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ARTICLE INFO ABSTRACT
Keywords: Background and objectives: The ALS diagnosis requires an integrative approach, combining the clinical exami-
Neurodegenerative diseases nation and supporting tests. Nevertheless, in several cases, the diagnosis proves to be suboptimal, and for this

Amyotrophic lateral sclerosis

Geneti reason, new diagnostic methods and novel biomarkers are catching on. The '®F-fluorodeoxyglucose (**F-FDG)-
enetic

Brain metabolism PET could be a helpful method, but it still requires additional research for sensitivity and specificity. We per-
Positron emission tomograph formed an '8F-FDG-PET single-subject analysis in a sample of familial ALS patients carrying different gene
graphy
18E_FDG-PET mutations, investigating the genotype-phenotype correlations and exploring metabolism correlations with clin-
ical and neuropsychological data. Methods: We included ten ALS patients with pathogenic gene mutation who
underwent a complete clinical and neuropsychological evaluation and an '®F-FDG-PET scan at baseline. Patients
were recruited between 2018 and 2022 at the ALS Tertiary Centre in Novara, Italy. Patients were selected based
on the presence of ALS gene mutation (C9orf72, SOD1, TBK1, and KIF5A). Following a validated voxel-based
Statistical Parametric Mapping (SPM) procedure, we obtained hypometabolism maps at single-subject level.
We extracted regional hypometabolism from the SPM maps, grouping significant hypometabolism regions into
three meta-ROIs (motor, prefrontal association and limbic). Then, the corresponding '®F-FDG-PET regional
hypometabolism was correlated with clinical and neuropsychological features. Results: Classifying the patients
with C9orf72-ALS based on the rate of disease progression from symptoms onset to the time of scan, we observed
two different patterns of brain hypometabolism: an extensive motor and prefrontal hypometabolism in patients
classified as fast progressors, and a more limited brain hypometabolism in patients grouped as slow progressors.
Patients with SOD1-ALS showed a hypometabolic pattern involving the motor cortex and prefrontal association
regions, with a minor involvement of the limbic regions. The patient with TBK1-ALS showed an extended
hypometabolism, in limbic systems, along with typical motor involvement, while the hypometabolism in the
patient with KIF5A-ALS involved almost exclusively the motor regions, supporting the predominantly motor
impairment linked to this gene mutation. Additionally, we observed strong correlations between the hypo-
metabolism in the motor, prefrontal association and limbic meta-ROI and the specific neuropsychological per-
formances. Conclusions: To our knowledge, this is the first study investigating brain hypometabolism at the
single-subject level in genetic ALS patients carrying different mutations. Our results show high heterogeneity
in the hypometabolism maps and some commonalities in groups sharing the same mutation. Specifically, in
patients with C9orf72-ALS the brain hypometabolism was larger in patients classified as fast progressors than
slow progressors. In addition, in the whole group, the brain metabolism showed specific correlations with clinical
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and neuropsychological impairment, confirming the ability of ®F-FDG-PET in revealing pattern of neuronal
dysfunction, aiding the diagnostic workup in genetic ALS patients.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly fatal neurodegener-
ative disorder characterized by the degeneration of the upper and lower
motor neurons. The European incidence is 2-3/100.000 by the year,
although the number of affected patients is increasing due to the aging
population (Chio et al., 2009). Although the disease is primarily classi-
fied as sporadic, roughly 10-15% of patients with ALS have a significant
history of motor neuron disease in the family. Overall, patients aged
between 50 and 75 years at diagnosis but generally the familial disease
forms have a lower age of onset (Chia et al., 2018). Until 2014, about 20
genes were discovered in ALS familial forms, accounting for about 70%
of all familial cases and 10% of sporadic cases. The most frequent genetic
alterations in familial ALS regard the pathogenic variants in SODI,
C9orf72, FUS, and TARDBP (Mejzini et al., 2019). In recent years, related
to a significant improvement in the sequencing technologies, novel
causative ALS genes (e,g., MATR3, CHCHD10, TBK1, TUBA4A, and
KIF5A) have been identified. From a clinical point of view, most genetic
forms are related to different motor and cognitive phenotypes, thus
accentuating the phenotypic disease variability and its complexity (Chio
et al., 2020).

According to the El Escorial revised criteria (Agosta et al., 2015) and
the Gold Coast criteria (Hannaford et al., 2021), the diagnosis of ALS
requires an integrative approach, combining the clinical history, phys-
ical examination, exclusion of other potential causes of motor neuron
suffering, and supporting tests (mainly, the electromyography). Genetic
testing is becoming more common in clinical practice, even not neces-
sary for the diagnosis. Nevertheless, in several cases, the diagnosis
proves to be suboptimal, and for this reason, several available methods
and novel biomarkers are catching on. Among them, advanced brain and
spinal cord imaging such as brain MRI, together with 8F-fluorodeox-
yglucose (‘®F-FDG)-PET are helpful methods to be integrated with
clinical data. However, to date, they still require additional research for
sensitivity and specificity (Goutman et al., 2022).

