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Objective: Clinical symptoms such as major defects in energy metabolism may involve the hypothalamus in amyotrophic lateral
sclerosis (ALS) patients. Our recent study discovered that the single-nucleotide polymorphisms (SNPs) of rs2619566, rs79609816 and
rs10260404 are associated with sporadic ALS (sALS). Thus, this study aims to investigate the hypothalamic functional reorganization
and its association with the above polymorphisms risk alleles in sALS patients of Chinese Han ancestry.
Methods: Forty-four sALS patients (28 males/16 females) and 40 healthy subjects (HS; 28 males/12 females) underwent resting-state
functional MRI, genotyping and clinical assessments. A two-sample t test (P < 0.01, GRF correction at P < 0.05) was performed to
compare hypothalamic connectivity for group-level analysis in disease diagnosis and genotype, and then the genotype-diagnosis
interaction effect was assessed. Finally, Spearman correlation analyses were performed to assess the relationship between the altered
functional connectivity and their clinical characteristics.
Results: The sALS patients showed a short disease duration (median = 12 months). Regarding the diagnosis effect, the sALS patients
showed widespread hypothalamic hyperconnectivity with the left superior temporal gyrus/middle temporal gyrus, right inferior frontal
gyrus, and left precuneus/posterior cingulate gyrus. For the genotype effect of SNPs, hyperconnectivity was observed in only the
medial hypothalamus when the sALS patients harboring the minor C allele of rs2619566 in contactin-4 (CNTN4), while the sALS
patients with the TT allele showed a hyperconnectivity network in the right lateral hypothalamus. This connectivity pattern was not
observed in other SNPs. No significant genotype-diagnosis interaction was found. Moreover, altered functional connectivity was not
significantly correlated with clinical characteristics (P : 0.11–0.90).
Conclusion: These results demonstrated widespread hypothalamic hyperconnectivity in sALS. The risk allele C of the CNTN4 gene
may therefore influence functional reorganization of the medial hypothalamus. The effects of the CNTN4 rs2619566 polymorphism
may exist in the hypothalamic functional connectivity of patients with sALS.
Keywords: sporadic amyotrophic lateral sclerosis, hypothalamus, lateral hypothalamus, medial hypothalamus, resting-state functional
connectivity

Introduction
Amyotrophic lateral sclerosis (ALS) is a neuromuscular disorder characterized by progressive muscle atrophy and
paralysis, in which the affected individual eventually dies of breathing failure. ALS is characterized by both upper
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and lower motor neuron dysfunction, but is not limited to these regions, eg, structural or functional impairment in the
middle temporal gyrus,1 insula,2,3 anterior cingulate gyrus4 and some regions within the occipital and parietal lobes.5

As an integration of the periphery and central nervous system, the hypothalamus governs many physiological
processes such as thermoregulation, energy balance, circadian rhythms, and reproductive behavior. More recent studies
have suggested that functional and structural impairments within the hypothalamus may be involved in patients with
ALS.6,7 For example, ALS patients may suffer from major defects in energy metabolism due to losing control of the
hypothalamic melanocortin pathway.6 Neuroimaging studies have observed that hypothalamus atrophy in ALS in the
premorbid stage and correlates with body mass index (BMI).8 Furthermore, a diffusion tensor imaging study demon-
strated the selective involvement of orbitofrontal, insular, and motor cortex projections to the hypothalamus in murine
ALS models and human patients,3 and some studies showed that neurons of the hypothalamus innervate various
subcortical motor structures such as the cerebellum, vestibular nuclei9 and even spinal cord,10 which may be associated
with motor dysfunction in ALS.

