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D.M. Mezzapesa BACKGROUND AND PURPOSE: Recent evidence from neuropsychologic and neuroimaging studies

A. Ceccarelli suggests that central nervous system involvement in amyotrophic lateral sclerosis (ALS) extends
F. Dicuonzo beyond motor neurons. Our purpose was to obtain measures of global and regional atrophy in

nondemented patients with ALS to assess subtle structural brain changes.

A. Carella
M.E. De Caro METHODS: MR images, acquired from 16 patients and 9 healthy subjects (HS), were processed by
using the Structural Imaging Evaluation of Normalized Atrophy (SIENA) software to estimate whole-
M. Lopez brain atrophy measures and the voxel-based morphometry (VBM) method to highlight the selective
V. Samarelli volumetric decrease of single cerebral areas. In addition, each subject underwent a neuropsychologic
P. Livrea examination.

I.L. Simone RESULTS: In patients with ALS, brain parenchymal fraction was slightly lower compared with HS (P =

.012), and seemed to be related to the presence of cognitive impairment. Patients showed a gray
matter volume decrease in several frontal and temporal areas bilaterally (P < .001 uncorrected)
compared with HS, with a slight prevalence in the right hemisphere. No volume reduction in primary
motor cortices of patients was detected. Performances on Symbol Digit Modalities Test were signif-
icantly worse in patients compared with HS (P = .025).

CONCLUSIONS: The presence of mild whole-brain volume loss and regional frontotemporal atrophy in
patients with ALS could explain the presence of cognitive impairment and confirms the idea of ALS as

myotrophic lateral sclerosis (ALS) is a chronic progressive

neuromuscular disease of unknown etiology character-
ized by upper and lower motor neuron degeneration, leading
to a progressive muscle weakness of bulbar, limb, thoracic,
and abdominal regions and, eventually, to death.' Although
the motor system is the cardinal target of the neuropathologic
insult, brain degeneration extends beyond motor neurons, as
suggested by the clinical evidence of variable degrees of cogni-
tive impairment detected in patients with ALS, with typical
involvement of frontal executive skills.” In the 2 largest epide-
miologic studies, the occurrence of cognitive impairment has
been reported in 36%> and 51%" of patients with ALS. The
clinical association between frontotemporal dementia (FTD)
and ALS, together with the evidence of common neuropatho-
logic findings, supports the impression of a continuum among
these entities.””

Neuroimaging studies, both structural and functional, sus-
tain the hypothesis of a brain involvement beyond the motor
areas and the idea of ALS as a multisystem disorder. Func-
tional imaging showed hypoperfusion in frontal and temporal
areas correlated with the impairment of neuropsychologic
functions.*” MR spectroscopy revealed a relevant N-acetyl-
aspartate decrease in the primary motor cortex as well as in the
frontal lobe, the primary sensory cortex, the superior parietal
gyrus, and the anterior cingulate gyrus.'®"'* Main MR imaging
signal intensity abnormalities have been found on the pyrami-
dal tract, such as the presence of hyperintensity in subcortical
white matter and the dark line in the precentral gyrus, partic-
ularly on fluid-attenuated inversion recovery (FLAIR) imag-
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a degenerative brain disease not confined to motor system.

es.'*!> Nevertheless, MR imaging evidence of nonmotor in-
volvement, particularly in the frontal lobe, derives from brain
atrophy evaluation rather than signal intensity abnormalities.'®

In recent years, the development of advanced automated
imaging analysis, based upon construction of statistical para-
metric maps, allowed detailed anatomic studies of brain mor-
phometry. Compared with traditional volumetric methods,
which used a preselected, manually delineated region of inter-
est, these new tools do not require an a priori assumption of
brain district affected by disease and determine structural
anomalies directly from the data in an unbiased way. Few
studies have been performed in patients with ALS, with and
without cognitive changes, that have reported atrophy on a
regional basis.'”"'® However, the extent of the extramotor in-
volvement in ALS remains unclear, particularly in absence of
cognitive impairment.

The aim of this study was to quantify volumetric whole-
brain and regional brain changes from MR imaging in nonde-
mented patients with ALS and to assess their neuropsycho-
logic profiles. Two fully automated methods have been used:
the Structural Imaging Evaluation of Normalized Atrophy
(SIENA) software,’ for whole-brain volume estimation, and
the voxel-based morphometry (VBM) method, to highlight
the selective volumetric decrease of single cerebral areas.”'

