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Keywords:
Exercise limitation is a cardinalmanifestation of many cardiovascular diseases (CVD) and is associatedwith poor
prognosis. It is increasingly well understood that exercise-based cardiac rehabilitation (CR) is an intervention
that portends favorable clinical outcomes, including improvements in exercise capacity. The etiology of exercise
limitation in CVD ismultifactorial but is typically governed by terminal sensations of pain, fatigue, and/or breath-
lessness. A known but perhaps underestimated complication of CVD that contributes to breathlessness and exer-
cise intolerance in such patients is inspiratory muscle dysfunction. For example, inspiratory muscle dysfunction,
which encompasses a loss in muscle mass and/or pressure generating capacity, occurs in up to ~40% of patients
with chronic heart failure and is associatedwith breathlessness, exertional intolerance, andworse survival in this
patient population. In this review, we define inspiratory muscle weakness, detail its prevalence in a range of
CVDs, and discuss how inspiratory weakness impacts physiological function and clinical outcomes in patients
with CVD often referred to CR. We also evaluate the available evidence addressing the effects of exercise-based
CR with and without concurrent specific inspiratory muscle training (IMT) on inspiratory muscle function, gen-
eral physiological function, and clinical outcomes in patients with CVD. Finally, we consider whether the assess-
ment of global respiratory muscle function should become standard as part of the patient intake assessment for
phase II CR programs, giving practical guidance on the implementation of suchmeasures aswell as IMT as part of
phase II CR.

© 2021 Elsevier Inc. All rights reserved.
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Cardiovascular (CV) diseases (CVD) are a collective group of patho-
physiologic disorders that affect the heart and blood vessels, including
coronory heart disease, heart failure, congenital and valvular heart dis-
ease, peripheral artery disease, and cerebrovascular disease. As reported
in 2021, CVD remains a leading cause of death nationally (United States)
and globally including people of most racial and ethnic groups.1 Cardiac
rehabilitation (CR), a comprehensivemultidisciplinary program that in-
cludes exercise training, patient education, behavior modification, and
stressmanagement, is a cornerstone in the provision of care for patients
with CVD2. An ever-increasing evidence base continues to highlight the
extensive benefits of this intervention, supporting CR as a service that
efficaciously improves health-related quality-of-life and physical func-
tion, and reduces hospital readmissions, adverse secondary events,
and mortality in patients with CVD3.

Exercise limitation is a cardinal manifestation of CVD, and an in-
creasing degree of exercise intolerance is associated with poor
prognosis.4,5 The etiology of exercise limitation in CVD is multifactorial
in nature. Indeed, such limitationmay occur secondary to deleterious al-
terations in cardiac, vascular, musculoskeletal, endocrine, and/or pul-
monary function, ultimately resulting in worsening breathlessness,
diminished capacity of the CV system to supply oxygen to the skeletal
muscles, an inability of the skeletalmuscles to use the delivered oxygen,
or some combination of all three.6 Exercise training facilitates advanta-
geous health benefits across multiple organ-systems with resultant im-
provements in exercise capacity and the short-term physiological
responses to exercise as well as substantial reductions in the risk of hos-
pitalization and death in individualswith established CVD7. It is perhaps
unsurprising, therefore, that exercise-centered CR portends clear phys-
iological and clinical benefits in patients with CVD.

Of the pulmonary systemmaladies associated with CVD, inspiratory
muscle weaknessmay be particularly key. For example, in chronic heart
failure (HF), inspiratorymuscle weakness is associatedwith heightened
breathlessness, exercise intolerance, and worse health-related quality-
of-life, and maximal inspiratory pressure (MIP) (i.e. inspiratory muscle
‘strength’) is a strong predictor of survival in such patients.8–12 In this re-
view we define inspiratory muscle weakness before detailing its preva-
lence in a range of CVDs that represent covered diagnoses for referral to
phase II CR. In doing so, we also discuss how such inspiratory muscle
weakness impacts physiological function and clinical outcomes in pa-
tients with CVD. Next, we evaluate the effect of exercise-based CR
with and without concurrent specific inspiratory muscle training
(IMT) on inspiratory muscle function, general physiological function,
and clinical outcomes in patients with CVD. Finally, we consider
whether the assessment of global respiratory muscle function should
become standard as part of the patient intake assessment for phase II
CR programs, giving practical guidance on the implementation of global
respiratory muscle function and IMT as part of phase II CR.

