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A B S T R A C T   

Patients living with Amyotrophic Lateral Sclerosis (ALS) experience respiratory weakness and, eventually, failure 
due to inspiratory motor neuron degeneration. Routine pulmonary function tests (e.g., maximum inspiratory 
pressure (MIP)) are used to assess disease progression and ventilatory compromise. However, these tests are poor 
discriminators between respiratory drive and voluntary respiratory function at rest. To better understand ALS 
disease progression, we can look into compensatory strategies and how patients consciously react to the oc
clusion and the effort produced to meet the ventilatory challenge of the occlusion. This ventilatory challenge, 
especially beyond the P0.1 (200 ms and 300 ms), provides information regarding the patient’s ability to recruit 
additional respiratory muscles as a compensatory strategy. Utilizing a standard P0.1 protocol to assess respiratory 
drive, we extend the occlusion time analysis to 200 ms and 300 ms (Detected Occlusion Response (DOR)) in 
order to capture compensatory respiratory mechanics. Furthermore, we followed an Acute Intermittent Hypoxia 
(AIH) protocol known to increase phrenic nerve discharge to evaluate the compensatory strategies. Inspiratory 
pressure, the rate of change in pressure, and pressure generation normalized to MIP were measured at 100 ms, 
200 ms, and 300 ms after an occlusion. Airway occlusions were performed three times during the experiment (i. 
e., baseline, 30 and 60 minutes post-AIH). Results indicated that while AIH did not elicit change in the P0.1 or 
MIP, the DOR increased for ALS patients. These results support the expected therapeutic role of AIH and indicate 
the potential of the DOR as a metric to detect compensatory changes.   

1. Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a motor neuron disease that 
causes paralysis and, eventually, death due to respiratory failure 
(Kiernan et al., 2011; Zinman and Cudkowicz, 2011. While respiratory 
motor neuron degeneration leads to a gradual loss of inspiratory 
pressure-generating capacity (Iłżecka, 2003; Singh et al., 2011), resting 
minute ventilation may be preserved in the early stages of ALS through 
compensation of less-affected motor neuron pools (e.g., phrenic motor 
pools). Eventually, inspiratory motor neuron death exceeds the capacity 
for compensation, causing ventilatory failure and requiring the use of 
external breathing support (Iłżecka, 2003; Bourke et al., 2001; Lechtzin 

et al., 2002). 
To gauge the status and progression of ventilatory compromise in 

ALS patients, clinicians routinely measure maximal volitional respira
tory function, aiming to measure the remaining neuromuscular capacity 
of breathing. However, these routine clinical measurements may not 
distinguish between respiratory drive and voluntary function at rest. 
Differentiating between these two features is critical. Volitional function 
directs the feed-forward input for neuromuscular recruitment of respi
ratory muscles. In contrast, respiratory drive will direct the feedback 
from the brain stem and neurosensory inputs, such as chemoreceptors. 
This respiratory-driven sensory feedback dictates the internal “need" to 
breathe and can drive Work of Breathing (WoB). Thus, separating these 
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two measurements for ALS patients can depict the demand to breathe: 
signaled by the brain stem versus the physical volitional ability to recruit 
respiratory muscle to breathe. 

Currently, respiratory drive can be inferred by measuring the elec
trical activity of respiratory motor neurons (mainly the phrenic nerve in 
quiet breathing) or the diaphragm’s electrical activity. However, this is 
clinically challenging since these electrical measurements are invasive, 
time-consuming, and require specialized equipment. An alternative way 
to estimate respiratory drive is by measuring the static pressure gener
ated by the inspiratory muscles against an occluded airway at 100 ms 
after the onset of inspiration (P0.1) Whitelaw et al. (1975). Because the 
subject is unable to detect the occlusion before 100 ms, the P0.1 can be 
considered an automatic occlusion response (AOR). This makes the P0.1 
effort-independent, reproducible, and minimizes vagal influences 
because pressure swings do not lead to corresponding changes in volume 
Whitelaw and Derenne (1993). Since the P0.1 is a measure of respiratory 
drive, its amplitude is a function of hypercapnia, changes in central 
drive, neuromuscular transmission, and the underlying 
pressure-generating capacity of the respiratory muscles Whitelaw and 
Derenne (1993). This allows for the attenuation of intra-subject vari
ability between measurements and the removal of the volitional 
component of respiratory muscle recruitment. 

