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Summary eBioMedicine
Background The emergence of potentially effective new therapies for genetic forms of amyotrophic lateral sclerosis 2023790 104521
(ALS) necessitates the identification of biomarkers to facilitate early treatment, prior to the onset of motor symptoms.
Here, we sought to investigate whether metabolic alterations are detectable in presymptomatic ALS gene mutation
carriers, and whether such alterations precede neurofilament light chain (NfL) changes in serum.
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Methods Between 02/2014 and 11/2021, we prospectively studied 60 presymptomatic ALS gene mutation carriers
(40% male, age 48.7 + 14.9; 28 Cgorf72, 22 SOD1, 10 other) compared to 73 individuals from the same families
(47% male, age 47.4 + 12.9) without pathogenic mutations as controls. Bioimpedance analysis (BIA) and indirect
calorimetry were performed, and Body Mass Index (BMI), Fat Mass (FM), Body Fat Percentage, Body Water (BW),
Lean Body Mass (LBM), Extracellular Mass (ECM), Body Cell Mass (BCM), ECM/BCM ratio, Cells Percentage, Phase
Angle, Resting Metabolic Rate (RMR), Metabolic Ratio (MR), and NfL were measured. Participants and evaluators
were blinded regarding gene carrier status.

Findings Presymptomatic ALS gene carriers showed reduced LBM (p = 0.02), BCM (p = 0.004), Cells Percentage
(p = 0.04), BW (p = 0.02), Phase Angle (p = 0.04), and increased ECM/BCM ratio (p = 0.04), consistently indicating a
loss of metabolically active body cells. While in Cgorfyz mutation carriers all tissue masses were reduced, only
metabolically active tissue was affected in SOD1 mutation carriers. Unexpectedly, RMR (p = 0.009) and MR (p = 0.01)
were lower in presymptomatic ALS gene carriers compared to non-carriers. NfL serum levels were similar in
mutation carriers and non-carriers (p = 0.60).

Interpretation The observed metabolic phenomena might reflect reduced physical activity and/or preemptive, insufficient
compensatory mechanisms to prepare for the later hypermetabolic state. As pre-symptomatic biomarkers we propose
ECM/BCM ratio and Phase Angle for SOD1, and a 4-compartment affection in BIA for Cgorf72 mutation carriers.

Funding This work was an investigator-initiated trial. On the German side, there was no institutional or industrial
funding. On the Swedish side, this work was supported by grants from the Swedish Brain Foundation (grants nr.
2013-0279, 2016-0303, 2018-0310, 2020-0353), the Swedish Research Council (grants nr. 2012-3167, 2017-03100),
the Knut and Alice Wallenberg Foundation (grants nr. 2012.0091, 2014.0305, 2020.0232), the Ulla-Carin Lindquist
Foundation, Umea University (223-2808-12, 223-1881-13, 2.1.12-1605-14) and the Visterbotten County Council
(grants nr 56103-7002829), King Gustaf V:s and Queen Victoria’s Freemason’s Foundation.

*Corresponding author. Department of Neurology, University of Ulm, Oberer Eselsberg 45, 89081, Ulm, Germany.
E-mail address: johannes.dorst@uni-ulm.de (J. Dorst).
“Contributed equally.

www.thelancet.com Vol 90 April, 2023


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:johannes.dorst@uni-ulm.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2023.104521&domain=pdf
https://doi.org/10.1016/j.ebiom.2023.104521
https://doi.org/10.1016/j.ebiom.2023.104521
https://doi.org/10.1016/j.ebiom.2023.104521
www.thelancet.com/digital-health

Articles

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Amyotrophic lateral sclerosis; Presymptomatic; Mutations carriers; Metabolism; Metabolic

Research in context

Evidence before this study

We searched PubMed for reviews, observational studies,
clinical trials, and cohort studies in pre-symptomatic gene
mutation carriers of amyotrophic lateral sclerosis published
up to October 1st, 2022, using the terms “amyotrophic
lateral sclerosis” or “ALS” in combination with each of the
following terms: “presymptomatic”, “gene carriers”,
“mutation carriers”, or “asymptomatic”. After reviewing
the abstracts, we identified 38 review articles, 8 clinical
trials, and 44 cohort studies dealing with potential early
biomarkers. Among the cohort studies, there were 3
investigating neurofilaments, and none investigating
metabolic alterations. Among the reviews, there were 4
dealing with neurofilaments, and none dealing with
metabolic alterations. Among the clinical studies, none was
related to metabolism.

Introduction

In amyotrophic lateral sclerosis (ALS), the onset of dis-
ease is usually defined as the occurrence of first paresis.
However, according to the current understanding of the
disease, ALS pathology does not only affect the motor
system,' but is also associated with profound metabolic
changes, including hypermetabolism,” excessive weight
loss,** and abnormalities of lipid*® and carbohydrate
metabolism.” These metabolic changes constitute
important prognostic factors®* and can be targeted by
nutritional interventions.’'?

