
Acute intermittent hypoxia as a potential adjuvant to improve 
walking following spinal cord injury: evidence, challenges, and 
future directions

Andrew Quesada Tan1,2, Stella Barth2,3, Randy D. Trumbower1,2

1Department of Physical Medicine and Rehabilitation, Harvard Medical School, Boston, MA. USA

2Spaulding Rehabilitation Hospital, Boston MA

3Harvard University, Cambridge MA

Abstract

Purpose of Review: The reacquisition and preservation of walking ability are highly valued 

goals in spinal cord injury (SCI) rehabilitation. Recurrent episodes of breathing low oxygen (i.e., 

acute intermittent hypoxia, AIH) is a potential therapy to promote walking recovery after 

incomplete SCI via endogenous mechanisms of neuroplasticity. Here, we report on the progress of 

AIH, alone or paired with other treatments, on walking recovery in persons with incomplete SCI. 

We evaluate the evidence of AIH as a therapy ready for clinical and home use and the real and 

perceived challenges that may interfere with this possibility.

Recent Findings: Repetitive AIH is a safe and an efficacious treatment to enhance strength, 

walking speed and endurance, as well as, dynamic balance in persons with chronic, incomplete 

SCI.

Summary: The potential for AIH as a treatment for SCI remains high, but further research is 

necessary to understand treatment targets and effectiveness in a large cohort of persons with SCI.
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INTRODUCTION

Walking recovery after SCI: a priority

Persons living with spinal cord injury (SCI) must overcome a broad range of functional 

barriers that dramatically reduce their quality of life (QOL). Among the various life quality 

domains that SCI impacts, recovery of overground walking remains a major goal irrespective 

of injury severity [1–3]. Recovery and maintenance of walking strongly align with long-term 

recovery goals and significantly impact health. Persons who reacquire walking after injury 

increase their life expectancy to 90% of able-bodied individuals with self-reported 

improvement in quality of life [4]; while those who are unable to walk or lose their ability to 

walk within a year after injury have a life expectancy less than 75% of able-bodied 

individuals, with self-reported higher incidence of depression and reduction in quality of life 

[5]. While SCI closely associates with a diverse array of secondary health complications, 

including Type II diabetes, cardiovascular disease, pulmonary disease, and osteoporosis, 

studies show recovery of walking also may reduce the risk of developing these secondary 

conditions [6]. Thus, clinical strategies that prioritize treatments to restore walking after SCI 

are important not only to improve functional independence but also to reduce the incidence 

of SCI sequelae.

The recovery of walking remains a high clinical priority to improve functional outcomes in 

persons with SCI. Treatments provided modalities that ensure walking safety, as well as, 

improve independence (e.g., negotiating stairs and uneven surfaces, crossing streets, etc.). In 

many instances, clinicians prescribe orthoses, and hand-held walking aides such as walkers, 

canes, and forearm crutches to enable walking. Wearable robots or exoskeletons may also be 

prescribed. However, many of these technologies gravitate toward ways to compensate for as 

opposed to recover from SCI paralysis. While these technologies may enable new forms of 

bipedal and quadrupedal (i.e., forearm crutches) walking in people with SCI, they often 

overlook potential neuromechanical targets that help shape normal bipedal walking. These 

neural mechanisms offer an abundance of solutions that may offset sensory and motor 

deficits after injury [7]. Establishing treatments that target physiological mechanisms to 

overcome not only walking deficits, but also the underlying neuromechanical constraints that 

give rise to those deficits, is important. Thus, there is an overwhelming need to identify new 

treatment strategies that focus more on restorative mechanisms known to promote beneficial 

plasticity and subsequent recovery of walking function. The purpose of this review is to 

report on the progress of a plasticity-promoting treatment, alone or paired with other 

treatments, on walking recovery after SCI. We evaluate the evidence of this intervention as a 

therapy ready for clinical and home use and the real and perceived challenges that may 

interfere with this possibility.

