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Abstract
The organization of brain functional connectivity (FC) has been shown to differ between sexes. Amyotrophic lateral sclerosis 
(ALS) is characterized by sexual dimorphism, showing sex-specific trends in site of onset, phenotypes, and prognosis. Here, 
we explored resting state (RS) FC differences within major large-scale functional networks between women and men in a 
sample of ALS patients, in comparison to healthy controls (HCs). A group-level independent component analysis (ICA) was 
performed on RS-fMRI time-series enabling spatial and spectral analyses of large-scale RS FC networks in 45 patients with 
ALS (20 F; 25 M) and 31 HCs (15 F; 16 M) with a focus on sex-related differences. A whole-brain voxel-based morphometry 
(VBM) was also performed to highlight atrophy differences. Between-sex comparisons showed: decreased FC in the right 
middle frontal gyrus and in the precuneus within the default mode network (DMN), in affected men compared to affected 
women; decreased FC in the right post-central gyrus (sensorimotor network), in the right inferior parietal gyrus (right fronto-
parietal network) and increased FC in the anterior cingulate cortex and right insula (salience network), in both affected and 
non-affected men compared to women. When comparing affected men to affected women, VBM analysis revealed atrophy in 
men in the right lateral occipital cortex. Our results suggest that in ALS sex-related trends of brain functional and structural 
changes are more heavily represented in DMN and in the occipital cortex, suggesting that sex is an additional dimension of 
functional and structural heterogeneity in ALS.
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Introduction

Different performances between sexes on various cognitive 
skills, including executive control (Gaillard et al. 2021a), 
language (Wegesin 1998), spatial thinking (Zancada-Menen-
dez et al. 2016; Gur and Gur 2017), emotional processing 

(Whittle et al. 2011) and social cognition (Gur and Gur 
2017), have been explained in the last decades on the base of 
between-sex dissimilarities in brain function (Gaillard et al. 
2021b; Whittle et al. 2011; Stevens and Hamann 2012; Volf 
et al. 2010; Filippi et al. 2013; Gur and Gur 2017). This evi-
dence has supported the hypothesis that males and females 
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engage different strategies depending on task demands 
related to different neural networks and may indicate adap-
tive diversity and complementarity between the sexes (Gur 
and Gur 2017). Furthermore, this aspect may represent a 
critical step toward a better understanding of sex-related 
pathological processes underlying most neurologic and 
psychiatric disorders characterized by sexual dimorphism 
(Lawrence et al. 2020; De Micco et al. 2019; Bakeberg et al. 
2021). This, in turn, would help develop in the future person-
alized treatments for different neurological disorders tailored 
for male and female populations, respectively.

An appealing unbiased strategy to assess activity differ-
ences between sexes is the evaluation of resting-state (RS) 
functional connectivity (FC). In recent years, FC fMRI 
approaches found several brain regions whose spontaneous 
low-frequency fluctuations (< 0.1 Hz) of the blood oxygen 
level-dependent (BOLD) signal registered during RS cor-
relate with each other. Those regions are believed to be 
functionally connected (Biswal et al. 2010; Greicius et al. 
2003; van den Heuvel and Hulshoff Pol 2010). Based on 
their functional and/or anatomical overlap with well-known 
large-scale functional networks, distinct resting-state func-
tional networks (RSNs) have been identified (Damoiseaux 
et al. 2006; Seeley et al. 2007), representing the brain’s 
function beyond explicit tasks and, consequently, the intrin-
sic functional architecture of the human brain (Smith et al. 
2009). Using independent component analysis (ICA), several 
studies have demonstrated the occurrence of high tempo-
ral correlations between spatially distinct but functionally 
related brain regions, resembling specific neuroanatomical 
networks, which characterize the RSNs (Damoiseaux et al. 
2006; Tedeschi and Esposito 2012). Furthermore, the spec-
tral composition of RS-fMRI signals, as quantified by the 
fractional amplitude of low-frequency fluctuations (fALFF) 
(Zou et al. 2008) across four canonical frequency sub-bands 
(slow-5, 0.01–0.027 Hz; slow-4, 0.027–0.073 Hz; slow-3, 
0.073–0.198 Hz; slow-2, 0.198–0.25 Hz) has been also 
considered to further characterize the BOLD time-courses 
within the RSNs under pathological (neurodegenerative) 
conditions (Esposito et al. 2013).

Recent studies explored the influence of sex on the 
RSNs, revealing that men showed stronger connectivity in 
parieto-temporal regions, and within cognitive and sensory 
networks, while women displayed stronger connectivity in 
fronto-temporo-cerebellar regions, and within attention and 
memory-related networks (Filippi et al. 2013). Moreover, 
RS-fMRI and graph theoretical approaches, used to inves-
tigate the hemisphere- and gender-related differences in 
brain functional networks in 86 young, healthy, right-handed 
adults, showed that males tended to be more locally efficient 
in the right hemispheric networks, but females tended to be 
more locally efficient in the left hemispheric networks (Tian 
et al. 2011).

Among neurodegenerative disorders characterized by 
sexual dimorphism (Pinares-Garcia et  al. 2018), amyo-
trophic lateral sclerosis (ALS), a devastating motor neu-
ron disease causing the progressive impairment of motor 
function (speech, swallowing, limb, respiration), has been 
shown to be strongly influenced by sex, together with age 
and genetic variations, in phenotypic manifestation (i.e. 
onset, phenotype and early progression of motor and cog-
nitive symptoms) (Chiò et al. 2017, 2020; Rooney et al., 
2017a, b; Trojsi et al. 2019). Sex has been reported as an 
independent factor involved in the development of ALS, 
with the higher risk of exhibiting the disease in men (Chiò 
et al. 2017), especially in case of flail limbs and respira-
tory phenotypes, with a trend toward a higher frequency in 
older age (Chiò et al. 2020). Moreover, the role of male 
sex in clinical presentation and prognosis of ALS patients 
carrying repeat expansions in chromosome 9 open reading 
frame 72 (C9orf72) has been also explored (Rooney et al. 
2017a; Trojsi et al. 2019). Nevertheless, while there is con-
solidated clinical and neurobiological evidence in favor of 
sexual dimorphism in ALS, from the neuroimaging point 
of view, only one MRI study investigated sex differences in 
the structural patterns of cortical and subcortical pathology 
in ALS (Bede et al. 2014). In particular, Bede et al. (2014) 
revealed major between-sex differences in diffusion tensor 
imaging (DTI) and cortical thickness measures in fronto-
temporal and cerebellar regions.

On this background, in order to start shedding some light 
on the still unclear functional MRI brain correlates of sex 
differences in ALS, we performed a RS-fMRI analysis with 
ICA, quantifying component-level fALFF, in a cohort of 45 
patients with classical ALS compared to 30 healthy subjects, 
stratifying both cohorts for sex. In addition, we performed a 
whole-brain voxel-based morphometry (VBM) analysis to 
assess gray matter (GM) volume changes associated to sex 
differences within the same cohorts. We expected to find 
gender-related RS-fMRI and VBM patterns of brain damage 
useful to better characterize the differences in brain function 
and structure between sexes in ALS patients.

Methods

Case selection

Forty-five right-handed patients (25 males, 20 females; 
mean age 57.6 ± 9.5), with definite, clinical or laboratory-
supported probable ALS, according to El-Escorial revised 
criteria (Brooks et al. 2000), were consecutively recruited at 
the First Division of Neurology of the University of Campa-
nia “Luigi Vanvitelli” (Naples, Italy) from November 2018 
to February 2020. Patients were required to meet the fol-
lowing criteria: classical, bulbar, flail limbs or upper motor 
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neuron (UMN) dominant phenotypes (Chiò et al. 2011); 
symptom onset not earlier than 18 months from enrollment 
to principally include ALS patients with mild or moderate 
disability, probably in early stages of disease, representative 
of the populations which are more commonly recruited in 
clinical trials (van Eijk et al. 2020a, b), and able to lie supine 
during MRI scan; age of onset of 40 years or older.

The clinical assessment included: assessment of dis-
ability status, measuring the ALSFRS-R total score (0–48, 
with lower total reflecting higher disability) and subscores 
(i.e., bulbar, fine-motor, gross-motor and respiratory sub-
scores) (Cedarbaum et al. 1999) and the upper motor neu-
ron (UMN) score, index of pyramidal dysfunction through 
the evaluation of the number of pathologic reflexes elic-
ited from 15 body sites (Turner et al. 2004); assessment of 
global cognitive functioning, administering the Italian ver-
sion of Edinburgh Cognitive and Behavioural ALS Screen 
(ECAS) (Poletti et al. 2016; Siciliano et al. 2017). Disease 
duration was calculated from symptom onset to scan date 
in months, and the rate of progression determined by: (48 
minus current ALSFRS-R)/disease duration. Disease stage 
was assessed according to King’s clinical staging system 
(Roche et al. 2012). Genetic analysis was performed in all 
patients, exploring C9orf72 repeat expansion and mutations 
of SOD1, TARDBP and FUS/TLS. No mutations of these 
genes were reported.

Thirty right-handed healthy control subjects (HCs) (15 
males, 15 females; mean age 55.2 ± 9.1) were enrolled by 
“word of mouth” and among caregivers’ friends. They 
were age-, sex- and education-matched with the enrolled 
ALS patients and unrelated to them. Moreover, they had no 
comorbid neurological, psychiatric or medical conditions. 
They underwent MMSE and their scores were ≥ 27 points.

