty breathing while supine, metallic implants, 
shrapnel, claustrophobia) and reluctance to partici-
pate. Details of the image acquisition and analysis 
are provided in Appendix 1 which is only available 
in the online version of the journal. Please fi nd this 
material with the following direct link to the article: 
http://www.informahealthcare.com/doi/abs/10.3109/
21678421.2014.974617. Imaging was acquired on 
average within 105 ( �    90) days of recording the nar-
rative. The subset of patients for whom imaging data 
were available did not differ ( p    �     0.15) on any demo-
graphic, neuropsychological, or language perfor-
mance measures from the total group of patients 
(Appendix 2  –  which is only available in the online 
version of the journal. Please fi nd this material with 
the following direct link to the article: http://www.
informahealthcare.com/doi/abs/10.3109/21678421.
2014.974617). Imaging was also collected on 34 
healthy controls who were comparable to the patient 
groups in age, education, and gender. 

 We used the Randomise tool in FSL (http://fsl.
fmrib.ox.ac.uk/fsl/randomise/) to perform a non-
parametric, permutation-based statistical analysis 
(permutations    �    10,000) to assess GM density, FA 
in WM, and to perform regression analyses. Com-
parisons of GM density were restricted to voxels 
containing GM using an explicit mask generated 
from the average GM probability map of all subjects. 
We considered only clusters that exceeded an extent 
threshold of 50 voxels and a height threshold of 
 p    �     0.05 (ALS �    Seniors, uncorrected for multiple 
comparisons), and we considered subpeaks as well 
as peaks, depending on the extent of a cluster. Regres-
sion analyses related GM atrophy to the percentage 
of utterances that were grammatically well-formed 
sentences and were restricted to areas of GM disease 
as determined by the GM atrophy analyses in order 
to relate performance to areas of known disease. 
Clusters with a height threshold of  p    �     0.05 (uncor-
rected for multiple comparisons) and an extent 
threshold of 30 voxels were considered signifi cant. 

 We compared FA in WM between ALS and con-
trols, restricting analysis to areas of WM by averaging 

all patients and controls and generating a mask 
consisting of voxels with FA greater than 0.25. 
Signifi cant clusters survived an extent threshold of 
200 voxels and an uncorrected height threshold of 
 p    �     0.01. Regression analyses related reduced FA to 
the percentage of utterances that were grammatically 
well-formed sentences and were restricted to dis-
eased tracts as determined by extending the reduced 
FA regions found above. To defi ne tracts, we used a 
deterministic tractography method, implemented in 
Camino, that generated WM fi bers in a group of 
healthy seniors. We used all WM fi bers passing 
through voxels of reduced FA as the mask for regres-
sion analysis. We used a height threshold of  p    �     0.001 
(uncorrected for multiple comparisons) and an 
extent threshold of 100 voxels to establish cluster 
signifi cance.    

 Results  

 Language production 

 Measures of language production in ALS and 
controls are summarized in Table II. ALS patients 
produced fewer words and fewer utterances than 
controls, and their speech rate was reduced. Patients 
also made more speech articulation errors than con-
trols, including both phonetic and phonemic errors. 
Many of the speech errors consisted of the weakening 
of stop consonants, as in do[ γ ] for  dog , [ β ]oy for  boy , 
and [ χ ]ept for  kept . These segments result from 
incomplete closure of the vocal tract due to failure of 
the articulators to reach their targets, a consequence 
of motor weakness. There were also many deletions 
of segments, as in  cli  for  cliff  and  suck  for  stuck . 

 ALS patients produced fewer grammatically well-
formed sentences than controls. All but one of the 26 
ALS patients (96%) produced at least one utterance 
that was not a well-formed sentence. In contrast, just 
14 of the 19 controls (74%) produced one or more 
utterances that was not a well-formed sentence. Eleven 
(42%) ALS patients produced a percentage of gram-
matically well-formed sentences at least 2 standard 
deviations below the control mean. Analysis of the 
grammatical errors revealed that the most frequent 
type of error was an incomplete sentence (34% of 
errors). Other frequent errors were a missing deter-
miner (17%) and verb phrase errors (16%). Examples 
of all the types of errors are given in Appendix 3  –  
which is only available in the online version of the jour-
nal. Please fi nd this material with the following direct 
link to the article: http://www.informahealthcare.com/
doi/abs/10.3109/21678421.2014.974617. A table of 
patient and control error types is given in Appendix 4  –  
which is only available in the online version of the 
journal. Please fi nd this material with the following 
direct link to the article: http://www.informahealthcare.
com/doi/abs/10.3109/21678421.2014.974617. 

