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Figure 1. Brain imaging in ALS. (A) Routine MRI FLAIR (fluid-attenuated inversion recovery) 
of ALS brain. Arrows represent bilateral hyperintensities in the corticospinal tract (CST). (B) 
Diffusion tensor imaging (DTI) of white matter changes in ALS patients. Top panel: 3D rendered 
white matter tracts with lower fractional anisotropy in ALS versus HC. Bottom panel: Four 
coronal slices of white matter tracts with lower fractional anisotropy in ALS versus HC. Color 
scale: Represents t values. Results adjusted for multiple comparisons by Gaussian random field 
theory. A, anterior; L, left; P, posterior; R, right. (C) Connectome mapping by network-based 
analysis of resting-state global connectivity. Edges represent higher connectivity (p<0·05); in 
ALS this involves certain frontal, parietal, subcortical, and temporal regions, represented by red 
nodes. L, left; R, right. (D) Quantitative susceptibility mapping (QSM), surrogate of iron 
deposition, of primary motor cortex in ALS. Left panel: T2*-weighted images of primary motor 
cortex. Right panel: Corresponding QSM map of primary motor cortex. Arrows represent T2* 
signal hypointensity and QSM hyperintensity in ALS primary motor cortex deep layers. Adapted 
with permissions from (A) Mazón et al. Front Neurosci 2018,1 (B) Qiu et al. Hum Brain Mapp 
2019,2 (C) Geevasinga et al. Eur J Neurol 2017,3 and (D) Costagli et al. NeuroiImage: Clinical 
2016.4 
 

 

  



Table. Brain Imaging studies. Case/control brain-based imaging studies of human ALS 
participants in the last five years, meeting the criteria English language article with ALS > 20 
participants. Studies listed in alphabetical order by first author name.  
 

Reference Modality Population Findings in ALS participants 
“MRI” search criterion 

Acosta-
Cabronero5 QSM, MRI 

28 ALS 
39 controls 

Higher QSM in ALS motor cortex, left 
substantial nigra, globus pallidus, red 
nucleus; lower QSM in CST white matter. 

Alruwaili6 T1, DWI 
30 ALS 
19 controls 

Lower FA in CST, callosal radiation and 
body of corpus callosum, cingulum, 
superior/inferior longitudinal fasciculus; 
higher MD in CST, cingulum, anterior 
thalamic radiation, corpus callosum, inferior 
longitudinal fasciculus, uncinated fasciculus; 
findings more pronounced in ALS patients 
with vs without cognitive involvement. 

Baek7 DTI 
96 ALS 
47 controls 

Decreased FA in corpus callosum, bilateral 
CST, bilateral cerebral and cerebellar 
peduncles; decreased AD in bilateral CST; 
increased AD in corpus callosum and and 
bilateral corona radiata; increased RD and 
MD in corpus callosum and bilateral corona 
radiata; increased in bilateral cerebral 
peduncles and left cerebellar peduncle. 
Decreased MO in corpus callosum and left 
CST; increased MO in bilateral internal 
capsule; multiple DTI parameters and 
regions correlated with ALSFRS-R and 
change in ALSFRS-R; DTI parameters did 
not distinguish ALS groups by rate of 
change groups (i.e., slow versus rapid 
progression). 

Bede8 T1 at 0 and 4 
months 

100 ALS 
100 
controls 

Decreased volume in pons and medulla at 4 
month image; non-statistically significant 
reductions in brainstem volume over 4 
months; vertex analysis showed medullary 
pyramid atrophy; decreased density in 
mesencephalic crura by morphometric 
analysis. 

Cardenas-
Blanco9 

Longitudinal 
T1, DTI  

34 ALS 
29 controls 

No DTI differences vs controls by multiple 
testing comparisons; lower FA and higher 
RD longitudinally; no cortical thickness, grey 
matter density, deep grey matter volume 
differences; FA does correlate with ALS 
progression. 



Chipika10 
MRI, T1 with 
Bayesian 
thalamus 
segmentation  

100 ALS 
117 
controls 

Atrophy of mediodorsal-paratenial-reuniens 
group of nuclei; In C9orf72 negative ALS, 
decreased volume in motor nuclei, sensory 
nuclei, intralaminar, anteroventral, medial 
geniculate, and lateroposterior nuclei; 
decreased mediodorsal-paratenial-reuniens 
volumes in C9orf72 positive ALS vs 
negative, but not statistically significant; 
vertex and morphometric analysis showed 
thalamic atrophy, but with some asymmetry  

Contarino11 
MRI, T1, 
spoiled 
gradient-echo 
T2, QSM 

42 ALS 
23 controls 

Lower precentral cortical thickness; higher 
precentral susceptibility skewness. 

Fabes12 
Quantitative 
FLAIR 
intensity 

33 ALS 
21 controls 

Higher FLAIR intensity in CST and corpus 
callosum. 