Exclusion criteria for all subjects were: medical illnesses 
or substance abuse that could interfere with cognitive func-
tioning; any (other) major systemic, psychiatric, or neuro-
logical diseases; other causes of brain damage, including 
lacunae and extensive cerebrovascular disorders at MRI; a 
vital capacity lower than 70% of the predicted value (as a 
cut-off for respiratory dysfunction, which may hinder to lie 
supine during the scan).

The research was conducted according to the principles 
expressed in the Declaration of Helsinki. Ethics approval 
was obtained from the Ethics Committee of the University 
of Campania “Luigi Vanvitelli”. Patient/HC or family writ-
ten informed consent was obtained from each participant.

Statistical analysis: between‑groups comparisons 
of clinical and neuropsychological data

All data were tested for normality, and values between − 1 
and + 1 for asymmetry were considered acceptable (Hays 
et  al. 1993). Males and females belonging to ALS and 

HC groups were compared by one-way analyses of vari-
ance (one-way ANOVAs). All comparisons were corrected 
according to the Bonferroni procedure. The analyses were 
performed using the Statistical Package for Social Science 
(SPSS) version 21, with p value < 0.05 considered statisti-
cally significant.

MRI analysis

Magnetic resonance imaging

MR images were acquired on a 3  T scanner equipped 
with an 8-channel parallel head coil (General Electric 
Healthcare, Milwaukee, Wisconsin). The imaging pro-
tocol included: three-dimensional T1-weighted sagittal 
images (gradient-echo sequence Inversion Recovery pre-
pared Fast Spoiled Gradient Recalled-echo, time repeti-
tion = 6.988 ms, TI = 1100 ms, TE = 3.9 ms, flip angle = 10, 
voxel size = 1 × 1 × 1.2  mm3; acquisition time = about 
10 min) (Cavedo et al. 2014); RS-fMRI was performed 
with a gradient-echo echo-planar imaging (GRE-EPI) 
sequence generating of 240 T2*-weighted volumes of 29 
axial slices (time repetition = 1508 ms, echo time = 32 ms, 
FA = 90°, voxel size = 4 × 4 × 4 mm3, matrix = 64 × 64, 
field of view = 256 mm, slice thickness = 4 mm, interslice 
gap = 0 mm; total acquisition time =  ~ 6 min); T2-fluid atten-
uation inversion recovery to exclude severe cerebrovascular 
disease according to standard clinical neuroradiological 
criteria on visual inspection by three experienced radiolo-
gists. During the functional scan, subjects were asked to 
simply stay motionless, awake, and relax and to keep their 
eyes closed. No visual or auditory stimuli were presented at 
any time during functional scanning. The total duration of 
each scan was about 38 min.

RS‑fMRI data preparation and preprocessing

Standard functional image data preparation and preprocess-
ing, statistical analysis, and visualization were performed 
with the software BrainVoyager QX (Brain Innovation 
BV, Maastricht, The Netherlands). Data preprocessing 
included the correction for slice scan timing acquisition, a 
three-dimensional rigid-body motion correction based on 
a 6-parameter rigid-body alignment to correct for minor 
head movements, and the application of a temporal high-
pass filter with cut-off set to 3 cycles per time-course. 
Translational motion parameters were verified to be always 
less than 1 functional voxel for all included participants. 
The mean frame-wise displacement (FD) (i.e., a surrogate 
metric of head motion accounting for intra-voxel residual 
motion effects) was also estimated from the translational 
and rotational parameters and a typical cut-off of 0.5 mm 
was applied (Power et al. 2014). We further verified that 
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there were no statistically significant differences in the mean 
FD when carrying the same group comparisons. Structural 
and functional data were coregistered and spatially normal-
ized to the Talairach standard space using a 12-parameter 
affine transformation. During this procedure, the functional 
images were resampled to an isometric 3-mm grid covering 
the entire Talairach box. Finally, the resulting image time 
series were spatially smoothed with a 6-mm full-width half-
maximum isotropic Gaussian kernel.

Resting state network (RSN) functional connectivity 
analysis

To extract RSN maps, single-subject and group-level inde-
pendent component analyses (ICA) were carried out on 
the preprocessed functional time series using two plug-in 
extensions of BrainVoyager QX (Goebel et al. 2006), respec-
tively, implementing the fastICA algorithm (Hyvärinen et. 
2001) and the self-organizing group ICA algorithm (Espos-
ito et al. 2005). Furthermore, an ICASSO step was added 
for the extraction of ICA components. ICASSO (Himberg 
et al. 2004) is a validated procedure to ensure the maximal 
algorithmic and statistical stability of ICA components of 
neuroimaging time-series. ICASSO entails with running the 
FastICA algorithm many times (in our study we set the num-
ber of repetitions to 20) with different initial values (algo-
rithmic reliability) and with differently bootstrapped data 
sets (statistical reliability). This procedure allows extracting 
the most stable ICA decomposition via hierarchical cluster-
ing of all generated ICA components at the selected dimen-
sionality. The stability of ICASSO-derived decompositions 
can be expressed by two quantitative indices: the R-index, 
expressing the average cluster compactness, and the B-index, 
expressing the balance among clusters. The R-index meas-
ures the mean inner distance of the clusters relative to the 
distance from their nearest neighbor, thereby lower values 
(e.g., R < 1) indicate more stable decompositions, whereas 
a B-index closer to 100% indicates a higher balance in the 
number of components contributing to each cluster, i.e., a 
lower chance that clusters had been formed with either too 
many or too few components.

For each single subject, 40 independent components were 
extracted (corresponding to 1/6th of the number of time 
points) (Grecius et al. 2007) and scaled to spatial z scores 
(i.e., the number of standard deviations of their whole-brain 
spatial distribution). To generate group components and 
allow for group-level inferences in each RSN, all individual 
component maps from all subjects were “clustered” in the 
subject space according to the mutual similarities of their 
whole-brain distributions using the self-organizing group 
ICA algorithm. Thereby, all 40 individual independent com-
ponents were uniquely assigned to 1 out of 40 “clusters” of 
independent components. Once the components belonging 

to a cluster were selected, the corresponding maps were 
averaged and the resulting group map was taken as the repre-
sentative FC pattern of the cluster. The 40 single-group aver-
age maps were visually inspected to recognize the spatial 
patterns associated with the main RSNs (Smith et al. 2009). 
For this purpose, single-group 1-sample t tests were used to 
analyze the whole-brain distribution of the components in 
each group separately and the resulting t maps were thresh-
olded at p = 0.05 (Bonferroni corrected over the entire brain) 
after regressing out age, gender and (for patients) disease 
duration from the series of individual maps at each voxel. 
An inclusive mask was finally created from the healthy con-
trol group maps and used to define the search volume for 
within-network 2-group comparisons. These comparisons 
were performed by fitting a one-way analysis of variance 
(ANOVA) model that included one between-subject factor 
with four levels: ALS affected males (ALS-M), ALS affected 
females (ALS-F), HC males (HC-M) and HC females (HC-
F) and then calculating post hoc t contrasts for obtaining 
between-group t maps. To correct the resulting t maps for 
multiple comparisons, regional effects within the search vol-
ume were only considered significant for compact clusters 
emerging from the joint application of a voxel- and a cluster-
level threshold. The cluster-level threshold was estimated 
non-parametrically with a randomization approach: we cal-
culated the FWHM from each RSN t map for the HC group 
and then, starting from an initial (uncorrected) threshold of 
p = 0.001 or p = 0.005 applied to all voxels, a minimum clus-
ter size was calculated that protected against false-positive 
clusters at 5% after 1000 Monte Carlo simulations (Forman 
et al. 1995).

Component-specific spectral power data were obtained 
using the fast Fourier transform (FFT) function in Matlab 
(The Mathworks, USA) applied to each component time-
courses. In this way, subject- and component-specific 
spectral power information was made available. For each 
group, group- and component-specific spectral power infor-
mation was obtained from the average of subject-specific 
spectral power data across homologue components. From 
subject- and component-specific spectral power, the fALFF 
of each network was characterized as follows: for each net-
work component time-course power spectrum, the relative 
contribution of four separate bands were calculated (net-
work fALFF). Following Zuo et al. (2010a), four canoni-
cal bands were considered: slow-5 (0.01–0.027 Hz), slow-4 
(0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and slow-2 
(0.198–0.25 Hz). Finally, individual fALFF scores for both 
the patient and control groups were used for between-group 
comparisons.
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Regional atrophy measurements: voxel‑based 
morphometry (VBM)

We performed a VBM analysis using SPM12 software 
package (http:// www. fil. ion. ucl. ac. uk/ spm/) with default 
parameters incorporating the DARTEL toolbox to obtain a 
high-dimensional normalization protocol (Ashburner 2007). 
Data processing was carried out according to a previously 
described protocol (Farb et al. 2013; Trojsi et al. 2015a, b; 
2020).

Images were bias-corrected, tissue-classified, and regis-
tered using linear (12-parameter affine) and non-linear trans-
formations (warping) within a unified mode. Subsequently, 
the warped GM segments were affine-transformed into Mon-
treal Neurological Institute (MNI) space and were scaled by 
the Jacobian determinants of the deformations. Moreover, 
modulated images were smoothed with 8-mm full-width 
half-maximum Gaussian kernel to create the final probabil-
ity maps. GM atrophy results of comparisons between ALS 
patients and HCs were familywise error (FWE) corrected 
at a level of p < 0.05. Regarding the VBM analyses, gender 
effects on regional GM volume were investigated through 
whole-brain voxel-wise comparisons of the preprocessed 

GM images of ALS patients and controls by using a full 
factorial design, which always included total intracranial 
volume and age as nuisance variable.

