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Abstract
Background and objective Patients with neuromuscular disease are often treated with home noninvasive
ventilation (NIV) with devices capable of remote patient monitoring. We sought to determine whether
long-term NIV data could provide insight into the effectiveness of ventilation over time.
Methods We abstracted available longitudinal data for adults with neuromuscular disease in monthly
increments from first available to most recent. Generalised linear mixed-effects modelling with subject-
level random effects was used to evaluate trajectories over time.
Results 1799 months of data across 85 individuals (median age 61, interquartile range (IQR) 46–71 years;
44% female; 49% amyotrophic lateral sclerosis (ALS)) were analysed, with a median (IQR) of 17 (8–35)
months per individual. Over time, tidal volume increased and respiratory rate decreased. Dynamic
respiratory system compliance decreased, accompanied by increased pressure support. Compared to
volume-assured mode, fixed-pressure modes were associated with lower initial tidal volume, higher
respiratory rate and lower pressures, which did not fully equalise with volume-assured mode over time.
Compared with non-ALS patients, those with ALS had lower initial pressure support, but faster increases
in pressure support over time, and ALS was associated wtih a more robust increase in respiratory rate in
response to low tidal volume. Nonsurvivors did not differ from survivors in ventilatory trajectories over
time, but did exhibit decreasing NIV use prior to death, in contrast with stable use in survivors.
Conclusion NIV keeps breathing patterns stable over time, but support needs are dynamic and influenced
by diagnosis and ventilation mode. Mortality is preceded by decreased NIV use rather than inadequate
support during use.

Introduction
Patients with systemic neuromuscular diseases often develop respiratory muscle weakness, which drives
morbidity and mortality. Absent appropriate treatment, resulting hypoventilation and chronic respiratory
failure contribute to symptoms such as dyspnoea, sleep disturbances and early morning headaches, and
have been linked with a high risk of hospitalisation and death [1–4].

Ventilatory support can help to assist weak breathing muscles and stabilise gas exchange [5]. Historically,
long-term ventilation was provided via a tracheostomy, but more recently has been provided via home
noninvasive ventilation (NIV) [6–9]. NIV has convincingly been shown to improve survival and quality of
life in neuromuscular disease [9–14] and may slow disease progression [15]. Overall, NIV is a mainstay of
treatment in this population, often being used for years or even decades [16], although not all eligible
patients are treated with NIV [17]. Substantial uncertainty remains regarding individualising therapies with
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respect to underlying disease processes, which can have different manifestations and rates of progression
(e.g. ALS versus non-ALS). Similarly, there are different modes of ventilation (i.e. set pressure versus
volume) with different parameters and physiological effects.

Recent technological advances have allowed for devices to record and remotely transmit data on a
near-continuous basis, including observed usage, respiratory rates, tidal volume, pressures, etc. [18]. These
“remote patient monitoring” (RPM) data are stored on manufacturer servers and can be accessed by
clinicians via secure web applications. RPM data may be utilised during NIV initiation and titration [19].
However, there are scant data examining NIV data from RPM over time.

The goals of this study were to 1) explore the long-term trends in parameters obtained from RPM in
patients with neuromuscular disease, 2) compare trajectories across individuals, disease states and
ventilator modes and 3) determine whether trajectories associate with patient outcomes. Such novel
information might ultimately be used to guide further research into the optimal NIV management of
such patients.

Methods
We performed a retrospective study of patients using home NIV for neuromuscular disorders. The study
was approved by the University of California San Diego Human Research Protections Program with a
waiver of consent (institutional review board identifier 182136). All patients with remote patient
monitoring data available in the ResMed Airview platform followed by the UC San Diego Pulmonary
Neuromuscular and Assisted Ventilation Program since 2015 were screened for inclusion. We included
patients with the following diagnoses: amyotrophic lateral sclerosis (ALS), muscular dystrophy, spinal
muscular atrophy, congenital myopathy, myositis, phrenic paralysis and kyphoscoliosis. Owing to
substantial differences in physiology, patients with a primary diagnosis of chronic lung disease, cerebral
palsy or myotonic dystrophy were excluded, along with those using invasive ventilation.

