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Abstract

Purpose The role for [18F]FDG-PET in supporting amyotrophic lateral sclerosis (ALS) diagnosis is not fully established. In this study,
we aim at evaluating [ 18F][FDG-PET hypo- and hyper-metabolism patterns in spinal- and bulbar-onset ALS cases, at the single-subject
level, testing the diagnostic value in discriminating the two conditions, and the correlations with core clinical symptoms severity.
Methods We included 95 probable-ALS patients with [18F]FDG-PET scan and clinical follow-up. [I8F]JFDG-PET images were
analyzed with an optimized voxel-based-SPM method. The resulting single-subject SPM-t maps were used to: (a) assess brain
regional hypo- and hyper-metabolism; (b) evaluate the accuracy of regional hypo- and hyper metabolism in discriminating spinal
vs. bulbar-onset ALS; (c) perform correlation analysis with motor symptoms severity, as measured by ALS-FRS-R.

Results Primary motor cortex showed the most frequent hypo-metabolism in both spinal-onset (~57%) and bulbar-onset (~64%)
ALS; hyper-metabolism was prevalent in the cerebellum in both spinal-onset (~56.5%) and bulbar-onset (~55.7%) ALS, and in the
occipital cortex in bulbar-onset (~62.5%) ALS. Regional hypo- and hyper-metabolism yielded a very low accuracy (AUC < 0.63) in
discriminating spinal- vs. bulbar-onset ALS, as obtained from single-subject SPM-t-maps. Severity of motor symptoms correlated
with hypo-metabolism in sensorimotor cortex in spinal-onset ALS, and with cerebellar hyper-metabolism in bulbar-onset ALS.
Conclusions The high variability in regional hypo- and hyper-metabolism patterns, likely reflecting the heterogeneous pathology
and clinical phenotypes, limits the diagnostic potential of [18F]FDG-PET in discriminating spinal and bulbar onset patients.
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Introduction ALS diagnosis is currently based on the El Escorial revised
criteria (EEC-R) [2]. According to the EEC-R criteria, diag-
nosis of ALS can be made when (i) evidence for progressive
UMN and LMN degeneration is present, as shown by either

clinical, neurophysiological or neuropathological examination

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
tive disorder characterized by progressive degeneration of
both upper and lower motor neurons (UMN, LMN) [1].
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and (ii) lower motor neuron deficits are present, as defined by
clinical examination or neurophysiological examination.
Clinical diagnosis of ALS is usually delayed by one year after
the patient’s first referral [3, 4], a relatively long time consid-
ering that average survival of ALS patients is less than three
years from symptom onset [5]. Notably, diagnosis of ALS is
further complicated by the phenotypic heterogeneity of the
disorder. Two-thirds of the patients present “patchy” LMN
and UMN involvement with variable weakness of the limbs
(spinal-onset ALS), whereas one-third of the patients present
UMN and LMN involvement as expressed by bulbar muscles
weakness, together with dysphagia and dysarthria (bulbar-
onset ALS) [6]. Altogether, clinical heterogeneity and overlap
between ALS and other motor neuron diseases contribute to a
significant misdiagnosis rate in ALS, which is estimated to be
around 45% [7-10].

Accuracy of clinical diagnosis might be improved by the use
of neuroimaging biomarkers, which have been increasingly
recognized of utmost importance in supporting clinical diagno-
sis in neurological degenerative conditions (e.g. [11-16]).
Notwithstanding, the use of neuroimaging in ALS is currently
limited to MRI of the brain and spinal cord [5], with its role
however restricted only to the exclusion of other diseases that
may mimic ALS [10]. Among molecular neuroimaging bio-
markers, [I8F]JFDG-PET has been suggested as a supportive
biomarker for ALS clinical diagnosis [1]. [I8F]FDG-PET, a
proxy for glucose metabolism in neurons, and specifically at
synapses [17], is a well-established biomarker in neurodegen-
erative diseases [12—16, 18, 19], able to support early differen-
tial diagnosis [20-23], also in prodromal disease stages
[22-27]. In ALS, previous [18F]FDG-PET studies reported
some evidence for group-level hypometabolism in primary mo-
tor cortex, premotor cortex and dorsolateral frontal cortex, and
hypermetabolism in the midbrain, pons and cerebellum
[28-33]. Limited evidence, again only at group-level, suggests
inconsistent patterns of hypo- and hypermetabolism character-
izing spinal and bulbar clinical phenotypes in ALS [28, 29],
with also one study reporting no significant differences between
groups [30]. A recent single-subject analysis of the metabolic
picture in ALS reports very heterogeneous profiles [31],
prompting the need for further studies, particularly at the
single-subject level. Crucially, the validation of [18F]FDG-
PET as supportive biomarker for the diagnostic work-up in
ALS depends on first establishing definite metabolic patterns
for ALS sub-types [28].

This study aims at (i) characterizing, at the single-
subject level, the [18F]FDG-PET patterns of hypo- and
hypermetabolism in a large sample of patients with
bulbar-onset and spinal-onset ALS, as assessed with an
optimized SPM-based voxel-wise procedure [22]; (ii) test-
ing the potential diagnostic value of [18F]FDG-PET bio-
marker metric, by evaluating its accuracy in discriminat-
ing spinal vs. bulbar-onset ALS; (iii) assessing the clinical
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significance of brain metabolism alterations in ALS, by
testing the associations between clinical symptoms sever-
ity, as measured by an ad hoc functional scale, i.e. the
ALS-Functional Rating Scale-Revised (ALS-FRS-R)
scale, and [18F]FDG-PET metabolism.

