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Abstract

Purpose: The aim of the present study was to identify clinical predictors associated with longitudinal increases
in daily non-invasive ventilation (NIV) use during the first year following its initiation, in patients with
amyotrophic lateral sclerosis (ALS).

Methods: This retrospective cohort study included adults with ALS who initiated NIV 2010 and 2020 at the
Leuven University Center for Sleep and Wake Disorders and had available NIV usage data throughout the first
year. Monthly adherence data were analyzed using linear mixed-effects models. Clinical predictors included age
at symptom onset, delay in diagnosis, forced vital capacity at diagnosis, and ALS Functional Rating Scale-Revised
(ALSFRS-R) score and slope at diagnosis, with bulbar phenotype and frontotemporal dementia presence
evaluated as potential effect modifiers.

Results: Sixty-one patients were included. Shorter diagnostic delay and a more negative ALSFRS-R slope predicted
a greater increase in daily NIV usage over the 12-month follow-up. Patients diagnosed earlier than the cohort
average and those with more rapid functional decline showed sustained increases in NIV usage. No significant
effect modification by bulbar status or frontotemporal dementia was observed.

Conclusion: Shorter diagnostic delay and a more negative ALSFRS-R slope were associated with a greater increase
in daily NIV use during the first year after NIV initiation. Patients with more aggressive disease trajectories may
develop increasing ventilatory dependence more rapidly after respiratory support is initiated. These results
underscore the importance of timely diagnosis and monitoring of functional decline to optimize respiratory
support strategies in ALS care.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder characterized by degeneration of
upper and lower motor neurons, leading to progressive weakness, paralysis and ultimately respiratory failure [1].
Respiratory failure remains the leading cause of death in ALS and represents a major determinant of quality of
life and survival [2]. Despite recent advances in therapies targeting specific genetic subgroups, ALS remains an
incurable disease for the vast majority of patients. Consequently, multidisciplinary supportive care, including
respiratory management, nutritional support, communication assistance, and symptom control, remains central
to patient care [3-7].

Respiratory muscle weakness develops in most patients during the course of the disease and can result in sleep-
related hypoventilation, fragmented sleep architecture, impaired gas exchange, and ultimately diurnal
respiratory failure [8]. Weakness of the diaphragm, accessory respiratory muscles, and bulbar musculature,
contributes to progressive respiratory insufficiency and compromised airway protection. Non-invasive ventilation
(NIV) is considered a cornerstone of respiratory management and has been consistently shown to improve
survival, quality of life, sleep quality, and symptom burden in patients with ALS [9-11]. In a pivotal study by Bourke
et al. [10], NIV improved survival and quality of life in patients without severe bulbar involvement and improved
sleep-related symptoms even in patients with advanced bulbar dysfunction [10].

Current European Academy of Neurology (EAN) guidelines recommend offering NIV to patients with ALS who
exhibit clinical symptoms, signs, or objective evidence of respiratory insufficiency [12]. Accordingly, NIV initiation
does not necessarily require established daytime hypercapnia, as respiratory muscle weakness and nocturnal
ventilatory abnormalities may precede overt daytime respiratory failure. Observational studies have associated
NIV use with improved survival, with some reporting better outcomes among patients achieving longer daily
ventilation times [11]. Furthermore, earlier initiation of NIV may provide additional respiratory benefits, with a
multicentre randomized controlled trial suggesting that NIV initiated at less advanced stages of respiratory
impairment may attenuate the decline in respiratory muscle function [13].

As respiratory muscle weakness progresses, patients with ALS will eventually be continuously NIV dependent.
This progressive increase in NIV dependence represents an important clinical milestone reflecting respiratory
failure, increasing care requirements, and reduced functional autonomy [14]. Therefore, identifying patients at
risk of rapidly increasing ventilatory dependence can lead to earlier patient management and improved survival.