 We examined subsets of ALS patients to investi-
gate the basis for defi cits in sentence production. 
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 Imaging analyses 

 As summarized in Table IV and illustrated in 
Figure 1 Panel A, signifi cant GM atrophy was found 
in frontal and temporal lobes bilaterally, extending 
into parietal lobes. Table IV and Figure 1 Panel B 
display regressions relating GM atrophy to percent 
grammatically well-formed sentences. Areas of GM 
atrophy implicated in ALS patients ’  grammatical dif-
fi culty include inferior frontal, anterior temporal, 
and striatal regions of the left hemisphere. 

 Table V and Figure 1 Panel B summarize areas 
of signifi cantly reduced FA in WM. These include 
the corpus callosum, cingulum, and WM of the fron-
tal and temporal lobes bilaterally, and superior lon-
gitudinal fasciculus, inferior frontal-occipital 
fasciculus, and inferior longitudinal fasciculus. The 
regressions summarized in Table V and illustrated in 
Figure 1 Panel B relate percent grammatically well-
formed sentences to reduced FA in the corpus cal-
losum, superior longitudinal fasciculus, and inferior 
frontal-occipital fasciculus.    

 Discussion 

 Language impairments are reported with increasing 
frequency in ALS (1,5,22). It is important to identify 

Measures of language production in ALS patients 
with and without dysarthria are displayed in 
Table II. Patients without dysarthria exhibited the 
same impairments as the entire cohort of ALS 
patients and the subset of ALS patients without 
executive impairment in letter-guided or semantic 
fl uency, except on speech rate and speech articula-
tion errors. On these measures, non-dysarthric 
ALS patients were not impaired relative to con-
trols, and dysarthric ALS patients were impaired 
relative to both controls and to non-dysarthric ALS 
patients. This suggests that both impaired speech 
rate and articulation errors are related to a disorder 
of the motor speech apparatus. Dysarthric ALS 
patients were also impaired relative to non-dysar-
thric ALS patients on the total UMN score 
( U     �    10.5,  p    �     0.01), the bulbar motor score 
( U     �    19,  p    �     0.05), and the speech subscale of the 
ALSFRS-R ( U     �    8,  p    �     0.001), but not on the total 
ALSFRS-R score or on VC. 

 Table II also displays measures of language pro-
duction in ALS patients without an executive impair-
ment in letter-guided or semantic fl uency. All the 
features of language production that differed between 
the entire cohort of ALS patients and controls were 
also impaired in this ALS subgroup. 

 To examine the contribution of a motor or 
cognitive impairment to the language defi cits in 
ALS from another perspective, we correlated the 
language production variables for which ALS 
patients showed impairment with the bulbar motor 
score from the UMN assessment, the ALSFRS-R 
speech subscale, and VC. Signifi cant correlations 
are displayed in Table III. Speech rate, number of 
words produced, and articulation errors were cor-
related with the bulbar motor score, and speech 
rate was correlated with the speech subscale of the 
ALSFRS-R. In contrast, there was no correlation 
of the percentage of grammatically well-formed 
sentences with any of the measures of motor 
functioning, nor was there a correlation of well-
formed sentences with reverse digit span ( s     �    .34, 
 p    �     0.05).   

  Table II .  Mean (SD) measures of language production in all ALS patients, ALS patients with and without dysarthria, ALS patients 
without executive impairment, and controls. 1   

Controls 
 (n    �     19)

All ALS 
 (n    �     26)

ALS without 
dysarthria 
 (n    �     20)

ALS with 
dysarthria

   (n    �     6)

ALS without 
executive 

impairment  
(n    �     20)

Speech output
Words per minute 142 (22) 113 (43) * 122 (43) 82 (24) *  *   # 119 (40) * 
Number of words 596 (220) 417 (190) *  * 429 (181) * 378 (233) * 430 (190) * 
Speech articulation errors/100 words 0.07 (0.15) 1.56 (5.11) * 0.19 (0.29) 6.13 (9.88) *  *   ## 1.99 (5.79) * 
Number of utterances 58.5 (18.3) 38.3 (17.1) *  * 40.2 (17.5) *  * 32.0 (15.5) *  * 37.2 (17.0) *  * 
% Grammatically well-formed sentences 96.5 (2.8) 90.1 (8.2) *  * 90.3 (8.5) *  * 89.2 (7.7) *  * 91.1 (7.0) *  * 
Nouns/100 words 20.0 (2.6) 21.2 (2.2) 20.7 (2.0) 22.4 (2.3) 21.3 (1.9)
Infl ected verbs/100 words 14.2 (1.6) 13.6 (1.0) 13.5 (1.1) 14.0 (1.0) 13.5 (1.1)

  1 ALS differs from controls.  *  p    �     0.05,  *  *  p    �     0.01; ALS with dysarthria differs from ALS without dysarthria,  #  p    �     0.05;  ##  p    �     0.01 .    