Material and methods
Participants

Ninety-five patients with ALS were retrospectively collected
from the clinical and neuroimaging databases of ALS Center,
Turin (N=86) and San Raffaele Hospital, Milan (N =9).
Patients had been referred to our research centers to perform
the [18F]FDG-PET examination as part of research programs
approved by the Ethical Committees.

The patients received a laboratory-supported, probable or
definite ALS diagnosis according to the revised El Escorial
ALS criteria [3]. The patients were classified according to their
clinical presentation as either spinal (n=60) or bulbar (n=
35)(see [28] for details). All patients underwent full neurological
evaluation and an [18F]FDG-PET imaging session. Patients
with primary lateral sclerosis (PLS), progressive muscular atro-
phy (PMA), spastic paresis, severe atrophy or vascular damage
were excluded. Demographics, ALSFRS-R scores and neuro-
psychological classification for the whole ALS group and for
spinal-onset and bulbar-onset subgroups are reported in Table 1.

[18F]FDG-PET acquisition and pre-processing

The [18F]FDG-PET scans were acquired at the Nuclear
Medicine Department of Affidea Irmet Centre, Turin (N =
86) and at the Nuclear Medicine Unit of San Raffacle
Hospital, Milan (N =9), using a Discovery STE PET scanner
(3.75 mm thickness; 5.2 mm in-plane FWHM; 3.27 mm thick-
ness; 5.55 mm in-plane FWHM, respectively), manufactured
by GE Healthcare. The [18F]FDG-PET acquisition proce-
dures conformed to the European Association of Nuclear
Medicine guidelines [34]. Notably, during the PET acquisition
procedures subjects were with eyes closed.

All images were reconstructed using an ordered subset-
expectation maximization algorithm. Attenuation correction
was based on CT scans. Image pre-processing was performed
using SPM software (http://www.fil.ion.ucl.ac.uk/spm/
software/), running in Matlab (MathWorks Inc., Sherborn,
MA, USA). Following validated procedures [22], each [18F]
FDG-PET image was spatially normalized to a specific [18F]
FDG-PET template in the MNI space [35]. Warped images
were then spatially smoothed with an isotropic 3D Gaussian
kernel (FWHM: 8—8-8 mm). Global mean scaling was applied
to each image in order to account for between-subject uptake
variability [36].
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Table 1 Clinical and demographic characteristics of the ALS patients

Characteristic ALS (N=95) Spinal-onset ALS (N=60) Bulbar-onset ALS (N=35) Tscore P value
Males % (N) 57.9% (55) 68.3% (41) 40% (14) - -
Age at PET scan (years) 62.52+£12 60.63+£12 65.74+14 1.88 0.06
Disease duration at PET scan (months) 14.65+12 14.82+13 14.37+11 0.17 0.86
ALSFRS-R total score 39.74+6.8 39.58+6.3 40.03+7.83 031 0.76
ALSFRS-R bulbar score 9.97+2 11.02+1.5 8.12£2.1 7.82 <0.001
ALSFRS-R fine Motor score 947429 9.02+3 10.26 £2.7 2.01 0.04
ALSFRS-R gross Motor score 8.95+3 8.1+3 10.44+2.4 3.93 <0.001
ALSFRS-R respiratory score 11.37+1.6 11.47+1.5 11.21+1.7 0.78 0.45
Cognitive classification® Normal 43 (45.3%) 27 (45%) 16 (45.7%) — -

Cognitive impairment 16 (16.8%) 13 (21.7%) 3 (8.6%)

Behavioural impairment 4 (4.3%) 3 (5%) 1 (2.9%)

Fronto-temporal dementia 2 (2.1%) 0 (0%) 2 (5.7%)

Non-classifiable impairment 6 (6.3%) 5 (8.3%) 1 (2.9%)

NA 24 (25.26%) 12 (20%) 12 (34.3%)

*Extensive details on the cognitive classification of the subjects are provided in [32]

Optimized single-subject [18F]FDG-PET SPM analysis

[18F]FDG-PET processing was based on an optimized semi-
quantitative procedure [22], validated in clinical research set-
tings for differential diagnosis of various neurodegenerative
conditions, including movement disorders [20, 26]. Following
this validated procedure [22], the normalized and smoothed
images were tested for relative whole-brain hypo-metabolism
and hyper-metabolism by means of a two-sample t-test imple-
mented in SPM, in which the single image was compared with
a large (N =112) normal control [18F]FDG-PET dataset, ex-
tensively described elsewhere [22]. Age was entered as a nui-
sance covariate. Taking into account the lack of reported dif-
ferences in metabolic activity of male and female ALS pa-
tients, gender was not controlled for in the analysis. Of note,
gender distribution did not differ between normal control and
ALS groups (x* =2.303, p=.121). For the assessment of hy-
per-metabolism, we set the grey matter threshold at 1.0, thus
minimizing the risk of artefactual hyper-metabolism and im-
proving the reliability of findings [29]. The resulting SPM-t-
maps, thresholded at P<0.05 family-wise error (FWE)-
corrected for multiple comparisons (Ke: 250 voxels), repre-
sented the basis for (i) the assessment of the profiles of region-
al hypo- and hyper-metabolism in spinal- and bulbar-onset
ALS and (ii) the evaluation of the diagnostic discriminative
ability of regional hypo- and hyper-metabolism, as based on
the SPM-t-maps.