Converse to AOR, a detected occlusion response (DOR) occurs when 
an inspiratory occlusion is sustained beyond 100 ms, enabling the sub
ject to cognitively detect the occlusion. This detection of the occlusion 
directs the subject to respond to the inability to obtain the necessary 
airflow. Thus, the DOR generates a more variable pressure and has clear 
time-dependent changes within the shape of the pressure waveform, 
based on the subjects’ ability to meet the newly recognized demand of 
flow. These variable pressure changes could reflect different governing 
by the central pattern generator of breathing, an altered spinal reflex 
that intensifies part of the wave, the loss of a muscle that contributes to 
only one part of the respiratory cycle, or deterioration to a class of motor 
fibers that are mainly used in one part of the inspiration cycle Whitelaw 
and Derenne (1993). While prior studies of P0.1 provide insights into the 
AOR, careful study of the DOR may provide additional insights into our 
knowledge of respiratory drive and compensatory activities of the res
piratory muscle pump and whether these can be changed by disease or 
by therapies to preserve breathing function. 

Recently, the ALS community has found both high and low P0.1 
measurements in subjects who had depressed respiratory function Pinto 
et al. (2021). A portion of ALS patients are able to meet their alveolar 
ventilation demand through compensatory respiratory muscle recruit
ment paradigms, thus lowering their respiratory drive. However, when 
compensatory respiratory muscle recruitment paradigms cannot be 
deployed, their respiratory drive increases. Thus, these changes in 
amplitude within the P0.1 are indicators of the variability within 
compensatory respiratory drive. Additionally, animal studies of ALS 
illustrate substantial capacity for compensatory plasticity of accessory 
motor neuron pools to preserve breathing Seven et al. (2018). These 
changes in compensatory plasticity could potentially preserve respira
tory drive and breathing. Further, this capacity for compensatory plas
ticity suggests that the activation of accessory respiratory muscles may 
contribute to dynamic pressure generation in the DOR. Therefore, an 
increase in pressure in the DOR, potentially, suggests compensatory 
plasticity, providing a stronger recruitment of respiratory muscles. This 
improved compensatory plasticity is highly desired for ALS patients by 
prolonging their respiratory capacity. 

Current clinical management for ALS prioritizes the preservation of 
independent breathing for as long as possible. In addition to therapies 
designed to preserve airway clearance and strengthen the respiratory 
muscles (Lahrmann et al., 2003; Lange et al., 2006; Bourke et al., 2003; 
Cheah et al., 2009, a recent study evaluated the effect of a single session 
of acute intermittent hypoxia (AIH) on breathing in ALS Sajjadi et al. 
(2022). AIH is a well-characterized stimulus of respiratory plasticity. In 
this non-invasive intervention, individuals breathe brief episodes of 

mildly reduced inspired oxygen. Carotid body activation by hypoxia 
excites brain stem nuclei, leading to an increased rate and depth of 
breathing, as well as raphe nuclei, which triggers episodic serotonin 
release. AIH-induced serotonin-mediated cellular signaling on phrenic 
motor neurons leads to strengthened synaptic inputs to motor neurons 
Seven et al. (2018), enabling a potential increase in pressure generation 
in breathing. When compared to administration of normoxia, a single 
session of AIH led to increased tidal volume and minute-ventilation in 
both ALS and unaffected controls 60 minutes later but had no effect in 
maximal inspiratory pressure generation Sajjadi et al. (2022). This leads 
to our fundamental research question regarding an increase in 
compensatory plasticity through the induction of AIH by evaluating the 
pressure at different occlusion times (AOR and DOR) within ALS and 
healthy controls. 

The primary objectives of this study were to (1) compare AOR and 
DOR of patients with ALS to unaffected age and sex-matched controls 
and (2) identify whether AIH-induced facilitation of minute ventilation 
would be accompanied by changes in AOR and DOR. To address these 
objectives, we imposed a brief, intermittent inspiratory occlusion during 
resting breathing. We then evaluated absolute pressure, the rate of 
change of pressure (slope), and pressure normalized by MIP of the 
subject (P/MIP) at three time points: 100 ms, 200 ms, and 300 ms after 
the occlusion. The occlusion test was completed at baseline and repeated 
30 and 60 minutes after a single AIH session. 

