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Cognitive Functions and White Matter Tract
Damage in Amyotrophic Lateral Sclerosis:
A Diffusion Tensor Tractography Study

BACKGROUND AND PURPOSE: ALS is predominantly a disease of the motor system, but cognitive and
behavioral symptoms also are observed. DT MR imaging is sensitive to microstructural changes
occurring in WM tracts of patients with ALS. In this study, we investigated the association between
cognitive functions and extramotor WM tract abnormalities in ALS patients.

MATERIALS AND METHODS: DT MR imaging was obtained from 16 nondemented patients with ALS
and 15 healthy controls. Patients with ALS underwent a neuropsychologic and behavioral evaluation.
DT tractography was used to asses the integrity of the CST, corpus callosum, and the major long-range
association tracts. The relationship between DT MR imaging metrics and cognitive functions was
tested by using linear model analyses, adjusting for age and clinical disability.

RESULTS: Eleven patients (69%) scored below the fifth percentile in at least 1 cognitive test, and 2 of
them had a mild executive impairment. Performances at tests assessing attention and executive
functions correlated with DT MR imaging metrics of the corpus callosum, CST, and long association
WM tracts bilaterally, including the cingulum, inferior longitudinal, inferior fronto-occipital, and uncinate
fasciculi. Verbal learning and memory test scores were associated with fornix DT MR imaging values,
whereas visual-spatial abilities correlated with left uncinate fractional anisotropy.

CONCLUSIONS: WM tract degeneration is associated with neuropsychologic deficits in patients with
ALS. DT tractography holds promise to gain insight into the role of the brain WM network abnormalities
in the development of cognitive impairment in patients with ALS.

ABBREVIATIONS: ALS = amyotrophic lateral sclerosis; ALSbi = ALS with behavioral impairment;

ALSci = ALS with cognitive impairment; ALSFRS-R = ALS Functional Rating Scale-revised; CST =
corticospinal tract; DT = diffusion tensor; FA = fractional anisotropy; fMRI = functional MR
imaging; FTD = frontotemporal dementia; GM = gray matter; IFOF = inferior fronto-occipital
fasciculus; ILF = inferior longitudinal fasciculus; MD = mean diffusivity; prpr = P Vvalue adjusted for
multiple comparisons controlling for the false discovery rate; SLF = superior longitudinal fasciculus;
UMN = upper motor neuron; WM = white matter

D espite the fact that ALS is predominantly a disease of the
motor system, cognitive and behavioral symptoms have
been described starting more than a century ago.' ALS co-
occurs with FTD in 5%—15% of cases, whereas approximately
35% of nondemented patients with ALS show a mild-to-mod-
erate cognitive impairment." The most consistently reported
cognitive changes in patients with ALS relate to dysfunction of
components of the executive system (eg, verbal fluency, set
shifting, cognitive inhibition, and selective attention).' There
has been somewhat less consistent evidence for impaired
memory and language.' Behavioral impairment also is recog-
nized as another feature of ALS, and up to 63% of patients with
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ALS are apathetic,
disinhibited."

Cognitive impairment in ALS is owing, at least partially, to
the presence of ubiquitinated cytoplasmic inclusions of TAR
DNA-binding protein 43 underlying both ALS and some types
of FTD." Neuroimaging studies provided compelling evidence
that ALS has a significant extramotor cerebral involvement,
regardless of the presence of a frontotemporal syndrome or
dementia.” Structural MR imaging showed that GM atrophy
in patients with ALS extends beyond the motor cortex to the
frontotemporal and parietal regions.” WM atrophy of the cor-
pus callosum, and frontotemporal and occipital areas, also was
found.” Many functional imaging studies have shown a wide-
spread frontotemporal lobe involvement in patients with
ALS.?