ROIs for hypo- and hyper-metabolism
In order to characterize the hypo- and hyper-metabolism pro-

files of spinal- and bulbar-onset ALS, we further selected a
series of regions of interest (ROIs) based on previous

literature, including regions involved in ALS pathophysiology
and/or reported as hypo- or hyper-metabolic in ALS
[28-32](see Tables 2 and 3). ROIs were mainly derived from
the Automated Anatomical Labelling Atlas (AAL) [37]. Due
to the relative coarseness in the AAL ROlIs, especially
pertaining to the sensori-motor system of crucial relevance
for ALS, we complemented the selected AAL ROIs with a
set of more refined ROIs, derived from dedicated atlases or, if
unavailable, manually drawn following specific guidelines, as
follows: the dorsolateral prefrontal cortex, obtained from the
Sallet’s Dorsal Frontal Parcellation Atlas [38]; the pre-motor,
primary motor and somatosensory cortices, derived from the
Juelich Histological Atlas, as available in FMRIB Software
Library (FSL), the supplementary pre-motor and motor area,
which were manually drawn on a T1 high-resolution template
following guidelines by Mayka et al. (2006) [39]; dorsal cau-
date, dorsal putamen and ventral striatum, delineated follow-
ing guidelines by Tziortzi and colleagues (2011) [40]; the
mesencephalon and pons, which were derived from the
WEFUPickAtlas Tailarach Daemon Lobar Atlas [41-43]; and
the cerebellar nuclei, manually drawn following guidelines by
Diedrichsen et al. (2011) [44]. The resulting ROIs were then
projected on a T1 high-resolution MNI space template to
check for any mismatch with known anatomical boundaries
or presence of any overlap across different ROIs. For each
patient, ROIs were deemed hypo- or hyper-metabolic when
at least 50 significantly hypo- or hyper-metabolic voxels (as
defined from the single-subject hypo—/hyper-metabolism
SPM-t-maps) fell within the ROIs’ boundaries. Percentage
prevalence of each regional hypo- and hyper-metabolism
was computed for each ALS sub-group. Percentage preva-
lence values in the two sub-groups were contrasted directly
by means of a chi-squared test.
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Table 2  Prevalence of regional hypo-metabolism in spinal-onset and bulbar-onset ALS

Macroarea Selected ROIs Prevalence of hypo-metabolism (%) p-values®
Spinal-onset ALS Bulbar-onset ALS
Frontal lobe L DLPFC 31.67 45.71 ns.
R DLPFC 23.33 45.71 0.024°
L Medial Superior Frontal Gyrus 21.67 40 ns.
R Medial Superior Frontal Gyrus 23.33 28.57 ns.
L Anterior Cingulate Cortex 20 45.71 <0.001
R Anterior Cingulate Cortex 18.33 22.86 ns.
L Orbitofrontal Cortex 28.33 37.14 ns.
R Orbitofrontal Cortex 26.67 28.57 ns.
L Frontal Operculum 26.67 42.86 ns.
R Frontal Operculum 21.67 37.14 ns.
Sensorimotor cortices L Pre-motor Cortex 41.67 51.43 ns.
R Pre-motor Cortex 35 45.71 ns.
L Supplementary Pre-motor Area 33.33 45.71 ns.
R Supplementary Pre-motor Area 38.33 57.14 ns.
L Supplementary Motor Area 31.67 40 ns.
R Supplementary Motor Area 38.33 40 ns.
L Primary Motor Cortex 56.67 71.43 ns.
R Primary Motor Cortex 58.33 57.14 ns.
L Somatosensory Cortex 41.67 54.29 ns.
R Somatosensory Cortex 36.67 37.14 n.s.
Parietal lobe L Inferior Parietal Lobule 35 31.43 ns.
R Inferior Parietal Lobule 11.67 22.86 ns.
L Superior Parietal Lobule 20 22.86 ns.
R Superior Parietal Lobule 21.67 28.57 ns.
L Posterior Cingulate Cortex 5 2.86 ns.
R Posterior Cingulate Cortex 1.67 5.71 ns.
Occipital lobe L Lateral Occipital Cortex 26.67 28.57 ns.
R Lateral Occipital Cortex 33.33 34.29 ns.
L Medial Occipital Cortex 28.33 25.71 ns.
R Medial Occipital Cortex 25 5.71 0.018°
Temporal lobe L Fusiform Gyrus 26.67 40 ns.
R Fusiform Gyrus 23.33 20 ns.
L Inferior Temporal Gyrus 31.67 34.29 ns.
R Inferior Temporal Gyrus 25 37.14 n.s.
L Middle Temporal Gyrus 13.33 20 ns.
R Middle Temporal Gyrus 36.67 48.57 ns.
L Superior Temporal Gyrus 21.67 17.14 ns.
R Superior Temporal Gyrus 31.67 48.57 ns.
L Temporal Pole 23.33 37.14 ns.
R Temporal Pole 31.67 51.43 ns.
L Parahippocampal Gyrus 20 22.86 ns.
R Parahippocampal Gyrus 16.67 20 ns.
L Hippocampus 11.67 14.29 ns.
R Hippocampus 15 14.29 ns.
Insular cortex L Insular Cortex 35 54.29 ns.
R Insular Cortex 28.33 37.14 ns.
Subcortical structures L Dorsal Caudate Nucleus 10 5.71 ns.
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Table 2 (continued)

Macroarea Selected ROIs Prevalence of hypo-metabolism (%) p-values®
Spinal-onset ALS Bulbar-onset ALS

R Dorsal Caudate Nucleus 6.67 0 ns.
L Dorsal Putamen 13.33 5.71 ns.
R Dorsal Putamen 13.33 5.71 ns.
L Globus Pallidus 11.67 5.71 ns.
R Globus Pallidus 13.33 2.86 n.s.
L Ventral Striatum 11.67 8.57 ns.
R Ventral Striatum 16.67 5.71 n.s.
L Thalamus 18.33 11.43 n.s.
R Thalamus 11.67 8.57 n.s.

