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coming years, leading to an increased burden of CVD (2). The
increased risk for CVD with aging is attributable, in large part,
to age-related changes in CV function (Fig. 1). Key changes in
CV function with advancing age include increases in blood
pressure (BP), primarily systolic BP (SBP) after age 50 yr, vascular endothelial dysfunction, and stiffening of the large elastic
(carotid and aorta) arteries (3). The primary mechanisms underlying these age-related changes in CV function are oxidative
stress and chronic low-grade inflammation (4–7).
Oxidative stress is caused by excessive production of reactive oxygen species, particularly superoxide, in the face of an
inadequate (or complete lack of ) compensatory increase in
antioxidant defenses, most importantly antioxidant enzyme
abundance (6,8). The excessive superoxide directly reacts
with nitric oxide (NO), a key vasodilatory and atheroprotective
molecule produced by the vascular endothelium (5,8,9), to form
peroxynitrite (10). Thus, excess superoxide bioactivity leads
to a reduction in NO bioavailability and an impairment in
endothelial function. Excessive superoxide-induced oxidative
stress also stimulates remodeling of the arterial extracellular matrix, causing fragmentation of elastin fibers with compensatory
deposition of collagen and the formation of structural protein crosslinking molecules, such as advanced glycation end
products (3,11).
Inflammation involves a chronic, low-grade increase in proinflammatory cytokines, such as C-reactive protein (CRP) and
interleukin-6 (12,13). A key mechanism contributing to chronic
low-grade inflammation is the continuous activation of the proinflammatory transcription factor and master regulator of inflammation, nuclear factor κB (5,6,14).
Collectively, the changes in oxidative stress and inflammation
with aging induce increases in SBP, vascular endothelial dysfunction, and large elastic artery stiffening. Age-related changes in
SBP, vascular function and the associated mechanisms can be
mitigated by so-called first-line lifestyle strategies. Most prominent among these strategies is regular aerobic exercise training

Key Points
• Adverse changes in cardiovascular (CV) function increase
the risk for CV diseases with advancing age.
• Aerobic exercise enhances CV function and decreases
CV disease risk, but poor adherence to physical activity
guidelines creates the need for alternative lifestyle interventions to combat age-related declines in cardiovascular
health.
• High-resistance inspiratory muscle strength training (IMST),
a novel form of physical training, promotes adherence and
improves CV function in midlife and older adults when studied in clinical research settings.
• The efficacy of high-resistance IMST for improving CV
function in other at-risk populations and when delivered
in unsupervised, translational research settings is an important future research direction.
• Digital health technologies are a promising avenue for the
implementation and dissemination of IMST to the community setting with important implications for public
health.

INTRODUCTION
Aging is the primary risk factor for cardiovascular diseases
(CVD), the leading cause of death in developed and developing
societies (1). The number of older adults in the United States
and other countries is expected to significantly increase in the
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Figure 1. Conceptual model outlining the barriers for adhering to aerobic exercise and the potential characteristics of high-resistance inspiratory muscle
strength training (IMST) that make it a promising intervention for public health implementation.