Methods

Subjects

Sixteen patients (9 men; mean age = SD, 58.6 * 10.2 years) were
recruited from the ALS patient population of the Department of Neu-
rologic Sciences of our University. All subjects fulfilled El Escorial
criteria for probable or definite ALS,** had a sporadic form of disease,
and had a mean disease duration of 38.1 (range, 8—89) months. No
patient had clinically evident dementia according to the DSM-IV cri-
teria®® and the Mini Mental State Examination (MMSE) score,** cor-
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rected for age and schooling for Italian population,? was higher than
23 (the most widely diffuse cutoff value).?® In addition, no patient had
behavioral impairment or change in personality to rule out initial
FTD.?” Patients with several bulbar signs were excluded from the
analysis because they were unable to perform neuropsychologic tests.
Nine age-matched healthy subjects (HS) (6 men; mean age = SD,
51.8 * 12.7 years) were also studied. All subjects were right-handed.
Written informed consent was given by all subjects, and the study was
approved by the local ethics committee.

Clinical and Neuropsychologic Assessment

Each subject underwent clinical, neuropsychologic, and MR exami-
nation on the same day. Patients completed the ALS functional rating
scale (ALSFRS) questionnaire®® and were examined with manual
muscle testing (MMT).?® After a screening global cognitive evalua-
tion performed with MMSE to check the absence of dementia, both
patients and controls underwent a battery of neuropsychologic tests
exploring the following domains: 1) long-term memory (Spinnler
Prose Memory Test [SPMT])?% 2) working memory (Brown-Peter-
son Interference Test [BPIT]*!%; 3) language (Verbal Fluency Test
[FAS])***% and 4) sustained and complex attention (Stroop Color/
Word Interference [Stroop] Test)*>® and oral version of Symbol
Digit Modalities Test [SDMT].>” We chose motor-free tests to avoid
confounding effects of motor impairment. The SPMT provides a
measure of recall of prose material in condition of voluntary and
planned learning. The 2, 3, and 4 domains are considered elements of
frontal executive function. The BPIT, a measure of working memory,
records the ability of recall trigrams after various distractor intervals
(of 10 or 30 seconds). The verbal fluency test (FAS) requires that the
subject generate as many words as possible beginning with the letters
F, A, and S, within 60 seconds for each letter. The Stroop test measures
the ability to focus attention on an attribute of a complex stimulus (eg,
the color in which words are written) ignoring another competing
attribute (eg, the semantic meaning of the word); the time to com-
plete the requested task and the number of errors made were re-
corded. The oral version of the SDMT measures sustained attention,
concentration, and processing speed.

Subjects’ results on the tests were expressed as Z-score (ie, as the
number of SDs from the mean established by previously published
normative values).**>*3” Results on the tests were considered abnor-
mal when the score was at least 2 SD below the mean. Cognitive
impairment for the purpose of the current study was defined as im-
pairment on at least 2 neuropsychologic tests. Depression was evalu-
ated by clinical examination and tested using the Beck Depression
Inventory.*®

Image Acquisition
MR imaging was performed with a 1.5T General Electric Signa MR
system. Conventional sequences, consisting of dual-echo and fluid-
attenuated inversion recovery (FLAIR), were acquired in axial and
coronal orientation covering the whole brain. Dual-echo was ob-
tained using a fast spin-echo sequence with a repetition time (TR) of
2100 ms, echo time (TE) of 96 ms, 20 5-mm sections, 1.0-mm inter-
section gap, 345 X 512 matrix; the FLAIR sequence had TR of 8152
ms, TE of 102 ms, 20 5-mm sections, 1.0-mm intersection gap, 256 X
256 matrix).

3D structural MR imaging was acquired using a T1-weighted
spoiled gradient-recalled sequence (TR/TE/NEX, 26 ms/7 ms/1; flip
angle, 50° matrix size, 256 X 256); the volume consisted of 128 con-

256  Mezzapesa | AJNR 28 | Feb 2007 | www.ajnr.org

tiguous sagittal sections (1.00 X 0.97 X 0.97) covering the whole
brain.

SIENA Software

MR imaging analysis was performed by 2 coauthors blinded to clinical
and neuropsychologic data. On 3D T1-weighted images, normalized
volumes of the whole of the brain were obtained by means of the
SIENA software, a fully automated and accurate method for measur-
ing longitudinal and cross-sectional changes in brain volume,*
which is freely available as part of the FMRIB Software Library (http://
www.fmrib.ox.ac.uk/fsl). In the current study, the cross-sectional
version (SIENAX) was used. This software performs segmentation of
brain from nonbrain tissue in the head, estimates the outer skull sur-
face, and uses these results to drive the spatial transformation to a
standard template to normalize for skull size. Next, a probabilistic
brain mask derived in standard space is applied to make sure that
certain structures such as eyes/optic nerves have not been included in
the brain segmentation. Finally, MR imaging random field model-
based segmentation’ is used to segment the brain image into differ-
ent tissue types, including partial volume models, giving a normalized
volume of total brain, gray matter (GM), and white matter (WM) as
output. In addition, the brain parenchymal fraction (BPF), which is
the ratio of brain parenchymal volume to the intracranial volume,
may be calculated.