Cerebellum L Cerebellar Cortex 25 34.29 ns.
R Cerebellar Cortex 31.67 40 ns.
L Cerebellar Nuclei 16.67 20 ns.
R Cerebellar Nuclei 5 14.29 ns.
Vermis 21.67 3143 ns.

Prevalences of hypo-metabolism exceeding 50% are denoted in bold

& p-values refer to the significant differences in hypometabolism prevalence in the selected ROIs

® Not surviving Bonferroni correction for multiple comparisons

Discriminative analysis of regional hypo-
and hyper-metabolism

First, we tested whether hypo- and hyper-metabolism alter-
ations in each single brain region would allow to satisfactorily
classify spinal- vs. bulbar-onset ALS.

Second, we tested whether combining regional hypo- and
hyper-metabolism alterations in 67 brain regions (the same
included in the former analyses) would improve discrimina-
tion between sub-groups. Following the most common ap-
proaches adopted in previous ALS studies (e.g. [28, 30,
45]), we performed a discriminant analysis and a support vec-
tor machine analysis (SVM) using a non-linear classifier with
radial basis function kernel. A leave-one-out cross-validation,
in which each case was classified by the function derived from
all cases apart from the case itself, was performed in both
analysis.

For all the above, discriminative performance was evaluat-
ed by means of an ROC curve analysis, considering the diag-
nosis at follow-up as the reference standard.

ROI metabolic distribution in the primary motor
cortex

Considering that the difference between spinal- and
bulbar- onset ALS is essentially related to the body part
initially involved, we performed a precise study of the
metabolism distribution in the primary motor cortex.

ROIs corresponding to sub-regions of the primary motor
cortex were drawn in accordance with [46]. In particular,
we drew nine 5x5x5 mm? bilateral cubic seed ROIs,
starting from the dorsomedial region of the primary motor
cortex (foot/leg area), passing through the dorsolateral re-
gion (the hand/arm area) and ending in the ventrolateral
region (face/head area and tongue area) (see [46]). ROIs
pertaining to the same area were merged together,
obtaining a total of four ROIs. For each patient, ROIs
were deemed hypo- or hyper-metabolic when at least 50
significantly hypo- or hyper-metabolic voxels (as defined
from the single-subject hypo—/hyper-metabolism SPM-t-
maps) fell within the ROIs' boundaries. Percentage prev-
alence of each regional hypo- and hyper-metabolism was
computed for each ALS sub-group and association be-
tween presence of metabolic alterations and type of onset
was computed by means of a chi-squared test.

Clinico-metabolic correlations

A multiple regression approach was adopted to test
the correlation, at group level, between brain glucose
metabolism and clinical symptoms severity in the mo-
tor, bulbar and respiratory domain, as assessed by
ALSFRS-R sub-scales scores. Multiple regression
models were run separately for spinal- and bulbar-
onset ALS sub-groups, entering age-adjusted individ-
ual SPM hypo- and hypermetabolism contrast images
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Table 3 Prevalence of regional hyper-metabolism in spinal-onset and bulbar-onset ALS
Macroarea Selected ROIs Prevalence of hyper-metabolism p-values®
Spinal-onset ALS Bulbar-onset ALS

Sensorimotor cortices L Pre-motor Cortex 26.67 20 ns.

R Pre-motor Cortex 41.67 37.14 n.s.

L Supplementary Pre-motor Area 23.33 11.43 ns.

R Supplementary Pre-motor Area 41.67 37.14 n.s.

L Supplementary Motor Area 15 22.86 ns.

R Supplementary Motor Area 21.67 25.71 n.s.

L Primary Motor Cortex 43.33 40 ns.

R Primary Motor Cortex 45 51.43 ns.

L Somatosensory Cortex 30 40 n.s.

R Somatosensory Cortex 48.33 57.14 ns.
Occipital lobe L Lateral Occipital Cortex 48.33 7143 0.028°

R Lateral Occipital Cortex 43.33 54.29 n.s.

L Medial Occipital Cortex 41.67 7143 0.005°

R Medial Occipital Cortex 31.67 54.29 0.030°
Subcortical structures L Dorsal Caudate Nucleus 6.67 5.71 ns.

R Dorsal Caudate Nucleus 0 2.86 ns.

L Dorsal Putamen 20 25.71 ns.

R Dorsal Putamen 23.33 25.71 ns.

L Globus Pallidus 13.33 14.29 ns.

R Globus Pallidus 11.67 20 ns.

L Ventral Striatum 30 34.29 ns.

R Ventral Striatum 1.67 31.43 ns.

L Thalamus 11.67 17.14 ns.

R Thalamus 15 37.14 0.014°

Mesencephalon 18.33 34.29 ns.

Pons 11.67 11.43 ns.
Cerebellum L Cerebellar Cortex 53.33 57.14 ns.

R Cerebellar Cortex 60 54.29 ns.

L Cerebellar Nuclei 40 40 ns.

R Cerebellar Nuclei 41.67 42.86 ns.

Vermis 0 37.14 ns.