While predictors of survival, decline of respiratory function, and NIV initiation have been extensively investigated,
factors associated with subsequent trajectories of NIV use following treatment initiation remain poorly
characterized [13,15]. Modern ventilatory platforms allow continuous remote monitoring of NIV use through
cloud-based systems, providing a unique opportunity to characterize longitudinal patterns of ventilatory
dependence. Therefore, the aim of the present study was to identify clinical predictors associated with
longitudinal increases in daily NIV use during the first year following NIV initiation in a retrospective cohort of
patients with ALS.

Methods
Study design and setting

This retrospective cohort study was conducted at the Leuven University Center for Sleep and Wake Disorders
(LUCS), University Hospitals Leuven, Belgium. We included patients with ALS who initiated NIV at our centre
between December 2010 and December 2020. Longitudinal NIV usage data were collected for all included
patients during the first year following treatment initiation.

Participants

In our institution, ALS patients treated at the Neuromuscular Reference Center of the Department of Neurology
are evaluated every 3 months and undergo an attended overnight polysomnography (PSG) with percutaneous
capnography in case of suspicion of sleep-disordered breathing. If (nocturnal) hypoventilation is diagnosed, NIV
is being offered and subsequently titrated over 2-3 consecutive nights in the sleep laboratory. We identified



patients with ALS accepting and initiating long-term home NIV during the aforementioned periods from our
database. All patients had cloud storing of the device data during treatment.

To be enrolled, patients should be at least 18 years old, have been diagnosed with ALS according to the El Escorial
criteria [16], and have evidence of nocturnal hypoventilation according to the American Academy of Sleep
Medicine criteria [17] on PSG necessitating NIV treatment. Patients that died or stopped treatment before the
end of the first year were excluded (Figure 1). Consequently, the study population comprised patients who
remained on NIV and had available usage data throughout the first year following treatment initiation.

Fig.1 Study flow diagram

ALS patients attending the NMRC
at study period
n=621

Ineligible, n = 482
e No PSG/no indication for NIV/NIV refusal (n =
482)

v

Eligible (NIV initiated)

n=139
Not recruited, n =78
e Death during NIV treatment (n = 70)
e NIV intolerant (n = 6)
e Lost to follow-up (n = 2)
4
Recruited
n=61
» Excluded,n=0
A4
Analyzed
n=61

ALS: amyotrophic lateral sclerosis, NMRC: Neuromuscular Reference Center, PSG: polysomnography, NIV: non-
invasive ventilation

The study was approved by the local Ethics Committee (ML7962) and written informed consent had been
obtained from all participants at the time of PSG to allow the use of their data for research purposes.

Variables and data sources

Monthly NIV usage, defined as the mean daily NIV usage in hours for each month over the first year, was the
primary outcome. Predictors were age at symptom onset in years, onset type (spinal/limb versus bulbar or
respiratory), delay from symptom onset to diagnosis in months, time from diagnosis to NIV initiation in months,



forced vital capacity (FVC) percentage of predictive (FVC%) at diagnosis, the Revised ALS Functional Rating Scale
(ALSFRS-R) score at diagnosis and at NIV initiation, and the ALSFRS-R slope at diagnosis and between diagnosis
and NIV initiation. FVC at NIV initiation was not considered, as many participants were unable to perform
acceptable lung function testing (spirometry) due to respiratory failure by that time. Age at NIV initiation in years
and sex were treated as confounders.

The ALSFRS-R is a scale rating the functional status of the patient in 12 domains, representing 3 common areas
of loss of function in ALS patients (bulbar, limb, and respiratory) [18]. The score in each domain varies from 0 to
4, where a lower score indicates less functionality. The ALSFRS-R slope is the rate of change in ALSFRS-R score
over a specific time period, and it has been proven to be a valid prognostic measure, accurately depicting disease
progression through time [19]. It is calculated by dividing the difference in the ALSFRS-R score between 2 time
points to the respective time period in months:

ALSFRS-R score at time (2) — ALSFRS-R score at time (1)

time period (in months)

We calculated the ALSFRS-R slope at diagnosis by assuming full functionality at symptom onset (score = 48) and
subtracting it from the measured ALSFRS-R score at diagnosis. This difference was then divided by the number
of months between symptom onset and diagnosis. For the ALSFRS-R slope at NIV initiation, the time between
diagnosis and start of NIV was accounted for. A lower (more negative) value corresponds to greater decline in
functional status for the respective period.