Results

Demographics and neuropsychological variables

Patients and HC characteristics are reported in Table 1. One-
way ANOVAs did not show statistically significant differ-
ences in demographic, clinical, and cognitive features in 
terms of between- and within-sex comparisons (Table 1).

RSN functional connectivity analysis

Across all subjects, the mean FD was below the threshold 
of 0.5 mm (mean ± st. dev.: 0.090 ± 0.062 mm). In addition, 
the mean FD was not significantly different between the 
analyzed experimental groups (two-sample t tests: p > 0.05). 
At the selected data dimensionality (40 components per 
subject), the mean R-index of ICASSO solutions below 1 
(mean ± st. dev.: 0.89 ± 0.31) and the mean B-index higher 

Table 1  Descriptive statistics and comparisons between amyotrophic lateral sclerosis and healthy control groups considering the sex

ALS amyotrophic lateral sclerosis group, HC healthy control group, M male, F female, ALSFRS-R ALS functional rating scale revised, UMN 
upper motor neuron score, MMSE mini mental state examination, ECAS Edinburgh Cognitive and Behavioural ALS screen, significant group dif-
ference was reported in bold after Bonferroni correction: [for ALS-M vs. ALS-F: < 0.01 (0.05/12), for HC-M vs. HC-F ALS-M vs. HC-M and 
ALS-F vs. HC-F: 0.01 (0.05/3)]

ALS HC t test (p value)

M (n = 25) F (n = 20) M (n = 15) F (n = 15) ALS-M vs. 
ALS-F

HC-M vs. 
HC-F

ALS-M vs. 
HC-M

ALS-F vs. 
HC-F

Demographics
 Age, years 57.64 (10.16) 57.55 (9.07) 55.47 (8.05) 54.93 (10.40) 0.00 (0.97) 0.02 (0.87) 0.49 (0.48) 0.62 (0.43)
 Education, 

years
9.59 (4.50) 10.28 (4.49) 13.43 (3.04) 12.20 (2.95) 0.23 (0.63) 0.80 (0.37) 4.39 (0.04) 2.01 (0.16)

Clinical features
Symptom dura-

tion, months
10.92 (4.44) 11.60 (3.34) – – 0.32 (0.57) – – –

ALSFRS–R 
total score

39.36 (7.18) 36.55 (5.46) – – 2.08 (0.15) – – –

ALSFRS–R subscore
 Bulbar 10.56 (2.69) 10.65 (2.32) – – 0.01 (0.90) – – –
 Fine motor 8.28 (3.44) 7.10 (2.98) – – 1.46 (0.23) – – –
 Gross motor 9.36 (2.76) 7.40 (3.51) – – 4.38 (0.04) – – –
 Respiratory 11.40 (1.82) 11.35 (1.13) – – 0.01 (0.91) – – –

Disease pro-
gression rate

0.90 (0.83) 1.06 (0.55) – – 0.52 (0.47) – – –

UMN score 7.08 (4.41) 8.35 (4.04) – – 0.99 (0.32) – – –
Cognitive measures
MMSE 27.56 (1.76) 28.46 (1.03) 28.60 (1.40) 28.26 (1.03) 2.35 (0.13) 0.54 (0.46) 2.96 (0.09) 0.24 (0.62)
ECAS 104.49 (9.82) 102.71 (10.62) – – 0.21 (0.65) – – –

http://www.fil.ion.ucl.ac.uk/spm/
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than 99% (mean ± st. dev.: 99.6% ± 0.30%). In addition, 
neither the mean R- or B-index was significantly different 
between groups (two-sample t tests: p > 0.05).

When comparing men to women and ALS patients to 
HCs, among RSNs, the sensorimotor network (SMN), the 
default mode network (DMN), the right and left fronto-
parietal network (R-, L-FPN) and the salience network 
(SLN) components showed statistically significant regional 
between-sex and within-sex (ALS-related) effects in their 
spatial distribution.

SMN

When compared to women with ALS, men with ALS exhib-
ited a decreased functional connectivity (FC) in the right 
post-central gyrus (cluster-level corrected p <  = 0.05, voxel-
level p <  = 0.001) (Fig. 1).

The same pattern was identified also by between-sex 
comparison in the HCs group. Within-sex comparison 
between male ALS patients versus male HCs exhibited a 
decreased FC in the same area (post-central gyrus) of the left 
hemisphere (cluster-level corrected p <  = 0.05, voxel-level 
p <  = 0.001) (Fig. 1). Conversely, women with ALS showed 
increased FC in the post-central gyrus and in the anterior 
cingulate cortex (ACC) in comparison to female HCs 
(cluster-level corrected p <  = 0.05, voxel-level p <  = 0.001) 
(Fig. 1).

DMN

When compared to women with ALS, men with ALS exhib-
ited a decreased FC in the right middle frontal gyrus and in 
the precuneus (cluster-level corrected p <  = 0.05, voxel-level 
p <  = 0.001) (Fig. 2), while no significant difference was 
revealed by comparing female to male HCs.

Within-sex comparisons showed a significant decrease 
of FC in the posterior cingulate cortex in male patients 
compared to male HCs and a significant increase of FC in 
the precuneus in female patients compared to female HCs 
(cluster-level corrected p <  = 0.05, voxel-level p <  = 0.001) 
(Fig. 2).

FPNs

With regard to the R-FPN, when compared to women with 
ALS, men exhibited a decreased FC in the right inferior pari-
etal lobule (cluster-level corrected p <  = 0.05, voxel-level 
p <  = 0.001) (Fig. 3). The same pattern was identified by 
comparing male HCs to female HCs.

Within-sex comparisons showed increased FC in the right 
inferior parietal lobule in male patients compared to male 
HCs and decreased FC in the right middle frontal gyrus in 
female patients compared to female HCs (cluster-level cor-
rected p <  = 0.05, voxel-level p <  = 0.001) (Fig. 3).

With regard to the L-FPN, when compared to women 
with ALS, men with ALS did not exhibit significant dif-
ferences in any area of the network, although male HCs, 
compared to female HCs, showed decreased FC in the left 
inferior and middle frontal gyrus (cluster-level corrected 
p <  = 0.005). Within-sex comparisons showed decreased FC 
in the left superior temporal gyrus in the male patients com-
pared to male HCs, and in the inferior and middle frontal 
gyrus in female patients compared to female HCs (cluster-
level corrected p <  = 0.05, voxel-level p <  = 0.005) (Fig. 3).

SLN

Between-sex comparisons showed that male patients, com-
pared to female patients, exhibited a decreased FC in the 
ACC (voxel-level p <  = 0.005, cluster-level p <  = 0.05) 
(Fig. 4). Moreover, male HCs showed an increased FC in 
the right anterior insular cortex in comparison to female HCs 
(cluster-level p <  = 0.05, voxel-level p <  = 0.005).

Within-sex comparison revealed a significant increased 
FC in the right and left anterior insular cortices and 
decreased FC in the ACC in male patients compared to 
male HCs (cluster-level p <  = 0.05, voxel-level p <  = 0.005) 
(Fig. 4). Finally, female patients showed decreased FC in the 
ACC in comparison to female HCs (cluster-level p <  = 0.05, 
voxel-level p <  = 0.005).

fALFF analysis

Male ALS patients showed increased fALFF in the DMN in 
the slow-5 band when compared to both female ALS patients 
(p = 0.04, uncorrected) and male HCs (p = 0.02, uncorrected; 
Fig. 5). Moreover, male ALS patients showed increased 
fALFF in the R-FPN in the slow-5 band when compared to 
female ALS patients (p = 0.04, uncorrected; Fig. 5). No other 
fALFF differences were detected between male and female 
ALS and HCs and between female/male ALS patients and 
HCs in any spectral band of the other RSNs.

Fig. 1  RSNs between-sex (ALS-M vs ALS-F; HC-M vs HC-F) and 
within-sex (ALS-M vs HC-M; ALS-F vs HC-F) comparisons regard-
ing the sensorimotor network (SMN) (on the left, maps: right-yellow 
scale for FC increase, blue scale for FC decrease; on the right, bar 
plots of the average FC levels). A anterior; ACC  anterior cingulate 
cortex; clc cluster-level corrected; COR coronal; F female; L left; M 
male; P posterior; postCg post-central gyrus; R right; SAG sagittal; 
TRA  transverse

◂
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VBM analysis

Between-sex comparisons revealed regional atrophy in right 
lateral occipital cortex in female ALS patients compared to 
male ALS patients (p < 0.05, FEW-corrected; Fig. 6), and 
no significant differences when comparing healthy men to 
healthy women. Finally, within-sex comparisons revealed no 
significant difference in GM atrophy.

Discussion

This MRI study investigated, for the first time, the sexual 
dimorphism of brain RS-fMRI and VBM measures in ALS 
in comparison to health condition. Our findings, although 
confirming the evidence of a pattern of widespread brain 
RS-fMRI abnormalities extended to both motor and extra-
motor RSNs, such as SMN, FPNs and SLN, in both female 
and male patients compared to sex-matched HCs, also 
revealed reduced FC in the DMN in the right middle frontal 
gyrus and in the precuneus and GM atrophy in the right lat-
eral occipital cortex selectively in men with ALS compared 
to women with ALS. Conversely, fALFF analysis revealed 
an increasing trend of fALFF in the DMN in the slow-5 band 
in male ALS patients in comparison to both female ALS 
patients and male HCs.

