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a b s t r a c t

Amyotrophic Lateral Sclerosis (ALS) is associated in about half of the cases with behavioral

and cognitive disorders, including impairments in socio-emotional processing, considered

as key-features for the diagnosis of the behavioral variant of frontotemporal dementia (bv-

FTD). The neurostructural bases of emotional deficits in ALS, however, still remain largely

unexplored. Here we aim to assess emotion recognition in non-demented sporadic ALS

patients compared with healthy controls, and to explore for the first time its microstruc-

tural white-matter correlates. Twenty-two subjects with either probable or definite diag-

nosis of ALS and 55 age-, gender-, and education-matched healthy controls were recruited

in the study. All participants performed the Ekman 60-Faces Test, assessing the recognition

of six basic emotions (i.e., anger, disgust, fear, sadness, surprise and happiness). A sub-

group of subjects, comprising 19 patients and 20 healthy controls, also underwent a

Diffusion Tensor Imaging scanning. Behavioral analysis highlighted a significant decline of

emotion recognition skills in patients compared to controls, particularly affecting the

identification of negative emotions. Moreover, the Diffusion Tensor Imaging analyses

revealed a correlation between this impairment and the alteration of white-matter integ-

rity along the right inferior longitudinal fasciculus and inferior fronto-occipital fasciculus.

Our findings indicate the presence of an early emotion recognition deficit in non-demented

sporadic ALS patients, associated with microstructural changes in ventral associative

bundles connecting occipital, temporo-limbic and orbitofrontal regions in the right hemi-

sphere. These changes may represent a frontotemporal-limbic microstructural marker of

socio-emotional impairment in ALS.
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1. Introduction
The traditional view of Amyotrophic Lateral Sclerosis (ALS) as a

puremotor neuron disease underwent a dramatic revision over

the lastdecades. It isnowwidely recognized thatALS represents

a heterogeneous neurodegenerative condition, which can

variously affect multiple brain networks other than the motor

system (Chen&Ma, 2010; Ellis et al., 2001), resulting inanumber

of non-motor dysfunctions (Abrahams, Goldstein, Lloyd,

Brooks, & Leigh, 1995; Abrahams, Goldstein, Suckling, Ng,

Simmons, & Chitnis, 2005). Indeed, the progressive failure of

both upper and lower motor neurons characterizing the ALS

pathophysiology is accompanied in about half of the cases by

cognitive and/or behavioral symptoms,mirroring the pattern of

deficits typically observed in Frontotemporal Dementia (FTD)

(Consonni et al., 2013; Lillo, Garcin, Hornberger, Bak, & Hodges,

2010; Lillo,Mioshi, Zoing,Kiernan,&Hodges, 2011; Phukanetal.,

2012). This evidence, along with clinical, pathological, genetic

and neuroimaging findings (Boeve et al., 2012; Lillo et al., 2012;

Phukan, Pender, & Hardiman, 2007; Tsermentseli, Leigh, &

Goldstein, 2012), provides support to the FTD-ALS continuum

hypothesis, which considers FTD and ALS as extremes of a

unique disease spectrum. In particular, similar to patients with

diagnosis of behavioral variant of frontotemporal dementia (bv-

FTD), a proportion of ALS subjects also display changes in the

processing socio-emotional stimuli (Cavallo et al., 2011; Cerami

et al., 2013; Elamin, Pender, Hardiman, & Abrahams, 2012;

Girardi, Macpherson, & Abrahams, 2011; Lulé et al., 2005;

Palmieri et al., 2010; Papps, Abrahams, Wicks, Leigh, &

Goldstein, 2005), including the ability to recognize basic (nega-

tive) emotions from facial expressions (Zimmerman, Eslinger,

Simmons, & Barrett, 2007). In contrast to these findings, pre-

served emotion processing has been reported in ALS patients

without dementia (Savage et al., 2013).

Identifying others’ emotions represents a crucial skill

within the realm of social cognition, requiring the integrity of

both the occipital face-processing system and of fronto-

temporal cortices (Gschwind, Pourtois, Schwartz, Van De

Ville, & Vuilleumier, 2012), particularly in the right hemi-

sphere when negative emotions are involved (Gur, Skolnick, &

Gur, 1994). The conjoint role of these brain regions in the pro-

cessing emotional facial expressions is supported by evidence

of emotion recognition deficits following selective damage of

the right Inferior Longitudinal Fasciculus (ILF) and/or Inferior

Fronto-Occipital Fasciculus (IFOF) (Philippi, Mehta, Grabowski,

Adolphs, & Rudrauf, 2009), ventral associative bundles linking

occipital cortices (i.e., visual areas) to temporo-limbic (i.e.,

amygdala and hippocampal complex) and orbitofrontal re-

gions, respectively (Catani & Thiebaut de Schotten, 2008).

