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Abstract

Cardiovascular diseases (CVD) remain the leading cause of death in developed and developing
societies and aging is the primary risk factor for CVD. Much of the increased risk of CVD in
midlife/older adults (i.e., adults aged 50 years and older) is due to increases in blood pressure,
vascular endothelial dysfunction and stiffening of the large elastic arteries. Aerobic exercise
training is an effective lifestyle intervention to improve CV function and decrease CVD risk with
aging. However, <40% of midlife/older adults meet guidelines for aerobic exercise, due to time
availability-related barriers and other obstacles to adherence. Therefore, there is a need for new
lifestyle interventions that not only improve CV function with aging but also promote adherence.
High-resistance inspiratory muscle strength training (IMST) is an emerging, time-efficient (5
minutes/day) lifestyle intervention. Early research suggests high-resistance IMST may promote
adherence, lower blood pressure and potentially improve vascular endothelial function. However,
additional investigation will be required to more definitively establish high-resistance IMST as a
healthy lifestyle intervention for CV aging. This review will summarize the current evidence on
high-resistance IMST for improving CV function with aging and will identify key research gaps
and future directions.
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1. Introduction

Aging is the primary risk factor for cardiovascular diseases (CVD), the leading cause of
death in the United States and other developed and developing countries (Virani et al.,

2021). The number of older adults is expected to increase significantly in the coming years,
predicting a large increase in the prevalence of CVVD-related morbidity and mortality without
effective interventions (Heidenreich et al., 2011).

The increased risk for CVD with aging is due, in part, to age-related changes in CV function
(Figure 1), including increases in blood pressure (BP), vascular endothelial dysfunction and
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stiffening of the large elastic arteries (Lakatta and Levy, 2003). The age-related increase in
BP is primarily driven by elevations in systolic BP (SBP) above normal, healthy levels (i.e.,
>120 mmHg), as diastolic BP (DBP) tends to plateau around age 50 years and then decrease
at older ages (Lakatta and Levy, 2003). Vascular endothelial dysfunction is apparent as the
impaired ability of the vascular endothelium to regulate vascular tone due to reductions in
bioavailability of the important vasodilatory molecule, nitric oxide (NO) (Seals et al., 2011).
Stiffening of the large elastic arteries, e.g., the aorta and carotid arteries, is characterized

by degradation of elastin fibers, increased collagen deposition and increased collagen cross-
linking due to formation of advanced glycation end products (Zieman et al., 2005).

Primary mechanisms involved in CV dysfunction with aging include increased oxidative
stress and chronic low-grade inflammation (Craighead et al., 2020; Donato et al., 2008,
2007) (Figure 1). Increased oxidative stress with aging is mediated primarily by excessive
production of reactive oxygen species (ROS) derived from multiple sources. There is an
increase in ROS production from mitochondria as well as increases in the expression and
activity of pro-oxidant enzymes, primarily nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, with no change in, or a decrease in the expression of, antioxidant
enzymes, such as manganese superoxide dismutase (MnSOD) (Donato et al., 2007; Pierce
etal., 2011a). Increased ROS production from these and other sources can cause uncoupling
of endothelial NO synthase (eNOS) (Forstermann and Sessa, 2012), which, in turn, produces
less NO and more superoxide (Luo et al., 2014). Superoxide reacts directly with NO to form
peroxynitrite, further reducing overall NO bioavailability (Pacher et al., 2007). In addition,
aging is associated with chronic activation of the pro-inflammatory master regulator, nuclear
factor xB (NFxB) and increased production of pro-inflammatory molecules, including
interleukin-6, tumor necrosis factor-a, and C-reactive protein (CRP) (Donato et al., 2008;
Lesniewski et al., 2011; Seals, 2014).

Collectively, these findings suggest strategies that improve CV function by decreasing
oxidative stress and chronic low-grade inflammation would be effective for decreasing age-
associated CVD. Conventional aerobic exercise training is a particularly effective lifestyle
strategy for improving CV function and decreasing CVD risk with aging (Seals, 2014).

To improve CV function, aerobic exercise must be performed regularly (Craighead et al.,
2019; Seals, 2014; Seals et al., 2018). However, less than 40% of midlife and older adults,
i.e., adults aged 50 years and older, adhere to aerobic exercise guidelines (Schoenborn and
Stommel, 2011; Troiano et al., 2008). Thus, there is a need for alternative forms of physical
training that both improve CV function and promote high rates of adherence in midlife/older
adults.

The purpose of this review is to discuss novel, high-resistance inspiratory muscle strength
training (IMST), a time-efficient form of physical training that may improve CV function
with aging and promote excellent rates of adherence. We will start by briefly summarizing
the effects of aerobic exercise for improving CV function with aging. We then will provide a
short overview of the clinical and research history of IMST and what has been learned from
investigations using /on+resistance IMST paradigms for improving CV function. The bulk
of this review will then focus on summarizing current knowledge regarding high-resistance
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IMST for improving CV function with aging, while also identifying knowledge gaps and
future directions for research on this highly promising, emerging healthy lifestyle strategy.