2. Methods 

2.1. Subjects 

Eligible participants included adults aged 21–75 years, diagnosed 
with bulbar or spinal onset ALS, or age and sex-matched unaffected 
controls. Eligible adults had a baseline Forced Vital Capacity (FVC) > 60 
% predicted for age, sex, and height. ALS participants did not require 
external breathing support while awake and upright, had an ALSFRS-R 
score > 33, were not pregnant, and were not currently participating in 
a clinical trial for ALS-modifying drugs. Study procedures were 
approved by the Institutional Review Board of the University of Florida 
and conformed to the standards set by the Declaration of Helsinki. 
Written informed consent was obtained from all participants. This was a 
sub-analysis of NCT #03645031. 

Twenty-three subjects within the broader study cohort consented to 
participate and completed the entire study: 10 healthy adult subjects 
and 13 adults with ALS. Data from four healthy adults and four ALS 
patients were excluded due to excessive noise and motion artifacts that 
precluded analysis and interpretation. Thus, we utilized pressure and 
flow data from 15 participants: six from the control group and nine from 
the ALS group. Demographic information of the participants is presented 
in Table 1. 

2.2. Study protocol 

Screening Session Subjects that consented to participate were 
subjected to a screening session prior to the beginning of the study. 
Screening included a detailed medical and pharmacological history, FVC 
testing and a resting 3-lead ECG. Subjects’ FVC were tested while seated 
upright, according to established recommended guidelines Laveneziana 
et al. (2019). 

Resting Breathing and P 0.1 Resting breathing and inspiratory oc
clusion pressure responses were measured at baseline, 30 min post-AIH, 
and 60 min post-AIH. Patients wore a fitted face mask (V2, Hans 
Rudolph) connected in series to a heated pneumotach (HR 3813) and a 
two-way non-rebreathing valve (HR 2700). Participants were tested 
while sitting upright in a recliner. Flow and pressure data were recorded 
at a sampling frequency of 1000 Hz using PowerLab (16/30, ADInstru
ments). After acclimating to the respiratory circuit, a minimum of 5 min 
of resting breathing was acquired. Then pressure responses were 
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measured during brief inspiratory occlusions. Manual occlusions of the 
inspiratory port were applied during exhalation and released shortly 
after inspiratory efforts were visualized by the investigator (within 0.5 
s). End Tidal CO2 (ETCO2) was sampled continuously (Gemini Respira
tory Gas Analyzer). MIP was recorded at the end of the P0.1 trial. A 
minimum of three MIP trials were performed until three efforts within 
10 % variability were achieved. 

Acute Intermittent Hypoxia. After baseline tests, subjects received 
a single poikilocapnic AIH session. Subjects were seated upright in a 
recliner for the trial. A commercially available hypoxia generator 
(Everest Summit II Hypoxico) delivered fifteen, 1-minute bouts of 10 % 
oxygen to participants through a non-rebreathing facemask, targeting a 
SpO2 nadir of 80–85 %. Hypoxic episodes alternated with 2-minute 
bouts of normoxia with the facemask removed and a return of SpO2 
> 94 %. Research personnel applied and removed the facemask from 
subjects. Vital signs were monitored throughout the AIH sessions. 
Resting breathing data and P0.1 was re-recorded 30 and 60 min after the 
AIH session. 

2.3. Determining occlusion onset & pressure features 

The signal’s mean for the pressure and flow were removed and 
filtered with a low pass FIR filter at 15 Hz with 200 dB stopband 
attenuation to remove unwanted high-frequency noise. To find the start 
of the airway occlusion, we looked at zero-crossing points for flow and 
related those points to where the pressure was zero. Points that fit this 
criterion were compared to peaks at the pressure signal. The closest 
zero-crossing flow point, before a pressure peak, was defined as the 

onset of an occlusion. These points were then confirmed with visual 
inspection. Figure 1 shows the onset of an airway occlusion in the 
pressure signal. In total, there were 386 airway occlusion occurrences in 
the data set: 169 from the control group and 217 from the ALS group. 

