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ABSTRACT

Background: The course of lung function decline in amyotrophic lateral sclerosis (ALS) and the effect of
noninvasive positive-pressure ventilation (NIPPV) on that decline are uncertain. We sought to model lung
function decline, determine when NIPPV is initiated along that course, and assess its impact on the course
of decline.

Methods: An observed sigmoid pattern of forced vital capacity decline was reproduced with a
four-parameter nonlinear mixed-effects logistic model.

Results: Analyses were performed on 507 patients overall and in 353 patients for whom a determination
of adherence to NIPPV was ascertained. A sigmoid bi-asymptotic model provided a statistical fit of the
data and showed a period of stable vital capacity, followed by an accelerated decline, an inflection point,
then a slowing in decline to a plateau. By the time NIPPV was initiated in accordance with reimbursement
guidelines, vital capacity had declined by >85% of the total range. Nearly half of the total loss of vital
capacity occurred over 6.2 months centred at an inflection point occurring 17 months after disease onset
and 5.2 months before initiation of NIPPV at a vital capacity of about 60%. Fewer bulbar symptoms and a
faster rate of decline of lung function predicted adherence to NIPPV, but the intervention had no impact
on final vital capacity.

Conclusions: In patients with ALS, vital capacity decline is rapid but slows after an inflection point
regardless of NIPPV. Initiating NIPPV along reimbursement guidelines occurs after >85% of vital capacity
loss has already occurred.
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In patients with amyotrophic lateral sclerosis, vital capacity decline is rapid but slows after an
inflection point regardless of NIPPV. Initiation of NIPPV according to guidelines occurs when
>85% of vital capacity loss has already occurred. http:/bit.ly/2JOIEZG
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neuromuscular disorder characterised by respiratory muscle
weakness and a progressive decline in lung function [1]. Survival is reduced by bulbar dysfunction,
frontotemporal dementia, older age, rapid progression, C9orf72 gene repeat expansion, diagnostic delay
and low forced vital capacity [2]. Death occurs within 3 to 5 years of onset, generally from respiratory
complications [3, 4]. Disease-modifying pharmacologic options have not paralleled advances in the
understanding of the pathogenesis and molecular genetics of ALS and consist of riluzole and edaravone
with limited survival benefits [3]. In contrast, noninvasive positive-pressure ventilation (NIPPV) prevents
or delays tracheostomy [1, 5] and significantly improves survival and quality of life [6, 7].

Indications and recommendations for the timing of NIPPV vary and are mostly driven by reimbursement
guidelines in the USA [1, 5, 8, 9]. ALS practice recommendations allow criteria such as symptoms and
sniff nasal pressure [1, 5, 9, 10], with a higher vital capacity cut-off in some European guidelines [1, 9].
Uncertainty remains about the course of lung function decline, which is variably characterised as
accelerated [11], steady [12-14] or decelerating [15-17]. Others attribute the deceleration of decline to
NIPPV [5, 18-21]. Resolving these issues is of utmost importance to inform the timing of NIPPV.

We therefore studied a cohort of patients with ALS, aiming to: 1) model the course of lung function
decline; 2) assess the point in decline at which NIPPV is initiated, based on current guidelines; and
3) compare the pattern of decline in individuals who adhere to NIPPV with those who do not.

Methods

Study design and data collection

The Institutional Review Board of the Cleveland Clinic approved this study in accordance with the amended
Declaration of Helsinki (approval 10-428). Informed consent was not required for this type of study. ALS
was diagnosed by neurologists in the Section of ALS and Related Disorders Clinic using World Federation of
Neurology El Escorial criteria [22]. Trained neurology clinic personnel obtained spirometry and a functional
assessment (revised ALS Functional Rating Scale (ALSFRS-R)) [23] every 3 to 6 months. Patients were then
referred to the pulmonary neuromuscular clinic at the onset of dyspnoea on exertion, orthopnoea or a per
cent predicted forced vital capacity (FVCP) < 60%. The pulmonary neuromuscular clinic then performed a
clinical assessment, obtained an FVCP and per cent predicted maximum inspiratory pressure (MIPP) and
re-evaluated those parameters every 3 to 6 months. Sniff inspiratory nasal pressure (SNIP) and arterial blood
gases were also obtained (see supplement). All patients with probable or definitive ALS (defined by World
Federation of Neurology El Escorial criteria [22]) referred to the neuromuscular pulmonary clinic between
September 1, 2003 and January 31, 2014 were included in this study.