A few studies have combined neuropsychologic and neu-
roimaging findings in patients with ALS. Imaging correlates of
cognitive impairment in ALS include atrophy of the frontal
lobe; hypometabolism and reduced perfusion of the fronto-
temporal cortex and anterior cingulate gyrus; and impaired
recruitment of the prefrontal, temporal, and parietal cortices
during active cognitive tasks.” The most severe cortical in-
volvement has been observed in patients with clinical features
of both ALS and FTD.?> Much less is known about the associ-
ation between WM tract damage and cognitive deficits in ALS

irritable, inflexible, restless, or



patients. To our knowledge, only 1 MR imaging study®
showed atrophy of the frontotemporal WM in patients with
ALS with verbal fluency deficits, in the absence of significant
GM atrophy, suggesting that an injury to the frontotemporal
association pathways probably contributes to cognitive im-
pairment of these patients.

DT tractography allows in vivo localization and recon-
struction of WM tracts based on the diffusion properties of
water molecules in the brain tissues. DT tractography is now
an established tool for the detection of pathology of the CST in
ALS.? Recent studies have shown that DT MR imaging is also
sensitive to microstructural changes occurring in the extramo-
tor WM tracts of patients with ALS, such as the uncinate fas-
ciculus.” The correlations between WM tract damage and neu-
ropsychologic measures have not been investigated yet.

Against this background, we used DT tractography to re-
construct specific WM tracts and to investigate the association
between cognitive functions and extramotor WM tract abnor-
malities in nondemented patients with ALS.

Materials and Methods

The study was conducted with institutional review board approval.
Written informed consent was obtained from each participant before
study enrollment.

Subjects
Patients with sporadic ALS were recruited consecutively. Inclusion
criteria were as follows: a diagnosis of probable laboratory-supported,
probable, or definite ALS according to the El Escorial-revised crite-
ria®; no family history of ALS; no significant respiratory failure
(forced vital capacity <70); no clinical diagnosis of FTD®; and right-
handedness. Patients were excluded if they had cerebrovascular dis-
orders, history of traumatic brain injury, hydrocephalus, or intracra-
nial mass; other neurologic diseases; psychiatric and major medical
disorders; psychotropic medication; or history of substance abuse.
ALS disease severity was assessed by the ALSFRS-R questionnaire.”
Muscle strength was scored by using the Medical Research Council
scale from 0 to 5 (higher score indicating greater muscle strength).®
UMN involvement was assessed by totaling the number of pathologic
UMN signs on examination (higher score indicating more UMN
signs; maximum total score = 16).°

Sixteen sporadic patients with sporadic ALS were included. All
patients were taking riluzole. Fifteen sex- and age-matched healthy
individuals, with no history of neurologic or psychiatric disorders and
a normal neurologic examination, served as controls.

Neuropsychological and Behavioral Evaluation

Within 48 hours from MR imaging, patients with ALS underwent a
neuropsychologic and behavioral evaluation. Cognitive and behav-
ioral assessments were administered by a neuropsychologist who was
unaware of the clinical and MR imaging data. The neuropsychologic
test battery evaluated global cognition with the Mini-Mental State
Examination,'® verbal memory and learning with the Rey word test,"’
visuospatial abilities and spatial memory with the test of copy and
recall of Rey’s figure,'* attention and executive functions with the
Trail-Making Test (part A that is dependent primarily on the effi-
ciency of visual scanning and psychomotor speed; part B that requires
both visuomotor coordination and executive control; and BA score
that is calculated as the difference between performance times of part
B and part A and is considered a measure of cognitive flexibility,

which is relatively independent of manual dexterity),'? Stroop test,'*
Wisconsin Card Sorting Test,'” and semantic and phonemic fluency
tests.'® The Mini-Mental State Examination also was administered to
the healthy subjects. For each subject, the scores obtained at each
domain of the cognitive assessment were adjusted for age and educa-
tion and sex, as appropriate, and the performance was evaluated ac-
cording to the percentile distribution in the normative populations.
The fifth percentile was used as cutoff because it reflects an equivalent
score of 0 when comparing performances of patients with matched
normal subjects. A neurobehavioral interview of both patients and
caregivers was performed. Behavioral changes also were assessed by
using the Neuropsychiatric Inventory scale.'”