2. Conventional aerobic exercise and cardiovascular function

Aerobic exercise training is the most well-known and well-studied healthy lifestyle
intervention for improving CV function with aging (Craighead et al., 2019; Seals, 2014;
Seals et al., 2018) (Figure 1). In midlife/older adults, aerobic exercise lowers casual (resting)
SBP by 2-8 mmHg on average, with the largest reductions apparent in those with the highest
baseline SBP (i.e., stage 2 hypertension, baseline SBP =140 mmHg) (Whelton et al., 2018,
2002). Aerobic exercise also lowers casual DBP by 2—-3 mmHg (Whelton et al., 2018). The
reductions in BP observed with aerobic exercise are associated with improvements in arterial
function, including consistent increases in vascular endothelial function and, in some cases,
reductions in large elastic artery stiffness (Guimaraes et al., 2010; Pedralli et al., 2020;
Vaitkevicius et al., 1993).

Aerobic exercise consistently improves vascular endothelial function in midlife/older

men. In cross-sectional comparisons, endurance-trained midlife/older men have greater
endothelial function compared to their untrained peers (DeSouza et al., 2000; Eskurza

et al., 2004), measured either as brachial artery flow-mediated dilation (FMDgp), a well-
established measure of conduit artery endothelial function that is primarily mediated by NO
(Green et al., 2014), or the increase in forearm blood flow in response to brachial artery
infusion of the endothelium-dependent dilator acetylcholine, the gold-standard measure

of /n vivo microvascular endothelial function (Seals et al., 2011). Consistent with such
cross-sectional group comparisons, aerobic exercise training improves endothelial function
in previously sedentary older men (DeSouza et al., 2000; Pierce et al., 2011b).

The improvements in endothelial function with aerobic exercise training in midlife/older
men are largely mediated by reductions in oxidative stress. ROS (primarily superoxide)-
mediated suppression of endothelial function can be measured /7 vivo as the change in
FMDgp following acute infusion of a supratherapeutic dose of the potent antioxidant,
vitamin C, compared to saline-infusion control. In sedentary older men, vitamin C

infusion improves FMDgpa (Eskurza et al., 2004), indicative of tonic superoxide-mediated
suppression of endothelial function in this group. However, vitamin C infusion does not
affect FMDgp in endurance-trained older men (Eskurza et al., 2004), suggesting a reduction
in vascular oxidative stress with aerobic exercise training. Other important markers of
oxidative stress also decrease with aerobic exercise. In endothelial cells sampled via
endovascular biopsy from endurance-trained midlife/older men, abundance of nitrotyrosine,
a marker of oxidative stress, and expression of NADPH oxidase are lower compared with
older sedentary men and young adult controls (Pierce et al., 2011a). Plasma concentrations
of oxidized-low density lipoprotein, a circulating marker of oxidative stress, also are
reduced in endurance-trained midlife/older adults (Santos-Parker et al., 2017). Evidence
from lifelong studies in male mice suggest reduced mitochondrial ROS production also is
involved in suppressing oxidative stress in response to aerobic exercise training (Gioscia-
Ryan et al., 2021). Other evidence suggests that pro-inflammatory markers including
NF«xB, tumor necrosis factor-a, and CRP also may be lower in endurance-trained older
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adults or following aerobic exercise training, suggesting reductions in chronic low-grade
inflammation are also involved in the CV benefits of aerobic exercise (Gano et al., 2011;
Santos-Parker et al., 2017).

Importantly, aerobic exercise training does not consistently improve vascular endothelial
function in estrogen-deficient postmenopausal women (Seals et al., 2019), i.e.,
postmenopausal women not taking hormone replacement therapy, which represents the
great majority (>90%) of postmenopausal women in the United States (Connelly et

al., 2000). Cross-sectionally, endurance-trained estrogen-deficient postmenopausal women
do not have greater endothelial function than their sedentary peers (Santos-Parker et

al., 2017), whereas results from intervention studies fail to show consistent changes in
endothelial function following aerobic exercise training in these women (Moreau et al.,
2013; Pierce et al., 2011b). Evidence suggests this is due to reductions in estrogen, as
formerly estrogen-deficient postmenopausal women treated with exogenous estrogen exhibit
improvements in endothelial function following aerobic exercise training (Moreau et al.,
2013). Mechanistically, this appears linked to an inability for aerobic exercise to decrease
oxidative stress in postmenopausal women without the presence of estrogen. Indeed,

acute supratherapeutic treatment with the antioxidant vitamin C increases FMDga in both
sedentary and endurance-trained estrogen-deficient postmenopausal women as well as in
estrogen-deficient postmenopausal women following an aerobic exercise intervention but
does not affect FMDpgp in estrogen-treated postmenopausal women after chronic aerobic
exercise training (Moreau et al., 2013).

Regular aerobic exercise also is associated with lower large elastic artery stiffness compared
with the sedentary state in some groups of midlife/older men and women, although the
literature is somewhat inconsistent and any observed benefits seem to be dependent on
adequate exercise intervention duration and exercise bout frequency (Pierce, 2018, 2017).
Endurance-trained midlife/older men and women have lower arterial stiffness, measured via
carotid-femoral pulse wave velocity (CFPWYV), the gold-standard clinical measure of aortic
stiffness (Laurent et al., 2006; Vlachopoulos et al., 2010), or as carotid artery compliance,
compared to their sedentary peers (Moreau et al., 2003; Tanaka et al., 2000, 1998). In
addition, aerobic exercise training can decrease carotid artery compliance in previously
sedentary midlife/older adults (Matsubara et al., 2014; Tanahashi et al., 2014; Tanaka et

al., 2000). Data from animal models suggest that benefits of aerobic exercise for improving
arterial stiffness are, at least in part, mediated by reductions in oxidative stress. In fact,
reductions in carotid artery stiffness following 10-14 weeks of voluntary wheel running in
mice are linked to reduced superoxide-mediated suppression of collagen deposition (Fleenor
et al., 2010). Similarly, lifelong aerobic exercise in mice prevents the age-related increases
in aortic whole-cell and mitochondrial-specific superoxide production observed in sedentary
older mice and which is linked to stiffening of the aorta (Gioscia-Ryan et al., 2021).