Recent research suggests that genetic factors may also play an important role in sporadic ALS (sALS). Our recent
study discovered that subjects harboring the minor C allele of the rs2619566 polymorphism in the contactin-4 (CNTN4)
gene and the minor T allele of rs79609816 in the inositol polyphosphate-5-phosphatase B (INPP5B) gene exhibited an
increased risk for sALS development, but the minor C allele of rs10260404 in the dipeptidyl-peptidase 6 (DPP6) played
a protective role in Chinese Han ancestry.11 Comparatively, the mechanism of CNTN4 in ALS disease has been more
recognized. CNTN4 gene encodes neuron adhesion molecules,12 and harboring the minor C allele (CC + CT) induces
abnormalities in differentiation, adhesion, projection, and synaptic plasticity of motor neurons, disturbances in neuronal
network formation and plasticity of sALS.11

Thus, in this study, we hypothesized that functional disruption and/or plasticity might occur in large-scale hypotha-
lamic functional networks and that there are differences in sALS patients with different genotypes of SNPs. To achieve
this goal, we first employed resting-state functional connectivity (FC), a reliable and widely used technique, to
investigate the alteration of the hypothalamic functional network in the hypothalamus and its subregions, the medial
hypothalamus (MH) and the lateral hypothalamus (LH), which involve in waking/feeding and resting/satiety, respec-
tively. Second, we investigated the patterns of functional connectivity in the different genotype groups and assessed the
hypothalamic connectivity as a possible marker of disease severity in sALS.

Subjects and Methods
Subjects
A total of 60 patients with sALS were recruited from our hospital from April 2013 to December 2018. All patients were
diagnosed according to the revised El Escorial criteria. To estimate functional status in sALS, an “ALS Functional Rating
Scale (ALSFRS)” was performed on each sALS subject within 2 hours before the MRI scans. A lower ALSFRS score
indicates more severe neurological dysfunction in sALS patients. The patients were not considered to have a family
history of motor neuron disease, psychiatric disorder, or other nervous system illnesses, including clinically diagnosed
frontotemporal dementia. Fifty-one healthy subjects (HS) were enrolled in this investigation.

All participants provided written informed consent following the Helsinki Declaration and approved guidelines set by
the Human Research Ethics Committee and our hospital’s Institutional Review Board.

Selection of SNPs
This study was based on our previous researches: First, 7 SNPs and 20 possible loci associated with sALS were selected
based on a genome-wide association study and other studies.11,13 Then, the abovementioned 27 SNPs were analyzed for
239 sALS cases and 261 controls to further explore possible risk gene loci in Chinese Han ancestry and reported that the
polymorphisms rs2619566 in CNTN4, rs10260404 in DPP6, and rs79609816 in INPP5B were defined as possible genetic
risk factors and may play roles in the pathogenesis of sALS.11 Thus, we selected the abovementioned 3 SNPs for further
genotyping.
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Genotyping
Genomic DNA from peripheral blood containing ethylenediaminetetraacetic acid (EDTA) was extracted using standard
techniques. For the genotyping of each SNP, the primers CNTN4 rs2619566, DPP6 rs10260404, and INPP5B rs79609816
were designed using Primer3 online software (http://primer3.wi.mit.edu/). Multiplex polymerase chain reactions were
performed to amplify the target SNPs. For PCR products, Sanger sequencing was performed on an ABI 3730XL DNA
analyzer (Applied Biosystems, Inc. CA) to identify the genotyping results of the 3 SNPs. Then, the sequencing results
were analyzed with SeqMan software (DNASTAR, Lasergene) and compared with the reference sequence obtained from
NCBI GenBank for mutation analysis.

MRI Acquisition
A 3T SIEMENS scanner (Trio, Siemens, Munich, Germany) was utilized to obtain all imaging data in the Department of
Radiology at our hospital. During data collection, each subject was required to close their eyes, remain awake and avoid
systematic thinking. Subjects were also required to remain motionless as much as possible. The resting-state functional
MRI (rs-fMRI) data were acquired with an echo-planar imaging (EPI) sequence using the following settings: repetition
time/echo time (TR/TE): 2000 ms/30 ms, flip angle: 90°, slices: 30, thickness: 4 mm, field of view (FOV): 220 mm ×
220 mm, in-plane matrix: 64 × 64; The parameters of a high-resolution and three-dimensional T1-weighted sequence
were as follows: TR: 1900 ms, TE: 2.26 ms, flip angle: 15°, FOV: 215 mm × 230 mm, matrix size: 240 × 256, 176 slices.

