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Abstract

Background: Respiratory impairment is a major concern in amyotrophic lateral sclerosis (ALS), shortening survival and
lowering quality of life. One therapy with promise to delay respiratory decline in ALS is acute intermittent hypoxia (AIH),
consisting of alternating periods of breathing mildly hypoxic (9%-12% O2) and normoxic (21% O2) gas. AIH stimulates spinal,
serotonin-dependent neuroplasticity in rodent models, conferring functional benefits in diverse physiological systems without
detectable pathology. However, in rodent models, AIH-induced neuroplasticity is constrained by distinct signaling cascades
initiated by spinal adenosine.

Objective: We propose to investigate a therapeutic strategy to delay breathing compromise in those living with ALS by combining
a selective adenosine 2A (A2A) receptor inhibitor (istradefylline) with AIH. The fundamental hypothesis guiding this proposal
is that a single AIH trial after pretreatment with istradefylline enhances respiratory neuroplasticity versus AIH or sham intervention.

Methods: We propose to evaluate resting breathing, respiratory strength, and participant-reported symptoms in adults living
with ALS after combined istradefylline plus AIH. A mixed within- and between-participant study design incorporates 4 test
sessions, separated by approximately 2 weeks (±5 days). Testing conditions include single sessions of AIH + istradefylline, AIH
+ placebo, sham AIH (ie, normoxia) + placebo, and sham AIH + istradefylline. Safety and feasibility will be characterized using
the rate of adverse events, changes in vital signs, and participant-reported breathing sensations (Aim 1). Neuroplasticity of
breathing and motor function will be evaluated as changes in resting breathing, voluntary respiratory strength, respiratory control,
and maximal pinch force (Aim 2).
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Results: As of January 2025, with a target sample of 16 participants in each group, 10 participants with ALS and 5 control
participants completed study procedures. Recruiting is ongoing, and the final participant will complete the study by December
2025. Publication of results is expected by the end of 2026.

Conclusions: These aims will provide crucial data regarding the preliminary safety and feasibility of this paired intervention
and help optimize therapeutic AIH as a rehabilitation strategy, thereby guiding further research concerning this novel treatment
for ALS.

Trial Registration: ClinicalTrials.gov NCT05377424; https://clinicaltrials.gov/study/NCT05377424

International Registered Report Identifier (IRRID): DERR1-10.2196/76105

(JMIR Res Protoc 2025;14:e76105) doi: 10.2196/76105
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Introduction

Overview
Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disorder characterized by motor neuron death
in the primary motor cortex, brain stem, and spinal cord, leading
to muscular weakness and atrophy [1,2]. ALS can lead to
progressive, variable weakness of the skeletal muscles involved
in swallowing, speaking, coughing, limb movement, trunk
control, and breathing. Respiratory muscle denervation causes
diaphragm and accessory muscle weakness, hypoventilation,
dyspnea, and orthopnea [3,4]. Ineffective airway clearance and
aspiration result from bulbar denervation. Respiratory and bulbar
dysfunction lead to the need for mechanical ventilation [5],
shortened survival, and diminished quality of life [6]. Typical
survival is 2-5 years post diagnosis [7]. Treatments that preserve
or improve breathing would have a considerable impact on the
duration and quality of life.

Acute intermittent hypoxia (AIH) consists of short, repeated
exposures to mild or moderate hypoxia (9%-12% O2), separated
by normoxic episodes (21% O2). Hypoxic episodes activate the
carotid body chemoreceptors, sending chemoafferent signals to
stimulate medullary respiratory neurons [8] as well as brain
stem raphe neurons that contain the neurochemical serotonin.
When this neural network is repeatedly stimulated during AIH
[9], serotonin release from the raphe neurons triggers cell
signaling pathways resulting in new synthesis of brain-derived
neurotrophic factor protein. In turn, brain-derived neurotrophic
factor strengthens synapses onto respiratory (and nonrespiratory)
motor neurons [10-12], increasing respiratory motor output.
AIH-induced motor plasticity was first described as a persistent
enhancement of phrenic neural activity lasting hours after AIH
has ended, an effect known as phrenic long-term facilitation
(pLTF); a similar effect occurs in hypoglossal motor neurons
[13,14]. pLTF is a form of activity-independent,
neuromodulator-induced neuroplasticity that exhibits sensitivity
to the pattern of hypoxic episodes and time of day [8,15,16].
Repeated AIH appears to amplify and prolong pLTF without
detectable pathology [17-20], Thus, AIH may induce respiratory
rehabilitation in ALS as well as other neurological conditions
that compromise breathing [21].

Our group recently completed the first clinical trial of AIH
administration in patients with ALS compared with unaffected
controls. In this study, AIH enhanced tidal volume, minute
ventilation, and collective respiratory muscle activation of
participants living with ALS versus age- and sex-matched
controls. Importantly, AIH was well-tolerated and free of
treatment-related adverse effects; the participants typically could
not distinguish between AIH versus sham AIH (ie, normoxia)
[22].

While the modest AIH used in rehabilitation typically elicits
motor facilitation via a serotonin-dependent mechanism (Gq
protein–coupled receptor signaling [termed the “Q” pathway])
[8,14,23,24], an alternative AIH-induced signaling pathway
results from adenosine (Gs protein–coupled receptor signaling
[termed the “S” pathway]) [25-28], acting on adenosine 2A
(A2A) receptors [29]. Serotonin and adenosine signaling oppose
one another through powerful cross-talk inhibition; in extreme
cases, this “battle” cancels phrenic motor plasticity [28,30-32].
Although both serotonin and adenosine receptors can be
activated during mild hypoxia, the serotonergic “Q” pathway
predominates. However, multiple personal characteristics,
disease states, and treatment factors upregulate the adenosinergic
“S” pathway, sufficiently to inhibit plasticity (Figure 1),
including aging [33], low estrogen [33-35], inflammation [36],
active phase delivery [37], genetic factors [33], and traumatic
or neurodegenerative diseases [38].

In rodent models of spinal cord injury, an increased pLTF was
observed after the administration of paired AIH and the A2A
receptor inhibitor istradefylline [31]. In a subsequent clinical
study, the impact of combined AIH and caffeine, a nonselective
adenosine antagonist, found the combined approach further
improved walking speed and distance in people with chronic
spinal injuries [39]. Thus, combined AIH and A2A receptor
antagonism may amplify respiratory motor plasticity [40].
However, since caffeine is a nonselective adenosine antagonist
that also inhibits phosphodiesterase action, off-target effects
such as nausea and elevated heart rate (HR) could limit its use
in the doses needed to augment AIH plasticity. This study uses
istradefylline for its greater affinity for the A2A receptor and
its tolerance in clinical studies of older adults and those with
Parkinson disease (PD).
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Figure 1. Competing serotonin- (Q) and adenosine-driven (S) pathways to phrenic motor facilitation. Listed on the right are factors that impact
serotonin-dominant plasticity due to increased adenosinergic “S” pathway inhibition. By combining istradefylline with mild acute intermittent hypoxia
(AIH), this protocol aims to minimize crosstalk inhibition by reducing S to Q pathway inhibition, allowing full expression of the “Q” pathway.

Elevated spinal adenosine is a characteristic of
neurodegenerative diseases, such as ALS [41,42]. In the

SOD1G93A (copper zinc superoxide dismutase 1) mouse model
of ALS, A2A receptor signaling contributed to motor neuron
degeneration, while A2A receptor antagonism delayed disease
progression [42]. A2A antagonism can also have neuroprotective
and anti-inflammatory effects in motor neurons [43].
NOURIANZ (istradefylline) is a highly selective A2A receptor
antagonist currently approved for use in adults with PD to offset
inhibitory effects of upregulated A2A receptors on D2 dopamine
receptors of the basal ganglia [44]. Istradefylline reduces daily
“off” time in people with PD, improving periods of mobility,
and is reported safe and well tolerated [45]. Dyskinesia (5%)
and hallucinations (3.4%) were the most common side effects
associated with longer-term use [46], but cognition, sedation,
or risk of cardiovascular events were not impacted [47].
Considering the demonstrated safety of chronic istradefylline
in PD and healthy controls, we hypothesize that this brief,
temporary treatment will be safe in ALS.

We further hypothesize that the combination of istradefylline
and AIH, in patients with ALS, will elicit greater gains in
respiratory and nonrespiratory motor function than either
intervention alone, and that will contribute to improvements in
breathing and motor function. In a rodent model of phrenic
motor neuron death, significant A2A receptor upregulation
preceded motor neuron loss, but the coadministration of
istradefylline improved motor neuron survival and maintained
diaphragm function [43]. The information gained in this
investigation will help us optimize intervention approaches for
future studies of repeated, daily AIH as a rehabilitation tool.
Thus, this study represents an important step in the iterative
process of moving AIH protocols toward clinical practice.

Aims
The objective of this study is to evaluate single and combined
effects of selective A2A receptor antagonism and AIH on
respiratory strength, resting breathing, and participant-reported
symptoms in adults living with ALS and age-matched unaffected
adults. The following two aims are proposed to test the
hypotheses:

Aim 1: a single 20 mg istradefylline dose prior to AIH is safe
and feasible. Dependent variables will include rate of adverse
events (primary outcome), acute changes in vital signs (HR,
respiratory rate, blood pressure [BP], etc), patient-reported
symptoms (dyskinesias and dizziness), and study completion.

Aim 2: a single 20 mg istradefylline dose prior to AIH improves
respiratory motor function when compared to either intervention
alone. Dependent variables will include resting tidal volume
(primary outcome), breathing rate and minute ventilation,
respiratory muscle assessments via multichannel surface
electromyography (sEMG), cough force, maximal inspiratory
pressure (MIP), and maximal finger pinch force.