Due to non-univocal published results, the role of ®F-FDG-PET in
ALS diagnostic and prognostic workup and characterization of clinical
phenotypes is debated (Agosta et al., 2018). Several groups reported
brain metabolism abnormalities in ALS patients when compared with
controls, with the most consistent findings revealing cortical frontal and
occipital hypometabolism and relative hypermetabolism in the brain-
stem, cerebellum, and temporal lobe (Cistaro et al., 2014, 2012; Liao
et al., 2020; Rajagopalan and Pioro, 2015). The metabolism changes in
specific regions of interest have been used to distinguish patients and
controls with an overall accuracy of over 90% (Pagani et al., 2014). In
addition, some studies analyzed the relations between brain hypo-
metabolism and clinical and neuropsychological outcomes. For
example, hypometabolism involving frontal regions has been related to
the evidence of impaired performances in tests evaluating attention and
executive functions, such as the word fluency test (Boeve et al., 2012;
Canosa et al., 2016; Ludolph et al., 1992). One study showed that the
cognitive theory of mind alterations correlated with the prefrontal
cortices and supplementary motor area metabolism (Carluer et al.,
2015). The studies exploring the ability of ®F-FDG-PET to discriminate
ALS clinical phenotypes, including patients with bulbar or spinal onset,
reported inconsistent or negative results (Cistaro et al., 2012; Pagani
et al., 2014; Van Laere et al., 2014; Sala et al. 2019).

18F.FDG-PET studies in genetic ALS patients are fewer. The patients
with C9orf72-ALS showed significant hypometabolism in the cingulate
cortex, insula, and subcortical structures (Cistaro et al., 2014). SOD1-
mutation carriers showed relative hypermetabolism in the precentral
frontal gyrus and the paracentral lobule compared with sporadic

patients (Canosa et al., 2022b). Lastly, the TARDBP-ALS patients showed
a significant relative hypometabolism in the right precentral and post-
central gyrus, superior and middle temporal gyrus and insula compared
with sporadic ALS (Canosa et al., 2022a). Further ALS-associated mu-
tations have not been extensively investigated.

Here, we perform the '®F-FDG-PET single-subject analysis of brain
metabolism in a sample of familial ALS patients carrying different gene
mutations. The study aims to investigate genotype-endophenotype-
phenotype correlations in single genetic ALS patients, exploring brain
metabolism correlations with clinical and neuropsychological data.

2. Methods
2.1. Study design

The study cohort included ten ALS patients referred to the ALS
Tertiary Center at the “Maggiore della Carita” University Hospital
(Novara, Italy) from January 2018 to February 2022. We retrospectively
selected the ALS patients carrying a pathogenic genetic mutation, who
underwent a complete baseline neuropsychological evaluation and an
18E_FDG-PET scan during the diagnostic process. Specifically, the
criteria for the retrospective inclusion were as follows: 1) a diagnosis of
ALS (definite or probable with laboratory) according to the revised El
Escorial criteria (Agosta et al., 2015); 2) detailed demographic, clinical
and electromyographic assessment; 3) neuropsychological evaluation
within three months from the first neurological evaluation at Our Cen-
ter; 4) ®F-FDG-PET imaging performed within three months from the
first neurological evaluation at Our Center; 5) clinical follow-up for all
the disease courses or until the censoring data (30 April 2022) in the
same Center. We excluded '®F-FDG-PET imaging acquired from patients
with: 1) neoplastic or significant cerebrovascular lesions; 2) neurosur-
gery or other neurological conditions, including epilepsy, encephalitis,
or stroke; 3) not-ALS behavioral disorders or history of drug or alcohol
abuse/dependence. Before the exam, the ‘8F-FDG-PET was explained to
all patients in detail, and they provided written informed consent for the
exam.

2.2. Clinical features

Clinical data, including age at onset, age at diagnosis, sex, site of
onset, phenotype, time from symptoms onset to diagnosis (in months),
time of death/tracheostomy, and related survival time considering
months from symptoms onset to death or last available follow-up (at the
censored date of 30 April 2022), were available for all patients. As
clinical scale, the ALS Functional Rating Scale-Revised Score (ALSFRS-
R) (Cedarbaum et al., 1999) was used. The scale represents the func-
tional status of ALS patients, scoring from O to 48, where higher score
indicates better clinical status. The scale includes 12 items evaluating
bulbar (item 1-2-3), fine motor (item 4-5-6), gross motor (item 7-8-9)
and respiratory functions (item 10-11-12). Additionally, we estimated
disease progression at the date of scan calculating the ALSFRS-R rate of
progression as: 48 - ALSFRS-R score at PET scan / months between
symptoms’ onset and scan. Based on this value, we classified patients
into “fast progressors” (monthly decrease of ALSFRS-R score > 0.9 from
the symptoms onset to the PET scan) and “slow progressors” (monthly
decrease of ALSFRS-R score < 0.9 from the symptoms onset to the PET
scan). Patients were named as “ALS” plus a progressive number from 1
to 10.
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2.3. Genetic analysis