Data Preprocessing
For each subject, the preprocessing of rs-fMRI was performed by Data Processing & Analysis of Brain Imaging
(DPABI_3.0, http://rfmri.org/dpabi) and a statistical parametric mapping (SPM12, http://www.fil.ion.ucl.ac.uk/spm/soft
ware/spm12/) software package, which is based on the MATLAB 8.4.0 (The MathWorks Inc., Natick, MA, USA). The
main steps of data preprocessing included the followings: 1) The first 10 volumes were removed to maintain brain signals
equilibrium; 2) The remaining volumes then underwent slices time correction and head motion realignment. The
participants’ images were excluded if their head motion exceeded 2mm translation or 2° rotation. Microhead movement
(mean frame displacement, mean FD) was measured for each subject according to the result of Van Dijk et al;14 3)
Functional images were registered to T1 weighted images, and T1 image segmentations and functional images were
normalized to Montreal Neurological Institute (MNI) space with resampling to 3×3×3 mm3; 4) After the normalization
described above, the nuisance linear regression was analyzed with the average blood oxygenation level dependent signals
of cerebrospinal fluid, white matter, and 24 head motion parameters as covariates; 5) Finally, a 0.01–0.10 Hz band-pass
filtration was applied for resting-state functional MRI data to reduce drift and physiological noise.

Functional Connectivity and Group Analyses
Seed-based functional connectivity was utilized to examine alterations in hypothalamic FC in patients with ALS. First,
the peak MNI coordinate of hypothalamic seed was selected at x = 2, y = −1, z = −12, with a radius of 4 mm.
Furthermore, according to previous studies,15,16 two paired spherical seeds were defined with a radius of 2 mm, with the
coordinates of the MH and LH (MH: ±4, −2, −12; LH: ±6, −9, −10) as the centers. The average blood oxygenation level-
dependent time series for each seed was extracted separately as a reference time course, and then we applied the Pearson
correlation to quantify the relationship between these seeds and the remaining brain regions at the voxel-based level. Five
connectivity maps were generated, and then Fisher’s Z transformation of each subject was performed for group analysis.

Statistical Analysis
Statistical analyses of the demographic and clinical characteristics were evaluated in SPSS 23.0 (Chicago, IL, USA), and
the Kolmogorov–Smirnov test was used to check for the normality among all data above. Hardy–Weinberg equilibrium
was assessed in sALS and HS. Functional connectivity was estimated within the following groups: (1) diagnosis group
(sALS vs HS); (2) genotype subgroups of 3 SNPs; (3) genotype-diagnosis interaction effect. For not normally distributed
variables, median and range were used to describe the trend of variables, while mean and standard deviation (SD) were
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for normally distributed measures of interest. The chi-square test was utilized to compare sex differences within groups,
whereas a two-sample t test was for age and mean FD. A two-sample t test (P < 0.01) analysed group differences to
investigate functional connectivity network of the hypothalamus, MH and LH, age, sex, and mean FD as covariates.
Gaussian random field theory (GRF) correction was performed for multiple comparisons (P < 0.05). Since clinical
variables were not normally distributed, we chose Spearman correlation to measure the association between the altered
hypothalamic functional index and clinical characteristics (sex, age and mean FD as covariates).

Results
Participants
In this study, 27 subjects were excluded due to poor quality MRI, incomplete clinical data, and intracranial lesions.
Ultimately, 44 sALS patients and 40 HS were included for further analysis in this study. The distributions of genotypes of
the 3 SNPs are shown in Table 1. According to the genotypes of 3 SNPs, the sALS and HS groups were divided into 2
subgroups for more functional connectivity comparisons (Table 1). No significant differences in age (P = 0.869), gender
(P = 0.537) and mean FD (P = 0.334) between sALS and HS groups (Table 2). A short disease duration (median = 12
months) indicated that the sALS patients were in the early stage of disease.