Although a number of emotional alterations has been re-

ported inALS, even in the early stages of thedisease (Lulé et al.,

2005), its neurostructural bases still remain unexplored. The

present study aims to investigate for the first time white-

matter substrates underlying the ability to recognize emo-

tions from facial expression in sporadic ALS patients. In

particular,we tested thehypothesis that this deficit reflects the

progressive degeneration of bundles, like the ILF and/or the

IFOF, mediating the anatomical connectivity among occipital

and fronto-temporal regions. Diffusion Tensor Imaging (DTI)
techniques appear particularly suitable to achieve this study’s

goal, since the investigation of the microstructural properties

of white-matter tracts can highlight subtle, but potentially

relevant, changes related to the neuropathology of ALS.
2. Materials and methods

2.1. Participants

Twenty-two non-demented sporadic ALS subjects with either

probable or definite ALS diagnosis (Brooks, Miller, Swash, &

Munsat, 2000) and 55 age-, gender- and education-matched

healthy controls (HC) participated in the study. All patients

underwent a structured clinical interview, a full neurological

examination, and a conventional Magnetic Resonance Imaging

(MRI) investigation including T1, T2 and FLAIR (Fluid Attenu-

ated Inversion Recovery) sequences, collected for diagnostic

purposes. None of patients carried C9ORF72 or GRN genes mu-

tation. Exclusion criteria were left-handedness, the evidence of

a positive history for other neuropsychiatric disorders, and the

presence of other pathological findings on MRI scans. We also

excluded patients with mild respiratory disorders (forced vital

capacity <70% of predicted capacity), severe dysarthria and

communication difficulties potentially invalidating the inter-

pretation of neuropsychological performances.

We used the revised ALS-Functional Rating Scale (ALS-FRSr)

to evaluate motor neuron impairment. Patients were classified

according to disease-onset type (i.e., spinal or bulbar). Four pa-

tients had bulbar onset disease (i.e., dysarthria and dysphagia).

Additionally, all patients completed a standard neuropsycho-

logical evaluation to assess the presence of cognitive impair-

ments and/or behavioral disorders (Cerami et al., 2013). In

particular, we administered a battery of tests evaluating lan-

guage (picture naming and single word comprehension), mem-

ory (short-term verbal memory: digit span forward; long-term

memory: Rey Auditory Verbal Learning test), and executive

functions (Raven Colored Progressive Matrices; digit span back-

ward; letter and category fluency tests; Cognitive Estimation

Task; Stroop interference test andeitherWisconsinCardSorting

Test or Weigl’s Sorting Test), as well as inventories (Frontal

Behavioral Inventory andNeuropsychiatric Inventory) assessing

thepresenceofbehavioral dysfunctions.HCwere recruitedfrom

local senior communitycenters.Their inclusioncriteriawere the

absence of neuropsychiatric disorders, a negative neurologic

examination, global Clinical Dementia Rating score ¼ 0, Mini-

Mental State Examination score �28/30, verbal and visuo-

spatial delayed memory performance (Rey Auditory Verbal

Learning test and Rey Figure Recall task)�25th percentile. None

of theHCwas taking anymedicationpotentially interferingwith

neurobehavioral functioning. A next of kin (e.g., spouse) of each

control subject was interviewed to corroborate his/her normal

daily functioning. All subjects or relative informants gave their

written informed consent to the experimental procedure,which

was approved by the local Ethics Committee.

2.2. Emotion recognition assessment

Emotion recognition abilities were assessed with the Ekman

60-Faces Test (Ekman & Friesen, 1976), which includes 60

http://dx.doi.org/10.1016/j.cortex.2014.01.002
http://dx.doi.org/10.1016/j.cortex.2014.01.002


Table 1 e Subjects demographic and clinical
characteristics.

ALS HC p-value

Age (years) 60.40 � 10.08 61.61 � 7.46 .56a

Gender

(males:females)

15:7 32:23 .41b

Education (years) 9.59 � 4.58 10.80 � 3.80 .27c

Disease duration:

-months from

symptoms onset

-months from

diagnosis

23.09 � 20.57

8.95 � 10.60

e e

ALS-FRSr 39.86 � 9.01 e e

a Student’s t-test.
b Chi-squared test.
c ManneWhitney U test.
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pictures depicting 10 actors’ faces, each one expressing the six

basic emotions (i.e., surprise, happiness, fear, disgust, anger

and sadness). Pictures were serially presented on a computer

screen and participants were asked to report verbally the

emotion expressed in each of them selecting one out of the six

available options (i.e., emotion words) displayed on the bot-

tom of the screen. The scoring procedure resulted in a

maximum score of 60 for global performance, and a

maximum of 10 for single emotion sub-scores. Additionally,

according to the standardization of the Italian version of the

Ekman 60-Faces Test (Dodich et al., 2014), single emotion sub-

scores were dichotomously classified as normal or impaired

on the basis of a cutoff point, while the global performance

was also adjusted for age, education and gender. We assessed

group differences with either parametric or nonparametric

tests, depending on data distribution.