Pulmonary function tests

Spirometry was performed with a Puritan-Bennett PB-100 spirometer (Puritan-Bennett, Overland Park, KS,
USA) in the Section of ALS and Related Disorders Clinic, and in a certified pulmonary function laboratory
in the pulmonary clinic. Leak-control methods in patients with bulbar disease included a large mouthpiece
with a flange positioned between the teeth and lips, mouthpieces with a tongue-positioning ridge
(FreeFlow™, Vyaire Medical), nose clips and manual lip sealing. Standardised spirometry techniques with
predicted values from the Third National Health and Nutrition Examination Survey were applied [24, 25].
Within the limitations of fatigue imposed by the disease, we aimed to obtain at least three forced vital
capacity manoeuvres that met defined acceptability criteria [25]. Maximum inspiratory pressures were
measured from the residual volume using an inspiratory force meter (Boehringer, Ingelheim am Rhein,
Germany) and with the largest pressure maintained for at least 1 s reported using predicted values from
Black and Hyatt [26, 27]. For those unable to maintain a plateau of at least 1 s, peak pressure was reported.

Noninvasive ventilation and respiratory assistance devices

NIPPV was initiated for FVCP < 50%, or hypercapnia (Pao, >45 mmHg), consistent with Local Coverage
Determinations from the Centers for Medicare and Medicaid Services [8]. For patients with orthopnoea,
dyspnoea, nonrestorative sleep, morning headaches or daytime sleepiness, NIPPV was initiated for a MIPP
<60 cmH,0 or if nocturnal pulse oximetry demonstrated an oxygen saturation <88% for >5 min of
recording time [8]. NIPPV consisted of pressure-limited devices in spontaneous-timed mode with an
initial inspiratory pressure of 10-15 cmH,O (to patient comfort) and a low expiratory pressure, generally
5 cmH,O (or the known pressure that controlled apnoea in previously diagnosed sleep apnoea). Patients
were instructed to use NIPPV during the entire sleep period and as necessary in the daytime. Comfort was
optimised by interface selection, adjustment of device settings, nasal steroid sprays for nasal congestion
and cough-assist and suction devices for secretion clearance. Adherence, defined as the ability to sleep
with the device for at least 4 hours consecutively during a 24-hour period, was ascertained at follow-up
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visits and documented in medical records. Final determination of adherence was made by consensus of
three physicians (TSP, EMC, LSA) after record review.

Mathematical modelling and statistical analysis

Two plots informed parametric model selection: FVCP decline from disease onset for patients with a higher
number of observations (figure 1), and a nonparametric regression curve of FVCP decline data for the subset
of patients in whom NIPPV was initiated, with the course centred at the initiation time (figure 2) [28]. Both
plots indicated a sigmoid pattern of FVCP change with an initial plateau, accelerated decline, inflection
point, decelerating decline and terminal plateau.

A four-parameter nonlinear mixed-effects logistic model was used to reproduce this bi-asymptotic course
and solve for the individual parameters (figure 3) [29]