Altered Hypothalamic FC Network in sALS and Genotype Subgroups
Compared with HS, we observed increased hypothalamic FC in the sALS patients, which mainly distributed in the left
superior temporal gyrus/middle temporal gyrus, right inferior frontal gyrus, and left precuneus/posterior cingulate gyrus
(Figure 1 and Table 3). Similar hyperconnectivity was also observed in the sALSC of CNTN4 subgroup (Figure 1 and
Table 3), the sALSA of INPP5B subgroup (Supplementary Material; Table S1), and the sALST of DPP6 subgroup
(Supplementary Material; Table S2). However, compared with the SNPs subgroup of HS, the sALST of CNTN4, sALSC
of DPP6 and sALST of INPP5B subgroups did not show significant differences on hypothalamic FC. No significant
genotype-diagnosis interaction was found in hypothalamic functional connectivity.

Table 1 Summary of Single-Nucleotide Polymorphisms Identified Across Analyses

SNP Position Minor/Major Allele Subgroups (Genotype of SNPs) HWE (P value)

CNTN4 rs2619566 Chr 3: 2583254 C/T sALSC: CC/CT, 9/19 sALST: TT,16 0.70

HSC: CC/CT, 1/25 HST: TT, 14 0.26

DPP6 rs10260404 Chr 7:154513713 C/T sALSC: CC/CT, 2/9 sALST: TT, 33 0.73
HSC: CC/CT, 0/7 HST: TT, 33 0.89

INPP5B rs79609816 Chr 1: 37883093 T/A sALST: AT/TT, 6/0 sALSA: AA,38 0.93

HST: AT/TT, 6/0 HSA: AA, 34 0.92

Abbreviations: CNTN4, contactin 4; DPP6, dipeptidyl-peptidase 6; INPP5B, inositol polyphosphate-5-phosphatase B; Chr, Chromosome; HWE, Hardy–Weinberg
equilibrium.

Table 2 Groups and Clinical Characteristics of the sALS Group and CNTN4 Subgroups

Group sALS (n=44) HS (n=40) P value sALSC (n=28) HSC (n=26) P value sALST (n=16) HST (n=14) P value

Age 55.77±8.64 56.05±6.50 0.869a 56.36±9.07 56.35±6.78 0.996a 54.75±8.00 55.50±6.16 0.778a

Sex (M/F) 28/16 28/12 0.537b 18/10 17/9 0.933b 10/6 11/3 0.576b

Mean FD 0.054±0.03 0.062±0.041 0.334a 0.055±0.330 0.063±0.046 0.460a 0.053±0.020 0.059±0.030 0.543a

ALSFRS score 34.5 (18, 41) N.A 33.5 (19, 40) N.A 35.5 (18, 41) N.A

Disease duration 12.0 (1, 120) N.A 12.5 (2, 120) N.A 11.5 (1, 120) N.A

Notes: age and FD are mean±standard deviation; ALSFRS score and disease duration are median (range); aTwo-tailed two-sample t test; bChi-square test.
Abbreviations: sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects; sALSC, sALS carrying the minor C allele of CNTN4 rs2619566; HSC, HS carrying the
minor C allele of CNTN4 rs2619566; sALST, sALS carrying the TT allele of CNTN4 rs2619566; HST, HS carrying the TT allele of CNTN4 rs2619566; FD, frame displacement;
ALSFRS, ALS Functional Rating Scale; N.A, not applicable.
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Comparison of FC in the Hypothalamic Subregions (MH and LH)
In the MH functional network, sALS patients showed increased FC between the MH and several regions compared with
HS, including the left middle temporal gyrus, left posterior cingulate/cuneus, bilateral precuneus, and cerebellum; similar
hyperconnectivity of the MH was also observed in the sALSC of CNTN4 subgroup (for details, see Figure 2 and Table 4).
For the LH functional network, we observed only increased right LH FC with some brain regions in the occipital lobe in
sALS groups; sALST of CNTN4 subgroup also showed similar hyperconnectivity of the right LH (for details see Figure 3
and Table 5).

For the DPP6 and INPP5B genes, hyperconnectivity occurred in the bilateral MH or LH ROI of the sALST of DPP6
and sALSA of INPP5B subgroups, similar to the hypothalamic FC network. However, no alteration of FC was detected
in the sALSC of DPP6 or sALST of INPP5B subgroups. Detailed results are reported in Tables S1 and S2. No significant
genotype-diagnosis interaction was observed in MH and LH functional connectivity.