Methods

Study Design, Setting, and Recruitment
This is a repeated-measure, double-blinded, placebo-controlled,
randomized trial, administered at a single site, the University
of Florida (UF). This clinical trial was registered in the United
States National Library of Medicine through ClinicalTrials.gov
(NCT05377424).

Patients living with ALS will be recruited from the UF ALS
clinic, as well as through flyers, word of mouth, and the study
registry website. Patients who meet the study criteria will be
identified by the study physicians through the UF adult
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neuromuscular clinic. Healthy age-matched controls will be
recruited via advertising for the study on ClinicalTrials.gov,
StudyConnect, social media for the UF Clinical and
Translational Science Institute, and flyers throughout the local
community. Additional potential healthy controls will be
identified from the Pepper Center Registry maintained by the
UF Institute on Aging, and institutional review board
(IRB)–approved flyers will be sent to their address. Study
interventions will occur at a university-based clinical research
center located in Gainesville, FL.

Inclusion Criteria
Eligible participants include nonsmoking adults diagnosed with
ALS or age-matched unaffected controls, aged 21-80 years.
Eligible participants will have El Escorial diagnostic
classification of probable or definite ALS and vital capacity
(VC) ≥60% of predicted value; we seek to treat participants
before they approach respiratory failure and need for mechanical
ventilation, which typically occurs when VC falls below 50%
predicted [48]. The ALS Functional Rating Scale-Revised
(ALSFRS-R) consists of 12 ordinal items of 5 points (rated 0-4)
each, which describe impairments in different systems
functionally, where a score of “4” reflects normal function and
“0” reflects profound dysfunction [49]. Scores below 2 for
respiratory and bulbar items typically reflect severe functional
impairment (ie, need for supplemental tube feeding and
continuous use of respiratory support). Clinically prescribed
ALS medications must be at a stable dose for 30 days.

Exclusion Criteria
Participants (both affected and controls) are ineligible if they
are pregnant, have an active respiratory infection, took
antibiotics within 4 weeks of recruitment, are diagnosed with

another neurodegenerative disease, have symptomatic
cardiovascular disease or dysrhythmias, have a BMI of >35

kg/m2, have a seizure disorder, use respiratory inhalers daily
for airway disease, or require external respiratory support while
awake and upright. In addition, the following conditions are
exclusionary for the use of istradefylline: routine use of CYP3A4
inducers (eg, carbamazepine, rifampin, phenytoin, and St John’s
Wort), history of moderate renal impairment or severe hepatic
impairment, and history of hallucinations or psychosis.

Rationale for Including Age-Matched Controls
AIH has shown to improve cognitive and exercise performance
by improving hemodynamics and work capacity in healthy older
adults [50,51]. While effects of AIH and istradefylline have
been tested separately in healthy older adults, there is a lack of
evidence regarding the additive effects of pairing istradefylline
with AIH. Since older adults are the individuals who typically
have the greatest need for rehabilitation, we are interested to
test whether combined istradefylline and AIH can augment
respiratory motor plasticity in healthy older adults.

Healthy older adults have been previously included in clinical
trials to evaluate the exposure-response relationship and
pharmacokinetic disposition of istradefylline in patients with
PD [45,52]. By including healthy older adults in our study, we
can determine whether any observed differences with paired
AIH and istradefylline among individuals with ALS are specific
to ALS or are potentially more generalizable to the older adult
population.

Study Procedures
The SPIRIT (Standard Protocol Items: Recommendations for
Interventional Trials) flow chart with all study procedures can
be found in Table 1.
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Table 1. SPIRIT (Standard Protocol Items: Recommendations for Interventional Trials) flow chart with a schedule of enrollment, interventions, and
assessments.

Study periodActivity

2-week follow-upPostallocation visits separated by 2 weeks (±5 days), 6-
10 weeks total

AllocationEnrollment

T5T4T3T2T1T0T–1

Enrollment

✓Eligibility screen

✓Informed consent

✓Allocation

Interventions

————bIstradefylline + AIHa

————Istradefylline + sham AIH

————Placebo + AIH

————Placebo + sham AIH

Assessments

✓Study completion rate

✓✓✓✓✓Adverse events

✓✓✓✓Vital signs (HRc/BPd)

✓✓✓✓Participant-reported symptoms

✓✓✓✓Borg dyspnea scale

✓✓✓✓Laboratory tests

✓✓✓✓Minute ventilation

✓✓✓✓MIFe

✓✓✓✓PCFf

✓✓✓✓MIPg

✓✓✓✓SNIPh

✓✓✓✓Pinch force

aAIH: acute intermittent hypoxia.
bAdministered at 1 visit, in randomized order.
cHR: heart rate.
dBP: blood pressure.
eMIP: maximal inspiratory pressure.
fPCF: peak cough flow.
gMIP: maximal inspiratory pressure.
hSNIP: sniff nasal inspiratory pressure.

Ethical Considerations
Ethical approval was granted by the UF IRB (IRB 202101568)
on May 16, 2022. The US Food and Drug Administration
provided clearance for off-label investigational use of
istradefylline as described in the protocol (investigational new
drug application, approved April 8, 2022; 156267). Informed
consent will be obtained in writing from all participants prior
to enrollment by study team members. See Multimedia
Appendices 1 and 2 for informed consent forms. Participants
were informed they would be able to withdraw from the study

at any time for any reason. This work is supported by the ALS
Association. Outside of the human research protection review,
the funding sponsor does not have a direct role in directing the
study design; collection, management, analysis, and
interpretation of data; writing of the report; or the decision to
submit the report for publication.

Health information will be collected, used, and shared with
others (ie, clinical and research staff and the UF Research
Participant Payment team) to determine if interested individuals
are eligible to participate, and then as part of the participation
in the study. The following information may be collected, used,
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and shared with others: medical history, including past
conditions and surgeries, medications, and information related
to diagnosis of ALS; social security number (for reimbursement
purposes); demographic information; contact information; and
the results of the research tests done for this study. The research
team may collect this information from other health care
providers, such as laboratories, which are a part of this research,
as well as health care providers that are not part of this research
(other doctors, hospitals, or clinics). Other professionals at the
UF or UF Health Hospital who provide study-related care, and
the UF IRB, may also collect health information. Participants
will be informed of the collection and protection of health
information collected as part of the informed consent process.
Health information and study data will be stored in locked filing
cabinets or on computer servers with secure passwords or
encrypted electronic storage devices, as required by UF policy.

Participants will be compensated US $20 for the screening visit
and US $120 for each treatment visit, via prepaid Visa gift cards.
Additionally, overnight hotel expenses will be covered by the
study for participants traveling from out of town, and lunch will
be provided during treatment visits.

Screening
Interested individuals who meet the basic study criteria, agree
to participate, and sign the IRB-approved informed consent
form will undergo further screening procedures prior to the first
interventional visit. Prospective participants will be informed
of the eligibility criteria, study procedures, participation risks,
privacy and safety precautions in place, alternatives to study
participation, and the right to withdraw from the study at any
time. The study coordinator will schedule visits and
communicate with participants by phone and email. The study
coordinator or a designated investigator will complete
consenting and screening tests (Figure 2).

Figure 2. Screening procedures. AHI: apnea-hypopnea index; ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; ECG:
electrocardiogram; HR: heart rate; VC: vital capacity.

Screening tests shall include:

1. Patient demographic information and medical history:
sociodemographic (age and sex), anthropometric (height
and weight to calculate the BMI), and general clinical data
(medical history, comorbidities, and medications).

2. VC: the maximal volume of gas that can be exhaled,
following full inspiration. Upright VC will be administered
per American Thoracic Society and European Respiratory

Society guidelines [53,54]. Individuals with less than 60%
of predicted VC will be ineligible for further participation
in this study.

3. 12-lead electrocardiogram: cardiac rate and rhythm will be
evaluated. The presence of resting tachycardia (HR >110
bpm), atrial fibrillation, or other dysrhythmias will exclude
people from participation.

4. STOP-BANG (Snoring, Tiredness, Observed Apnea, High
BP-BMI, Age, Neck Circumference, and Gender)
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questionnaire: questionnaire to estimate the risk of
obstructive sleep apnea (OSA) [55]. A meta-analysis found
a STOP-BANG score of ≥3 had excellent sensitivity and
high discriminatory power to exclude moderate to severe
OSA [56].

5. Overnight sleep monitor: participants will wear an overnight
sensor that noninvasively monitors arterial oximetry and
breathing parameters (Nox T3s; Nox Medical) to estimate
the severity of sleep-disordered breathing [57]. If clinically
significant OSA (apnea-hypopnea index [AHI] >10
events/hour) is detected, participants will be offered a
referral to a clinical sleep specialist for further evaluation.
If they choose to pursue clinical treatment for sleep apnea,
they will be withdrawn and eligible to rescreen for

participation after receiving 3 months of treatment. If they
choose not to seek treatment, they will be included in the
study. Participants with severe OSA AHI >30 events/hour
will be ineligible.

Study Visits
After providing written consent and completing screening,
participants will complete 4 individual study visits separated
by 2 weeks (±5 days). Visits will include (1) istradefylline +
AIH, (2) placebo + AIH, (3) istradefylline + sham AIH, and (4)
placebo + sham AIH (Figure 3), in randomized order.
Participants will undergo single sessions of each treatment
condition. They will be instructed to avoid exercise, caffeine,
and nicotine products prior to testing for a minimum of 6 hours
and to avoid eating within 1 hour of sessions.