Inspiratory muscle weakness in CVD

Diaphragmand/or global inspiratorymuscle size and function canbe
assessed using a variety of different techniques, including lung function
testing, magnetically or electrically evoked muscle pressure(s), and ul-
trasound or CT imaging.13 Likely owing to their relative simplicity, mea-
surements of MIP remain the most used assessment of global
inspiratory muscle strength in the clinical setting. In the absence of
clearly defined lower limits of normal, inspiratory muscle weakness is
generally defined as a reduced MIP either as an absolute value (80 and
70 cmH2O for men and women, respectively) or relative to a
normalized value (e.g., <70% predicted).14,15 Importantly, inspiratory
2

muscle weakness is associated with impaired mobility and higher risk
of myocardial infarction (MI) as well as greater rates of all-cause and
CVD mortality in the general population and patients with CVD.10,15–19

Furthermore, inspiratory muscle weakness precipitates reductions in
pulmonary function,17 which is also associated with higher risk and in-
cidence of CVD, as well as CVD and all-cause mortality.20–23 Inspiratory
muscle weakness also contributes to abnormal exercise ventilatory re-
sponses and exertional dyspnea.13,24 Taken together, inspiratorymuscle
weakness has important clinical implications for the general population
as well as patients with CVD. Below we discuss how inspiratory muscle
weakness impacts clinical and physiological outcomes in patients with
CVD with a specific focus on patients with an indication for CR.

HF

Inspiratory muscle weakness is a common and clinically important
consequence of chronic heart failure that may be particularly prevalent
in those patients with a lower left ventricular ejection fraction, lower sys-
tolic blood pressure, and smoking history.25 To date, most of the research
investigating inspiratorymuscleweakness in CVDhas focused onHFwith
reduced ejection fraction (HFrEF). Inspiratory muscle weakness is preva-
lent in patients with HFrEF with ~40% of these patients exhibiting MIP
<70% of predicted,15 and patients with HFrEF commonly exhibit lower
MIP compared to healthy adults.10,26–29 Importantly, inspiratory muscle
weakness is associated with worse long-term outcomes (e.g., mortality)
in patients with HFrEF.10,15,30 Specifically, in a study of 445 patients
with HFrEF, Hamazaki and colleagues found that inspiratory muscle
weakness was independently associated with all-cause mortality (ad-
justed HR: 2.85, 95% CI: 1.17–3.38) (see Fig. 1).15 Moreover, patients
with HFrEF and inspiratory muscle weakness had higher rates of CVD
and non-CVDmortality compared to patients with HFrEF but without in-
spiratorymuscle weakness.15 As further evidence for its clinical relevance
in patients with HFrEF, inspiratory muscle weakness is associated with
heightened exertional dyspnea, impaired exercise tolerance, poor func-
tional status, and worse disease severity.8–10,28,29,31 Impaired inspiratory
muscle strength may also, at least in part, contribute to the abnormal al-
terations in the ventilatory response to exercise in HFrEF, including a rel-
atively ‘rapid and shallow’ breathing pattern, increased dead space
ventilation, and increased minute ventilation (V̇E) for a given metabolic
demand (greater V̇E/V̇CO2), often considered as evidence of ventilatory
‘inefficiency’.8,10,32 In fact, a recent study in 256 patients with HF found
that inspiratory muscle weakness was a significant predictor of a V̇E/
V̇CO2 slope of >34,32 which is important as a V̇E/V̇CO2 slope greater
than 34 is an excellent prognostic indicator of mortality for patients
with HF33. The augmented ventilatory response combined with the
inspiratory muscle weakness likely leads to an imbalance between
muscle load relative to muscle capacity during exercise, consequently
necessitating a greater blood flow ‘demand’ from the respiratory
muscles in HF.34,35 This has the potential to redistribute cardiac output
away from the locomotor muscles impairing exercise tolerance in these
patients.36–38 In summary, the aforementioned data clearly illustrate
that inspiratory muscle weakness is prevalent in patients with HFrEF
and is associated with adverse clinical and physiological outcomes; that
is, inspiratory muscle weakness is an important marker for detection
and intervention in patients with chronic HF.