Accordingly, there is an ongoing discussion whether
such alterations precede motor symptoms, thus defining
a “presymptomatic phase”. The identification of a pre-
symptomatic phase in ALS could be utilised for earlier
diagnosis and, consequently, earlier initiation of treat-
ment. As antisense oligonucleotides (ASOs) and other
gene therapies are emerging and may soon become
promising therapeutic options,'*'* the identification of
suitable early biomarkers to determine disease onset is
crucial. Clinical trials targeting mutations in SOD1,"*
FUS/TLS, C9orf72, and ATXN2 have either been
concluded recently or are currently ongoing, and more
trials are in the planning phase.

Currently, neurofilament light chain (NfL) blood
levels as a marker of axonal damage' are considered the
most promising biomarker to define a presymptomatic
stage in ALS, as elevation frequently precedes motor
deficits.'® However, NfL serum levels increase relatively
close (within 12 months) to the occurrence of first
paresis.’*”” Of note, NfL blood levels are the key

Added value of this study

In this cohort study investigating metabolic alterations in
presymptomatic ALS gene mutation carriers, we identified
gene-specific biomarkers, which, after further validation in
clinical studies, can be used for earlier diagnosis and
treatment in ALS gene mutation carriers.

Implications of all the available evidence

Based on pre-existing evidence, neurofilaments are currently
explored in clinical studies to define disease onset and treatment
start in pre-symptomatic gene mutation carriers of ALS. This
study provides evidence that body composition and resting
energy expenditure represent earlier and gene-specific biomarkers
that should be additionally implemented in dlinical trials for this
purpose. Furthermore, these biomarkers represent potential
targets for disease monitoring and nutritional interventions.

biomarker in the ongoing tofersen gene therapy inter-
vention in asymptomatic carriers of SOD1 mutations
(clinicaltrials.gov identifier NCT04856982).

Here, we aimed to identify additional biomarkers for
the presymptomatic phase by investigating metabolic
alterations in a cohort of presymptomatic mutation
carriers. To that end, we examined body composition,
i.e., the ratio of metabolically active and inactive tissue,
and resting energy expenditure (REE) in presymptom-
atic mutation carriers compared to their non-mutation
carrier family members by applying bioimpedance
analysis (BIA) and indirect calorimetry in a prospective,
standardised setting, including participants and evalua-
tors blinded with regard to carrier status.

Methods

Study population and design

Between 02/2014 and 11/2021, presymptomatic carriers
of mutations in ALS causing genes and individuals from
the same families without mutations were prospectively
recruited within a multicenter network (German Pre-
Symptomatic ALS Study, GPS-ALS), including speci-
alised ALS centers from Ulm, Bonn, Mannheim,
Rostock (all Germany), and Umed (Sweden). The study
design features a baseline visit and longitudinal follow-
up visits in 3-yearly time intervals.

Subjects of any sex were identified by contacting
first- or second-degree family members (i.e., parents,
siblings, or children) aged >18 years of individuals
suffering from definite, laboratory-supported, familial
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ALS according to the revised El Escorial criteria'® which
implies evidence of a proven causative ALS gene mutation.
A causative ALS gene mutation was defined as a mutation
grade 4 (likely pathogenic) or 5 (pathogenic) according to
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology (ACMG-
AMP).” As previously defined,' the term “presymptom-
atic” required all enrolled participants not to display any
signs or symptoms of ALS or cognitive impairment,
including a normal neurological examination and cranial
MRI. Electromyography was not systematically performed.
Participants with concomitant diseases or medication
which could potentially influence the results were
excluded. Furthermore, included participants did not show
any abnormal metabolic profiles in routine laboratory
testing.

BIA, indirect calorimetry, and blood drawing for NfL
measurement were performed during an outpatient visit
in the Study Center of Ulm University in all partici-
pants, including those who were recruited in other study
centers, and demographic data (including sex as self-
reported by study participants) were collected. Subjects
as well as study personnel (both clinical and laboratory
personnel) were blinded throughout the study with re-
gard to genotype carrier status. However, all participants
were informed comprehensively about potential impli-
cations of a positive carrier status, including tofersen
treatment in case of SOD1 as well as ongoing and up-
coming clinical studies for symptomatic and presymp-
tomatic mutation carriers. They were also informed that
they may terminate the study at any point of time for the
sake of unblinding.

Ethics

The study was approved by the Ethics Committee of
Ulm University, application numbers 20/12 and 68/19,
and performed fully in accordance with the principles of
the Declaration of Helsinki (WMA, 1964) with later
amendments. All participants signed an informed con-
sent form prior to inclusion.