Acute intermittent hypoxia: a potential adjuvant to SCI rehabilitation

Acute intermittent hypoxia refers to brief (acute), repetitive (intermittent) episodes of 

breathing oxygen-deprived air (hypoxia) alternating with breathing ambient room air. AIH is 

an emerging treatment to enhance walking function after SCI. Within the last 23 years, 

studies show AIH as a promising intervention that triggers rapid mechanisms of 

neuroplasticity and improves respiratory and non-respiratory motor function in rats with 
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cervical SCI [8, 9]. Recent studies provide foundational support that AIH also induces 

improvements in breathing capacity, lower limb, and upper limb function in persons with 

SCI (Table 1), suggesting the translational potential of AIH as a therapeutic strategy in 

humans with SCI [10]. However, our understanding of the effectiveness of AIH as a 

treatment to improve walking in a broad range of persons with SCI remains unclear. Thus, 

the primary focus of this review article is to examine the evidence showing efficacy of AIH 

as an approach to improve walking after SCI. In particular, we examine AIH dosing 

regimens on treatment efficacy and the extent to which AIH, alone or paired with other 

treatments, may augment walking recovery.

In prior human studies, AIH administration involved commercially available generators 

(e.g., Hypoxico Inc, USA) that rely on pressure-swing absorption (PSA) technology to 

generate oxygen-deprived air from ambient room air [10–15]. These delivery systems 

supplied either a continuous concentration of low oxygen air (9–10% oxygen concentration; 

AIH treatment) or ambient room air (21% oxygen concentration; SHAM treatment). Trained 

personnel manually connected and disconnected the air supply tubing between the generator 

and a non-rebreather face mask at prescribed intervals [10]. Manual switching between 

generator and ambient sources ensured rapid change in oxygen concentration. Figure 1 

illustrates a typical AIH protocol that includes temporal and frequency delivery parameters: 

1) number of episodes (N), 2) low O2 duration/episode (t0), 3) episode duration (td), 4) duty 

cycle (t0/td), and 5) treatment duration (T). The episode number corresponds to the number 

of on-and-off cycles of oxygen-deprived air and room air delivery during a single AIH 

session, while the time to complete an on-and-off cycle of oxygen-deprived air and room air 

delivery corresponds to episode duration. Duty cycle is the ratio between the duration of 

time during an episode of breathing oxygen-deprived air and total episode duration. The 

treatment duration corresponds to the time to complete a single AIH session and the 

treatment number corresponds to the number of treatment sessions. The AIH dosage 

regimen also depends on the percentages of oxygen concentration prescribed during an AIH 

session.

Identifying AIH exposure parameters that confer therapeutic benefit without inducing 

pathology is a critical step toward clinical translation. Safety boundaries for intermittent low 

oxygen delivery rely on the intensity of the dosage regimen. We refer to intensity as the 

product of total episode number and low oxygen concentration as discussed previously [16]. 

More than a dozen reports show low intensity intermittent hypoxia protocols (9–16% 

oxygen concentration with less than 15 episodes/day) lead to a broad range of beneficial 

effects without evidence of pathology [8, 10, 17–29]. Clinical trial reports in persons with 

SCI also demonstrate safe and efficacious AIH treatments with dosing regimens that fall 

within these safety boundaries: 9–10% oxygen concentration with 0.5–0.6 duty cycle, 120–

150s/episode duration, 1–15 episodes/treatment, and up to 14 treatment days. These trials 

reported no maladaptive changes in muscle function or blood pressure following AIH 

treatment [10, 12, 15, 30–32]. Navarrete-Opazo et al., also found no evidence of visual or 

verbal memory impairments following repetitive (14 days) AIH (15 episodes/day; 90s at 

10% oxygen concentration with 60s intervals at 21% oxygen concentration) in persons with 

motor-incomplete SCI [33].
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Although considerable progress in both rodent models and human studies elucidate the 

beneficial effects of mild protocols of AIH on motor function, more severe protocols 

undoubtedly trigger pathology. Several studies involving animal models and able-bodied 

humans show intermittent hypoxia protocols that involve less than 9% oxygen concentration 

and episodes that exceed 48/day result in serious pathologies across multiple physiological 

systems simultaneously. These parameters correspond to an increase in blood pressure, 

atherosclerosis, sympathetic activity, and inflammation, as well as, an increase in learning 

and working memory impairment [33–39]. In some cases, severe exposures may 

preferentially induce a competing cellular cascade via adenosine 2A receptor activation that 

inhibits the serotonin dependent pathway [40]. Severe, chronic exposures that approximate 

patterns observed in persons with obstructive sleep apnea are associated with deficits in 

cognition and memory function [36]. Thus, moving toward clinical translation will require 

careful consideration of AIH devices and delivery methods that prevent administration of 

these more severe protocols.