Current aerobic exercise guidelines recommend at least 150 minutes of moderate intensity or
75 minutes of vigorous intensity aerobic exercise per week (Piercy et al., 2018). However,
depending on whether adherence is measured through accelerometry or self-report, as few
as 5%-— 40% of midlife/older adults meet these guidelines (Schoenborn and Stommel,

2011; Troiano et al., 2008). The most common reported barrier to adherence to aerobic

Exp Gerontol. Author manuscript; available in PMC 2022 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craighead et al.

Page 5

exercise guidelines is lack of time (El Ansari and Lovell, 2009; Kelly et al., 2016; Stutts,
2002). Other common barriers include physical limitations, financial cost, facility access
and transportation barriers (Babakus and Thompson, 2012; Kelly et al., 2016; Siddiqi et al.,
2011; Yarwood et al., 2005) (Figure 1). These barriers tend to be even more pronounced,

and aerobic exercise adherence even worse, in midlife/older adults from racial and ethnic
minorities or with lower levels of education and socioeconomic status, due to a lack of social
support and less guidance from healthcare providers (Allen and Morey, 2010; Rivera-Torres
et al., 2019). Therefore, there is a need for alternative lifestyle interventions that improve
CV function in midlife/older adults and are accessible to all demographics while overcoming
common barriers to adherence associated with conventional aerobic exercise training.

3. Inspiratory muscle strength training

IMST is a form of physical training that utilizes only the diaphragm and accessory
respiratory muscles, particularly the sternocleidomastoid and intercostal muscles, to perform
repeated inhalations against resistance, whereas expiration is unimpeded. IMST can be
performed on a variety of devices that provide resistance to inhalation in slightly different
ways. “Constant resistance” devices provide a consistent level of inspiratory resistance, most
often by creating a narrowed airway for the user to breathe through. Pressure-threshold
devices allow inspiration only once a target pressure has been reached, usually through

the opening of a valve; inhalation then ceases once inspiratory pressure drops below the
target pressure. Finally, tapered loading devices require a target inspiratory pressure to be
reached to start inhalation, but the resistance to inspiration gradually decreases throughout
the maneuver, allowing for inspiration to continue at higher lung volumes when force
production begins to drop. The above types of devices can all be used to design IMST
interventions with various training session duration, frequency and intensity. There also

is hyperpnea-based inspiratory training, which involves training based on increasing lung
volumes and ventilation, rather than increasing inspiratory resistance. Hyperpnea-based
paradigms are very different from resistance-based protocols and will not be the focus of this
review.

Interest in IMST began in earnest in the 1970’s as an ergogenic aid for improving athletic
performance and investigation of the efficacy of IMST for improving athletic performance
has continued through today (Chang et al., 2021; de Sousa et al., 2020; Leith and Bradley,
1976). Some evidence suggests that IMST may improve performance in endurance athletes
by mitigating the respiratory muscle metaboreflex that occurs as respiratory muscles become
fatigued, usually resulting in a redistribution of blood flow from the locomotor to respiratory
muscles (Callegaro et al., 2011; Witt et al., 2007). In this way, IMST may help maintain
blood flow to the working locomotor muscles.

Research on IMST quickly spread from use as a performance-enhancing protocol in athletic
populations to a potential therapy in groups with respiratory failure, such as patients

with chronic obstructive pulmonary disease or those needing to be weaned off ventilators
(Beaumont et al., 2018; Elkins and Dentice, 2015). IMST was also explored as a potential
treatment for groups with limited ability to perform full-body exercise, including patients
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with heart failure, muscular dystrophy or spinal cord injury (Sheel et al., 2008; Smart et al.,
2013; Wanke et al., 1994).

The commercialization of the above-described devices eventually made IMST available

to the general public. Indeed, the wide availability of affordable IMST devices may

reduce several common barriers to adherence associated with conventional aerobic exercise
training. Although devices costing >US$500 are available, other IMST devices can be
purchased for a one-time expense of US$50-$100. This cost is less than many monthly

gym memberships or the price of more expensive exercise equipment, overcoming some of
the cost-related barriers to access. IMST devices can be used at home and do not require
nearby exercise facilities or a built environment conducive to exercise, surmounting the
requirement for access to specialized facilities. Finally, IMST reduces travel-related barriers
as at-home training removes the need to commute to specialized facilities. The training
devices are also small and portable, so they can easily be taken along during travel. Overall,
IMST has multiple potential advantages that may overcome some of the common barriers to
adherence reported for other healthy lifestyle strategies in midlife/older adults from multiple
demographics.

3.1 Low-resistance IMST

Until recently, IMST has been performed against a relatively low inspiratory resistance of
approximately 30% of the maximal inspiratory pressure (Plpax) an individual can produce,
a respiratory pressure roughly equivalent to that generated during maximal intensity aerobic
exercise in fit individuals (Craighead et al., 2019). Such low-resistance protocols require
individual training sessions of 30 minutes or more. When multiple training sessions are
performed per week, the overall time commitment required for low-resistance IMST is
similar to that required to meet aerobic exercise guidelines (i.e., approximately 150 minutes
per week). Therefore, low-resistance IMST does not address the crucial time-availability
barrier to adherence posed by conventional aerobic exercise training.