After informed consent, all patients underwent blood sampling. The
gene analyses were performed at the Laboratory of Genetics, Depart-
ment of Health Sciences, at the University of Piemonte Orientale, Italy.
DNA of the patients was extracted from peripheral blood by a standard
procedure. Analysis of the GGGGCC repeat tract in the C9orf72 gene was
carried out using the “PCR repeat” technique and of “STR genotyping”
both followed by analysis on the ABI PRISM 3130XL sequencer (DeJe-
sus-Hernandez et al., 2011, Renton et al., 2011). Sequences analysis of
patients was performed using Next Generation Sequencing (NGS) tech-
nology with platform MiSeq Illumina with target sequencing method-
ology (Library obtained with SureSelect QXT custom probesTarget
Enrichment for Illumina Multiplexed Sequencing (Agilent; ID 3227281).
The NGS panel included the following genes for neurodegenerative
diseases: SOD1, TBK1, KIF5A, ABCA7, ADAR, ALS2, ANO3, APP, ATL1,
ATP13A2, CHCHD2, CHCHD10, CHMP2B, DCTN1, DNAJC6, FBX07,
FIG4, FUS, GARS, GBA, GCH1, GDAP1, GJB1, GNAL, GRN, KTM2B,
LRRK2, MAPT, MATR3, MFN2, MPZ, NEK1, OPTN, PARK2, PARK?7,
PFN1, PINK1, PLA2G6, PMP22, PNKD, PNP22, PRKRA, PRRT2, PSEN1,
PSEN2, REEP1, SETX, SGCE, SIGMAR1, SLC2A1, SNCA, SPAST, SPG11,
SPG7, SQSTM1, SYNJ1, TAF1, THAP1, TOR1A, TREM2, TUBA4A,
UBQLN2, VAPB, VCP, VPS13C, VPS35. The pathogenic DNA variants
were confirmed by Sanger sequencing using standard protocols and
using an automated 3130 XL DNA analyzer (Applied Biosystems, Foster
City, CA, USA). The interpretation of the pathogenicity of the variants
was carried out according to the ACMG guidelines (Richards et al.,
2015). We selected patients carrying ALS genes mutation with available
18F_FDG-PET scan; in detail: six were carriers of the C9orf72 GGGGCC
expansion, two were carriers of the SODI mutation (p.L145F), one was a
carrier of the TBK1 mutation (exon4:c.358 + 3 A > G) and another one
of the KIF5A mutation (exon27:¢.3020 + 1G > A).

2.4. Neuropsychological evaluation

All patients underwent a complete neuropsychological battery and
behavioral evaluation, including tests to evaluate attention and execu-
tive functions, visuospatial abilities, language, memory, and standard
behavior questionnaires to evaluate anxiety and depression. The whole
cognitive and neuropsychological battery included the following tests:
Mini-Mental State Examination, Clock Drawing Test, Frontal Assessment
Battery, Trail-Making Test A and B, Cognitive Estimation Test, letter
fluency test, Raven’s Progressive Colored Matrices, Digit Span Test, and
Logical memory test. The presence of neurobehavioral dysfunctions was
assessed using the Neuropsychiatric Inventory. The battery was
administered following the same sequence in each patient. Subse-
quently, patients were classified based on the Strong criteria in ALS-
normal, ALS with cognitive dysfunctions, ALS with behavioral dys-
functions, ALS with both behavioral and cognitive dysfunctions, and
ALS with frontotemporal dementia (Strong et al., 2017).

2.5. 8F-FDG-PET image acquisition, pre-processing and single-subject
analysis

Brain '®F-FDG-PET acquisition was performed at the “Maggiore della
Carita” University Hospital (Novara, Italy) following standardized pro-
cedures, in compliance with the European Association of Nuclear Med-
icine guidelines (Guedj et al., 2022). PET/CT images were acquired by
the Philips Ingenuity TF 64 PET/CT (Philips Healthcare, Cleveland, OH,
USA). Patients were fasted for at least six hours before radiopharma-
ceutical injection, hence the blood glucose level was < 120 mg/dl. Static
emission images were acquired 40-50 min after injecting 175-210 MBq
of '8F-FDG via a venous cannula. The mean static acquisition scan
duration was 10 min. PET images were reconstructed using a Time-Of-
Flight (TOF), list mode, blob based, ordered subsets maximum likeli-
hood expectation maximization algorithm (OSEM). Attenuation, scatter,
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random, detector normalization, isotope decay, system dead time, and
crystal timing corrections were applied.

Image analysis was performed according to a method optimized at
San Raffaele Hospital, Milan, Italy, following a voxel-based Statistical
Parametric Mapping (SPM) procedure previously validated (Della Rosa
et al.,, 2014; Perani et al.,, 2014). The procedure allows obtaining
hypometabolism maps at the single-subject level by comparing each
patient scan with a large dataset of healthy controls using a two-sample
t-test. SPM12 software was used for the image analysis, through the
Matlab platform (Mathworks, Natick, MA, US). In detail, the CT scans
contextually acquired with the ®F-FDG-PET were visually inspected to
exclude patients carrying severe vascular leukoencephalopathy, major
strokes or severe brain atrophy, which can result in artifacts. All the ten
single-subject images were then normalized using the '®F-FDG-PET
specific template as previously described, which allows an accurate
estimation of metabolic abnormalities for single-subject analysis (Della
Rosa et al., 2014). The normalized and subsequently smoothed images
were tested for relative hypometabolism by entering a two-sample t-test
in which the single-subject image was compared with a large normal
control (n = 112) FDG-PET dataset. The resulting hypometabolism SPM
map was used for the single-subject disease-specific, pattern description.
The single-subject method has been previously used in ALS patients
(Castelnovo et al., 2018; Sala et al., 2019). The procedure, using a large
dataset of healthy controls, provides reliable maps of brain hypo-
metabolism in the single individuals also when less conservative sta-
tistical thresholds are applied, e.g., 0.05 uncorrected, that we used in the
present study (Caminiti et al., 2021). In addition, all imaging analyses
included age and sex as covariates, thus correcting for possible con-
founding factors.