According to current consensus criteria,'® those patients who
scored at or below the fifth percentile compared with age- and edu-
cation-matched normal population on at least 2 distinct cognitive
tests sensitive to executive functions were considered to have fronto-
temporal cognitive impairment (ALSci). A diagnosis of ALSbi was
made in the presence of 2 behavioral abnormalities, as supported by at
least 2 sources from among patient interview/observation, caregiver
report, or Neuropsychiatric Inventory.'®

MR Imaging Acquisition and Analysis

Using a 1.5T Avanto system (Siemens, Enlargen, Germany), the fol-
lowing sequences were obtained: dual-echo turbo spin-echo; fluid-
attenuated inversion recovery; and pulsed-gradient spin-echo echo-
planar with diffusion-encoding gradients applied in 12 noncollinear
directions. A detailed description of MR image parameter is provided
in the Supplemental Material.

MR imaging analysis was performed by a single experienced ob-
server, blinded to clinical and cognitive findings. A detailed descrip-
tion of MR imaging analysis is provided in the Supplemental Material.
DT analysis was carried out by using in-house software.'® Diffusion-
weighted images were first corrected for distortion induced by eddy
currents. The DT was then estimated by linear regression and MD and
FA maps were computed. In addition, axial diffusivity and radical
diffusivity maps were calculated. An atlas-based automated approach
was used to obtain DT MR imaging-derived metrics of WM tracts,
including the CST, corpus callosum, cingulum, SLF, IFOF, ILF, unci-
nate fasciculus, and fornix. This procedure involves 1) the creation of
a reference FA image in the standard space (the FA atlas) by using a
group of healthy subjects (reference group); 2) the definition of WM
tract probability maps on the FA atlas; 3) the nonlinear alignment of
individual study subjects’ MD, FA, axial diffusivity, and radical diffu-
sivity maps to the FA atlas; and 4) the application of WM tract prob-
ability maps to the individual subject’s images to measure mean tract
MD, FA, axial diffusivity, and radical diffusivity.

Statistical Analysis

Differences between groups in demographic and clinical variables
were assessed by using the Pearson x> test or the Mann-Whitney U
test, for categoric and continuous variables, respectively. DT MR im-
aging indices were compared between groups by using multivariate
linear models adjusting for subject age. In patients with ALS, the
association between neuropsychologic test scores and DT MR imag-
ing metrics was assessed by using multivariate linear models adjusting
for subject age and ALSFRS-R. To minimize the number of compar-
isons, only MD and FA values entered the correlation analysis. Results
are reported as beta coefficients along with their P values. Partial and
overall R? also were provided. Pvalues also were adjusted for multiple
comparisons controlling for the false discovery rate (pppg). A P value
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Table 1: Demographic and clinical features of patients with ALS
and healthy controls

Table 2: Neuropsychologic and behavioral data of patients with
ALS

Healthy

Controls ALS Patients P?
N 15 16
Age (yr) 63 + 12(43-77) 61 = 10(40-74) 0.47
Women (%) 8(53) 8(50) 0.85
Education (yr) 12 + 6 (5-24) 9+ 4(5-17) 0.18
Disease duration (mo) 29 +19(3-84)
ALSFR-R score 33 = 7(22-44)
UL-MRC score 54 + 11(39-68)
LL-MRC score 33 = 15(2-48)
UMN score 13 = 4(3-16)

Note:—Values are means =+ SD (range) or N (percentages), UL-MRC indicates Upper
Limb-Medical Research Council; LL-MRC, Lower Limb-Medical Research Council.
2 Pearson x test or the Mann-Whitney U test, as appropriate.

<.05 was considered as significant. Statistical analysis was performed
by using SAS Release 9.1 (SAS Institute, Cary, North Carolina).