Despite being time-intensive, investigations of low-resistance IMST provide an initial
foundation of evidence from which to assess the potential benefits of higher-resistance
IMST on CV function with aging and age-related chronic disorders. For example, 30-60
minutes of low-resistance IMST (18-20 cmH,0, <30% Plpax for most generally healthy
adults) per day for 8 weeks has been reported by Jones and colleagues (Jones et al., 2010;
Sangthong et al., 2016) to lower casual SBP by 13-18 mmHg in adults with hypertension,
whereas casual DBP remained unchanged (Sangthong et al., 2016) or was reduced by

7 mmHg (Jones et al., 2010). These findings are promising and if confirmed by other
laboratories would support the antihypertensive efficacy of this form of IMST. On the other
hand, 2 studies involving patients with heart failure, 30 minutes per day, 7 days per week,

of low-resistance IMST (30% Plpax) reported no changes in casual BP after 4 weeks
(Chiappa et al., 2008) or 12 weeks (Mello et al., 2012). In addition, no changes in casual BP
were observed in patients with chronic obstructive pulmonary disease after 12 weeks of low-
resistance IMST consisting of 3 days per week, 30 minutes per day at a resistance equivalent
to 30% Plpax (Cutrim et al., 2019). Differences in the baseline BP of the subjects, and

the intensity, duration and frequency of the IMST paradigms used in these investigations

Exp Gerontol. Author manuscript; available in PMC 2022 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Craighead et al.

Page 7

all may have contributed to the variable reductions in casual BP reported. Additionally,
underlying health status, including the presence of cardiopulmonary dysfunction, may
influence efficacy as low-resistance IMST lowered BP in adults with hypertension but

not patients with heart failure or chronic obstructive pulmonary disease. Overall, although
select studies have reported significant BP-reducing responses to low-resistance IMST, other
studies have found no such effects. Therefore, the efficacy of low-resistance IMST for
lowering casual BP in midlife and older healthy adults and patients with chronic diseases
remains to be established.

Twenty-four-hour BP measured via ambulatory monitoring is an additional independent
CVD risk factor (Clement et al., 2003; Dolan et al., 2005; Mancia, 2007). A study in
midlife/older adults with hypertension demonstrated that low-resistance IMST, consisting
of 30 minutes of training at 30% Plypax per day for 8 weeks, lowered 24-hour SBP by 8
mmHg and 24-hour DBP by 6 mmHg (Ferreira et al., 2013).

We are aware of one study that assessed the effects of low-resistance IMST on directly
measured sympathetic nervous system activity using microneurography in midlife/older
adults with heart failure. In these patients muscle sympathetic nerve activity (MSNA) burst
frequency and incidence were reduced following 12 weeks of low-resistance IMST at 30%
Plmax performed in 3, 10-minute intervals each day (e.g., 30 minutes per day) (Mello

et al., 2012). Additional studies have investigated the effects of low-resistance IMST on
heart rate variability, an indirect and controversial measure of cardiac sympathetic activity.
In healthy midlife/older adults and patient populations, low-resistance IMST has been
reported to change indexes of heart rate variability purported to reflect increases in cardiac
parasympathetic nerve activity and reductions in cardiac sympathetic nerve activity (de
Abreu et al., 2017; Ferreira et al., 2013).

The effects of low-resistance IMST on vascular endothelial function and arterial stiffness
have not been thoroughly investigated. However, given the promising albeit inconsistent
results of low-resistance IMST for lowering BP in select studies, interests have turned
towards adapting IMST to overcome the critical time-availability related barrier to
adherence.

3.2 High-resistance IMST

High-resistance IMST is a novel variation on the traditional low-resistance IMST paradigm.
The most prominent high-resistance IMST protocol to emerge thus far consists of 30
inhalations per session at a resistance of 75% Plyax, wWith one session performed per

day and 5-7 sessions performed per week (Figure 2) (Craighead et al., 2021; DelL ucia et
al., 2018; Ramos-Barrera et al., 2020; Vranish and Bailey, 2016, 2015). Importantly, and
unlike aerobic exercise or low-resistance IMST, this high-resistance IMST protocol requires
a daily time commitment of only approximately 5 minutes, amounting to just a 30-minute
total weekly time commitment if performed regularly. Thus, high-resistance IMST is a
highly time-efficient lifestyle strategy which may promote greater rates of adherence than
time-intensive protocols. Indeed, results from small, clinic-based trials using the above 5
minute per day high-resistance IMST protocol have observed excellent rates of adherence,
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with greater than 90% of prescribed training sessions performed (DelLucia et al., 2018;
Vranish and Bailey, 2016, 2015).

Here, we will summarize what is currently known about the efficacy of high-resistance
IMST for improving CV function with aging. While the results from intervention studies
using high-resistance IMST will be the focus, findings from select studies investigating the
CV effects of low-resistance IMST interventions or following acute bouts of IMST will be
discussed where appropriate.

3.3 High-resistance IMST for lowering blood pressure

Bailey and colleagues were the first to investigate the effects of a high-resistance IMST
intervention on casual BP. In the first study of its kind, Vranish and Bailey established that
6 weeks of high-resistance IMST, consisting of 30 breaths/day at 75% Plyax performed

5 days per week, lowered casual SBP by 10 mmHg and casual DBP by 6 mmHg in a
cohort of young healthy adults with normal baseline BP (Vranish and Bailey, 2015). This
novel study also included a group training with large excursions in lung volume but against
minimal resistance, and a group training at a high resistance but with a negligible change in
lung volume (i.e., isometric inspiratory contraction). This innovative design established the
necessity of training against a high resistance per se, irrespective of changes in lung volume,
as equivalent reductions in BP were observed in the group performing isometric inspiratory
contractions, but no changes were seen in the group inhaling against minimal resistance
(Vranish and Bailey, 2015).