Figure 3. Study design. The gray bars with arrows represent the timing of data collection procedures. AIH: acute intermittent hypoxia; IST: istradefylline.

Session order was determined by a random number table
generated in advance of the enrollment of the first participant
and maintained by the investigational pharmacist. Participants
and investigators will remain blinded to istradefylline versus
placebo for study administration and data analysis. Participants
as well as the investigator collecting test outcomes will be
blinded to AIH versus sham AIH. Prior to each study visit, the
investigational pharmacist will inform the study coordinator
which gas to administer during intervention (ie, hypoxic air for
AIH vs normoxic air for sham AIH). Study team members
conducting gas treatment cannot be fully blinded to AIH versus
sham AIH due to monitoring of pulse oximetry oxygen
saturation (SpO2), which is necessary for safety; thus, the
investigator collecting testing outcomes will not be present
during gas administration.

Participants will sit upright in a chair with the head and trunk
supported while breathing through a sealed face mask. Resting
ventilation, respiratory muscle activation, maximal respiratory
pressures, maximal pinch force, and blood draws will be
completed at the start of each study visit, then participants will
receive study medication to be taken orally. After a 4-hour
break, all outcome-measure testing will be repeated, followed
by gas delivery. Postintervention testing will occur at 60 and
120 minutes following gas delivery. Table 2 delineates outcome
measures taken at each time point.

Study visits are expected to last 7-8 hours, including equipment
setup, repeated outcome measurements, oral administration of
study medication, waiting periods, gas delivery, patient
positioning and pressure relief, rest, and snacks or meal breaks.
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Table 2. Timing of variable measurements throughout study visit.

120 min post gas60 min post gasGas delivery4 h post drugBaseline

✓✓✓✓✓Adverse events

✓✓✓✓✓Vital signs (HRa/BPb)

✓✓✓✓Participant-reported symptoms

✓Borg dyspnea scale

✓✓✓Laboratory tests

✓✓✓✓✓Minute ventilation

✓✓✓MIFc

✓✓✓PCFd

✓✓✓MIPe

✓✓✓SNIPf

✓✓✓Pinch force

aHR: heart rate.
bBP: blood pressure.
cMIP: maximal inspiratory pressure.
dPCF: peak cough flow.
eMIP: maximal inspiratory pressure.
fSNIP: sniff nasal inspiratory pressure.

Independent Variable—A2A Antagonist Versus
Placebo
During each study visit, participants will take a single, 20 mg
NOURIANZ pill or an identical-appearing placebo. The study
agent will be taken after the completion of baseline breathing
tests. Study gas delivery will begin 4 hours later. During the
4-hour waiting period, participants will have a private room
with a bed and recliner and access to water, snacks, and a light
meal, as well as bathroom facilities. Participants will also be
free to move about the research unit.

Independent Variable—AIH Versus Sham AIH
Following the 4-hour break and second round of testing,
participants will undergo a 45-minute session of either AIH (up
to 1 minute of 9%-10% O2 with 2 minutes of 21% O2 for 15
cycles; target SpO2 nadir 82%-85%) or sham AIH (Figure 4).
During sham AIH administration, the 1-minute periods of study
gas will use a gas bag containing 21% O2, with 2-minute
room-air periods, so that participants are breathing normoxic
air for the entire session. Outcome measures will be repeated
60 and 120 minutes after gas delivery.

A schematic of the respiratory circuit is shown in Figure 5.
Participants will sit upright in a chair with the head and trunk
supported while breathing through a sealed face mask (Hans
Rudolph 7450). The face mask will be connected to a 2-way
nonrebreathing valve (Hans Rudolph 2700) that allows the

exhaled breath to escape to room air. A pressure transducer
(MK1S, GM Instruments) and gas analyzer (Gemini CO2 & O2

monitor; CWE Inc) will be connected directly to the face mask
connector. A pneumotachograph (Hans Rudolph 4813) will be
connected to the inspiratory port of the nonrebreathing valve.
Gas bags will be connected to a 3-way stopcock valve (Hans
Rudolph 2100), and the direction of the valve will be manually
alternated between the study gas (1-minute intervals) and
normoxic room air (2-minute intervals). Respiratory data will
be recorded during gas delivery, using a data acquisition system
(PowerLab 16/35 and PowerLab C; ADInstruments).

Respiratory rate, targeted O2 value, end-tidal CO2, HR/rhythm,
and SpO2 will be continuously monitored during the testing
sessions. Multichannel sEMG (Trigno Centro; Delsys) will also
be recorded from respiratory muscles (bilateral submental,
scalene, sternocleidomastoid, second parasternal, and
diaphragm) as well as abductor pollicis muscle during testing
and captured in real time in LabChart (AD Instruments). At the
end of each 1-minute hypoxic (or sham-hypoxic) presentation,
participants will report their rating of dyspnea (10-point
modified Borg scale). For every fifth presentation, noninvasive
BP will be taken. We will establish an individualized
communication plan (eg, hand signal, head tilt, call switch, etc)
prior to study gas administration to ensure that all participants
can alert the investigator of any discomfort, shortness of breath,
or requests to remove the face mask.
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Figure 4. Schematic of acute intermittent hypoxia (AIH) and sham AIH interventions. AIH sessions will consist of 1-minute intervals of hypoxia (10%
O2) separated by up to 2-minute intervals of normoxic room air (21% O2). Sham AIH will use identical equipment, but the gas bag will contain 21%
O2.

Figure 5. Schematic of the respiratory circuit for gas delivery. AIH: acute intermittent hypoxia; BP: blood pressure; ETCO2: end-tidal CO2; ETO2:
end-tidal O2; HR: heart rate; PL: PowerLab; SpO2: pulse oximetry oxygen saturation.

Safety Considerations
The target SpO2 during AIH is 82%-85% O2. If the SpO2 reaches
the lower limit of the target range, gas delivery will be switched
to the normoxic recovery time. Subsequent hypoxia durations
will also be reduced by 5 seconds. AIH will be stopped in the
unlikely event the HR increases or decreases >30% from the
resting value, or systolic BP changes >30% from the resting
value. The expected acute physiological response to hypoxia is
a stable or decreased CO2 due to increased ventilation. However,
if end-tidal CO2 increases >3 mmHg above baseline, we will
shorten AIH bouts using the same process described above for
SpO2. Additional stopping criteria include a respiratory rate of
>30 that fails to normalize within 1 minute of normoxia, SpO2

<82% that fails to normalize within 1 minute of normoxia, or
SpO2 <82% occurring within 30 seconds of hypoxia initiation.

In the unlikely event that a participant is injured as a direct result
of participation in this study, professional services rendered by
any UF Health Science Center health care provider will be
provided without charge. These health care providers include
physicians, physician assistants, nurse practitioners, dentists,
and psychologists. Any other expenses, including UF Health
hospital expenses, will be billed to the participant or his or her
insurance provider.

Safety oversight will occur internally through the local IRB and
a data safety monitoring board (DSMB). The DSMB was
convened before enrollment of the first patient, after completion
of the first 3 participants, and at least annually thereafter. The
DSMB includes 3 members—1 expert in intermittent hypoxia,
1 clinical medicine expert who interprets or prescribes
respiratory testing and treatment, and 1 rehabilitation specialist.
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Testing and enrollment of participants will be paused, and
DSMB will convene for any of the following events: (1) any
clinically significant respiratory event, (2) a clinically significant
cardiovascular event, or (3) a serious adverse event as defined
by the UF IRB. Should any of the events occur, research staff
shall inform the IRB and the DSMB. Any subsequent study
activities would only be resumed when cleared or the protocol
modified by the IRB and DSMB. As of January 2025, these
serious events have not occurred, and the DSMB has only been
convened for planned early and annual meetings.

Aim 1 Dependent Variables
1. Adverse events: adverse events will be tracked and recorded

per usual IRB requirements and reported as the Aim 1
primary safety outcome. It is hypothesized that there will
be no difference in the rates of adverse events among study
conditions.

2. Cardiopulmonary responses: vital signs and cardiac rhythm
will be monitored throughout administration of each test
condition. These measurements will be used in real time to
monitor intervention safety, particularly during gas
administration, as outlined under “safety considerations.”
Additionally, 1-minute averages of HR, BP, end-tidal CO2,
and SpO2 will be compared at baseline, 60 minutes, and
120 minutes following study gas delivery. It is anticipated
that these measurements will remain stable at these time
points.

3. Laboratory tests: baseline blood samples will be drawn for
each session and include routine clinical laboratory tests
(complete blood count, chemistry) and uric acid. Blood
samples will be drawn for plasma istradefylline levels at
the baseline of each study visit and 4 and 6 hours after
ingestion of the study medication. It is anticipated that
laboratory test values will remain stable across visits.
Participants will be offered an intravenous line to be placed
at the start of the visit to avoid multiple venipunctures.

4. Participant-reported symptoms: participants will complete
10-point visual analog scales to rate the intensity of
symptoms (of dyspnea, dizziness, weakness, fatigue, nausea,
and involuntary movements) at the following time points:
baseline, 4 hours after taking the drug or placebo, and 60
and 120 minutes after gas delivery. It is anticipated that
symptoms will remain stable across time points and visits.

5. Study completion rate: the primary feasibility outcome will
be the proportion of participants who complete all study
visits. Additional feasibility metrics will include screening
failures, proportions of interested participants who are
ineligible, and timeliness of study milestones.

Aim 2 Dependent Variables
1. Quiet breathing assessment: the pneumotachograph and

pressure transducer connected to the face mask will record
breath-by-breath flow, tidal volume, airway opening
pressure, and breathing rate. After achieving a stable tidal
volume, minute ventilation will be recorded for 5 minutes.
The primary outcome for Aim 2 is an increase in tidal
volume from baseline to postintervention 120-minute
follow-up. Minute ventilation will be measured at baseline,

just prior to study gas delivery, and 60 and 120 minutes
post gas intervention.