While structural dimorphism in the human brain is well-
described (Delvecchio et al. 2021; Seitz et al. 2021; van 
Eijk et al. 2020a, b), controversy exists regarding the exist-
ence and degree of sex-related differences in brain function. 
In healthy conditions, several studies have described sex-
related differences in fronto-parietal, cingulo-opercular and 
temporal connections in typically developing adults (Biswal 
et al. 2010; Zuo et al. 2010b) or individual networks such as 
the SLN and DMN in healthy aging (Jamadar et al. 2019). A 
key finding of a recent study by de Lacy et al. (2019), who 
investigated 650 young adults matched for age and sex to 
determine the degree of sexual dimorphism in RSNs, was 
that most intrinsic networks exhibit significant sex-related 
effects, with both females versus males and males versus 
females effects usually found within the same network 
showing larger effects in women, although spreading across 
greater network territory in men. To note, sexual dimor-
phism was particularly common in task-positive control net-
works and in the DMN (de Lacy et al. 2019). In agreement 

with these findings and others that have found sex-related 
differences in the DMN in healthy conditions (Biswal et al. 
2010; Zuo et al. 2010b), our results revealed that the func-
tion of the default mode system may be most strongly influ-
enced by sex in ALS in comparison to other network types. 
In particular, between-sex comparisons revealed decreased 
FC in the right middle frontal gyrus and in the precuneus of 
the DMN only in affected men compared to affected women. 
Intriguingly, with regard to the posterior component of the 
DMN, affected men showed decreased FC in the posterior 
cingulate cortex when compared to unaffected men, while 
affected women showed an increased FC in the precuneus 
when compared to unaffected women. Taken together, these 
findings may corroborate the hypothesis that abnormal mod-
ulation of FC in the DMN may be a fingerprint of ALS-
related alterations of brain FC, in agreement with previous 
RS-fMRI findings (Agosta et al. 2013; Trojsi et al. 2015b), 
additionally outlining that decreased FC in the posterior 
portion of the DMN is more characteristic of the male sex, 
recognized as a risk factor for early onset and respiratory and 
flail limb phenotypes of ALS (Chiò et al. 2020). Moreover, 
the evidence of adaptive diversity and complementarity of 
brain FC patterns between the sexes, revealed for the healthy 
condition (Gur and Gur 2017), seems to be confirmed also 
in ALS patients. On the other hand, a wide variety of human 
neurological and neuropsychiatric disorders showing sex-
related differences in incidence, prevalence and severity has 
been associated with between-sex differences in FC modula-
tion within DMN (Mohan et al. 2016).

To note, while ICA of RS-fMRI signals showed decreased 
FC in the right middle frontal gyrus and in the precuneus 
of the DMN in affected men compared to affected women, 
fALFF analysis revealed an increasing trend of fALFF in the 
DMN in the slow-5 band in male ALS patients compared 
to both women with ALS and healthy men. These findings 
represent further evidence that multiple, complementary 
analytical approaches are valuable for obtaining a more com-
prehensive characterization of RSNs alterations, from both 
spatial distribution and spectral composition point of views, 
as also revealed in previous RS-fMRI analyses of neurode-
generative, psychiatric or painful conditions (De Micco et al. 
2019; Wolf et al. 2020; Flodin et al. 2014). In particular, 
we did not only use the ICA map representing the spatial 
distribution of the “within-network” functional connectivity, 
but we also used the ICA time-course representing the com-
mon signal fluctuations within this network (i.e., those sig-
nal fluctuations that are shared among more active regions). 
Now, the ICA time-course was further characterized in terms 
of the fALFF in multiple canonical frequency sub-bands 
(slow-5, slow-4, slow-3, slow-2). Moreover, by comparing 
network fALFF between groups across sub-bands, we inter-
rogated the relative contribution of specific sub-bands to 
the previously mentioned common network time-course and, 

Fig. 2  RSNs between-sex (ALS-M vs ALS-F; HC-M vs HC-F) and 
within-sex (ALS-M vs HC-M; ALS-F vs HC-F) comparisons regard-
ing the default mode network (DMN) (on the left, maps: right-yellow 
scale for FC increase, blue scale for FC decrease; on the right, bar 
plots of the average FC levels). A anterior; clc cluster-level corrected; 
COR coronal; F female; L left; M male; MFG middle frontal gyrus; P 
posterior; PCC posterior cingulate cortex; R right; SAG sagittal; TRA  
transverse

◂
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Fig. 3  RSNs between-sex 
(ALS-M vs ALS-F; HC-M vs 
HC-F) and within-sex (ALS-M 
vs HC-M; ALS-F vs HC-F) 
comparisons regarding the 
right and left fronto-parietal 
networks (R-, L-FPN) (on the 
left, maps: right-yellow scale 
for FC increase, blue scale for 
FC decrease; on the right, bar 
plots of the average FC levels). 
A anterior; clc cluster-level cor-
rected; COR coronal; F female; 
IFG inferior frontal gyrus; IPL 
inferior parietal lobule; L left; 
M male; MFG middle frontal 
gyrus; P posterior; R right; SAG 
sagittal; TRA  transverse
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despite the reduction of the functional connectivity of one 
specific region to the entire network (e.g., DMN or FPN), 
the same network (as a whole) showed a reconfiguration of 
the spectral power of the functional connectivity time-course 
in terms of a trend toward higher contribution in a specific 
sub-band (slow-5) in male ALS patients compared to both 
women with ALS and healthy men. This might be inter-
preted as a compensatory phenomenon because the reduced 
contribution from one (spatially localized) region to the net-
work is probably compensated by a relative higher contribu-
tion from other (spatially distributed) temporal sources that 
end up to affect the signal in a lower frequency sub-band 
(slow-5).

Amplitudes of low frequencies, evaluated by fALFF 
analysis have been proven to vary according to gender in 
healthy subjects (Lopez-Larson et al. 2011). Little evidence 
regarding low-frequency amplitudes have been reported in 
ALS: Ma et al. (2016) revealed widespread fALFF changes 
in slow-4 and slow-5 bands and, more recently, Bueno 
et al. (2019), who performed a whole-brain fALFF and 
regional homogeneity (ReHo) analyses, described wide-
spread decreased fALFF and ReHo in several motor and 
sensory regions as well as cingulate, temporal, parietal and 
occipital areas in ALS patients compared to HCs (Bueno 
et al. 2019). These previous findings suggested abnormal 
neural activity in key nodes of SMN, DMN, FPN and SLN. 
In this regard, our result of an increasing trend of fALFF 
in DMN and R-FPN in the slow-5 band in male patients 
compared to female ALS patients recalls previous evidence 
of increased fALFF in middle and superior frontal gyrus in 
an ALS cohort compared to HCs, as reported by Ma et al. 
(Ma et al. 2016). Increased fALFF in several areas of RSNs 
in ALS patients has been speculatively attributed to activa-
tion of compensatory mechanisms in response to the neu-
rodegenerative process (Douaud et al. 2011; Tedeschi et al. 
2012; Agosta et al. 2013) or to increased inhibitory function 
attributed to “interneuronopathy” and reactive astrocytosis 
(Turner et al. 2012; Do-Ha et al. 2018). Probably, these 
mechanisms could substantially underlie cortical hyperex-
citability and, consequently, increased FC revealed in some 
areas of brain RSNs in ALS patients compared to HCs (Dou-
aud et al. 2011; Tedeschi et al. 2012; Agosta et al. 2013).

With regard to the brain functional abnormalities distinc-
tive of the male population, decreased FC in the post-central 
gyri (SMN), in the right inferior parietal lobule (R-FPN) and 
in the ACC (SLN) were observed in our analysis in both 
ALS and healthy men compared, respectively, to affected 
and healthy women. On the other hand, ALS males showed 
increased FC in the right and left anterior insular cortices 
and decreased FC in the ACC in the SLN when compared 
to healthy men. While in our analysis the decreased FC in 
the ACC in the SLN was observed in both male and female 
patients compared to sex-matched HCs, in accordance with 

previous RS-fMRI findings from other cohorts of ALS 
patients compared to HCs (Trojsi et al. 2015b; Bueno et al. 
2019), increased FC in the right and left anterior insular 
cortices, identified in our analysis only in men with ALS 
compared to healthy men, has been recently revealed in fast 
progressing phenotype of ALS in comparison to slow pro-
gressing phenotype (Trojsi et al. 2021). Consequently, the 
increased FC in insular cortices might represent a functional 
marker of poorer prognosis in male patients. To support and 
corroborate this hypothesis, in the future, further longitu-
dinal functional and structural MRI analyses in cohorts of 
genotypically and phenotypically well-characterized men 
and women with ALS could be performed.

VBM between-sex analysis showed GM atrophy in the 
right lateral occipital cortex only in men with ALS in com-
parison to affected women. These results were in accordance 
with findings from cortical thickness analysis by Bede et al. 
(2014), who revealed, accounting for diagnosis, a trend of 
higher age-adjusted cortical thickness in the right parieto-
occipital and left mid-frontal regions in females, while males 
demonstrated higher cortical thickness in the left lingual and 
left superior temporal regions. Moreover, our findings may 
explain the inconsistency about occipital lobe involvement 
in gender-mixed cohorts of ALS: some studies (Kassubek 
et al. 2005) reported occipital lobe involvement, whereas 
others (Bede et al. 2016) revealed it as a less affected brain 
region in ALS. On the other hand, Delvecchio et al. (2021) 
revealed non overlapping age-related, between-sex GM 
changes across post-adolescence in multiple cortical areas, 
including mid-occipital cortices and left inferior temporal 
gyrus. These results together with our observation of a lat-
eral occipital brain damage in male patients may suggest a 
sex-related effect on cortical atrophy in ALS recalling that 
observed in ALS patients carrying C9orf72 repeat expan-
sions in comparison to shorter disease duration (sporadic) 
patients (Agosta et al. 2017) and that induced by age in 
healthy men compared to women (Delvecchio et al. 2021).