(5,15). However, as discussed later, only a minority (<40%) of
midlife and older adults (i.e., adults aged 50 yr and older) presently meet guidelines for aerobic exercise due to multiple barriers to adherence (16,17). Therefore, there is a need for novel
interventions that improve CV function with aging.
The purpose of this Perspective for Progress is to discuss the
current knowledge and future research directions regarding highresistance, low-repetition inspiratory muscle strength training
(IMST), a novel, time-efficient form of physical activity that
uses the respiratory muscles and may improve CV function
with aging (18,19). As it poses a minimal time burden, highresistance IMST holds particular promise for translation into
the public health domain and for use in rehabilitation settings.
To provide context and contrast for future research on IMST,
we will start by briefly discussing aerobic exercise, an established
form of physical activity that has been the subject of intense
investigation along the entirety of the basic science-to-public
health research spectrum. We then will review available evidence on high-resistance IMST for improving CV function
with aging, before highlighting the potential synergy between
IMST and digital health technologies for accelerating the translation of IMST into the public health domain. We will conclude
by providing our view on important future research directions on
this novel lifestyle intervention.
AEROBIC EXERCISE FOR IMPROVING CV FUNCTION
WITH AGING
Moderate-intensity continuous aerobic exercise is defined as
sustained, rhythmic movements of large muscle groups resulting
in increases in heart rate and respiration. Moderate-intensity
aerobic exercise can maintain and improve CV health with aging,
as well as decrease the risk for CVD across the lifespan (Fig. 1). On
average, aerobic exercise lowers SBP by 2 to 8 mm Hg, with the
largest effect evident in those individuals with the highest initial
SBP (i.e., stage II hypertension) (20,21).
Regular aerobic exercise also improves vascular endothelial
function in midlife and older men by increasing NO bioavailability, secondary to reductions in superoxide-associated suppression of endothelial function and decreased inflammation
(22–25). However, estrogen-deficient postmenopausal women
do not respond as consistently or robustly to aerobic exercise
training for improving endothelial function as age-matched
men (26). This likely is due, in part, to the significant reduction
in circulating estrogen after the menopausal transition. As such,
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aerobic exercise trials that have assessed endothelial function
via brachial artery flow-mediated dilation (FMDBA) typically
demonstrate no benefit of physical activity on endothelial function in estrogen-deficient postmenopausal women, whereas
the same exercise stimulus appears to evoke improvements
in postmenopausal women with circulating estrogen similar
to premenopausal concentrations as a result of sex hormone
replacement (27–29).
Results from cross sectional studies comparing sedentary to
endurance-trained middle-aged and older adults suggest that
years of vigorous aerobic exercise training mitigates the agerelated increase in arterial stiffness (30–33). However, results
from aerobic exercise interventions initiated in midlife are
somewhat less clear. Although aerobic exercise interventions
in midlife/older men and postmenopausal women have demonstrated improvements in carotid artery compliance (30,32), improvements in aortic stiffness measured via carotid-femoral
pulse wave velocity have been less consistent (34–36). These
inconsistencies may be due to differences in aerobic exercise interventions and study populations, although overall, it appears
aerobic exercise is modestly effective at reducing large elastic
artery stiffness, especially aortic stiffness, in midlife and older
adults (36,37).
Current physical activity guidelines recommend that older
adults participate in at least 150 min of moderate-intensity, or
75 min of vigorous intensity, aerobic exercise per week (38). Despite the efficacy of aerobic exercise for exerting numerous CV
benefits, over 60% of midlife and older adults in the United
States do not meet these physical activity guidelines (16,17).
The most cited barrier that prevents midlife/older adults from
adhering to physical activity guidelines is lack of time (39–41).
Other common barriers that limit adherence include physical
limitations, financial cost, lack of appropriate exercise facilities
or equipment, lack of intrinsic motivation, transportation limitations, knowledge gaps on how to implement aerobic exercise,
and an overall aversion to aerobic exercise training (40–46)
(Fig. 1). As such, additional strategies are needed to promote
adherence to aerobic exercise guidelines among midlife and
older adults.
DIGITAL HEALTH TECHNOLOGIES AND
AEROBIC EXERCISE
Given the considerable barriers for adherence to aerobic exercise guidelines, digital health technologies, such as wearable
www.acsm-essr.org
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activity tracking devices and mobile health (mHealth) apps,
have been pursued as potential tools to promote higher levels
of physical activity among midlife and older adults. Digital
health technologies are promising as they may overcome barriers to physical activity, such as facility access, transportation,
geographic location, and availability of community-based programs
(47). Select exercise interventions administered via mHealth technologies increase physical activity levels and reduce sedentary
behaviors in individuals across the lifespan (48,49), as well as
in older populations (50). There is a wide range of mHealth
interventions for promoting physical activity in midlife/older
adults. Examples of these diverse strategies include use of accelerometers and pedometers, text messaging reminders, Internetdelivered interventions, interactive applications, exergaming,
and online professional and peer support (51,52).
In general, physical activity monitors, such as accelerometers
and pedometers, increase physical activity by 1000 to 1500 steps
per day over short-term intervention periods (50). Accelerometers appear to increase physical activity to a greater extent than
pedometers, which may be due to differences in the accuracy of
step detection between these types of devices (53). Internetbased (eHealth) physical activity interventions also increase
steps per day, minutes of moderate-to-vigorous physical activity
per day, and overall minutes per week of physical activity (54).
Importantly, theory-based interventions (e.g., those interventions that increase motivation and include behavior change
techniques) are more effective, regardless of the method of administration (55).
Others have shown positive trends, but no significant effects,
of app-based interventions on improving physical activity levels
in older adults, likely due to the small sample sizes of most current
trials (56,57). App features, such as syncing to smartwatches or activity monitors, instructions, goal setting, self-monitoring, and social support, are commonly successful features in mHealth-based
interventions in which trends for improving physical activity
levels are observed (56,57).
Overall, digital health technologies have shown benefits for
promoting physical activity in older populations, increasing
physical activity on average by 28% compared with control
groups without digital health support tools (55). This has led
certain working groups, such as the Community Preventive Services Task Force, to recommend the use of digital health technologies to deliver physical activity interventions in adults 55 yr
and older. However, even with the ability of digital health technologies to increase physical activity over initial levels, midlife
and older adults still struggle to accrue enough activity to meet
guideline recommendations (55). This indicates that there are
additional barriers to performing adequate amounts of aerobic
exercise, even when digital health technologies are in use.
Unexplained heterogeneity, bias, and lack of rigorous methodology limit the ability to compare studies and draw strong conclusions regarding the effectiveness of physical activity monitors and
digital health technologies for increasing physical activity in
older populations (57). Larger-scale trials with longer-term intervention and follow-up durations are warranted to provide a better understanding of mHealth physical activity interventions for
improving exercise adherence in midlife/older adults (53,56).
Additionally, studies that employ rigorous and objective measures of adherence to home-based mHealth exercise interventions for midlife/older adults are necessary.
Volume 50 • Number 3 • July 2022