2.3. Diffusion Tensor Imaging study

A subgroup of 19 ALS patients and 20 HC also underwent a DTI

study, aiming to investigate group differences inwhite-matter

integrity and to correlate microstructural measures with

emotion recognition performance in patients. Three out of 21

ALS patients who participated in the behavioral session

dropped out of the MRI examination due to claustrophobia,

presence of pacemaker or refusal. All the other patients

completed the whole MRI protocol. MRI scans were performed

using a 3T Philips Achieva scanner (Philips Medical Systems,

Best, NL) with an 8-channels head coil. Whole-brain DTI data

were collected using a single-shot echo planar sequence (TR/

TE ¼ 8986/80 msec; FOV ¼ 240 mm2; 56 sections; 2.5 mm

isotropic resolution) with parallel imaging (SENSE factor¼ 2.5)

and diffusion gradients applied along 32 non-collinear di-

rections (b-value ¼ 1000 sec/mm2). One non-diffusion

weighted volume was also acquired. We performed DTI data

pre-processing and analysis with the FMRIB Software Library

tools (FSL: http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Single-subject

datasets were first corrected for eddy current distortions and

motion artifacts, skull-stripped and finally, as a result of the

fitting of the diffusion tensor model at each voxel, maps of

diffusion scalar measures were generated. We then carried

out whole-brain analyses on the diffusion parameters using

Tract-Based Spatial Statistics (TBSS; Smith et al., 2006). Briefly,

the TBSS method includes a voxel-wise non-linear registra-

tion of all subjects’ Fractional Anisotropy (FA) maps that,

once aligned, are affine-transformed on a standard space

(1 � 1 � 1 mm3 MNI152). After co-registration, FA maps are

averaged to create a mean FA image, and then used to

generate a mean FA tract skeleton, representing all common

tracts across subjects. In order to exclude from further anal-

ysis those parts of the skeleton that could not ensure a good

correspondence across subjects, we applied a threshold of .20

to themean FA skeleton image. Finally, to account for residual

misalignments after the initial nonlinear registration, all

subjects’ FA data were projected onto the thresholded mean

FA skeleton, creating a 4D dataset of all subjects’ FA skele-

tonized data, which was fed into whole-brain voxel-wise

statistical analysis. In addition, the non-FA TBSS script was

ran on maps of mean diffusivity (MD) and mode of anisotropy

(MO), a recently developed measure of anisotropy providing
information about the shapeof the tensor (Ennis&Kindlmann,

2006). Group comparisons were conducted with randomise,

setting a number of 10,000 randompermutations per contrast.

Weemployed theThreshold-FreeCluster Enhancementoption

(Smith & Nichols, 2009) and set the significance threshold for

groupdifferences at p< .05. Finally, for graphicpurposes,maps

of corrected resultswere smoothedapplyingaGaussianKernel

of 3 mm via the tbss_fill script. In order to test the a priori

hypothesis that the right ILF and IFOF are involved in the

processing of (negative) emotions (Philippi et al., 2009), we

performed off-line correlation analyses between DTI metrics

from these bundles and emotion recognition skills in ALS pa-

tients, in termsof bothglobal scoreandnegativeemotions sub-

score. To this purpose, we binarized and thresholded (at 10%)

probability maps of ILF and IFOF (JHU White-Matter Tractog-

raphy Atlas, Hua et al., 2008) using fslmaths script. Then we

employed fslmeants tomask the FA skeletonized 4D imagewith

binary maps of ILF and IFOF and to extract mean FA values of

both bundles for each subject. Finally, we ran correlational

analyses with the Statistica software (http://www.statsoft.

com/). The same procedure was applied to significant clus-

ters found along ILF/IFOF in statistical maps outputted from

randomise. Finally, correlation p-values were adjusted for

multiple comparisons using the False Discovery Rate correc-

tion (FDR) (Benjamini & Hochberg, 1995).
3. Results

3.1. Emotion recognition in non-demented sporadic ALS
patients

Demographic and clinical characteristics of patients are

summarized in Table 1. ALS subjects were also classified

according to Strong’s consensus criteria (Strong et al., 2009)

on the basis of the presence/absence of cognitive and/or

behavioral impairments on a standard neuropsychological

battery. In particular, 5 out of 22 patients (23%) obtained poor

performances on tasks assessing executive functioning, and

were thus classified as cognitively impaired (Amyotrophic

Lateral Sclerosis with cognitive impairments e ALSci). Two

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://www.statsoft.com/
http://www.statsoft.com/
http://dx.doi.org/10.1016/j.cortex.2014.01.002
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Table 2 e Patients’ classification according to Strong’s
consensus criteria (Strong et al., 2009).