Clinical care was performed by two physicians specialising in pulmonary neuromuscular disease. NIV was
initiated according to recommendations from professional societies [20–23], along with clinical
assessment. The mode of ventilation was chosen based on device capabilities and any pre-existing settings;
no systematic preference was given to one mode over another. Patients were seen in clinic every
3–6 months according to need. During these visits, NIV data were routinely assessed and adjustments were
made according to data along with patient symptoms. In general, NIV was initiated and titrated on an
outpatient basis; in-laboratory titration sleep studies were rarely performed.

Demographic data were obtained from the electronic medical record via manual review (through April
2022). All available RPM data were obtained via download from the ResMed AirView platform. To be
included, patients needed to have ⩾30 days of available data. Reports were downloaded in sequential
30-day (i.e. monthly) intervals (as per common clinical practice) starting from first available, and the
reported median values for all parameters were taken directly from the report. Additionally, we calculated
two ventilatory parameters from the monthly reports: 1) NIV-assisted rapid shallow breathing index
(aRSBI), defined as median observed respiratory rate over median observed tidal volume (in litres), and
2) dynamic compliance (Cdyn), defined as the median observed tidal volume divided by median observed
pressure support (i.e. inspiratory pressure minus expiratory pressure in centimetres water pressure
(cwp)) [24]. aRSBI reflects work of breathing [25], and predicts nocturnal hypercapnia and need for NIV
[2, 26]. Cdyn reflects global respiratory system mechanics with contributions from patient effort, chest wall
and lung compliance, and airways resistance [27]. Data abstracted did not necessarily include the NIV
initiation, since many patients had been using NIV for years prior to RPM availability. Similarly, the last
available data did not necessarily coincide with the end of use (e.g. death or discontinuation), as care for
many patients remains ongoing. Final vital status was determined from chart review; individuals were
classified as “deceased at study end” if known to have died within 90 days of the last available data,
otherwise they were classified as “alive at study end”. In the case of missing data between first and last
available time points, no data were imputed.

Analysis was performed in RStudio (version 2022.07.2) running R (version 4.2.1). Generalised
linear-mixed effects modelling was used (packages: nlme and lme4) to examine observed parameters from
the monthly reports. Gaussian distributions were assumed for data except percentage of nights with ⩾4 h
use (%⩾4 h) which was assumed to be binomial. Subject-level random effects were included with random
intercept and slope over time. Parameters were examined at baseline and over time using a saturated model
with fixed effects of time, diagnosis group dichotomised into ALS versus non-ALS (based on substantial
differences in disease progression rate) and ventilation mode. A separate mixed-effects model excluding
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time was used to examine differences in breathing pattern (i.e. relationship between observed respiratory
rate and tidal volume) in ALS versus non-ALS patients. Lastly, to explore whether trajectories in
ventilatory parameters were associated with vital status, we constructed a separate saturated mixed effects
model including time and alive versus deceased vital status. Model responses are presented as least-squares
means with associated 95% confidence intervals (packages: emmeans, ggeffects). A p-value of <0.05 was
defined as statistically significant. The sample size was based on available data; no formal power analysis
was performed.

Results
269 records of patients using NIV were available, of whom 85 subjects met inclusion/exclusion criteria
and were included in the analysis, with characteristics summarised in table 1. 1799 months of data were
available for analysis, with a median (interquartile range (IQR)) of 17 (8–35) months of data for each
individual. Settings and usage data from the reports are summarised in table 2. Five subjects changed
modes during the study: two who started on bilevel spontaneous timed (ST) mode, and three who started
on volume-assured pressure support (VAPS). Gaps in available data were present for a total 147 months,
with a median of 0 (0–2) months of missing data per subject. Thus, the total timeframe spanned
1946 months across the 85 subjects. Individual-level data for observed parameters, along with model-fitted
values are shown in supplementary figures S1–S7.