  Table III. Correlations of speech performance measures with 
motor functioning in ALS. 1   

Motor disorder

Bulbar 
motor score

   (n    �     24)

ALSFRS-R 
speech 

subscale 
 (n    �     25)

Vital 
capacity, 

seated 
 (n    �     25)

Words per minute �.66 *  * .50 * NS
Number of words �.41 * NS NS
Speech articulation 

errors/100 words
.44 * NS NS

% Grammatically 
well-formed 
sentences

NS NS NS

  *  p     �    0.05;  *  *  p   �  0.01.   
  1 Number of subjects with available data is given in square 
brackets.   
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   Defi cits in sentence expression in ALS     5

(27,29). Slowed speech rate in ALS appears to be 
largely due to their motor defi cit. This was estab-
lished in several ways. First, measures of speech out-
put in ALS were related to clinical measures of motor 
function: words per minute, number of words pro-
duced, and speech articulation errors were corre-
lated with bulbar motor impairment. Secondly, the 
qualitative analysis of speech errors suggested that 
they were largely due to motor defi cits, and they 
were more frequent in patients with dysarthria than 
in controls and non-dysarthric ALS patients. Finally, 
speech rate correlated with measures of motor dif-
fi culty, and there was no difference between the 
speech rates of non-dysarthric ALS patients and 
controls. 

 In contrast, grammaticality in sentence expres-
sion, as measured by the percentage of utterances 
that were grammatically well-formed sentences, was 
minimally confounded by motor functioning, but 

measures of impaired language that are minimally 
confounded by a motor disorder. In this study we 
examined sentence production defi cits in the spon-
taneous speech of non-demented ALS patients. We 
found reduced speech rate and frequent articulatory 
errors, which were related to the patients ’  motor 
defi cits. We also observed impaired production of 
grammatically well-formed sentences, which was not 
related to a motor defi cit. This grammatical defi cit 
was associated with disease in inferior frontal, ante-
rior temporal, and striatal regions of the left hemi-
sphere and to WM projections in frontal-temporal 
regions that are associated with a sentence-process-
ing neural network (23 – 26). 

 The reduced speech output parallels in part the 
slowed speech seen in naPPA (27). Some patients 
with ALS have co-occurring naPPA (12,28), although 
none of the participants in this study exhibited the 
speech and language pattern seen in this condition 

  Table IV. Peak anatomic locations of gray matter atrophy in amyotrophic lateral sclerosis and regressions relating atrophy to percentage 
of grammatically well-formed sentences.  

MNI coordinates of peak voxel
Cluster size 

(voxels)Neuroanatomic region (Brodmann Area) x y z

ALS gray matter atrophy
L medial frontal (8)  �  8 32 44 65
L middle frontal (8)  �  30 18 46 64
L middle frontal (6)  �  36 12 58 140
L uncus (20) / superior temporal (38)  �  30 4  �  48 22221
 * L inferior frontal (47)  �  42 40  �  6
 * L middle frontal (11)  �  28 40  �  18
 * R inferior temporal (20) 66  �  44  �  18
 * R inferior temporal (20) 52  �  10  �  28
 * R inferior temporal (20) 48  �  2  �  32
 * R fusiform (20) 40  �  18  �  26
 * R middle frontal (11) 32 50  �  2
 * R cingulate (24) 4 28 22
L thalamus  �  2  �  16 8 250
L postcentral (2)  �  38  �  30 36 98
L postcentral (3)  �  46  �  22 42 123
L postcentral (3/4)  �  16  �  36 78 77
L inferior parietal (40)  �  36  �  38 54 54
L posterior cingulate (30)  �  18  �  56 14 65
L precuneus (7)  �  10  �  58 60 86
L inferior parietal (40)  �  52  �  62 36 172
L fusiform (37)  �  42  �  64  �  12 58
L lingual (18)  �  24  �  78  �  2 66
R medial frontal (6) 18 2 68 97
R precentral (6) 22  �  16 70 114
R postcentral (3) 40  �  28 64 150
R inferior parietal (40) 44  �  34 38 53
R fusiform (37) 50  �  48  �  22 834
R precuneus (7) 8  �  52 60 62
R precuneus (7) 12  �  72 48 86
R inferior occipital (18) 36  �  84  �  10 89
R lingual (17) 8  �  90 2 79