# p-values refer to the significant differences in hyper-metabolism prevalence in the selected ROIs

®Not surviving Bonferroni correction for multiple comparisons

Prevalences of hyper-metabolism exceeding 50% are denoted in bold

(as derived by the single-subject [18F]FDG-PET SPM
pipeline) and ALSFRS-R scores at gross- and fine-
motor, bulbar and respiratory sub-scales as variables
of interest; disease duration, defined as the time-
course between the appearance of the earliest clinical
symptom as reported by the patient and the
[18F]FDG-PET scan, was entered as nuisance covari-
ate. For this correlative analysis, we set a more liberal
statistical threshold of p <0.001, minimum cluster ex-
tent k:100 voxels (p <0.05 FWE-corrected at cluster
level), as a reasonable trade-off between statistical
robustness and sensitivity [47].
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Results
Regional hypo- and hyper-metabolism profiles

Illustrative examples of hypo- and hyper-metabolism patterns
in ALS patients are presented in Figs. 1 and 2. Prevalence of
regional hypo- and hyper-metabolism in spinal- and bulbar-
onset ALS are reported in Tables 2 and 3. As clearly shown,
hypo- and hyper-metabolism profiles partially overlapped
across the two sub-groups. Primary motor cortex
hypometabolism was maximally prevalent in both spinal-
onset (L: 56.67%; R: 58.33%; L-R Average: 57.5%) and
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Case #1

Fig. 1 Illustrative examples of brain hypo- and hyper-metabolism SPM-t-
maps at the single-subject level in spinal-onset ALS cases showing the var-
iability of hypo- and hyper-metabolism at [18F]JFDG-PET SPM-t-maps in
single subjects with spinal-onset ALS. (a) Normal brain metabolism in a male
patient (age 58 years) with ALSFRS-R total score: 42. (b) Extensive frontal
hypo-metabolism and occipito-cerebellar hyper-metabolism in a male patient
(age 61 years) with executive deficits and ALSFRS-R total score: 42. (¢) No
hypometabolism, but occipital hyper-metabolism in a female patient (age 77

Hypo-metabolism

o~

hdh

Hyper-metabolism

years) with ALSFRS-R total score: 40. (d) Extensive cortical and subcortical
(pallidal) hypo-metabolism, with marked leftward asymmetry, and cerebellar
hyper-metabolism in a female patient (age 67 years), with ALSFRS-R total
score: 23. [18F]FDG-PET SPM-t-maps were estimated from comparison
with a large dataset of 112 healthy controls, following validated procedures
(see text for details). Statistical threshold was set at p < 0.05 FWE-corrected
for multiple comparison at the voxel level; minimum cluster extent Ke: 250
voxels
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Fig. 2 Illustrative examples of brain hypo- and hyper-metabolism SPM-t-
maps at the single-subject level in bulbar-onset ALS cases showing the var-
iability of hypo- and hyper-metabolism at [18F]JFDG-PET SPM-t-maps in
single subjects with bulbar-onset ALS. (a) Circumscribed motor cortex hypo-
metabolism and cerebellar hyper-metabolism in a female patient (age 78
years), with ALSFRS-R total score: 45. (b) No hypo-metabolism and
occipito-cerebellar hyper-metabolism in a female patient (age 43 years), with
ALSFRS-R total score: 43. (¢) Fronto-temporal hypo-metabolism and no

@ Springer

Hypo-metabolism

hyper-metabolism in a male patient (age 74 years), with fronto-temporal
dementia and ALSFRS-R total score: 44. (d) Cerebellar, brainstem and tem-
poral hypo-metabolism and no hyper-metabolism in a female patient (age 68
years), with ALSFRS-R total score: 47. [18F]FDG-PET SPM-t-maps were
estimated from comparison with a large dataset of 112 healthy controls,
following validated procedures (see text for details). Statistical threshold
was set at p < 0.05 FWE-corrected for multiple comparison at the voxel level;
minimum cluster extent Ke: 250 voxels
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bulbar-onset (L: 71.43%; R: 57.14%; L-R Average: 64.29%)
ALS. Cerebellar hyper-metabolism was maximally prevalent
in spinal-onset ALS (L: 53.33%; R: 60%; L-R Average:
56.66%) but also reported in bulbar-onset ALS (L: 57.14%;
R: 54.29%; L-R average: 55.72%), where the maximal prev-
alence was reached by hyper-metabolism in the lateral and
medial occipital cortex (L: 71.43%; R: 54.29%; L-R average:
62.86%).

Performance of discriminative analysis of regional
hypo- and hyper-metabolism

No specific metabolic hallmark emerged to discriminate
spinal-onset vs. bulbar-onset ALS. Of note, a predominant
hypo-metabolism in the left anterior cingulum was observed
in bulbar-onset, as compared to spinal-onset ALS (x* = 7.032,
p<0.001), surviving Bonferroni-correction for multiple com-
parison (Table 2). This difference was however too weak to
allow satisfactory discrimination across sub-groups, yielding
low AUC levels (AUC = 0.63). No significant association was
found between hypo-metabolism in the anterior cingulum and
cognitive or behavioral deficits, although results of these sta-
tistical analyses might have been hampered by the limited
availability of neuropsychological data in our sample
(Table 1). Remaining significant differences in regional
hypo- and hyper-metabolism (Tables 2 and 3) did not survive
correction for multiple comparisons.

