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ABSTRACT

Background: The onset of amyotrophic lateral sclerosis (ALS) is preceded by non- motor signs detectable many years before 

motor symptom onset. We recently showed that early ALS patients and presymptomatic carriers of ALS- associated gene muta-

tions display altered sleep macroarchitecture, characterised by increased wakefulness and decreased non- REM sleep, together 

with altered microarchitecture, particularly reduced slow oscillations and sleep spindles. Here we aimed at determining whether 

sleep alterations are progressive in premanifest carriers of ALS- associated gene mutations.

Methods: This longitudinal observational cohort study included presymptomatic first- degree relatives of ALS patients carrying 

pathogenic gene mutations (n = 18) and noncarrier family members (n = 3). Sleep macroarchitecture and sleep microarchitecture 

were assessed using standardised polysomnography and electroencephalographic analyses at baseline and in a follow- up exam-

ination after 2.3 ± 1.5 years.

Results: In all carriers, sleep alterations were more severe at follow- up compared to the initial examination, for both macro-  and 

microarchitecture. The progression of sleep alterations was seemingly independent of proximity to motor onset, whether evalu-

ated by increased neurofilament levels or phenoconversion during the study period.

Conclusions: Sleep macro-  and microarchitectural abnormalities progressively worsen during the premanifest phase of ALS. 

These findings suggest that polysomnography- derived sleep measures and their neurochemical correlates may serve as sensitive, 

noninvasive surrogate biomarkers of disease progression in clinically silent ALS. This could support disease prevention, for ex-

ample, by the antisense oligonucleotide tofersen in patients carrying SOD1 mutations.

1   |   Introduction

Amyotrophic lateral sclerosis (ALS) is the most common adult- 

onset motor neuron disease, resulting from combined degenera-

tion of upper and lower motor neurons and leading to progressive 

paralysis and premature death, typically three to four years after 

the onset of motor symptoms. Onset usually occurs between 60 

and 70 years of age [1, 2] and most cases are sporadic, without 

a known family history. Between 5 and 10% of ALS cases are 

caused by mutations in more than 40 distinct genes, usually 
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through autosomal dominant inheritance. In Europe, the most 

frequent mutations are found in C9orf72, SOD1, TARDBP, and 

FUS genes [1, 2].

In ALS gene carriers, definite motor symptom onset is usually 

preceded by a prodromal period that may include mild motor im-

pairment. During this prodromal period, an increase in circulat-

ing neurofilament levels, a reliable biomarker of axonal injury, has 

been reported [3, 4]. Before this highly variable prodromal period, 

presymptomatic gene carriers do not show any motor impairment 

either clinically or through biomarker evidence [4]. However, 

many studies indicate that these individuals already exhibit non- 

motor signs, such as weight loss [5] or cognitive impairment [6], 

many years before motor symptom onset, during the premanifest 

period of the disease. Whether these early non- motor signs worsen 

as individuals approach disease onset remains unclear, largely due 

to the lack of longitudinal studies in presymptomatic gene carriers.

We recently demonstrated that sleep is impaired in ALS, both in 

the clinically manifest period and in premanifest gene carriers. 

Specifically, prominent defects in sleep macroarchitecture were 

observed and characterised by increased wake and decreased deep 

sleep (NREM2/3) [7]. These defects were present in symptomatic 

patients in the absence of detectable respiratory insufficiency. 

They were accompanied by marked defects in microarchitecture, 

particularly decreased slow oscillations and sleep spindles [8]. 

Importantly, similar impairments were observed in presymptom-

atic gene carriers many years before manifest disease. These sleep 

alterations correlated with cognitive scores [7], and both macro-  

and microarchitectural changes were also observed in multiple 

mouse models of familial ALS [7, 8].

A major question arising from these initial studies is whether 

sleep defects—macro-  or microarchitecture—remain stable as 

individuals approach disease onset, or whether they worsen, 

suggesting an association with rampant disease progression. 

This could make a prediction of disease onset possible. In this 

study, we performed longitudinal follow- up polysomnography 

in 18 presymptomatic ALS gene carriers and in three family 

members with negative genetic testing previously included in 

our initial studies.

2   |   Methods and Materials

2.1   |   Design

Longitudinal prospective observational study.

2.2   |   Setting and Participants

All participants in this study are first- degree relatives of fALS 

patients with an ALS- causing mutation confirmed by genetic 

testing who were seen at the outpatient clinic for motor neu-

ron diseases or in the neurology department of Ulm University 

Hospital between 2019 and 2024. This cohort has been previ-

ously described [7, 8]. Relatives of these patients were informed 

of the opportunity to participate in the study. Inclusion criteria 

were: Age 18 years or older and being a first- degree relative of a 

confirmed fALS case. The exclusion criterion was the presence 

of a neurodegenerative disease or other serious illness, as well as 

a relationship to another study participant; further, an Apnea- 

Hypopnoe- Index (AHI) greater than 20 per hour or a Periodic- 

Limb- Movement- Index greater than 20 per hour in the baseline 

polysomnography led to the exclusion of the participant. Study 

participants did not undergo genetic testing at the time of in-

clusion in the study. Genetic testing was performed purely for 

scientific purposes and for later classification. Participants who 

wished to undergo official predictive genetic testing had to do so 

outside the study, after the first study visit, in accordance with 

the provisions of the German Genetic Diagnosis Act.