HIGH-RESISTANCE IMST FOR IMPROVING
CV FUNCTION
IMST is an alternative form of physical training that isolates
the inspiratory muscles by requiring individuals to perform
repeated inhalations against an external resistance while exhalation is unimpeded. IMST primarily uses the diaphragm
and accessory respiratory muscles including the intercostal,
scalene and sternocleidomastoid muscles (Fig. 2). IMST is
distinct from other forms of breathing exercises, such as respiratory muscle training that involves resistance to both inhalation
and exhalation, or pursed-lip breathing where resistance is selfproduced by narrowing the airway.
Most studies investigating the CV health benefits of IMST
have used low-resistance, high-repetition paradigms, in which
users inspire against a resistance at or near 30% of their individual maximal inspiratory pressure (PIMAX) (18,19). A primary
weakness of low-resistance, high-repetition IMST is that it requires a similar overall time commitment to that of moderateintensity physical activity guidelines (i.e., ~150 min·wk−1).
As time availability is the most cited barrier to achieving healthy
lifestyle strategies (39–41), low-resistance IMST interventions
are unlikely to elicit high rates of adherence in a real-world setting. The purported CV health benefits of low-resistance IMST
have been reviewed recently (18) and, thus, will not be discussed
in further detail.
Given the important role of time availability for meeting
healthy lifestyle guidelines, the potential of time-efficient (i.e.,
~30 min·wk−1 time commitment) interventions for promoting
healthy CV aging is becoming a topic of increasing interest
(19). High-resistance, low-repetition IMST is an emerging variation of the traditional, low-resistance IMST paradigm that can
be accomplished with minimal time burden.
Although no standard definition has been established, highresistance IMST most often refers to regimens using a level of
resistance equivalent to ~75% of an individual's PIMAX (18).
This level of intensity allows high-resistance IMST to be completed in as little as 5 min·d−1, making it a time-efficient intervention with the potential to promote adherence. IMST
is performed with small, hand-held devices, which are ideal
for use at home and during travel. There are consumeravailable IMST devices that are relatively affordable when
compared with gym memberships or other pieces of exercise
equipment. Thus, high-resistance, low-repetition IMST has
multiple characteristics that may help promote adherence
(Fig. 1). As such, high-resistance IMST for promoting healthy
CV aging will be the focus of the remainder of this Perspective
for Progress.
High-resistance IMST provides a physiological stimulus that
is distinct from moderate-intensity aerobic exercise (Fig. 2). Indeed, the level of inspiratory resistance attained during highresistance IMST is approximately two to four times larger than
those achieved during aerobic exercise, although the respiratory
rate is appreciably lower during high-resistance IMST compared
with aerobic exercise (58–61). Compared with aerobic exercise,
a single bout of high-resistance IMST results in a smaller increase
in heart rate and a minimal change in SBP (62–64). Therefore,
high-resistance IMST is not simply mimicking the acute cardiorespiratory effects of moderate-intensity aerobic exercise but is instead a unique acute physiological stimulus and, when performed
regularly, form of physical training.
Translation of Inspiratory Training
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Figure 2. Training characteristics and cardiorespiratory responses to a single bout of high-resistance inspiratory muscle strength training (IMST) or moderateintensity aerobic exercise. Maximal heart rate (HRMAX). BP, blood pressure.

High-Resistance IMST for Lowering BP
The most established CV benefit of high-resistance IMST is
for lowering casual (resting, seated) BP (Fig. 3). Initial efficacy
of high-resistance IMST for lowering BP was demonstrated by
Bailey and colleagues, who demonstrated that 6 wk of highresistance IMST, consisting of 30 breaths (~5 min) per day,
5 d·wk−1, at an intensity of 75% PIMAX, lowered casual SBP
by 10 mm Hg and casual diastolic BP (DBP) by 6 mm Hg in
young adults with normal BP at baseline (58). Importantly, in
this same study, BP was unchanged in a group of young adults
randomized to perform the same protocol but against a minimal
inspiratory resistance (58). The study also demonstrated that
large excursions in lung volume with low resistance, when employed with this 30 breaths·d−1 protocol, are inadequate for
lowering BP. Thus, the necessity of high inspiratory resistance
to facilitate the benefits of IMST in a time-efficient manner
were initially established.
Next, the Bailey laboratory translated their 30 breaths·d−1
high-resistance IMST protocol to patients with obstructive