I. Neural mechanisms of AIH—Our understanding of the molecular and cellular 

mechanisms of AIH-induced motor enhancement continues to evolve. Rodent studies 

demonstrated that mild exposure to oxygen-depleted air triggers mechanisms of neural 

plasticity in the respiratory motor system. Hayashi et al., discovered that rodents breathing 

low oxygen experience a persistent increase in inspiratory phrenic nerve activity, termed 

long-term facilitation (LTF) [41]. Other key experiments revealed potential mechanisms of 

AIH-mediated LTF that include serotonin, dose sensitivity, and brain-derived neurotrophic 

factor (BDNF) synthesis [42–44]. Excitingly, the neural mechanisms driving AIH-induced 

plasticity in phrenic motor nuclei appear to promote respiratory motor recovery in rodents 

with cervical SCI [9, 45, 46]. Serotonin receptor activation leads to downstream synthesis of 

BDNF resulting in LTF in rats following three 5 min episodes of 11% oxygen concentration 

[42, 43]. Studies found AIH to elicit LTF in respiratory motor nuclei via spared serotonergic 

pathways that extend from the raphe nucleus to phrenic motor neurons distal to the C2 

hemisection [42, 47]. Specifically, a single treatment of AIH is sufficient to trigger pattern-

sensitive release of serotonin onto spinal motor nuclei [44]. Provided ample serotonin 

projections extend beyond the injury site, the serotonin release activates guanine nucleotide 

binding protein, q polypeptide (Gq). The Gq protein binds with metabotropic serotonin 

receptors (5-HT2) prompting de novo synthesis of BDNF, downstream signaling via the high 

affinity BDNF receptor, tropomyosin receptor kinase (TrkB), and Mitogen-activated protein 

kinase (MAPK) activation [9, 43, 45, 48]. On this basis, investigators postulate that these 

signaling events lead to glutamate receptor insertion at the premotor-motor neuron.

Repetitive AIH enhances non-respiratory motor function in rodents with cervical SCI. 

Lovett-Barr et al. evidence that AIH enhanced not only respiratory, but also non-respiratory 

motor function in rats with incomplete C2 spinal injuries [8]. Improvements in skilled 

horizontal ladder walking occurred as early as 3 days after the first session, peaked after 

seven sessions, and persisted for at least 28 days. Importantly, increased BDNF 

immunoreactivity after transection alone without AIH was not significantly increased, 

strongly implicating an AIH-triggered increase in the protein’s expression [8]. In a repeat 

study, the locomotor gains corresponded to increased protein immunoreactivity in non-
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respiratory motor nuclei when daily (7 consecutive days) AIH (10, 5-min episodes at 11% 

oxygen concentration, 5-min intervals at 21% oxygen concentration) paired with ladder 

walking practice [49]. Further corroborating the enhancement of BDNF expression 

following AIH, Hassan and associates demonstrated similar results [50]. Such evidence is 

consistent with the hypothesis that the observed improvements in neuromotor function could 

be attributed to BDNF induced facilitation of excitatory synaptic transmission to 

motoneurons.

The underlying mechanisms of AIH may contribute to plasticity of spinal circuitry important 

for locomotor function. Similar to AIH, physical exercise drives BDNF up-regulation and 

plays a role in activity-dependent plasticity [51]. Treadmill training in complete spinal 

transected rats increased BDNF mRNA expression in the lumbar spinal cord motoneurons 

[52]. Similarly, AIH triggers BDNF expression of somatic motor nuclei and promoted motor 

recovery in rats with SCI [8]. BDNF function is often associated with promoting adaptive 

neuromotor plasticity via increasing spinal excitability and activation of interneurons in 

locomotor circuits [53]. In both spinalized cat and rodent models, delivery of BDNF to the 

spinal cord lesion site restored stepping patterns and improved kinematic parameters such as 

step length and height [54, 55].