The bulbar sub-score of the ALSFRS-R assesses functions related to the bulbar region and is composed of 3 items:
speech, swallowing, and salivation. Since bulbar symptoms may impair the application of the face mask for NIV
delivery and thereby influence treatment adherence, the bulbar sub-score of the ALSFRS-R at NIV initiation was
evaluated as an effect modifier in the analyses. We classified patients into the bulbar phenotype if their ALSRFS-
R score at NIV initiation was below 10, according to previous research [20]. The concurrent presence of
frontotemporal dementia (FTD) was also explored as a potential effect modifier.

NIV usage was ascertained by the device data, which were retrieved from cloud storage and averaged over each
month. The other variables were collected from the electronic patient records.

Study size

The study size was determined by all the available cases in our institution during the predefined time period.
This period was selected to reflect in the greatest possible extent, identical diagnostic, therapeutic, and follow-
up procedures.

Statistical methods

For descriptive statistics, categorical variables were expressed in the form of count and percentage and
continuous variables as mean * standard deviation. The Spearman’s rank order correlation coefficient was used
to evaluate correlations between continuous variables, while independent-samples t-tests were applied to test
associations between categorical and continuous variables. We employed linear mixed effects models with the
restricted maximum likelihood method to test the effect of the predictors on the variation of NIV usage over a
12-month follow-up. Age and sex were included as covariates in all models. Fit of the models was evaluated with
the Bayesian Information Criterion, where lowest value indicated better fit. We used a first-order autoregressive
covariance structure to model the repeated effects of time (12 time points). Time was modelled either as a linear
or a quadratic or a cubic term. The estimate of interest was the interaction between time and each predictor on
the outcomes (9 models). The fixed effect estimates of the interactions are presented as unstandardized
regression coefficients (95% confidence intervals [Cls]). For each interaction between a predictor and time that
reached statistical significance, we divided the sample in 2 groups using the mean value of that predictor as the
cut point. To visualize the interactions, we plotted the estimated marginal means (EMMs) of the outcomes across
follow-up time points stratified by the predictor group. Moderation analyses according to bulbar status and FTD
co-occurrence were performed by entering 3-way interactions between the predictors, time, and presence or
absence of the modifier. All significance tests were two-sided, with a p-value <0.05 being considered statistically



significant. Given the exploratory nature of this study, no adjustment for multiple comparisons was performed.
The analyses were conducted with the statistical software package IBM® SPSS® Statistics Version 25.

Results

Sixty-one patients had available usage data for the first year after initiating NIV and were included in the present
analysis (Figure 1). Demographic and clinical information of the cohort is presented in Table 1.

Table 1. Baseline demographic and clinical information of the cohort

Variables Summary data
Male sex, n (%) 48 (78.7)
Age at NIV initiation, mean + SD 60.1+9.4
Age at symptom onset, mean * SD 57.1+10.0
Onset type, n (%)

Spinal/limb 47 (77.0)

Bulbar 10 (16.4)

Respiratory 4 (6.6)
Months from symptom onset to diagnosis, mean + SD 15.1+14.9
Months from diagnosis to NIV initiation, mean + SD 22.5+35.5
FVC% at diagnosis, mean = SD 89.2+£22.5
ALSFRS-R score at diagnosis, mean + SD 37.5+7.0
ALSFRS-R score at NIV initiation, mean + SD 30.5+7.8
ALSFRS-R bulbar sub-score at NIV initiation, mean + SD 96125
ALSFRS-R slope from symptom onset to diagnosis, mean + SD —-0.96 £ 0.81
ALSFRS-R slope from diagnosis to NIV initiation, mean £ SD -0.76 + 0.56
FTD co-occurrence, n (%) 4 (6.6)