2. Respiratory muscle assessment: sEMGs of the respiratory
muscles and the abductor pollicis muscle (nonrespiratory
control muscle) will be recorded as described above to
assess effects of intervention on motor control. To identify
the muscles active during the quiet breathing assessment,
the root mean square of each muscle signal will be averaged.
Multimuscle activation will be calculated using a validated,
vector-based measure that indexes the magnitude and
pattern of composite electromyography activity [58]. The
composite respiratory muscle activity from each participant
with ALS will be contrasted to the averaged composite
magnitude and pattern of the pooled control sample [59].
It is anticipated that composite magnitude will be lower in
people with ALS than in controls and increase with
intervention, especially with combined AIH + istradefylline.

3. MIPs: inspiratory force generation will be assessed as the
maximal voluntary pressure generated by the inspiratory
muscles (MIP) against a closed valve, measured at the
mouth [60]. Sniff nasal inspiratory pressure measures
inspiratory force generation at the nose. These tests will be
used as surrogate measures of respiratory strength. Each
test will be repeated until 3 measurements are obtained
within 10% variability; a minimum 20-second rest will be
provided between measurements. A recent systematic
review reported a high level of evidence for concurrent
validity for MIP; however, interrater reliability was low
[61]. To minimize interrater reliability, we standardized
instructions given to participants across sessions and used
the same rater for each participant. MIP will be measured
at baseline, immediately prior to study gas delivery (4 hours
after drug administration), and 60 minutes post gas delivery.
Sniff nasal inspiratory pressure will be measured at baseline,
immediately prior to study gas delivery, and 120 minutes
post gas delivery. We hypothesize that these measures will
be lower in people with ALS than with controls and will
increase with intervention, especially with combined AIH
+ istradefylline.

4. Maximal airflow testing: peak airflows will be collected
with a pneumotachograph attached to the face mask during
maximal inspiration (maximum inspiratory flow) and
voluntary coughing (peak cough flow). Tests will be
repeated for 3-5 trials; at least a 30-second rest will be
provided between measurements, but participants may rest
as long as needed. Maximum inspiratory flow will be tested
at baseline, just prior to study gas delivery, and 60 minutes
post intervention. Peak cough flow will be tested at baseline,
just prior to study gas delivery, and 120 minutes post
intervention. We hypothesize that these measures will be
lower in people with ALS than with controls and will
increase with intervention, especially with combined AIH
+ istradefylline.

5. Maximal voluntary pinch force: maximal static voluntary
pinch force will be included as a nonrespiratory control.
Pinch has been recognized as a sensitive marker of ALS
disease severity due to preferential thenar wasting [62]. A
recent study found fair to good test-retest reliability for this
measure [63]. Pinch force will be evaluated in a seated
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position with the arm at the side in 90-degree elbow flexion
and neutral forearm and wrist. The test will be repeated
until 3 measurements are obtained with <10% variability,
with a minimum 30-second rest between measurements.
Pinch force will be measured at baseline, just prior to study
gas delivery, and 120 minutes post gas intervention. We
hypothesize that these measures will be lower in people
with ALS than with controls and will increase with
intervention, especially with combined AIH + istradefylline.

Secondary outcome measures will be interpreted as exploratory
in nature.

Sample Size, Data Management, and Statistical
Analysis
The sample size calculation was based on pilot data from 8
adults with ALS showing ventilation changes in AIH versus a
sham condition. The preliminary data showed 10.3% (SD 23%)
larger tidal volume and 10% (SD 29%) greater minute
ventilation 60 minutes post AIH, as compared to sham.
Published work in rodent spinal cord injury models indicates
that istradefylline paired with AIH greatly enhances
improvement in diaphragm activity versus AIH or drug alone
(effect size of combined approach: d=1.92).

Additional preliminary data using caffeine as a nonspecific
adenosine receptor antagonist conservatively suggested a
capacity for a 10% additional gain in ventilation. With 16
crossover participants, a repeated measures ANOVA comparing
4 conditions across 4 time points, with a pooled SD of 15.3,
will be sensitive to detect a difference of power of >0.8 (f=0.31;
F3, 36=2.86; ρ=0.5; α=.05). A target sample of 24 participants
will account for potential attrition. The design includes
age-matched unaffected adults as a comparator group.

Descriptive statistics, including frequencies, means, SDs, and
medians, will be used when appropriate. Continuous variables
will be summarized with descriptive statistics, and categorical
variables will be summarized with counts and percentages.
Demographics and disease-progression variables will be reported
descriptively; while these are not included in a priori analyses
of study aims, they may be used in an exploratory manner to
interpret findings as appropriate. Change scores and percent
change scores will be calculated from baseline for follow-ups
at postdrug or placebo administration, 60 and 120 minutes after
gas intervention. We will attempt to minimize missing data by
planning the study procedures and proper biosignal acquisition,
thoroughly documenting the study administration and data
collection, and collecting the essential information to complete
the study aims. Should missing data points still occur,
statistically valid analyses that appropriately address the missing
values are maximum likelihood, expectation maximization, and
multiple imputation [64]. Any statistical code or algorithms
developed to analyze acquired data will be available and shared
upon request.

Results

This study received funding from the ALS Association starting
in January 2022 and was registered on ClinicalTrials.gov in
April 2022 (Multimedia Appendix 3). Recruitment for this study

began in June 2022. As of January 2025, a total of 12 people
with ALS and 8 age-matched controls have completed informed
consent. Of these, 1 person with ALS was withdrawn after the
screening visit, and 1 was withdrawn after 2 study visits. A total
of 3 of the consented potential control participants were deemed
ineligible following the screening visit. Thus, 10 participants
with ALS and 5 age-matched controls have completed all study
procedures. Recruiting is ongoing, and the final participant will
complete the study by December 2025. The publication of
results is expected by the end of 2026.

Discussion

This clinical trial will evaluate the effects of istradefylline paired
with AIH on breathing function in people with ALS and
unaffected age-matched controls. It is anticipated that this
combined treatment will be safe and feasible, and that when
combined, istradefylline and AIH will result in greater gains in
respiratory function (eg, increased tidal volume and increased
MIP) than either treatment alone.

Individuals living with ALS face progressive neuromuscular
disease that leads to paralysis from motor neuron death. While
recently approved ALS drugs offer more options to treat the
disease, combinatorial strategies will likely be needed to
preserve motor function and independent breathing for as long
as possible. To our knowledge, this is the first clinical trial to
assess the combined effects of A2A receptor antagonism and
AIH in ALS.

AIH is easy to apply and well-tolerated by most individuals,
including people with ALS in a preliminary study conducted
by our group [22]. In several studies of humans with chronic
spinal cord injury, similar AIH protocols did not lead to adverse
events [18,65-70]. We expect AIH will, likewise, be safe and
well-tolerated by people with ALS and age-matched controls
in this study.

NOURIANZ (istradefylline) has been studied extensively both
in participants living with PD and in healthy adult participants.
Population pharmacokinetic studies were summarized previously
and included both single and repeated daily administration (up
to 16 weeks) of istradefylline doses ranging between 10 and
200 mg [52]. Safety was established in participants living with
PD and unaffected older participants, with few and minor side
effects. In controlled trials, the most common adverse events
with repeated daily treatment of istradefylline included
dyskinesias, dizziness, hallucinations, and insomnia. These
adverse events occurred more frequently after treatment with
40 mg of istradefylline [52]. As this study will use a treatment
dose of 20 mg of istradefylline, we anticipate this therapy will
be safe and well tolerated by participants with ALS as well as
age-matched controls.

Regarding efficacy in people with spinal cord injury, AIH also
improved limb function, increased walking speed, and improved
ankle strength [12,18,65,67,68,70,71]. AIH combined with
task-specific training enhanced hand and walking function
[65,68]. However, other studies reported variable responses,
indicating that AIH efficacy can be dependent on other factors
(ie, time of day, gas composition, sex, age, and genetic mutations
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associated with variable plasticity and rehabilitation responses)
[33,72-74]. These variables require further study to optimize
rehabilitation strategies for treatment efficacy.

The strengths of this study include the use of a controlled AIH
protocol associated with istradefylline use and the
comprehensive assessment of variables such as adverse events,
vital signs, changes in resting breathing, voluntary respiratory
strength, respiratory control, and maximal pinch force. Assessing
these variables increases the accuracy of the results, allowing
a more complete assessment of changes in response to hypoxia
associated with istradefylline. The study design, a randomized,
double-blind clinical trial, strengthens the validity of the
findings, reducing potential bias. Recruitment of participants
with early-stage ALS and random allocation to intervention and
control groups ensures that the results are relevant and
generalizable to this population.

This study has great importance for scientific advancement, as
it investigates the applicability of AIH + istradefylline as a
therapeutic intervention for individuals with ALS, a population
that faces significant health management challenges. If the
results show significant improvements in the studied parameters,
this may indicate that AIH + istradefylline is a promising
strategy to be integrated into care programs for people with
ALS, complementing traditional care approaches, potentially
improving the overall health of these individuals and facilitating
the care process.