Alternative mechanisms to AIH motor facilitation are notably present. While the Gq-

pathway dominates AIH long-term facilitation in SCI rodent models, chronic injury models 

of AIH result in the activation of a competing Gs pathway that may interfere with this 

pathway due, in part, to an increase in intercellular adenosine at or near the motor neurons 

[56]. The initiation of Gs protein-coupled adenosine or 5-HT7 receptors result in 

downstream cyclic AMP signaling that leads to crosstalk inhibition between Gq and Gs 

pathways such that Gs pathway activation results in inhibitory action of the Gq pathway. 

Applying an adenosine 2a receptor antagonist (i.e., istradefylline) blocked this interference 

such that the effect of AIH via the Gq pathway nearly doubled [57]. AIH dose regimens and 

injury acuity may preferentially activate the dominance of one pathway over the other. 

Important, ongoing clinical trials in humans address whether pretreatment with caffeine, a 

non-selective adenosine 2a receptor blocker, may facilitate the Gq pathway, leading to 

enhanced effects on motor recovery. Thus, establishing therapeutic AIH in persons with SCI 

may require a more detailed characterization of how these two distinct mechanisms interact. 

While the working hypothesis is that AIH strengthens excitatory transmission onto motor 

neurons, there is evidence that AIH may also restore inhibitory transmission [58], potentially 

contributing to spasticity reduction. Although serotonin receptor activation and BDNF 

associate with spasticity after SCI [59–61], AIH does not appear to increase spasticity in 

persons with SCI [13]. Prior studies show BDNF upregulation, via exogenous administration 

or task-specific practice (e.g., walking), also upregulates KCC2 expression and subsequently 

restores reflex homeostasis in SCI rat models [60, 62]. Based on these concepts, a similar 

mechanism may lead to AIH-mediated reduction in spasticity, which otherwise begins to 

emerge only a few months post-injury [63].

II. Benefits of AIH on walking recovery—Studies show that AIH enhances motor 

behaviors important for functional walking. One of the first known clinical studies, involving 

persons with chronic SCI, showed a single AIH treatment (1 day, 15 episodes) elicited ~82% 
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increase in ankle torque generation that persisted more than 1 hour after treatment [10]. 

Since then, groups further corroborate the efficacy of AIH on enhancing ankle strength. 

Lynch et al., found ankle plantar flexion torque increased ~30% that persisted up to 1 hour 

following a single AIH treatment [15]. Similarly, Sandhu et al., found ankle plantar flexion 

torque increased ~22% that persisted 3 hours following a single AIH treatment [14]. Since 

ankle torque generation accounts for walking energetics during more than half of the gait 

cycle [64], several investigators suspected the increase in ankle torque production may 

contribute to an increase in walking performance.

In a multi-site, randomized clinical trial, AIH alone or paired with walking practice 

increased walking ability in persons with chronic, motor-incomplete SCI [13]. Hayes et al., 

showed walking speed increased 18% following daily (5 consecutive days) AIH alone, while 

walking endurance increased ~37% that persisted two weeks following daily AIH combined 

with 30-min of walking endurance practice [13]; these changes corresponded to more than 

twice the improvement measured following AIH alone. Despite a modest 5-day treatment, 

AIH increased walking speed and endurance to levels comparable to those seen with 

standard clinical gait training protocols typically 4–12 weeks (60 treatments) in duration [65, 

66]. More than 70% achieved a clinically meaningful change in walking endurance [65].

More recently, Navarrete-Opazo also showed improvement in walking distance and speed 

following AIH combined with gait training [31]. They confirmed that persons with motor-

incomplete SCI improved walking speed and endurance following repetitive (14 treatment 

days) AIH combined with body-weight support treadmill (BWST) training. Study 

participants received an initial 1-week AIH + BWST training treatment followed by thrice 

weekly treatments for 3 weeks. Improvements in walking speed and endurance persisted up 

to 6 weeks after treatment, suggesting that the 3-week reminder treatments may prolong the 

therapeutic benefits of AIH on walking ability. In two pre-clinical studies, researchers found 

that rats with cervical spinal injuries restored skilled forelimb function in a horizontal ladder 

walking task following exposure to daily AIH (10 episodes per day, 7 consecutive days) [8, 

49]. Collectively, these results confirm that AIH in combination with task-specific training 

appears to further enhance gains in walking recovery than either alone.