b
— M
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FVCP = b, +

where ¢ is time referenced either from the first onset of disease for all patients (Model 1), or from
initiation of NIPPV and stratified by NIPPV adherence (Model 2). In both models, b, is the FVCP before
the onset of lung function decline, and b, is the magnitude of decline to the lower asymptote, introduced
as a negative number so that b;+b, represents the FVCP at the lower asymptote. The time parameters, b
and by, are expressed in months, with b; as the time from the reference to the midpoint between the two
asymptotes, also signalling the inflection point that separates an accelerating from a decelerating FVCP
decline. The time scale factor, by, reflects the speed of FVCP decline, with smaller values representing a
faster decline.
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FIGURE 1 Plot of the pattern of decline of per cent predicted forced vital capacity in patients with amyotrophic lateral sclerosis (ALS), determined
from first onset of disease (time 0] in selected patients (those with a larger number of spirometric observations). The figure includes a smoothing
function showing that the pattern of decline in those patients demonstrates various combinations of an early plateau, a subsequent rapid decline
and a late plateau of lung function, depending on when the spirometric observations were obtained in the course of the disease. The vertical bars
represent death (in c) death occurred 124 months after onset; g) 125 months; k] 145 months).
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FIGURE 2 Data plot of per cent predicted forced vital capacity with nonparametric regression curve and time
course centred at initiation of noninvasive positive-pressure ventilation (time 0). The fit of the course of lung
function decline was done with penalised thin-plate regression. The solid curve is the estimated mean function
and the dashed curves are the 95% confidence bands.

The first derivative of Equation 1 defined the slope of FVCP decline at any time (¢):

b+t

dFVCP o byes
- b3 0\ 2
dt by (eE + eﬁ)

2

The same modelling was performed for MIPP. Maximisation likelihood estimation with adaptive Gaussian
quadrature was applied to solve nonlinear models and estimate parameters. Statistical analyses using SAS
version 9.3 software (SAS Institute, Cary, NC, USA) were performed at a significance level of 0.05.
R studio software was used for plots (R Project for Statistical Computing, Vienna, Austria).

Results

In total, 507 patients with probable or definite ALS were referred to the neuromuscular pulmonary clinic.
Median age was 62 years (interquartile range (IQR) 53-70 years); 44% were female, 92.5% were white,
6.3% were African-American, with additional characteristics in table E1. A total of 2392 spirometries were
assessed (mean: 4.7 per patient). There were two outliers with disease onset in 1976 and 1980 that were
excluded from the parametric models. Model 1 projected an initial FVCP asymptote of 100.3% (table 1).
After accelerated lung function decline, an inflection point occurred 17.2 months after disease onset at an
FVCP of 63.3%, after which lung function decline slowed to a plateau FVCP of 26.2%.

Of the 507 patients, 4 already had a tracheostomy and invasive ventilation before the NIPPV decision, 84 were
determined not to require NIPPV and continued to be followed during the course of the study, and 419
were deemed to qualify for NIPPV in the course of their follow-up visits at the pulmonary clinic. Of those,
181 were considered to be adherent on follow-up and 172 did not meet adherence criteria (see supplement for
details). The remaining 66 patients had no determination of adherence made before they died, predominantly
because of a distinctly short survival at a median of 3 months following the NIPPV decision (table E3). This
group also had a significantly lower FVCP at initiation of NIPPV compared with the other two groups. Other
characteristics are shown in the supplement (tables E2 and E3). Most notably, survival as measured from disease
onset, from diagnosis or from initiation of NIPPV was significantly longer in adherent patients (table E3).