Genetic testing

To identify causative ALS mutations, an ALS gene panel
was applied, which is continuously updated. The panel
currently includes the following genes: ALS2, ANG,
ARHGEF28, ATXN2, BSCL2, C(CYorf72, CCNEF,
CHCHDI10, CHMP2B, DCTN1, ERBB4, FIG4, FUS,
GBE1, GLE1, GRN, HNRNPA1, HNRNPA2B1, HSPBI,
HSPB8, MAPT, MATR3, MME, NEFH, NEK1, OPTN,
PFN1, PRPH, SETX, SIGMAR1, SOD1, SPG11, SPG20,
SQSTM1, TAF15, TARDBP, TBK1, TUBA4A, UBQLN2,
VAPB, VCP, FEGFA, and VPS54.

DNA was extracted from whole EDTA-containing
venous blood tubes. Participants were screened by
second-generation sequence methods, and mutations
confirmed by Sanger sequencing. For C9orf72, a path-
ogenic GGGGCC-hexanucleotide repeat expansion was
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probed by fragment length analysis and repeat-primed
PCR (RP-PCR). Samples with a sawtooth pattern in
the RP-PCR were confirmed by Southern blot. Subjects
with causative ALS mutations grade 4 or 5 according to
ACMG-AMP were classified as mutation carriers. The
estimated time to disease onset (ETTO) was defined as
the difference between the age of onset of the family’s
index patient and the age of the participant, i.e., ETTO
was calculated for each individual based on the age of
onset of his/her family member analogous to previous
publications.””” Accordingly, negative ETTO values
signify that the subject has already exceeded the index
patient’s age of onset at the time of inclusion. The index
patients’” age of onset was defined based on the occur-
rence of first paresis.

Bioimpedance analysis

BIA was performed under standardised, fasting condi-
tions in a relaxed, horizontal position at room temper-
ature with a 4-electrode device (Nutribox, Data Input
GmbH, Pocking, Germany). It was performed in the
morning between 7:30 and 9:00 a.m. without any pre-
ceding physical activity (at least 2 h without moderate
exercise and 14 h without heavy exercise) or medication
and after a resting period of 20 min. Participants were
fasting for at least 5 h as well as abstinent from nicotine
(>2 h) and caffeine (>4 h).

BIA constitutes a well-established and validated
method to analyze body composition?’ based on the
varying impedance of tissues caused by the amount of
electrolytes (intracellular and extracellular water) and the
capacitor effect of cell membranes.

There are four different models of body compart-
ments (Supplementary Fig. S1). The 1-compartment
model refers to BMI and does not differentiate body
composition. The 2-compartment model includes fat
mass (FM) and fat-free mass (Lean Body Mass, LBM). In
the 3-compartment model, LBM is further divided into
the Body Cell Mass (BCM), which consists of oxygen
consuming, glucose oxidating, metabolically active cells,
and the Extracellular Mass (ECM). The ECM/BCM
quotient is thus the ratio between metabolically inactive
and active cells. It has been validated as an indicator of
nutritional status and a predictor of mortality in various
diseases and conditions,”* with higher values signi-
fying worse prognosis. The 4-compartment model
additionally considers intracellular (ICW) and extracel-
lular water (ECW) as components of BCM and ECM,
respectively. Phase shift relates to the temporal
desynchronization between the sinus curves of the
alternating current and the alternating voltage which is
measured by the phase angle ¢. In general, higher
phase angles signify a higher share of healthy cells and
muscle mass as well as a higher degree of physical ac-
tivity. Consistently, the phase angle has been shown do
constitute an independent prognostic factor in the
symptomatic phase of ALS.”


www.thelancet.com/digital-health

Articles

Indirect calorimetry

Indirect calorimetry was performed under the same
standardised conditions as BIA (see above) with the
device Quark RMR (COSMED Deutschland GmbH,
Fridolfing, Germany). One measurement was per-
formed over 16 min, during which participants were
advised to relax without falling asleep.

Indirect calorimetry is a reliable, reproducible, and
highly accurate method for measuring energy expendi-
ture” based on the measurement of gas exchange (con-
sumption of oxygen and production of carbon dioxide).
The measured Resting Metabolic Rate (nRMR) can then
be calculated based on the modified Weir equation.” The
mRMR was compared with the calculated Resting Meta-
bolic Rate (CRMR) according to the equation of Harris and
Benedict”* which estimates energy expenditure based on
sex, weight, height, and age. The Metabolic Ratio (MR)
refers to the quotient mRMR/cRMR and thus represents
the energy expenditure adjusted for all variables included
in the cRMR equation.

The first 5 min of each measurement were dis-
carded. Within the following 10 min, a steady state
period was identified, which was defined as a period of
5 min displaying a variation of <10% of mRMR, volume
of oxygen (VO,), and volume of carbon dioxide (VCO,).
The mean values of this steady state period were used
for statistical analysis.

Neurofilaments

Neurofilament light chain (NfL) blood levels as a marker
of axonal damage are an established diagnostic and
prognostic biomarker in symptomatic ALS.” Serum was
obtained from peripheral blood by centrifugation (800 g,
5 min) and stored within 2 h at —-80 °C. Blood NfL
concentrations were measured with the commercially
available kits for the ELLA microfluidic system (Bio-
Techne, Minneapolis, USA). The interassay coefficients
of variation (CV) were <15%.