After determining the inspiratory airway occlusion onset, we eval
uated inspiratory pressure at three time points: 1) 100 ms after the onset 
of the airway occlusion (P0.1); 2) 200 ms after the onset of the airway 
occlusion (P0.2); 3) and 300 ms after the onset of the airway occlusion 
(P0.3). These points were carefully chosen to track the change in pressure 
before the subject is aware of the occlusion and moments after the 
subject detects the inspiratory load. All occlusions were verified to 
ensure a duration of, at least, 400 ms. At each of these three time points, 
a rate of change of pressure (slope) value was also calculated (SP0.1 , SP0.2 

and SP0.3 ), using the least-squares fit method Golub (1965). These mea
surements are visually represented in Figure 1. As a way to normalize 
pressure difference amongst the subjects, we utilized the baseline MIP to 
calculate the ratio of the pressure between a certain time point and 
baseline MIP, P/MIP, during the occlusion time. This was achieved by 
dividing the P0.1, P0.2 and P0.3 by the baseline MIP of the subject, 
creating P0.1/MIP, P0.2/MIP and P0.3/MIP, respectively. 

2.4. Statistical analysis 

The features derived from the data were analyzed by means of a 
mixed-effects model with Cohort (control and ALS), AIH Stage (baseline, 
30 min post and 60 min post), and Time After Occlusion (100 ms, 
200 ms, and 300 ms) as fixed effects and subject ID as a random effect. 
Parametric bootstrap was used to assess statistical significance Faraway 

Table 1 
Demographics of study participants.  

Subject ID Cohort Height (m) Weight (kg) BMI Age Sex ALS-FRS/48 FVC (% Predicted) Onset Type Use of NIV Time since diagnosis (years) 

1 ALS 1.68 66.67 23.72 68 M 39 103 % Limb No 4 
2 ALS 1.70 55.51 19.17 59 F 42 113 % Bulbar CPAP 1 
3 ALS 1.81 81.00 24.75 69 M 38 81 % Limb No 6 
4 ALS 1.78 71.80 22.66 69 M 40 75 % Limb No 10 
5 Control 1.62 63.90 24.35 60 F – 132 % – No – 
6 ALS 1.85 86.10 25.04 71 M 34 68 % Limb CPAP 2 
7 ALS 1.69 75.80 26.63 64 F 42 88 % Limb No 1 
8 ALS 1.71 75.30 25.75 72 M 40 82 % Limb No 1 
9 Control 1.70 77.10 26.68 72 M – 90 % – No – 
10 Control 1.82 85.70 26.02 71 M – 101 % – No – 
11 Control 1.71 71.10 24.32 61 M – 86 % – No – 
12 Control 1.59 56.20 22.23 66 F – 105 % – No – 
13 Control 1.72 62.80 21.18 75 M – 102 % – No – 
14 ALS 1.78 98.20 31.06 73 M 35 106 % Limb No 2 
15 ALS 1.83 84.70 25.29 56 M 45 81 % Bulbar No 1  

Fig. 1. Representative inspiratory pressure wave during P0.1 in an ALS patient. Occlusion points were determined by detecting the zero-crossing points in the flow 
signal and selecting the zero-crossing point immediately before the negative pressure peak. P0.1, P0. 2 and P0. 3 were defined as the pressure 100 ms, 200 ms and 
300 ms after the occlusion, respectively. 
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(2016). The criterion of significance was set at p < 0.05. To identify any 
potential drift in ETCO2, values at the first and last minute of each P0.1 
test were compared using a repeated-measures ANOVA with cell means 
contrasts. Then, a repeated-measures ANOVA was used to test whether 
the time post-AIH or subject group affected the ETCO2 recorded during 
the P0.1 trial. Data are reported as mean ± standard deviation. Sper
man’s correlation between demographic data (Age, Weight, Time after 
ALS, Onset Type, and Use of NIV) and change in respiratory metrics after 
AIH (ΔP0.1,ΔP0.3,ΔSP0.1 ,ΔSP0.3 ,ΔP0.1/MIP, ΔP0.3/MIP) was calculated. To 
further test for correlation between categorical data and change in res
piratory metrics, we used the Wilcoxon rank-sum test to test for differ
ence in respiratory metrics between ALS patients using NIV or not and 
ALS onset type. 