Next, using a similar 6-week high-resistance IMST protocol, Bailey and colleagues observed
reductions in casual SBP of 12 mmHg and casual DBP by 5 mmHg in a group of
midlife/older adults with obstructive sleep apnea (Vranish and Bailey, 2016), demonstrating
potential efficacy of this intervention for lowering BP with aging in patients with this
disorder. These findings have since been replicated in additional groups of young adults
(DeLucia et al., 2018) and midlife/older adults with obstructive sleep apnea (Ramos-Barrera
et al., 2020).

Our laboratory recently adopted the protocol developed by Bailey et al. to investigate
whether the BP-lowering effects of high-resistance IMST could be conferred to otherwise
healthy midlife/older adults with above-normal initial SBP, i.e., 2120 mmHg at baseline
(Craighead et al., 2021). Our study was a double-blind, sham-controlled parallel design pilot
study of 36 participants randomized to 6 weeks of high-resistance IMST, consisting of 30
breaths per day at 75% Plypax, performed 6 days per week, or low-resistance sham training
at 15% Plyax at the same frequency of breaths and duration of treatment. At the end of

the intervention, casual SBP and DBP were reduced by 9 mmHg and 2 mmHg, respectively,
in the group performing high-resistance IMST, with no change in the sham control group
(Craighead et al., 2021).

On average, the BP reductions observed in the 5 high-resistance IMST studies performed
across Dr. Bailey’s laboratory and our own are clinically meaningful. Reductions in SBP
of 10 mmHg and DBP of 5 mmHg, approximately the average changes observed in these
studies (Figure 3), are associated with a 30-40% lower risk of death from CVD (Lewington
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et al., 2002). Further supporting the clinical significance are the moderate to large effect
sizes of high-resistance IMST on SBP across these 5 interventions (Figure 3). Thus, high-
resistance IMST may decrease CVD risk through lowering BP. Of note, reductions in BP of
this magnitude are equal to, or greater than, those induced by other common healthy lifestyle
interventions, such as aerobic exercise (Cornelissen and Smart, 2013; Whelton et al., 2002),
weight loss (Neter et al., 2003), eating a healthy DASH-style diet (Appel et al., 1997) and
dietary sodium restriction (Aburto et al., 2013; He et al., 2013).

Our IMST trial was the first study on high-resistance IMST to include a follow-up period.

In our study, BP was reassessed after 6 weeks of cessation from IMST. We observed that
roughly 75% of the reductions in casual SBP observed at the end of IMST were maintained
following this 6-week layoff, indicating high-resistance IMST has potentially long-lasting
effects on SBP (Craighead et al., 2021). This contrasts with what is usually observed
following aerobic exercise training, where BP typically returns to pre-intervention levels
soon after the cessation of regular exercise (Mora-Rodriguez et al., 2014; Nolan et al., 2018).
This may be because much of the reduction in BP associated with aerobic exercise is due to
post-exercise hypotension (Halliwill, 2001), necessitating that aerobic exercise be performed
regularly to maintain reductions in BP. In comparison, high-resistance IMST does not induce
hypotension after a single bout (Ferreira et al., 2021). In fact, it was recently shown that

BP remains slightly elevated for a short period of time in young adults following a single
session of high-resistance IMST (DeLucia et al., 2021). These differing acute effects on BP
between aerobic exercise and IMST suggest potentially different mechanisms mediating BP
reductions in these two interventions.

Two of the above studies assessed high-resistance IMST for improving 24-hour BP.

Bailey and colleagues found no changes in 24-hour SBP or DBP, but did observe a 12
mmHg reduction in nighttime SBP following 6 weeks of high-resistance IMST in midlife/
older adults with obstructive sleep apnea (Ramos-Barrera et al., 2020). That a circadian-
dependent effect was observed in this patient group with nighttime sleep disturbances is not
unexpected. We observed a 4 mmHg reduction in 24-hour SBP, such that 24-hour SBP was
significantly lower compared to the sham control group at the end of the intervention, with
no change in 24-hour DBP (Craighead et al., 2021).

Overall, findings from this initial set of small trials suggest that high-resistance IMST is a
time-efficient intervention for lowering casual SBP (Figure 3) and DBP in adults, including
midlife/older adults who are generally healthy and those with obstructive sleep disorders.
High-resistance IMST may also be effective for improving 24-hour SBP and inducing long-
lasting reductions in SBP. Importantly, the changes in BP with high-resistance IMST are
similar to those observed following time-intensive aerobic exercise (Whelton et al., 2002)
and low-resistance IMST (Ferreira et al., 2013; Jones et al., 2010; Sangthong et al., 2016),
but accomplished with a daily time commitment of only approximately 5 minutes.