Statistics

For descriptive statistics, median and interquartile
ranges are given. Distributional assumptions were
checked graphically and by means of descriptive
methods only. Whenever questionable, a non-
parametric analysis approach was chosen in order to
account for potentially biased results when using para-
metric methods. Group comparisons for continuous
variables were performed using one-way ANOVA or the
Kruskal-Wallis test as appropriate, and pairwise group
comparisons were performed with the two-sample t-test
or the Wilcoxon rank sum test as appropriate. Changes
of continuous variables to baseline were analyzed using
the Wilcoxon signed rank test. Two-sided 95% confi-
dence intervals were calculated for median differences.
Group comparisons for categorical variables were per-
formed using the chi square test or Fisher’s exact test as
appropriate. Two-sided 95% confidence intervals were

calculated for group differences of proportions. Corre-
lations were examined with scatter plots and correlation
coefficients (Spearman).

Multiple regression analysis was used in order to
check whether study center was a confounding factor.
For reasons of statistical power and since only 15 pa-
tients were not recruited in Ulm, study center was
included as a binary covariable (Ulm vs. others) in a
series of linear regression models.

All statistical tests were performed at a two-sided
level of alpha = 0.05 and were interpreted as
exploratory. Adjustment of p-values for multiple
testing was done with Dunn’s test, and unadjusted
as well as adjusted p-values are presented. As this
was an explorative pilot study, all results were
interpreted as hypothesis generating rather than as a
verification of a specific hypothesis. Missing values
were not replaced.

Statistical analyses were done with GraphPad Prism,
version 7.05.

Role of the funders

This work was an investigator-initiated trial. On the
German side, there was no institutional or industrial
funding. On the Swedish side, this work was supported
by grants from the Swedish Brain Foundation (grants
nr. 2013-0279, 2016-0303, 2018-0310, 2020-0353),
the Swedish Research Council (grants nr. 2012-3167,
2017-03100), the Knut and Alice Wallenberg Foundation
(grants nr. 2012.0091, 2014.0305, 2020.0232), the
Ulla-Carin Lindquist Foundation, Umed University
(223-2808-12, 223-1881-13, 2.1.12-1605-14) and the
Visterbotten County Council (grants nr 56103-
7002829), King Gustaf V:s and Queen Victoria’s Free-
mason’s Foundation. These funders were not involved
in any aspects regarding conduction, analysis, interpre-
tation, or publication of the study.

Results

Between 02/2014 and 11/2021, 133 participants were
recruited, of which 60 were presymptomatic ALS gene
carriers (40% male, age 48.7 + 14.9; 28 CYorf72, 22
SOD1, 10 other, genotypes are given in Supplementary
Table S1) and 73 were individuals from the same fam-
ilies (47% male, age 47.4 + 12.9) who were not carrying
any known ALS-related gene mutations and were
serving as controls. Baseline characteristics (Table 1) did
not show any significant differences between ALS mu-
tation carriers and non-carriers with regard to age and
sex ratio. Follow-up data were available for 14 subjects
(10 carriers and 4 non-carriers) after a median time in-
terval of 36 (30.5-45.3) months.

Metabolic data were available for all participants. In
the linear regression models, no differences between
study centers (Ulm vs. others) were detected with the
exception of MR (see below).
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ALS mutation carriers (n = 60)

Non-carriers (n = 73)

p-value (carrier vs.
non-carrier)

Data are n (%), mean + SD, or median (IQR). NfL: Neurofilament light chain.

Total Male Female Total Male Female

Age (years) 487 +14.9 53.1+233 45.8 +21.2 472 +12.9 471 :382 477297 072
Sex 24 (40%) 36 (60%) 34 (46.6%) 39 (53.4%) 0.49
NfL blood levels (pg/ml) 14 (10-19) 15 (10-31) 13 (10-18) 15 (10-21) 15 (11-21) 15 (10-21)  0.60
Mutations

C9orf72 28 7 21

SOD1 22 13 9

FUS 4 1 3

KIF5A 3 1 2

SETX 1 1 0

TBK1 1 1 0

TDP43 1 0 1
Expected time to onset (years) 4.0 (-6.0 to 14.0) -3.0 (-13.5 to 13.5) 7.0 (-3.0 to 17.0)
Disease onset (paresis within observation period) 12 (20%) 9 (37.5%) 3 (8.3%)
Deceased (within observation period) 4 (7%) 3 (12.5%) 1 (2.7%)

Table 1: Baseline characteristics.

NfL blood levels were obtained from 60/60 ALS
mutation carriers and 71/73 mutation-negative relatives.
We found no differences between carriers (14 (10-19)
pg/ml) and non-carriers (15 (10-21) pg/ml; p = 0.60,
Wilcoxon rank sum). Similarly, NfL levels were not
different between presymptomatic SOD1 and C9orf72
mutation carriers (p = 0.61, Wilcoxon rank sum).