3. Results 

Tables 1 and 2 display the demographics and standard respiratory 
measures of the 15 participants, respectively. No significant between- 
group differences were observed for age (p = 0.82), BMI (p = 0.61), 
or weight (p = 0.23), indicating that groups were well-matched on age, 
weight, sex, and BMI. Table 1 shows the respiratory measures at each 
AIH stage (e.g., Post 30 min). No statistical difference between the co
horts was found for FVC. A main effect between ALS and the control 
cohort was observed for the MIP baseline (p = 0.04). However, no main 
effect between ALS and the control cohort was observed for MIP for the 
AIH treatment post 60 minutes. Additionally, no significant time effects 
(baseline, post 30, and post 60) were found for MIP. Thus, isometric 
maximal-effort volitional tests were not able to capture the effect of AIH. 
During each P0.1 assessment, ETCO2 was within normal limits for each 
group and fluctuated little over the course of each P0.1 test. No signifi
cant group or time effects were found for ETCO2, suggesting that AIH did 
not impact ventilation. 

Table 3 describes the respiratory features extracted from the pressure 
data of the 15 subjects. Table 4 indicates significant results from the 
mixed-effects model analysis. An evident main effect of Time After Oc
clusion (100 ms, 200 ms, and 300 ms) can be seen across the three times 
points due to the pressure changing drastically as it transitions from 
AOR to DOR. No main effect of Cohort (ALS and control) or AIH stage 
(baseline, 30 min post, and 60 min post) is observed alone. This result 
indicates that not considering the different occlusion times fails to 
discriminate between the two groups. The two-way interaction between 
cohorts and AIH Stage is significant for the slope feature, with a slight 
increase of the slope for the control group after the AIH. In contrast there 
is a decrease in slope for the ALS group. In two cases, the P/MIP feature 
was the only variable to show significance in 1) a two-way interaction 
between Cohort and Time After Occlusion; 2) and a two-way interaction 
for AIH Stage and Time After Occlusion. P/MIP was also more significant 
than pressure or MIP alone, demonstrating that relating these two var
iables provides even more insights than analyzing them individually. 
These results confirm that the shape of the pressure waveform is 

impacted by both ALS and AIH. The three-way interaction for Cohort, 
AIH Stage, and Time After Occlusion was deemed significant for the 
pressure and P/MIP ratio features. While we see a constant negative 
increase in pressure for the control group as time after AIH advances, the 
ALS cohort presents a negative decrease 30 min post-AIH and an in
crease 60 min post-AIH. This observed increase at 60 min after AIH is 
compatible with the time required to increase synthesis of brain-derived 
neurotrophic factor (BDNF), necessary to cause phrenic long-term 
facilitation Baker-Herman et al. (2003). 

We demonstrate weak but significant Spearman’s correlation be
tween age of ALS patients and ΔP0.3(ρ = 0.24,p = 0.04), ΔSP0.1 (ρ = 0.30,
p = 0.01), ΔSP0.3 (ρ = 0.26, p = 0.03) and ΔP0.3/MIP (ρ = 0.24, 
p = 0.04). However, when pre-AIH metrics and post-AIH metrics were 
analyzed separately, we see a correlation between age and P0.3 (ρ = −

0.33, p = 0.003), SP0.1 (ρ = − 0.24, p = 0.03), SP0.3 (ρ = − 0.35, 
p = 0.001) before AIH, but no correlation is significant after AIH. The 
one-way ANOVA analysis showed no significant statistical difference 
between changes in respiratory metrics of patients with limb ALS onset 
versus patients with bulbar ALS onset. The only respiratory metric to 
show statistical difference between patients with limb ALS onset versus 
control were ΔP0.3 and ΔSP0.3 (p = 0.02 and p = 0.002). ΔP0.3 was also 
significantly different between patients with bulbar ALS onset versus 
control (p = 0.02). The Wilcoxon rank-sum test reported significantly 
different ΔP0.1/MIP and ΔP0.3/MIP between ALS patients who use NIV 
and those who do not. These results have to be interpreted with caution 
due to the small sample size. 