Cardiac transplantation/left ventricular assist device (LVAD)

Heart transplantation (HTxp) is the gold standard treatment for se-
lect patients with what would otherwise be fatal end-stage heart



Fig. 1. Kaplan-Meier survival curve of the association between inspiratory muscle
weakness and all-cause mortality in HFrEF (A) and rates of CV and non-CV mortality in
HFrEF with (+) and without (−) inspiratory muscle weakness (IMW) (B). Patients with
HFrEF and inspiratory muscle weakness had lower survival rates than patients with
HFrEF without inspiratory muscle weakness (log-rank: 16.43, p < 0.001; adjusted HR:
2.13, 95%CI: 1.17–3.88). Patients with HFrEF and inspiratory muscle weakness had
higher rates of CV (p = 0.026) and non-CV mortality (p = 0.012) compared to patients
with HFrEF without inspiratory muscle weakness. Data from15 used with permission.
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disease whenmedical therapy has not halted the underlying pathology.
Although survival rates at one-year post-surgery are approaching ~85%,
recovery following HTxp remains complicated by factors such as pri-
mary graft dysfunction, allograft vasculopathy, and immunorejection
of the new heart. It is becoming increasingly clear that prompt adoption
of exercise-based CR is not only safe but may beneficially reverse the
pathophysiological consequences of cardiac denervation and prevent
immunosuppression-induced adverse effects following HTxp.39–41

However, it appears that several other patient-related ‘risk factors’
adversely affect the postoperative clinical course in HTxp recipients, in-
cluding inspiratorymuscle weakness. In addition to ‘global’ dysfunction
of skeletal muscle mass and strength (e.g., reduced handgrip strength),
patients awaiting HTxp exhibit poor inspiratory muscle strength, as
evidenced by a MIP of ~51–60 cmH2O or ~ 48–55% predicted, and
endurance, often quantified as a reduced time to task failure while
breathing against an incrementing or constant inspiratory resistance.42–44

Importantly, it appears that increased inspiratory muscle strength may
3

enhance postoperative recovery following HTxp, whereas inspiratory
muscle weakness may be related to poor short-term outcomes in HTxp
recipients. For example, 1–3weeks of preoperative IMTwas shown to im-
prove groupmeanMIP by ~37% in patients awaiting HTxp.45 Interestingly,
patients exhibiting substantial postoperative complications (i.e. pneumo-
nia, atelectasis, and/or hypoventilation during recovery) had a significantly
lower MIP at baseline and did not respond positively to IMT, while those
patients that did not have substantial postoperative complications exhib-
ited a 40% increase in MIP with IMT.45 Moreover, lower absolute and per-
cent predictedMIPwere associatedwithprolongedmechanical ventilation
and longer ICU stay during recovery from HTxp.46 From the aforemen-
tioned evidence, it appears that inspiratorymuscle strengthmay be an im-
portant preoperative clinical marker of postoperative recovery and
outcomes in patients undergoing HTxp. Given that greater inspiratory
muscle strength beforeHTxp and other cardiac surgeries (e.g., coronory ar-
tery bypass graft surgery47) has been associated with a reduced incidence
of postoperative complications and length of hospital stay, then further ex-
ploration of increasing inspiratory muscle strength in the preoperative
phase as an intervention to improve early postoperative outcomes in
patients undergoing HTxp is warranted.

Stable angina and acute MI with intervention

Preliminary data suggests that reduced inspiratory muscle
strength is present in patients with stable angina and acute MI.48–50

Specifically, in a study of nearly 1900 participants, Hamilton et al.,
found that inspiratory muscle strength (i.e. MIP) was lower in pa-
tients with stable angina (n = 977) compared to healthy controls
(n = 919) and found that inspiratory muscle strength was lower in
patients with stable angina than controls [MIP: 78 cmH2O (89%
predicted) vs. 85 cmH2O (100% predicted)].48 Further, patients with
acute MI following revascularization have also been reported to ex-
hibit reduced inspiratory muscle strength compared to controls
[MIP: 83–89 cmH2O (78–85% predicted) vs. 109 cmH2O (108%
predicted)].50 Future studies are warranted to determine the true
prevalence of inspiratory muscle weakness in these patients as well
as acute MI patients without revascularization.