We acknowledge multiple limitations of this study. ALS is a
heterogeneous disease, and participants may have variable
disease severity, chronicity of illness, limb and bulbar
involvement, and requirement of ventilatory support. This
limitation will be minimized by clarifying and emphasizing the
inclusion and exclusion criteria. Further, there is conflicting
evidence from rodent models that A2A receptor activation may
offer some neuroprotection, particularly in presymptomatic
ALS, which raises mild concerns about its inhibition [38]. This
concern is minimized in this study by the recruitment of
participants with symptomatic ALS, close safety monitoring in
accordance with Aim 1, and the brevity of the treatment (only
2 active doses of istradefylline). If negative effects of
istradefylline are found, this possibility will need to be explored
further in the future.

Additional considerations include interinvestigator variability
in biosignal acquisition in sEMG and respiratory signals. To
address this concern, we will train study staff to follow carefully
designed and thorough standard operating procedures throughout
data collection. Lastly, this study is not designed to test multiple
repeated exposures of the treatment conditions and will not
assess any long-term rehabilitative effects of AIH, istradefylline,
or combined treatment. Rather, this study intends to inform the
design of optimized therapeutic approaches and guide future
studies into the rehabilitation of respiratory function in people
with ALS.

Acknowledgments
Figures were partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution
3.0 Unported license [75].

This work is supported by a grant from the ALS Association (22-CTA-611). Opinions, interpretations, conclusions, and
recommendations are those of the author and are not necessarily endorsed by the funders. None of the funders were involved in
the design of the study and will not have any role during its execution, analyses, interpretation of data, or decisions to submit
results in the future.

Coauthors MSH and WLO received support from the Breathing Research and Therapeutics (BREATHE) training grant, NIH
T32 HL134621.

WLO was affiliated with the listed University of Florida departments at the time of protocol development and is currently affiliated
with Appalachian State University. PSC was affiliated with the listed University of Florida departments at the time of protocol
development and is currently affiliated with the University of Santa Catarina State.

Data Availability
Additional data and materials will be made available upon reasonable request to the corresponding author.

Authors' Contributions
BKS, GSM, NJN, and JPW developed the study protocol and secured funding. BKS and PSC obtained regulatory approvals.
BKS, PSC, MSH, WLO, and WSL will complete study-related interventions. JPW will conduct medical oversight. BKS, WLO,
GSM, MSH, WSL, and NJN will contribute to data analysis and interpretation. All authors contributed original ideas, read and
approved the manuscript, and did not use professional writers or generative AI in the preparation of this manuscript. Additional
manuscripts generated by the authors using the data collected by this protocol will not use professional writers.
Conceptualization: BKS, GSM, NJN, and JPW
Data curation: BKS, NJN, WLO, PSC
Formal analysis: BKS, NJN, WLO, PSC
Funding acquisition: BKS, GSM, NJN, and JPW
Investigation: BKS, PSC, MSH, WLO, AKV, and WSL

JMIR Res Protoc 2025 | vol. 14 | e76105 | p. 12https://www.researchprotocols.org/2025/1/e76105
(page number not for citation purposes)

Sales de Campos et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Methodology: BKS, GSM, and NJN
Project administration: BKS, PSC, MSH, AKV
Resources: BKS, PSC, WSL
Software: NJN
Supervision: BKS, JPW, MTP, AKV
Validation: BKS, PSC, WSL
Visualization: BKS, PSC, MSH, GSM, AKV
Writing—original draft: PSC (lead), MSH, WLO, BKS (support)
Writing—review & editing: all authors

Conflicts of Interest
None declared.

Multimedia Appendix 1
Informed consent form for participants with amyotrophic lateral sclerosis.
[PDF File (Adobe PDF File), 608 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Informed consent form for control participants.
[PDF File (Adobe PDF File), 658 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Trial registration table.
[PDF File (Adobe PDF File), 88 KB-Multimedia Appendix 3]

Multimedia Appendix 4
Peer review report by 21CTA App Review Committee, ALS Association.
[PDF File (Adobe PDF File), 114 KB-Multimedia Appendix 4]

References

1. Wijesekera LC, Leigh PN. Amyotrophic lateral sclerosis. Orphanet J Rare Dis. 2009;4:3. [doi: 10.1186/1750-1172-4-3]
[Medline: 19192301]

2. Brown RH, Al-Chalabi A. Amyotrophic lateral sclerosis. N Engl J Med. 2017;377(2):162-172. [doi:
10.1056/NEJMra1603471] [Medline: 28700839]

3. Niedermeyer S, Murn M, Choi PJ. Respiratory failure in amyotrophic lateral sclerosis. Chest. 2019;155(2):401-408. [doi:
10.1016/j.chest.2018.06.035] [Medline: 29990478]

4. Braun AT, Caballero-Eraso C, Lechtzin N. Amyotrophic lateral sclerosis and the respiratory system. Clin Chest Med.
2018;39(2):391-400. [doi: 10.1016/j.ccm.2018.01.003] [Medline: 29779597]

5. Polkey MI, Lyall RA, Yang K, Johnson E, Leigh PN, Moxham J. Respiratory muscle strength as a predictive biomarker
for survival in amyotrophic lateral sclerosis. Am J Respir Crit Care Med. 2017;195(1):86-95. [FREE Full text] [doi:
10.1164/rccm.201604-0848OC] [Medline: 27494149]

6. Kleopa KA, Sherman M, Neal B, Romano GJ, Heiman-Patterson T. Bipap improves survival and rate of pulmonary function
decline in patients with ALS. J Neurol Sci. 1999;164(1):82-88. [doi: 10.1016/s0022-510x(99)00045-3] [Medline: 10385053]

7. Bennett SA, Tanaz R, Cobos SN, Torrente MP. Epigenetics in amyotrophic lateral sclerosis: a role for histone
post-translational modifications in neurodegenerative disease. Transl Res. 2019;204:19-30. [FREE Full text] [doi:
10.1016/j.trsl.2018.10.002] [Medline: 30391475]

8. Baker TL, Mitchell GS. Episodic but not continuous hypoxia elicits long-term facilitation of phrenic motor output in rats.
J Physiol. 2000;529 Pt 1(Pt 1):215-219. [FREE Full text] [doi: 10.1111/j.1469-7793.2000.00215.x] [Medline: 11080263]

9. Dale-Nagle E, Hoffman M, MacFarlane P, Satriotomo I, Lovett-Barr MR, Vinit S, et al. Spinal plasticity following intermittent
hypoxia: implications for spinal injury. Ann NY Acad Sci. 2010;1198:252-259. [FREE Full text] [doi:
10.1111/j.1749-6632.2010.05499.x] [Medline: 20536940]

10. Fuller DD, Johnson SM, Olson EB, Mitchell GS. Synaptic pathways to phrenic motoneurons are enhanced by chronic
intermittent hypoxia after cervical spinal cord injury. J Neurosci. 2003;23(7):2993-3000. [doi:
10.1523/JNEUROSCI.23-07-02993.2003] [Medline: 12684486]

JMIR Res Protoc 2025 | vol. 14 | e76105 | p. 13https://www.researchprotocols.org/2025/1/e76105
(page number not for citation purposes)

Sales de Campos et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app1.pdf&filename=a1936aaafa2d2f00cc0937bb689d30c7.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app1.pdf&filename=a1936aaafa2d2f00cc0937bb689d30c7.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app2.pdf&filename=a03e76f1ae4451e239dca475f0513139.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app2.pdf&filename=a03e76f1ae4451e239dca475f0513139.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app3.pdf&filename=c753cc815631f5e25e7209ea64fa1e7a.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app3.pdf&filename=c753cc815631f5e25e7209ea64fa1e7a.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app4.pdf&filename=80531fbd3e16b4ae0f1a788de05f9993.pdf
https://jmir.org/api/download?alt_name=resprot_v14i1e76105_app4.pdf&filename=80531fbd3e16b4ae0f1a788de05f9993.pdf
http://dx.doi.org/10.1186/1750-1172-4-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19192301&dopt=Abstract
http://dx.doi.org/10.1056/NEJMra1603471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28700839&dopt=Abstract
http://dx.doi.org/10.1016/j.chest.2018.06.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29990478&dopt=Abstract
http://dx.doi.org/10.1016/j.ccm.2018.01.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29779597&dopt=Abstract
https://europepmc.org/abstract/MED/27494149
http://dx.doi.org/10.1164/rccm.201604-0848OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27494149&dopt=Abstract
http://dx.doi.org/10.1016/s0022-510x(99)00045-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10385053&dopt=Abstract
https://europepmc.org/abstract/MED/30391475
http://dx.doi.org/10.1016/j.trsl.2018.10.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30391475&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=0022-3751&date=2000&volume=529&spage=215
http://dx.doi.org/10.1111/j.1469-7793.2000.00215.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11080263&dopt=Abstract
https://europepmc.org/abstract/MED/20536940
http://dx.doi.org/10.1111/j.1749-6632.2010.05499.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20536940&dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.23-07-02993.2003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12684486&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


11. Dale EA, Ben Mabrouk F, Mitchell GS. Unexpected benefits of intermittent hypoxia: enhanced respiratory and nonrespiratory
motor function. Physiology (Bethesda). 2014;29(1):39-48. [FREE Full text] [doi: 10.1152/physiol.00012.2013] [Medline:
24382870]

12. Lovett-Barr MR, Satriotomo I, Muir GD, Wilkerson JER, Hoffman MS, Vinit S, et al. Repetitive intermittent hypoxia
induces respiratory and somatic motor recovery after chronic cervical spinal injury. J Neurosci. 2012;32(11):3591-3600.
[FREE Full text] [doi: 10.1523/JNEUROSCI.2908-11.2012] [Medline: 22423083]

13. Hayashi F, Coles SK, Bach KB, Mitchell GS, McCrimmon DR. Time-dependent phrenic nerve responses to carotid afferent
activation: intact vs decerebellate rats. Am J Physiol. 1993;265(4 Pt 2):R811-R819. [doi: 10.1152/ajpregu.1993.265.4.R811]
[Medline: 8238451]