Ventilatory parameters
Across all subjects, baseline mean tidal volume was 417 (384–450) mL (p<0.001) with an increase of 3
(1–5) mL per month (p=0.001). Baseline mean respiratory rate was 17 (16–18) breaths·min−1 (p<0.001)
with a decrease of −0.1 (−1–0) breaths·min−1 per month (p=0.03). Baseline aRSBI was 45 (40–50)
breaths·min−1·L−1 (p<0.001) with no change over time (0 (−1–0) breaths·min−1·L−1 per month; p=0.45).
Baseline Cdyn was 63 (55–71) mL·cwp−1 (p<0.001) with a decrease of −0.5 (−0.9–−0.2) mL·cwp−1 per
month (p=0.005). Baseline mean pressure support was 7 (7–8) cwp (p<0.001) with an increase of 0.1
(0.1–0.2) cwp per month (p<0.001). Baseline spontaneously triggered breaths was 61% (50–72%)
(p<0.001) with no change over time (0% (−1–0%) per month; p=0.34).

TABLE 1 Characteristics of patients included in the study

ALS Non-ALS

Patients 42 43
Age (years) 69 (60–72) (44–87) 47 (28–66) (17–89)
Sex
Female 17 (40) 20 (47)
Male 25 (60) 23 (53)

BMI (kg·m−2) 24 (22–28) (16–42) 26 (20–30) (15–38)
Seated FVC (% pred) 51 (38–65) (16–96) 42 (34–57) (13–93)
Diagnosis
ALS 42 (100) 0 (0)
Duchenne/Becker muscular dystrophy 0 (0) 5 (12)
Collagen VI-related disease 0 (0) 5 (6)
Other muscular dystrophy 0 (0) 5 (6)
Spinal muscular atrophy 0 (0) 4 (5)
Inclusion body myositis 0 (0) 4 (5)
Congenital myopathy 0 (0) 6 (7)
Neurodegenerative 0 (0) 3 (4)
Kyphoscoliosis 0 (0) 6 (7)
Phrenic paralysis 0 (0) 3 (4)
Post-polio 0 (0) 1 (1)
Myasthenia gravis 0 (0) 1 (1)

Months of data per subject 10 (5–19) (1–42) 32 (16–44) (2–73)
Months missing per subject 0 (0–1) (0–9) 0 (0–2) (0–25)
Initial mode bilevel ST 7 (17) 13 (30)
Alive at study end 22 (52) 40 (93)
NIV started >1 year prior to available data 5 (12) 19 (45)

Data are presented as n, median (interquartile range) (range) or n (%). ALS: amyotrophic lateral sclerosis;
BMI: body mass index; FVC: forced vital capacity; % pred: % predicted; ST: spontaneous timed mode;
NIV: noninvasive ventilation.
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Comparisons between trajectories in ventilatory parameters between ALS and non-ALS (independent of
mode) and ST versus VAPS (independent of diagnosis) are shown in table 3. Differences between ST and
VAPS mode in ventilatory parameters over time in ALS and non-ALS groups are shown in figure 1 and
supplementary figures S8–S9. Interactions between trajectory in ventilatory parameters between groups and
modes were not statistically significant (p>0.15 for all).

Device usage
Baseline probability of device use for ⩾4 h averaged 92% (p<0.001) and use significantly increased over
time (p<0.001 for trend). Baseline use was lower for ALS versus non-ALS patients (p<0.001), but increased

TABLE 2 Settings and observed use from monthly data reports across all patients, by mode of ventilation

Bilevel ST VAPS

Patients 588 1211
ALS 70 (12) 443 (37)
Non-ALS 518 (88) 768 (63)
Mode
VAPS NA 1079 (88)
VAPS auto-EPAP NA 132 (11)
Spontaneous timed 588 (100) NA

Device
Respiratory assist device 558 (93) 839 (69)
Ventilator 30 (6) 372 (31)