4. Discussion 

The three primary findings from this study demonstrate that: 1) ALS 
patients have a higher negative pressure response to the occlusion than 
the control cohort at 300 ms; 2) AOR did not significantly change 
following AIH; 3) DOR of ALS patients significantly increased after AIH. 
These findings suggest the presence of both a preserved central respi
ratory drive and a robust compensatory pressure-generating capacity in 
this cohort of early-stage ALS patients. The results also support the ex
pected outcome for AIH, which is not an increase in central drive but an 
increase in the DOR. Therefore, AIH is not driving the patient’s respi
ratory system harder indiscriminately but providing additional respi
ratory capacity when a respiratory requirement is detected. Thus, the 
data suggest AIH allows patients to regulate and provide the necessary 
neuroplasticity to adjust their respiratory capacity. This personalized 
regulation prevents chronic elevations of central respiratory drive and 
avoids glutamate excitotoxicity, a potential contributor to motor neuron 
death in ALS, leading to further respiratory decompensation Seven and 
Mitchell (2019). This would be analogous to having a car engine 
continuously revving at its maximum revolutions per minute (RPMs), 
leading to the engine eventually overheating and failing, as well as the 
inability to regulate the car’s ability to overcome new challenges (e.g., 
speeding up to pass another car). Proving patients with the ability to 
overcome these challenges, represented here by an unexpected respi
ratory load, might be critical to help with common issues that ALS pa
tients go through, such as airway clearance and meeting new physical 
demands. 

The analysis of the DOR demonstrates the importance of assessing 
pressure at later time points to understand the effects of AIH in both 
cohorts. AIH did not show any significant impact on the subjects until 
the pressure of an occlusion sustained for, at least, 200 ms was analyzed. 
Therefore, although the AOR of the subject is a great surrogate mea
surement for the respiratory drive, the DOR measurement is imperative 
to capture intrinsic attributes of the inspiratory pressure waveform. 
Capturing the response to an unexpected respiratory load, such as an 
occlusion, might also be more efficient in assessing respiratory function 
and how compromised patients can meet new respiratory challenges. 
Conversely to DOR, tidal volume and maximal-effort volitional tests 
such as sniff nasal inspiratory pressure (SNIP), MIP, or FVC are affected 

Table 2 
Standard Respiratory Measurements. Data are expressed as mean ± standard 
deviation.  

Control  

Baseline Post 30 Post 60 

FVC(%)  102.7 % ± 16.2 %  —  — 
ETCO 2  39.3 ± 5.6  40.6 ± 5.0  40.1 ± 6.2 
MIP  105.1 ± 23.2  —  102.0 ± 29.5  

ALS  

Baseline Post 30 Post 60 

FVC(%)  88.6 % ± 15.3  —  — 
ETCO 2  41.3 ± 2.7  41.3 ± 2.7  41.0 ± 2.6 
MIP  73.4 ± 24.7  —  70.6 ± 23.89  
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by sedation and certain medications Olsen et al. (2021), as well as effort, 
learning, and cognitive involvement. Assessing respiratory function 
with occlusions at quiet breathing removes these variables, putting 
subjects affected or not by disease at the same comparison level. 
Therefore, when we extend our analysis to the DOR, we are able to 
capture both the unconscious response and the subject’s individual 
response to the load. Future work may explore other methods to char
acterize the AOR and DOR, such as frequency decomposition Napoli 
et al. (2022). 

Our P0.1 findings are in alignment with those of previous studies that 
used P0.1 to measure respiratory drive in ALS patients and characterize 
breathing dynamics (Vitacca et al., 1997; Pinto et al., 2021. Vitacca and 
coworkers Vitacca et al. (1997) measured P0.1 from non-occluded 
breaths using an esophageal catheter, and they noted a preserved 
drive in ALS patients, even among those with progressive respiratory 
weakness. Pinto and coworkers Pinto et al. (2021) measured P0.1 in a 
large cohort of adults living with ALS during their first clinical visit. P0.1 
was expressed as both a percentage of reference P0.1 value and a per
centage of MIP. Many patients exhibited a high central drive, but wide 
variability in P0.1 was noted among those approaching respiratory fail
ure. While occlusions are conventionally applied and are undetected 
during quiet breathing, Pinto and coworkers measured P0.1 while 
instructing patients to complete an inspiratory effort against a known 
occlusion Pinto et al. (2021). Thus, it is uncertain if fluctuations in P0.1 
reflected fundamental differences in clinical phenotype, a metabolic 
compensation, or alternatively, if the variability could be attributed to 
differences in subjects’ voluntary/conscious pressure generation. Our 
findings suggest that, when occlusion was presented as an undetected 
stimulus, larger group differences occurred later in the inspiration effort 
(P0.2, P0.3) as DOR’s. These time points are typically attributed to 
voluntary compensatory efforts Whitelaw et al. (1975). 