2.6. Regional brain metabolism changes and clinical correlations

18E_FDG-PET regional hypometabolism was extracted from regions
of interest (ROIs) defined by using the automated anatomical labeling
(AAL) atlas (Tzourio-Mazoyer et al., 2002) to extract ROIs and the
toolbox REX (http://web.mit.edu/swg/software.htm) to extract values
from the hypometabolism maps. To underline significant correlations
between peaks of hypometabolism and clinical data, the regions pre-
senting with hypometabolism values greater than two standard de-
viations of the average group values were selected for further analyses
and grouped into functional meta-ROI (namely macro-ROIs including
areas with the same function). The meta-ROI hypometabolism was
entered in Spearman’s correlation analysis together with clinical and
neuropsychological features. Specifically, the extracted metabolic rate
from the three meta-ROI in each patient was used to operate correlations
with the following variables: the corrected score for each neuropsy-
chological test (described in Method, 2.4), the ALSFRS-R at diagnosis,
and the rate of progression from symptoms onset to the PET scan (as
measured in monthly ALSFRS-R decline). Lastly, to test whether clinical
variables can affect the hypometabolism pattern, we calculated multi-
variate regression analyses considering the metabolic rate in the three
meta-ROI (motor, premotor association and limbic) as dependent vari-
able and the following as independent variables: time from onset to
diagnosis (months), phenotype (spinal vs bulbar), genetic group
(C9orf72, SOD1, TBK1, KIF5A) and cognitive status (ALS-no, ALS-ci,
ALS-bi, ALS-cibi, ALS-FTD).

2.7. Ethical considerations

The Ethics Committee approved the study at Maggiore della Carita
Hospital, Novara, Italy (number CE 065/2022). All the procedures
involving human participants performed in this study were in accor-
dance with the Declaration of Helsinki. There were no clinical/thera-
peutic and management changes for the patients included in the study.
The corresponding author will share data upon reasonable request.
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3. Results
3.1. Patients’ features

Of the ten included patients, six were women (60%). The mean age at
onset was 55.8 years (SD = 7.99). At the time of inclusion in this study
the mean age was 56.3 years (SD = 8.07). Six patients (60%) had a spinal
onset, and four (40%) had a bulbar one. The median time from symp-
toms onset to diagnosis was 10.3 months (IQR: 6.25-15). The median
disease duration was 28.9 months (IQR: 14.25-42.75). The ALSFRS-R
median score at diagnosis was 41/48 (IQR: 40-4.75). Based on the
Strong classification, four patients (40%) had a normal neurocognitive
status, three patients (30%) were classified as ALS-ci, two (20%) as ALS-
bi, and one (10%) as ALS-ci-bi. No participant had co-occurring FTD at
the time of the scan. Based on disease progression, we considered seven
patients as slow progressors (70%) and three patients (30%) as fast
progressors. According to the disease progression, the C9orf72 cohort
were classified into two subgroups, specifically:

1) a cluster including three patients (named ASL1, ALS2, and ALS3,
mean follow-up time 8.33 months, SD: 5.03) characterized by older
age, lower ALSFRS-R score at baseline, and faster disease progression
measured from the symptoms’ onset to the 1®F-FDG-PET date of scan;
a second cluster, included three patients (named ALS4, ALS5, and
ALS6, mean follow-up time 36.33 months, SD: 8.05) characterized by
a slower clinical progression, younger age, higher ALSFRS-R score at
baseline - meaning a lower motor and functional involvement -, and
longer survival time. Single patients’ clinical and neuropsychological
characteristics are shown in Table 1.

2

—

3.2. 18F.FDG-PET single-subject maps

The '®F-FDG-PET single-subject analysis showed a variable pattern
of brain hypometabolism in each ALS patient, with some commonalities

Table 1
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emerging in the largest group (the C9orf72 group) (see Fig. 1).

3.2.1. Clinical and *®F-FDG-PET imaging findings in patients with C9orf72-
ALS

In the C9orf72 group, patients considered as fast progressors
(monthly decrease of ALSFRS-R score from symptoms’ onset to 18F-
FDG-PET scan > 0.9/month), showed moderate to severe cognitive
impairment involving mainly executive functions and language.
Analyzing each patient individually, ALS1 had a bulbar onset but a rapid
subsequent spinal involvement, and a simultaneous severe non-motor
decline. '®F-FDG-PET maps showed widely bilateral involvement of
the precentral gyrus, supplementary motor area, superior, middle and
inferior frontal gyrus, superior and middle temporal gyrus, angular and
fusiform gyrus, insula and precuneus. ALS2 had a predominant bulbar
form, with a fast respiratory decline. Similar to ALS1, ALS2 had a severe
neurocognitive involvement. '®F-FDG-PET analysis showed hypo-
metabolism in the precentral gyrus, supplementary motor area, supe-
rior, middle and inferior frontal gyrus, superior temporal gyrus, anterior
cingulate cortex, fusiform gyrus, and orbitofrontal cortex. ALS3 had a
predominant bulbar involvement, with moderate executive function
deficit. 18F-FDG-PET analysis showed hypometabolism in the precentral
gyrus, supplementary motor area, superior, middle and inferior frontal
gyrus, superior temporal gyrus, angular gyrus, anterior cingulate cortex
and postcentral gyrus.

Patients considered as slow progressors (monthly decrease of
ALSFRS-R score from symptoms’ onset to 18F-FDG-PET scan > 0.9/
month), had no consistent cognitive impairment. Specifically, ALS4 had
a bulbar onset started only with mild dysarthria, associated with
behavioral features, mainly apathy, fatuous attitude, and little disease
awareness. '®F-FDG-PET maps showed involvement of precentral gyrus,
supplementary motor areas, orbitofrontal cortex, and cerebellum. On
the contrary, ALS5 had a spinal onset, without bulbar and cognitive
involvement over the disease course. ®F-FDG-PET analysis underlined
hypometabolism in the precentral gyrus, supplementary motor area,

Patients’ demographic and clinical features. ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale — Revised; ALS-cn: normal cognition; ALS-ci: cognitive
impairment; ALS-bi: behavioural impairment; ALS-FTD: frontotemporal dementia; LMN: lower motor neuron; UMN: upper motor neuro; n/a: not applicable. In bold:
pathological scores for the neuropsychological tests. Age is presented as 5-year range.