The median age of the 353 patients with known adherence was 62 years (IQR 53-70 years) and the median
first FVCP after ALS diagnosis was 67% (IQR 51-83%). There were 1613 spirometries in this group at an
average of 4.6 per patient. The median FVCP at initiation of NIPPV was 49% (IQR 40-63%) and the
median maximum inspiratory pressure was 34.0% (IQR 25.0-43.4%). Model 2 (table 2 and figure 4)
indicates upper and lower asymptotes for FVCP of 74.0% and 40.6%, respectively. A midpoint between
asymptotes occurred 5.2 months before NIPPV initiation at an FVCP of 57.3%, with 46% of lung function
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FIGURE 3 A bi-asymptotic four-parameter logistic model representing the course of per cent predicted forced
vital capacity (FVCP) decline in patients with amyotrophic lateral sclerosis. The four parameters (by, by, ba, by)
allow mathematical modelling of the bi-asymptotic pattern of decline in FVCP represented in figures 1 and 2.
The time course is centred at initiation of noninvasive positive-pressure ventilation (NIPPV; time 0). The
parameters, by and b,, represent lung function and bz and b, represent time; by is the baseline lung function
before onset of its decline (represented for demonstration purposes as an FVCP of 100%); b, is the magnitude
of decline to the lower asymptote (represented here as —70% for a final FVCP of 30%); bs is the time at the
midpoint between the two asymptotes (represented here at 6 months prior to NIPPV), also marking the
inflection point (shown as a shaded circle on the curve); and b, is a timescale factor (represented here as
4 months) that reflects the rapidity of decline, such that the span of decline of FVCP between time points
bs+b, and bs—b, (8 months around the inflection point] is 46% of b,. A smaller b, therefore reflects a faster
lung function decline. Together, b3 and b, identify key time points. In this hypothetical figure, the per cent
decline relative to the total expected range of decline (by) is 27% at time point b3—b, (10 months prior to
initiation of NIPPV in this representation), 50% at time point bs (6 months prior to initiation of NIPPV in this
representation), 73% at bs+b, (2 months prior to initiation of NIPPV) and >85% at initiation of NIPPV. The
corresponding values for the actual data are shown in table 3 and represented in figure 4.

decline taking place over a period of only 6.2 months around the inflection point (2b,). At the time of
NIPPV initiation, lung function had already declined by more than 85% of the total range between
asymptotes (table 3 and figures 2 and 4). The slope of FVCP decline was 2.69% per month at the inflection,
decreasing to 1.43% per month by NIPPV initiation (table 3).

The median age of adherent and nonadherent patients was 60.0 (IQR 53-68) and 64.0 (IQR
53-70.8) years, respectively (p=0.15). Those with an initial bulbar score on the revised ALS Functional
Rating Scale of >7 (best score: 12) were more likely to be adherent than those with a score <7 (60% versus
44%, respectively; p=0.03). There was no difference in FVCP between adherent and nonadherent patients,
either at the upper asymptote (72.2% and 76.1%, respectively; p=0.08) or at the lower asymptote (41.9%

TABLE 1 Parameter estimates for the course of decline of per cent predicted forced vital

capacity from onset of disease (Model 1)

Parameter Significance of parameter Overall cohort
Mean (se)# 95% ClI
by % Initial vital capacity 100.3 (3.8) 92.8, 107.9
by % Decline from initial vital capacity —74.1 (4.6) —83.2, —65.0
b; months Midpoint between initial and final vital capacity 17.2 (1.5) 14.3, 20.2
(from disease onset)

b, months Timescale factor representing rapidity of decline 13.3 (1.1) 11.2,15.4
by+by % Final vital capacity 26.2 (2.1) 22.1,30.4

# . p<0.001 for all parameter estimates, indicating that all four parameters contributed significantly to the
per cent predicted forced vital capacity.
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TABLE 2 Parameter estimates for the course of decline of per cent predicted forced vital capacity from time of initiation of

noninvasive ventilation (Model 2)

Parameter Overall cohort Adherent patients Nonadherent patients p-value
Mean (sg) " 95% ClI Mean (sg) T 95% CI Mean (se) T 95% Cl

by % 74.0 (1.2) 71.1,76.4 72.2 (1.5) 69.3, 75.1 76.1(1.6) 72.8,79.3 0.081

by % —33.4(1.7) -36.7, =30.1 -30.3 (1.9) —34.1, =26.5 —35.8 (2.5) —40.8, 30.7 0.091