Correlation Analysis
Interestingly, we found that the altered FC of the hypothalamus (including MH and LH) was not related to patients’ physical
ability (ALSFRS score) within ALS and CNTN4 subgroups (detail showed in Supplementary Material; Table S3).

Figure 1 Brain regions with significantly increased hypothalamic FC in sALS group (A) and sALSC of the CNTN4 subgroup (B) (P < 0.01, GRF correction at P < 0.05), the
corresponding box diagrams are located at the bottom, respectively.
Notes: ***Means P < 0.001. Details of cluster number are shown in Table 3.
Abbreviations: ROI, region of interest; sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects; sALSC, sALS carrying the minor C allele of CNTN4 rs2619566;
HSC, HS carrying the minor C allele of CNTN4 rs2619566; L, left; R, right.
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Discussion
In this study, we observed hypothalamic hyperconnectivity in patients with sALS, indicating a wide functional
organization of the hypothalamus. When the genotype effects of SNPs were assessed, we observed that the sALSC of
CNTN4 subgroup showed hyperconnectivity only in the MH functional network rather than LH. Correspondingly, the
sALST of CNTN4 subgroup exhibited increased FC in the LH functional network. In addition, hyperconnectivity was
found only in the major A or T alleles of the DPP6 and INPP5B genes.

Hypothalamic Functional Hyperconnectivity in sALS Patients
In addition to progressive degeneration of motor neurons, ALS patients are well known to suffer from energy metabolic
dysfunction (eg, weight loss) and eating behavior changes.17,18 Previous pathological studies have shown that weight loss
in ALS may be related to hypothalamic atrophy or pathological deposition of TDP-43 in the hypothalamus,7,8 suggesting
that the hypothalamus plays a key role in the energy metabolism of ALS patients. In this study, we observed the
hyperconnectivity between hypothalamus and left superior temporal gyrus/middle temporal gyrus in sALS patients.
Earlier evidence has reported that neural activation in the superior temporal gyrus/middle temporal gyrus was positively
associated with weight loss.19 Moreover, a recent study on eating behavior-induced brain structure changes showed that
grey matter volume (GVM) in the middle temporal gyrus is associated with cognitive restraint of eating scores and BMI;
this study also demonstrated that GVM in the hypothalamus has a negative correlation with hunger score.20 According to
previous works, our findings may exhibit functional connectivity alterations between brain regions in response to changes
in energy metabolism and food intake in ALS. Similar to the reports of abnormal functional connectivity and cortical
damage that have been reported in the precuneus/posterior cingulate gyrus in ALS patients,21,22 our results also showed
increased hypothalamic FC with the left precuneus/posterior cingulate gyrus in ALS. The precuneus/posterior cingulate
gyrus is regarded as an essential part of the default mode network (DMN), which is described as being strongly
associated with aging,23 cognitive deficits,24 higher disability, and faster progression rate in ALS.25 In keeping with
the above research, our results may reflect ALS-related changes in cognitive status and behavior changes.2,26

Table 3 Altered Brain Regions of the Hypothalamic Network in the sALS Group and sALSC of CNTN4 Subgroup

Cluster Number Brain Region Brodmann
Area

Cluster
Voxels

Peak MNI
(X, Y, Z)

Peak
T Values

Effect Size

Hypothalamic ROI
network (sALS vs HS)
1 Left superior temporal gyrus/

middle temporal gyrus
21, 38 294 −36, −18, −6 4.864 1.182

2 Right lentiform nucleus/

putamen/inferior frontal gyrus

47 273 27, −3, −3 3.992 1.012

3 Left precuneus/posterior

cingulate gyrus/medial frontal

gyrus

31, 7, 6 555 −9, −63, 36 3.984 1.065

Hypothalamic ROI
network (sALSC vs
HSC)
1 Left middle temporal gyrus/

superior temporal gyrus

21, 20, 38 347 −54, 3, −21 5.221 1.752

2 Right lentiform nucleus/

putamen/inferior frontal gyrus

47, 38 329 24, −3, 3 4.492 1.410

3 Bilateral precuneus/right
posterior cingulate

7, 23 386 −9, −63, 33 3.935 1.254

Abbreviations: MNI, Montreal Neurological Institute; ROI, region of interest; sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects; sALSC, sALS carrying the
minor C allele of CNTN4 rs2619566; HSC, HS carrying the minor C allele of CNTN4 rs2619566.
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Furthermore, increased FC between hypothalamus and right lentiform nucleus/putamen was also observed in ALS, which
may suggest subcortical network reorganization of sALS patients.26