Results

Among the 16 patients with ALS, included in the study, 9
patients had a definite ALS, 4 patients a probable ALS, and 3
patients a probable laboratory-supported ALS. Thirteen pa-
tients had a limb-onset, 1 a bulbar-onset, and 2 a limb +
bulbar onset. There was no difference in age, sex, and educa-
tion between ALS patients and controls (Table 1). Controls
had a mean MMSE score = SD of 28.4 = 1.7 that was not
significantly different from that of ALS patients (P = .61).
Table 2 shows the neuropsychologic findings in ALS patients.
Five patients (31%) had normal cognitive scores. Eleven pa-
tients (69%) scored below the cutoffin at least 1 cognitive test,
and 2 of them (12.5%) were classified as ALSci. Patients with
ALS impaired in at least 1 cognitive test had greater Upper
Limb Medical Research Council scale score compared with
those with normal cognitive tests (P = .003); no other demo-
graphic and clinical differences were found between patient
groups. Two patients (12.5%) had a Neuropsychiatric Inven-
tory total domain score =3 on at least 2 domains (1 patient
had aberrant motor behaviors and eating disorders, and 1 pa-
tient had mild anxiety, depression, apathy, irritability and
sleep behavior disorders). In 1 case, a diagnosis of ALSbi was
made; this patient did not have executive impairment.

On the dual-echo and fluid-attenuated inversion recov-
ery scans, hyperintensities of the CST were detected bilat-
erally in 8 (50%) patients with ALS and 6 (40%) healthy
controls. In patients with ALS, the CST hyperintensities
were identified in the caudal portion of the posterior limb
of the internal capsule and extended upward through the
corona radiata and downward to the ventral portion of the
brain stem. In the 6 healthy subjects, the abnormal signal
intensity was limited to the internal capsule and did not
extend to the corona radiata or to the brain stem. Table 3
shows the means and SDs of DT MR imaging metrics of the
WM tracts studied in patients with ALS and healthy con-
trols. Compared with healthy controls, patients with ALS
showed increased MD of the corpus callosum (P < .04),
CST bilaterally (right, P = .001; left, P = .002), SLF bilat-
erally (P = .02 for both), right cingulum (P = .02), uncinate
fasciculus bilaterally (P = .02 for both), and decreased FA
of the CST bilaterally (right, P = .001; left, P = .002). Pa-
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N of Patients

Mean = SD with an Abnormal
(Range) Performance (%)
General cognition
MMSE (cutoff, 24) 28.0 = 2.0(24-30) 0
Verbal learning
Rey's words, immediate recall 43 + 12 (18-60) 0
(cutoff, 28.53)
Verbal memory
Rey's words, delayed recall 10 = 3(5-15) 0
(cutoff, 4.69)
Spatial memory
Rey’s figure recall (cutoff, 15 +7(8-29) 2(12.5)
9.47)
Attention and executive
functions
TMT-A (cutoff, 93) 44 + 49 (5-191) 1(6)
TMT-B (cutoff, 282) 75 =70 (4-278) 0
TMT-BA (cutoff, 186) 32 +25(1-88) 0
Stroop test (cutoff, 36.91) 32 +=18(11-69) 3(19)
WCST, global score (cutoff, 66 =+ 29(20-109) 3(19)
90.50)
Phonemic fluency (cutoff, 17) 34 + 12 (14-55) 2(12.5)
Semantic fluency (cutoff, 25) 41 +10(21-59) 1(6)
Visuospatial abilities
Rey's figure copy (cutoff, 26 = 6(17-33) 5(31)
28.88)
Behavioral functioning
NPI, global score 2 *+4(0-12) 2(12.5)2

Note:—Scores are corrected for age, gender, and education; MMSE indicates Mini-Mental
State Examination; TMT, Trail-Making Test; WCST, Wisconsin Card Sorting Test; NPI,
Neuropsychiatric Inventory.

Stroop and TMT test scores are expressed in seconds.