Regression relating grammatical sentences to atrophy in ALS
L caudate  �  8 16  �  8 192
L inferior prefrontal (47)  �  42 14  �  8 31
L inferior prefrontal (47)  �  26 12  �  24 41
L anterior temporal (38)  �  30 12  �  28 40
R entorhinal (34) 10 0  �  14 43

  * Cluster subpeak.   
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Effortful speech and grammatical diffi culty has been 
associated with disease in inferior prefrontal regions 
in ALS with naPPA (12). The present study extends 
these fi ndings to ALS patients with grammatical 
defi cits who do not have naPPA. Regression studies 
of speech expression in naPPA (23,25,32,33) and 
imaging studies of healthy adults (34,35) have asso-
ciated the left inferior frontal region with grammati-
cal expression. Grammatical defi cits in naPPA have 
also implicated anterior temporal regions (23,25); 
the present study has associated anterior temporal 
atrophy with grammatical defi cits in ALS as well. 
Some work has shown that there is disease in the 
striatum in ALS, particularly as the disease pro-
gresses (36). This is consistent with evidence that the 
striatum is implicated in language disorders, includ-
ing grammatical processing defi cits, in patients with 
Parkinson ’ s disease (37,38). Additional work is 
needed to compare the types of grammatical errors 
seen in ALS and other disorders. 

 WM disease in ALS appears to contribute to the 
patients ’  grammatical diffi culty, affecting fi ber tracts 
such as superior longitudinal fasciculus and inferior 
frontal-occipital fasciculus of the dorsal and ventral 
streams that are thought to play a role in sentence 
processing (39). Previous work has implicated these 
projections in the grammatical processing defi cits of 
patients with naPPA (24,25). WM disease has been 
implicated in motor (40,41) and executive (42) def-
icits in ALS, but we are not aware of previous work 
relating language diffi culty to WM disease in ALS. 

 Several caveats should be kept in mind when 
considering our results. While our imaging cohort 
was representative of the entire group of patients, 

ALS patients were signifi cantly impaired relative to 
controls. Errors in sentence expression were present 
in all but one ALS patient, and a signifi cant defi cit 
was seen in 42% of ALS patients. The speech elicita-
tion task was untimed, and grammatical diffi culty 
was evident in non-dysarthric as well as dysarthric 
patients, so it is likely that grammaticality was mini-
mally confounded by motor demands. Consistent 
with this interpretation, grammaticality did not cor-
relate with measures of motor functioning. Since 
grammatical impairment was present in patients who 
did not exhibit an executive impairment, it was inde-
pendent of executive diffi culties. Also, the produc-
tion of grammatically well-formed sentences did not 
correlate with reverse digit span, an untimed mea-
sure of working memory that has minimal motor 
demands. Other studies have reported a link between 
working memory and grammaticality in sentence 
processing (10,30,31). The present investigation 
suggests that sentence production in ALS, in con-
trast to sentence comprehension, may rely more 
heavily on purely linguistic resources than on execu-
tive resources. This may be due in part to the speak-
er ’ s control over the content of speech, which allows 
patients to avoid expressing content that requires 
working memory. Sentence production is complex, 
and additional work is needed to investigate whether 
other cognitive factors may contribute to sentence 
expression defi cits in ALS. 

 Inferior frontal, anterior temporal, and striatal 
regions of the left hemisphere appear to be impli-
cated in the grammatical defi cit of ALS patients. 
Portions of these regions are adjacent to the primary 
motor cortex and are often affected in ALS (10,12). 

  Figure 1.     Gray matter atrophy and reduced white matter fractional anisotropy in ALS relative to controls and regressions relating 
percent grammatically well-formed sentences to atrophy and reduced fractional anisotropy in ALS. PANEL A: Signifi cant 
gray matter atrophy in ALS (green). PANEL B: Signifi cantly reduced fractional anisotropy in ALS (green), regressions relating 
gray matter atrophy in ALS to % grammatically well-formed sentences (magenta), and regressions relating reduced fractional 
anisotropy in ALS to % grammatically well-formed sentences (blue).  
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  Table V. Reduced fractional anisotropy in white matter of ALS compared to controls and regression relating percentage grammatically 
well-formed sentences to reduced fractional anisotropy in ALS.  