Medical history and current medication use were documented 

as part of the clinical assessment. Individuals with relevant 

medical or psychiatric conditions or medication use that, in 

the opinion of the investigators, could substantially interfere 

with sleep assessment or study participation were not included. 

Phenoconversion was defined as the occurrence of clinically ev-

ident ALS- related signs or symptoms in a previously presymp-

tomatic gene carrier, supported by electromyographic findings. 

Biomarker abnormalities, including NfL levels, were not used to 

define phenoconversion.

2.3   |   Ethical standards

The study was conducted in accordance with the Declaration of 

Helsinki (revised version) and approved by the Ethics Committee 

of Ulm University (approval number: 68/19).

2.4   |   Electroencephalography in Subjects

All participants underwent two visits, each including a one- night 

full polysomnography according to the American Academy 

of Sleep Medicine (AASM) guidelines [9], with monitoring of 

various physiological parameters, including electroencepha-

logram (EEG), surface electromyogram (EMG), electrooculo-

gram (EOG), electrocardiogram (ECG), respiratory effort and 

flow, pulse, and oxygen saturation. EEG electrodes were placed 

according to the international 10–20 system. The following 

electrodes were used in each subject: Fz, C3, C4, Cz, P3, P4, 

Pz, O1, O2, A1, and A2. The sampling rate was 512 Hz in each 

case. A “lights off” marker was placed in each recording to in-

dicate when the participant turned off the lights and attempted 

to sleep. Participants were free to choose a start time between 

8:00 p.m. and midnight. The measurement ended at 6:00 a.m. 

Two volunteers underwent an additional third polysomnogra-

phy under the same protocol.

2.5   |   EEG Preprocessing

Analyses were performed using available Python packages 

(Python Software Foundation. Python Language Reference, 

version 3.12. Available at http:// www. python. org) relying on 

the MNE package. EEG preprocessing followed established 

protocols [7, 8]. Recordings were first de- identified using the 

open- source Prerau Lab EDF De- identification Tool (Version 

1.0; 2023) in Python (Prerau Lab EDF De- identification Tool 

retrieved from https:// sleep eeg. org/ edf-  de-  ident ifica tion-  tool), 
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concealing mutation and visit number prior to further analysis. 

Signals were then notch- filtered to remove the 50 Hz power line. 

Independent component analysis was applied to remove resid-

ual artefacts, which were then excluded upon visual inspection 

while being blinded to genotype and visit number, based on stan-

dard criteria (ocular topography, muscle- related high- frequency 

power), as described [7, 8].

2.6   |   Analysis of Sleep Macroarchitecture

Analyses focused on the sensorimotor cortices (C3 and C4), which 

are known to be impaired at disease onset, as well as nearby in-

terhemispheric sulci (Fz, Cz and Pz). Sleep staging was performed 

on a 6- h window with 30- s epochs, starting at lights off, using the 

YASA deep learning algorithm (v0.6.5) [10] and spectral analysis. 

Time in bed and total sleep time were calculated across the full re-

cording. Automated sleep staging, hypnograms, and spectrograms 

were generated using Welch's method as described [7, 8]. Sleep 

pressure was quantified using the area under the curve (AUC) of 

delta power (0.5–4 Hz) of the first hour of the 6- h window, com-

puted using Simpson's rule. REM efficiency was calculated as the 

ratio of theta power (4–8 Hz) to delta power (0.5–4 Hz) during REM 

epochs. Sleep staging and analysis followed AASM guidelines [9].

2.7   |   Analyses of Sleep Microarchitectural Events

Analyses were performed as in our previous study [8]. Briefly, 

sleep spindles, slow oscillations, and K- complexes were anal-

ysed across all electrodes, with outliers removed using an iso-

lation forest algorithm [8]. K- complex analysis was restricted to 

the sensorimotor cortex (C3), which is known to be impaired in 

ALS, using the MNE and SciPy packages [8]. Sleep spindle den-

sity was defined as the number of sleep spindles per minute of 

NREM2 sleep. Slow oscillation density was defined as the num-

ber of slow oscillations per minute of NREM2 sleep. K- complex 

density was defined as the number of K- complexes per minute of 

NREM2 sleep. All analyses were performed in accordance with 

AASM guidelines [9].

2.8   |   Measurement of Neurofilament Light 
Chain Levels

Blood samples were collected by venous sampling. Samples were 

centrifuged at 2000 g for 10 min, and the extracted serum was 

aliquoted and frozen within 30 min at –80°C. Serum samples 

were stored in polypropylene tubes. For NF- L quantification in 

serum, the microfluidic Ella platform (Bio- Techne, Minneapolis, 

USA) was used. The analyses were performed according to the 

manufacturer's instructions [11].