3.4 High-resistance IMST for improving arterial function

Presently there is very limited information regarding the potential of high-resistance IMST
for improving arterial function. Our recent study was the first to assess the efficacy of
high-resistance IMST for improving vascular endothelial function in healthy midlife/older
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adults. We observed an approximately 45% increase in FMDga following 6 weeks of high-
resistance IMST, with no change in the sham control group (Craighead et al., 2021). When
expressed as a percent change in brachial artery diameter, we observed a 2.5 A% increase

in FMDgp units following IMST (Craighead et al., 2021). This improvement is potentially
clinically meaningful as a 1 A% increase in FMDga units is associated with an 8-13% lower
risk of CVD (Green et al., 2011; Inaba et al., 2010; Matsuzawa et al., 2015; Ras et al., 2013;
Xu et al., 2014). Importantly, we observed improvements in FMDgp in both the men and
estrogen-deficient postmenopausal women enrolled in our study (Craighead et al., 2021). As
such, our findings indicate that high-resistance IMST may be a promising intervention for
improving vascular endothelial function in both estrogen-deficient postmenopausal women,
a group in which regular aerobic exercise training does not consistently improve endothelial
function (Seals et al., 2019), and midlife/older men.

A study using isocapnic hyperventilation, a different form of respiratory muscle training,
assessed changes in endothelial function via FMDgp in a group of young, healthy women.
No change in FMDga Was observed in these women after 8 weeks of training 3 days per
week, 15-30 minutes per day (Bisconti et al., 2018). However, FMDgp in these women
was very high (>10 A%) at baseline and therefore unlikely to improve. Lastly, a study in
patients with heart failure assessed relatively high-resistance IMST, consisting of training
at 60% Plyax until exhaustion, 3 days per week, for 10 weeks, on reactive hyperemia, an
indirect, non-specific measurement of endothelial function measured with venous occlusion
plethysmography, and found no effect (Laoutaris et al., 2008).

The heterogeneity of IMST protocols employed, and the populations examined, make it
difficult to draw conclusions on the promise of high-resistance IMST for improving vascular
endothelial function at this point. However, our pilot study in midlife/older adults with initial
above-normal BP demonstrated substantial increases in FMDga, the gold-standard measure
of /n vivo conduit artery endothelial function in humans (Kobayashi et al., 2004), following
6 weeks of high-resistance IMST, strongly suggesting the potential for efficacy in this group.

The potential efficacy of high-resistance IMST on arterial stiffness has only been assessed
in 2 studies to date. In our recent trial, we found no change in large elastic artery stiffness,
measured as either CFPWV or carotid artery compliance, after 6 weeks of IMST. A very
different hyperpnea-based form of respiratory training found no change in CFPWYV after

4 weeks of training in young adults (Beltrami et al., 2020). Importantly, both of these
interventions were short in duration. As lifestyle interventions generally take at least 3
months to reduce arterial stiffness (Pierce, 2017), longer intervention durations may be
needed to better elucidate the effects of high-resistance IMST on this important expression
of vascular function.

3.5 Mechanisms of action

There is still much to learn about the mechanisms through which high-resistance IMST
improves CV function in midlife/older adults. However, early results indicate high-resistance
IMST may reduce oxidative stress and inflammation, two primary mechanisms behind CV
aging. High-resistance IMST may also act on the sympathetic nervous system in select
subgroups.
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Oxidative Stress.—Our laboratory has utilized an innovative ex vivo cell culture model
whereby human umbilical vein endothelial cells (HUVECS) are exposed to serum collected
from subjects pre- and post-IMST or sham control training to assess the effects of factors
circulating in the serum on endothelial cell function. In our midlife/older cohort, serum
collected from subjects who performed 6 weeks of high-resistance IMST induced greater
acetylcholine-induced production of NO in HUVECs compared to serum sampled at
baseline or before or after sham-training (Craighead et al., 2021). This increase in NO
bioavailability was associated with increased activity of the NO-producing enzyme, eNOS,
as well as decreased basal ROS production from HUVECS treated with serum sampled post-
IMST versus baseline (Craighead et al., 2021). These results suggest that the improvement
in NO-mediated endothelial function (FMDgpa) observed following high-resistance IMST is
likely mediated by a reduction in NO-scavenging ROS and increased NO production from
eNQOS, leading to an overall increase in NO bioavailability.

Other studies have investigated the potential for low- and moderate-resistance IMST to
induce changes in circulating markers of oxidative stress and endothelial function. In
patients on hemodialysis, 8 weeks of low-resistance IMST (<20 cmH,0) performed 3 times
per week did not change plasma concentrations of malondialdehyde (Campos et al., 2018),
a marker of oxidative stress. However, plasma concentrations of the endothelium-derived
vasoconstrictor, endothelin-1, were reduced in these patients (Campos et al., 2018), which
may have reflected improved endothelial function. In a study in healthy older adults who
performed moderate-resistance IMST, consisting of 2, 30-breath sessions at 50% Plyax per
day for 8 weeks, oxidative stress was measured as the change in DNA damage to peripheral
blood mononuclear cells (Mills et al., 2015). This marker of oxidative stress did not change
following IMST in these healthy older adults (Mills et al., 2015); however, peripheral blood
mononuclear cell oxidative stress may not be directly indicative of vascular endothelial
oxidative stress per se. High-resistance IMST may decrease endothelial oxidative stress, but
given the differences in IMST protocols, study populations and oxidative stress markers, the
role of oxidative stress in mediating the CV benefits of high-resistance IMST remains to be
confirmed by additional investigation.