On the base of our findings and given the emerging evi-
dence of gender differences in ALS, imaging studies focus-
ing on ALS should invariably include sex as a covariate in 
their models, even if the groups are matched for gender. 
Furthermore, in the light of the need of a precision medicine 
approach, aimed at optimizing and individualizing treatment 
to the molecular drivers of an individual’s disease and begin-
ning to be considered also in ALS, sex should arise as a 
variable to be considered in interpretation of data from clini-
cal trials performed in cohorts of ALS patients. In fact, the 
observed trends of between-sex differences, derived from 
our and previous MRI analyses, might emerge from this 
interpretation. Moreover, the interaction between genetic, 
demographic, environmental, and lifestyle risk factors seems 
to underlie the pathological process inducing ALS, which 
would comprise deficits in multiple pathways, reflecting a 
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“multistep” model of disease consistent with a six-step pro-
cess (Chiò et al. 2018). Among demographic factors, sex 
has been reported as an independent factor influencing the 
development of ALS, being higher the risk of developing 
the disease in men with a trend toward higher frequency in 
older age (Chiò et al. 2020).

There are limitations to our study. First, the studied 
sample was relatively small. Second, we were not able to 
perform a longitudinal MRI study, because of the lacking 
consent of most patients to repeat the MRI exam. Third, our 
studied cohort had a mean age comprised between 50 and 
60 years and, considering the proposed protective effect of 
female hormones, a gender study of younger patients might 
potentially reveal further differences. Moreover, we excluded 
from our analysis more disabled patients hindered to undergo 

an MRI exam because of diaphragmatic weakness and there-
fore we cannot exclude that this might have biased the cohort 
towards less severely disabled ALS patients. Finally, we did 
not record continuous blood oxygen saturation via oximetry 
during MRI scan.

Conclusions

As neurological research moves toward the ideals of preci-
sion medicine, it is of great importance to study sex differ-
ences in human brain and to explore how they may influence 
pathological processes. Our findings might prove original 
while studying the brain FC effects of the known differences 
between males and females affected by ALS. Gender-related 
trends of FC changes are significantly represented in DMN, 
in terms of reduced FC in the posterior component of the 
network and increased fALFF in the slow-5 band in men 
with ALS compared to affected women. Moreover, a right 
lateral occipital cluster of GM atrophy was reported in men 
with ALS compared to female ALS patients, recalling GM 
differences induced by age in healthy men compared to 

Fig. 4  RSNs between-sex (ALS-M vs ALS-F; HC-M vs HC-F) and 
within-sex (ALS-M vs HC-M; ALS-F vs HC-F) comparisons regard-
ing the salience network (SLN) (on the left, maps: right-yellow scale 
for FC increase, blue scale for FC decrease; on the right, bar plots 
of the average FC levels). A anterior; ACC  anterior cingulate cortex; 
clc cluster-level corrected; COR coronal; F female; L left; M male; P 
posterior; R right; SAG sagittal; TRA  transverse

◂

Fig. 5  Average spectral power 
distribution of the DMN (A) 
and R-FPN (B) networks time-
courses subdivided into four 
canonical bands in all studied 
groups (ALS-M, males with 
ALS; ALS-F, females with 
ALS; HC-M, male healthy 
controls; HC-F, female healthy 
controls) as expressed by the 
fALFFs



1894 F. Trojsi et al.

1 3

women. Sex was confirmed as an additional dimension of 
functional and structural heterogeneity in ALS, reflecting the 
complex neurobiology of ALS in which the sex could play a 
strong contributing role and outlining the need of account-
ing for this variable in clinical and neuroimaging studies 
performed in cohorts of ALS patients.

Acknowledgements We would like to thank all patients and healthy 
controls for their willingness to participate in the present study and Dr. 
Antonella Mangione and Dr. Felice Cientanni for their expert techni-
cal support.

Author contributions FT, FDN and FE designed and conceptualized 
the study, analyzed and interpreted data, drafted and revised the manu-
script for intellectual content. GC, MS, GD, CP, AR, SB, and MC 
acquired and interpreted data, and drafted and revised the manuscript 
for intellectual content.

Funding Open access funding provided by Università degli Studi della 
Campania Luigi Vanvitelli within the CRUI-CARE Agreement. No 
funding was received for this research.

Data availability All data and materials support the reported claims 
and comply with standards of data transparency. Data will be made 
available on reasonable request.

Declarations 

Conflict of interest The authors declare that this research was con-
ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Informed consent Informed consent was obtained from all the par-
ticipants in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Agosta F, Canu E, Valsasina P, Riva N, Prelle A, Comi G, Filippi 
M (2013) Divergent brain network connectivity in amyotrophic 
lateral sclerosis. Neurobiol Aging 34:419–427. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2012. 04. 015

Agosta F, Ferraro PM, Riva N, Spinelli EG, Domi T, Carrera P, Copetti 
M, Falzone Y, Ferrari M, Lunetta C, Comi G, Falini A, Quattrini 
A, Filippi M (2017) Structural and functional brain signatures of 
C9orf72 in motor neuron diseases. Neurobiol Aging 57:206–219. 
https:// doi. org/ 10. 1016/j. neuro biola ging. 2017. 05. 024

Ashburner J (2007) A fast diffeomorphic image registration algorithm. 
Neuroimage 38:95–113. https:// doi. org/ 10. 1016/j. neuro image. 
2007. 07. 007

Bakeberg MC, Gorecki AM, Kenna JE, Jefferson A, Byrnes M, Ghosh 
S, Horne MK, McGregor S, Stell R, Walters S, Chivers P, Win-
ter SJ, Mastaglia FL, Anderton RS (2021) Differential effects 

Fig. 6  SPM results of between-
sex (ALS-M vs ALS-F) VBM 
analysis: a clusters of GM 
atrophy is displayed in the right 
lateral occipital cortex (p < 0.05, 
FWE-corrected)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neurobiolaging.2012.04.015
https://doi.org/10.1016/j.neurobiolaging.2012.04.015
https://doi.org/10.1016/j.neurobiolaging.2017.05.024
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.neuroimage.2007.07.007


1895Between‑sex variability of resting state functional brain networks in amyotrophic lateral…

1 3

of sex on longitudinal patterns of cognitive decline in Parkin-
son’s disease. J Neurol 268:1903–1912. https:// doi. org/ 10. 1007/ 
s00415- 020- 10367-8

Bede P, Elamin M, Byrne S, Hardiman O (2014) Sexual dimorphism in 
ALS: exploring sex-specific neuroimaging signatures. Amyotroph 
Lateral Scler Frontotemporal Degener 15:235–243. https:// doi. 
org/ 10. 3109/ 21678 421. 2013. 865749

Bede P, Iyer PM, Schuster C, Elamin M, Mclaughlin RL, Kenna K, 
Hardiman O (2016) The selective anatomical vulnerability of 
ALS: ‘disease-defining’ and ‘disease-defying’ brain regions. 
Amyotroph Lateral Scler Frontotemporal Degener 17:561–570. 
https:// doi. org/ 10. 3109/ 21678 421. 2016. 11737 02

Biswal BB, Mennes M, Zuo XN, Gohel S, Kelly C, Smith SM et al 
(2010) Toward discovery science of human brain function. Proc 
Natl Acad Sci USA 107:4734–4739. https:// doi. org/ 10. 1073/ pnas. 
09118 55107

Brooks BR, Miller RG, Swash M, Munsat TL, World Federation of 
Neurology Research Group on Motor Neuron Disease (2000) 
El Escorial revisited: revised criteria for the diagnosis of amyo-
trophic lateral sclerosis. Amyotroph Lateral Scler Other Motor 
Neuron Disord 1:293–299. https:// doi. org/ 10. 1080/ 14660 82003 
00079 536

Bueno APA, Pinaya WHL, Rebello K, de Souza LC, Hornberger 
M, Sato JR (2019) Regional dynamics of the resting brain in 
amyotrophic lateral sclerosis using fractional amplitude of low-
frequency fluctuations and regional homogeneity analyses. Brain 
Connect 9:356–364. https:// doi. org/ 10. 1089/ brain. 2019. 0663

Cavedo E, Redolfi A, Angeloni F, Babiloni C, Lizio R, Chiapparini L, 
Bruzzone MG, Aquino D, Sabatini U, Alesiani M, Cherubini A, 
Salvatore E, Soricelli A, Vernieri F, Scrascia F, Sinforiani E, Chi-
arati P, Bastianello S, Montella P, Corbo D, Tedeschi G, Marino S, 
Baglieri A, De Salvo S, Carducci F, Quattrocchi CC, Cobelli M, 
Frisoni GB (2014) The Italian Alzheimer’s Disease Neuroimag-
ing Initiative (I-ADNI): validation of structural MR imaging. J 
Alzheimers Dis 40:941–952. https:// doi. org/ 10. 3233/ JAD- 132666

Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D, Thurmond B, 
Nakanishi A (1999) The ALSFRS-R: a revised ALS functional 
rating scale that incorporates assessments of respiratory function. 
BDNF ALS Study Group (Phase III). J Neurol Sci 169:13–21. 
https:// doi. org/ 10. 1016/ s0022- 510x(99) 00210-5