bz months -5.2(0.5) —6.2, —4.3 —4.3 (0.5) -5.3,33 —-6.7 (0.9) —8.4,-5.0 0.017

b, months 3.1 (0.4) 2.4, 3.9 2.3 (0.4) 1.4, 3.1 3.8(0.6) 2.6,5.0 0.036

bq+by % 40.6 (2.1) 34.7, 43.0 41.9 (1.1) 39.7, 44.1 38.5 (2.1) 34.4, 42.7 0.16

bq: per cent predicted vital capacity before onset of decline of lung function; b,: magnitude of decline in predicted forced vital capacity to the
lower asymptote, represented in the model as a negative number such that bi+b; is the final per cent predicted vital capacity; bs: time
(months) from initiation of noninvasive ventilation to the midpoint between the two asymptotes, also representing the inflection point of the
forced vital capacity time-course curve [(a negative number as the inflection occurred before initiation of noninvasive ventilation);
by: a timescale factor (months) that reflects the rapidity of decline of forced vital capacity, such that a smaller by reflects a more rapid decline.
#. difference between adherent and nonadherent patients; significance set at p<0.05. : p<0.001 for all parameter estimates, indicating that all
four parameters contributed significantly to the per cent predicted forced vital capacity.

and 38.5%, respectively; p=0.16). However, the inflection point (midway between the asymptotes) occurred
4.3 months before NIPPV initiation in subsequently adherent patients, compared with 6.7 months before
NIPPV initiation in subsequently nonadherent patients (p=0.017). Additionally, 46% of lung function
decline between asymptotes occurred over 4.6 (2x2.3) months in subsequently adherent patients, but over
7.6 (2x3.8) months in subsequently nonadherent patients (p=0.036 for b4 parameter comparison). In
essence, the monthly rate of loss of FVCP at the inflection point was faster in subsequently adherent
patients than nonadherent patients (3.35% versus 2.35%, respectively) (table 3). The course of forced
expiratory volume in 1 s decline followed the same pattern with similar parameters (Table E4).

The FVCP at the time of NIPPV initiation was 45.9% in the model in both adherent and nonadherent
groups. At that time, the monthly slope of FVCP decline was 1.50% in adherent patients versus 1.17% in
nonadherent patients (table 3).

The course of decline of MIPP with a smaller number of observations (2.95 per patient) was also
bi-asymptotic (table 4 and figure E2). In linear mixed-model analyses, there was a linear relationship
between SNIP and FVCP, and between the ALSFRS-R and FVCP (see supplement).

Discussion

This study tracked FVCP from the initial ALS diagnosis and showed that after the initial stable levels, FVCP
decline accelerated before reaching an inflection point, and then significantly slowed. A bi-asymptotic
pattern with a final plateau was suggested in individual tracings, a nonparametric representation of the
spirometry data and in parametric models. Overall, 46% of the total range of decline in FVCP took place

TABLE 3 Per cent total decline in forced vital capacity per cent predicted (FVCP) relative to the total range, and slope of

decline at various key time points

Time relative to NIPPV Per cent total FVCP in Change in FVCP/month  Change in FVCP/month  Change in FVCP/month
start (months) decline overall cohort in overall cohort (adherent) (nonadherent)

~30 0 74.0 0 0 0

bs—b, 27 65.0 -2.11 —2.64 —1.85

b3 50 57.3 —2.69 -3.35 -2.35

ba+b, 73 49.6 -2.11 —2.64 -1.85

0 >85 45.9 —1.43 —1.50 -1.17

~20 100 40.6 0 0 0

bs: time (months) to the midpoint between the two asymptotes, also representing the inflection point of the FVCP time-course curve; b,: a
timescale factor (months) that reflects the rapidity of decline of forced vital capacity, such that a smaller b, reflects a more rapid decline.
Slopes are derived from the first derivative of vital capacity with time of the following equation: FVCP = by + by/(1+e®%2d) sych that

dFvCP byetbs+t/be
dt  plelbe/ba) 4 glt/bi))?
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FIGURE 4 Plot of the course of per cent predicted forced vital capacity decline in amyotrophic lateral sclerosis
after resolution of individual parameters using a nonlinear mixed-model regression analysis. Includes overall
patients and patients stratified by adherence to noninvasive positive-pressure ventilation. The time course is
centred at initiation of noninvasive positive-pressure ventilation (time 0).

over 6.2 months, and NIPPV was initiated when at least 85% of the total decline had already occurred, with
no difference in initial or final FVCP between patients adherent or nonadherent to NIPPV. Differences in
time factors reflecting the pattern of decline were evident before NIPPV initiation: nonadherent patients lost
50% of lung function ahead of adherent patients. Furthermore, the rate of decline was significantly faster,
and fewer bulbar symptoms were noted in patients subsequently classified as adherent.