Whole ALS sample
(n ¼ 22)

ALS subgroup enrolled in
the DTI study (n ¼ 19)

ALSci 23% (5/22) 16% (3/19)

ALSbi 9% (2/22) 10% (2/19)

ALSci/bi 4% (1/22) 0% (0/19)

Pure ALS 64% (14/22) 74% (14/19)

c o r t e x 5 3 ( 2 0 1 4 ) 1e84
out of 22 ALS subjects (9%) presented behavioral symptoms

reaching clinical significance (i.e., apathy, irritability and

disinhibition), and leading to patients’ classification as

behaviorally impaired (Amyotrophic Lateral Sclerosis with

behavioral impairments e ALSbi). Finally, only one patient

presented both cognitive and behavioral deficits (ALSci/bi).

All the other patients were both cognitively and behaviorally

unimpaired (pure ALS) (Table 2).

Because of differences in data distributions, group com-

parisons on the global score of the Ekman 60-Faces Test (Lil-

iefors test p > .05) were investigated using a parametric

approach (Student t-test), while group differences in single

emotions (Liliefors test p < .01) were estimated with

nonparametric tests (ManneWhitney U Test). These analyses

revealed a global impairment of emotion recognition in ALS

patients compared with HC (t(75)¼ �3.29, p¼ .0015, effect size

r ¼ .35). This effect was driven by a significant impairment in

the recognition of negative emotions (U ¼ 395.5, p ¼ .018,

Cliff’s delta ¼ .35), which specifically involved the misidenti-

fication of anger (U ¼ 381, p ¼ .01, Cliff’s delta ¼ .37) and

disgust (U ¼ 429, p ¼ .042, Cliff’s delta ¼ .29). No group differ-

ences were observed for the other emotions, apart from a
Fig. 1 e TBSS whole-brain comparison. Statistical maps of micr

superimposed to the FMRIB standard-space FA template. On top

(light-blue) alterations (p < .05, FWE-corrected). On bottom, we

regions (p < .005, uncorrected).
marginal trend for sadness (U¼ 457, p¼ .089, Cliff’s delta¼ .24)

and surprise (U ¼ 459, p ¼ .09, Cliff’s delta ¼ .24). These find-

ings are further confirmed by complementary analyses based

on cut-off points, showing a significant alteration in patients

compared with HC at the global performance level (Pearson’s

Chi-square ¼ 7.80, p ¼ .0052). Once again, the identification of

negative emotions is particularly compromised in patients,

with 41% of ALS subjects performing below the cut-off point in

at least one of the four negative emotions assessed. Specif-

ically, a significantly higher proportion of patients obtained a

poor performance, i.e., below the cut-off, in the recognition of

anger (Pearson’s Chi-square ¼ 4.63, p ¼ .031) and sadness

(Pearson’s Chi-square ¼ 6.93, p ¼ .0085).
3.2. DTI results: TBSS whole-brain comparison

Whole-brain TBSS analyses highlighted significant micro-

structural white-matter changes within themotor pathway in

ALS subjects comparedwith HC (Fig. 1). We found a significant

decrease (about 10%) of FA in patients in a large cluster

involving the bilateral corticospinal tract (right > left) and the

body of corpus callosum (p < .05 FWE-corrected; cluster size:

2058 voxels; cluster maximum: x ¼ 20, y ¼ �20, z ¼ 49). A co-

localized, but more restricted pattern of alteration, encom-

passing the right CST, also emerged for MO (p < .05 FWE-

corrected; cluster size: 738 voxels; cluster maximum: x ¼ 21,

y ¼ �20, z ¼ 41), which resulted significantly reduced (on

average, about 42%) in ALS subjects. Finally, as previously

reported (Filippini et al., 2010), no significant group differences

were found in mean diffusivity. Furthermore, beside the al-

terations identified along the corticospinal tract, we also

detected group differences (ALS< HC, p < .005 uncorrected) in
ostructural impairment in patients compared to HC are

, we report statistical maps illustrating both FA (red) and MO

show significant change in MO (light-blue) in extra-motor

http://dx.doi.org/10.1016/j.cortex.2014.01.002
http://dx.doi.org/10.1016/j.cortex.2014.01.002


Fig. 2 e Significant correlations between microstructural white-matter integrity and the recognition of negative emotions in

ALS patients. On the left, probabilistic maps employed to extract FA from the right ILF (yellow) and IFOF (light-blue) are

superimposed to the FMRIB standard-space FA template. In the same panel, we report one cluster (red) in which we found a

significant reduction in the type of anisotropy (MO) in ALS patients versus HC. On the right, the scatter-plots illustrate

significant relationships between patients’ ability to recognize negative emotions and: on top, mean FA index along the

right ILF; on bottom, mean MO index in a cluster along the right ILF/IFOF.

c o r t e x 5 3 ( 2 0 1 4 ) 1e8 5
MO in a number of clusters along extra-motor bundles

including association tracts, namely the superior longitudinal

fasciculus, the inferior fronto-occipital fasciculus, the inferior

longitudinal fasciculus, as well as commissural fibers, i.e., the

genu of the corpus callosum and the forceps minor.