ALS1 ALS2 ALS3 ALS4 ALS5 ALS6 ALS7 ALS8 ALS9 ALS10
Age at onset (range) 60-65 60-65 60-65 45-50 45-50 55-60 45-50 40-45 60-65 60-65
Time from onset to diagnosis, months 15 6 3 8 7 5 16 8 15 20
Phenotype (spinal/bulbar) spinal bulbar bulbar bulbar spinal bulbar spinal spinal spinal spinal
(classic) (classic) (>LMN) (>LMN) (>UMN) (>UMN)
Gene CYorf72 CYorf72  C9orf72  C9orf72  C9orf72 C9orf72  SOD1 SOD1 TBK1 KIF5A
ALSFRS-R 29 35 44 46 44 45 40 46 40 41
at diagnosis
ALSFRS-R subscore 10/6/ 7/8/ 8/12/ 10/12/ 12/12/ 9/12/ 12/9/ 12/12/ 10/11/ 11/9/
(bulbar/fine motor/ 6/7 8/12 12/12 12/12 9/12 12/12 7/12 10/12 7/12 9/12
gross motor/respiratory)
ALSFRS-R rate of progression* 1.25 2.00 1.25 0.33 0.62 0.66 0.53 0.33 0.55 0.31
Survival, months (from diagnosis to death or last available 3 9 13 45 28 36 54 50 33 18
follow-up) (dead) (dead) (dead) (dead) (dead) (dead) (alive) (alive) (dead) (alive)
Progression (slow/fast) fast fast fast slow slow slow slow slow slow slow
Cognitive status ALS- ALS- ALS- ALS- ALS- ALS- ALS- ALS- ALS- ALS-
ci ci-bi ci bi cn cn cn cn bi ci
Raven’s Progressive Matrices 25.5 15 32.5 28.5 33.5 33.5 34 35 36 27.5
Digit Span - forward 3.75 5.25 6.25 5 6 6 6 6.5 6.75 6.5
Digit Span - backward 2 2 4 4 3 3 3 4 7 2
Logical memory test 16 10 18 16.5 13 8.5 10 11 4.5 7.5
Phonological verbal fluency 6 18 36 45 37 30 20 21 42 28
Frontal Assessment Battery 6.7 8.4 14 18 18 16.1 15 16 16 13.8
Clock Drawing Test 1 4 3 5 5 3 4 5 5 4
Cogntive estimation Test — 1 16 21.2 12.8 12.2 16.9 16.2 16 18 18.2 20.97
Cogntive estimation Test — 2 4 9 2 3 2 5 4 5 2 5
Trail making test - A 92 51 32 31 37 24 34 30 26 54
Trail making test - B 161 n/a 209 57 91 n/a 150 130 113 92
Trail making test - B-A 69 n/a 177 26 54 n/a 116 100 86 38

* The ALSFRS-R rate progression is calculated as: 48-ALSFRS-R score at PET scan/months between symptoms’ onset and scan.
" Patients were classified as slow progression if the monthly decrease of ALSFRS-R score was <0.9/month; as fast progressors if >0.9.
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ALS10
R

SPM t-score

Fig. 1. 18F-FDG-PET imaging finding in ALS genetic patients. Brain hypometabolism maps are presented in single cases. Patients ALS1, ALS2 and ALS3 are
considered as C9orf72 fast progressors. Patients ALS4, ALS5 and ALS6 are considered as C9orf72 slow progressors. Patient ALS7 and ALS8 were carriers of the SOD1
mutation. The bottom row shows the results of the single-subject analysis in TBK1 (ALS9) and KIF5A (ALS10) patient. The hypometabolism regions are overlaid on a
3D brain template using Brainnet toolbox. The statistical threshold was set at a p-value < 0.05 uncorrected, minimal cluster extent = 100.

superior frontal gyrus, and postcentral gyrus. ALS6 had a bulbar onset,
minimal motor symptoms, and limited to the cranial region, slight ex-
ecutive deficits, albeit not falling ALS-ci within the Strong classification.
18p_FDG-PET analysis showed hypometabolism in the precentral gyrus,
superior and middle frontal gyrus, anterior cingulate cortex, insula and
superior, middle and inferior temporal gyrus. See Fig. 1 for all details.

3.2.2. Clinical and '8F-FDG-PET imaging findings in patients with SOD1 p.
L145F-ALS

The patients with SOD1-ALS (ALS7 and ALS8) had a spinal onset,
mainly characterized by the involvement of the lower motor neuron,
without bulbar signs. Both subjects had a normal cognitive status,
without neuropsychological deficits. Both had a prolonged disease
course (>50 months from diagnosis) with upper and lower limbs
involved, and mild to moderate respiratory deficits. ALS7 had an un-
usual clinical feature in ALS patients, with the occurrence of severe urge
incontinence both for urine and stools over the course of the disease.
18F-FDG-PET in both patients showed involvement of the precentral
gyrus, superior, middle, and inferior frontal gyrus, anterior cingulate,

and the medial part of the superior gyrus (Fig. 1). ALS7 expressed a
larger extension of frontal dysfunction than ALSS.