2.9   |   Statistical Analysis

Prior to any statistical analysis, normality and homoscedastic-

ity were tested using the Shapiro–Wilk test and Bartlett's test, 

respectively. Follow- up analyses were performed using paired 

t- tests or Wilcoxon- Mann–Whitney rank- sum tests when nor-

mality was not met.

For longitudinal analyses, each sleep variable was modelled 

using a linear mixed- effects framework, with visit (visit 1 vs. visit 

2) and interval between visits as fixed effects, and case treated 

as a random factor to account for repeated measures. Analyses 

were performed separately for the C9orf72 group, SOD1 group, 

other mutations, and the full cohort.

In all cases, pvalue were adjusted using FDR- BKY correction. 

Data are presented as violin plots with each value displayed as 

a data point and expressed as medians ± interquartile range. 

Visualisations were generated using Seaborn and Matplotlib 

packages. Results were deemed significant at adjusted pvalue 

< 0.05, and only corrected pvalues (adj. pvalue) are reported.

3   |   Results

In the original baseline study, 61 participants were examined, 

including 35 gene carriers and 26 non- carriers from the fam-

ily. From this cohort, 15 participants were excluded from the 

present longitudinal analysis based on the predefined exclusion 

criteria. Of the remaining eligible participants, 18 gene carriers 

and 3 non- carrier controls could be re- invited and underwent 

follow- up assessment.

The study population is described in Table  1 and includes 18 

presymptomatic gene carriers, with C9orf72 (n = 12), SOD1 

(n = 3), FUS (n = 2), and TARDBP (n = 1). We also included n = 3 

non- carrier individuals who were negative for gene testing. All 

volunteers had an initial polysomnography in a previous study 

[7, 8]. The second visit occurred 2.3 ± 1.5 years after the first visit 

(range: 0.3–5.2 years). Two individuals underwent a third poly-

somnography, including one who phenoconverted to clinically 

manifest ALS. Age at disease onset of the affected first- degree 

relative was not documented in seven participants because con-

tact with the affected relative with ALS had been lost or because 

the timing of first symptoms could not be reliably determined 

retrospectively.

Follow- up intervals between Visit 1 and subsequent assess-

ments varied between participants. This variability was 

mainly due to the limited flexibility for scheduling repeated 

hospital- based polysomnographic recordings in clinically 

healthy gene carriers. Individual follow- up intervals are 

shown in Table 1.

3.1   |   Progressive Changes in Sleep 
Macroarchitecture

Polysomnography results were analysed using the YASA 

deep learning algorithm  [10], over a 6- h window following 

lights off. Hypnograms of two representative premanifest 

gene carriers (one C9orf72 and one SOD1) at visit 1 and visit 

2 are shown in Figure 1, with quantitative results in Figure 2 

and Table 2. There was a systematic increase in the percent-

age of wake (Figure  2A) across all 18 subjects, while rapid 

eye movement (REM) sleep (Figure  2B) and non- rapid eye 

movement (NREM) sleep (Figure 2C) showed heterogeneous 

variations across volunteers. Interestingly, when NREM stage 

was subdivided into NREM1, 2, and 3, we observed a clear 
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TABLE 1    |    Descriptive table of the study population of presymptomatic gene carriers.

Case Classification

Age 

at 

visit 

1 Gender Gene

Mutation 

details

Age 

at 

onset 

of 

index 

case

NFL i.S. 

visit 1 

(pg/mL) 

(z- score)

NFL i.S. 

visit 2 

(pg/mL) 

(z- Score)

Time 

between 

visit 1 & 

2 (years)

Time 

between 

visit 2 & 

3 (years) Phenoconversion

AHI 

visit 

1 

(/h)

PLMSI 

visit 

1(/h)

01 Carrier 27 W TARDBP p.N378A382del 33 — — 5.1 — 0.3 0.6

02 Carrier 51 W C9ORF72 1100–1950 53 — — 5.2 — 4.6 0.0

03 Carrier 25 M C9ORF72 1700–2400 50 6 (0.07) 6 (−0.16) 4.3 — 2.7 7.0

04 Carrier 22 M C9ORF72 1550–2100 50 10 (1.06) 10 (0.9) 4.8 — 1.6 0.7

05 Carrier 17 W FUS p.G504Wfs*12 — 17 (1.88) 7 (0.49) 4.8 1.7 13.5

06 Carrier 47 M SOD1 E100K 50 40 (2.18) 46 (2.27) 3.1 — 5.3 14.8

07 Carrier 29 W FUS p.R514T 49 10 (0.85) 8 (0.13) 2.1 1.2 Yes 2.1 0.0

CSF: 303 

(0.25)

CSF: 764 

(1.7)