Coronary Artery Bypass Graft (CABG) and valve replacement

Patients referred to CR for CABG or valve replacement surgery also
often exhibit inspiratory muscle dysfunction. Specifically, it has been
often shown that inspiratorymuscle strength is reduced relative to nor-
mative values in patients referred for CABG or heart valve repair/re-
placement prior to the intervention.51–55 For example, Stein et al.,
reported reduced inspiratory muscle strength compared to normative
values preoperatively in patients with coronary artery disease under-
going CABG (MIP: 65–72 cmH2O; 60–68% predicted).55 Similarly,
Palaniswamy et al., found that patients with rheumaticmitral valve ste-
nosis have lower inspiratorymuscle strength prior to balloonvalvotomy
than normative values (MIP: 52 cmH2O; 49% predicted).54 In terms of
inspiratorymuscle dysfunction post-intervention, it is important to rec-
ognize that the surgical procedures associated with CABG and valve re-
placement can themselves result in diaphragm dysfunction and
weakness. Indeed, although the reported incidence varies considerably
between studies, postoperative diaphragmatic paralysis can occur in
up to 60% of patients following cardiac surgery.56 This diaphragmatic
paralysis occurs secondary to phrenic nerve injury, which can be
the consequence of freezing injury from saline slush for hypother-
mic myocardial protection, mechanical injury to the phrenic nerve
during internal mammary artery harvesting for CABG, and indirect in-
jury (e.g., stretching by the sternal retractor).56 As a result, CABG and
heart valve surgeries are associated with ~17–36% reduction in inspira-
tory muscle strength from the pre- to postoperative state, and this re-
duction can persist for several weeks or months.51,53,55,57 In a similar
manner to HTxp, preoperative inspiratorymuscle weakness and ‘global’



Fig. 2. Kaplan-Meier survival curve of the association between changes in inspiratory
muscle strength (MIP) and all-cause clinical events (A) and CV events (B). Patients with
HFrEF with an ≥0 MIP increase from pre to post-CR was associated with lower rates of
all-cause clinical events (log-rank: p = 0.021; adjusted IRR: 0.70, 95% IC: 0.52–0.93) and
CV events (log-rank: p = 0.003; adjusted IRR: 0.52, 95% IC: 0.36–0.75). Data from72

used with permission.
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respiratory muscle dysfunction, the latter characterized by inspiratory
and expiratory muscle weakness combined with elevated resting
breathing frequency, is associatedwith a higher incidence of pulmonary
complications in the postoperative period following CABG and heart
valve repair/replacement surgery, respectively.47,58 Lower inspiratory
muscle strength is directly related to impaired functional capacity
in patients following these cardiac surgeries.51,55 In addition, CABG
and heart valve surgeries are associated with decreases in lung
function, atelectasis, and impairments in gas exchange and respiratory
mechanics.51,53,55,57,59 Taken together, it is crucial for future studies to
understand the temporality of the development of inspiratory muscle
weakness in these patients specifically in the preoperative period as
well as to investigate the impact of IMT performed in the pre and/or
postoperative period on long-term patient oriented outcomes in pa-
tients following CABG and heart valve surgeries.

Impact of pulmonary comorbidities

It is important to note that many pulmonary diseases, including
chronic obstructive pulmonary disease (COPD), are themselves associ-
ated with significant inspiratory muscle weakness and often coexist
with CVD. For example, COPD is prevalent in patients with HF (~13 to
39%) and those with ischemic heart disease (~3 to 64%).60 Like CVD,
many patients with COPD have significantly lower MIP compared to
normative values,61 which is of major clinical relevance. Whether due
to mechanical weakening of the diaphragm secondary to lung
hyperinflation-related muscle shortening and/or reduced diaphragm
muscle force generating capacity resultant of loss of myosin content
and sarcomeric injury,62 loss in inspiratory muscle strength is an inde-
pendent determinant of survival in people with COPD63. Thus, while
the presence of comorbid pulmonary disease is certainly not prerequi-
site for inspiratory muscle weakness in patients with CVD, it is worth
noting that coexisting conditions may, in concert, be responsible for in-
spiratory muscle weakness in patients undergoing phase II CR.