Comprehensive studies on BWST training indicate that relatively high demands of training 

(weeks to months) are required to elicit modest gains in overground walking performance 

(Table 1) [67–70]. Intriguingly, the dose of AIH required (Table 2) to promote similar gains 

in walking recovery are comparatively shorter (~50 min/day, for 1 or 5 days), suggesting a 

higher functional gain per treatment time. Recent reports indicate that even higher intensities 

of BWST training are required to promote functional recovery and that BWST training 

paradigms have not been shown to be more effective than other walking training modalities, 

including overground walking and functional electrical stimulation, at improving walking 

performance [71–78]. Given the combinatorial potential of AIH and task specific training, 

establishing how AIH interacts with more appropriate BWST doses is critical to 

understanding AIH as an adjuvant for SCI therapy to enhance walking recovery.

III. Clinical translation of AIH: challenges and opportunities—Despite growing 

evidence for AIH as a safe and efficacious treatment to improve motor function in persons 
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with SCI, successful translation of AIH to clinical practice will depend on several factors. 

Multiple issues modify AIH-induced motor recovery in rodent models, including hypoxia 

preconditioning, systemic inflammation, injury severity, sleep-disordered breathing (SDB), 

among others [37, 79–81]. Similar factors such as biomarkers may influence AIH 

responsiveness in humans, but this possibility has yet to be determined. Identifying factors 

that facilitate and/or inhibit AIH efficacy will present as major clinical challenges while also 

as opportunities to ensure the best likelihood of translational success.

Uncertainty in dosing regimens remains a major challenge to clinical translation of AIH. 

Beneficial responses are variable between individuals and we lack effective biomarkers to 

determine which individuals will benefit most from treatment. For example, in a study 

demonstrating increased voluntary ankle plantar flexion torque after a single AIH trial in 

persons with chronic, incomplete SCI, more than half (6 of 10) did not maintain strength 

gains four hours post-AIH [10]. Nearly 30% of participants did not improve walking speed 

or distance after 5 days of AIH; gains in walking distance ranged from 0 to 328m above 

baseline (131±100m), indicating markedly different responsiveness between individuals 

[13].

One possible explanation for variations in AIH responsiveness may be concurrent 

inflammation, which is consistently documented in persons with SCI and limits functional 

plasticity in preclinical models of SCI SCI [79, 82, 83]. In the acute phase of SCI, Kwon and 

colleagues showed that elevated inflammatory mediators (i.e., interleukins) correlate 

inversely with motor recovery 6 months later [84]. In the chronic phase of SCI, investigators 

identified more than 2000 genes differentially expressed in the circulation of individuals 

with chronic SCI that included upregulation of the pro-inflammatory Toll-like receptor 

(TLR) signaling cascade and other pro-inflammatory mediators [82]. Elevated protein levels 

of the TLR4 ligand HMGB1 also occurred in persons with chronic SCI [85]. In preclinical 

studies, systemic treatment with the TLR4 ligand LPS provoked spinal inflammation and 

reduced neuroplasticity induced by AIH [86, 87]. In human studies, pretreatment with 

prednisolone enhanced AIH-induced ankle strength in persons with SCI [14]. Understanding 

the extent to and mechanism by which inflammation may limit the neural effects of AIH on 

enhancing walking recovery after SCI in humans is critical to move the clinical use of AIH 

forward.

Concurrent SDB may impact AIH responsiveness [80]. Many individuals with SCI exhibit 

mild to moderate SDB, leading to extended periods of nocturnal “high dose” intermittent 

hypoxia. Since more severe doses of intermittent hypoxia elicit both neuroplasticity [88] and 

inflammation [87, 89], SDB following SCI may contribute to between-person variations in 

response to AIH therapy. SDB involves apnea/hypopnea breathing events during sleep, 

leading to hypoxia breathing over many years. Chronic hypoxia and other factors associated 

with SDB ultimately cause pathologies including hypertension, cognitive deficits, 

hippocampal cell death, peripheral nerve dysfunction, and neuroinflammation [36]. Some of 

these factors undermine AIH-induced respiratory motor plasticity in rodent models, such as 

inflammation elicited by a single day of intermittent hypoxia simulating that experienced 

during moderate sleep apnea and/or sleep fragmentation [90]. Nevertheless, the extent to 
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which SDB enhances or dampens motor responses to AIH remains unknown and poses a 

tremendous opportunity for further research.