Chiò A, Calvo A, Moglia C, Mazzini L, Mora G, PARALS study group 
(2011) Phenotypic heterogeneity of amyotrophic lateral sclerosis: 
a population based study. J Neurol Neurosurg Psychiatry 82:740–
746. https:// doi. org/ 10. 1136/ jnnp. 2010. 235952

Chiò A, Mora G, Moglia C, Manera U, Canosa A, Cammarosano S, 
Ilardi A, Bertuzzo D, Bersano E, Cugnasco P, Grassano M, Pisano 
F, Mazzini L, Calvo A, Piemonte and Valle d’Aosta Register for 
ALS (PARALS) (2017) Secular trends of amyotrophic lateral 
sclerosis: the Piemonte and Valle d’Aosta register. JAMA Neurol 
74:1097–1104. https:// doi. org/ 10. 1001/ jaman eurol. 2017. 138

Chiò A, Mazzini L, D’Alfonso S, Corrado L, Canosa A, Moglia C, 
Manera U, Bersano E, Brunetti M, Barberis M, Veldink JH, van 
den Berg LH, Pearce N, Sproviero W, McLaughlin R, Vajda A, 
Hardiman O, Rooney J, Mora G, Calvo A, Al-Chalabi A (2018) 
The multistep hypothesis of ALS revisited: the role of genetic 
mutations. Neurology 91:635–642. https:// doi. org/ 10. 1212/ WNL. 
00000 00000 005996

Chiò A, Moglia C, Canosa A, Manera U, D’Ovidio F, Vasta R, Gras-
sano M, Brunetti M, Barberis M, Corrado L, D’Alfonso S, Iaz-
zolino B, Peotta L, Sarnelli MF, Solara V, Zucchetti JP, De Marchi 
F, Mazzini L, Mora G, Calvo A (2020) ALS phenotype is influ-
enced by age, sex, and genetics: a population-based study. Neu-
rology 94:e802–e810. https:// doi. org/ 10. 1212/ WNL. 00000 00000 
008869

Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, Smith 
SM, Beckmann CF (2006) Consistent resting-state networks 

across healthy subjects. Proc Natl Acad Sci USA 103:13848–
13853. https:// doi. org/ 10. 1073/ pnas. 06014 17103

de Lacy N, McCauley E, Kutz JN, Calhoun VD (2019) Multilevel map-
ping of sexual dimorphism in intrinsic Functional Brain Networks. 
Front Neurosci 13:332. https:// doi. org/ 10. 3389/ fnins. 2019. 00332

De Micco R, Esposito F, di Nardo F, Caiazzo G, Siciliano M, Russo 
A, Cirillo M, Tedeschi G, Tessitore A (2019) Sex-related pattern 
of intrinsic brain connectivity in drug-naïve Parkinson’s disease 
patients. Mov Disord 34:997–1005. https:// doi. org/ 10. 1002/ mds. 
27725

Delvecchio G, Maggioni E, Pigoni A, Crespo-Facorro B, Nenadić I, 
Benedetti F, Gaser C, Sauer H, Roiz-Santiañez R, Poletti S, Ros-
setti MG, Bellani M, Perlini C, Ruggeri M, Diwadkar VA, Bram-
billa P (2021) Sexual regional dimorphism of post-adolescent and 
middle age brain maturation. A multi-center 3T MRI study. Front 
Aging Neurosci 13:622054. https:// doi. org/ 10. 3389/ fnagi. 2021. 
622054

Do-Ha D, Buskila Y, Ooi L (2018) Impairments in motor neurons, 
interneurons and astrocytes contribute to hyperexcitability in 
ALS: underlying mechanisms and paths to therapy. Mol Neuro-
biol 55:1410–1418. https:// doi. org/ 10. 1007/ s12035- 017- 0392-y

Douaud G, Filippini N, Knight S, Talbot K, Turner MR (2011) Integra-
tion of structural and functional magnetic resonance imaging in 
amyotrophic lateral sclerosis. Brain 134:3470–3479. https:// doi. 
org/ 10. 1093/ brain/ awr279

Esposito F, Scarabino T, Hyvarinen A, Himberg J, Formisano E, 
Comani S, Tedeschi G, Goebel R, Seifritz E, Di Salle F (2005) 
Independent component analysis of fMRI group studies by self-
organizing clustering. Neuroimage 25:193–205. https:// doi. org/ 
10. 1016/j. neuro image. 2004. 10. 042

Esposito F, Tessitore A, Giordano A, De Micco R, Paccone A, Con-
forti R, Pignataro G, Annunziato L, Tedeschi G (2013) Rhythm-
specific modulation of the sensorimotor network in drug-naive 
patients with Parkinson’s disease by levodopa. Brain 136:710–
725. https:// doi. org/ 10. 1093/ brain/ awt007

Farb NA, Grady CL, Strother S, Tang-Wai DF, Masellis M, Black S, 
Freedman M, Pollock BG, Campbell KL, Hasher L, Chow TW 
(2013) Abnormal network connectivity in frontotemporal demen-
tia: evidence for prefrontal isolation. Cortex 49:1856–1873. 
https:// doi. org/ 10. 1016/j. cortex. 2012. 09. 008

Filippi M, Valsasina P, Misci P, Falini A, Comi G, Rocca MA (2013) 
The organization of intrinsic brain activity differs between gen-
ders: a resting-state fMRI study in a large cohort of young healthy 
subjects. Hum Brain Mapp 34:1330–1343. https:// doi. org/ 10. 
1002/ hbm. 21514

Flodin P, Martinsen S, Löfgren M, Bileviciute-Ljungar I, Kosek E, 
Fransson P (2014) Fibromyalgia is associated with decreased con-
nectivity between pain- and sensorimotor brain areas. Brain Con-
nect 4:587–594. https:// doi. org/ 10. 1089/ brain. 2014. 0274

Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun MA, Noll 
DC (1995) Improved assessment of significant activation in func-
tional magnetic resonance imaging (fMRI): use of a cluster-size 
threshold. Magn Reson Med 33:636–647. https:// doi. org/ 10. 1002/ 
mrm. 19103 30508

Gaillard A, Fehring DJ, Rossell SL (2021a) A systematic review and 
meta-analysis of behavioural sex differences in executive control. 
Eur J Neurosci 53:519–542. https:// doi. org/ 10. 1111/ ejn. 14946

Gaillard A, Fehring DJ, Rossell SL (2021b) Sex differences in execu-
tive control: a systematic review of functional neuroimaging 
studies. Eur J Neurosci 53:2592–2611. https:// doi. org/ 10. 1111/ 
ejn. 15107

Goebel R, Esposito F, Formisano E (2006) Analysis of functional 
image analysis contest (FIAC) data with brainvoyager QX: from 
single-subject to cortically aligned group general linear model 
analysis and self-organizing group independent component 

https://doi.org/10.1007/s00415-020-10367-8
https://doi.org/10.1007/s00415-020-10367-8
https://doi.org/10.3109/21678421.2013.865749
https://doi.org/10.3109/21678421.2013.865749
https://doi.org/10.3109/21678421.2016.1173702
https://doi.org/10.1073/pnas.0911855107
https://doi.org/10.1073/pnas.0911855107
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1089/brain.2019.0663
https://doi.org/10.3233/JAD-132666
https://doi.org/10.1016/s0022-510x(99)00210-5
https://doi.org/10.1136/jnnp.2010.235952
https://doi.org/10.1001/jamaneurol.2017.138
https://doi.org/10.1212/WNL.0000000000005996
https://doi.org/10.1212/WNL.0000000000005996
https://doi.org/10.1212/WNL.0000000000008869
https://doi.org/10.1212/WNL.0000000000008869
https://doi.org/10.1073/pnas.0601417103
https://doi.org/10.3389/fnins.2019.00332
https://doi.org/10.1002/mds.27725
https://doi.org/10.1002/mds.27725
https://doi.org/10.3389/fnagi.2021.622054
https://doi.org/10.3389/fnagi.2021.622054
https://doi.org/10.1007/s12035-017-0392-y
https://doi.org/10.1093/brain/awr279
https://doi.org/10.1093/brain/awr279
https://doi.org/10.1016/j.neuroimage.2004.10.042
https://doi.org/10.1016/j.neuroimage.2004.10.042
https://doi.org/10.1093/brain/awt007
https://doi.org/10.1016/j.cortex.2012.09.008
https://doi.org/10.1002/hbm.21514
https://doi.org/10.1002/hbm.21514
https://doi.org/10.1089/brain.2014.0274
https://doi.org/10.1002/mrm.1910330508
https://doi.org/10.1002/mrm.1910330508
https://doi.org/10.1111/ejn.14946
https://doi.org/10.1111/ejn.15107
https://doi.org/10.1111/ejn.15107


1896 F. Trojsi et al.

1 3

analysis. Hum Brain Mapp 27:392–401. https:// doi. org/ 10. 1002/ 
hbm. 20249

Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional con-
nectivity in the resting brain: a network analysis of the default 
mode hypothesis. Proc Natl Acad Sci USA 100:253–258. https:// 
doi. org/ 10. 1073/ pnas. 01350 58100

Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna 
H, Reiss AL, Schatzberg AF (2007) Resting-state functional con-
nectivity in major depression: abnormally increased contributions 
from subgenual cingulate cortex and thalamus. Biol Psychiatry 
62:429–437. https:// doi. org/ 10. 1016/j. biops ych. 2006. 09. 020

Gur RC, Gur RE (2017) Complementarity of sex differences in brain 
and behavior: from laterality to multimodal neuroimaging. J Neu-
rosci Res 95:189–199. https:// doi. org/ 10. 1002/ jnr. 23830