Body composition

Compared to non-carriers, ALS mutation carriers showed
lower LBM (median difference -7.5 kg (95% CI -9.5
to —0.9); p = 0.004, Wilcoxon rank sum), lower cell per-
centages (-1.2% (-3.5 to —0.1); p = 0.04, Wilcoxon rank
sum), higher ECM/BCM ratios (0.05 (0-0.14); p = 0.04,
Wilcoxon rank sum), lower BW (-5.5 kg (-7.0 to —0.7);
p = 0.02, Wilcoxon rank sum), and lower Phase Angles
(-0.2 (0.7 to 0.0); p = 0.04, Wilcoxon rank sum), which
consistently point towards a loss of metabolically active,
healthy cells (body water is mainly stored in muscle cells;
Fig. 1, Table 2, Supplementary Table S2). On the other
hand, there were no significant differences between ALS
mutation carriers and non-carriers with regard to Fat Mass
(p = 0.45, Wilcoxon rank sum), Fat Percentage (p = 0.61,
Wilcoxon rank sum), and ECM (p = 0.28, Wilcoxon rank
sum), which comprise metabolically inactive tissue, as well
as BMI (p = 0.31, Wilcoxon rank sum).

The ECM/BCM ratio is independent of BMI and
already established as a prognostic biomarker in other
diseases.” " We found a trend towards a negative cor-
relation between ECM/BCM ratio and ETTO (r = —0.28,
p = 0.09, Spearman; Fig. 2a), i.e., presymptomatic gene
carriers who approached their expected onset of motor
symptoms generally showed higher values. Differences
of ECM/BCM ratios between carriers and non-carriers
were greater in females (carriers: 1.00 (0.89-1.16) vs.

www.thelancet.com Vol 90 April, 2023

non-carriers: 0.94 (0.85-1.03); p = 0.06, Wilcoxon rank
sum) compared to males (carriers: 0.86 (0.77-1.04) vs.
non-carriers: 0.83 (0.78-0.97); p = 0.66, Wilcoxon rank
sum).

We found that C9orf72 mutation carriers, in contrast
to SOD1, showed massively reduced masses of all body
compartments. Compared to SOD1, C9orf72 mutation
carriers had lower BMI (median difference -5.5 kg/m?
(95% CI -8.7 to —2.6); p = 0.004, Wilcoxon rank sum),
lower FM (-6.7 kg (-15.8 to —0.8); p = 0.02, Wilcoxon
rank sum), lower LBM (-17.3 kg (-19.8 to -3.9);
p = 0.004, Wilcoxon rank sum), lower ECM (-5.3 kg
(-9.8 to —-2.5); p < 0.001, Wilcoxon rank sum), lower
BCM (-7.0 kg (-10.5 to —0.1); p = 0.04, Wilcoxon rank
sum), and lower BW (-12.6 kg (-14.5 to —2.8); p = 0.004,
Wilcoxon rank sum; Supplementary Fig. S2, Table 3,
Supplementary Table S3). Thus, all tissue types,
including metabolically inactive tissue, were reduced in
C9orf72 mutation carriers, while in SOD1, only meta-
bolically active tissue was affected.

Resting energy expenditure

Unexpectedly, we found that the measured Resting
Metabolic Rate (mRMR) was lower in mutation carriers
compared to mutation-negative subjects (median
difference —188 kcal/d (95% CI -337 to —50); p = 0.008,
Wilcoxon rank sum). Mutation carriers also displayed a
lower Metabolic Ratio (MR = mRMR/cRMR), which
accounts for age, weight, height, and sex (-0.07 (—0.10
to —0.01); p = 0.01, Wilcoxon rank sum; Fig. 1). As
multiple linear regression models indicated a potential
center-related effect with regard to MR (Supplementary
Table S2), we repeated our analysis for the subgroup of
patients from Ulm, but obtained similar results (-0.06
(-0.10 to 0.10); p = 0.05, Wilcoxon rank sum). There
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Fig. 1: Body composition and resting energy expenditure in carriers vs. non-carriers. Boxplots show Lean Body Mass (upper left), Body Cell
Mass (BCM; upper right), ratio between Extracellular Mass (ECM) and BCM (center left), Phase Angle (center right), measured Resting Metabolic
Rate (MRMR; bottom left), and Metabolic Ratio (bottom right) in ALS mutation carriers (blue) and non-carriers (red). p-values based on
Wilcoxon rank sum test.

were no differences between male and female mutation As these findings differ from the symptomatic phase,
carriers (p = 0.78, Wilcoxon rank sum) or between  we analyzed whether MR increased over time. Indeed,
SOD1 and C9orf72 mutation carriers (p = 0.99, Wilcoxon =~ we found a negative correlation between MR and ex-

rank sum). pected time to onset (r = —0.40, p = 0.004; Spearman;
ALS mutation carriers (n = 60) Non-carriers (n = 73) Median difference (95% Cl) p-value