VBM Analysis

The theory and algorithm of VBM were well-documented by Ash-
burner and Friston.?! This is a fully automated whole-brain technique
for characterizing regional volume and tissue “concentration” differ-
ences in structural MRIs.

3D T1-weighted images were analyzed with Statistical Parametric
Mapping (SPM2; Wellcome Department of Imaging Neurosciences,
London, UK; http://www.fil.ion.ucl.ac.uk/ spm)41 running on Matlab
(Math Work, Natick, Mass). The preprocessing was performed ac-
cording to the optimized VBM protocol described by Good et al.**
First step is generation of a customized template and prior probability
maps (specific for GM, WM, and CSF), obtained by normalizing the
images of all the study subjects in the stereotactic standardized space
from the Montreal Neurologic Institute. Then original images were
spatially normalized to the same stereotactic space (ie, the customized
template) through affine and nonlinear transformations, medium
regularization, and no masking. The normalized images were parti-
tioned into GM, WM, and CSF using the customized prior probability
maps. An automated brain extraction tool was used to remove voxel
of nonbrain tissue. Then the modulation step corrected volume
changes introduced during the nonlinear spatial transformations.
The use of modulated data permits testing for regional differences in
terms of volume rather than concentration of GM in the voxel. To
allow an unbiased comparison among regions of interest in different
patients, images of GM were finally smoothed by convolvinga 12-mm
isotropic Gaussian kernel.

The preprocessed data were analyzed using an analysis of covari-
ance model; total intracranial volume, age, and sex were considered
nuisance variables. Results were thresholded at P < .0001 (uncor-
rected for multiple comparisons). Only those clusters exceeding a
voxel size of 50 were included in the analysis.

Statistical Analysis
The clinical, neuropsychologic, and MR data were presented as
mean * SD unless stated otherwise. The differences in frequency of



Table 1: Neuropsychologic findings in patients with ALS and
healthy subjects

Table 2: Whole-brain volumetric measures in ALS patients and
healthy subjects

Healthy Subjects ALS Patients Healthy ALS
Test (9) (16) P Subjects Patients P
Age (years) 51.8(12.7) 58.6(10.2) NS BPF 0.849(0.019) 0.827(0.019) 0.012
Education (years) 10.0 (4.6) 8.7(3.1) NS NBV [ml] 1433.9(86.1) 1392.4(78.9) NS
MMSE (cs) 28.2(1.6) 26.6(2.9) NS NGMV [ml] 724.6 (43.6) 711.5(46.6) NS
SPMT (z) —0.5(0.6) —0.6(0.5) NS NWMV [ml] 709.3 (48.5) 680.9 (46.4) NS
BPIT 10 (2) =01(1.3) 0.0(0.9) NS Note:—PF values were determined with the use of the Mann Whitney U test. BPF indicates
BPIT 30 (z) —0.1(0.9) =0.1(1.1) NS brain parenchymal fraction; NBV, normalized brain volume; NGMV, normalized gray matter
FAS (2) —04(08) —06(13) NS volume; NWMV, normalized white matter volume.
Stroop
Word (z) -05(1.2) —2.8(4.1) NS Table 3: Gray-matter volume loss in patients with ALS compared to
Color (z) —1.6(2.5) —44(3.8) NS healthy subjects (P < .001, uncorrected)
Interference (z) —0.7(1.6) —19(2.4) NS Clust MNI Coordinates*
SDMT 2) —14(09) -23(1.1) 025 g‘_s or (mm)
ize
Note:—Data are presented as mean (SD). P values were determined with the use of the . .
Mann Whitney U test. ALS indicates amyotrophic lateral sclerosis; cs, corrected score; Z, Anatomical Location k X 4 z Z-Score
Z-score; NS, not significant; MMSE, Mini Mental State Examination; SPMT, Spinnler Prose Right temporal lobe
Memory Test; BPIT 10, Brown-Peterson Interference Test at 10 seconds; BPIT 30, Brown-
Peterson Interference Test at 30 seconds; FAS, Verbal Fluency Test; Stroop, Stroop Subgyral 439 42 -13 -2 3.80
Color/Word Interference Test; SOMT, Symbol Digit Modalities Test. Superior temporal gyrus- 75 33 8 =27 3.24
uncus
Middle temporal gyrus 366 58 5 —26 3.33
categoric variables were analyzed using the Fisher Exact Test. We used Parahippocampal gyrus 1047 2 -1 -9 353
the nonparametric Mann-Whitney U test for data comparison be- Middle temporal gyrus 186 61 -5 -4 3.55
tween patients with ALS and HS. Because of the exploratory nature of Left tlemporal lobe
this study (and to minimize the risk of type Il errors), no corrections Middle temporal gyrus 200 58 3 7 333
Y ) P 1o Subgyral 1464 -3 —4 —17 384
for multiple comparisons were performed when calculating the sta- Right frontal lobe
tistical significance of group differences in neuropsychologic tests. An Inferior frontal gyrus 2972 43 23 —14 331
ANOVA model corrected for age and sex was used to compare whole- Inferior frontal gyrus 197 29 19 -9 3.34
brain measures between patients with ALS and HS. To assess the Extranuclear insula 704 3 22 40
factors that are independently associated with cognitive impairment Lo ffli‘?oeglt(;rl ligi)r;tal gyrus 81 39 57 3 341
we ran a multivariate logistic regression model; BPF and presence of Inferior frontal gyrus M2 —40 23 —13 336
ALS were covariates. Insula 147 =31 4 15 339