Hays RD, Anderson R, Revicki D (1993) Psychometric considerations 
in evaluating health-related quality of life measures. Qual Life Res 
2:441–449. https:// doi. org/ 10. 1007/ BF004 22218

Himberg J, Hyvärinen A, Esposito F (2004) Validating the independent 
components of neuroimaging time series via clustering and visu-
alization. Neuroimage 22:1214–1222. https:// doi. org/ 10. 1016/j. 
neuro image. 2004. 03. 027

Hyvärinen A, Karhunen J, Oja E (2001) Independent component analy-
sis. Wiley, New York

Jamadar SD, Sforazzini F, Raniga P, Ferris NJ, Paton B, Bailey MJ, 
Brodtmann A, Yates PA, Donnan GA, Ward SA, Woods RL, Sto-
rey E, McNeil JJ, Egan GF, ASPREE Investigator Group (2019) 
Sexual dimorphism of resting-state network connectivity in 
healthy ageing. J Gerontol B Psychol Sci Soc Sci 74:1121–1131. 
https:// doi. org/ 10. 1093/ geronb/ gby004

Kassubek J, Unrath A, Huppertz HJ, Lulé D, Ethofer T, Sperfeld AD, 
Ludolph AC (2005) Global brain atrophy and corticospinal tract 
alterations in ALS, as investigated by voxel-based morphometry 
of 3-D MRI. Amyotroph Lateral Scler Other Motor Neuron Disord 
6:213–220. https:// doi. org/ 10. 1080/ 14660 82051 00385 38

Lawrence KE, Hernandez LM, Bowman HC, Padgaonkar NT, Fus-
ter E, Jack A, Aylward E, Gaab N, Van Horn JD, Bernier RA, 
Geschwind DH, McPartland JC, Nelson CA, Webb SJ, Pelphrey 
KA, Green SA, Bookheimer SY, Dapretto M (2020) Sex differ-
ences in functional connectivity of the Salience, Default Mode, 
and Central Executive Networks in youth with ASD. Cereb Cortex 
30:5107–5120

Lopez-Larson MP, Anderson JS, Ferguson MA, Yurgelun-Todd D 
(2011) Local brain connectivity and associations with gender and 
age. Dev Cogn Neurosci 1:187–197. https:// doi. org/ 10. 1016/j. dcn. 
2010. 10. 001

Ma X, Zhang J, Zhang Y, Chen H, Li R, Long Z, Zheng J, Wang J, 
Chen H (2016) Frequency-specific alterations in the fractional 
amplitude of low-frequency fluctuations in amyotrophic lateral 
sclerosis. Neurol Sci 37:1283–1291. https:// doi. org/ 10. 1007/ 
s10072- 016- 2583-0

Mohan A, Roberto AJ, Mohan A, Lorenzo A, Jones K, Carney MJ, 
Liogier-Weyback L, Hwang S, Lapidus KAB (2016) The signifi-
cance of the default mode network (DMN) in neurological and 
neuropsychiatric disorders: a review. Yale J Biol Med 89:49–57

Pinares-Garcia P, Stratikopoulos M, Zagato A, Loke H, Lee J (2018) 
Sex: a significant risk factor for neurodevelopmental and neuro-
degenerative disorders. Brain Sci 8:154. https:// doi. org/ 10. 3390/ 
brain sci80 80154

Poletti B, Solca F, Carelli L, Madotto F, Lafronza A, Faini A, Monti A, 
Zago S, Calini D, Tiloca C, Doretti A, Verde F, Ratti A, Ticozzi N, 
Abrahams S, Silani V (2016) The validation of the Italian Edin-
burgh Cognitive and Behavioural ALS Screen (ECAS). Amyo-
troph Lateral Scler Frontotemporal Degener 17:489–498. https:// 
doi. org/ 10. 1080/ 21678 421. 2016. 11836 79

Power JD, Mitra A, Laumann TO, Snyder AZ, Schlaggar BL, Petersen 
SE (2014) Methods to detect, characterize, and remove motion 

artifact in resting state fMRI. Neuroimage 84:320–341. https:// 
doi. org/ 10. 1016/j. neuro image. 2013. 08. 048

Roche JC, Rojas-Garcia R, Scott KM, Scotton W, Ellis CE, Burman 
R, Wijesekera L, Turner MR, Leigh PN, Shaw CE, Al-Chalabi A 
(2012) A proposed staging system for amyotrophic lateral scle-
rosis. Brain 135:847–852. https:// doi. org/ 10. 1093/ brain/ awr351

Rooney J, Fogh I, Westeneng HJ, Vajda A, McLaughlin R, Heverin M, 
Jones A, van Eijk R, Calvo A, Mazzini L, Shaw C, Morris`on K, 
Shaw PJ, Robberecht W, Van Damme P, Al-Chalabi A, van den 
Berg L, Chiò A, Veldink J, Hardiman O (2017a) C9orf72 expan-
sion differentially affects males with spinal onset amyotrophic 
lateral sclerosis. J Neurol Neurosurg Psychiatry 88:281. https:// 
doi. org/ 10. 1136/ jnnp- 2016- 314093

Rooney JPK, Visser AE, D’Ovidio F, Vermeulen R, Beghi E, Chiò A, 
Veldink JH, Logroscino G, van den Berg LH, Hardiman O, Euro-
MOTOR Consortium (2017b) A case-control study of hormonal 
exposures as etiologic factors for ALS in women: Euro-MOTOR. 
Neurology 89:1283–1290. https:// doi. org/ 10. 1212/ WNL. 00000 
00000 004390

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna 
H, Reiss AL, Greicius MD (2007) Dissociable intrinsic connec-
tivity networks for salience processing and executive control. J 
Neurosci 27:2349–2356. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
5587- 06. 2007

Seitz J, Cetin-Karayumak S, Lyall A, Pasternak O, Baxi M, Vangel 
M, Pearlson G, Tamminga C, Sweeney J, Clementz B, Schretlen 
D, Viher PV, Stegmayer K, Walther S, Lee J, Crow T, James A, 
Voineskos A, Buchanan RW, Szeszko PR, Malhotra A, Keshavan 
M, Koerte IK, Shenton ME, Rathi Y, Kubicki M (2021) Investigat-
ing sexual dimorphism of human white matter in a harmonized, 
multisite diffusion magnetic resonance imaging study. Cereb Cor-
tex 31:201–212. https:// doi. org/ 10. 1093/ cercor/ bhaa2 20

Siciliano M, Trojano L, Trojsi F, Greco R, Santoro M, Basile G, Pis-
copo F, D’Iorio A, Patrone M, Femiano C, Monsurrò MR, Tede-
schi G, Santangelo G (2017) Edinburgh Cognitive and Behav-
ioural ALS Screen (ECAS)-Italian version: regression based 
norms and equivalent scores. Neurol Sci 38:1059–1068. https:// 
doi. org/ 10. 1007/ s10072- 017- 2919-4

Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE, Filip-
pini N, Watkins KE, Toro R, Laird AR, Beckmann CF (2009) Cor-
respondence of the brain’s functional architecture during activa-
tion and rest. Proc Natl Acad Sci USA 106:13040–13045. https:// 
doi. org/ 10. 1073/ pnas. 09052 67106

Stevens JS, Hamann S (2012) Sex differences in brain activation to 
emotional stimuli: a meta-analysis of neuroimaging studies. Neu-
ropsychologia 50:1578–1593. https:// doi. org/ 10. 1016/j. neuro 
psych ologia. 2012. 03. 011

Tedeschi G, Esposito F (2012) Neuronal networks observed with rest-
ing state functional magnetic resonance imaging in clinical popu-
lations. In: Bright P (ed) Neuroimaging—cognitive and clinical 
neuroscience. InTech, pp 110–128

Tedeschi G, Trojsi F, Tessitore A, Corbo D, Sagnelli A, Paccone A, 
d’Ambrosio A, Piccirillo G, Cirillo M, Cirillo S, Monsurrò MR, 
Esposito F (2012) Interaction between aging and neurodegenera-
tion in amyotrophic lateral sclerosis. Neurobiol Aging 33:886–
898. https:// doi. org/ 10. 1016/j. neuro biola ging. 2010. 07. 011

Tian L, Wang J, Yan C, He Y (2011) Hemisphere- and gender-related 
differences in small-world brain networks: a resting-state func-
tional MRI study. Neuroimage 54:191–202. https:// doi. org/ 10. 
1016/j. neuro image. 2010. 07. 066

Trojsi F, Caiazzo G, Corbo D, Piccirillo G, Cristillo V, Femiano C, 
Ferrantino T, Cirillo M, Monsurrò MR, Esposito F, Tedeschi G 
(2015a) Microstructural changes across different clinical mile-
stones of disease in amyotrophic lateral sclerosis. PLoS ONE 
10:e0119045. https:// doi. org/ 10. 1371/ journ al. pone. 01190 45

https://doi.org/10.1002/hbm.20249
https://doi.org/10.1002/hbm.20249
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1016/j.biopsych.2006.09.020
https://doi.org/10.1002/jnr.23830
https://doi.org/10.1007/BF00422218
https://doi.org/10.1016/j.neuroimage.2004.03.027
https://doi.org/10.1016/j.neuroimage.2004.03.027
https://doi.org/10.1093/geronb/gby004
https://doi.org/10.1080/14660820510038538
https://doi.org/10.1016/j.dcn.2010.10.001
https://doi.org/10.1016/j.dcn.2010.10.001
https://doi.org/10.1007/s10072-016-2583-0
https://doi.org/10.1007/s10072-016-2583-0
https://doi.org/10.3390/brainsci8080154
https://doi.org/10.3390/brainsci8080154
https://doi.org/10.1080/21678421.2016.1183679
https://doi.org/10.1080/21678421.2016.1183679
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1093/brain/awr351
https://doi.org/10.1136/jnnp-2016-314093
https://doi.org/10.1136/jnnp-2016-314093
https://doi.org/10.1212/WNL.0000000000004390
https://doi.org/10.1212/WNL.0000000000004390
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1093/cercor/bhaa220
https://doi.org/10.1007/s10072-017-2919-4
https://doi.org/10.1007/s10072-017-2919-4
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1016/j.neuropsychologia.2012.03.011
https://doi.org/10.1016/j.neuropsychologia.2012.03.011
https://doi.org/10.1016/j.neurobiolaging.2010.07.011
https://doi.org/10.1016/j.neuroimage.2010.07.066
https://doi.org/10.1016/j.neuroimage.2010.07.066
https://doi.org/10.1371/journal.pone.0119045