Set EPAP (cwp) 5 (4–6) (3–12) 5 (4–6) (3–10)
Set respiratory rate (breaths·min−1) 14 (12–15) (8–22) 14 (14–15) (8–18)
Set V′A (L·min−1) NA 4.9 (4.0–5.9) (1.6–9.1)
Set IPAP (cwp) 15 (12–17) (8–21) NA
Nights ⩾4 h use (%) 100 (87–100) (0–100) 100 (90–100) (0–100)

Data are presented as n, n (%) or median (interquartile range) (range). ST: spontaneous timed mode; VAPS: volume-assured pressure support; ALS:
amyotrophic lateral sclerosis; EPAP: expiratory positive airway pressure; cwp: centimetres water pressure; V′A: alveolar ventilation; IPAP: inspiratory
positive airway pressure; NA: not applicable.

TABLE 3 Baseline values and change over time in observed ventilatory parameters

Group comparison Mode comparison

ALS Non-ALS ST VAPS

Tidal volume
Baseline (mL) 434 (384–483) 399 (356–443) 383 (332–433)** 450 (418–483)
Change (mL per month) 6 (3–10)# 0 (−2–2) 5 (2–8)* 1 (0–3)

Respiratory rate
Baseline (breaths·min−1) 17 (16–19) 17 (15–18) 18 (17–20)# 16 (15–17)
Change (breaths·min−1 per month) −0.1 (−0.2–0.0) 0.0 (−0.1–0.0) −0.1 (−0.2–0.0) 0.0 (−0.1–0.0)

aRSBI
Baseline (breaths·min−1·L−1) 43 (35–51) 47 (41–53) 51 (43–59)* 39 (34–44)
Change (breaths·min−1·L−1 per month) 0 (−1–0) 0 (0–1) 0 (−1–0) 0 (0–0)

Cdyn
Baseline (mL·cwp−1) 72 (60–84)# 54 (43–66) 60 (49–71) 66 (58–74)
Change (mL·cwp−1 per month) −0.8 (−1.4–−0.1) −0.3 (−0.6–0.1) −0.6 (−1.2–0.1) −0.5 (−0.8–−0.2)

Pressure support
Baseline (cwp) 6 (5–8)** 9 (8–10) 7 (5–8)* 8 (7–9)
Change (cwp per month) 0.2 (0.0–0.3) 0.1 (0.0–0.1) 0.1 (0.0–0.2) 0.1 (0.1–0.2)

Spontaneously triggered breaths
Baseline (%) 67 (47–87) 56 (44–65) 62 (47–78) 59 (46–72)
Change (% per month) −0.1 (−1.0–0.8) −0.3 (−0.6–−0.1) −0.5 (−1.3–0.4) 0.0 (−0.3–0.4)

Data are presented as mean (95% CI). Bold type represents statistical significance. Analysis includes trend comparison between amyotrophic lateral
sclerosis (ALS) versus non-ALS (model adjusted to be independent of mode) and bilevel spontaneous timed (ST) mode versus volume-assured
pressure support (VAPS) (model adjusted to be independent of diagnosis). aRSBI: assisted rapid shallow breathing index; Cdyn: dynamic compliance;
cwp: centimetres water pressure. *: p<0.05 for ALS versus non-ALS, or ST versus VAPS; **: p<0.01 for ALS versus non-ALS, or ST versus VAPS;
#: p<0.005 for ALS versus non-ALS, or ST versus VAPS.
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faster in ALS versus non-ALS patients (p<0.001). Baseline use was lower in ST versus VAPS mode
(p<0.001), but increased faster in ST versus VAPS (p<0.001). Significant differences between modes in the
change in use over time were noted between groups (p<0.001 for interaction; supplementary figure S10).

Breathing patterns: tidal volume versus respiratory rate
There was a statistically significant reciprocal relationship between tidal volume and respiratory rate; higher
respiratory rates were observed with lower tidal volume (p=0.001). When comparing by diagnosis, ALS
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demonstrated a substantially increased respiratory rate response to low tidal volume compared to non-ALS
patients (p=0.003 for interaction; figure 2).