The severity of spinal injury may influence the extent of improvements in motor function 

following AIH treatment. Identifying the amenability of spared neural connections to AIH 

treatment in persons with incomplete SCI is important. The notion that spinal cord integrity 

may serve as a salient predictor of AIH-induced motor recovery draws support from BWST 

training paradigms where the ability to generate muscle activity predicts training 

responsiveness [91, 92]. Transcranial magnetic stimulation (TMS) is a supporting paradigm 

that characterizes gains in excitatory transmission following treatment and may function as a 

reliable biomarker tool.

The efficacy of AIH-induced plasticity may depend, in part, on the extent of preserved 

connections in the spinal cord after injury and impact recovery of motor function [93]. 

Recent evidence indicates AIH induces excitatory changes along the corticospinal tracts 

(CST) but the association between this effect and functional performance of these residual 

pathways needs further study [94]. For instance, AIH may enhance corticospinal drive to 

motoneurons innervating ankle dorsiflexor muscles, which are often weakened after SCI. 

Strengthening supraspinal input to dorsiflexors is important for restoring functional walking 

[95, 96] and measures of CST excitability and ankle strength may serve as effective 

screening tools to predict effectiveness of AIH as a primer for gait-related training in persons 

with SCI.

Successful translation of AIH requires a greater understanding of mechanisms giving rise to 

functional improvements after SCI. Although the original concept suggests AIH is a potent 

tool to strengthen excitatory transmission onto motor neurons, there is more recent evidence 

in rodents that AIH also may restore inhibitory transmission [48, 60, 97]. Gamma 

aminobutyric acid (GABA) and glycine are the major inhibitory neurotransmitters acting on 

motor neurons. Both transmitters require low intracellular chloride concentrations to elicit 

post-synaptic inhibitory currents. A key factor of GABA/glycine effects is the regulation of 

the potassium-chloride transporter, KCC2. Whereas high KCC2 expression decreases 

intracellular chloride concentration and enables inhibitory currents, low KCC2 expression 

increases intracellular chloride concentration and reduces GABA/glycine-induced currents 

in post-synaptic cells [98–100]. AIH may drive plasticity in segmental circuits regulating 

afferent feedback as growing evidence supports the role of BDNF in modulating motor 

neuron activity via shaping GABAergic inhibitory transmission. In particular, the restoration 

of spinal inhibitory transmission via the upregulation of BDNF signaling alleviates spasticity 

and allodynia in rodent models [101]. Tashiro et al., (2015) showed BDNF-dependent 

enhancement of inhibitory spinal transmission in rats with SCI corresponded to reduction in 

abnormal co-activation of antagonist limb muscles during locomotion [101]. This opens the 

possibility that AIH engages a BDNF-dependent cascade affecting balance between 

inhibitory and excitatory transmission, thereby translating into clinically relevant reductions 

in abnormal muscle coactivation and spasticity. The reduction and abnormal composition of 

muscle activation patterns reflect key constraints in the ability to produce appropriate limb 

mechanics throughout the gait cycle [30]. As such, there is opportunity to identify how 

voluntary and involuntary lower limb muscle contractions may capture the impact of AIH on 
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spasticity and exaggerated stretch reflex excitability following SCI [102, 103]. AIH provides 

a compelling paradigm to further clarify how neural plasticity may differentially shape 

downstream motor output important for walking.