BMI (kg/m?) 247 (21.1-27.8) 24.9 (22.8-29.0) -0.2 (-2.9 to 1.0) 031
FM (kg) 19.7 (14.8-30.6) 213 (16.8-30.0) -1.6 (-5.1 to 2.8) 0.49
Fat (%) 28.8 (23.9-34.8) 27.6 (21.3-34.0) 12 (-2.9 to 5.3) 0.62
LBM (kg) 50.6 (45.0-62.5) 58.0 (50.1-66.9) -7.5 (-9.5 to -0.9) 0.02
ECM (kg) 25.1 (22.6-28.9) 26.9 (23.4-31.0) -1.8 (-3.4 t0 0.9) 0.28
BCM (kg) 25.2 (21.8-30.9) 29.6 (25.6-36.6) -4.4 (-63 to -1.3) 0.004
Cells (%) 50.7 (47.5-54.2) 51.9 (50.0-55.5) -12 (-3.5 to -0.1) 0.04
ECM/BCM 0.98 (0.85-1.10) 0.93 (0.80-1.00) 0.05 (0.00-0.14) 0.04
BW (kg) 37.0 (32.9-457) 42.5 (36.7-49.0) -5.5 (7.0 to -0.7) 0.02
Phase Angle (°) 5.8 (5.1-6.5) 6.0 (5.6-6.8) -0.2 (-0.7 to 0.0) 0.04
mRMR (kcal/d) 1598 (1376-1885) 1785 (1548-2133) -187 (-337 to -50) 0.008
MR 1.04 (0.98-1.13) 111 (1.02-1.16) -0.07 (-0.10 to -0.01) 0.01
NfL (pg/ml) 14 (10-19) 15 (10-21) n = 71 -1 (-3 to 2) 0.60

Data are median (IQR), Wilcoxon Rank Sum test. BMI: Body Mass Index. FM: Fat Mass. LBM: Lean Body Mass. ECM: Extracellular Mass. BCM: Body Cell Mass. BW: Body

Water. mRMR: measured Resting Metabolic Rate. MR: Metabolic Ratio. NfL: Neurofilament light Chain blood levels.

Table 2: Body composition and resting energy expenditure in carriers vs. non-carriers.
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Fig. 2: Correlation of ECM/BCM ratio and MR with ETTO in mutation carriers. Scatter plots show the correlation of Extracellular Mass (ECM)/
Body Cell Mass (BCM) with the Expected Time to Onset (ETTO; a) and the correlation of the Metabolic Ratio (MR) with ETTO (b). Dotted vertical
lines mark the expected time of disease onset. Negative ETTO values relate to subjects who have already passed their expected age of onset. Red

dots indicate subjects who had disease onset during the observation period. p-values based on Spearman.

Fig. 2b), indicating that REE increased as the expected
onset approached. We also checked whether follow-up
MR values increased, but found no significant differ-
ences compared to baseline (p = 0.27, Wilcoxon signed

rank), possibly because the number of gene carriers

with available follow-up data was too small (n

10)

and/or these subjects were too far from their expected
disease onset (ETTO: 3.0 (-5.3 to 15.3) years).

(>0.99)

(>0.99)

SOD1 (n = 22) C90rf72 (n = 28) NC (n =73) 3-group Median difference (95%  Median difference (95% Cl); Median difference (95% Cl);
comparison  Cl); SOD1 vs. NC C9orf72 vs. NC C90[f72 vs. SOD1

BMI (kg/m?) 28.0 (25.8-32.4) 225 (20.7-25.9) 24.9 (22.8-29.0) p =0.004 31 (-1.0t057) p = 012 -2.4 (-4.9 to -0.9) p = 0.007 -5.5 (-8.7 to -2.6) p = 0.004
(0.45) (0.02) (0.005)

FM (kg) 258 (16.7-36.3) 19.1 (13.0-21.3) 21.4 (16.8-30.0) p = 0.06 4.4 (-2.9 10 10.9) p = 0.25 -2.3 (-83t0 0.8) p = 0.09 -6.7 (-15.8 to -0.8) p = 0.02
(0.70) (0.28) (0.06

Fat (%) 322 (25.0-38.5) 29.0 (21.5-33.3) 27.6 (21.3-34.0) 0.48 46 (-26t09.1) p=026 14 (-45t053)p=093 -32(-8.9to 3.0) p = 0.29
(0.70) (>0.99) (0.99)

LBM (kg) 64.1 (48.0-67.5) 46.8 (43.6-52.0) 58.0 (50.1-66.9) p < 0.001 6.1 (-5.1 t0 10.6) p = 0.57 -11.2 (-14.5 to -4.8) -173 (-19.8 to -3.9) p = 0.003
(>0.99) p < 0.001 (0.001) (0.007)