X Y Z
Cluster size 

(voxels)

Reduced fractional anisotropy in ALS relative to controls
L corpus callosum (frontal)  �  16 43 20 676
L corpus callosum (frontal)  �  7 14 26 1668
L extreme capsule/external capsule/claustrum  �  29 18 10 217
L cerebral peduncle  �  18  �  14  �  17 889
L precentral gyrus WM  �  11  �  19 70 3051
L superior corona radiata  �  14  �  20 39 718
L postcentral gyrus WM  �  41  �  24 45 854
L corpus callosum (splenium)  �  17  �  36 17 291
L cingulum  �  11  �  44 31 320
L superior longitudinal fasciculus  �  35  �  49 22 245
L middle or lateral occipital gyrus WM  �  30  �  59 28 450
R corpus callosum (frontal) 18 42 13 1150
R corpus callosum (frontal) 20 23 37 1187
R corpus callosum (frontal) 8 11 29 764
R inferior fronto-occipital fasciculus 30 38 9 404
R anterior corona radiata 15 24  �  10 1529
R extreme capsule/external capsule/claustrum 24 16 7 2096
R inferior frontal gyrus WM 40 12 24 572
R superior frontal gyrus WM 22  �  6 63 383
R inferior temporal gyrus WM 31 2  �  35 209
R inferior longitudinal fasciculus 41  �  19  �  20 8543
R superior longitudinal fasciculus 33  �  28 21 589
R superior longitudinal fasciculus 40  �  42 23 300
R cingulum 26  �  20  �  26 756
R cingulum 12  �  40 33 2727
R superior parietal lobule WM 32  �  32 44 4702

Regression relating grammatical sentences to reduced FA in ALS
L uncinate  �  14 43  �  16 147
L corpus callosum (frontal)  �  19 37 15 539
L cingulum  �  13 22 38 570
L inferior fronto-occipital fasciculus  �  34 9  �  2 134
L internal capsule (retrolenticular)  �  26  �  23 13 127
L superior longitudinal fasciculus  �  34  �  30 30 382
L postcentral gyrus WM  �  22  �  32 51 1175
L corpus callosum (splenium)  �  14  �  34 21 3117
L posterior thalamic radiation  �  39  �  44 7 326
L cingulum  �  9  �  48 28 115
L precuneus WM  �  11  �  49 44 105
L middle or lateral occipital gyrus WM  �  28  �  63 27 699
L corpus callosum (parieto-occipital)  �  24  �  70 20 365
R corpus callosum (frontal) 13 55 15 234
R corpus callosum (frontal) 9 47 30 323
R corpus callosum (frontal) 6 27 8 8337
R uncinate 18 46  �  15 319
R inferior fronto-occipital fasciculus 29 37 7 132
R inferior frontal gyrus WM 44 7 17 492
R internal capsule (anterior) 12 3  �  1 201
R uncinate fasciculus 30  �  3  �  20 3030
R precentral gyrus WM 45  �  4 41 115
R internal capsule (posterior) 21  �  7 6 274
R corticospinal tract 25  �  12 42 329
R anterior thalamic radiation 6  �  14 10 241
R corticospinal tract 26  �  21 55 251
R cerebral peduncle 16  �  22  �  9 462
R fusiform gyrus WM 37  �  26  �  17 133
R superior longitudinal fasciculus 35  �  34 22 1107
R superior longitudinal fasciculus 44  �  40 6 441
R corpus callosum (splenium) 23  �  49 18 313
R corpus callosum (parieto-occipital) 17  �  53 51 468
R posterior thalamic radiation 28  �  75 10 466
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imaging studies were available in only a subset of 
patients. A non-verbal executive measure was not 
available to identify individuals with potential execu-
tive limitations, although we did not fi nd a correla-
tion between grammatical expression and an untimed 
verbal measure of working memory. Further work is 
needed to examine the role of cognitive resources in 
grammatical expression in ALS. A more direct con-
nection between a motor defi cit and articulatory 
errors could be obtained through cinematographic 
or electrical methods of monitoring motor function-
ing during speech. With these caveats in mind, we 
conclude that sentence production diffi culties in 
ALS are multifactorial in nature. While motor sys-
tem diffi culty contributes to slowed speech and 
articulation errors, patients with ALS also appear to 
have a defi cit in grammatical expression. This is 
independent of their motor speech defi cit, and it is 
related to a network of GM and WM structures  
which is compromised in ALS. Measures of gram-
maticality in speech thus may be valuable in 
monitoring cognitive defi cits in ALS.                  