1897Between‑sex variability of resting state functional brain networks in amyotrophic lateral…

1 3

Trojsi F, Esposito F, de Stefano M, Buonanno D, Conforti FL, Corbo 
D, Piccirillo G, Cirillo M, Monsurrò MR, Montella P, Tedeschi 
G (2015b) Functional overlap and divergence between ALS and 
bvFTD. Neurobiol Aging 36:413–423. https:// doi. org/ 10. 1016/j. 
neuro biola ging. 2014. 06. 025

Trojsi F, Siciliano M, Femiano C, Santangelo G, Lunetta C, Calvo A, 
Moglia C, Marinou K, Ticozzi N, Ferro C, Scialò C, Sorarù G, 
Conte A, Falzone YM, Tortelli R, Russo M, Sansone VA, Chiò A, 
Mora G, Silani V, Volanti P, Caponnetto C, Querin G, Sabatelli 
M, Riva N, Logroscino G, Messina S, Fasano A, Monsurrò MR, 
Tedeschi G, Mandrioli J (2019) Comparative analysis of C9orf72 
and sporadic disease in a large multicenter ALS population: the 
effect of male sex on survival of C9orf72 positive patients. Front 
Neurosci 13:485. https:// doi. org/ 10. 3389/ fnins. 2019. 00485

Trojsi F, Di Nardo F, Siciliano M, Caiazzo G, Femiano C, Passaniti 
C, Ricciardi D, Russo A, Bisecco A, Esposito S, Monsurrò MR, 
Cirillo M, Santangelo G, Esposito F, Tedeschi G (2020) Fronto-
temporal degeneration in amyotrophic lateral sclerosis (ALS): a 
longitudinal MRI one-year study. CNS Spectr. https:// doi. org/ 10. 
1017/ S1092 85292 00000 5X

Trojsi F, Di Nardo F, Siciliano M, Caiazzo G, Passaniti C, D’Alvano 
G, Ricciardi D, Russo A, Bisecco A, Lavorgna L, Bonavita S, 
Cirillo M, Esposito F, Tedeschi G (2021) Resting state functional 
MRI brain signatures of fast disease progression in amyotrophic 
lateral sclerosis: a retrospective study. Amyotroph Lateral Scler 
Frontotemporal Degener 22:117–126. https:// doi. org/ 10. 1080/ 
21678 421. 2020. 18133 06

Turner MR, Kiernan MC (2012) Does interneuronal dysfunction con-
tribute to neurodegeneration in amyotrophic lateral sclerosis? 
Amyotroph Lateral Scler 13:245–250. https:// doi. org/ 10. 3109/ 
17482 968. 2011. 636050

Turner MR, Cagnin A, Turkheimer FE, Miller CC, Shaw CE, Brooks 
DJ, Leigh PN, Banati RB (2004) Evidence of widespread cerebral 
microglial activation in amyotrophic lateral sclerosis: an [(11)C]
(R)-PK11195 positron emission tomography study. Neurobiol Dis 
15:601–609. https:// doi. org/ 10. 1016/j. nbd. 2003. 12. 012

van den Heuvel MP, Hulshoff Pol HE (2010) Exploring the brain net-
work: a review on resting-state fMRI functional connectivity. Eur 
Neuropsychopharmacol 20:519–534. https:// doi. org/ 10. 1016/j. 
euron euro. 2010. 03. 008

van Eijk L, Hansell NK, Strike LT, Couvy-Duchesne B, de Zubic-
aray GI, Thompson PM, McMahon KL, Zietsch BP, Wright MJ 
(2020a) Region-specific sex differences in the hippocampus. 
Neuroimage 215:116781. https:// doi. org/ 10. 1016/j. neuro image. 
2020. 116781

van Eijk RPA, Kliest T, van den Berg LH (2020b) Current trends in 
the clinical trial landscape for amyotrophic lateral sclerosis. Curr 
Opin Neurol 33:655–661. https:// doi. org/ 10. 1097/ WCO. 00000 
00000 000861

Volf NV, Tarasova IV, Razumnikova OM (2010) Gender-related differ-
ences in changes in the coherence of cortical biopotentials during 
image-based creative thought: relationship with action efficacy. 
Neurosci Behav Physiol 40:793–799. https:// doi. org/ 10. 1007/ 
s11055- 010- 9328-y

Wegesin DJ (1998) A neuropsychologic profile of homosexual and 
heterosexual men and women. Arch Sex Beha 27:91–108

Whittle S, Yücel M, Yap MB, Allen NB (2011) Sex differences in the 
neural correlates of emotion: evidence from neuroimaging. Biol 
Psychol 87:319–333. https:// doi. org/ 10. 1016/j. biops ycho. 2011. 
05. 003

Wolf RC, Rashidi M, Fritze S, Kubera KM, Northoff G, Sambataro F, 
Calhoun VD, Geiger LS, Tost H, Hirjak D (2020) A neural sig-
nature of parkinsonism in patients with schizophrenia spectrum 
disorders: a multimodal MRI study using parallel ICA. Schizophr 
Bull 46:999–1008. https:// doi. org/ 10. 1093/ schbul/ sbaa0 07

Zancada-Menendez C, Sampedro-Piquero P, Lopez L, McNamara 
TP (2016) Age and gender differences in spatial perspective tak-
ing. Aging Clin Exp Res 28:289–296. https:// doi. org/ 10. 1007/ 
s40520- 015- 0399-z

Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, Wang YF, 
Zang YF (2008) An improved approach to detection of amplitude 
of low-frequency fluctuation (ALFF) for resting-state fMRI: frac-
tional ALFF. J Neurosci Methods 172:137–141. https:// doi. org/ 
10. 1016/j. jneum eth. 2008. 04. 012

Zuo XN, Di Martino A, Kelly C, Shehzad ZE, Gee DG, Klein DF, 
Castellanos FX, Biswal BB, Milham MP (2010a) The oscillating 
brain: complex and reliable. Neuroimage 49:1432–1445. https:// 
doi. org/ 10. 1016/j. neuro image. 2009. 09. 037

Zuo XN, Kelly C, Di Martino A, Mennes M, Margulies DS, Bangaru S, 
Grzadzinski R, Evans AC, Zang YF, Castellanos FX, Milham MP 
(2010b) Growing together and growing apart: regional and sex 
differences in the lifespan developmental trajectories of functional 
homotopy. J Neurosci 30:15034–15043. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 2612- 10. 2010

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.neurobiolaging.2014.06.025
https://doi.org/10.1016/j.neurobiolaging.2014.06.025
https://doi.org/10.3389/fnins.2019.00485
https://doi.org/10.1017/S109285292000005X
https://doi.org/10.1017/S109285292000005X
https://doi.org/10.1080/21678421.2020.1813306
https://doi.org/10.1080/21678421.2020.1813306
https://doi.org/10.3109/17482968.2011.636050
https://doi.org/10.3109/17482968.2011.636050
https://doi.org/10.1016/j.nbd.2003.12.012
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.1016/j.neuroimage.2020.116781
https://doi.org/10.1016/j.neuroimage.2020.116781
https://doi.org/10.1097/WCO.0000000000000861
https://doi.org/10.1097/WCO.0000000000000861
https://doi.org/10.1007/s11055-010-9328-y
https://doi.org/10.1007/s11055-010-9328-y
https://doi.org/10.1016/j.biopsycho.2011.05.003
https://doi.org/10.1016/j.biopsycho.2011.05.003
https://doi.org/10.1093/schbul/sbaa007
https://doi.org/10.1007/s40520-015-0399-z
https://doi.org/10.1007/s40520-015-0399-z
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1016/j.neuroimage.2009.09.037
https://doi.org/10.1016/j.neuroimage.2009.09.037
https://doi.org/10.1523/JNEUROSCI.2612-10.2010
https://doi.org/10.1523/JNEUROSCI.2612-10.2010

	Between-sex variability of resting state functional brain networks in amyotrophic lateral sclerosis (ALS)
	Abstract
	Introduction
	Methods
	Case selection
	Statistical analysis: between-groups comparisons of clinical and neuropsychological data
	MRI analysis
	Magnetic resonance imaging
	RS-fMRI data preparation and preprocessing
	Resting state network (RSN) functional connectivity analysis
	Regional atrophy measurements: voxel-based morphometry (VBM)


	Results
	Demographics and neuropsychological variables
	RSN functional connectivity analysis
	SMN
	DMN
	FPNs
	SLN

	fALFF analysis
	VBM analysis

	Discussion
	Conclusions
	Acknowledgements 
	References