Inflammation.—In our high-resistance IMST intervention, plasma concentrations of CRP,
an important marker of systemic inflammation, decreased in the IMST group but remained
unchanged in the sham control group (Craighead et al., 2021). This suggests high-resistance
IMST may improve CV function by reducing systemic inflammation. Additionally, plasma
tumor necrosis factor receptor 2 and CRP were reduced in patients on hemodialysis
following 8 to 10 weeks of IMST at 50% Plyax, further suggesting IMST may decrease
systemic inflammation (Figueiredo et al., 2018; Pellizzaro et al., 2013). However, plasma
interleukin-6 and tumor necrosis factor a, two other circulating markers of inflammation,
remained unchanged following 6 weeks of IMST in our study (Craighead et al., 2021).
Additionally, plasma concentrations of inflammatory cytokines did not change following

8 weeks of IMST consisting of 2, 30-breath sessions at 50% Plyax per day in healthy
older adults (Mills et al., 2015). Plasma inflammatory cytokines were also unchanged
following an acute bout of high-resistance IMST in patients with obstructive sleep apnea
(Ferreira et al., 2021). As with oxidative stress, the diverse IMST protocols and populations
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examined make it difficult to draw conclusions on the efficacy of high-resistance IMST for
decreasing systemic inflammation with aging. The above studies suggest that suppression of
chronic low-grade inflammation may contribute to improved CV function with certain IMST
paradigms or subject groups. However, because the overall effects of IMST on circulating
markers of inflammation has been inconsistent, this question requires further investigation.

Sympathetic Nervous System Activity.—There are inconsistent reports that high-
resistance IMST may modulate the activity of the sympathetic nervous system. We

observed no change in plasma concentrations of epinephrine and norepinephrine, markers of
sympathoadrenal activity, after 6 weeks of high-resistance IMST in midlife/older adults with
above-normal SBP (Craighead et al., 2021). However, Bailey and colleagues have observed
reductions in plasma catecholamines and MSNA in midlife/older adults with obstructive
sleep apnea after high-resistance IMST intervention (Ramos-Barrera et al., 2020; Vranish
and Bailey, 2016). Of note, obstructive sleep apnea is independently associated with elevated
sympathetic activity (Narkiewicz and Somers, 2003). Accordingly, the baseline plasma
norepinephrine concentrations in the patients with obstructive sleep apnea enrolled in the
studies by Bailey and colleagues were approximate 2-fold greater than those observed in our
laboratory’s cohort of generally healthy midlife/older adults.

In young men and women, high-resistance IMST acutely decreases MSNA, with the
magnitude and duration of the reduction in sympathetic activity greater in young women
than young men (DeLucia et al., 2021). However, whether these sex differences are apparent
following chronic high-resistance IMST in midlife/older adults is unknown. Collectively,
these data suggest chronic high-resistance IMST may influence sympathetic activity only in
select groups, such as patients with conditions associated with elevated sympathetic activity.

4. Research gaps and future directions

The results of the human trials summarized above suggest high-resistance IMST is a
promising lifestyle intervention for improving CV function, particularly BP and endothelial
function, while promoting adherence to the intervention in midlife/older adults. However,
many research gaps remain to further translate high-resistance IMST as an established
intervention for improving CV health (Figure 4).

Current trials are limited to small, laboratory-based, short-term study designs. The next step
is to establish the efficacy of longer durations of high-resistance IMST for improving BP
and arterial function in larger clinical trials. Such trials could examine different treatment
protocols, such as once versus twice per day training, and extended intervention periods
(e.g., 3-12 months), to determine the optimal “dose” of high-resistance IMST for evoking
favorable CV adaptations. In addition, these trials should include serial examination of the
long-lasting effects of IMST, such as measuring BP every 2 weeks after cessation of the
intervention for a 2 to 3-month period. The latter type of investigation will provide important
insight into the clinically relevant question of whether IMST needs to be performed
chronically or only intermittently to produce healthy CV benefits.
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Future trials should also seek to establish the efficacy of high-resistance IMST in other at-
risk populations. CV dysfunction underlies many other age-related diseases, such as chronic
kidney disease and Alzheimer’s disease and related dementias (Hamrahian and Falkner,
2017; SPRINT MIND Investigators for the SPRINT Research Group et al., 2019; Stakos et
al., 2020); thus, future trials should determine whether IMST can improve outcomes in these
and other patient groups with age-related chronic disorders. For example, high-resistance
IMST also may benefit groups with mobility limitations, such as overweight or obese

adults or patients with peripheral artery disease. Moreover, emerging evidence suggests
inflammation and oxidative stress associated with COVID-19 may induce prolonged CV
dysfunction (Chung et al., 2021; Magadum and Kishore, 2020).

After establishing the efficacy of high-resistance IMST, the next step would be

to demonstrate relative effectiveness compared to established treatments, such as
pharmacotherapy, aerobic exercise, weight loss and dietary sodium restriction. Given it is
time-efficient and has limited side effects, high-resistance IMST also should be investigated
as an additive therapy to established interventions. Then, if the relative or additive
effectiveness of high-resistance IMST is established, the following step would be to initiate
implementation and dissemination research to determine the translational potential of high-
resistance IMST for use in public health settings. Such research should utilize intervention
study designs without researcher instruction or supervision in order to establish real-world
adherence and effectiveness. Additionally, studies pairing high-resistance IMST with novel
vehicles for dissemination, such as gerotechnology or mHealth approaches, will be key for
determining the best way to disseminate IMST for widespread use in the community.