3.2.3. Clinical and '®F-FDG-PET imaging findings in patients with TBK1-
ALS

The main clinical feature of the patient who carried the TBK1 mu-
tation (ALS9) was the presence of persistent compulsive and repetitive
disorder without therapy positive response, before motor symptoms
onset. A high level of anxiety was evident. The baseline neurocognitive
evaluation showed intact cognitive functioning, but with a worsening in
long-term memory deficit and executive functions over the disease
course. The motor symptoms, characterized by a prevalent impairment
of the upper motor neuron, appeared a few months after the behavioral
disturbances and involved both the upper and lower limbs, with a slowly
worsening course. In this patient, the SPM t-map showed marked
bilateral hypometabolism involving the precentral gyrus, superior
frontal gyrus (including the medial part), supplementary motor area,
temporal pole, middle and inferior temporal gyrus, fusiform gyrus,
angular gyrus, orbitofrontal cortex and cerebellum (Fig. 1).
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3.2.4. Clinical and '8F-FDG-PET imaging findings in patient with KIF5A-
ALS

The patient carrying the KIF5A mutation (ALS10) was clinically
characterized by a prevalent upper motor neuron involvement, mild
spastic dysarthria, and indolent disease progression. The neurocognitive
evaluation showed a primary involvement of working memory (Digit
span test) and a mild involvement of the executive functions, classifying
the patient as ALS-ci following the Strong criteria. In this patient, the
SPM t-map showed marked bilateral hypometabolism involving the
precentral gyrus, superior, middle, and inferior frontal gyrus, supple-
mentary motor area, anterior cingulate, postcentral gyrus, and pre-
cuneus (Fig. 1).

3.3. Regional brain metabolism changes and clinical correlations

By extracting regional metabolism data from the hypometabolism
SPM-maps, the following ROIs resulted as the highest hypometabolic
regions: precentral motor, supplementary motor region, superior frontal
gyrus, middle frontal gyrus, inferior frontal gyrus, insula, temporal su-
perior gyrus and temporal pole. According to the specific function, we
combined the ROIs into three meta-ROIs, grouping motor-related re-
gions into the motor meta-ROI (including the precentral gyrus and the
supplementary motor area); regions related to prefrontal activities into
the prefrontal association meta-ROI (including the middle frontal gyrus,
superior frontal gyrus — orbital part, superior frontal gyrus — medial part
and inferior frontal gyrus); regions related to the medial temporal lobe
functions into the limbic meta-ROI (including the insula, superior tem-
poral gyrus and temporal pole).

By comparing the single-subject meta-ROI pattern expression, the
motor meta-ROI hypometabolism was moderate-to-high in all patients,
except for ALS6, a patient with C9orf72-ALS showing only a slight
bulbar impairment. The prefrontal associative meta-ROI involvement
was highly present in ALS1 and ALS2, the two patients with C9orf72-ALS
with the worst cognitive performances at baseline. ALS1 and ALS2,
together with ALS6, had the most severe hypometabolism in the limbic
meta-ROIs. ALS5, clinically characterized by a pure and slight spinal
involvement (without cognitive impairment), had pure motor meta-ROI
hypometabolism (Fig. 2).

We observed direct correlations between the hypometabolism in the
motor meta-ROI and the scores in the Trail-Making Test B (r = 0.83,p =
0.01) and an inverse correlation with scores in the Clock Drawing Test (r
= -0.75, p = 0.01). The hypometabolism in the prefrontal association
meta-ROI directly correlated with the Trail-Making Test B score (r =
0.74, p = 0.04) and inversely correlated with the scores in the Frontal
Assessment battery (r = -0.80, p = 0.006), the phonological fluency test
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ALS9-TBK1
ALS8-SOD1
ALS7-SOD1

ALS6-C90rf72
ALS5-C90rf72
ALS4-C90rf72
ALS3-C90rf72
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(r =-0.87, p = 0.001) and the Clock Drawing test (r = -0.74, p = 0.01).
The hypometabolism in the limbic meta-ROI correlated with scores in
the Trail-Making Test B (r = 0.76, p = 0.03), the Frontal Assessment
Battery (r =-0.80, p = 0.006), the phonological fluency test (r =-0.82, p
= 0.004) and the Clock Drawing Test (r = -0.78, p = 0.008) (Fig. 3).

We did not obtain any correlation between metabolism and both the
functional status, evaluated with the ALSFRS-R score (at diagnosis —
total and sub-scores, and the rate of disease progression), and the time
from symptoms onset to diagnosis. In the multivariate regression anal-
ysis, the metabolic rate showed to be unaffected by the considered re-
gressor variables (time from onset to diagnosis, phenotype, genetic
group and cognitive status) within the motor (F[5, 4] = 0.354, p =
0.857), prefrontal association (F[5, 4] = 1.633, p = 0.328), and limbic
meta-ROIs (F[5, 4] = 2.662, p = 0.182), meaning that none of the cited
variables predicted the hypometabolism rate.

4. Discussion

This study, involving ALS patients with known gene mutations,
revealed both individual-specific maps of brain hypometabolism and
crucial pattern commonalities in patients sharing the same mutation and
specific clinical features. Analyzing the clinical and neuropsychological
correlates of brain metabolic changes in single mutation carrier patient,
we demonstrated a large variability in the genotype-endophenotype-
phenotype correlations, and some commonalities. Firstly, we observed
an extensive motor and prefrontal hypometabolism in patients with
C9orf72-ALS classified as fast progressors. Conversely, the ®F-FDG-PET
analysis revealed more limited hypometabolism in patients showing the
same mutations, but grouped as slow progressors. Clinical and neuro-
psychological characteristics were related to regional brain hypo-
metabolism also in ALS patients carrying other gene mutations,
including SOD1, TBK1, and KIF5A, supporting the importance of '8F-
FDG-PET in revealing patterns of altered neuronal function.