sleep apnea. In these patients, 6 wk of high-resistance IMST
(75% PIMAX, 6 d·wk−1) lowered SBP by 12 mm Hg and DBP
by 5 mm Hg; no change was observed in the low-resistance
(15% PIMAX) sham control group (65). Dr. Bailey's group has
since replicated their initial findings in additional 6-wk-long interventions in separate cohorts of young healthy adults (SBP,
−4 mm Hg; DBP, −4 mm Hg) (66) and patients with obstructive sleep apnea (SBP, −9 mm Hg; DBP, −5 mm Hg) (67).
Using the protocol pioneered by Bailey and colleagues, our
laboratory recently demonstrated that 6 wk of high-resistance
IMST (75% PIMAX, 30 breaths·d−1, 6 d·wk−1) lowered casual
SBP by 9 mm Hg and DBP by 2 mm Hg in a group of otherwise
healthy midlife and older adults with an initial SBP above
120 mm Hg (68). Importantly, casual BP was measured 24 to
48 h after the last session of IMST, precluding acute effects from
influencing our results. A unique feature of our study was that a
majority of participants returned for reassessment after abstaining
from IMST for 6 wk to determine if there were any persistent effects of the intervention on BP. SBP remained 7 mm Hg lower

Figure 3. Summary of the changes in systolic blood pressure (SBP) and diastolic BP (DBP) in the high-resistance inspiratory muscle strength training (IMST)
groups from available randomized clinical trials.
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than baseline levels at this follow-up timepoint, suggesting the
SBP-lowering effects of high-resistance IMST may be sustained
at least for several weeks (68). BP tends to rise quickly after
abstaining from aerobic exercise or withdrawing prescribed
pharmacotherapy. Thus, if confirmed in additional studies,
the persistent BP-lowering effects of high-resistance IMST
may offer an additional advantage over other antihypertensive therapies as it may require only intermittent training periods, better promoting longer-term adherence.
The consistently observed reductions in casual BP across the
6-wk high-resistance IMST interventions performed by Dr. Bailey
and our laboratory (Fig. 3) are similar or greater in magnitude than
the changes in BP that tend to be observed after aerobic exercise
training (20,21). These reductions in BP were achieved with
a much smaller time burden in comparison to standard aerobic
exercise. The reductions in BP are also similar to those observed
after treatment with first-line antihypertensive pharmacotherapies
(69–71). Importantly, reductions in casual SBP (4–12 mm Hg)
and DBP (2–6 mm Hg) observed across these studies are clinically
significant, with an expected reduction in CVD risk of ~30% if
sustained long-term (72). The ability of IMST to lower BP even
in young adults with normal BP at baseline could be clinically
meaningful as progressive, age-related increases in SBP begin in
young adulthood and result in above-normal SBP in a majority
of adults before midlife (20,73,74). Thus, the efficacy of IMST
for lowering SBP in this group could help maintain normal SBP
levels into later life.
Mean 24-h, daytime and nighttime BP measured via ambulatory monitoring are additional CVD risk factors that offer insight
into BP status beyond what is obtained through clinic-based casual
BP measurements (75,76). The effects of high-resistance IMST on
ambulatory BP measures were assessed in two of the trials described
above. First, Bailey and colleagues observed a nighttime-specific
reduction in SBP of 12 mm Hg after 6 wk of high-resistance IMST
in patients with obstructive sleep apnea (67). This patient group
exhibits sleep-disordered breathing which leads to elevations in
nighttime SBP. Thus, the nighttime-specific reduction in SBP in
this group may reflect the influence of IMST on their unique pathophysiological state. Similarly, in our IMST pilot study in midlife/
older adults, we observed a 4-mm Hg reduction in mean 24-h
SBP, driven by equivalent reductions in daytime and nighttime
SBP, such that 24-h SBP was significantly lower compared with
the low-resistance sham control group after 6 wk of highresistance IMST in our cohort of generally healthy midlife and older
adults (68). Combined, these findings suggest high-resistance IMST
may improve ambulatory measures of BP sampled over a 24-h
period in addition to improving casual BP assessed at a single
point in time.
High-Resistance IMST for Improving Vascular Function
Vascular endothelial function tends to decline with aging
and is associated with increased CVD risk (77,78). To our
knowledge, our pilot trial in midlife/older adults is the only trial
to date to assess the influence of high-resistance IMST on endothelial function. We observed a 45% improvement in endothelial function, assessed via FMDBA, after 6 wk of high-resistance
IMST, with no change in the sham control group, in our study
(68). In contrast to AE training (26,27,29), equivalent improvements in endothelial function were observed in the
estrogen-deficient postmenopausal women and midlife/older
Volume 50 • Number 3 • July 2022