Although early data strongly suggest that high-resistance IMST can lower casual BP, and
data regarding the efficacy for improving vascular endothelial function is promising, more
research on these and other measures of CV function and health are needed to fully
understand the potential CV benefits of high-resistance IMST. We did not observe changes
in arterial stiffness, an important marker of arterial function and independent CVD risk
factor, in our 6-week pilot study. However, as noted above, arterial stiffness often takes

at least 3 months to change with lifestyle therapies; therefore, arterial stiffness should be
assessed in longer duration studies of high-resistance IMST. Cerebrovascular dysfunction
can contribute to cognitive decline, vascular dementia and Alzheimer’s disease (Cortes-
Canteli and ladecola, 2020; Walker et al., 2017; Yang et al., 2017). Whether the vascular
benefits of high-resistance IMST extend to the cerebrovasculature is currently unknown but
should be examined.

A greater understanding of the mechanisms by which high-resistance IMST improves

CV function may provide additional insight as to potential diseases and disorders that
could be effectively treated with high-resistance IMST. Further investigation of the acute
hemodynamic changes with high-resistance IMST would provide insight on the potential
stimulus for improvements in CV function. As described above, information regarding the
effects of high-resistance IMST on oxidative stress, inflammation and sympathetic nervous
system activity are mixed. Longer, well-controlled clinical trials with enough participants
for meaningful subgroup analyses should be performed to more thoroughly examine these
and other putative mechanisms of IMST in the setting of CV aging. Data from our pilot
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clinical trial suggest changes in factors circulating in the blood are in part responsible

for improvements in CV function. At this point, the identities of these altered circulating
factors remain relatively unknown. Finally, aerobic exercise is known to positively influence
multiple hallmarks of aging (Gioscia-Ryan et al., 2016; LaRocca et al., 2010; Lépez-Otin

et al., 2013; Rossman et al., 2017); however, it is unknown if high-resistance IMST, an
alternative form of physical training, can influence these fundamental aging processes.

5. Conclusions

The number of midlife/older adults is increasing, predicting an increase in CVD morbidity
and mortality without appropriate intervention. At the same time, adherence to guidelines
for aerobic exercise, an effective healthy lifestyle intervention for decreasing CVD risk,
remains poor among several subgroups of the midlife/older adult population. Therefore,
novel lifestyle interventions that are efficacious for improving CV health, while also
promoting high rates of adherence, are needed. Time-efficient, high-resistance IMST is a
novel intervention that may lower BP and promote adherence, while also holding promise
for improving other components of CV health, particularly vascular endothelial function.
Early results on high-resistance IMST are promising, supporting continued research with the
goal of translating high-resistance IMST for improving public health.
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Figurel.
Aging is associated with excessive reactive oxygen species (ROS)-induced oxidative

stress and excessive pro-inflammatory cytokines-associated chronic low-grade inflammation
(lower left). These cellular processes evoke cardiovascular dysfunction, including high
blood pressure, vascular endothelial dysfunction and stiffening of the large elastic arteries.
Cardiovascular dysfunction contributes to an increased risk of cardiovascular diseases with
aging (lower right). Aerobic exercise is an effective lifestyle strategy for reducing oxidative
stress and inflammation, improving cardiovascular function, and reducing cardiovascular
disease risk (top left). Despite this fact, barriers to adherence, including lack of time,
physical limitations, financial cost, facility access and transportation can limit adherence to
aerobic exercise, particularly in adults aged 50 years and older (top right).
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Training Device
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(% Plmax)
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9 with flow limitation cap Y :
Vranish et al., 2016 . 30 breaths/day; o
(ML/O adults with OSA) POWERLreathe 8 Tapered loading | 7 4ovc /week: 6 weeks 5%
; Hans Rudolph 2600 series .
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. . 55% week 1,
CHREIEEEIE 2L 2 POWERbreathe K3 Tapered loading 0 breath.s/day, 65% week 2,
(ML/O adults) 6 days/week; 6 weeks 75% weeks 3.6
Figure2.

Training device description and intervention designs of published high-resistance inspiratory
muscle strength training studies. Device type indicates whether the same absolute level

of resistance is applied across an entire inspiration (constant) or whether absolute

resistance declines during inspiration with decreasing inspiratory pressure production
(tapered loading). Inspiratory resistance describes the protocol training intensity as a relative
percentage of subjects” maximal inspiratory pressure production. ML/O = midlife/older.
OSA = obstructive sleep apnea. Plyax = maximal inspiratory pressure.
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Figure 3.

ML/O
Adults

ML/O Adults
with OSA

O Post-IMST

Current evidence of high-resistance inspiratory muscle strength training (IMST) for reducing
casual (resting) systolic blood pressure (SBP) in young adults (age 18-30 years), midlife/
older (ML/O) adults (age 50-79 years) with above-normal SBP but without concomitant
disease, and ML/O adults with obstructive sleep apnea (OSA). Black circles indicate SBP

at baseline; gold circles indicate SBP after 6 weeks of high-resistance IMST performed at
75% maximal inspiratory pressure. dindicates Cohen’s deffect size where ¢>0.2 indicates

a small effect, ¢>0.5 indicates a medium effect and ¢5>0.8 indicates a large effect (Cohen,

1988). Data are Mean = SEM.
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RCTs with outcomes such as cerebrovascular function,
microvascular function, large elastic artery stiffness, as
well as assessment of hard CV endpoints (e.g., MI)

@

Mechanisms behind improvements in
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Studies assessing acute hemodynamic changes and
changes in circulating factors (e.g., proteomics,
extracellular vesicles)

Figure 4.

Current gaps in knowledge and future research directions for investigating the potential
cardiovascular benefits of high-resistance inspiratory muscle strength training (IMST). BP =
blood pressure. RCT = randomized controlled trial. CV = cardiovascular. M1l = myocardial
infarction.
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