NIV: non-invasive ventilation, SD: standard deviation, FVC%: forced vital capacity percentage of predicted,
ALSFRS-R: Revised ALS Functional Rating Scale, FTD: frontotemporal dementia

Pairwise Spearman correlations (Table 2) showed that higher FVC% at diagnosis was associated with younger age
at symptom onset, higher ALSFRS-R scores at diagnosis, and a longer interval from diagnosis to NIV initiation.
Higher FVC% at diagnosis and a longer diagnosis-to-NIV interval were each associated with lower ALSFRS-R scores
at NIV initiation. Higher ALSFRS-R scores at diagnosis were associated with shorter diagnostic delay and higher
scores at NIV initiation. A longer diagnosis-to-NIV interval was also associated with younger age at symptom
onset. Comparison between onset types (Table 3) revealed that patients with bulbar or respiratory onset had
significantly lower FVC% and ALSFRS-R scores at diagnosis than those with spinal/limb onset.

Table 2. Spearman’s correlation coefficients between predictors

A
ge at Delayin | TimetoNIV | FVC%at | ALSFRS-Rat | ALSFRS-Rat
symptom . : o . . ) . s
diagnosis initiation diagnosis diagnosis NIV initiation
onset

Age at
symptom - 0.241 -0.289* -0.276* -0.142 0.197
onset
D :

elayin 0.241 - 0.009 -0.041 ~0.452%* -0.208
diagnosis
Time to NIV -0.289* 0.009 - 0.691** 0.226 -0.401%*
initiation

0,
F\./CAJ at. -0.276* -0.041 0.691%** - 0.342%** -0.265*
diagnosis
A.LSFRS-.R at -0.142 -0.452** 0.226 0.342%** - 0.286*
diagnosis
ALSFRS-R at
s ? 0.197 -0.208 -0.401** -0.265* 0.286* -

NIV initiation




*p-value<0.05, **p-value <0.01. NIV: non-invasive ventilation, FVC%: forced vital capacity percentage of
predicted, ALSFRS-R: Revised ALS Functional Rating Scale

Table 3. Differences in clinical variables between onset types

. Spinal/limb onset Bulbar/respiratory onset
Variables P (n = 47) (np= 14) ¥ p-value
Age at symptom onset 57.0+10.5 57.3+8.2 0.929
Delay in diagnosis 16.9+16.3 9.4+5.9 0.100
Time to NIV initiation 26.4 +£39.1 9.3+12.3 0.114
FVC% at diagnosis 92.8+21.9 76.9 £ 20.7 0.019
ALSFRS-R at diagnosis 37.8+6.4 36.4+8.9 0.522
ALSFRS-R at NIV initiation 29.7+7.4 33.3+8.9 0.136
ALSFRS-R slope at diagnosis -0.79 £ 0.57 -1.56+1.18 0.001
ALSFRS-R slope at NIV initiation -0.70 £ 0.55 -0.98 £ 0.54 0.107

NIV: non-invasive ventilation, FVC%: forced vital capacity percentage of predicted, ALSFRS-R: Revised ALS
Functional Rating Scale

Mean NIV usage across the 12 time points is presented in Figure 2. Linear mixed effects models were best fitted
with time as a linear term. The effect estimates for the interactions between time and each predictor on NIV
usage from the 9 models are shown in Table 4. Shorter time from symptom onset to diagnosis and more negative
ALSFRS-R slope predicted higher rate of increase in NIV usage over time. The EMM plots (Figure 3) reveal that
patients whose diagnoses were delayed less than the average (i.e., faster diagnosis) and whose ALSFRS-R slope
was lower than the mean (i.e., higher rate of functional loss) had consistent increase in the use of NIV throughout
the 12 months, as opposed to the rest whose adherence remained stable after a short increase in the first 3
months. There was no evidence for effect modification by bulbar status or FTD presence in all models.