men enrolled in our study (68). Although caution is warranted
given the small subgroups, this finding suggests high-resistance
IMST may overcome a limitation of aerobic exercise for improving
vascular endothelial function in estrogen-deficient postmenopausal
women, as discussed above. The magnitude of improvement in
FMDBA we observed (~2.5Δ% units) is likely clinically significant, as a 1Δ% unit higher FMDBA is associated with an 8%
to 13% lower risk for CVD (78–82).
High-resistance IMST does not appear to improve large elastic
artery stiffness, measured either as carotid-femoral pulse wave velocity or carotid artery compliance, in young or midlife/older
adults (68,83). However, it usually takes a treatment period of
at least 3 months for healthy lifestyle strategies to change large
elastic artery stiffness (36). Current studies have used only 4- or
6-wk intervention durations. Thus, large elastic artery stiffness
should be assessed in longer duration trials of high-resistance
IMST to further assess the efficacy of this intervention for improving this important measure of age-related vascular dysfunction.
Potential Mechanisms of High-Resistance IMST for
Improving CV Function
Currently, there is limited information on potential mechanisms through which high-resistance IMST improves CV function, with available evidence coming from a heterogenous
group of studies. In healthy young adults, IMST reduces BP by
lowering systemic vascular resistance without changing resting heart
rate or cardiac output (66). This suggests that high-resistance IMST
likely lowers BP by acting primarily on the vasculature, but
additional research is needed to confirm these observations
in patient groups and older adults.
We used an innovative ex vivo cell culture technique to assess
the effect of high-resistance IMST on oxidative stress and NO
bioavailability. Endothelial cells were cultured in serum obtained
from midlife/older adults before and after 6 wk of high-resistance
IMST or low-resistance sham training. Serum samples collected
after IMST reduced endothelial cell superoxide production by
~25% to 35% relative to baseline and serum from the sham control group (68). In addition, serum obtained post-IMST increased
markers of activation for the NO-producing enzyme, endothelial
NO synthase, by ~75% compared with serum sampled pre-IMST
(68). This increase in activation of endothelial NO synthase was
associated with a corresponding ~10% to 15% increase in NO
production in endothelial cells cultured with serum obtained
after the high-resistance IMST intervention compared with
preintervention and sham training (68). Combined, these ex vivo
results from our pilot trial suggest that high-resistance IMST may
improve CV function, in part, by inducing beneficial changes to
factors in the circulation that decrease oxidative stress and increase
NO bioavailability. These findings remain to be confirmed, and
expanded upon, in subsequent trials.
Results from multiple trials suggest IMST may reduce chronic,
low-grade inflammation, although findings are varied. We observed reductions in plasma CRP, a marker of systemic inflammation, after 6 wk of high-resistance IMST in our pilot trial in
midlife and older adults (68). Similarly, moderate-intensity IMST
(50% PIMAX) reduced plasma CRP and soluble TNFα receptor 2
in patients on hemodialysis (84,85). Conversely, a similar 8-wk,
moderate-intensity IMST (50% PIMAX) trial in healthy older
adults observed no changes in plasma cytokine concentrations
(86). It is likely that larger sample sizes or more sensitive measures
Translation of Inspiratory Training
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will be needed to interrogate the effects of high-resistance IMST
on low-grade inflammation.
There also are inconsistent results on the influence of highresistance IMST on sympathetic nervous system activity, an
additional mechanism linked to above-normal BP. Bailey
and colleagues observed that 6 wk of high-resistance IMST
was sufficient to lower sympathetic activity, measured either
directly via muscle sympathetic nerve activity or indirectly
using plasma concentrations of norepinephrine, in patients
with obstructive sleep apnea (65,67). However, 6 wk of highresistance IMST did not change plasma norepinephrine concentrations in our trial in generally healthy midlife/older adults
(68). A potential explanation for these disparate findings is that
obstructive sleep apnea is associated with elevated baseline
sympathetic nervous system activity (87).
In addition, some respiratory muscle strength training interventions (i.e., those not falling under the definition of high-resistance
IMST) have reported reductions in sympathetic activity in other
patient groups, such as patients with heart failure or diabetes
mellitus, although these findings are inconsistent (88). Thus,
the direct effect of IMST on the neural control of the circulation is unclear currently. It is possible that high-resistance
IMST may impact only sympathetic nervous system activity
in those with significantly elevated levels at baseline. Moreover, arterial baroreflex control of heart rate was unchanged
after 6 wk of high-resistance IMST in young adults (66) and
patients with sleep apnea (67). These findings suggest highresistance IMST does not influence cardiac baroreflex sensitivity in these select groups, although investigation in other
populations is warranted.
Of note, the acute impact of a single bout of IMST or aerobic
exercise on BP differ, as aerobic exercise is associated with a period of postexercise hypotension (89) that is not observed with
high-resistance IMST (62). This further suggests that IMST is a
unique intervention with differing physiological effects from
aerobic exercise. However, physical activity levels across highresistance IMST interventions have not yet been documented.
Thus, whether the benefits of IMST occur independent of
changes in activity levels cannot be fully confirmed.
Overall, high-resistance IMST has shown promise for lowering casual BP and potentially improving other measures of CV
function across multiple small-scale pilot trials. These encouraging early results have stimulated interest in IMST and led to the
initiation of multiple larger randomized controlled trials across
various populations with above-normal BP (e.g., NCT04848675,
NCT05000515, NCT04932447 (61), NCT04911491). The results from these ongoing trials will greatly increase our understanding of the efficacy and mechanisms of action of IMST for
improving CV function in the context of aging and common
age-related diseases.
TRANSLATIONAL POTENTIAL OF HIGHRESISTANCE IMST
The ability of high-resistance IMST to improve CV function
while overcoming multiple barriers to adherence suggests it has
potential for public health implementation. However, investigation of high-resistance IMST has been limited to the clinical
research setting. Initial translational evidence for IMST outside
of the controlled research environment is available for low- to
moderate-resistance IMST protocols of various durations. Accord112 Exercise and Sport Sciences Reviews