3.3. Relationship between DTI metrics and emotion
recognition skills in patients

We performed correlation analyses (Spearman’s Rank Coeffi-

cient) between the microstructural properties of our target

bundles (i.e., right ILF and IFOF; see Introduction) and ALS

patients’ performance in the Ekman 60-Faces Test. The results

highlighted a significant positive correlation between global

performance and the mean FA index extracted from the right

ILF (r ¼ .54, p ¼ .04). Additionally, the cumulative score of the

sub-scales assessing the recognition of negative emotions

(i.e., fear, disgust, anger and sadness) showed a positive cor-

relation with FA values of both the right ILF (r ¼ .72, p ¼ .004)

and IFOF (r ¼ .59, p ¼ .02) (Fig. 2). Moreover, FA values along

these bundles were positively associated with the ability to

recognize specific negative emotions. In particular, mean FA

values along the right ILF were associated with the identifi-

cation of fear (r ¼ .58, p ¼ .03), disgust (r ¼ .68, p ¼ .01), and
sadness (r ¼ .69, p ¼ .008), while FA along the IFOF was

significantly correlated with fear (r ¼ .71, p ¼ .008), anger

(r ¼ .52, p ¼ .05) and sadness (r ¼ .63, p ¼ .02). We found no

significant correlation between the emotion recognition abil-

ities and mean MO along tracts of interest. Therefore, we

performed additional analyses to assess possible relationship

between mean MO values from significant clusters resulted

from whole-brain TBSS group comparisons (statistic maps

were thresholded at p < .005 uncorrected) and the recognition

of negative emotions in ALS patients. In particular, we

selected a set of significant clusters localized along the right

ILF and/or the right IFOF. These analyses revealed a significant

negative correlation betweenMO from one cluster close to the

fusiform cortex (cluster size: 20 voxels; cluster maximum: 37,

�47, �11) and the identification of faces expressing negative

emotions at both global (i.e., cumulative score obtained from

the sum of negative emotions sub-scores; r ¼ �.68, p ¼ .005;

Fig. 2) and specific levels (i.e., single emotion sub-scores; fear:

r ¼ �.61 p ¼ .04; disgust: r ¼ �.51, p ¼ .05; anger: r ¼ �.50,

p ¼ .05; sadness: r ¼ �.72, p ¼ .008).

Finally, in order to exclude the possibility that the corre-

lation between microstructural properties along the right ILF/

IFOF and the recognition of negative emotions observed in ALS

patients was a simple reflection of a wider cognitive

http://dx.doi.org/10.1016/j.cortex.2014.01.002
http://dx.doi.org/10.1016/j.cortex.2014.01.002
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impairment, we computed supplementary analyses on a