2 NPI total domain score (severity X frequency) =3 on at least 2 domains.

tients with ALS relative to controls also had increased rad-
ical diffusivity of the CST bilaterally (P < .001 for both);
SLF bilaterally (P < .03 for both) and right uncinate fascic-
ulus (P = .3); and increased axial diffusivity of the right SLF
(P = .04), right cingulum (P = .03), and uncinate fasciculus
bilaterally (right; P = .03; left, P = .002). When patients
with ALS scoring below the cutoff in at least 1 cognitive test
were contrasted with healthy controls, DT MR imaging ab-
normalities were similar to those found in the entire group
of patients (Table 3); on the contrary, the 5 patients with
ALS with normal cognitive tests compared with healthy
controls showed only significantly increased MD, increased
radical diffusivity, and decreased FA of the CST bilaterally,
and increased axial diffusivity of the left uncinate (Table 3).
No difference was found when the 2 patient groups were
compared directly.

Table 4 shows the regression coefficients, P values and
goodness of fit measures of the relationships of neuropsycho-
logic test scores with WM tract MD and FA values, adjusted for
subject age and ALSFRS-R. Only significant results were re-
ported. Scores on the Trail-Making Test were associated with
corpus callosum MD and FA values; with right ILF MD, with
CST, cingulum, IFOF, and ILF FA values, bilaterally, and with
right uncinate FA (Fig). Performance at the Stroop test was
associated with corpus callosum, right IFOF, and right ILF FA
values. Wisconsin Card Sorting Test scores correlated with the
IFOF and ILF MD values, bilaterally, and the right IFOF FA.



Table 3: DT MR imaging metrics of specific WM tracts in patients with ALS and healthy controls

FA MD (X 10 mm?s ) radD (X 103 mm?s™ ") AxD (X 10 3 mm?s™ ")
HC ALS HC ALS HC ALS HC ALS

cC 0.62 =0.03 0.61 =0.03 0.76 = 0.04 0.79 = 0.05*8 044 =004 047 +0.058 1.40 + 0.06 1.44 = 0.05
CST R 0.67 =003 0.63 = 0.04*8# 0.71 = 0.02 0.75 = 0.04*8# 037 £0.02 0.43 =0.04**8# 1.37 = 0.07 1.38 = 0.05

L 0.67 =003 0.63 = 0.03*8# 0.71 = 0.03 0.76 = 0.04*8# 038 +0.02 044 +0.05**8# 1.37 +£0.08 1.39 + 0.05
SLF R 049 +003 047 *0.03 0.73 = 0.04 0.77 = 0.06*8 051 +0.04 055+ 0.06* 1.15 £ 0.06 1.20 = 0.07*8

L 049 =003 048 *0.03 0.74 = 0.03 0.77 = 0.05*8 052 +004 055+ 0.05*8 1.18 £ 0.05 1.21 = 0.06
Cingulum R 057 =004 057 +0.03 0.73 +0.03 0.76 = 0.05*8 046 =004 049005 1.27 +0.06 1.32 = 0.06*

L 057 =0.04 0.56 *=0.03 0.75 = 0.05 0.78 = 0.05 048 =006 0.50=*0.05 1.31 £ 0.06 1.35 + 0.07
IFOF R 0.55*+0.03 0.54 *0.03 0.80 = 0.04 0.82 = 0.06 052 =005 0.55=*005 1.34 = 0.05 1.38 = 0.808

L 053 +004 052+0.02 0.81 = 0.05 0.84 = 0.06 054 =005 057 =0.05 1.34 +0.06 1.39 + 0.083
ILF R 046 =003 045=*0.02 0.81 = 0.05 0.84 = 0.06 0.60 =005 0.62 =0.05 1.23 £ 0.06 1.27 = 0.087

L 047 =004 046 =003 0.81 = 0.06 0.83 = 0.05 058 =006 0.61 =005 1.26 + 0.08 1.27 = 0.06
Uncinate R 043 +003 042 +0.03 0.79 = 0.04 0.83 = 0.06*% 059 = 0.04 063 +0.06*8 1.20 = 0.05 1.25 = 0.07*8

L 041 =003 042 =*0.03 0.82 = 0.05 0.86 = 0.06*8 0.62 =005 0.65=*0.06 1.20 = 0.07 1.29 + 0.07*8#
Fornix 040 =005 040 =003 1.18 = 0.23 122 =018 093+002 0.96=*0.02 167 =0.20 1.73 £0.17

Note:—Values are means =+ SD; HC indicates healthy controls; radD, radial diffusivity; AxD, axial diffusivity; CC, corpus callosum.