Discrimination between sub-groups when using multivari-
ate methods remained unsatisfactory. Following cross-valida-
tion, the discriminant analysis was able to correctly classify

18/35 (51.43%) of bulbar-onset and 39/60 (65%) of spinal-
onset cases, thus reaching an AUC of 0.59. The SVM, applied
by radial basis function kernel, failed to discriminate bulbar-
onset vs. spinal-onset ALS (sensitivity = 0%). When testing
other linear and non-linear classifiers with SVM, again
followed by leave-one-out cross-validation, the best perfor-
mance was achieved when using a polynomial kernel, correct-
ly classifying 12/35 (34.28%) of bulbar-onset and 51/60
(85%) of spinal-onset cases, thus reaching an AUC of 0.60.

ROI metabolic distribution in the primary motor
cortex

Prevalence of hypo- and hyper-metabolism alterations in sub-
regions of the primary motor cortex is reported in Table 4.
Highest prevalence of metabolic alterations was found in the
foot/leg and hand/arm areas in spinal-onset ALS
(hypometabolism prevalence: L: 25%; R: 26.67%; L-R
Average: 25.84%, L: 25%; R: 23.33%; L-R Average:
24.16%, respectively) and in the face/head and hand/arm areas
in bulbar-onset ALS (hypometabolism prevalence: L:
25.71%; R: 31.43%; L-R Average: 28.57%, L: 34.29%; R:
28.57%; L-R Average: 31.43%, respectively).

We found a significant association between hypo-
metabolism in the right dorsomedial region (foot/leg area)
and spinal-onset ALS (x>=4.52, p<0.05), and hypo-
metabolism in the right ventrolateral region (face/head area)
and bulbar-onset ALS (x* =4.52, p <0.05). These significant
differences, however, did not survive correction for multiple
comparisons.

Table 4  Prevalence of regional hypo- and hyper-metabolism in primary motor cortex areas in spinal-onset and bulbar-onset ALS

Prevalence type Primary Motor Cortex Area Spinal-onset ALS Bulbar-onset ALS p-values®
Prevalence of hypo-metabolism (%) L foot/leg area 25 25.71 ns.

R foot/leg area 26.67 8.57 0.034°

L hand/arm area 25 34.29 ns.

R hand/arm area 23.33 28.57 ns.

L face/head area 15 25.71 ns.

R face/head area 13.33 3143 0.034°

L tongue area 333 0 ns.

R tongue area 0 5.71 ns.
Prevalence of hyper-metabolism (%) L foot/leg area 11.67 14.29 n.s.

R foot/leg area 6.67 14.29 ns.

L hand/arm area 20 11.43 ns.

R hand/arm area 11.67 8.57 ns.

L face/head area 20 17.14 ns.

R face/head area 16.67 11.43 ns.

L tongue area 15 22.86 ns.

R tongue area 6.67 5.71 n.s.

# p-values refer to the significant differences in hypo- and hyper-metabolism prevalence in the selected ROIs

°Not surviving Bonferroni correction for multiple comparisons
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Clinico-metabolic correlations

Results of the clinico-metabolic correlation analyses are re-
ported in Fig. 3. Different patterns of clinico-metabolic corre-
lations emerged across the two sub-groups (p < 0.001 at vox-
el-level, P < 0.05 FWE-correct at cluster-level). In the spinal-
onset ALS sub-group, we found a significant negative corre-
lation (R =-0.54, p <0.001) between brain hypo-metabolism
contrast values in sensorimotor cortices, i.e. precentral and
postcentral gyrus, and paracentral lobule, bilaterally, and
ALSFRS-R Gross Motor Score (i.e. the more severe the hypo-
metabolism, the more severe the motor symptoms). In bulbar-
onset ALS, ALSFRS-R Gross Motor Score was again nega-
tively correlated (R=-0.60, p<0.001) with hyper-
metabolism contrast values in cerebellar vermis and in the
posterior portions of the right cerebellar cortex (lobule
VIII/IX), i.e. the more severe the hyper-metabolism, the more
severe the motor symptoms.

No significant correlations were reported for the remaining
ALSFRS-R sub-scales, possibly due to ceiling effects (e.g.
ALSFRS-R Respiratory sub-scale). After removing disease
duration—as nuisance covariate—from the model, results
remained substantially unchanged, with slightly more extend-
ed significant clusters, but still topographically identical to
those shown in Fig. 3.

Discussion

A large body of studies has provided consistent evidence for
the existence of highly specific patterns of brain hypo-
metabolism in neurodegenerative diseases, as measured by
[18F]FDG-PET [20-26]. Recently, a diagnostic role
for [18F]FDG-PET in the diagnosis of ALS has been sug-
gested [1], based on data from investigations reporting a fairly
high accuracy in discriminating patients with ALS from
healthy controls [28, 30]. Considering the challenges posed
by ALS diagnosis, there is an urgent need to provide evidence
for a possible role of [I18F]FDG-PET as a biomarker for the
differential diagnosis.

Regional hypo- and hyper-metabolism profiles in ALS
sub-types

In this study we characterized, for the first time at the single-
subject level, the patterns of regional hypo- and hyper-
metabolism in spinal- and bulbar-onset ALS.
Hypometabolism in the primary motor cortex was the most
consistent finding across single individuals in both sub-groups
(Table 2), supporting previous [ 18F]FDG-PET evidence at the
group level [28, 30, 31, 48]. This finding is also consistent
with in vivo MRI data indicating a relative cortical thinning in
the primary motor cortex in ALS [49], as well as with results
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of postmortem examinations in case series with familial and
sporadic ALS that revealed a profound degeneration of apical
dendrites in the pyramidal neurons of the primary motor cor-
tex [50]. Notably, we found a significant association (although
not surviving correction for multiple comparisons) between
the topography of hypometabolism in the primary motor cor-
tex and the type of disease onset, namely, hypo-metabolism in
the right dorsomedial region (foot/leg area) for spinal-onset,
and in right ventrolateral region (face/head area) for bulbar-
onset ALS subtype. Altogether, these findings are compatible
with the “dying forward” hypothesis of ALS [51, 52] accord-
ing to which neurodegeneration and synaptic loss in cortical
motor neurons could actively contribute to vulnerability of
upper motor neurons in ALS, and not simply be the endpoint
of'a “dying back” phenomena directed from the neuromuscu-
lar junction towards the cerebral cortex [51, 53].