08 Control 47 W C9ORF72 — 65 16 (−0.2) 8 (−1.77) 2.1 — 15.3 19.8

09 Carrier 33 W C9ORF72 > 60 — 11 (0.89) 13 (1.06) 1.2 0.7 9.3 1.4

10 Carrier 38 W C9ORF72 1300–1700 60 — — 2.1 — 1.6 21.5

11 Carrier 47 M C9ORF72 650–800 53 33(1.88) 10 (−0.77) 1.8 — 3.6 2.8

12 Control 38 M GRN 63 11 (0.08) 5 (−1.43) 1.9 — 2.7 1.3

14 Carrier 60 W C9ORF72 1350–1800 — 7 (−1.99) 14 (−1.15) 2.2 — 11.9 27.5

15 Control 48 W C9ORF72 — 70 20 (0.84) 16 (0.25) 1.5 — 2.5 4.3

16 Carrier 35 W SOD1 p.R116G 43 16 (1.26) 9 (0.04) 1.4 — 2.5 3.7

17 Carrier 32 W SOD1 p.R116G 43 — 6 (−0.29) 1.4 — 1.4 1.4

18 Carrier 31 W C9ORF72 1300–1700 — — — 0.3 — 1.6 0.6

19 Carrier 44 W C9ORF72 1600–2000 60 16 (0.65) 15 (0.44) 0.9 — 2.2 3.8

20 Carrier 29 W C9ORF72 > 60 — 8 (0.43) 8 (0.39) 1.0 — 0.3 1.8

21 Carrier 31 M C9ORF72 > 60 — 14 (1.28) 12 (1.05) 1.0 — 3.9 1.8

22 Carrier 41 W C9ORF72 1100–1600 — 16 

(0.0.89)

11 (0.01) 1.0 — 7.6 10.6

Note: For C9orf72 gene carriers, the mutation details indicate the approximate number of hexanucleotide repeats. For three participants, the number of repeats was not classified, but only examined to determine whether there was a 
repeat expansion; in these cases, this is indicated with “> 60”.
Abbreviations: W: woman; M: man.



5 of 12European Journal of Neurology, 2026

increase in NREM1 (light sleep) at the expense of NREM3 

(deep sleep) (Figure  2D–F). Consistent with a worsening of 

the initial sleep phenotype, an augmentation in sleep onset la-

tency (Figure 2G), a reduction in sleep efficiency (Figure 2H), 

a decline in sleep maintenance efficiency (Figure  2I), a de-

crease in REM efficiency (Figure  2J), an increase in sleep 

pressure (Figure 2K), and an increase in sleep fragmentation 

(Figure  2L) were observed. The direction of these changes 

was maintained in the two individuals who underwent a 

third polysomnography (Figure S1). There were no significant 

changes in the non- carrier group (Figure  S2). When strati-

fied for genotypes, we observed no major differences across 

ALS- causing mutations, although these analyses remained 

exploratory in non- C9orf72 carriers due to limited sample size 

(Figures S3–S5). There were no major changes in medication 

that could underlie the observed effects (Table 3). Thus, the al-

teration in sleep stages observed in presymptomatic ALS gene 

carriers worsens over time.

3.2   |   Premanifest Alterations in Sleep 
Microarchitecture

Altered sleep is also reflected in alterations in sleep- related elec-

troencephalogram (EEG) hallmarks, including sleep spindles, 

slow oscillations, and K- complexes, that are critical for sleep 

functions. Using the polysomnography recordings, we observed 

a significant decrease in sleep spindle density (Figure  3A), 

slow wave oscillation density (Figure 3B), and K- complex den-

sity (Figure  3C). Here again, the direction of the changes in 

sleep microarchitecture was consistent in the two individu-

als who underwent a third visit (Figure 6) and in non- carriers 

(Figure  7). Similar to macro- architectural alterations, the ob-

served directionality of change in microarchitecture was consis-

tently observed when carriers were stratified across genotypes 

(Figures 8–10).

3.3   |   Sleep Alterations and Their Independence 
From Motor Symptom Onset

One C9orf72 gene carrier phenoconverted to clinically mani-

fest ALS between the second and third visit (indicated by the 

red dot and solid red line in Figures 2 and 3 and Supporting 

Information). No specific divergence from the general sleep 

alteration was observed in this patient. To assess whether 

proximity to onset was related to worsening of sleep defects, 

we measured NF- L levels across visits. Three subjects showed 

pathologically high neurofilament levels (defined as a z- Score 

> 1.0 at follow- up), suggestive of proximity to disease onset 

[3, 12]. The four subjects close to disease onset (three with 

pathological NF- L, one phenoconverter) did not show obvi-

ous distinct patterns in the worsening or extent of sleep alter-

ations as compared to other subjects with normal NF- L levels 

(Figure 4A–C).

4   |   Discussion

The primary aim of the present study was to assess longitudinal 

intra- individual changes in sleep architecture in gene carriers. 