Ferraro13 DTI 
123 ALS 
78 controls 

Precentral cortical thickness differentiates 
ALS versus controls with 0.86 accuracy; DTI 
differentiates ALS versus controls with 0.78 
accuracy; combined cortical thickness and 
DTI differentiates ALS versus controls with 
0.91 accuracy; multimodal MRI improves 
classification accuracy for individual MND 
patients.  

Grapperon14 23Na MRI 
27 ALS 
30 controls 

Higher total 23Na; higher 23Na in precentral 
gyri, CST, corpus callosum. 

Hubers15 DTI, DWS 
27 ALS 
21 controls 

Lower FA in corpus callosum motor 
segment/rostrum, CST; no DWS differences. 

Kalra16 Longitudinal 
DTI 

66 ALS 
43 controls 

Lower FA in CST, corticopontine tract, 
corticorubral tract, corticostriatal tract; FA of 
CST and frontal lobes declines with ALS 
progression. 

Muller17 DTI  
101 ALS 
92 controls 
 

Lower FA in CST, corticopontine tract, 
corticorubral tract, corticostriatal pathway. 

 

Muller18 DTI 
23 ALS 
23 controls 

Lower FA in CST, corticopontine tract, 
corticorubral tract. 

Muller19 DTI 
50 ALS 
50 controls 

Lower whole brain FA, CST, corticopontine 
tract, corticorubral tract, corticostriatal 
pathway, proximal portion of perforant path. 



Qiu2 T1, DTI, RS 
fMRI 

60 ALS 
60 controls 

Left precentral gyrus atrophy; higher 
cerebellar volume in Crus II, VIIb, VIIIa 
subregions; lower FA in left CST, corpus 
callosum body; lower functional connectivity 
in postcentral gyrus, precentral gyrus, 
cerebellum anterior lobe. 

Ratai20 
[11C]-PBR28 
PET, MR 
diffusion, 1H-
MRS 

40 ALS  

Precentral gyri, brainstem (test regions) vs 
precuneus (control region); positive myo-
inositol/creatine and negative N-
acetylaspartate/creatine correlations with 
[11C]-PBR28 in precentral gyrus; higher myo-
inositol/creatine and lower N-
acetylaspartate/creatine correlation with 
lower FA. 

Sassani21 31P-MRS 
20 ALS 
10 controls 

Lower mitochondrial oxidative 
phosphorylation in brainstem. 

Schuster22 T1, DTI 
81 ALS 
66 controls 

85·7% sensitivity, 78·4% specificity to 
discriminate ALS from control using average 
grey matter density of left/right precentral 
gyrus, average FA and RD of left/right 
superior corona radiata, inferior corona 
radiata, internal capsule, cerebral peduncles 
mesencephalic crus, CST pontine segment, 
average diffusivity of genu, corpus callosum 
corpus/splenium. 

Schuster23 T1, DTI 
60 ALS 
69 controls 

Clinical data predict 18-month survival 
66·67% accuracy, 62·50% sensitivity, 
70·84% specificity; MRI predict 18-month 
survival 77·08% accuracy, 79·16% 
sensitivity, 75% specificity using DTI of 
superior/inferior corona radiata, 
anterior/posterior limbs of internal capsule, 
cerebral peduncles (mesencephalic crus), 
corpus callosum genu, body, splenium and 
precentral/paracentral gyrus cortical 
thickness; combined MRI and clinical data 
predict 18-month survival 79·17% accuracy, 
75% sensitivity, 83·34% specificity. 



Senda24 Longitudinal 
T1, T2, DTI 

67 ALS 
38 controls 

Lower grey matter volume in ALS: slow 
progressing group in motor cortex precentral 
knob, caudate head, medial front gyrus, 
thalamus, cingulate gyrus, intermediate 
progressing group in frontotemporal lobes, 
rapid progressing group more widespread 
and severe versus other 2 groups; lower FA 
in corona radiata and internal capsule of 
pyramidal tracts, widespread involvement 
tied to ALS progression. 

Tu25 T1, DWI 
20 ALS 
31 controls 

Lower thalamic volume; higher thalamic 
apparent diffusion. 

Weidman26 DTI, QSM 
38 ALS 
15 MND 
mimics 

Lower FA in CST; higher MD and RD in 
CST; higher QSM in maximum motor cortex. 

Welton27 

T1, arterial 
spin labelling 
(blood flow), 
susceptibility-
weighted 
angiography 
(iron 
deposition), 
multiband 
kurtosis 
imaging 
(tissue 
microstructure) 

21 ALS 
63 controls 

Lower volume and higher iron levels in 
symptomatic hemisphere; higher iron levels 
in motor cortex; lower diffusion kurtosis. 
 
 

“Connectome” search criterion 

Basaia28 T1, T2, FLAIR, 
DTI, RS fMRI 

173 ALS 
79 controls 

Altered structural global networks; lower 
mean structural local efficiency in 
sensorimotor, basal ganglia, frontal 
networks; longer path length in basal 
ganglia, frontal, temporal networks; lower 
mean nodal strength in frontal/temporal 
regions; lower FA in sensorimotor networks 
in precentral/postcentral gyri, supplementary 
motor area, basal ganglia, medial/lateral 
prefrontal cortex connections; higher 
functional connectivity in precentral gyrus, 
middle/superior frontal gyri. 