Results

Mean (SD) patient ALSFRS and MTT scores were 27.4 (8.6)
and 7.8 (1.2), respectively, indicating a moderate disabling
disease. No statistically significant differences were found be-
tween patients with ALS and HS with respect to age, educa-
tion, and MMSE scores. MMSE scores were within the normal
range in both groups. None of the patients was clinically de-
pressed or in need of antidepressant therapy.

Neuropsychologic Findings

Neuropsychologic test results are shown in Table 1. Only for
SDMT were there significantly worse performances in patients
with ALS compared with HS (P = .025). In addition, SDMT
exhibited the higher frequency of abnormal scores in the pa-
tient group (P = .021). Cognitive impairment was evidenced
in 8 patients with ALS and in 1 healthy subject.

MR Imaging Whole-Brain Measures

Normalized whole-brain, GM, and WM volumes did not sig-
nificantly differ between the 2 groups, whereas BPF was signif-
icantly reduced in patients with ALS compared with HS (P =
.012), as shown in Table 2. Even after adjusting for age and sex,
BPF still significantly differed by study groups (P = .034). The
presence of cognitive impairment seemed to be an effect of
lower BPF (P = .048) rather than the presence of ALS (P =
689).

*The coordinates refer to the Montreal Neurological Institute (MNI) space and denote the
areas of maximal gray matter volume loss within each cluster.

VBM—Regional GM and WM Differences

Significant clusters of locally reduced cortical GM were ob-
served in temporal and frontal lobes of patients with ALS rel-
ative to HS (P < .001 uncorrected). Data are summarized in
Table 3. Figure 1 shows the main regions with lower GM vol-
ume. The right hemisphere appeared more affected than the
left for both frontal and temporal lobes. No significant WM
differences were found.

Discussion

Recent views suggest that ALS is a degenerative brain disease
not confined to the motor system,43 but literature data dis-
agree regarding the presence and entity of whole-brain and
regional atrophy in this condition. For the first time, the
present study evidenced whole-brain volume loss in patients
with ALS compared with control subjects. BPF was reduced in
patients with ALS even after adjusting for age. However, the
lack of significant volumetric changes with other measures,
such as normalized brain volume, suggests that atrophy is mild
and BPF turns out to be a very sensible index of mild volumet-
ric changes.** In a previous volumetric analysis, Ellis et al'’
showed no difference in whole-brain measures between ALS
and control subjects but did not investigate the frequency of
cognitively impaired subjects in their group. In our patients,
brain atrophy, though it was mild, was related to the presence
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Fig 1. Regional cortical gray matter (GM) reduction in patients with amyotrophic lateral
sclerosis (ALS) relative to healthy subjects (HS). Significant voxels are superimposed on
selected sections of spatially normalized MR images from a control subject. The main
regions with lower GM volume were left middle temporal gyrus and the subgyral region (A),
right inferior frontal gyrus (B), and frontal and temporal areas (C).

of cognitive impairment. From a histopathologic view, the
presence of cognitive impairment seems to be associated to
different quantitative and qualitative features compared with
cognitively unimpaired patients with ALS. In particular, Wil-
son et al® showed a greater distribution and load of intraneu-
ronal Ub+ inclusions, dystrophic neuritis, and a peculiar su-
perficial linear spongiosis present only in cognitively impaired
patients. Moreover histopathologic studies failed to show a
reduction in the total number of cortical neurons in patients
with ALS compared with control subjects,'”*’ fitting well with
the finding of mild atrophy.