In our previous study, we demonstrated that sleep patterns, in-

cluding macrostructural and microstructural sleep architecture, 

differ between gene carriers and non- gene carriers. The present 

study extends these findings by focusing on longitudinal sleep 

changes within gene carriers over time. Here, we performed lon-

gitudinal follow- up polysomnography in presymptomatic ALS 

gene carriers and in family members with negative genetic test-

ing. We observed a systematic progression of both macro-  and 

FIGURE 1    |    Representative hypnograms of premanifest ALS gene 

carriers across both visits. (A) Hypnogram of a C9orf72 premanifest gene 

carrier (case #09) at visit 1 (upper) and visit 2 (lower). (B) Hypnogram 

of a SOD1 premanifest gene carrier (case #06) at visit 1 (upper) and visit 

2 (lower). (C) Hypnogram of a TARDBP premanifest gene carrier (case 

#01) at visit 1 (upper) and visit 2 (lower).
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FIGURE 2    |     Legend on next page.
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microarchitectural sleep alterations. However, this progression 

seemingly was independent of proximity to motor onset evalu-

ated by presently used measures such as increased neurofila-

ment levels or phenoconversion during the study. These results 

suggest that polysomnography could serve as an objective mea-

surement of disease progression in clinically silent ALS.

The identification of frequent ALS- associated gene mutations 

has enabled the investigation of premanifest signs in individ-

uals at high risk of developing ALS. To date, most studies in 

presymptomatic ALS gene carriers have been cross- sectional 

in nature (for review, see [13]). It is well established that 

presymptomatic gene carriers show imaging abnormalities; 

on this topic, longitudinal studies are available mostly for 

C9orf72. C9orf72 gene carriers show atrophy in several sub-

cortical regions—particularly the thalamus [14, 15]—as well 

as white- matter atrophy in the cervical spinal cord. Additional 

abnormalities include disrupted network activity  [16] and 

white matter atrophy in the spinal cord [17]. Corticospinal 

abnormalities appear subtle but show slight progression over 

18 months of follow- up [17]. Longitudinal studies demon-

strated that subcortical atrophy, especially thalamic atrophy, 

is progressive and already significant by the third decade of 

life in both C9orf72 gene carriers [18–20]. Our observation 

of progressive sleep deficits may therefore be related to this 

ongoing subcortical atrophy—particularly thalamic degener-

ation—in C9orf72 gene carriers, as such changes are already 

present at the ages represented in our cohort. It is important 

to note that the sleep alterations observed in ALS are therefore 

probably independent of developmental alterations, which 

were recently considered critical in C9orf72 ALS- FTD [21, 22], 

since they are seemingly progressive over the few years of 

our study.

The relatively small sample size represents a limitation of the 

present study. This is mainly attributable to the longitudinal de-

sign and the high effort associated with repeated polysomno-

graphic assessments, which require participants to attend the 

FIGURE 2    |    Quantification of sleep macroarchitecture across both visits. (A–L) Percentage of wake (A), REM (B), NREM (C), NREM1 (D), 

NREM2 (E) and NREM3 (F); sleep onset latency (latency to the first epoch of any sleep stage) (G); sleep efficiency (ratio of total sleep time to the time 

spent in bed) (H); sleep maintenance efficiency (ratio of sustained and continuous sleep after onset to total sleep time) (I); REM efficiency (ratio of 

REM sleep duration to total sleep time) (J); Sleep pressure (homeostatic drive to sleep that increases with wakefulness and dissipates during sleep) 

(K); and sleep fragmentation index (index of stage shifts or awakenings during sleep; higher values indicate disrupted sleep) (L) in premanifest ALS 

gene carriers between visit 1 and visit 2. In all panels, men are shown in green and women in purple. The woman who phenoconverted to clinically 

manifest ALS is indicated in red. * adj. pvalue < 0.05, ** adj. pvalue < 0.01, *** adj. pvalue < 0.001, **** adj. pvalue < 0.0001 were considered significant. 

Linear mixed model with multiple comparisons controlled using FDR- BKY correction. Men are shown in green and women in purple. Data are pre-

sented as median and interquartile ranges. Corrected pvalue are shown.

TABLE 2    |    Descriptive overview of polysomnographic outcomes at baseline and follow- up visits in the entire cohort of gene carriers across all 

mutations, excluding family controls.

PSG outcome PSG visit 1 (mean ± SD) PSG visit 2 (mean ± SD) adj. pvalue adj. pvalue C9ORF72