AIH appears most potent when combined with task specific training, but the extent to which 

the combinatorial gains are specific to the training target or to the nature of the training 

(endurance vs speed) is not clear [13, 49, 78]. Treatment that combined AIH and BWST 

training improved dynamic balance parameters such as turn-to-sit duration even though this 

training did not target balancing skills required during the Timed-Up-and-Go assessment 

[104]. Furthermore, if even a single sequence of AIH contributes to enhanced somatic motor 

function, it is not unreasonable to suggest that similar beneficial changes in voluntary 

muscle strength will extend beyond muscles acting at the ankle joint (e.g., knee, hip), or 

even the hand [32]. Generalized facilitation may be observed following AIH exposure that is 

non-specific to a single muscle (i.e, ankle plantar flexors; [10]). This suggests that 

improvements in walking performance may be partly attributed to increased voluntary drive/

gain that spans the entire neuraxis and preferential benefit those pathways spared following 

the injury.

Finally, determining features of recovery of those who respond favorably to AIH may further 

guide efforts to optimize patient-specific dosing strategies. One key consideration is the 

potential role of BDNF genetic variation on AIH-induced functional outcome improvements. 

A single nucleotide polymorphism (SNP) of the bdnf gene results in a valine (Val) to 

methionine (Met) substitution at codon 66 (val66met) that associates with changes in 

cortical and spinal plasticity [105, 106]. Approximately 44% of the population have at least 

one copy of the bdnf gene variant Met allele, with similar prevalence in SCI. The extent to 

which the bdnf SNP alters the plasticity promoting effects of AIH is unknown. Similarly, 

elucidating the biomechanical phenotype of those amenable to AIH may help begin to parse 

the interaction between AIH induced neural recovery and compensatory strategies used to 

achieve gains in motor function. Mapping differential changes in kinematic variability, 

spatiotemporal coordination parameters, and neuromuscular activation after AIH can 

provide further insight into whether the movement strategies utilized are consistent with 

neuromotor recovery [30, 76, 107–109].

CONCLUSION

Preliminary findings detailed in this review affirm that breathing mild episodes of oxygen-

deprived air appears to be a safe and effective therapeutic primer to enhance motor function 

(i.e., walking) after SCI. Studies identified AIH as a non-invasive method to treatment 

paralysis without report of serious adverse side effects. We evaluated the evidence of AIH as 

an adjuvant for SCI therapy and the potential challenges that may hamper this translation. 

The potential for AIH as a treatment for SCI remains high, but further research is necessary 

to understand the treatment’s enduring effects in a large cohort of persons with SCI.
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Figure 1. 
Typical acute intermittent hypoxia protocol. AIH treatment duration (T) corresponds to total 

treatment time for a single AIH session. A treatment consists of N episodes of breathing low 

oxygen (10%) and room air (21%) intermittently. The duration, t0, corresponds to the time 

breathing low oxygen within a single episode duration (td).
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Table 1:

Summary of studies examining effects of low oxygen therapy in humans with spinal cord injury. 

Abbreviations: BL: baseline; AIH: acute intermittent hypoxia: Nx: normoxia: EMG: electromyography: 

BWST: body weight supported treadmill training: s: second: w: week; L: liter, min: minute: N/m: newton/

meter

Author AIH Duration Functional 
Outcome Key Results

Tester et al. (2014) [12] 10 days Respiratory 
Function

29% increase in minute ventilation (L/min) for 30 minutes following 
AIH + mild hypercapnia.

Hayes et al. (2014) 
[13]

1 day and 5 days/w 
for 1w

Overground 
Walking

15% increase in walking speed (m/s), 36% increase in walking 
endurance (m) after 5 days AIH + overground walking training.

Trumbower et al. 
(2012) [10] 1 day Ankle Strength 82% increase in maximum ankle plantar flexion torque (N/m) 30 min 

after AIH. 43% increase in peak EMG activity.

Navarrete-Opazo et al. 
(2017) [31]

5 days/w for 1w 
Followed by 3 

days/w, 3w

Overground 
Walking

82% greater increase in walking speed (m/s) and 86% greater 
endurance (m) after 5 days AIH + BWST relative to Nx +BWST. 
Additional exposures significantly prolonged gains up to 3 weeks.

Navarrete-Opazo et al. 
(2017) [31]

5 days/w for 1w 
Followed by 3 

days/w. 3w
Walking Balance

AIH + BWST training reduced turning duration (min.) by 53% and 
reduced turn to sit duration (min.) by 24%.
No change in postural sway and Time-Up-and-Go Test.