  Declaration of interest:  The authors report no 
confl icts of interest. The authors alone are respon-
sible for the content and writing of the paper. 

 This work was supported by the National 
Institutes of Health, the ALS Association, and the 
Wyncote Foundation.   

 References 

    Phukan   J ,  Elamin   M ,  Bede   P ,  Jordan   N ,  Gallagher   L ,  1. 
Byrne   S ,  et   al  .  The syndrome of cognitive impairment in 
amyotrophic lateral sclerosis: a population based study .  Jour-
nal of Neurology, Neurosurgery, and Psychiatry.   2012 ;
 83 : 102 – 8 .  
    Strong   MJ ,  Grace   GM ,  Freedman   M ,  Lomen-Hoerth   C , 2. 
 Woolley   S ,  Goldstein   LH ,  et   al  .  Consensus criteria for the 
diagnosis of frontotemporal cognitive and behavioral syn-
dromes in amyotrophic lateral sclerosis .  Amyotroph Lateral 
Scler.   2009 ; 10 : 131 – 46 .  
    Rakowicz   WP ,  Hodges   JR  .  Dementia and aphasia in motor 3. 
neuron disease: an under-recognized association?   Journal of 
Neurology, Neurosurgery and Psychiatry.   1998 ; 65 : 881 – 89 .  
    Abrahams   S ,  Leigh   PN ,  Harvey   A ,  Vythelingum   GN ,  4. 
Grise   D ,  Goldstein   LH  .  Verbal fl uency and executive 
dysfunction in amyotrophic lateral sclerosis (ALS) . 
 Neuropsychologia.   2000 ; 38 : 734 – 47 .  
    Taylor   LJ ,  Brown   R ,  Tsermentseli   S ,  Al-Chalabi   A ,  Shaw   CE , 5. 
 Ellis   CM ,  et   al  .  Is language impairment more common than 
executive dysfunction in amyotrophic lateral sclerosis?   
Journal of Neurology, Neurosurgery, and Psychiatry.  
 2013 ; 84 : 494 – 8 .  
    Ringholz   GM ,  Appel   SH ,  Bradshaw   M ,  Cooke   NA , 6. 
 Mosnik   DM ,  Schulz   PE  .  Prevalence and patterns of 
cognitive impairment in sporadic ALS .  Neurology.   2005 ;
 65 : 586 – 90 .  
    Evans   J ,  Olm   C ,  McCluskey   L ,  Elman   L ,  Boller   A , 7. 
 Moran   E ,  et   al  .  Impaired cognitive fl exibility in amyotrophic 
lateral sclerosis  . Cognitive and Behavioral Neurology  . 
(in press).   
    Libon   DJ ,  McMillan   C ,  Avants   B ,  Boller   A ,  Morgan   B ,  8. 
Burkholder   L ,  et   al  .  Defi cits in concept formation in amyo-
trophic lateral sclerosis .  Neuropsychology.   2012 ; 26 : 422 – 9 .  