Functional Connectivity in the Sub-Regions (MH and LH)
When the hypothalamus was divided into MH and LH, in addition to the brain regions above, a greater range of
hyperconnectivity was observed in sALS and its subgroups. In the MH functional network, the cerebellum was included
in the sALS groups. The cerebellum integrates sensory and motor inputs, which plays a significant role in motor control
and modulate cognitive/emotional functions, while MH is involved in attack and defense system.27,28 Animal mode has
found the axonal projections from dorsomedial hypothalamus (an essential component of medial hypothalamus) to
cerebellum,29 and our findings support the results of functional MRI and indicate that MH may also be involved in the
regulation of cerebellar functions in sALS patients.

Interestingly, in the LH functional network, sALST patients exhibited increased right LH FC with visual areas in the
occipital lobe as similar to sALS group. Tigges et al reported projections from the LH to the parietal and occipital
cortices in chimpanzee modes.30 In humans, Kamali et al also demonstrated the long direct connectivity from hypotha-
lamus to the parietal and occipital lobes by diffusion-weighted imaging,31 which may carry the visuosensory-related
information directly from the visuosensory cortices to the limbic system. Our results may be strongly associated with this
increased transmission of visuosensory information in sALS.

The Minor C Allele of CNTN4 rs2619566 is Associated with Medial Hypothalamic
Functional Connectivity in Patients with sALS
When evaluating the genotype effect of SNPs in this study, We found that sALS patients harboring the minor C allele
(risk SNPs) of CNTN4 rs2619566 showed hyperconnectivity in the MH, but this pattern of alteration was not seen with
other risk SNPs, eg, the minor C allele of DPP6 rs10260404 and the minor T allele of INPP5B rs79609816. A previous
study reported that CNTN4 was closely associated with sALS (P < 0.01) as a high-risk factor for sALS.13 Carriers of the

Figure 2 Brain regions with significantly increased FC of the right MH (A and B) and left MH (C and D) in the sALS group and sALSC of CNTN4 subgroups (P < 0.01, GRF
correction at P < 0.05), the corresponding box diagrams are located at the bottom, respectively.
Notes: ***Means P < 0.001. Details of cluster number are shown in Table 4.
Abbreviations: MH, medial hypothalamus; ROI, region of interest; sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects; sALSC, sALS carrying the minor C
allele of CNTN4 rs2619566; HSC, HS carrying the minor C allele of CNTN4 rs2619566; L, left; R, right.
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minor C allele of CNTN4 rs2619566 may damage neuronal axons and influence neuronal differentiation, cell–cell
adhesion, neuronal projection, and synaptic plasticity. Neural network damage and altered plasticity may subsequently
induce sALS development.11 Our results indicated that the minor C allele of rs2619566 may influence the formation and
plasticity of the MH functional network in sALS patients, as disruptions of CNTN4 expression were reported to
potentially lead to developmental delay or defects.32 CNTN4 is an autism susceptibility locus,33 and CNTN4 is the
most widely expressed in the thalamus, including most of the thalamic nucleus,34 while in a mouse model, CNTN4
mutant autism mice showed reduced cell surface glutamate receptors in the cortex and hippocampus and increased cell
surface glutamate receptors in the striatum.35 Moreover, widespread hyperconnectivity between MH and the bilateral
lentiform nucleus/putamen was found in sALS patients with the minor C allele of CNTN4. These findings indicate that
the CNTN4 variant may disturb the formation and plasticity of the MH functional network by changing the levels of

Table 4 Altered Brain Regions of the MH Network in the sALS Group and sALSC of CNTN4 Subgroup

Cluster Number Brain Region Brodmann
Area

Cluster
Voxels

Peak MNI
(X, Y, Z)