Wake 29.87 (±12.36) 40.75 (±16.82) < 0.0001 < 0.0001

REM 19.37 (±5.46) 22.55 (±5.83) 0.0002 0.0011

NREM 80.61 (±5.51) 77.42 (±5.88) 0.0002 0.0011

NREM1 11.62 (±4.21) 16.57 (±5.59) < 0.0001 0.0001

NREM2 67.84 (±4.55) 68.70 (±5.69) 0.1283 0.1669

NREM3 20.55 (±3.18) 14.73 (±3.91) < 0.0001 < 0.0001

SOL 12.29 (±8.57) 19.29 (±9.02) < 0.0001 0.0002

SE 84.77 (±8.25) 75.08 (±16.27) 0.0012 0.0239

SME 88.48 (±8.14) 77.04 (±14.95) < 0.0001 < 0.0001

REM efficiency 0.21 (±0.12) 0.08 (±0.09) 0.0208 0.0677

Sleep pressure 35.90 (±19.94) 45.20 (±28.40) < 0.0001 < 0.0001

SFI 0.79 (±0.11) 0.85 (±0.08) 0.0104 0.1615

dSSp 1.49 (±1.69) 0.67 (±0.66) 0.0017 0.0018

dSoS 3.33 (±3.65) 2.24 (±2.07) 0.0077 0.0055

dKc 5.72 (±3.61) 4.02 (±3.25) < 0.0001 < 0.0001

Abbreviations: SOL: sleep onset latency; SE: sleep efficiency; SME: sleep maintenance efficiency; SFI: sleep fragmentation index; dSSp: sleep spindle density; dSoS: 
slow oscillation density; dKc: K- complex density; adj. pvalue: adjusted pvalue.
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TABLE 3    |    Descriptive table of the medication of individuals.

Case Classification

Age at 

visit 1 Gender Gene

Medication at baseline 

(daily dose)

Medication at Follow- up1 

(daily dose) Medication at Follow- up 2

01 Carrier 27 W TARDBP Amlodipine (5 mg), Levodopa/

Benserazide (100 mg)

Amlodipine (5 mg), Levodopa/

Benserazide (100 mg)

02 Carrier 51 W C9ORF72 Amlodipine (10 mg) Amlodipine (10 mg), 

Candesartan (16 mg)

03 Carrier 25 M C9ORF72 — —

04 Carrier 22 M C9ORF72 — —

05 Carrier 17 W FUS Enalapril (10 mg), Aripiprazole 

(10 mg), Daridorexant (50 mg)

Enalapril (10 mg), Aripiprazole 

(10 mg), Daridorexant (50 mg)

06 Carrier 47 W SOD1 Magnesium (400 mg), Levodopa/

Benserazidec(100 mg)

—

07 Carrier 29 W FUS Opipramole (100 mg), Vitamin E Opipramole (100 mg), Vitamin E Riluzole (100 mg), Opipramole (100 mg)

08 Control 47 W C9ORF72 L- Thyroxine (100 µg), 

Paroxetine (30 mg)

L- Thyroxine (75 µg), 

Paroxetine (30 mg)

09 Carrier 33 W C9ORF72 Simvastatin (60 mg) Simvastatin (60 mg) Simvastatin (60 mg)

10 Carrier 38 W C9ORF72 Drospirenone/Estetrol (3/14,2 mg) Drospirenone/Estetrol (3/14,2 mg)

11 Carrier 47 M C9ORF72 — —

12 Control 38 M GRN — —

14 Carrier 60 W C9ORF72 Lamotrigine (150 mg) Lamotrigine (150 mg)

15 Control 48 W C9ORF72 — —

16 Carrier 35 W SOD1 — —

17 Carrier 32 W SOD1 Vitamin E, Vitamin D, 

Magnesium (400 mg)

—

18 Carrier 31 W C9ORF72 — —

19 Carrier 44 W C9ORF72 Erenumab (70 mg weekly)

Sumatriptan (50 mg (as 

needed)), Naproxen (500 mg 

(as needed)), Melatonin (2 mg 

(as needed, not during PSG))

Erenumab (70 mg weekly)

Rizatriptan (10 mg (as 

needed)), Naproxen (500 mg 

(as needed)), Melatonin (2 mg 

(as needed, not during PSG))

20 Carrier 29 W C9ORF72 — —

(Continues)
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hospital for overnight recordings. This is particularly challeng-

ing in presymptomatic gene carriers who are otherwise healthy, 

often working in regular jobs, and may have family and other 

everyday responsibilities. These factors make recruitment and 

retention difficult and limit the feasibility of substantially larger 

longitudinal polysomnography cohorts. This may have intro-

duced selection bias, as individuals willing and able to undergo 

repeated in- hospital assessments may not fully represent the 

broader population of gene carriers.

Psychiatric symptoms, psychological distress, and medication 

may influence sleep architecture and therefore represent po-

tential confounders in the present cohort. Although relevant 

medical history and medication use were documented during 

clinical assessment, psychiatric symptoms such as anxiety or 

mood disturbances were not systematically assessed using stan-

dardised questionnaires. Due to the small sample size and ex-

ploratory nature of the study, these variables were not included 

as covariates in the statistical models. This should be considered 

when interpreting the findings. In addition, we cannot com-

pletely rule out that the progression observed in gene carriers 

is related to ageing. Indeed, it is already well known that sleep 

micro-  and macroarchitecture change with ageing, with a par-

ticular reduction in deep sleep and a reduction in the density of 

sleep spindles and slow waves [23, 24]. However, our analyses 

show a tendency towards an increased proportion of REM sleep 

in gene carriers over time, which is inconsistent with a purely 

age- related process, and is consistent with the increased propor-

tion of REM sleep that we detected in ALS patients [7]. In addi-

tion, the physiological effects of ageing on sleep manifest over 

decades; a change of this extent in such a short period of time is 

unusual and is likely to be related to a disease or premature age-

ing. Indeed, we did not observe significant alterations in sleep 

patterns in the 3 non- carrier individuals included. However, fu-

ture studies should include larger populations to disentangle the 

age effect from genetic background effects.