This study reconciles descriptions of the course of lung function decline as accelerated [11], stable [12-14]
or decelerating [15-17], depending on the timing and duration of the observations. The speed of lung
function decline (small b, parameter) may inform follow-up schedules and justify re-evaluations at
4-6-month intervals. Finally, current NIPPV guidelines [8], though useful in improving survival and
quality of life [7, 15], initiate NIPPV when at least 85% of the total decline has already occurred. While
guidelines in the Unites States and Europe differ, the median time from disease onset to NIPPV is
comparable at 21 months (IQR 13-33 months) in our study, compared with 24 months (IQR 19-57
months) using European guidelines [10].

Although some attribute a slowing in FVCP decline to NIPPV initiation [5, 18-21], this study concords
with others that show that deceleration is independent of NIPPV [15-17]. Therefore, comparing the rate
of decline pre- and post-NIPPV when started after the inflection may incorrectly convey a beneficial effect

TABLE 4 Parameter estimates for the course of decline of per cent predicted maximum

inspiratory pressure

Parameter Mean (SE) 95% Cl p-value
by % 58.1 (3.7) 50.9, 65.3 <0.001
by % —27.8 (4.5) —36.6, —19.1 <0.001
b; months -7.8(1.6) -10.8, =4.7 <0.001
b, months 3.7(1.2) 1.3, 6.1 0.0027

bi: per cent predicted maximum inspiratory pressure before onset of decline of lung function;
b,: magnitude of decline in predicted maximum inspiratory pressure to the lower asymptote, represented
in the model as a negative number; bs: time (months) relative to initiation of noninvasive ventilation to the
midpoint between the two asymptotes, also representing the inflection point of the per cent predicted
maximum inspiratory pressure; by: a timescale factor (months) that reflects the rapidity of decline of per
cent predicted maximum inspiratory pressure.
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to the intervention. Similarly, as an accelerated rate of decline of lung function partly predicted future
NIPPV adherence, observational studies may erroneously conclude that NIPPV slows the rate of decline.

Our study was limited by the subjective definition of adherence, the long duration of the study with
potential for variations in practice, projections based on mathematical modelling, survival bias and the use
of FVCP as a marker of disease progression.

Most patients in this study started NIPPV before the widespread availability of device downloads, and
objective adherence criteria (i.e. at least 4h of use on at least 70% of days) differ from our original
definition (i.e. at least 4 h consecutively of use during sleep). Most of our results and conclusions are
unaffected by objective characterisation of adherence, and findings that depend on adherence determination
concord with the literature. For instance, our finding that an accelerated rate of decline predicts NIPPV
adherence, suggests that respiratory muscle involvement is a predominant source of symptoms, and is
consistent with studies that identified orthopnoea and dyspnoea as predictors of NIPPV adherence [18, 30].
We also noted an association between preserved bulbar function and adherence [6, 20, 31].

Changes occurred in our practice after 2014 to refine the NIPPV settings with an in-office review of
detailed device downloads and end-tidal CO,. Until then, our practice was uniform for the duration of this
current study, with the same two physicians, using the same criteria for initiation of NIPPV and with a
standardised approach of care including secretion management.

Model 2 concords with several key observations. For example, the model’s estimate of FVCP at NIPPV
initiation matches the actual number (45.9% versus 49.0%, respectively; tables 3 and E3, and figure 4). The
monthly drop in FVCP at the inflection point is 2.69% in the model (table 3), which concords rather
precisely with results from large ALS clinical trials [12, 32]. Our model agrees with figure 1 (which is not
subject to a survival bias) and with the nonparametric representation in figure 2 (which is not biased by
the assumptions of the mathematical model). The lower line of the 95th percentile confidence band in
figure 2 shows at least a significant slowing of the lung function decline. There was no particular bias of
loss of potential forced vital capacity measurements in patients with significant late bulbar symptoms
compared with those without, and the median time from the last FVCP measurement to death was
4.7 months (fig. 1 and supplement). While this analysis does not address the quality of the measurements
in bulbar patients, we noted a more accelerated decline of lung function in adherent patients who had an
overall better-preserved bulbar function. Overall, we believe that the lower asymptote is less likely to
represent a bias of survival of patients who can still perform the spirometry manoeuvre.