14. Bach KB, Mitchell GS. Hypoxia-induced long-term facilitation of respiratory activity is serotonin dependent. Respir Physiol.
1996;104(2-3):251-260. [doi: 10.1016/0034-5687(96)00017-5] [Medline: 8893371]

15. Mitchell GS, Johnson SM. Neuroplasticity in respiratory motor control. J Appl Physiol (1985). 2003;94(1):358-374. [doi:
10.1152/japplphysiol.00523.2002] [Medline: 12486024]

16. Feldman JL, Mitchell GS, Nattie EE. Breathing: rhythmicity, plasticity, chemosensitivity. Annu Rev Neurosci.
2003;26:239-266. [doi: 10.1146/annurev.neuro.26.041002.131103] [Medline: 12598679]

17. Fu Q, Townsend NE, Shiller SM, Martini ER, Okazaki K, Shibata S, et al. Intermittent hypobaric hypoxia exposure does
not cause sustained alterations in autonomic control of blood pressure in young athletes. Am J Physiol Regul Integr Comp
Physiol. 2007;292(5):R1977-R1984. [FREE Full text] [doi: 10.1152/ajpregu.00622.2006] [Medline: 17204591]

18. Navarrete-Opazo A, Alcayaga J, Testa D, Quinteros AL. Intermittent hypoxia does not elicit memory impairment in spinal
cord injury patients. Arch Clin Neuropsychol. 2016;31(4):332-342. [doi: 10.1093/arclin/acw012] [Medline: 27084733]

19. Ainslie PN, Barach A, Cummings KJ, Murrell C, Hamlin M, Hellemans J. Cardiorespiratory and cerebrovascular responses
to acute poikilocapnic hypoxia following intermittent and continuous exposure to hypoxia in humans. J Appl Physiol (1985).
2007;102(5):1953-1961. [FREE Full text] [doi: 10.1152/japplphysiol.01338.2006] [Medline: 17234798]

20. Foster GE, McKenzie DC, Milsom WK, Sheel AW. Effects of two protocols of intermittent hypoxia on human ventilatory,
cardiovascular and cerebral responses to hypoxia. J Physiol. 2005;567(Pt 2):689-699. [FREE Full text] [doi:
10.1113/jphysiol.2005.091462] [Medline: 15975977]

21. Navarrete-Opazo A, Mitchell GS. Therapeutic potential of intermittent hypoxia: a matter of dose. Am J Physiol Regul
Integr Comp Physiol. 2014;307(10):R1181-R1197. [FREE Full text] [doi: 10.1152/ajpregu.00208.2014] [Medline: 25231353]

22. Sajjadi E, Seven YB, Ehrbar JG, Wymer JP, Mitchell GS, Smith BK. Acute intermittent hypoxia and respiratory muscle
recruitment in people with amyotrophic lateral sclerosis: a preliminary study. Exp Neurol. 2022;347:113890. [FREE Full
text] [doi: 10.1016/j.expneurol.2021.113890] [Medline: 34624328]

23. Baker-Herman TL, Fuller DD, Bavis RW, Zabka AG, Golder FJ, Doperalski NJ, et al. BDNF is necessary and sufficient
for spinal respiratory plasticity following intermittent hypoxia. Nat Neurosci. 2004;7(1):48-55. [doi: 10.1038/nn1166]
[Medline: 14699417]

24. Baker-Herman TL, Mitchell GS. Phrenic long-term facilitation requires spinal serotonin receptor activation and protein
synthesis. J Neurosci. 2002;22(14):6239-6246. [FREE Full text] [doi: 10.1523/JNEUROSCI.22-14-06239.2002] [Medline:
12122082]

25. Nichols NL, Dale EA, Mitchell GS. Severe acute intermittent hypoxia elicits phrenic long-term facilitation by a novel
adenosine-dependent mechanism. J Appl Physiol (1985). 2012;112(10):1678-1688. [doi: 10.1152/japplphysiol.00060.2012]
[Medline: 22403346]

26. Golder FJ, Ranganathan L, Satriotomo I, Hoffman M, Lovett-Barr MR, Watters JJ, et al. Spinal adenosine A2A receptor
activation elicits long-lasting phrenic motor facilitation. J Neurosci. 2008;28(9):2033-2042. [doi:
10.1523/JNEUROSCI.3570-07.2008] [Medline: 18305238]

27. Hoffman MS, Golder FJ, Mahamed S, Mitchell GS. Spinal adenosine A2(A) receptor inhibition enhances phrenic long
term facilitation following acute intermittent hypoxia. J Physiol. 2010;588(Pt 1):255-266. [FREE Full text] [doi:
10.1113/jphysiol.2009.180075] [Medline: 19900961]

28. Devinney MJ, Nichols NL, Mitchell GS. Sustained hypoxia elicits competing spinal mechanisms of phrenic motor facilitation.
J Neurosci. 2016;36(30):7877-7885. [doi: 10.1523/JNEUROSCI.4122-15.2016] [Medline: 27466333]

29. Nichols NL, Mitchell GS. Mechanisms of severe acute intermittent hypoxia-induced phrenic long-term facilitation. J
Neurophysiol. 2021;125(4):1146-1156. [doi: 10.1152/jn.00691.2020] [Medline: 33566744]

30. Fields D, Mitchell G. Divergent cAMP signaling differentially regulates serotonin-induced spinal motor plasticity.
Neuropharmacology. 2017;113(Pt A):82-88. [doi: 10.1016/j.neuropharm.2016.09.018] [Medline: 27663700]

31. Navarrete-Opazo A, Dougherty B, Mitchell G. Enhanced recovery of breathing capacity from combined adenosine 2A
receptor inhibition and daily acute intermittent hypoxia after chronic cervical spinal injury. Exp Neurol. 2017;287(Pt
2):93-101. [doi: 10.1016/j.expneurol.2016.03.026] [Medline: 27079999]

32. Perim RR, Fields DP, Mitchell GS. Cross-talk inhibition between 5-HT and 5-HT receptors in phrenic motor facilitation
via NADPH oxidase and PKA. Am J Physiol Regul Integr Comp Physiol. 2018;314(5):R709-R715. [FREE Full text] [doi:
10.1152/ajpregu.00393.2017] [Medline: 29384698]

JMIR Res Protoc 2025 | vol. 14 | e76105 | p. 14https://www.researchprotocols.org/2025/1/e76105
(page number not for citation purposes)

Sales de Campos et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://journals.physiology.org/doi/10.1152/physiol.00012.2013?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/physiol.00012.2013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24382870&dopt=Abstract
http://www.jneurosci.org/cgi/pmidlookup?view=long&pmid=22423083
http://dx.doi.org/10.1523/JNEUROSCI.2908-11.2012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22423083&dopt=Abstract
http://dx.doi.org/10.1152/ajpregu.1993.265.4.R811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8238451&dopt=Abstract
http://dx.doi.org/10.1016/0034-5687(96)00017-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8893371&dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.00523.2002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12486024&dopt=Abstract
http://dx.doi.org/10.1146/annurev.neuro.26.041002.131103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12598679&dopt=Abstract
https://journals.physiology.org/doi/10.1152/ajpregu.00622.2006?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/ajpregu.00622.2006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17204591&dopt=Abstract
http://dx.doi.org/10.1093/arclin/acw012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27084733&dopt=Abstract
https://journals.physiology.org/doi/10.1152/japplphysiol.01338.2006?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/japplphysiol.01338.2006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17234798&dopt=Abstract
https://doi.org/10.1113/jphysiol.2005.091462
http://dx.doi.org/10.1113/jphysiol.2005.091462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15975977&dopt=Abstract
https://journals.physiology.org/doi/10.1152/ajpregu.00208.2014?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/ajpregu.00208.2014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25231353&dopt=Abstract
https://europepmc.org/abstract/MED/34624328
https://europepmc.org/abstract/MED/34624328
http://dx.doi.org/10.1016/j.expneurol.2021.113890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34624328&dopt=Abstract
http://dx.doi.org/10.1038/nn1166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14699417&dopt=Abstract
http://www.jneurosci.org/cgi/pmidlookup?view=long&pmid=12122082
http://dx.doi.org/10.1523/JNEUROSCI.22-14-06239.2002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12122082&dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.00060.2012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22403346&dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.3570-07.2008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18305238&dopt=Abstract
https://doi.org/10.1113/jphysiol.2009.180075
http://dx.doi.org/10.1113/jphysiol.2009.180075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19900961&dopt=Abstract
http://dx.doi.org/10.1523/JNEUROSCI.4122-15.2016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27466333&dopt=Abstract
http://dx.doi.org/10.1152/jn.00691.2020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33566744&dopt=Abstract
http://dx.doi.org/10.1016/j.neuropharm.2016.09.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27663700&dopt=Abstract
http://dx.doi.org/10.1016/j.expneurol.2016.03.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27079999&dopt=Abstract
https://journals.physiology.org/doi/10.1152/ajpregu.00393.2017?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/ajpregu.00393.2017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29384698&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


33. Nair J, Welch J, Marciante A, Hou T, Lu Q, Fox EJ, et al. APOE4, age, and sex regulate respiratory plasticity elicited by
acute intermittent hypercapnic-hypoxia. Function (Oxf). 2023;4(5):zqad026. [FREE Full text] [doi: 10.1093/function/zqad026]
[Medline: 37575478]