smaller subgroup (n ¼ 14), including only those patients who

were both cognitively and behaviorally unimpaired (namely,

the pure ALS subjects; see Paragraph 3.1 and Table 2). Overall,

these analyses confirmed the main findings we highlighted in

the main ALS subgroup (n ¼ 19), by showing a significant as-

sociation between the recognition of negative emotions and

microstructural properties along the right ILF/IFOF. Indeed, in

pure ALS patients the cumulative score of single negative

emotions resulted positively correlated with mean FA values

along both the right ILF (r ¼ .62, p ¼ .05) and IFOF (r ¼ .66,

p ¼ .03), and negatively correlated to mean MO values

extracted from the cluster we previously found associated

with negative emotion recognition in the main ALS subgroup

(r ¼ �.85, p ¼ .002).
4. Discussion

Non-motor alterations have been widely documented in non-

demented ALS patients, since early stages of the disease

(Abrahams et al., 1995, 2005). The refined characterization of

the neuropsychological profile of ALS patients highlights a

constellation of dysfunctions at both cognitive and behavioral

levels (Consonni et al., 2013; Lillo et al., 2010; 2011; Phukan

et al., 2012). These deficits, consistently observed in about

50% of ALS patients, generally mirror the typical bv-FTD

syndrome (Seelaar, Rohrer, Pijnenburg, Fox, & van Swieten,

2011). Such findings provide further support to the large

body of evidence indicating ALS and FTD as extremes of a

disease continuum, ranging from conditions primarily

involving the motor pathway to disorders in which cognitive

and/or behavioral changes are predominant, and neurally

associated with functional and structural frontotemporal

damage. The neuropsychological overlap between ALS and

bv-FTD also concerns impairments of the socio-emotional

processing, like modifications of emotion perception and

memory, emotional judgment and decision-making (Elamin

et al., 2012; Girardi et al., 2011; Lulé et al., 2005; Palmieri

et al., 2010; Papps et al., 2005), as well as alterations in the

recognition of (negative) emotions from facial expression

(Zimmerman et al., 2007). The ability to identify emotions in

others is crucial for social understanding, and represents a

prerequisite for the accurate attribution of emotional states in

others, a skill that appear significantly compromised in a

proportion of non demented ALS patients (Cerami et al., 2013).

Our finding of a significant dysfunction in the overall ability to

recognize emotions e and particularly the negative ones e

from facial expressions stands in contrast to the results of

Savage and coworkers (Savage et al., 2013), which reported

preserved emotion processing in non-demented ALS patients.

This inconsistencymay be due to a difference in test material.

The Ekman Caricature task used by Savage and colleagues is

less demanding than the Ekman 60-Faces Test from a cogni-

tive standpoint, as the amplification of the intensity of

emotion expressions in the former reduces the amount of

both attentional and perceptual resources needed to perform

the latter (Kumfor, Irish, Hodges, & Piguet, 2013). It is thus

possible that subtle deficits affecting socio-emotional pro-

cessing in non-demented subjects may not be detected using
the Caricature task. Additional factors which can account for

diverging results are the variable vulnerability to cognitive

changes characterizing ALS, associated with the limited size

of the patient samples. It must be underlined that, as previ-

ously reported by our group (Cerami et al., 2013), social

cognition impairments can occur independently of other

cognitive deficits (in particular executive dysfunctions) in

some ALS patients. This evidence is further complemented by

volumetric brain imaging demonstrating specific grey matter

reduction in fronto-limbic structures in non-demented ALS

patients. Most importantly, we report for the first time the

potential microstructural white-matter correlates underlying

this impairment, which involve the right hemispheric ventral

associative bundles, i.e., the ILF and the IFOF. From a func-

tional standpoint, the ILF, linking occipital cortex with

temporo-limbic regions, has been associated with several

skills including, among others, face recognition (Catani &

Thiebaut de Schotten, 2008). Moreover, the microstructural

impairment of this bundle was reported as a common feature

to conditions laying on the ALS-FTD continuum (Lillo et al.,

2012). In addition, some suggestions have been advanced

about the involvement of the IFOF in conscious vision. Briefly,

this bundle would subserve a top-down modulation mecha-

nism on the processing of visual information (Thiebaut de

Schotten, Dell’Acqua, Valabregue, & Catani, 2012), facili-

tating detection and retrieval of the emotional value of per-

cepts (Philippi et al., 2009). Our results show that the degree of

orientation coherence of the diffusion along these bundles,

measured as the global mean FA index, appears directly

related to the accuracy in recognizing negative emotions in

ALS patients. This means that low degrees of orientation

coherence (i.e., low FA values in either the ILF or the IFOF)

correspond tomore severe impairments (i.e., low scores at the

Ekman 60-Faces Task). In addition, beside the expected

decrease in microstructural integrity in the bilateral cortico-

spinal tract and corpus callosum in ALS patients compared to

HC (Filippini et al., 2010), the change in the type of anisotropy

observed along the ILF/IFOF, which is significantly correlated

with the recognition of all negative emotions in patients,

provides plausible evidence to support our a priori hypothesis.

Additionally, in line with previous reports on brain-lesioned

patients (Philippi et al., 2009), this neurostructural impair-

ment mainly involves the right hemisphere. This evidence is

also supported by a recent fMRI study (Palmieri et al., 2010),

revealing altered functional asymmetry in ALS patients

compared with controls. Namely, ALS subjects showed later-

alized left-hemispheric activations in tasks entailing the

processing of negative emotions, likely reflecting a compen-

satory mechanism. Finally, the supplementary correlation

analysis performed on pure ALS patients further underlines

the association between negative emotions and microstruc-

tural properties along the right ventral circuitry. Noteworthy,

this evidence suggests that a decrease in the ability to recog-

nize (negative) emotions from facial expressions can be in-

dependent from the presence/absence of cognitive and/or

behavioral impairments. Taken together our findings suggest

that the abnormal functioning of the right ILF and IFOFmay be

linked to the deficit displayed by ALS patients in recognizing

negative emotions at both global and specific levels. Poor

behavioral performance in (negative) emotion recognition in

http://dx.doi.org/10.1016/j.cortex.2014.01.002
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ALS may thus reflect an incipient decrease of structural con-