Vital capacity and its rate of decline are associated with clinically meaningful outcomes and remain
essential measures of disease progression [2, 12]. A caveat is that the bi-asymptotic pattern may reflect the
sigmoid relationship of lung volume versus pressure [33]. For instance, the FVCP can remain normal
despite significant impairment in respiratory muscle strength and may be limited in its ability to detect
respiratory insufficiency [5]. However, the MIPP also followed a bi-asymptotic pattern of decline with the
same time course as FVCP (table 4). Specifically, the 95% confidence intervals for time parameters b3 and
b4 of FVCP decline in table 2 are encompassed in the same parameters for the MIPP in table 4. We also
noted a linear relationship between SNIP or ALSFRS-R and FVCP in a more limited set of data.

These results suggest a parallel decline of strength and volume, and that factors unrelated to an artefact of
the pressure-volume relationship mitigate lung function decline. These potential factors include the
presence of disease-resistant motor neurons [34] and the sprouting of adjacent nerve terminals to
re-innervate degenerating neuromuscular junctions with the formation of enlarged motor units [35-37].
These re-innervations fire inconsistently with frequently blocked conduction [36], and may be vulnerable
to neuromuscular activity (and potential respiratory muscle overload) which reduce re-innervations [38]
and promote loss of the enlarged motor units [39]. This may explain the survival disadvantage imparted
to diaphragm pacing in ALS [40, 41]. In contrast, NIPPV offloads the work of breathing and reduces
diaphragmatic electromyography activity [42], though with a concern that complete diaphragm inactivity
may cause muscle atrophy [43]. Whether earlier initiation of NIPPV would maintain re-innervations and
reduce dropout of enlarged motor units is unclear. However, if such a benefit is to be realised, it would
require earlier initiation of NIPPV, perhaps prior to the inflection point (which may signal the increasing
influence of mitigating factors), which corresponds in our models to an FVCP > 60% (table 3)
approximately 17 months after disease onset (table 1).

Several studies have documented the feasibility of early NIPPV initiation, with benefits in survival [44],
quality of life [45] and lung function decline [46, 47]. In a randomised trial, NIPPV at a mean FVCP of
74% slowed FVCP decline by 0.44% per month compared with sham therapy [47]. From a practical
perspective, clinicians deliberating early NIPPV should balance risks and benefits. Adherence may be poor
at <4 h per night with early implementation of NIPPV [47], or in the presence of significant bulbar
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symptoms [6, 20, 31]. Furthermore, mucus accumulation portends a poor prognosis with NIPPV [48], and
NIPPV is potentially associated with deaths from bronchopneumonia [4]. However, the presence of bulbar
symptoms does not preclude the use of NIPPV. For instance, NIPPV in the context of significant bulbar
symptoms may still impart a survival advantage [49] and a quality-of-life advantage [7]. One study even
reported a greater survival benefit of NIPPV in bulbar-onset ALS relative to patients with nonbulbar
onset [21]. The latter findings may reflect that NIPPV is initiated earlier in bulbar-onset ALS [21, 32].

Our study shows a pattern of rapid decline of lung function in patients with ALS, followed by a slowing of
decline to a potential plateau. Differences between adherent and nonadherent patients occur before NIPPV
initiation, suggesting that differentiators such as onset of decline and rapidity of decline predict adherence
to NIPPV rather than being effects of NIPPV. Current reimbursement criteria initiate NIPPV well after
lung function has significantly declined and may be too late to affect the course of the disease. European
guidelines, which combine clinical signs with expanded respiratory function tests (including FVCP <80%)
to initiate NIPPV, may be more appropriate [1, 9, 10].
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