34. Zabka AG, Mitchell GS, Behan M. Conversion from testosterone to oestradiol is required to modulate respiratory long-term
facilitation in male rats. J Physiol. 2006;576(Pt 3):903-912. [doi: 10.1113/jphysiol.2006.114850] [Medline: 16931552]

35. Zabka AG, Behan M, Mitchell GS. Selected contribution: time-dependent hypoxic respiratory responses in female rats are
influenced by age and by the estrus cycle. J Appl Physiol (1985). 2001;91(6):2831-2838. [FREE Full text] [doi:
10.1152/jappl.2001.91.6.2831] [Medline: 11717252]

36. Marciante AB, Mitchell GS. Mild inflammation impairs acute intermittent hypoxia-induced phrenic long-term facilitation
by a spinal adenosine-dependent mechanism. J Neurophysiol. 2023;129(4):799-806. [doi: 10.1152/jn.00035.2023] [Medline:
36883762]

37. Marciante AB, Seven YB, Kelly MN, Perim RR, Mitchell GS. Magnitude and mechanism of phrenic long-term facilitation
shift between daily rest versus active phase. Function. 2023;4(6):zqad041. [doi: 10.1093/function/zqad041] [Medline:
37753182]

38. Mori A, Cross B, Uchida S, Kerrick Walker J, Ristuccia R. How are adenosine and adenosine a receptors involved in the
pathophysiology of amyotrophic lateral sclerosis? Biomedicines. 2021;9(8):1027. [FREE Full text] [doi:
10.3390/biomedicines9081027] [Medline: 34440231]

39. Trumbower RD, Barth S, Tuthill C, Slocum C, Shan G, Zafonte R, et al. Caffeine enhances intermittent hypoxia-induced
gains in walking function for people with chronic spinal cord injury. J Neurotrauma. 2022;39(23-24):1756-1763. [FREE
Full text] [doi: 10.1089/neu.2022.0120] [Medline: 35686460]

40. Navarrete-Opazo AA, Vinit S, Mitchell GS. Adenosine 2A receptor inhibition enhances intermittent hypoxia-induced
diaphragm but not intercostal long-term facilitation. J Neurotrauma. 2014;31(24):1975-1984. [FREE Full text] [doi:
10.1089/neu.2014.3393] [Medline: 25003645]

41. Yoshida Y, Une F, Utatsu Y, Nomoto M, Furukawa Y, Maruyama Y, et al. Adenosine and neopterin levels in cerebrospinal
fluid of patients with neurological disorders. Intern Med. 1999;38(2):133-139. [FREE Full text] [doi:
10.2169/internalmedicine.38.133] [Medline: 10225668]

42. Ng SK, Higashimori H, Tolman M, Yang Y. Suppression of adenosine 2a receptor (A2aR)-mediated adenosine signaling
improves disease phenotypes in a mouse model of amyotrophic lateral sclerosis. Exp Neurol. 2015;267:115-122. [FREE
Full text] [doi: 10.1016/j.expneurol.2015.03.004] [Medline: 25779930]

43. Seven YB, Simon AK, Sajjadi E, Zwick A, Satriotomo I, Mitchell GS. Adenosine 2A receptor inhibition protects phrenic
motor neurons from cell death induced by protein synthesis inhibition. Exp Neurol. 2020;323:113067. [FREE Full text]
[doi: 10.1016/j.expneurol.2019.113067] [Medline: 31629857]

44. Hattori N, Kitabayashi H, Kanda T, Nomura T, Toyama K, Mori A. A pooled analysis from phase 2b and 3 studies in Japan
of istradefylline in Parkinson's disease. Mov Disord. 2020;35(8):1481-1487. [FREE Full text] [doi: 10.1002/mds.28095]
[Medline: 32501582]

45. Mukai M, Uchimura T, Zhang X, Greene D, Vergeire M, Cantillon M. Effects of rifampin on the pharmacokinetics of a
single dose of istradefylline in healthy subjects. J Clin Pharmacol. 2018;58(2):193-201. [FREE Full text] [doi:
10.1002/jcph.1003] [Medline: 28881378]

46. Takahashi M, Fujita M, Asai N, Saki M, Mori A. Safety and effectiveness of istradefylline in patients with Parkinson's
disease: interim analysis of a post-marketing surveillance study in Japan. Expert Opin Pharmacother. 2018;19(15):1635-1642.
[doi: 10.1080/14656566.2018.1518433] [Medline: 30281377]

47. Hook RW, Isobe M, Savulich G, Grant JE, Ioannidis K, Christmas D, et al. Role of adenosine A2A receptors in hot and
cold cognition: effects of single-dose istradefylline in healthy volunteers. Eur Neuropsychopharmacol. 2023;71:55-64.
[FREE Full text] [doi: 10.1016/j.euroneuro.2023.03.006] [Medline: 36989539]

48. Swash M. Timing initiation of non-invasive ventilation in management of ALS. J Neurol Sci. 2024;459:122972. [doi:
10.1016/j.jns.2024.122972] [Medline: 38522244]

49. Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D, Thurmond B, et al. The ALSFRS-R: a revised ALS functional rating
scale that incorporates assessments of respiratory function. BDNF ALS study group (phase III). J Neurol Sci.
1999;169(1-2):13-21. [doi: 10.1016/s0022-510x(99)00210-5] [Medline: 10540002]

50. von Leupoldt A, Chan P, Esser R, Davenport P. Emotions and neural processing of respiratory sensations investigated with
respiratory-related evoked potentials. Psychosom Med. 2013;75(3):244-252. [doi: 10.1097/PSY.0b013e31828251cf]
[Medline: 23460722]

51. Mateika JH, Syed Z. Intermittent hypoxia, respiratory plasticity and sleep apnea in humans: present knowledge and future
investigations. Respir Physiol Neurobiol. 2013;188(3):289-300. [FREE Full text] [doi: 10.1016/j.resp.2013.04.010] [Medline:
23587570]

52. Knebel W, Rao N, Uchimura T, Mori A, Fisher J, Gastonguay MR, et al. Population pharmacokinetic-pharmacodynamic
analysis of istradefylline in patients with Parkinson disease. J Clin Pharmacol. 2012;52(10):1468-1481. [doi:
10.1177/0091270011420566] [Medline: 22162533]

JMIR Res Protoc 2025 | vol. 14 | e76105 | p. 15https://www.researchprotocols.org/2025/1/e76105
(page number not for citation purposes)

Sales de Campos et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://europepmc.org/abstract/MED/37575478
http://dx.doi.org/10.1093/function/zqad026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37575478&dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2006.114850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16931552&dopt=Abstract
https://journals.physiology.org/doi/10.1152/jappl.2001.91.6.2831?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1152/jappl.2001.91.6.2831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11717252&dopt=Abstract
http://dx.doi.org/10.1152/jn.00035.2023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36883762&dopt=Abstract
http://dx.doi.org/10.1093/function/zqad041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37753182&dopt=Abstract
https://www.mdpi.com/resolver?pii=biomedicines9081027
http://dx.doi.org/10.3390/biomedicines9081027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34440231&dopt=Abstract
https://europepmc.org/abstract/MED/35686460
https://europepmc.org/abstract/MED/35686460
http://dx.doi.org/10.1089/neu.2022.0120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35686460&dopt=Abstract
https://europepmc.org/abstract/MED/25003645
http://dx.doi.org/10.1089/neu.2014.3393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25003645&dopt=Abstract
https://joi.jlc.jst.go.jp/JST.Journalarchive/internalmedicine1992/38.133?from=PubMed
http://dx.doi.org/10.2169/internalmedicine.38.133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10225668&dopt=Abstract
https://europepmc.org/abstract/MED/25779930
https://europepmc.org/abstract/MED/25779930
http://dx.doi.org/10.1016/j.expneurol.2015.03.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25779930&dopt=Abstract
https://europepmc.org/abstract/MED/31629857
http://dx.doi.org/10.1016/j.expneurol.2019.113067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31629857&dopt=Abstract
https://europepmc.org/abstract/MED/32501582
http://dx.doi.org/10.1002/mds.28095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32501582&dopt=Abstract
https://europepmc.org/abstract/MED/28881378
http://dx.doi.org/10.1002/jcph.1003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28881378&dopt=Abstract
http://dx.doi.org/10.1080/14656566.2018.1518433
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30281377&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0924-977X(23)00049-4
http://dx.doi.org/10.1016/j.euroneuro.2023.03.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36989539&dopt=Abstract
http://dx.doi.org/10.1016/j.jns.2024.122972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38522244&dopt=Abstract
http://dx.doi.org/10.1016/s0022-510x(99)00210-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10540002&dopt=Abstract
http://dx.doi.org/10.1097/PSY.0b013e31828251cf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23460722&dopt=Abstract
https://europepmc.org/abstract/MED/23587570
http://dx.doi.org/10.1016/j.resp.2013.04.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23587570&dopt=Abstract
http://dx.doi.org/10.1177/0091270011420566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22162533&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


53. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. ATS/ERS Task Force. Standardisation of
spirometry. Eur Respir J. 2005;26(2):319-338. [doi: 10.1183/09031936.05.00034805] [Medline: 16055882]

54. American Thoracic Society/European Respiratory Society. ATS/ERS Statement on respiratory muscle testing. Am J Respir
Crit Care Med. 2002;166(4):518-624. [doi: 10.1164/rccm.166.4.518] [Medline: 12186831]

55. Chung F, Abdullah HR, Liao P. STOP-Bang questionnaire: a practical approach to screen for obstructive sleep apnea.
Chest. 2016;149(3):631-638. [doi: 10.1378/chest.15-0903] [Medline: 26378880]