Impact of CR on inspiratory muscle function

Structured exercise training is a core component of CR that facilitates
advantageous health benefits acrossmultiple organ-systemswith resul-
tant improvements in clinical and physiological outcomes. The impact
of exercise training in the CR setting on inspiratory muscle function
has been investigated primarily in HFrEF and following CABG, with
some50,64–68 but not all69,70 reporting a beneficial effect on inspiratory
muscle strength. For example, Adamopoulos et al., reported that
12 weeks of exercise-based CR (30–45 min of cycle exercise at 70–80%
maximum heart rate, 3 days a week for 12 weeks) combined with
SHAM IMT (10% sustainedMIP performed 30min as the shamarm) elic-
ited a 7% increase in inspiratory muscle strength in patients with
HFrEF.64 Conversely, Vibarel et al., found that exercise training
consisting of 3 sets of 10 min at 70–80% peak heart rate interspersed
with 5 min of active recovery, 3 days a week for 8 weeks did not im-
prove inspiratory muscle strength in patients with HFrEF.69 A possible
reason for the divergent findings regarding the positive impact of exer-
cise training on inspiratory muscle strength in HFrEF is the presence or
absence of baseline inspiratory muscle weakness (i.e. pre-CR). To this
point, it was shown that 20–45 min of cycle exercise at ~75% maximum
oxygen uptake, 3 days a week for 12 weeks resulted in a ~ 72% increase
in MIP in patients with HFrEF and inspiratory muscle weakness was
present (baseline MIP: 56 cmH2O; 61% predicted).71 It is important
to acknowledge that this degree of inspiratory muscle strength
improvement (~72%) with exercise training is ‘atypically’ large (other
studies have found inspiratory muscle strength improvements of
7–14% following exercise training in patients with HFrEF), reasons
for which are unclear. A recent study reported that 5 months of
exercise-based CR (phase I and phase II) was associated with a 14% in-
crease in MIP in 456 patients with HF72. Interestingly, however, this
4

improvement in inspiratorymuscle strengthwas not a universalfinding
with an increase inMIP observed in only 326 (72%) of the patients stud-
ied. The authors noted that, compared to patients inwhich there was an
increase in MIP following CR, the ‘non-responding’ group (i.e. those in
whom MIP did not increase) had a higher MIP and a lower prevalence
of inspiratory muscle weakness at baseline (MIP: 67.5 ± 27.0 vs.
54.9 ± 26.4 cmH2O; prevalence of inspiratory muscle weakness: 20
vs. 38%); that is, those patients with inspiratory muscle weakness at
baseline were more likely to exhibit improvements in MIP following
CR.72 Strikingly, it has been reported that any CR-induced increase in
MIP (i.e. ≥0 cmH2O) is associated with lower rates of all-cause (log-
rank: p = 0.021; adjusted IRR: 0.70, 95% IC: 0.52–0.93) and CV events
(log-rank: p = 0.003; adjusted IRR: 0.52, 95% IC: 0.36–0.75) (see
Fig. 2).72 In combination, the aforementioned evidence suggests that
baseline inspiratory muscle weakness itself may be an important mod-
ulator of the effect of exercise-based CR on inspiratory muscle strength.
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Consistent with the evidence in HFrEF, exercise training in the CR
setting (30 min of cycle exercise at 50–80% heart rate reserve,
2–3 days aweek for 12weeks) resulted in 4–20% improvement in inspi-
ratory muscle strength in patients who had undergone CABG.66–68 In
addition, the impact of an outpatient home-basedwalkingprogrampre-
scribed 4 days a week for ~8 weeks on respiratory muscle strength was
recently investigated in patients followingMI in which themajority ex-
hibited inspiratory muscle weakness.50 In this study, the outpatient
home-based walking program resulted in 41% improvement in inspira-
tory muscle strength. Taken together, these data provide evidence that
exercise trainingperformed in theCR setting elicits improvements in in-
spiratory muscle function in HFrEF, CABG, and MI with those patients
exhibiting inspiratory muscle weakness appearing to exhibit the
greatest increases in inspiratory muscle strength. Future studies are
necessary to determine the role that exercise intensity prescribed in
the CR setting plays in improving inspiratory muscle strength and func-
tion as high-intensity interval training, compared tomoderate-intensity
training, elicits greater increases in MIP in healthy adults.73

Concurrent inspiratory muscle training and CR

Recent studies have suggested that IMT performed concurrently
with exercise training in the CR setting is a viable interventional strategy
to optimize inspiratory muscle strength gains as well as other physio-
logical and clinical outcomes in patients exhibiting inspiratory muscle
weakness with a clinical indication to CR. Specifically, in patients with
HFrEF and inspiratory muscle weakness, Winkelmann and colleagues
found that concurrent IMT (30% MIP with a breathing frequency of
15–20 breaths per minute for 30 min, 7 days a week for 12 weeks)
and exercise training in the CR setting elicited greater improvements
in MIP, peak exercise capacity, and ventilatory efficiency (i.e. decreased
V̇E/V̇CO2 slope) than exercise training alone.71 In contrast, other studies
in patients with HFrEF, but without inspiratory muscle weakness have
found no further improvement in inspiratory muscle strength and
exercise capacity with concurrent IMT (36 inspiratory efforts at 60%
sustained MIP, 3 days a week for 12 weeks) and exercise training than
with exercise training alone.64,65 However, these latter studies did re-
port greater improvements in inspiratory muscle endurance (indicative
of greater inspiratorymuscle fatigue resistance), quality of life, and dys-
pnea with concurrent IMT and exercise training compared to exercise
training alone.64,65 Like the benefits of exercise training on MIP im-
provements, inspiratorymuscleweakness appears tomodulateMIP im-
provements with concurrent IMT and exercise training in patients with
HFrEF.