Most literature regarding the role of ®F-FDG-PET in ALS patients
reports results at the group level but, crucially, only two research works
evaluated single-subject brain hypometabolism maps in sporadic (Sala
et al., 2019) and genetic (Castelnovo et al., 2019) ALS. A previous study
investigated the brain metabolism differences between a group of pa-
tients with C9orf72-ALS and sporadic ALS (Cistaro et al., 2014). The
C9orf72 expressed a more severe hypometabolism in the anterior and
posterior cingulate cortex, frontotemporal cortices, insula, and subcor-
tical structures (caudate and thalamus), suggesting that genetic ALS may
manifest a specific pattern of neuronal dysfunction compared with
sporadic ALS. The only previous study using the ®F-FDG-PET single-
subject analysis in patients with C9orf72-ALS included three ALS

Fig. 2. Hypometabolism cluster extraction according
to the limbic, prefrontal association and motor meta-
ROIs. Mean regional hypometabolism in the three
meta-ROI is reported in each single patient. The
figure underlines the large variability among the
whole sample in the hypometabolism patterns and
some commonalities. ALS1, ALS2 and ALS3 are pa-
tients with C9orf72-ALS showing widespread hypo-
metabolism involving all the three meta-ROIs and
worse clinical functional status. ALS4 ALS5 and ALS6
are patients with C9orf72-ALS showing slight clinical
impairment and minor hypometabolism (sole motor
involvement has present in ALS5). ALS7 and ALS8
share the same metabolism meta-ROI pattern, even
with a different rate of involvement.
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Fig. 3. Significant correlation between hypometabolism peak expression and neuropsychological scores. From Panel A and Panel B: correlations between the
hypometabolism in the motor meta-ROI and the neuropsychological tests; from Panel C to Panel F: correlations between the hypometabolism in the prefrontal
association meta-ROI and the neuropsychological tests; from Panel G to Panel L: correlations between the hypometabolism in the limbic meta-ROI and the neu-
ropsychological tests. X-axis: hypometabolism values; Y-axis: neuropsychological scores.

patients and showed heterogeneous patterns of hypometabolism asso-
ciated with various cognitive and neuropsychological features (but
comparable clinical disease onset, which was bulbar in all patients)
(Castelnovo et al.,, 2019). Our study, including a larger sample of
C9orf72 mutated ALS patients, allows further evidence and consider-
ations. By grouping patients according to the rate of disease progression
(ALSFRS-R worsening from the symptoms onset to the PET scan), com-
monalities in the hypometabolism patterns emerged. Specifically,
C9orf72 fast progressor patients showed a common hypometabolism
pattern widely involving both motor and prefrontal association cortices,
along with limbic structures, temporal and parietal regions, and the
cerebellum. The fast progressor participants were older and showed at
the diagnosis greater clinical and cognitive impairment than the other
patients with C9orf72-ALS. Conversely, the group of C9orf72 slow
progressors showed a common, more restricted hypometabolism pattern
distribution involving the same regions. The relatively spared hypo-
metabolism in these patients reflects the relatively slow disease pro-
gression and the longer survival time, along with the absence of relevant
cognitive impairment. Our results are in line with the previous literature
findings, confirming that hypometabolism can also involve limbic re-
gions in patients with C9orf72-ALS, but adding the relevant result of two
identifiable patterns associated with different disease progression.
Coherently with the evidence derived from autoptic and imaging
studies, the ALS pathogenic process can spread from the spinal cord and
brainstem to cortical and subcortical regions (Agosta et al., 2012;
Brettschneider et al., 2013), and the degree of cortical alterations has
been correlated to the clinical impairment (Walhout et al., 2015). We
can hypothesize a similar disease spreading in the SOD1 group. In our
two patients with SOD1-ALS, we observed a hypometabolic pattern
mainly in the motor and prefrontal association regions, e.g., the mesial
frontal regions, with a relative saving of the limbic areas, more evident
in patient ALS7 than patient ALSS8, likely related to a longer disease
duration and a relative more advanced disease at the scan time. Addi-
tionally, patient ALS7 reported incontinence for urine and stools,
described as associated with frontal lobe dysfunctions, especially with

the involvement of the superior frontal gyrus and anterior cingulate
gyrus (Tish and Geerling, 2020; Woessner et al., 2012). This finding can
further justify the presence of a more evident hypometabolic pattern in
these areas compared to ALS8. Only one previous FDG-PET study
analyzed the metabolic pattern of patients with SOD1-ALS at the group
level, showing in the SOD1-ALS group relative hypermetabolism in the
motor cortex compared to sporadic ALS and healthy controls (Canosa
et al., 2022a,b). It has been recently suggested that these findings may
be due to the glial cells’ activity, namely the neuroinflammatory re-
sponses, which have been related to the disease spread in SOD1 mutated
asymptomatic and symptomatic subjects (Tondo et al., 2020).