* P <0.05and ** P <0.001 in patients with ALS versus HC; 8 P <.05 in patients with ALS who scored below the cutoff in at least one cognitive test versus HC, and # P <<.05 in patients

with ALS with normal cognitive tests versus HC, according to the multivariate linear models adjusted for age (see text for details).

Table 4: Regression coefficients, P values, and goodness of fit measures of the relationships of neuropsychologic test scores with WM tract

mean diffusivity and FA values, adjusted for subject age and clinical disability

Partial Overall
Neuropsychologic Test DT MR Variable B p? Pror” R? R?
TMT-A CCMD 0.008 .03 13 0.20 0.76
R ILF MD 0.007 .05 A3 0.18 0.74
CCFA —0.013 01 04 0.25 0.81
R CSTFA —0.016 .02 04 0.21 0.78
LCSTFA —0.016 .02 .04 0.21 0.78
R cingulum FA —0.01 046 .07 0.18 0.74
R IFOF FA —0.015 01 04 0.26 0.83
L IFOF FA —0.020 .003 .02 0.30 0.87
R ILF FA —0.020 .003 .02 0.30 0.86
LILFFA —0.015 01 04 0.24 0.80
R uncinate FA —0.015 .02 .04 0.22 0.78
TMT-B CC MD 0.01 04 15 0.23 0.70
CCFA -0.017 01 051 0.30 0.77
R cingulum FA —0.014 047 07 0.22 0.69
L cingulum FA —0.016 .04 .07 0.23 0.70
R IFOF FA —0.021 .002 01 0.38 0.85
L IFOF FA —0.029 <.001 .001 0.46 0.93
R ILF FA —0.023 01 051 0.29 0.76
R uncinate FA —0.018 .03 07 0.25 0.72
TMT-BA R IFOF FA —0.029 01 .09 0.36 0.72
L IFOF FA —0.039 .004 049 0.43 0.79
Stroop test CCFA —0.014 .03 22 0.36 0.41
R IFOF FA —0.011 048 22 0.32 0.37
R ILF FA —-0.018 02 22 0.41 0.46
WCST, global score R IFOF MD —0.007 .03 Rl 0.31 0.64
L IFOF MD —0.007 .02 M 0.34 0.67
R ILF MD —0.007 .03 Rl 0.32 0.65
L ILFMD —0.008 02 Rl 0.35 0.68
R IFOF FA 0.016 .02 32 0.46 0.53
Phonemic fluency L cingulum FA 0.008 01 20 0.36 0.47
Rey’s words, immediate recall Fornix MD —0.001 .04 32 0.16 0.67
Fornix FA 0.005 .004 .055 0.27 0.77
Rey’s words, delayed recall Fornix MD —0.002 .03 43 0.50 0.62
Rey's figure copy L uncinate FA 0.005 .04 51 0.32 0.73

Note:— 3, regression coefficient; partial A2, proportion of variability accounted for by the given DT MRI variable; overall A%, proportion of variability accounted for by the full statistical

model; TMT, Trail-Making Test; WCST, Wisconsin Card Sorting Test; CC, corpos callosum; CST, corticospinal tract.
@ P values according to the multivariate linear models, adjusting for subject’s age and ALSFRS-r.
b P values also were adjusted for multiple comparisons controlling the false discovery rate.