Fig. 2 Mean NIV usage in hours across 12 months for the whole sample (n = 61).
NIV: non-invasive ventilation, SD: standard deviation
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Table 4. Fixed effect estimates for the interaction between each predictor and time on NIV usage from the 9
mixed effects models with age and sex as covariates

Predictor Unstandardized regression coefficient (95% Cl) | p-value |




Age at symptom onset -0.004 (-0.010, 0.001) 0.125
Bulbar/respiratory onset -0.012 (-0.144, 0.120) 0.862
Delay in diagnosis -0.004 (-0.007, -0.00002) 0.049
Time to NIV initiation 0.000 (-0.001, 0.002) 0.611
FVC% at diagnosis 0.000 (-0.003, 0.002) 0.956
ALSFRS-R at diagnosis -0.002 (-0.010, 0.006) 0.672
ALSFRS-R at NIV initiation -0.001 (-0.008, 0.006) 0.758
ALSFRS-R slope at diagnosis -0.069 (-0.138, -0.0007) 0.048
ALSFRS-R slope at NIV initiation -0.043 (-0.143, 0.057) 0.397

Values in bold are statistically significant. Cl: confidence interval, NIV: non-invasive ventilation, FVC%: forced
vital capacity percentage of predicted, ALSFRS-R: Revised ALS Functional Rating Scale

Fig. 3 Estimated marginal means plots for NIV usage over the 12 time points stratified by delay in diagnosis (a)
and ALSFRS-R slope (b), grouped above and below their mean value
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Discussion

The present study demonstrates that a shorter diagnostic delay and a faster rate of functional decline are
associated with a steeper increase in daily NIV use during the first year after NIV initiation. These findings suggest
that patients with more aggressive disease trajectories develop increasing ventilatory dependence more rapidly
following the initiation of respiratory support with NIV.

Nighttime NIV is usually initiated in ALS patients as soon as signs of ventilatory impairment emerge [21]. Several
retrospective cohort studies, including Ackrivo et al. [11], have shown that NIV usage of at least 4 hours daily is
associated with improved survival in ALS patients. In a 2006 cohort, survival after NIV was independently related
to ventilatory use (> 4 h/day) and to the slope of FVC decline after treatment initiation [22]. The authors
concluded that the severity of bulbar impairment and the nutritional status of the ALS patients at the
introduction of ventilation may predict treatment tolerance and survival. The retrospective analysis of a larger
ALS cohort showed that increased NIV usage >8 h/day, as part of an "optimized" therapeutic protocol was linked
to an improved survival [23]. This study highlighted the role of early access to NIV and the synergistic effect of
cough assist implementation. Additional evidence suggests that the early introduction of NIV prior to the onset
of hypoventilation, known as "early NIV", may confer a survival advantage by supporting respiratory muscle
function [14]. Vitacca et al. found that very early introduction of NIV in ALS, when FVC > 80% of predicted,
prolonged the time from diagnosis to death compared to the group of patients who received NIV when FVC was
< 80% of predicted [24].

The interpretation of diagnostic delay in ALS is complex. A systematic review by Richards et al. reported a median
diagnostic delay of 10-16 months from symptom onset, with delays influenced not only by disease progression
but also by referral pathways, specialist access, and diagnostic uncertainty [25]. The prognostic significance of
diagnostic delay has been extensively investigated, and a large meta-analysis demonstrated that shorter



diagnostic delay (<1 year) is associated with more rapid disease progression and reduced survival [26]. In our
cohort, shorter diagnostic delay was associated with a steeper increase in NIV use over time, suggesting that
patients reaching diagnosis more rapidly, subsequently develop increasing ventilatory dependence at a faster
rate. One possible explanation could be that shorter diagnostic delay reflects a more aggressive disease
phenotype that becomes clinically apparent earlier in the disease course. However, given the retrospective
nature of the study, the relative contributions of disease aggressiveness and healthcare-related factors cannot
be determined.