    Abrahams   S  .  Executive dysfunction in ALS is not the whole 9. 
story .  Journal of Neurology, Neurosurgery, and Psychiatry.  
 2013 ; 84 : 474 – 5 .  
    Grossman   M ,  Anderson   C ,  Khan   A ,  Avants   B ,  Elman   L , 10. 
 McCluskey   L  .  Impaired action knowledge in amyotrophic 
lateral sclerosis .  Neurology.   2008 ; 71 : 1396 – 401 .  
    Bak   TH ,  Hodges   JR  .  The effects of motor neuron disease on 11. 
language: further evidence .  Brain and Language.   2004 ;
 89 : 354 – 61 .  
    Bak   TH ,  O’Donovan   DG ,  Xuereb   J ,  Boniface   S ,  Hodges   JR  . 12. 
 Selective impairment of verb processing associated with 
pathological changes in Brodmann areas 44 and 45 in the 
motor neurone disease-dementia-aphasia syndrome .  Brain.  
 2001 ; 124 : 103 – 20 .  
    Brooks   BR ,  Miller   RG ,  Swash   M ,  Munsat   TL  .  El Escorial 13. 
revisited: revised criteria for the diagnosis of amyotrophic 
lateral sclerosis .  Amyotroph Lateral Scler Other Motor Neu-
ron Disord.   2000 ; 1 : 293 – 9 .  
    Hu   WT ,  Seelaar   H ,  Josephs   KA ,  Knopman   DS ,  Boeve   BF , 14. 
 Sorenson   EJ ,  et   al  .  Survival profi les of patients with fronto-
temporal dementia and motor neuron disease .  Arch Neurol.  
 2009 ; 66 : 1359 – 64 .  
    Lomen-Hoerth   C ,  Murphy   J ,  Langmore   S ,  Kramer   JH , 15. 
 Olney   RK ,  Miller   B  .  Are amyotrophic lateral sclerosis 
patients cognitively normal?   Neurology.   2003 ; 60 : 1094 – 7 .  
    Cedarbaum   JM ,  Stambler   N ,  Malta   E ,  Fuller   C ,  Hilt   D , 16. 
 Thurmond   B ,  et   al  .  The ALSFRS-R: a revised ALS func-
tional rating scale that incorporates assessments of respira-
tory function .  BDNF ALS Study Group (Phase III). Journal 
of the Neurological Sciences.   1999 ; 169 : 13 – 21 .  
    Folstein   MF ,  Folstein   SF ,  McHugh   PR  .   ‘ Mini Mental State ’  . 17. 
 A practical method for grading the cognitive state of patients 
for the clinician. Journal of Psychiatric Research.   1975 ; 
12 : 189 – 98 .  
    Lezak   M  .  Neuropsychological assessment .  Oxford: Oxford 18. 
University Press;   1983 .  
    Mayer   M  .  Frog, Where Are You?   New York: Penguin Books;  19. 
 1969 .  
    Boersma   P ,  Weenink   D  .  Praat 20. * , v. 5.3.63 .  Institute of 
Phonetic Sciences, University of Amsterdam;   1992 – 2014 .  
    Ash   S ,  Moore   P ,  Antani   S ,  McCawley   G ,  Work   M ,  21. 
Grossman   M  .  Trying to tell a tale: discourse impairments in 
progressive aphasia and frontotemporal dementia .  Neurol-
ogy.   2006 ; 66 : 1405 – 13 .  
    Goldstein   LH ,  Abrahams   S  .  Changes in cognition and 22. 
behavior in amyotrophic lateral sclerosis: nature of impair-
ment and implications for assessment .  Lancet Neurology.  
 2013 ; 12 : 368 – 80 .  
    Gunawardena   D ,  Ash   S ,  McMillan   C ,  Avants   B ,  Gee   J , 23. 
 Grossman   M  .  Why are patients with progressive non-fl uent 
aphasia non-fl uent?   Neurology.   2010 ; 75 : 588 – 94 .  
    Wilson   SM ,  Galantucci   S ,  Tartaglia   MC ,  Gorno-Tempini  24. 
 ML  .  The neural basis of syntactic defi cits in primary pro-
gressive aphasia .  Brain and Language.   2012 ; 122 : 190 – 8 .  
    Grossman   M ,  Powers   J ,  Ash   S ,  McMillan   C ,  Burkholder   L , 25. 
 Irwin   D ,  et   al  .  Disruption of large-scale neural networks in 
non-fl uent/agrammatic variant primary progressive aphasia 
associated with frontotemporal degeneration pathology . 
 Brain and Language.   2013 ; 127 : 106 – 20 .  
    Wilson   SM ,  Galantucci   S ,  Tartaglia   MC ,  Rising   K ,  26. 
Patterson   DK ,  Henry   ML ,  et   al  .  Syntactic processing depends 
on dorsal language tracts .  Neuron.   2011 ; 72 : 397 – 403 .  
    Grossman   M  .  The non-fl uent/agrammatic variant of primary 27. 
progressive aphasia .  Lancet Neurology.   2012 ; 11 : 545 – 55 .  
    Bak   TH ,  Hodges   JR  .  Cognition, language and behavior in 28. 
motor neuron disease: evidence of frontotemporal dysfunc-
tion .  Dementia and Geriatric Cognitive Disorders.   1999 ; 10 
Suppl 1 : 29 – 32 .  
    Gorno-Tempini   ML ,  Hillis   AE ,  Weintraub   S ,  Kertesz   A , 29. 
 Mendez   M ,  Cappa   SF ,  et   al  .  Classifi cation of primary 
progressive aphasia and its variants .  Neurology.   2011 ; 76 :
 1006 – 14 .  