In regards to the relationship between patients’ age and inspiratory 
effort (P0.3, SP0.1 and SP0.1 ), we suspect that the change in correlation, 
from significant before AIH to non-significant after AIH, may be due to 
several factors. One relationship that the data clearly identified was that 
not everyone responded similarly to the AIH perturbation. This could be 
because some people responded more favorably (e.g., super-responders) 
than others. Therefore, this may create a subset of patients who benefit 
more from AIH protocols than others. Future studies should examine this 

more closely in a healthy population, at first, to determine the signifi
cance of this relationship beyond a subset of individuals. Furthermore, 
AIH seemed to have a higher impact on older ALS patients than on 
younger patients, thus leading to almost 0 correlation after AIH. While 
there is no research on humans yet, a study on rodent models has shown 
that pLTF is enhanced in end-stage SOD1G93A rats (Nichols et al., 2013, 
2015). Further examination in a larger cohort is required to verify this 
hypothesis. 

With respect to AIH and its effect in P0.1, Sutor and colleagues Sutor 
et al. (2021) measured P0.1 responses to a single trial of AIH in stable 
adults with chronic spinal cord injury. Similar to our results, they found 
baseline P0.1 remained normal and did not change following a single 
session of AIH. However, MIP significantly increased after AIH, sug
gesting that AIH-induced gains in voluntary function may occur inde
pendently of an increased respiratory drive. Initial pilot testing of AIH in 
ALS revealed significant increases in resting breathing, including tidal 
volume, minute ventilation, and respiratory muscle EMG amplitude 
Sajjadi et al. (2022). Since AIH increased later inspiratory pressure 
generation in ALS without impacting P0.1, we speculate that 
AIH-triggered synaptic plasticity augmented patient’s compensatory 
respiratory muscle recruitment in response to occlusions without 
significantly altering the underlying drive. We note a larger variance 
observed within the ALS group, which could be due to the heteroge
neous nature of the disease. Alternatively, it may represent distinct 
compensatory muscle recruitment patterns facilitated by AIH. These 
issues require further study in a larger cohort with approaches that can 
capture statistical biases from missing or unaccounted information 
Napoli et al. (2017). 

4.1. Strengths and limitations of the study 

Resting breathing and occlusion pressure response measurements 
were conducted using a silicone facemask to overcome potential air 
leaks due to bulbar involvement of patients. The P0.1 responses for pa
tients and controls appear lower than values reported elsewhere Baydur 
(1991), but this could be attributed to the compliance of the mask, as 
compared to a mouthpiece. However, the use of a mask enables P0.1 
measurement while minimally affecting the patient’s swallowing abil
ity. Thus, allowing the pressure measurement to be consistent and pre
cise cross recorded subjects. 

A strength of the study is the impact of the dose response of the AIH 
had on the subject. Strictly utilizing a single therapeutic session of AIH, 
we demonstrated a substantial increase in respiratory capacity for ALS 
compromised patients to meet new challenging respiratory demands. In 
addition subjects demonstrated that the AIH therapeutic session were 
well-tolerated and safe for a compromised patient population. This is 
crucial to document the tolerance of procedures when studying critically 
ill patient populations, which as been also previously reported in 
existing literature. Due to the tolerance and positive impact of AIH, 
future studies should include larger subject cohorts to explore various 

Table 3 
Respiratory features extracted from P0.1 trials. Data are expressed as mean ± standard deviation.  