In our cohort, longer diagnostic delay was associated with lower ALSFRS-R scores at diagnosis. The other pairwise
correlations should be interpreted in the context of the variable interval between diagnosis and NIV initiation.
Higher FVC% at diagnosis was associated with a longer interval before NIV initiation, potentially allowing more
time for functional decline before the second assessment. This may help explain its inverse association with
ALSFRS-R scores at NIV initiation, despite its positive association with scores at diagnosis. The positive correlation
between ALSFRS-R scores at the two assessments does not establish preservation of function and may partly
reflect patients who initiated NIV shortly after diagnosis and had identical scores at both assessments.

The association between a more negative ALSFRS-R slope and increasing NIV use is biologically plausible. ALSFRS-
R slope is widely recognized as a marker of disease aggressiveness and has consistently been associated with
shorter survival and faster functional deterioration [27,28]. Patients with more rapidly progressive disease are
likely to develop respiratory muscle weakness earlier and therefore require progressive expansion of ventilatory
support. Our findings extend previous observations on survival and disability outcomes by demonstrating that
ALSFRS-R slope is associated not only with survival and disability outcomes but also with subsequent trajectories
of NIV use following treatment initiation.

Our study provides important data from a well-characterized Belgian cohort of ALS patients, which enhances the
generalizability of our findings to the national patient population and supports the external validity of the results.
To our knowledge this is the first study demonstrating that shorter time to diagnosis and more negative ALSFRS-
R slope (i.e., higher rate of functional loss) correlated with a consistent increase in the use of NIV throughout the
first 12 months of the treatment.

Despite the strengths of this study, several limitations should be acknowledged. The first limitation of the current
research is that patients were excluded if NIV discontinuation, death, or change in healthcare facility occurred
prior to a one-year follow-up period. It might have helped eliminate heterogeneity of an observation period;
however, selection bias occurred. This is particularly relevant in ALS as patients with more aggressive disease
progression and severe respiratory involvement may have died before completing the observation period.
Consequently, the identified predictors should be interpreted as predictors of increasing NIV use among patients
who successfully maintained long-term NIV rather than predictors of NIV-use trajectories in the overall ALS
population.

Second, longitudinal respiratory factors were not taken into consideration during the analysis process. According
to Belgian guidelines for the start and adaptation of NIV in neuromuscular diseases, FVC is one of several
important parameters that determine whether it is necessary to use NIV in such patients. Other factors include
clinical symptoms, nocturnal hypoventilation, and daytime and/or nocturnal hypercapnia. As a result, serial FVC
measurements were not considered sufficiently representative of respiratory decision-making in our cohort.

Third, ventilator settings were not included in the analytical models. These settings are generally optimized
during NIV initiation and subsequently modified only when clinically indicated. Given the retrospective design,
the absence of standardized adjustment intervals, and the relatively limited variability in settings over time, they
were not considered reliable covariates for longitudinal modelling. The study was also underpowered to evaluate
the potential influence of FTD on NIV-use trajectories. Only four patients had documented FTD, precluding
meaningful conclusions regarding the impact of cognitive and behavioural impairment on ventilatory support
utilization. Therefore, the absence of a significant association between FTD and longitudinal NIV use should be
interpreted with caution.



Finally, the relationship between disease progression, respiratory decline, and the longitudinal evolution of NIV
use remains incompletely understood. Future prospective studies incorporating detailed respiratory parameters,
cognitive assessments, ventilator settings, and real-time remote monitoring data will be important to validate
our findings and further refine individualized respiratory management strategies in ALS.

To conclude, in out study shorter diagnostic delay and a more negative ALSFRS-R slope were associated with a
greater increase in daily NIV use during the first year after NIV initiation. These findings suggest that patients
with more aggressive disease trajectories develop increasing ventilatory dependence more rapidly after
respiratory support is initiated. Therefore, early identification of such patients may facilitate anticipatory
respiratory management and optimization of supportive care. Additional prospective studies will be needed for
confirmation of this hypothesis and further analysis of NIV use trajectory as a marker of respiratory worsening
in ALS.
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