Phonemic fluency test scores were correlated with the left cin-
gulum FA. When adjusting for multiple comparisons, the re-
lationships between the scores on the Trail-Making Test and
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the corpus callosum, CST, IFOF, and ILF, bilaterally; and right
uncinate FA values remained significant. Verbal learning and
memory test scores were associated with fornix MD and FA

1869



@orons@all Bilateral 2 Bilateral
orpus Callosum ) $=-0.013 B=-0.017
I Pror=0.04 N Prog=0.051
Partial R?=0.25 K Partial R?=0.30
. A
® )
=
=
Corticospinal Tracts Left Right
$=-0.016 ) p=-0.016
I Pror=0.-04 . Prpr=0-04
Partial R2=0.21 Partial R2=0.21
p <
= )
= =
) =
. Right
Right Inferior Longitudinal Fasciculus 'l}_'%l(go g B=-0.023
g9 Proe=0.02 R PFDR_=0~0§1
Partial R?=0.30 1 Partial R*=0.29
Q.
84 |2
=
)
. .. . . Left - Left
Left Inferior Fronto-Occipital Fasciculus [kl B=-0.029 B=-0.039
s Prpr=0-001 Prpr=0-049
) Partial R?=0.46 21 Partial R?=0.43
|, 3 '
= T 1
j=iEE
Z =
2 =

0.48 050 052 054 056 058 048 050 052 054 056 058

Fig 1. Correlations between performances at the TMT (part A, part B, and difference between performance times of part B and part A) and FA of the corpus callosum, corticospinal tract,
right inferior longitudinal fasciculus, and left inferior fronto-occipital fasciculus in patients with ALS. For illustrative purpose, the left column shows the reconstructions of the WM tracts
in a single healthy control (tracts are superimposed onto the mean FA image). The right columns show the scatterplots of the correlations; FA values are reported on the x-axis (3, regression
coefficient; partial A2, proportion of variability accounted for by the given DT MR imaging variable); Prps, P values adjusted for multiple comparisons controlling for the false discovery

rate.

values, whereas visual-spatial abilities correlated with left un-
cinate FA.

Discussion

To the best of our knowledge, this is the first study by using DT
tractography to investigate the association between micro-
structural features of WM tracts and neuropsychologic perfor-
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mance in patients with ALS. In line with previous findings in
ALS,"' some degree of cognitive involvement was present in
69% of our nondemented patients with ALS. Overall, the cog-
nitive profile of our sample is consistent with a subtle dysfunc-
tion of the executive resources, whereas 2 patients had a mild
frontotemporal syndrome according to current consensus cri-
teria.'® Some patients also showed spatial short-term memory



and visuospatial ability deficits. We found that patients with
ALS scoring below the cutoff on atleast 1 cognitive test showed
more widespread extramotor WM damage relative to those
patients with normal cognitive tests. The performances at ex-
ecutive function tests correlated with the DT MR imaging
measures of corpus callosum and major corticocortical asso-
ciation tracts passing through the frontal and temporal re-
gions, bilaterally. In addition, diffusivity abnormalities of the
fornix and the left uncinate were associated with poorer per-
formances at memory and visuospatial tests, respectively. All
these findings support a previous voxel-based morphometry
study showing that patients wit ALS with evidence of executive
and memory dysfunctions had WM volume loss in extramotor
regions, which probably belong to the long association bun-
dles connecting the frontal and temporal lobes to other corti-
cal regions.*