56. Pivetta B, Chen L, Nagappa M, Saripella A, Waseem R, Englesakis M, et al. Use and performance of the STOP-Bang
questionnaire for obstructive sleep apnea screening across geographic regions: A systematic review and meta-analysis.
JAMA Netw Open. 2021;4(3):e211009. [FREE Full text] [doi: 10.1001/jamanetworkopen.2021.1009] [Medline: 33683333]

57. Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra R, Ramar K, et al. Clinical practice guideline for diagnostic
testing for adult obstructive sleep apnea: an American academy of sleep medicine clinical practice guideline. J Clin Sleep
Med. 2017;13(3):479-504. [FREE Full text] [doi: 10.5664/jcsm.6506] [Medline: 28162150]

58. Ovechkin A, Vitaz T, de Paleville DT, Aslan S, McKay W. Evaluation of respiratory muscle activation in individuals with
chronic spinal cord injury. Respir Physiol Neurobiol. 2010;173(2):171-178. [doi: 10.1016/j.resp.2010.07.013] [Medline:
20692382]

59. Aslan SC, Chopra MK, McKay WB, Folz RJ, Ovechkin AV. Evaluation of respiratory muscle activation using respiratory
motor control assessment (RMCA) in individuals with chronic spinal cord injury. J Vis Exp. 2013;(77):50178. [FREE Full
text] [doi: 10.3791/50178] [Medline: 23912611]

60. Sclauser Pessoa IMB, Franco Parreira V, Fregonezi GAF, Sheel AW, Chung F, Reid WD. Reference values for maximal
inspiratory pressure: a systematic review. Can Respir J. 2014;21(1):43-50. [FREE Full text] [doi: 10.1155/2014/982374]
[Medline: 24137574]

61. Silveira BMF, Pereira HLA, Chaves G, Ho DGC, Parreira VF. Reliability and validity of maximal respiratory pressures.
Respir Care. 2024;69(7):881-890. [doi: 10.4187/respcare.10641] [Medline: 38688546]

62. Lee JD, Heshmat S, Heggie S, Thorpe KA, McCombe PA, Henderson RD. Clinical and electrophysiological examination
of pinch strength in patients with amyotrophic lateral sclerosis. Muscle Nerve. 2021;63(1):108-113. [doi: 10.1002/mus.27111]
[Medline: 33118631]

63. Li L, Li S. Pinch force sense test-retest reliability evaluation using contralateral force matching task. Sci Rep. 2024;14(1):1063.
[FREE Full text] [doi: 10.1038/s41598-024-51644-0] [Medline: 38212469]

64. Graham JW. Missing data analysis: making it work in the real world. Annu Rev Psychol. 2009;60:549-576. [doi:
10.1146/annurev.psych.58.110405.085530] [Medline: 18652544]

65. Navarrete-Opazo A, Alcayaga J, Sepúlveda O, Rojas E, Astudillo C. Repetitive intermittent hypoxia and locomotor training
enhances walking function in incomplete spinal cord injury subjects: a randomized, triple-blind, placebo-controlled clinical
trial. J Neurotrauma. 2017;34(9):1803-1812. [doi: 10.1089/neu.2016.4478] [Medline: 27329506]

66. Trumbower RD, Hayes HB, Mitchell GS, Wolf SL, Stahl VA. Effects of acute intermittent hypoxia on hand use after spinal
cord trauma: a preliminary study. Neurology. 2017;89(18):1904-1907. [doi: 10.1212/WNL.0000000000004596] [Medline:
28972191]

67. Trumbower RD, Jayaraman A, Mitchell GS, Rymer WZ. Exposure to acute intermittent hypoxia augments somatic motor
function in humans with incomplete spinal cord injury. Neurorehabil Neural Repair. 2012;26(2):163-172. [doi:
10.1177/1545968311412055] [Medline: 21821826]

68. Hayes HB, Jayaraman A, Herrmann M, Mitchell GS, Rymer WZ, Trumbower RD. Daily intermittent hypoxia enhances
walking after chronic spinal cord injury: a randomized trial. Neurology. 2014;82(2):104-113. [FREE Full text] [doi:
10.1212/01.WNL.0000437416.34298.43] [Medline: 24285617]

69. Tester NJ, Fuller DD, Fromm JS, Spiess MR, Behrman AL, Mateika JH. Long-term facilitation of ventilation in humans
with chronic spinal cord injury. Am J Respir Crit Care Med. 2014;189(1):57-65. [FREE Full text] [doi:
10.1164/rccm.201305-0848OC] [Medline: 24224903]

70. Christiansen L, Urbin M, Mitchell G, Perez M. Acute intermittent hypoxia enhances corticospinal synaptic plasticity in
humans. eLife. 2018;7:e34304. [doi: 10.7554/eLife.34304] [Medline: 29688171]

71. Prosser-Loose EJ, Hassan A, Mitchell GS, Muir GD. Delayed intervention with intermittent hypoxia and task training
improves forelimb function in a rat model of cervical spinal injury. J Neurotrauma. 2015;32(18):1403-1412. [doi:
10.1089/neu.2014.3789] [Medline: 25664481]

72. Welch JF, Vose AK, Cavka K, Brunetti G, DeMark LA, Snyder H, et al. Cardiorespiratory responses to acute intermittent
hypoxia in humans with chronic spinal cord injury. J Neurotrauma. 2024;41(17-18):2114-2124. [doi: 10.1089/neu.2023.0353]
[Medline: 38468543]

73. Welch JF, Nair J, Argento PJ, Mitchell GS, Fox EJ. Acute intermittent hypercapnic-hypoxia elicits central neural respiratory
motor plasticity in humans. J Physiol. 2022;600(10):2515-2533. [FREE Full text] [doi: 10.1113/JP282822] [Medline:
35348218]

74. Vose AK, Welch JF, Nair J, Dale EA, Fox EJ, Muir GD, et al. Therapeutic acute intermittent hypoxia: a translational
roadmap for spinal cord injury and neuromuscular disease. Exp Neurol. 2022;347:113891. [FREE Full text] [doi:
10.1016/j.expneurol.2021.113891] [Medline: 34637802]

JMIR Res Protoc 2025 | vol. 14 | e76105 | p. 16https://www.researchprotocols.org/2025/1/e76105
(page number not for citation purposes)

Sales de Campos et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://dx.doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16055882&dopt=Abstract
http://dx.doi.org/10.1164/rccm.166.4.518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12186831&dopt=Abstract
http://dx.doi.org/10.1378/chest.15-0903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26378880&dopt=Abstract
https://europepmc.org/abstract/MED/33683333
http://dx.doi.org/10.1001/jamanetworkopen.2021.1009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33683333&dopt=Abstract
https://europepmc.org/abstract/MED/28162150
http://dx.doi.org/10.5664/jcsm.6506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28162150&dopt=Abstract
http://dx.doi.org/10.1016/j.resp.2010.07.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20692382&dopt=Abstract
https://europepmc.org/abstract/MED/23912611
https://europepmc.org/abstract/MED/23912611
http://dx.doi.org/10.3791/50178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23912611&dopt=Abstract
https://europepmc.org/abstract/MED/24137574
http://dx.doi.org/10.1155/2014/982374
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24137574&dopt=Abstract
http://dx.doi.org/10.4187/respcare.10641
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38688546&dopt=Abstract
http://dx.doi.org/10.1002/mus.27111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33118631&dopt=Abstract
https://doi.org/10.1038/s41598-024-51644-0
http://dx.doi.org/10.1038/s41598-024-51644-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38212469&dopt=Abstract
http://dx.doi.org/10.1146/annurev.psych.58.110405.085530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18652544&dopt=Abstract
http://dx.doi.org/10.1089/neu.2016.4478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27329506&dopt=Abstract
http://dx.doi.org/10.1212/WNL.0000000000004596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28972191&dopt=Abstract
http://dx.doi.org/10.1177/1545968311412055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21821826&dopt=Abstract
https://europepmc.org/abstract/MED/24285617
http://dx.doi.org/10.1212/01.WNL.0000437416.34298.43
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24285617&dopt=Abstract
https://europepmc.org/abstract/MED/24224903
http://dx.doi.org/10.1164/rccm.201305-0848OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24224903&dopt=Abstract
http://dx.doi.org/10.7554/eLife.34304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29688171&dopt=Abstract
http://dx.doi.org/10.1089/neu.2014.3789
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25664481&dopt=Abstract
http://dx.doi.org/10.1089/neu.2023.0353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38468543&dopt=Abstract
https://doi.org/10.1113/JP282822
http://dx.doi.org/10.1113/JP282822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35348218&dopt=Abstract
https://europepmc.org/abstract/MED/34637802
http://dx.doi.org/10.1016/j.expneurol.2021.113891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34637802&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


75. Attribution 3.0 unported. Creative Commons. URL: https://creativecommons.org/licenses/by/3.0/ [accessed 2025-10-19]

Abbreviations
A2A: adenosine 2A receptor
AHI: apnea-hypopnea index
AIH: acute intermittent hypoxia
ALS: amyotrophic lateral sclerosis
ALSFRS-R: Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised
BP: blood pressure
DSMB: data safety monitoring board
HR: heart rate
IRB: institutional review board
MIP: maximal inspiratory pressure
OSA: obstructive sleep apnea
PD: Parkinson disease
pLTF: phrenic long-term facilitation
sEMG: surface electromyography
SOD1: copper zinc superoxide dismutase 1
SPIRIT: Standard Protocol Items: Recommendations for Interventional Trials
SpO2: pulse oximetry oxygen saturation
STOP-BANG: Snoring, Tiredness, Observed Apnea, High BP-BMI, Age, Neck Circumference, and Gender
UF: University of Florida
VC: vital capacity
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