ECM (kg) 28.9 (25.1-35.0) 23.6 (20.5-26.3) 26.9 (23.4-31.0) p =0.002 20 (-07t059) p=011 -3.3(-5.9 to -1.1) p = 0.005 -53 (-9.8 to -2.5) p < 0.001
(033) (0.02) (0.002)

BCM (kg) 307 (223-36.6) 237 (21.5-25.8) 29.6 (25.6-36.6) p =0.001 11 (-5.4t0o 4.6)p =091 -59 (-8.7to -2.8) p <0.001 -7.0 (-10.5 to -0.1) p = 0.04
(>0.99) (<0.001) (0.04)

Cells (%) 48.6 (46.4-55.6) 51.8 (47.6-54.3) 51.9 (50.0-55.5) p = 0.16 -33 (-5.5t0 0.4) p = 0.08 -01 (-3.5t00.9) p = 025 3.2 (-2.8 to 5.4) p = 0.60
(0.26) (0.70) (>0.99)

ECM/BCM 1.05 (0.80-1.16)  0.93 (0.84-1.10) 0.93 (0.80-1.00) p = 0.16 0.12 (-0.02 to 0.22) -0.00 (-0.13 to 0.03) -0.12 (-0.20 to 0.11) p = 0.63
p = 0.08 (0.26) p = 0.23 (0.66) (>0.99)

BW (kg) 46.9 (35.2-49.4) 34.3 (31.9-38.1) 42.5 (36.7-49.0) p < 0.001 4.4 (-381t077) p =057 -8.2 (-10.6 to -3.5) -12.6 (-14.5 to -2.8)
(>0.99) p < 0.001 (0.001) p = 0.004 (0.008)

Phase Angle (°) 5.4 (5.0-6.8) 6.0 (5.1-6.5) 6.0 (5.6-6.8) p=017 -0.6 (-11t0 0.1) p = 0.09 0.0 (-02t007) p=022 0.6 (-0.6 to 1.0) p = 0.62
(0.28) (0.64) (>0.99)

mRMR (keal/d) 1830 (1401-2080) 1507 (1326-1670) 1785 (1548-2133) p = 0.001 45 (-249 to 184) p = 0.72 -278 (-504 to -147) -323 (-532 to -69) p = 0.008
(>0.99) p < 0.001 (<0.001) (0.04)

MR 1.04 (0.95-112) 1.05 (0.98-1.13) 111 (1.02-1.16) p = 0.02 -0.07 (-0.12 to 0.00) -0.06 (0.00 to -0.12) 0.01 (-0.08 to 0.07) p = 0.99
p_= 0.06 (0.08) p = 0.05 (0.07) (>0.99)

NfL (pg/ml) 12.5 (10.0-235) 14.0 (10.5-19.0) 15.0 (10.0-21.0) p = 0.72 -2.5 (-5.0 t0 2.0) p = 0.44 -1.0 (-4.0 t03.0) p = 0.75 1.5 (-3.0 t0 5.0) p = 0.61

(>0.99)

Data are median (IQR), Wilcoxon Rank Sum test (2-group comparisons), Kruskal-Wallis (3-group comparisons). NC: Non-Carriers. BMI: Body Mass Index. FM: Fat Mass. LBM: Lean Body Mass. ECM:
Extracellular Mass. BCM: Body Cell Mass. BW: Body Water. mRMR: measured Resting Metabolic Rate. MR: Metabolic Ratio. NfL: Neurofilament light chain blood levels. Bold values indicate statistical
significance. Underlined values indicate p-values between 0.05 and 0.10. p-values adjusted for multiple testing (Dunn’s test) are given in brackets.

Table 3: Body composition and resting energy expenditure in SOD1 vs. C9orf72 vs. controls.
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Discussion

In this study, we investigated metabolic alterations in a
cohort of 60 presymptomatic ALS mutation carriers using
73 non-carriers from the same families as controls, aiming
to identify potential novel early biomarkers for disease
onset. The term “presymptomatic” was defined as the
absence of any clinical signs or symptoms of manifest
disease, consistent with previous publications.'®

Strengths of the presented data are the prospective
setting featuring standardised conditions for metabolic
examinations, blinding of participants and evaluators
with regard to carrier status, the number of subjects
representing a large cohort of pre-symptomatic ALS
gene mutation carriers, and the direct comparison with
mutation-negative family members as optimal controls.
The genetic heterogeneity and the lack of available
follow-up data are limitations of the study. Thus, as the
results are mainly based on cross-sectional data, the
temporal course of the metabolic findings remains
largely unknown. Furthermore, the concept of ETTO as
applied in this study must be further validated.