Parameters associated with survival during NIV
23 subjects died within 90 days of the last available NIV data; all others were known to be alive within
90 days of the last available NIV data. Those who died were significantly older (median 69 (IQR 61–72)
years versus 53 (32–71) years), more likely to have ALS (87% versus 35%) and had fewer months of data
(13 (5–22) months versus 22 (11–42) months). Comparing those who did versus did not survive, baseline
probability of use of ⩾4 h was similar (OR 1.4, 95% CI 0.4–5.4; p=0.63), but nonsurvivors had a decrease
in use over time relative to survivors (OR 0.91, 95% CI 0.83–0.99; p=0.03; figure 3). Between survivors
and nonsurvivors, there was no significant difference in tidal volume at baseline (p=0.84) or trajectory
over time (p=0.59). There was no difference in respiratory rate at baseline (p=0.50) or over time (p=0.12),
aRSBI at baseline (p=0.81) or over time (p=0.70), Cdyn at baseline (p=0.32) or over time (p=0.64), pressure
support at baseline (p=0.53) or over time (p=0.33) or SB at baseline (p=0.31) or over time (p=0.44).

Discussion
The major findings of this study were that in patients with pulmonary complications of neuromuscular
disease 1) NIV prevents worsening ventilation (as measured by tidal volume and respiratory rate) over
time, but pressure support increases are generally needed in order to maintain stability; 2) ALS patients
have clear differences from non-ALS patients, including more rapid changes in ventilatory needs over time
and differences in breathing patterns; 3) VAPS mode appears to provide increased ventilation sustained
over time compared to ST mode; and 4) death despite NIV support was not attributable to any long-term
worsening ventilation parameters, but was associated with decreasing proportion of use.

An overall goal of home NIV in neuromuscular disease is to provide adequate support for weakened
respiratory muscles. While treatment of symptoms relating to weakness such as orthopnoea or poor sleep is
of clear importance, other potential targets for long-term titration strategy are not well established.
Maintenance of normal blood gas measures is a reasonable marker of adequate support, but pulse oximetry
may not fully capture ineffective ventilation, and carbon dioxide monitoring is not widely available. Other
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potential targets include maintaining stable ventilation at a “physiological” level, normalising ventilatory
drive to limit excess muscular strain or inactivity [28]. The RSBI is considered a marker of impending
respiratory failure that is well established in the intensive care setting [29]. Restoration of a physiological
breathing pattern with NIV can be quantified by the NIV-assisted RSBI, which has been validated as a
marker of adequate ventilatory support in the setting of acute respiratory failure (less so in chronic
respiratory failure) [30–32]. As measured by aRSBI, we observed that long-term NIV maintained an
overall stable control of respiratory effort. However, increases in pressure support were required to maintain
such stability, and the relationship encapsulated by aRSBI (i.e. decreasing tidal volume associating with
increasing respiratory rate) varies across individuals and disease states.

With regard to markers of ventilation effectiveness, we did not see any clear differences in ventilation
parameters between survivors and nonsurvivors. One might presume that worsening ventilation or
progressive respiratory failure physiology would portend poor outcomes in this group, but our observations
suggest that NIV support was equally adequate in both survivors and nonsurvivors, at least by available
metrics. In contrast, decreased proportion of use was associated with mortality. This seems to align with
other data regarding the importance of NIV adherence [33]. Conversely, worsening NIV use over time
could be confounded by other factors occurring at end-of-life, such as decreasing overall quality of life,
upper airway issues, hospitalisations, etc.