nectivity between right occipital face-responsive regions and

fronto-limbic areas (amygdala, insula and orbitofrontal cor-

tex), due to a damage affecting the integrity of the ventral

circuitry. Importantly, the predominant deficit in the recog-

nition of negative emotions exhibited even by ALS patients

without dementia shows striking similarities with the profile

traditionally reported in bv-FTD (Omar, Rohrer, Hailstone, &

Warren, 2011), corroborating the continuum hypothesis. At

the clinical level, the consistent evidence of social cognition

impairments in ALS may have important implications for

patients’ management and caregivers’ training during the

whole course of the disease.
5. Conclusion

Despite a relatively small sample size, the present study

confirms the early loss of white-matter integrity along the

motor pathway in ALS and, most importantly, describes a

possible neural correlate of emotion recognition impairment

in non-demented sporadic ALS patients. This deficit appears

independent from the presence of cognitive and/or behavioral

impairments, and involves microstructural changes along the

ventral associative bundles connecting occipital, temporo-

limbic, and orbitofrontal regions in the right hemisphere,

associated with the processing of facial expressions display-

ing negative emotions. Therefore, although further confir-

mations are required, such an emotion attribution deficit,

correlated with subtle white-matter alterations within the

fronto-limbic circuitry, may represent an early marker of so-

cial cognition impairment in non-demented ALS patients.

Acknowledgments

We wish to thank Dr. Stefania Rossi and Dr. Monica Consonni

for their contribution in the neuropsychological assessment.

We acknowledge Dr. Alessandra Marcone for help in patient

recruiting. This work was supported by a MIUR grant (PRIN

2010XPMFW4_008; I meccanismi neurocognitivi alla base delle

interazioni sociali) to Stefano F. Cappa. Chiara Crespi was

financially supported by the Cariplo Foundation Grant “For-

mazione Post-Universitaria di Eccellenza in Medicina

Molecolare”.
r e f e r e n c e s

Abrahams, S., Goldstein, L. H., Lloyd, C. M., Brooks, D. J., &
Leigh, P. N. (1995). Cognitive deficits in non-demented
amyotrophic lateral sclerosis patients: a neuropsychological
investigation. Journal of Neurological Sciences, (129 Suppl),
54e55.

Abrahams, S., Goldstein, L. H., Suckling, J., Ng, V., Simmons, A., &
Chitnis, X. (2005). Frontotemporal white matter changes in
amyotrophic lateral sclerosis. Journal of Neurology, 252(3),
321e331.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false
discovery rate: a practical and powerful approach to multiple
testing. Journal of the Royal Statistical Society., Series B
(Methodological), 289e300.

Boeve, B. F., Boylan, K. B., Graff-Radford, N. R., DeJesus-
Hernandez, M., Knopman, D. S., & Pedraza, O. (2012).
Characterization of frontotemporal dementia and/or
amyotrophic lateral sclerosis associated with the GGGGCC
repeat expansion in C9ORF72. Brain, 135(Pt 3), 765e783.

Brooks, B. R., Miller, R. G., Swash, M., & Munsat, T. L. (2000). El
Escorial revisited: revised criteria for the diagnosis of
amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and
Other Motor Neuron Disorders, 1(5), 293e299.

Catani, M., & Thiebaut de Schotten, M. (2008). A diffusion tensor
imaging tractography atlas for virtual in vivo dissections.
Cortex, 44(8), 1105e1132.

Cavallo, M., Adenzato, M., Macpherson, S. E., Karwig, G., Enrici, I.,
& Abrahams, S. (2011). Evidence of social understanding
impairment in patients with amyotrophic lateral sclerosis.
PLoS One, 6(10), e25948.

Cerami, C., Dodich, A., Canessa, N., Crespi, C., Iannaccone, S., &
Corbo, M. (2013). Emotional empathy in amyotrophic lateral
sclerosis: a behavioural and voxel-based morphometry study.
Amyotrophic Lateral Sclerosis & Frontotemporal Degeneration, 1e9.
http://dx.doi.org/10.3109/21678421.2013.785568.

Chen, Z., & Ma, L. (2010). Grey matter volume changes over the
whole brain in amyotrophic lateral sclerosis: a voxel-wise
meta-analysis of voxel based morphometry studies.
Amyotrophic Lateral Sclerosis, 11(6), 549e554.

Consonni, M., Iannaccone, S., Cerami, C., Frasson, P.,
Lacerenza, M., & Lunetta, C. (2013). The cognitive and
behavioural profile of amyotrophic lateral sclerosis:
application of the consensus criteria. Behavioural Neurology,
27(2), 143e153.

Dodich, A., Cerami, C., Canessa, N., Crespi, C., Marcone, A.,
Arpone, M., et al. (2014). Emotion recognition from facial
expressions: a normative study of the Ekman 60-Faces Test in
the Italian population. Neurological Sciences, 1e7.