Lynch et al. (2017) 
[15] 1 day Ankle Strength 18% and 30% increase in ankle plantar flexion torque (N/m) at 30 

and 60 min post AIH respectively; No enhancement with ibuprofen.

Trumbower et al. 
(2017) [32] 5days/w for 1 w Hand Dexterity 

and Function

AIH + Hand opening practice improved time to complete Jebsen 
Taylor Hand Function Test 7.2s relative to BL (11% faster), improved 
Box-and-Blocks Test (increase of 3 blocks/min). and improved hand 
opening.

Sandhu et al. (2019) 
[14] 1 day Ankle Strength

AIH alone increased maximum planter flexion torque by 29%. AIH + 
suppression of inflammation with prednisolone increased maximum 
ankle plantar flexion torque by 41 %.
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Table 2:

Summery of the progression of key findings regarding the effectiveness of body weight supported treadmill 

training in persons with incomplete spinal cord injury. Abbreviations: BWST: body weight supported treadmill 

training: EMG: electromyography: FES: functional electrical simulation: MG: medial gastrocnemius: PT: 

physical therapy; ROM: range of motion; TA: tibialis anterior WISCI II: walking index for spinal cord injury.

Author Question Training Dose Key Finding

Gorassini et al., 2004 
[108]

Do coordinative strategies change 
after BSWT? 1–3 months Reduced step by step foot trajectory variability.

Thomas et al., 2005 [91] Does BWST improve residual 
corticospinal function?

10–21 weeks
≤ 5 sessions/week

1 hr/session

Increases in max MEP of target muscles
Improved walking function corresponded to 

MEP Improved walking ability, walking speed

Giangregorio et al., 
2006 [70]

Does BWST increase bone mass 
and reverse muscle atrophy?

12 months
144 sessions

3 session s/week

No changes in bone density.
Increase in whole body-lean mass.

Increase in muscle body cross-sectional area.

Gorassini at al., 2008 
[76]

Are changes in neuromuscular 
coordination associated with 
walking improvements after 

BSWT?

10–20 weeks
3day s/week

1h/day

Functional gait improvements (WISCI II. 
speed).

Decreased co-contraction of proximal muscles.
Increases in EMG activation of TA and 

hamstrings.

Field-Fote et al., 2011 
[74]

Does BWST achieve similar 
walking gains as overground 

training?

12 weeks
5 sessions/week

Gains in walking speed equivalent across 
training. Gains in endurance greater for 

overground training

Yang et al., 2011 [92] What measures best predicts 
responders to BWST?

≥10 weeks
5 days/week

1 hr/day

Leg strength and muscle activity predict 
increases in walking speed and functional 

walking ability

Lucareli et al., 2011 
[71]

Is BWST more effective than 
conventional PT in improving 

gait?

30 weekly sessions
30 min/ session

Increases m speed and distance after BWST. 
No differences in outcomes following 

conventional PT.

Yang etal., 2014 [92]
Is repetitive mass practice or task 

specific practice lead to better 
walking performance?

2 months
5 sessions/week

1 hour/day

Increased walking distance and endurance after 
endurance rather than precision walking 

training

Kapadia et al., 2014 
[73]

Does FES confer additional 
benefit when combined with 

BWST?

16 weeks
3 sessions/week
45 min session

Both FE- assisted BWST and aerobic training 
show similar increases in walking speed, 

endurance, and balance.

Brazg et al., 2017 [78]

Does high intensity locomotor 
training improve treadmill walking 

performance and metabolic 
function?

4–6 weeks
3–5 sessions/week 20,1 

hr. sessions

High intensity training increased peak treadmill 
speed and endurance relative to low intensity 

training.

Ardestani et al., 2019 
[77]

Does higher intensity BWST 
change joint and muscle 
coordination strategies?

4–6 weeks 20, 1hour 
sessions

High intensity training increased joint ROM.
Intralimb coordination improved in weaker 

limb.
Increase neuromuscular complexity.

Covarrubias-Escudero 
et al., 2019 [75]

Does BWST improve center of 
mass control?

6 weeks
3 sessions\week
24 min session

Improved center of mass control.
No changes in gait independence.

No significant change in postural sway.
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