In patients who had undergone CABG, IMT (3–5 sets of 10 inspira-
tory efforts at 30–80% MIP, 2 days a week for 12 weeks) performed in
combination with exercise training in the CR setting has resulted in
greater improvements in MIP, peak exercise capacity, functional capac-
ity, and quality of life compared to exercise training alone.66,67 In con-
trast, a recent study has also found that concurrent high-intensity IMT
(5 sets of 10–12 inspiratory efforts at 50–80% MIP, 3 days a week for
12 weeks) did not confer additional physiological benefits in these pa-
tients compared to exercise training.68 Again, a likely explanation for
these inconsistent findings is differences in baseline MIP (i.e. pre-CR)
as the former studies reporting potentiated benefit with concurrent
IMT and exercise training included patients who had undergone CABG
with baseline MIP that were < 20% lower (and many with inspiratory
muscle weakness) compared to the latter study demonstrating no addi-
tional benefit with IMT.

Lastly, Laoutaris and colleagues investigated the impact of exercise
training (prescribed for 45 min at a moderate intensity) combined
with IMT (prescribed at 60% sustained MIP) on exercise capacity and
other physiological outcomes in patients with LVAD74. They found
that exercise training combined with IMT elicited improvements in ex-
ercise capacity, ventilatory efficiency, and quality of life, while the con-
trol group (who did not perform exercise training or IMT) exhibited no
5

changes. Future studies are warranted to elucidate if IMT potentiated
these beneficial physiological responses compared to exercise training
alone in patients with LVAD.

Summary

Collectively, the studies outlined above provide a framework
supporting inspiratory muscle impairment in patients typically referred
to and/or undergoing CR, which is associatedwith negative clinical out-
comes (e.g., greater mortality risk). To date, there is evidence that inspi-
ratory muscle weakness is prevalent in HFrEF, while larger cohort
studies are needed to determine the prevalence of inspiratory muscle
weakness in other indications to CR (e.g., stable angina and acute MI
with and without revascularization). Exercise training performed in
the CR setting appears to elicit beneficial inspiratorymuscle strength re-
sponses for patients with HFrEF and those who had undergone CABG.
Importantly, there is preliminary evidence in patients with HFrEF and
those who had undergone CABG indicating that IMT performed con-
currently with exercise training results in greater improvements in
inspiratory muscle strength as well as other physiological responses
(e.g., exercise capacity) in those patients with inspiratory muscle weak-
ness. Taken together, these data provide a foundation for future studies
to investigate the clinical outcomes associated with inspiratory muscle
weakness in CR patients as well as develop evidence-based CR prescrip-
tion to ameliorate these pathological responses.

Proposed changes to CR programming: Incorporating assessment
and specific training of the inspiratory muscles in clinical practice

Maximal inspiratory pressure strength measurements at CR entry

Given its functional significance and prognostic importance,we pose
the question: should inspiratory muscle dysfunction and/or weakness
be assessed as standard clinical routine in all patients at the initiation
of phase II CR programming? When addressing this question, it is im-
portant to consider the practical-, time-, and cost-implications of intro-
ducing such measures as part of the phase II CR patient evaluation. We
propose that inspiratory muscle strength assessments should be per-
formed at CR entry in all patients which will allow for the identification
of those patients with inspiratory muscle weakness. It should be noted
that assessing inspiratory muscle strength at CR entry may result in un-
derestimation ofMIP in some patients for a variety of factors such as the
length of time following cardiac surgery as an improvement in inspira-
tory muscle strength has been reported during the recovery period
(however, inspiratory muscle strength levels generally remain subopti-
mal in these patients). However, the determination of these factors and
the optimal timing of the maximal inspiratory strength test to establish
the most appropriate baseline test would also incur a higher time com-
mitment by the CR staff. As stated above, diaphragmand/or global inspi-
ratory muscle size and function can be assessed using a variety of
different techniques, including lung function testing, magnetically or
electrically evokedmuscle pressure(s), and ultrasound or CT imaging.13