Performance at the Trail-Making Test, which assesses cog-
nitive flexibility, selective attention, visual scanning, and visu-
al-motor tracking,'? was associated with DT MR imaging
measures of the corpus callosum, and the long-range fronto-
temporal (ie, cingulum and uncinate), fronto-occipital (ie,
IFOF), and temporo-occipital (ie, ILF) bundles. Most of these
associations were evident also when correcting for multiple
comparisons. DT MR imaging measures of the corpus callo-
sum and right IFOF and ILF were associated with the perfor-
mance at the Stroop test, which assesses selective attention and
inhibition. Lower FA values of the fronto-occipital and tem-
poro-occipital connections, bilaterally, also were correlated
with worse performance at the Wisconsin Card Scoring Test,
which is an established measure of rule shifting and mental
flexibility."” Previous fMRI studies of healthy subjects demon-
strated that the performance at tests assessing executive func-
tions relies on the communication among many broadly dis-
tributed, functionally specialized regions of the frontal,
temporal, and parietal lobes.*° Interestingly, among these cor-
tical regions are those identified by functional imaging studies
to be altered in patients with ALS with cognitive impair-
ment.”"** Our results suggest that the integrity of WM tracts
that connect these regions is probably a critical factor in exec-
utive function impairment in patients with ALS. It is also
worth noting that the performance at the simple sequencing
subtask of the Trail-Making Test (ie, part A), but not the set-
shifting subtask (ie, part B), was associated with the CST dam-
age. This is not unexpected, because part A requires the subject
to connect consecutive numbers on a paper and seems to be
dependent primarily on psychomotor speed."’

Impaired verbal fluency, which has been reported in almost
all studies of cognitive impairment in ALS," is thought to be a
reflection of working memory and executive functioning def-
icits rather than of a simple word retrieval impairment.” In
our patients, phonemic fluency correlated with left cingulum
FA. It has been reported that patients with verbal fluency def-
icits experience significantly reduced activations of the ante-
rior cingulate cortex, middle and inferior frontal gyri, and pa-
rietal and temporal lobes relative to controls during a letter
fluency fMRI task.?* Besides the association of the cingulate
cortices, cingulum fibers connect the middorsolateral frontal
cortex with retrosplenial and parietal cortices, thalamus, hip-
pocampus, and parahippocampal gyrus, and they have been
suggested to be involved in executive functioning.*

With respect to memory performance, the association be-
tween verbal learning and memory test scores and fornix MD
and FA values is well established and has been documented in
DT MR imaging studies of patients with other neurodegenera-
tive and psychiatric diseases.”>*” On the contrary, the relation-
ship between visuospatial abilities and left uncinate FA is un-
expected and should be interpreted with caution. Although
the functional role of the uncinate is still a matter of debate, it
probably mediates emotion and memory functions and is part
of a ventral language pathway.®

Our study is not without limitations. First, the relatively
small size of our patient group calls for studies in larger sam-
ples. Second, performance scores were not adjusted to take
account for motor or speech impairment that may impact on
word generation output, and the development of respiratory
weakness also has not been accounted for. However, patients
with ALS included were all mildly disabled (ALSFRS-R = 22),
patients with cognitive impairment had less severe motor dis-
turbances (ie, greater Upper Limb-Medical Research Council
score) compared with those with normal cognitive tests, pa-
tients with respiratory failure were not included, and the cor-
relation analysis between cognitive and DT MR imaging vari-
ables was adjusted for clinical disability. As a consequence, we
believe that physical disability may have not influenced the
results of our study at a great deal. Third, neuropsychologic
tests were not performed in healthy controls.

Conclusions

This study shows that DT tractography holds promise to gain
additional insight into the role of the brain WM network ab-
normalities to the development of cognitive impairment in
patients with ALS. The pattern of cognitive impairment in
nondemented patients with ALS is consistent with the ex-
tramotor frontotemporal WM damage revealed in the present
study. In addition, the finding of significant correlations be-
tween the microstructural features of interhemispheric and
long-range corticocortical association tracts with perfor-
mance at tests of executive function and memory suggests that
WM tract degeneration may underlie cognitive abnormalities
in ALS. Clearly, cognitive deterioration often implies a balance
between tissue damage and compensatory mechanisms by the
same or other brain systems. As a consequence, our result
cannot be interpreted as proof of a direct causal link. Future
longitudinal studies are needed to confirm this hypothesis and
clarify whether DT MR imaging can serve as a useful tool to
predict those patients with ALS who will progress to develop
dementia.
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