ingly, for the purposes of this review, we will summarize findings
on adherence, safety, tolerability, feasibility, and implementation
outcomes from home-based, low- or moderate-resistance IMST
trials, as these studies provide key insights regarding potential efficacy and challenges for translating high-resistance IMST to the
public health arena. We acknowledge that dissemination, implementation, and full-scale public health translation have their
own frameworks and deep science structure. In this Perspective
for Progress, the focus is on translating initial findings on physiological efficacy and providing a broad overview of future areas of
research. As such, a full discussion of framework models is outside
the scope of this review.
An important aspect of translating IMST out of the clinical
setting and into the public health sector is an understanding
of the methods by which investigators could track the progression of individuals through an IMST intervention without
study team interaction. Some studies have had participants perform completely unsupervised, home-based IMST with adherence self-reported through diaries (90–93). Although a useful
design in its simplicity, self-reporting adherence in physical diaries runs the risk of subjects losing their diaries, or incorrectly
or incompletely filling them out, as has been reported in an
IMST trial using this strategy (94). Other studies have scheduled weekly phone calls with subjects to track adherence, monitor progress, and assist with altering the training intensity for
those in the experimental groups (92,93,95). Regular phone
calls allow researchers to track participants more accurately
through the intervention compared with training diaries. However, participants may feel more accountable when they are required to regularly report intervention adherence to investigators and therefore may be more motivated to adhere to IMST
than they otherwise would under unsupervised settings. Accordingly, regular contact with the research team, even when
done remotely, may bias participant adherence and limit the
translational knowledge gained from this type of design.
To overcome these issues, IMST training devices that automatically record and store training data have been used. Internal data storage allows for objective recording of intervention
adherence and progression (e.g., changes in training load or
achieved inspiratory volumes during training sessions) (95,96).
Although these recordings overcome certain research limitations
associated with self-reported information, objective documentation of training data does not help with IMST translation and
implementation per se.
Web-based platforms have been used to implement IMST
outside of the clinic. In one study, patients with chronic obstructive pulmonary disease (COPD) were assigned to 12 wk of homebased IMST with or without Internet-based feedback. After each
training session, the Internet-based feedback group self-reported
their rating of perceived exertion; in response, these participants
would receive suggestions for adjusting their training intensity.
Participants in the no-feedback group reported adherence via
paper diaries and did not receive training-related suggestions.
Although no direct, verbal communication was made between
participants and investigators, those in the web-based feedback
group exhibited higher rates of adherence to IMST than those
not receiving feedback (87% vs 67% of prescribed training
sessions completed) (97). This finding supports the role of accountability via eHealth strategies for promoting adherence to
home-based IMST.
www.acsm-essr.org
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Currently, studies investigating the efficacy of time-efficient,
high-resistance IMST have used either daily or weekly in-person
instructional and supervised sessions (58,65–68). These studies
have all demonstrated the excellent safety and tolerability (i.e.,
ability to tolerate any side effects to maintain participation) profile
of high-resistance IMST. However, due to the regular supervision
of training sessions, the feasibility of users effectively progressing
through an unsupervised home-based high-resistance IMST intervention is unknown.
Importantly, small feasibility trials for home-based, moderateresistance IMST were performed in clinical populations (96,98),
and provided initial insight on the ability of individuals to perform
an IMST intervention without researcher oversight. In one study,
adults with stable COPD performed 8 wk of moderate-resistance
IMST (60% PIMAX, 30 breaths twice per day, 5 d·wk−1), with
one session supervised in person. After this 8-wk run in period, participants continued training completely unsupervised,
3 d·wk−1, for an additional 18 wk (96). Seven of the 10 subjects
enrolled completed the entire intervention. IMST was found to
be acceptable, with most participants expressing confidence in
their skill and ability to use the IMST device and perform the
intervention. Additionally, adherence during the unsupervised
sessions was high (91% of prescribed training sessions completed), but ranged from 22% to 162% (96), indicating low
use by certain participants but a desire to perform more than
the prescribed number of training sessions by other participants.
This suggests home-based IMST is feasible in this population
and warrants a larger trial.
In another trial assessing the feasibility and tolerability of
IMST in patients recovering from pneumonia, subjects performed IMST twice daily for 9 wk at 50% PIMAX with weekly
supervised training sessions. IMST was safe, with side effects
of training reported in only 15 of 1183 training sessions. Importantly, side effects did not prevent further training, indicating
the IMST intervention was tolerable. Patient-reported acceptability of IMST, such as finding IMST to be an attractive or
agreeable intervention, was 99.4% (98).
In studies reporting adherence to home-based IMST interventions, participants in the experimental (IMST) groups completed 76% to 91% of assigned training sessions (90,92,94,96,97).
Notably, the populations enrolled in these studies included
healthy older adults, adults with stable COPD, patients with
heart failure, and stroke survivors. This broad range of populations investigated suggests implementation of home-based IMST
is feasible across groups with varying health statuses and physical
limitations.
Finally, clinic-based studies assessing time-efficient, high-resistance
IMST have reported high rates of adherence, with at least 94% of prescribed training sessions completed (58,65–68). However, whether
adherence to high-resistance IMST remains high when performed
at-home, without regular supervision, requires investigation. Critically, whether unsupervised, high-resistance IMST programs can
effectively improve CV function has not been determined.
Potential for Digital Health Technologies to
Advance IMST
Although available studies support the translational potential of
high-resistance IMST as an adherable intervention, a crucial limitation to date is that all current studies have used investigator-led
instruction on how to perform IMST. Indeed, that there is no
Volume 50 • Number 3 • July 2022