As for hyper-metabolism, the cerebellar cortex was pre-
dominantly involved in both sub-groups, with a high preva-
lence of occipital hyper-metabolism as well, consistent with
previous group-level findings [28-31] (Table 3). Different
mechanisms have been suggested as the basis of [18F]FDG-
PET hyper-metabolism in ALS. For example, hyper-
metabolism might be related to neuroinflammatory processes
[28, 29]. Both reactive astrocytosis [54, 55] and microglial
activation [55, 56] have been reported in ALS. Considering
that, in areas of activated microglia, glucose metabolism in-
creases of about 60%, as shown in vivo following induced
ischemia in rat models [57], it stands to reason that microglia
activation might result in enhanced glucose metabolism. As an
alternative hypothesis, hyper-metabolism might stem from the
loss of inhibitory inter-neuronal input, leading to neuronal
overstimulation and excitotoxicity via calcium-mediated ab-
normal glutamatergic activity [58]. Since glutamatergic neu-
rotransmission is the main determinant of cortical glucose
consumption [59], increased glutamatergic activity might
cause regional glucose hyper-metabolism, at least in the early
diseases phases, when neurodegeneration has not yet fully
occurred.

When testing for differences in spinal- and bulbar-onset
sub-types, we found a higher prevalence of metabolic alter-
ations in extra-motor regions associated with the bulbar-onset
sub-type, consistent with some previous [ 18F][FDG-PET find-
ings [29] and in support of the reported association between
bulbar-onset and executive cognitive deficits [60] (Tables 2,
3).

Evaluation of [18F]FDG-PET as supportive biomarker
in the diagnostic work-up of ALS

Of note, no specific spinal- or bulbar-onset signature was ob-
served with the [18]FDG-PET SPM analysis. Crucially, met-
abolic alterations were assessed here with an optimized semi-
quantitative univariate procedure [22] that allows
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Hypometabolism

‘1‘"

Hypometabolism Severity

Hypermetabolism Severity

Fig. 3 Voxel-wise correlation between ALSFRS-R Gross Motor score
and metabolic alterations in spinal- and bulbar-onset ALS. (a) Results
of the voxel-based correlation analysis between ALSFRS-R Gross
Motor score and [18F]FDG-PET brain glucose hypo-metabolism contrast
values in ALS patients with spinal-onset, covarying for age, sex and
disease duration. A significant negative correlation (R =-0.54,
p<0.001) was found between ALSFRS-R Gross Motor score and
hypo-metabolism in sensorimotor cortices (left panel), i.e. the more se-
vere the motor symptoms, the more severe the hypo-metabolism. The
graph shows the correlation between ALSFRS-R Gross Motor score (x
axis) and the average SPM hypo-metabolism contrast values in the sen-
sorimotor cluster (y axis) (right panel). Positive SPM contrast values (y
axis) indicate lower-than-HC brain glucose metabolism, and vice-versa.
Red shaded areas represent confidence intervals for the regression line
slope. (b) Results of the voxel-based correlation analysis between

identification of disease-specific brain hypometabolism pat-
terns at the single-subject level in multiple neurodegenerative
conditions (cft. [61]), including movement disorder diseases
[20, 26]. In the current study, however, no alterations in re-
gional metabolism were sensitive and/or specific enough to
provide an accurate discrimination between spinal- and

Spinal-onset ALS

2.5 5.0 7.5 10.0
ALSFRS-R Gross Motor Score

Bulbar-onset ALS

5.0 7.5 10.0
ALSFRS-R Gross Motor Score

ALSFRS-R Gross Motor score and [18F]FDG-PET brain glucose
hyper-metabolism contrast values in ALS patients with bulbar-onset, co-
varying for age, sex and disease duration. A significant negative correla-
tion (R =—0.60, p<0.001) was found between ALSFRS-R Gross Motor
score and hyper-metabolism in cerebellar vermis and cortex (left panel),
i.e. the more severe the motor symptoms, the more severe the hyper-
metabolism. Graph shows the correlation between ALSFRS-R Gross
Motor score (x axis) and the average SPM hyper-metabolism contrast
values in the cerebellar cluster (y axis) (right panel). Positive SPM con-
trast values (y axis) indicate higher-than-HC brain glucose metabolism,
and vice-versa. Red shaded areas represent confidence intervals for the
regression line slope. Statistical threshold was set at p < 0.001 (uncorrect-
ed for multiple comparisons), with minimum cluster extent k:100 voxels.
Only clusters surviving cluster-level FWE-correction are shown, rendered
on a high-resolution anatomical template in MRIcron

bulbar-onset subtypes at the single-subject level
(AUCs<0.63). Of note, these results were confirmed also
when adopting two different multivariate approaches, with
unsatisfactory AUC values (<.60), obtained following cross-
validation. Our results therefore strongly suggest that no clear
distinction between ALS variants can be provided by brain