Respiratory Features  

Control ALS  

Baseline Post 30 Post 60 Baseline Post 30 Post 60 

P 0.1 − 0.591±0.407 − 0.586±0.459 − 0.430±0.520 − 0.827±0.582 − 0.748±0.519 − 0.893±0.750 
P 0.2 − 1.932±0.871 − 1.765±0.861 − 1.513±1.143 − 2.274±1.135 − 2.082±1.066 − 2.546±1.490 
P 0.3 − 3.244±1.170 − 2.984±1.110 − 2.618±1.543 − 3.730±1.690 − 3.499±1.573 − 4.073±2.099 
S P0.1 − 8.709±4.598 − 8.004±5.310 − 7.030±6.252 − 11.235± 6.658 − 10.208± 6.521 − 12.574± 7.949 
S P0.2 − 13.559±5.882 − 11.933± 4.961 − 10.969± 7.263 − 14.607± 6.794 − 13.248± 6.606 − 16.698± 8.355 
S P0.3 − 13.134±4.848 − 12.201± 4.174 − 11.097± 5.716 − 14.616± 7.529 − 14.201± 6.966 − 15.348± 7.835 
P 0.1∕MIP − 0.006±0.004 − 0.006±0.005 − 0.004±0.005 − 0.013±0.012 − 0.011±0.009 − 0.015±0.016 
P 0.2/MIP − 0.019±0.010 − 0.018±0.010 − 0.015±0.012 − 0.034±0.023 − 0.031±0.020 − 0.043±0.034 
P 0.3/MIP − 0.032±0.013 − 0.029±0.012 − 0.026±0.016 − 0.055±0.032 − 0.052±0.031 − 0.068±0.049  

Table 4 
Significance p-values obtained using a Mixed-Effects Model for Repeated Mea
sures at Baseline, Post 30 and Post 60 for each respiratory feature.   

Pressure Slope P/MIP 

Time After Occlusion < 0.001a < 0.001a < 0.001a 
Cohort × AIH Stage 0.317 0.019a 0.507 
Cohort × Time After Occlusion 0.317 0.450 < 0.001a 
AIH Stage × Time After Occlusion 0.233 0.637 0.006a 
Cohort × AIH Stage × Time After Occlusion 0.036a 0.899 0.011a  

a p < 0.05 
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protocols of AIH delivery (i.e., number AIH sessions, durations,etc.) to 
the optimally impact prolonged respiratory benefits. 

4.2. Clinical significance 

Clinical maximal volitional respiratory function tests used to monitor 
ALS patients may be insufficient at measuring respiratory drive. The 
current study outlined how measuring inspiratory occlusions at three 
different time points may be a more sensitive measure at detecting 
central respiratory drive within neuromuscular diseased patient pop
ulations. Such measurements could provide insights to practitioners and 
offer better management of respiratory symptoms with earlier detection 
of ventilatory failure. AORs and DORs were utilized to better charac
terize respiratory drive and pressure-generated waveforms pre-and post- 
AIH administration. Following a single session of AIH, DORs measured 
60 min post-AIH demonstrated a significant change in respiratory 
outcome. The AOR and DOR analysis indicate a potential increase in 
pressure-generating capability without a large increase in central res
piratory drive, despite increased minute ventilation for ALS patients. 
This also supports AIH as a safe treatment for ALS. This is due to not 
continuously driving the patient’s respiratory drive higher unnecessarily 
but providing additional pressure when a load is detected and must be 
overcome. This additional support for inspiratory drive, when neces
sary, can help prolong unassisted breathing for ALS patients without 
causing fatigue. This potential gain can help improve quality of life and 
clinical measurements (e.g., ALSFRS-R). Although these changes were 
observed following a single session of AIH, additional sessions are 
necessary to further evaluate the clinical utility and maintenance of 
therapeutic benefits. 

5. Conclusion 

This study investigated subjects’ inspiratory pressure response to 
unexpected airway occlusion. We demonstrate that going beyond the 
100 ms time point after an occlusion provides valuable information to 
better understand the effects of AIH in ALS patients versus their control 
counterparts. Along with the new time points, we also demonstrate that 
the metrics proposed in the paper allow us to characterize changes in the 
shape of the occlusion pressure wave. While AIH did not significantly 
impact the underlying respiratory drive or the MIP of patients or con
trols, AIH elicited apparent facilitation of voluntary compensatory 
pressure generation in those with ALS. This effect, however, is only seen 
when extending the pressure analysis to 200 ms and 300 ms post- 
occlusion. These findings are consistent with a potential role for AIH 
as a means to enhance respiratory motor function in earlier stages of ALS 
without excessively increasing respiratory drive. Due to the heteroge
neous nature of ALS and lack of neuro-respiratory prognostics tools, 
follow-up experiments and analyzes are needed. New approaches are 
needed to improve the identification and distinctions in the pressure- 
generating capacity of patients, functional flow dynamics, and optimal 
AIH protocols that would generate the best respiratory motor facilitation 
for neuromuscular diseased patient populations whose breathing be
comes compromised. 
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