Peak
T Values

Effect
Size

Right MH ROI network
(sALS vs HS)
1 Left middle temporal gyrus/insula 21, 38, 20 741 −36, −15, −6 4.933 1.374
2 Right cerebellum posterior lobe 18, 37 180 15, −36, −18 4.068 1.225

3 Left cerebellum anterior lobe 36, 20 105 −24, −36, −18 3.662 1.074

4 Right lentiform nucleus/putamen/inferior
frontal gyrus

47, 11, 10 836 27, −6, −6 4.827 1.344

5 Left posterior cingulate/cuneus 30, 18, 17 524 −9, −54, 3 4.211 0.881
6 Bilateral precuneus 31, 7 265 −6, −60, 36 3.411 0.911

7 Right middle cingulum gyrus 32, 6, 24 131 6, 15, 30 3.947 0.928

Right MH ROI network
(sALSC vs HSC)
1 Right cerebellum anterior lobe 36, 20 129 12, −36, −24 4.432 1.567

2 Right middle temporal gyrus 21, 47, 38 839 9, −18, −3 4.798 1.733
3 Left posterior cingulate/cuneus 30, 23 169 −9, −54, 3 3.826 1.028

4 Left parietal lobe/precuneus 31, 7 162 −9, −54, 27 3.65 1.093

5 Right medial frontal gyrus 6, 24 121 0, 3, 78 3.907 1.322
Left MH ROI network
(sALS vs HS)
1 Left middle temporal gyrus/superior

temporal gyrus
21, 20, 38 826 −51, 9, −21 5.19 1.398

2 Bilateral cerebellum anterior lobe/

cerebellum posterior lobe

47, 11, 18, 907 27, −6, −6 4.805 1.498

3 Left lingual gyrus/cuneus/posterior

cingulate

30, 18, 17 763 −9, −54, 0 4.181 0.973

4 Right middle temporal gyrus 21,22 128 51, −39, 3 4.184 0.890
5 Bilateral precuneus 7, 31 157 −6, −63, 39 3.982 0.922

6 Left middle cingulum gyrus 24, 6, 31 126 −9, −9, 42 3.651 0.786

Left MH ROI network
(sALSC vs HSC)
1 Right middle temporal gyrus 20, 21 158 −54, 3, −21 4.61 1.380

2 Right cerebellum anterior lobe 20 259 15, −39, −24 4.338 1.766
3 Right lentiform nucleus/putamen 13 384 27, −6, −6 4.316 1.409

4 Left lentiform nucleus/putamen. 30, 29 190 −36, −15, −6 3.859 1.384

5 Left limbic lobe/posterior cingulate 30, 29, 18 291 −9, −54, 3 4.184 1.075
6 Right precuneus 7,31 150 −9, −54, 30 4.143 1.100

Abbreviations: MNI, Montreal Neurological Institute; MH, medial hypothalamus; ROI, region of interest; sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects;
sALSC, sALS carrying the minor C allele of CNTN4 rs2619566; HSC, HS carrying the minor C allele of CNTN4 rs2619566; L, left; R, right.
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expression of some cell surface receptors in patients with sALS. Indeed, we assessed the effect of the CNTN4 rs2619566
SNP on grey matter volume, the white matter fibre bundle, the intensity of spontaneous activity in brain regions, and
resting state functional network connectivity in sALS patients (manuscript in preparation). We indeed found that sALS
patients carrying minor C allele showed decreased grey matter density in the right parahippocampal gyrus and subcortical
nucleus, and extensive white matter fibre damage. Increased functional connectivity was thought to be a compensatory
mechanism for structural damage, which further supports our findings that widespread hypothalamic hyperconnectivity
occurs in sALS and sALSC in the CNTN4 rs2619566 groups. Using independent component analysis, functional
connectivity network analysis suggested increased functional connectivity in the right lentiform nucleus, which positively
correlated with ALSFRS-R scores. Combined with negative findings on interactions, our results may indicate that the
minor C allele of CNTN4 rs2619566 may influence the formation and plasticity of the MH functional network in sALS
patients. However, the mechanism and clinical significance of CNTN4-related hyperconnectivity in MH is still unknown,
and further studies are needed in the future.