The clinical-metabolic relationship was of particular interest in pa-
tients carrying the rarely described mutations TBK1 and KIF5A. ALS9
carried a loss-of-function mutation, of which was recently demonstrated
that causes and aberrant pre-mRNA processing leading TBK1 hap-
loinsufficiency (Pozzi et al, 2017). This patient, along with typical motor
involvement, showed an extended limbic hypometabolism. Clinically,
the patient showed an unusual early behavioral disturbance (obsessi-
ve-compulsive disorder), representing the dominant feature in the early
disease phase. The KIF5A is a novel gene associated with ALS (Nicolas
et al., 2018). Mutations in this gene are also causative of two other
neurodegenerative diseases: the hereditary spastic paraplegia (SPG10)
and the Charcot-Marie-Tooth type 2 (CMT2), characterized by a pre-
dominant motor involvement. There are no published papers describing
neuroimaging findings in patient with KIF5A-ALS. Only one previous
work using functional brain MRI described the involvement of the
supplementary motor area in SPG-KIFS5A patients (Tomberg et al.,
2012). The hypometabolism described in ALS10, restricted primarily to
the motor region, supports the hypothesis of a predominantly motor
involvement related to mutations in this gene, associated with a clini-
cally evident upper motor neuron phenotype.

The correlations between brain glucose metabolism and clinical data
confirm the correspondence between neuronal dysfunctions and
neurological and neuropsychological impairment, using the meta-ROI
method in a wider perspective. Hypometabolism in all the three meta-
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ROIs, namely the motor, prefrontal association and limbic meta-ROI was
inversely correlated with performances in the Clock Drawing Task. This
represent a multifaced neurocognitive assessment test evaluating
several cognitive functions, including visuomotor abilities, executive
functions, planning, spatial and semantic memory, and associated with
activation in medial frontal, precentral and prefrontal cortex, parietal,
temporal and occipital regions, as showed by molecular imaging and
functional MRI studies (Matsuoka et al., 2013; Talwar et al., 2019).
Coherently, the Trail Making Test scores, evaluating attention and ex-
ecutive functions, throughout the execution of visuo-motor abilities,
directly correlated with hypometabolism in the motor, prefrontal asso-
ciation and limbic meta-ROIs, explaining the association with altered
attention and procession speed performances (MacPherson et al., 2017).
Additionally, the prefrontal association meta-ROI hypometabolism
correlated with impaired performances in the fluency verbal test, a test
considered as a frontal lobe dysfunction clue (Ghanavati et al., 2019;
Riello et al., 2021). Intriguingly, the fluency verbal test also correlated
with the limbic meta-ROI hypometabolism. This test is usually consid-
ered as a frontal lobe dysfunction clue, but the neural substrates have
been recently extended to other brain regions, including temporal and
posterior parietal occipital cortices (Cipolotti et al., 2018). Similarly, the
Frontal Assessment Battery global score inversely correlated with the
prefrontal association and limbic hypometabolism. The Frontal Assess-
ment Battery is a complex battery designed to test the frontal lobe
functions, especially sensitive to damage of the middle frontal gyrus,
inferior frontal gyrus (prefrontal association) and insula (limbic) (Kopp
et al., 2013). Regarding the correlation between the functional status
and meta-ROI involvement, truly related to the limited sample size, we
did not observe an association between hypometabolism and clinical
impairment. Lastly, in the multivariate regression model, none of the
regressor variables predicted the hypometabolism in the three meta-
ROIs, Again, the group size, could have limited the power of this
analysis.

The pathophysiological understanding of neurodegenerative dis-
eases, including ALS, goes through the integration of clinical, genetic,
and biological mechanisms. Over the last two decades, the advances in
biomarkers research based on pathology and neurodegeneration fluid
and imaging measures have paved new opportunities for early diagnosis
(Tondo and De Marchi, 2022). On the other hand, the development of
brain banks and post-mortem tissue analyses provided new insight into
epidemiological aspects, clinic-pathological correlations, and neuronal
and extra-neuronal pathology (Mazumder et al., 2022). The higher aim
of the convergence of different research lines relies on identifying
promising therapeutic targets and developing potential treatment stra-
tegies. In our study, we proposed an accurate integration of clinical,
neuropsychological, genetic, and imaging data to provide a compre-
hensive description, at the single-subject level, of the phenotype char-
acteristics of genetic ALS patients. To our knowledge, this is the first
study investigating the relationship between the single-subject brain
hypometabolism maps, the clinical features, and neuropsychological
performances in participants with a definite or laboratory-supported (i.
e., electromyographic findings of motoneuron suffering) ALS diagnosis
based on the revised El Escorial criteria, carrying pathogenic gene mu-
tations. Due to the relative rarity of the condition, the main limitation of
this study regards the small sample, which allows for an accurate single-
subject description but hampers conclusive considerations and gener-
alization at a larger level.

Furthermore, the limited sample size does not allow us to disentangle
whether the metabolism patterns are linked to the mutational status or
are simply expressions of the known clinical heterogeneity of ALS.
Likewise, the results described in the patients with mutations in C9orf72,
SOD1, TBK1, and KIF5A genes should be considered a presentation of
cases rather than a definite genotype-phenotype grouping. Nevertheless,
our findings confirm the crucial role of ®F-FDG-PET in revealing spe-
cific brain metabolic patterns associated with corresponding clinical and
neuropsychological impairment and suggest a multimodal approach
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integrating clinical, neuropsychological, genetic, and imaging data is
recommended for the early characterization and staging in single ALS
patients.

5. Conclusions

This study supports the importance of investigating different pat-
terns of brain hypometabolism in patients with motor neuron diseases.
The current work brings some evidence in patients with a mendelian
form of ALS, where however the genetic testing is - and will - remain the
most sensitive supporting parameter, both for diagnosis and prognosis.
Our next goal will be the reproduction of this imaging approach on a
large case series of ALS sporadic patients, where the current absence of
such supportive test forces us to persevere in the disease biomarkers
search.
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