Long-term trends underscored differences between ALS and non-ALS patients. ALS patients appeared to
have small, but significant, increases in tidal volume over time, contrasting with stable tidal volume in
non-ALS patients. While pressure support did also increase in ALS patients over time, the Cdyn also
decreased suggesting worsening mechanics, which are likely to reflect progression of weakness, but also
might include worsening airway resistance and/or lung compliance. The reasons for these findings are
unclear, but could reflect increased symptoms of dyspnoea (with resulting adjustments made to increase
pressure support and tidal volume). Beyond the differences in rate of progression between ALS and most
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other neuromuscular diseases, ALS can also impact upper motor neurons and can have “patchy” muscle
group involvement allowing for (temporary) compensatory mechanisms, both of which might influence
breathing patterns and symptoms [34, 35].

We found potentially important differences between ST and VAPS modes of ventilation. Independent of
diagnosis, ST was associated with a lower baseline pressure and tidal volume, with a higher respiratory rate
and aRSBI, as has been reported previously [32]. Percentage of spontaneously triggered breaths were
similar, probably reflecting differences in backup rate between ST and VAPS (supplementary figures S11–
S12). Differences in ventilation may reflect the difficulty in setting an appropriate pressure support in the
setting of unknown lung mechanics, versus relative ease in setting an appropriate tidal volume for those
without parenchymal lung disease. We observed that manual adjustments made to ST settings did result in
increases in pressure support over time. However, ST failed to “catch up” with the VAPS mode.
Inadequate pressure support might result in excessive strain on respiratory muscles, excessive respiratory
drive, and more uncontrolled symptoms. For this reason, it appears that VAPS mode may be more
appropriate in neuromuscular patients, particularly those with a need for immediate respiratory assistance,
those with more rapidly changing needs over time, or those without close follow-up for ongoing titration.
Prior literature has suggested equivalency in modes, but did not examine long-term trends where
differences may be apparent [36, 37]. VAPS does have pressure limits that can restrict ventilation, while
automatic pressure increases might not be universally tolerated; superiority of one mode cannot be
universally concluded. We note that recent COPD guidelines have emphasised the use of ST modes, but
our findings suggest a need for NIV treatment strategies specific to neuromuscular disease [38].

Beyond long-term linear trends, we observed substantial variability both across and within subjects that
were not accounted for by neither mode of ventilation nor diagnosis. There is substantial interest in
developing predictors of impending decompensation for patients using NIV, in whom such events have
high morbidity and mortality. The degree of observed variability likely means that a “one-size-fits-all”
approach is not likely to be provide sufficient accuracy; rather, adaptive algorithms based on individual
data will be needed.

To our knowledge, this is the first study examining long-term objective data from NIV devices in patients
with neuromuscular disease. Nonetheless, there are important limitations. First, our dataset is retrospective
and lacks detailed information on symptoms and clinical issues (e.g. hospitalisations and causes of death).
Prospective studies incorporating such data are needed. Second, there may be survivorship bias. For
example, since one would expect that higher pressure support would associate with “sicker” patients with
greater risk of mortality, our analysis may underestimate changes in pressure support over time despite
using robust mixed-effects modelling. Third, our current data include a heterogeneous population in terms
of diagnoses, and not all patients have available data. We routinely utilise RPM to manage NIV, but
getting patients connected can be a challenge. We chose to restrict our subjects to those using a single
platform (ResMed AirView) from which we had the most available data. Fourth, we used summary
parameters from NIV devices. Issues such as leak may have variable effects on reported tidal volumes
along with the aRSBI [39]. Similarly, median measures (including use in calculations) may not fully
reflect breath-by-breath data. While our relatively large sample size and consistent analysis approach
should help mitigate issues, biased individual-level data and even parameter estimates are possible. Lastly,
we acknowledge that our data are from a single site and observational rather than a randomised trial, and
thus comparisons might not be fully generalisable and could include unmeasured confounding. However,
we believe these findings at our experienced centre are a reflection of real-world differences.

In conclusion, long-term NIV appears to keep ventilation stable for months to years in patients with
neuromuscular disease. Differences in parameters based on mode and underlying diagnosis highlight a
need for individualised NIV management and ongoing follow-up.
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