Limitations
Although our findings are novel, this study still has some limitations. First, our sample was small size due to the low
morbidity of sALS in China. Thus, studies with large sample sizes will be conducted in our future works to further
support these findings. Second, as a retrospective study, only ALSFR scores were utilized to estimate sALS patients’

Figure 3 Brain regions with significantly increased right LH FC in the sALS group (A) and sALST of CNTN4 subgroup (B) (P < 0.01, GRF correction at P < 0.05), the
corresponding box diagrams are located at the bottom, respectively.
Notes: ***Means P < 0.001. Details of cluster number are shown in Table 5.
Abbreviations: LH, lateral hypothalamus; ROI, region of interest; sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects; sALST, sALS carrying the TT allele of
CNTN4 rs2619566; HST, HS carrying the TT allele of CNTN4 rs2619566; L, left; R, right.
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physical disability. Some patients with sALS have cognitive impairments, sleep disorders, and weight changes, which
may be closely associated with the hypothalamus. The lack of specific neuropsychological assessments might limit our
interpretation of the correlation analysis. Finally, there is a lack of screening for mutations causing familial ALS since the
current study predominantly focuses on patients with sporadic ALS. Therefore, we should perform a study considering
the above points in further future.

Conclusion
Extensive hyperconnectivity of the hypothalamus was observed in early-stage patients with sALS, demonstrating the
underlying hypothalamic functional reorganization. Moreover, early-stage patients harboring the minor C allele of CNTN4
rs2619566 may be associated with medial hypothalamic functional connectivity in sALS. It would be interesting to explore
the relationship between CNTN4 rs2619566 and hypothalamic functional connectivity with clinical parameters (eg, hunger,
weight loss, and anorexia) in the future for a deeper understanding of the hypothalamic functional alterations in sALS.

Abbreviations
sALS, sporadic amyotrophic lateral sclerosis; CNTN4, contactin-4; HS, healthy subjects; DPP6, dipeptidyl-peptidase 6;
INPP5B, inositol polyphosphate-5-phosphatase B; Chr, chromosome; GRF, Gaussian random fields; FC, functional
connectivity; MH, medial hypothalamus; LH, lateral hypothalamus; ROI, region of interest; TDP-43, transactive
response DNA-binding protein 43 kDa; BMI, body mass index; SNP, single nucleotide polymorphism; rs-fMRI,
resting-state functional MRI; EPI, echo-planar imaging; TR, repetition time; TE, echo time; FOV, field of view;
DPABI, Data Processing & Analysis of Brain Imaging; FD, frame displacement; MNI, Montreal Neurological
Institute; SD, standard deviation; ALSFRS, ALS Functional Rating Scale; N.A, not applicable; L, left; R, right; GVM,
grey matter volume; DMN, default mode network.

Ethics Approval and Informed Consent
All procedures carried out in the study were in accordance with the ethical standards approved by the Medical Ethics
Committee of the First Affiliated Hospital of Nanchang University [Grant number: 4-074]. The subjects gave written
informed consent prior to participation.

Consent for Publication
We have obtained the informed consent from all patients or their legal guardians.

Table 5 Altered Brain Regions of the Right LH Network in the sALS Group and sALST of CNTN4 Subgroup

Cluster Number Brain Region Brodmann
Area

Cluster
Voxels

Peak MNI (X,
Y, Z)

Peak
T Value

Effect
Size

Right LH ROI network (sALS

vs HS)

1 Bilateral cuneus/lingual gyrus/middle
occipital gyrus

18, 17, 19, 1265 6, −93, 0 3.973 0.939

Right LH ROI network

(sALST vs HST)
1 Bilateral lingual gyrus/left inferior

occipital gyrus

18, 17, 19 764 −36, −78, −3 5.53 1.670

2 Right middle occipital gyrus/cuneus 19, 18, 37 134 39, −66, 3 3.775 1.843

Abbreviations: MNI, Montreal Neurological Institute; LH, lateral hypothalamus; ROI, region of interest; sALS, sporadic amyotrophic lateral sclerosis; HS, healthy subjects;
sALST, sALS carrying the TT allele of CNTN4 rs2619566; HST, HS carrying the TT allele of CNTN4 rs2619566.
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