current route for administering and disseminating high-resistance
IMST outside of the clinical research setting is a serious limiting
factor for public health translation.
As discussed, digital health technologies are effective for delivering aerobic exercise interventions and are acceptable for
use by midlife and older populations (47). Although not yet
tested, digital health technologies also are likely to be effective
tools to deliver and monitor high-resistance IMST interventions.
For example, a majority of adults in America, including over three
quarters of midlife and older adults, own a smartphone (99), which
is kept on their person at most times. As such, high-resistance
IMST could effectively be delivered through a smartphone app
without appreciably altering user burden.
However, even with increasing smartphone ownership, there
will still be barriers to technology uptake among midlife/older
adults. Internet connection issues could pose a barrier to adherence. In fact, ~25% of adults 50 yr and older report having
problems connecting to the internet. However, a greater proportion of adults younger than 50 yr (33%) report internet
connection issues (100). This suggests internet connection
is a general infrastructure barrier and not an issue of aging
per se. Barriers related to technology adoption, such as physical
and mental challenges or lack of comfort or familiarity with
technology, also can impact older adults (age, ≥65 yr), with
visual, cognitive, motor skills, and literacy barriers becoming
more prevalent with increasing age (101,102). Recently,
there has been a trend toward teaching older adults technology
skills (103), and more focus has been placed on user-centered
technology design for older adults (47,104). Incorporating
these steps focused on increasing usability by older adults will
be critical in the app design phase.
IMST devices that wirelessly pair with a smartphone app to
deliver a high-resistance IMST intervention could be developed.
Such apps could include features such as video instructions for
IMST device use and training technique, training prompts or reminders, wireless data transfer between the app and device, and a
user-tailored algorithm to automatically instruct and guide users
through a high-resistance IMST intervention for improving
CV function. The app also could pair with wireless home BP
monitors and integrate this information with the IMST data
to track changes in BP across the intervention period and notify
users if their BP classification changes (e.g., if SBP dropped
from the stage 1 hypertension into the elevated range).
Although such automated digital features will aid with effective uptake of high-resistance IMST, it is important to consider
that reliance on expensive equipment has the potential to exacerbate current health disparities. Therefore, it will be crucial
that any eventual app for delivering high-resistance IMST effectively works with more affordable, mechanical (i.e., nondigital) IMST devices that do not have the ability to automatically sync with a smartphone. Individuals using a mechanical
IMST device will have to manually input training information
into the accompanying smartphone app, which may decrease
convenience. However, the cost difference between digital
and mechanical IMST devices can be substantial, so the ability
to use more affordable, mechanical IMST devices in conjunction with an app will reduce overall financial burden and make
IMST accessible to a broader range of users.
Overall, leveraging the growing field of digital health technologies is likely to be an effective way to speed the dissemination
Translation of Inspiratory Training