Sleep parameters are additionally influenced by inter- individual 

variability and methodological factors. Although established 

normative data from healthy populations provide useful context 

for parameters such as sleep onset latency, sleep maintenance, 

REM sleep measures, and sleep efficiency, direct comparison 

with such values is limited in the present cohort. This is due 

to the wide age range, variable intervals between assessments, 

small sample size, and the use of single- night polysomnography 

at each assessment. The latter is particularly relevant because 

the potential first- night effect may influence sleep continuity, 

sleep onset latency, and REM sleep parameters, thereby limit-

ing direct comparability with normative values of physiologi-

cal sleep.

Presymptomatic gene carriers also show discrete alterations in 

cognitive function, although neuropsychological performance 

is generally within the normal range before symptom onset 

in C9orf72 carriers [20]. The reported phenotypes principally 

involve deficits in verbal fluency [25, 26]. In addition to cogni-

tive signs, subtle oculomotor impairments [26] have also been 

demonstrated, as well as metabolic and sleep abnormalities 

[7, 27–29], but their evolution as individuals approach disease 

onset remains poorly characterised. Our study did not allow us 

to relate the progression of cognitive or metabolic dysfunction 
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to sleep alterations, largely because these signs remain subtle at 

this stage and would require longer follow- up and larger sam-

ple sizes. This is consistent with the broader ALS literature, 

in which most available data remain cross- sectional [13]. The 

definition of mild motor impairment (MMI) is relatively recent 

[4, 30], and further longitudinal studies are needed to improve 

understanding of early disease trajectories.

In our study, we did not find an obvious relationship between 

the progression of sleep abnormalities and phenoconversion. In 

addition, the recently proposed Miami Framework highlights 

multiple dimensions of the premanifest ALS period—including 

frontotemporal and extrapyramidal domains [31], and it remains 

to be determined whether sleep- related changes are linked to 

these additional phenotypic dimensions.

Overall, our study provides the first evidence that EEG- related 

abnormalities progress during the premanifest phase of ALS. 

These changes might be the basis of neurochemical abnormali-

ties, such as changes in the orexin or MCH system, which can be 

quantified and finally used as predictive tools [7]. These findings 

also emphasise the need for multimodal characterisation of at- 

risk individuals to clarify how sleep alterations and their neuro-

chemical consequences relate to disease onset and progression.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Data S1: ene70755- sup- 0001- Supinfo- 1.docx. 
Data S2: ene70755- sup- 0002- Supinfo- 2.csv. Figure S1: Quantification 
of sleep macroarchitecture across three visits. (A–L) Percentage of wake 
(A), REM (B), NREM (C), NREM1 (D), NREM2 (E), and NREM3 (F); 
sleep onset latency (latency to the first epoch of any sleep stage) (G); 
Sleep efficiency (ratio of total sleep time to the time spent in bed) (H); 
sleep maintenance efficiency (ratio of sustained and continuous sleep 
after onset to total sleep time) (I); REM efficiency (ratio of REM sleep 
duration to total sleep time) (J); Sleep pressure (homeostatic drive to 
sleep that increases with wakefulness and dissipates during sleep) (K); 
and sleep fragmentation index (index of stage shifts or awakenings 
during sleep; higher values indicate disrupted sleep) (L) in the two vol-
unteers who underwent three visits (2 women). The woman who pheno-
converted to clinically manifest ALS is indicated in red. This figure is 
presented descriptively; statistical analysis was not performed given the 
small sample size (n = 2). Figure 2 Quantification of sleep macroarchi-
tecture across both visits in non- carriers. (A–L) Percentage of wake (A), 
REM (B), NREM (C), NREM1 (D), NREM2 (E), and NREM3 (F); sleep 
onset latency (latency to the first epoch of any sleep stage) (G); sleep effi-
ciency (ratio of total sleep time to the time spent in bed) (H); sleep main-
tenance efficiency (ratio of sustained and continuous sleep after onset 
to total sleep time) (I); REM efficiency (ratio of REM sleep duration 
to total sleep time) (J); Sleep pressure (homeostatic drive to sleep that 
increases with wakefulness and dissipates during sleep) (K); and sleep 
fragmentation index (indice of stage shifts or awakenings during sleep; 
higher values indicate disrupted sleep) (L) in premanifest ALS gene car-
riers between visit 1 and visit 2. In all panels, men are shown in green 
and women in purple. No significant difference is observed (Wilcoxon- 
Mann–Whitney rank- sum test). Figure 3 Quantification of sleep mac-
roarchitecture across both visits in C9orf72 carriers. (A–L) Percentage of 
wake (A), REM (B), NREM (C), NREM1 (D), NREM2 (E), and NREM3 
(F); sleep onset latency (latency to the first epoch of any sleep stage) 
(G); sleep efficiency (ratio of total sleep time to the time spent in bed) 
(H); sleep maintenance efficiency (ratio of sustained and continuous 
sleep after onset to total sleep time) (I); REM efficiency (ratio of REM 
sleep duration to total sleep time) (J); Sleep pressure (homeostatic drive 
to sleep that increases with wakefulness and dissipates during sleep) 
(K); and sleep fragmentation index (indice of stage shifts or awakenings 
during sleep; higher values indicate disrupted sleep) (L) in premanifest 