With these limitations in mind, we were still able to
identify highly distinct metabolic features in pre-
symptomatic ALS gene carriers. Overall, results ob-
tained with BIA consistently point towards a loss of
metabolically active cells compared to metabolically
inactive tissue, as reflected by an increased ECM/BCM
ratio in mutation carriers. These observations might
reflect a presymptomatic reduction of physical activity,
potentially corroborating a recent report that physical
activity in ALS patients decreases significantly several
years prior to disease onset.”” Consistent with this hy-
pothesis, we found normal NfL blood values in carriers
and non-carriers. Therefore, alterations in body
composition might constitute an earlier and, potentially,
more sensitive biomarker of the presymptomatic phase.

Although catabolic alterations were prevalent across all
studied mutations, we observed specific features in the
two largest genetic subgroups, SOD1 and CYorf72.
Compared to both presymptomatic SOD1 mutation car-
riers and controls, C9rf72 mutation carriers showed
significantly lower masses of all body compartments.
Thus, in contrast to SOD1 mutation carriers, not only
metabolically active, but also metabolically inactive tissue
was affected in C9orf72 mutation carriers. These
mutation-specific findings are consistent with a recent
publication, reporting that presymptomatic C9orf72 mu-
tation carriers, compared to healthy controls, showed a
lower metabolic cardiovascular risk profile, including
lower BMI, lower fasting serum glucose, and higher HDL,
while SOD1I mutation carriers had an opposite profile.®
Therefore, different metabolic biomarkers have to be
considered for the presymptomatic phase for both genes:

(1) In SOD1 presymptomatic mutation carriers, the
ECM/BCM ratio stands out as a potential stand-
alone biomarker for several reasons: First, it is

independent of BMI and can thus be used uni-
versally; second, it compares the amount of meta-
bolically inactive tissue (which is not affected in the
presymptomatic phase) with metabolically active
tissue (which is heavily affected), thus encom-
passing the underlying pathophysiological changes
in one value; third, it has been validated as a
prognostic biomarker in various chronic diseases
associated with catabolism?* *; and fourth, our data
indicate a potential correlation with ETTO.
Furthermore, the Phase Angle also relates to
metabolically active tissue and may constitute
another useful parameter.

(2) In CYorf72 presymptomatic mutation carriers, all
types of tissue masses measured by BIA are affected.
In this context, BMI constitutes a screening param-
eter, which is easy to apply and comprises all body
compartments (one-compartment model), while
measurement of FM and LBM (two-compartment
model), ECM and BCM (three-compartment model),
and BW (four-compartment model) can verify the
involvement of all tissue types.

Most unexpected was the finding that presymptomatic
mutation carriers, as opposed to symptomatic ALS pa-
tients,” did not show an increased, but rather a signifi-
cantly reduced REE, which, however, increased with
approaching expected age of onset. This feature was
observed in both SODI and C90rf72 mutation carriers.
Assuming that hypermetabolism occurs only in the motor-
symptomatic stage, one possible explanation is that this
finding reflects compensatory measures, ie., the organ-
ism’s efforts to reduce energy consumption to compensate
for an imminent deficit, and to build up triglyceride stores
for future needs. This effort would be in line and work
synergistically with the reduction of physical activity dis-
cussed above. Moreover, both the capability to store energy
prior to the hypermetabolic phase and the amount of en-
ergy incorporated during the hypermetabolic phase might
affect prognosis, as it has been shown repeatedly that
weight loss constitutes an independent negative prognostic
factor,” and, consistently, high-caloric interventions yield
beneficial effects in ALS.”"**' Considering the SODI vs.
C90rf72 differences described above and the fact that this
European cohort of presymptomatic SOD1 mutation car-
riers features a significant share of mutations associated
with comparatively mild disease courses, as the respective
mutations (D90A, L117V) result in a mutant protein with
biophysical properties comparable to native wtSOD1, pre-
symptomatic SODI patients might feature superior pre-
emptive energy-storing capabilities, which later translate to
a more benign course of disease. In this context, it would
be interesting to obtain similar data from US cohorts with
more aggressive SOD1 mutations like A4V. This hypoth-
esis would be in line with the finding that, in contrast to
C9orf72 mutation carriers, fat mass as the main energy
store is not reduced in SOD1 mutation carriers.
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In summary, we conclude that presymptomatic ALS
gene carriers feature alterations in body composition,
which indicate catabolism and a loss of metabolically
active cells, resembling reduced physical activity, as well
as reduced REE. We propose that the ECM/BCM ratio
as well as the Phase Angle should be further explored as
potential biomarkers for disease onset in presymptom-
atic SOD1 mutation carriers, while measuring BMI as a
screening parameter and confirming a combined 4-
compartment affection by BIA might serve the same
purpose for C9orf72 mutation carriers. Furthermore, the
MR may be used in both genetic subgroups to detect a
presymptomatic hypometabolic state. These parameters
may constitute valuable outcome measures in inter-
vention studies and potentially guide earlier treatment
decisions. As this was an exploratory study, further
studies are needed to confirm our results, explore inter-
device variability, further analyze longitudinal changes,
and define adequate thresholds.
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