Copyright © 2022 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

113

and implementation of high-resistance IMST from the clinical
research setting into the public health domain as a feasible
strategy for improving CV aging.
Future Directions for Translating IMST Toward
Public Health
Available evidence suggests high-resistance IMST performed
in a clinical research setting is efficacious for improving CV
function, particularly lowering SBP, and for promoting adherence in midlife and older adults. These encouraging initial results support initiating further translational research
on high-resistance IMST with the ultimate goal of improving
public health (Fig. 4).
As most studies to date have been small, proof-of-concept trials, the next step is to conduct larger, appropriately powered
safety and efficacy trials to more definitively establish the CV
health benefits of high-resistance IMST. Such larger trials in
midlife and older adults (NCT05000515, NCT04848675), patients with obstructive sleep apnea (NCT04932447) (61), and
patients with chronic kidney disease (NCT04911491) have recently begun and will start to fill this knowledge gap. However,
trials in additional patient populations with BP-associated risk,
such as patients with glaucoma or mild cognitive impairment,
also are warranted. Although the focus has primarily been on
midlife and older adults, high-resistance IMST should also be
considered for use in children with conditions associated with
above-normal BP and increased lifetime risk of CVD, such as
those with youth-onset type 2 diabetes mellitus. In addition, as
high-resistance IMST only requires use of the respiratory muscles, it may be accessible for groups with physical limitations that
restrict whole body exercise. Accordingly, high-resistance IMST
should be assessed for improving CV function in those with spinal cord injury, orthopedic injuries, frail older adults, adults with
excessive adiposity, or other conditions associated with elevated
risk for CVD due to increased sedentary behavior.
A majority of ongoing trials are all using a similar highresistance IMST paradigm (i.e., 30 breaths per day, 75% PIMAX,
5–6 d·wk−1). However, whether this commonly prescribed
protocol represents the most efficacious high-resistance, lowrepetition IMST intervention for improving CV function has
not been determined. Additional trials will be needed to identify the optimal high-resistance IMST protocol that elicits the
greatest CV health benefits, or find the minimal effective dose
of high-resistance IMST for improving CV function, by modulating the training frequency, training time of day, intensity,
and number of breaths per session. The larger sample sizes
afforded by these clinical trials will also provide key information
on the effectiveness of high-resistance IMST for improving CV
function in important subgroups. For example, larger clinical
trials should enable us to gather evidence as to whether the effectiveness of IMST varies based on sex, initial BP, medication
status, or whether other important subject characteristics influence responsiveness.
If the efficacy of high-resistance IMST for improving CV aging is established in these appropriately powered clinical trials,
the next step would be to perform pragmatic studies examining
the comparative or added effectiveness of IMST to established
therapies. Indeed, it will be important to compare the BPlowering effects of high-resistance IMST to established lifestyle strategies, such as aerobic exercise or dietary sodium
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Figure 4. Translational potential for progress of high-resistance inspiratory muscle strength training (IMST) toward public health implementation.
BP, blood pressure; CV, cardiovascular; RCT, randomized controlled trial.

restriction, and to approved pharmacotherapies, to determine
the equivalence (or superiority/inferiority) of IMST to current
interventions. As high-resistance IMST is a time-efficient intervention, it also holds promise as an additive therapy. Thus,
similar trials where IMST is performed in addition to current
lifestyle strategies to see if there are added CV health benefits, will be important. Additionally, trials adding IMST to
pharmacotherapy regimens can determine whether IMST
www.acsm-essr.org
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decreases the number of medications or dose necessary to achieve
BP control.
Such pragmatic trials will pave the way for multisite clinical
trials with longer follow-up periods assessing the impact of highresistance IMST on CV events, such as myocardial infarction
and all-cause mortality. Multisite trials should include both
healthy adults and those with established CVD to determine
the ability of high-resistance IMST to both prevent and treat
CVD.
If the clinical efficacy of high-resistance IMST for improving
CV function and decreasing disease risk is established, and the
results of comparative effectiveness trials support equivalency
(or better) versus alternative strategies, uncovering effective avenues for dissemination and implementation of IMST will become
important. As discussed, high-resistance IMST has qualities that
suggest it would be acceptable for uptake and to promote adherence in real world settings. However, minimal data supporting this
hypothesis are available.
Digital health technologies are a promising strategy for dissemination and implementation of high-resistance IMST.
However, before such tools can be made available to the public, the efficacy of high-resistance IMST delivered via digital
health technologies for improving CV function will need to
be established. This will require first collecting input from potential users on the appropriateness, feasibility, and acceptability of receiving high-resistance IMST through proposed digital
health technologies, such as smartphone apps, to create a vehicle to deliver IMST that is usable by the target population.
Next, high-resistance IMST delivered via the digital health approach will need to be compared with researcher-supervised,
clinic-based IMST for lowering BP and improving vascular function to ensure efficacy.
Once the efficacy of technology-delivered, high-resistance
IMST for improving CV function is established, dissemination and implementation research can begin. Of particular
importance will be testing digital health technologies for delivering IMST in underserved populations, such as in urban/
rural settings or to racial and ethnic minorities who do not
traditionally receive equitable access to health care. In addition, cost-benefit analyses will be needed to determine the
health care and economic impact of uptake of high-resistance
IMST. Such information will offer health care providers and
insurance companies the information needed to determine
the viability of providing free or reduced-price access to
IMST devices and the accompanying digital health delivery
system. Working with providers, along with underserved
groups, will be critical for providing equal access to highresistance IMST for all who may benefit from this promising
lifestyle intervention.
CONCLUSIONS
High-resistance IMST is a novel form of physical training that
promotes adherence and improves CV function in midlife/older
adults and certain patient populations when assessed in a clinical research setting. Although initial findings from small, proofof-concept studies are promising, additional investigation along
the translational research spectrum is needed to move highresistance IMST from the research setting to use in the public
health domain. A particularly promising strategy to speed the
ultimate dissemination and implementation of IMST is to leVolume 50 • Number 3 • July 2022

verage digital health technologies to promote uptake among
midlife/older adults and other populations at risk for CVD.
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