ALS gene carriers between visit 1 and visit 2. In all panels, men are 
shown in green and women in purple. The woman who phenoconverted 
to clinically manifest ALS is indicated in red. ** adj. pvalue < 0.01, *** 
adj. pvalue < 0.001, **** adj. pvalue < 0.0001 were considered significant. 
Linear mixed model with multiple comparisons controlled using FDR- 
BKY correction. Men are shown in green and women in purple. Data 
are presented as median and interquartile ranges. Corrected pvalue are 
shown. Figure 4 Quantification of sleep macroarchitecture across both 
visits in SOD1 carriers. (A–L) Percentage of wake (A), REM (B), NREM 
(C), NREM1 (D), NREM2 (E), and NREM3 (F); sleep onset latency (la-
tency to the first epoch of any sleep stage) (G); sleep efficiency (ratio of 
total sleep time to the time spent in bed) (H); sleep maintenance effi-
ciency (ratio of sustained and continuous sleep after onset to total sleep 
time) (I); REM efficiency (ratio of REM sleep duration to total sleep 
time) (J); Sleep pressure (homeostatic drive to sleep that increases with 
wakefulness and dissipates during sleep) (K); and sleep fragmentation 
index (indice of stage shifts or awakenings during sleep; higher values 
indicate disrupted sleep) (L) in premanifest ALS gene carriers between 
visit 1 and visit 2. In all panels, men are shown in green and women in 
purple. Figure 5 Quantification of sleep macroarchitecture across both 
visits in non- C9orf72/SOD1 gene carriers. (A–L) Percentage of wake (A), 
REM (B), NREM (C), NREM1 (D), NREM2 (E), and NREM3 (F); sleep 
onset latency (latency to the first epoch of any sleep stage) (G); sleep 
efficiency (ratio of total sleep time to the time spent in bed) (H); sleep 
maintenance efficiency (ratio of sustained and continuous sleep after 
onset to total sleep time) (I); REM efficiency (ratio of REM sleep dura-
tion to total sleep time) (J); Sleep pressure (homeostatic drive to sleep 
that increases with wakefulness and dissipates during sleep) (K); and 
sleep fragmentation index (indice of stage shifts or awakenings during 
sleep; higher values indicate disrupted sleep) (L) in premanifest ALS 
gene carriers between visit 1 and visit 2. In all panels, men are shown in 
green and women in purple. Figure 6 Quantification of sleep microar-
chitecture across three visits. (A–C) Quantification of sleep spindle 
density (A), Slow oscillation density (B), and K- complex density (C) in 
the two volunteers who underwent three visits (2 women). The woman 
who phenoconverted to clinically manifest ALS is indicated in red. This 
figure is presented descriptively; statistical analysis was not performed 
given the small sample size (n = 2). Figure 7 Quantification of sleep mi-
croarchitecture across both visits in non- carriers. (A–C) Quantification 
of sleep spindle density (A), Slow oscillation density (B), and K- complex 
density (C) in premanifest ALS gene carriers between visit 1 and visit 
2. In all panels, men are shown in green and women in purple. No sig-
nificant difference is observed (Wilcoxon- Mann–Whitney rank- sum 
test). Figure  8 Quantification of sleep microarchitecture across both 
visits in C9orf72 carriers. (A–C) Quantification of sleep spindle density 
(A), Slow oscillation density (B), and K- complex density (C) in preman-
ifest ALS gene carriers between visit 1 and visit 2. In all panels, men 
are shown in green and women in purple. ** adj. pvalue < 0.01, **** adj. 
pvalue < 0.0001 were considered significant. A linear mixed model with 
multiple comparisons controlled using FDR- BKY correction was per-
formed. Men are shown in green and women in purple. Data are pre-
sented as median and interquartile ranges. Corrected pvalue are shown. 
Figure 9 Quantification of sleep microarchitecture across both visits in 
SOD1 carriers. (A–C) Quantification of sleep spindle density (A), Slow 
oscillation density (B), and K- complex density (C) in premanifest ALS 
gene carriers between visit 1 and visit 2. In all panels, men are shown in 
green and women in purple. Figure 10 Quantification of sleep microar-
chitecture across both visits in non- C9orf72/SOD1 gene carriers. (A–C) 
Quantification of sleep spindle density (A), Slow oscillation density (B), 
and K- complex density (C) in premanifest ALS gene carriers between 
visit 1 and visit 2. In all panels, men are shown in green and women in 
purple. 