A
m

yo
tr

op
hi

c 
L

at
er

al
 S

cl
er

os
is

 a
nd

 F
ro

nt
ot

em
po

ra
l D

eg
en

er
at

io
n 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Pe

nn
sy

lv
an

ia
 o

n 
12

/0
8/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

http://informahealthcare.com/action/showLinks?system=10.1080%2F146608200300079536
http://informahealthcare.com/action/showLinks?system=10.1080%2F17482960802654364


   Defi cits in sentence expression in ALS     9

    Cotelli   M ,  Borroni   B ,  Manenti   R ,  Ginex   V ,  Calabria   M , 30. 
 Moro   A ,  et   al  .  Universal grammar in the frontotemporal 
dementia spectrum: evidence of a selective disorder in the 
corticobasal degeneration syndrome .  Neuropsychologia.  
 2007 ; 45 : 3015 – 23 .  
    Croot   K ,  Hodges   JR ,  Patterson   K  .  Evidence for impaired 31. 
sentence comprehension in early Alzheimer’s disease .  J Int 
Neuropsychol Soc.   1999 ; 5 : 393 – 404 .  
    Wilson   SM ,  Henry   ML ,  Besbris   M ,  Ogar   JM ,  Dronkers   NF , 32. 
 Jarrold   W ,  et   al  .  Connected speech production in three variants 
of primary progressive aphasia .  Brain.   2010 ; 133 : 2069 – 88 .  
    Ash   S ,  Moore   P ,  Vesely   L ,  Gunawardena   D ,  McMillan   C , 33. 
 Anderson   C ,  et   al  .  Non-fl uent speech in frontotemporal 
lobar degeneration .  Journal of Neurolinguistics.   2009 ; 22 :
 370 – 83 .  
    Indefrey   P ,  Brown   CM ,  Hellwig   F ,  Amunts   K ,  Herzog   H , 34. 
 Seitz   RJ ,  et   al  .  A neural correlate of syntactic encoding 
during speech production .  Proceedings of the National 
Academy of Sciences of the United States of America.  
 2001 ; 98 : 5933 – 6 .  
    Heim   S ,  Opitz   B ,  Friederici   AD  .  Broca’s area in the human 35. 
brain is involved in the selection of grammatical gender for 
language production: evidence from event-related functional 
magnetic resonance imaging .  Neuroscience Letters.  
 2002 ; 328 : 101 – 4 .  

    Brettschneider   J ,  dl Tredici   K ,  Toledo   JB ,  Robinson   JL ,  36. 
Irwin   DJ ,  Grossman   M ,  et   al  .  Stages of pTDP-43 pathology 
in amyotrophic lateral sclerosis .  Annals of Nurology.  
 2013 ; 74 : 20 – 38 .  
    Peigneux   P ,  Meulemans   T ,  vn der Linden   M ,  Salmon   E ,  37. 
Petit   H  .  Exploration of implicit artifi cial grammar learning 
in Parkinson’s disease .  Acta Nurologica Belgica.   1999 ; 99 :
 107 – 17 .  
    Grossman   M ,  Cooke   A ,  DeVita   C ,  Lee   C ,  Alsop   D ,  Detre   J , 38. 
 et   al  .  Grammatical and resource components of sentence 
processing in Parkinson’s disease: a fMRI study .  Neurology.  
 2003 ; 60 : 775 – 81 .  
    Hickok   G ,  Poeppel   D  .  The cortical organization of speech 39. 
processing .  Nature Rviews.   2007 ; 8 : 393 – 402 .  
    Douaud   G ,  Filippini   N ,  Knight   S ,  Talbot   K ,  Turner   MR  . 40. 
 Integration of structural and functional magnetic resonance 
imaging in amyotrophic lateral sclerosis .  Brain.   2011 ;
 134 : 3470 – 9 .  
    Verstraete   E ,  Veldink   JH ,  Mandl   RC ,  van den Berg   LH ,  41. 
van den Heuvel   MP  .  Impaired structural motor connectome 
in amyotrophic lateral sclerosis .  PloS One.   2011 ; 6 : e24239 .  
    Abrahams   S ,  Goldstein   LH ,  Suckling   J ,  Ng   V ,  Simmons   A , 42. 
 Chitnis   X ,  et   al  .  Frontotemporal white matter changes in 
amyotrophic lateral sclerosis .  Journal of Neurology.  
 2005 ; 252 : 321 – 31 .    

Supplementary material available online

Supplementary Appendices 1  –  4.

A
m

yo
tr

op
hi

c 
L

at
er

al
 S

cl
er

os
is

 a
nd

 F
ro

nt
ot

em
po

ra
l D

eg
en

er
at

io
n 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Pe

nn
sy

lv
an

ia
 o

n 
12

/0
8/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