@ Springer



1128

Eur J Nucl Med Mol Imaging (2019) 46:1117-1131

metabolic patterns at the single-subject level. Crucially, the
lack of definite metabolic patterns for ALS sub-types was
driven by the striking metabolic variability, as provided by
the regional hypo- and hyper-metabolism single-subject
SPM-t-maps (Figs. 1 and 2). Previous evidence of variability
in ALS hypo- and hyper-metabolism patterns is limited, but
increasing. Van Laere et al. (2014) reported a certain variabil-
ity in ALS metabolic profiles in 70 patients, though not affect-
ing accurate discrimination between ALS and control cases.
Crucially, the same was not true for differential diagnosis be-
tween ALS and PMA (with cross-validated accuracy dropping
from 89.7% to 62.4%), although the low number of included
PMA cases suggests caution in interpreting this finding [30].
Recently, Matias-Guiu and colleagues (2016) reported hetero-
geneous brain metabolism patterns in a small case series (N =

18) with frontal, parietal and temporal areas being variably
involved; when clustering the individual hypo-metabolism
patterns, they found that roughly one third of the patients
showed a prevalent frontal hypo-metabolism, one third a more
posterior pattern with prevalent motor and parietal involve-
ment, and the remaining cases a mixed or negative pattern
[31]. It has been hypothesized that presence of different met-
abolic patterns might be related to the pathological and clinical
heterogeneity of ALS [31]. Accordingly, different patterns of
TDP-43 pathology have been described in sporadic ALS at
postmortem evaluation, in association to distinct clinical/
cognitive profiles and patterns of neuronal loss [62, 63].
From the clinical standpoint, age of onset, relative mix of
UMN and LMN signs and disease duration might contribute
to more or less subtle differences in the clinical phenotype
[64], with clinical variability mirrored by the heterogeneity
of brain metabolic patterns. It stands to reason that presence
of cognitive impairment might be a fundamental determinant
of brain metabolic heterogeneity in ALS [32]. To this regard, a
typical frontal hypo-metabolism pattern has been observed in
ALS in association with fronto-temporal dementia and also to
mild cognitive impairment, both at group- [32] and single-
subject level [31]. Together with the high prognostic value
shown by [18F]FDG-PET (combined with appropriate met-
rics) in the preclinical dementia phases (e.g. [21-23, 25, 27]),
this evidence advocates for the need of further studies validat-
ing [18F]FDG-PET as a biomarker of dementia progression in
ALS, crucially at the single-subject level [65].

Clinical-metabolic correlations

We showed that gross motor deficits are associated with key
components of the brain motor circuits, with differences
across ALS variants (Fig. 3). The finding of a significant as-
sociation between primary motor cortex hypo-metabolism and
severity of motor deficits in spinal-onset ALS is in accordance
with the large body of evidence, in ALS, of decreased metab-
olism in primary motor cortex depending on clinical symptom
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progression [48, 66] and, notably, regardless of clinical signs
of LMN degeneration [48]. Conversely, in bulbar-onset ALS,
gross motor symptomatology was specifically associated with
hyper-metabolism in cerebellar cortex and vermis, here report-
ed for the first time. It is well-known that massive intercon-
nections exist between cerebellum and primary motor cortex
[67] and that cerebellum is organized according to a specific
motor topography [68]. It is worth nothing that hemispheric
lobules VIIb and IX are specifically involved during upper-
and lower-limb movements [68], a result that fits well with the
here reported association between hyper-metabolism in these
specific cerebellar regions and gross motor impairment in ac-
tivities such as walking, climbing stairs and turning in bed, as
measured by ALSFRS-R. The involvement of the cerebellar
cortex in the pathophysiology of gross motor symptoms is
consistent with previous findings of increased cerebellar re-
cruitment reported in ALS patients performing motor tasks
and in functional connectivity rs-fMRI studies, showing in-
creased connectivity along cerebellar-motor cortex loops, pos-
sibly suggestive of compensatory processes (cft. [69]). Future
studies will need to investigate the metabolic correlates of
neuropsychological deficits in ALS, thus complementing our
results on motor impairment.

We acknowledge that results of the assessment of the pri-
mary motor cortex are limited, taking into account both the
anatomical characteristics of the primary motor cortex in MNI
space and the relatively limited spatial resolution of PET. In
particular, limits exist in studying small portions of the prima-
ry motor cortex, also located adjacently to one another, with
risk of biases due to partial volume/spillover effects. Future
studies, eventually combining high resolution structural MRI
and [18F]FDG-PET are needed to address this important
issue.

Conclusions

The observed large inter-subject variability in brain glucose
metabolism alterations in ALS strongly undermines its poten-
tial value for differential diagnosis. The low accuracy level,
obtained with both univariate and multivariate approaches,
does not support the inclusion of [18F]FDG-PET in the rou-
tine diagnostic work-up for discrimination of ALS sub-syn-
dromes, for the accuracy of which neurological and neuro-
physiological examinations remain the standard of truth.
This conclusion is consistent with the recent recommenda-
tions promoted by an expert panel (referring to the European
Association of Nuclear Medicine (EANM) and the European
Academy of Neurology (EAN)) [33], that, after evaluating all
available [ 18F]FDG-PET evidence in ALS, has suggested that
metabolic abnormalities do not allow for a firm diagnosis of
ALS. Still, [18F]FDG-PET might be useful for research pur-
poses. To this regard, in this large case series, we observed
syndrome-specific associations between clinical functional
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motor scores and regional alterations of brain glucose metab-
olism, at group level, suggesting that different clinical onsets
could be associated with different neurodegeneration path-
ways. Further studies will have to assess the functional rele-
vance of metabolic changes in ALS for disease staging and
monitoring.
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