After whole-brain measures, we performed a morphomet-
ric study to detect local volumetric differences between ALS
and control subjects. Using voxel-based analysis, 3 recent
studies found volumetric changes at the regional level in pa-
tients with ALS, with and without cognitive impairment,
though no whole-brain atrophy has been reported.'””'® In this
VBM study, we mainly demonstrated, in our patients with
ALS compared with control subjects, a significant localized
GM reduction in temporal and frontal lobes bilaterally, with a
slight prevalence in the right hemisphere.

For the most part, the neuropsychologic literature sustains
the frontal functional impairment in this disease.>>® The pat-
tern of frontal atrophy of our patients mainly regarded the
inferior frontal gyrus (IFG), bilaterally with mild right preva-
lence. Left IFG (Broca area), which is associated with language
production and word retrieval,*® could be the basis for verbal
fluency deficits, which are the most commonly reported im-
pairment in ALS.>® Language dysfunction in ALS manifests
within a spectrum of severity from a subclinical impairment to
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nonfluent aphasia syndrome. However, dysfunction of this
area, especially when bilateral, underlies executive rather than
language impairment. IFG of both sides seems to be a part of a
broadly distributed action-attentional system that supports
the maintenance of attentional focus and successful inhibitory
control of unwanted impulses.*”** The neuropsychologic
profile of our patients seems to corroborate this hypothesis,
evidencing a frontal executive skills impairment and signifi-
cant deficit in SDMT, which measures sustained attention,
concentration, and processing speed.

The pattern of temporal atrophy in our patients mainly
involved the left and right middle temporal gyrus and the right
parahippocampal gyrus. Temporal lobe involvement in ALS is
in agreement with other volumetric studies'®'® and with his-
topathologic studies,*” but no evidence of asymmetric damage
or right lateralization has been reported. The temporal variant
of FTD usually presents with asymmetric medial temporal
lobe degeneration,® and a VBM study reported a right-side
prevalence of atrophy.”' Recent theories on aging, such as the
right hemi-aging model, propose that the right hemisphere
has greater age-related decline than the left hemisphere.® It is
possible that ALS pathology enhances normal aging as in other
neurodegenerative diseases. In mild cognitive impairment
(MCI), VBM findings evidenced parahippocampal right later-
alization of atrophy.” In any case, the effect of temporal in-
volvement in patients with ALS is a troublesome issue because
memory impairment has been described less often than im-
pairment of executive functions’and is often interpreted as a
consequence of frontal lobe dysfunction.”*

Our failure to show atrophy of the primary motor cortex is
not an isolated report; Ellis et al'” did not find it either. More-
over, in other studies, changes in nonmotor areas were most
prominent.'®'® This was an unexpected finding and a possible
explanation could be a different histopathologic substrate be-
tween the motor system® and diffuse neocortex degenera-
tion,® with a different impact on regional brain volume. In
other words, motor areas appear to be involved in ultrastruc-
tural damage without evidence of volume loss, as confirmed
by recent histopathologic studies that failed to demonstrate a
reduction in either the total number** or the neuronal volume
of cortical neurons of patients with ALS compared with con-
trol subjects.”® In any case, the idea of ALS as a multisystem
disorder with different phenotypic expression at a neuroim-
aging level seems to be supported by these data.*?

Finally, we have to report 2 limitations of this study. The
first regards our sample size, which was too small to allow a
correlation between brain atrophy and different patterns or
degrees of cognitive impairment. Moreover, the level of signif-
icance in VBM may be influenced by the size of the groups
being compared. The second regards the lower anatomic pre-
cision of VBM with respect to classic region of interest-based
volumetric study. Although voxel-based analyses, particularly
VBM, are considered robust methods, they are prone to errors
caused by a number of accidental factors, including misregis-
tration of anatomic structures.””>®

Conclusion

The present study evidenced mild whole-brain volume loss
and frontotemporal atrophy in patients with ALS. These find-
ings could explain cognitive impairment and support the idea



of ALS as a brain degenerative disease not confined to the
motor system.
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