Buchanan29 Diffusion, T1  
30 ALS 
30 controls 

Motor (bilateral precentral and paracentral), 
frontal (left superior frontal, left-posterior 
cingulate), subcortical (bilateral pallidum, left 
thalamus, left caudate) subnetwork 
impairment; lower FA in CSF and corpus 
callosum; lower FA in CST linked to ALS 
progression rate. 

Geevasinga3 T1, RS fMRI, 
TMS 

20 ALS 
20 controls 

Higher connectivity in right inferior frontal 
triangularis and inferior frontal operculum to 
left and right fusiform regions, left inferior 
frontal operculum and left pallidum to right 
superior parietal cortex, “right Heschl's gyrus 
to left putamen and pallidum, right superior 
parietal to left supramarginal region, right 
fusiform region to right paracentral lobule, 
right angular gyrus to left anterior cingulum 
and left caudate”; higher functional 
connectivity, implying loss of long-range 
connections; lower grey matter volume in 
frontal lobe regions, rolandic operculum, 
right inferior orbital frontal region, precentral 
gyrus, postcentral gyrus, extrafrontal 
regions; lower SICI negative link with 
precentral gyrus nodal degree. 

Meier30 Longitudinal 
DTI   

208 ALS 
208 
controls 

Spatiotemporal spread of connectome 
disruption involving more brain regions 
based on network-based statistics. 

Schulthess31 
DTI, RS fMRI, 
longitudinal in 
participant 
subset 

135 ALS 
56 controls 

Higher functional connectivity in the motor 
(M1), brainstem (midbrain), ventral attention 
(ventral striatum), default mode/hippocampal 
intrinsic connectivity (cingulate cortex) 
networks; network expansion in longitudinal 
studies; lower FA in CST, corticopontine 
tract, corticorubral tract, corticostriatal 
pathway, proximal portion of perforant 
pathway; higher functional connectivity 
linked to worsening ALSFRS-R. 

Serra32 DTI, RS fMRI 
39 ALS 
15 controls 

Lower connectivity between frontal and 
temporal cortex, frontal and parietal cortex, 
temporal and occipital cortex; higher 
connectivity in limbic and subcortical grey 
matter and cingulate cortex. 



van der Burgh33 T1, DWI MRI 
292 ALS 
156 
controls 

C9orf72 negative participants: cortical 
thinning in primary motor, frontal/temporal 
regions, atrophy in left accumbens nucleus, 
right thalamus, bilateral hippocampi, left 
amygdala; lower connectivity. C9orf72 
positive participants: cortical thinning, 
atrophy in accumbens nucleus, bilateral 
thalami, hippocampi, amygdala, caudate, 
putamen, pallidum; lower connectivity, 
especially in bilateral precentral/paracentral 
gyri, basal ganglia, temporal lobe; cortical 
thinning more extensive with longer ALS 
duration. 

“PET” search criterion 

Alshikho34 
Integrated 
[11C]-PBR28 
PET-MRI 

53 ALS 
21 controls 

Higher [11C]-PBR28 uptake and cortical 
thinning in precentral and paracentral gyri. 

D'Hulst35 [18F]-FDG PET 

Belgian 
cohort: 
175 ALS 
20 controls 
 
Italian 
cohort: 
195 ALS 
40 controls 

Consistent [18F]-FDG PET patterns in ALS 
vs controls; Belgian cohort, hypometabolism 
in frontal and parietal cortex, 
hypermetabolism in temporal cortex, 
cerebellum, brainstem; Italian cohort, 
hypometabolism in frontal, motor, occipital 
cortex, hypermetabolism in temporal cortex, 
cerebellum, brainstem. 

Van 
Weehaeghe36 [18F]-FDG PET 

ALS group 
1: 105 
ALS group 
2: 70 ALS 
20 controls 

Hypometabolism in frontal cortex, premotor  
cortex, inferolateral part of the parietal 
cortex; hypermetabolism in occipital cortical 
pole, cerebellum, upper brain stem, medial 
temporal cortex. 

 
AD, axial diffusivity; ALSFRS-R, ALS functional rating scale-revised; CST, corticospinal tract; 
DTI, diffusion tensor imaging; DWI, diffusion weighted imaging; DWS, diffusion weighted 
magnetic resonance spectroscopy; FA, fractional anisotropy; FDG, fluorodeoxyglucose; FLAIR, 
fluid-attenuated inversion recovery; FTD, frontotemporal dementia; MD, mean diffusivity; MND, 
motor neuron disease; MO, mode; MRS, magnetic resonance spectroscopy; PLS, primary 
lateral sclerosis; PUMN, predominantly upper motor neuron disease; QSM, quantitative 
susceptibility mapping, detects iron-related changes; RD, radial diffusivity; RS fMRI, resting 
state functional MRI; SICI, short-interval intracortical inhibition; TMS, transcranial magnetic 
stimulation.  
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