Ekman, P., & Friesen, W. V. (1976). Measuring facial movement.
Environmental Psychology and Nonverbal Behavior, 1, 56e57.

Elamin, M., Pender, N., Hardiman, O., & Abrahams, S. (2012).
Social cognition in neurodegenerative disorders: a systematic
review. Journal of Neurology, Neurosurgery and Psychiatry, 83(11),
1071e1079.

Ellis, C. M., Suckling, J., Amaro, E., Jr., Bullmore, E. T.,
Simmons, A., & Williams, S. C. (2001). Volumetric analysis
reveals corticospinal tract degeneration and extramotor
involvement in ALS. Neurology, 57(9), 1571e1578.

Ennis, D. B., & Kindlmann, G. (2006). Orthogonal tensor invariants
and the analysis of diffusion tensor magnetic resonance
images. Magnetic Resonance in Medicine, 55(1), 136e146.

Filippini, N., Douaud, G., Mackay, C. E., Knight, S., Talbot, K., &
Turner, M. R. (2010). Corpus callosum involvement is a
consistent feature of amyotrophic lateral sclerosis. Neurology,
75(18), 1645e1652.

Girardi, A., Macpherson, S. E., & Abrahams, S. (2011). Deficits in
emotional and social cognition in amyotrophic lateral
sclerosis. Neuropsychology, 25(1), 53e65.

Gschwind, M., Pourtois, G., Schwartz, S., Van De Ville, D., &
Vuilleumier, P. (2012). White-matter connectivity between
face-responsive regions in the human brain. Cerebral Cortex,
22(7), 1564e1576.

Gur, R. C., Skolnick, B. E., & Gur, R. E. (1994). Effects of emotional
discrimination tasks on cerebral blood flow: regional
activation and its relation to performance. Brain and Cognition,
25(2), 271e286.

Hua, K., Zhang, J., Wakana, S., Jiang, H., Li, X., & Reich, D. S. (2008).
Tract probability maps in stereotaxic spaces: analyses of
white matter anatomy and tract-specific quantification.
NeuroImage, 39(1), 336e347.

http://refhub.elsevier.com/S0010-9452(14)00003-3/sref1
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref1
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref1
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref1
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref1
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref1
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref2
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref2
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref2
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref2
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref2
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref3
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref3
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref3
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref3
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref3
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref4
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref4
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref4
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref4
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref4
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref4
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref5
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref5
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref5
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref5
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref5
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref6
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref6
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref6
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref6
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref7
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref7
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref7
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref7
http://dx.doi.org/10.3109/21678421.2013.785568
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref9
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref9
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref9
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref9
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref9
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref10
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref10
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref10
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref10
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref10
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref10
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref11
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref11
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref11
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref11
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref11
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref12
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref12
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref12
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref13
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref13
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref13
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref13
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref13
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref14
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref14
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref14
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref14
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref14
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref15
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref15
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref15
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref15
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref16
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref16
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref16
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref16
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref16
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref17
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref17
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref17
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref17
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref18
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref18
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref18
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref18
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref18
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref19
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref19
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref19
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref19
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref19
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref20
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref20
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref20
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref20
http://refhub.elsevier.com/S0010-9452(14)00003-3/sref20
http://dx.doi.org/10.1016/j.cortex.2014.01.002
http://dx.doi.org/10.1016/j.cortex.2014.01.002


c o r t e x 5 3 ( 2 0 1 4 ) 1e88
Kumfor, F., Irish, M., Hodges, J. R., & Piguet, O. (2013). Discrete
neural correlates for the recognition of negative emotions:
insights from frontotemporal dementia. PLoS One, 8(6), e67457.

Lillo, P., Garcin, B., Hornberger, M., Bak, T. H., & Hodges, J. R.
(2010). Neurobehavioral features in frontotemporal dementia
with amyotrophic lateral sclerosis. Archives of Neurology, 67(7),
826e830.

Lillo, P., Mioshi, E., Burrell, J. R., Kiernan, M. C., Hodges, J. R., &
Hornberger, M. (2012). Grey and white matter changes across
the amyotrophic lateral sclerosis-frontotemporal dementia
continuum. PLoS One, 7(8), e43993.

Lillo, P., Mioshi, E., Zoing, M. C., Kiernan, M. C., & Hodges, J. R.
(2011). How common are behavioural changes in amyotrophic
lateral sclerosis? Amyotrophic Lateral Sclerosis, 12(1), 45e51.
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