For example, proposing that ultrasound-derived diaphragm thickness at
total lung capacity (“DT-insp”) reflects bothmusclemass and contractil-
ity (i.e. a comprehensive indicator of diaphragm function), Miyagi et al. re-
ported that 44% of patients hospitalized with HF had impaired
diaphragm muscle function.75 However, based on our experience, it is
likely that using ultrasound to assess diaphragm function would prove
unsuitable for standard practice in most CR centers. Indeed, the exami-
nation of diaphragmmuscle thickness using ultrasound requires expert
training, is time consuming, and relies upon specialized (and typically
expensive) equipment. Similarly, assessing inspiratory muscle function
using CT imaging, artificial nerve stimulation techniques, or newer ad-
vents such as optoelectronic plethysmography can be invasive in na-
ture, extremely time-consuming and costly, and require expert user



J.R. Smith and B.J. Taylor Progress in Cardiovascular Diseases xxx (xxxx) xxx
knowledge and training, making them not well suited for routine clini-
cal implementation.

By contrast, themeasurement of MIP (andmaximal expiratory pres-
sure;MEP) provides a simple, non-invasive, quick, and cost-effective as-
sessment of respiratory muscle strength (see Fig. 3 for an illustrative
example of anmouth pressuremeter used tomeasureMIP).13 Although
dependent upon patient voluntary effort, MIP can provide an accurate
indication of the presence and severity of inspiratory muscle weakness
when expressed relative to normative values.14,76 However, to ensure
its clinical utility and to optimize the identification of inspiratorymuscle
weakness, it is of crucial importance that MIP is assessed in line
with current recommendations.13 First, due primarily to the length-
pressure relationship of the respiratory muscles, MIP varies consider-
ably with lung volume. Thus, it is generally recommended that MIP is
measured close to residual volume where relatively large changes in
lung volume have a relatively minimal effect on MIP.14,77 Second, due
to the volitional nature of the technique, it is important that patients
are strongly urged to make maximal inspiratory efforts during the as-
sessment of MIP. The patient should ideally be seated and the operator
administering the test should ensure that there are no air leaks around
the mouthpiece. Based on current guidelines, the patient should be
coached to maintain themaximal effort for at least 1.5 s; this is because
MIP is reported as themaximumpressure sustained for 1 s. However, in
our experience, encouraging patients tomaintain themaximal effort for
3 to 4 s results in greater and more reproducible MIP values. Third, re-
producibility of MIP is of paramount importance. Clearly, if there are
concerns regarding a patient's ability to consistently perform the MIP
maneuver then any definitive identification of inspiratorymuscleweak-
ness and/or improvements in inspiratory muscle strength post-
intervention are questionable. Having a patient ‘practice’ and learn the
correctMIP technique and how to give amaximal effort is important. In-
deed, reliability of MIP is better after an initial warm-up of the inspira-
tory muscles and if at least 5 attempts are performed.14 Once the
operator is satisfied that the patient is performing themaximal maneu-
ver correctly, thenMIP is typically recorded as the highest value of three
efforts that vary by less than 10%. In our experience, the assessment of
MIP according to the aforementioned procedures typically takes
~10–15 min in each patient.

Another important consideration in determining if CR patients ex-
hibit inspiratory muscle weakness is to ask the question, ‘what is nor-
mal’? That is, what MIP cut-off values should be used to make the
Fig. 3. Illustrative example of a handheldmouth pressuremeter used tomeasuremaximal
inspiratory pressure.
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determination of inspiratorymuscleweakness? In the absence of clearly
defined lower limits of normal, clinically significant inspiratory muscle
weakness has been proposed to be present when MIP is <80 cmH2O
or < 70 cmH2O for men and women, respectively.13,14 As MIP is depen-
dent on age and sex,76,78 identifying inspiratory muscle weakness as a
percent of a normative value (e.g., <70% of the predicted value) may
be more appropriate. However, caution is also urged here as the choice
of MIP reference values strongly impacts the prevalence of inspiratory
muscle weakness. Indeed, in a sample of 1729 subjects who underwent
clinical determination of MIP, the prevalence of inspiratory weakness
ranged from 33 to 67% depending on which of the six commonly cited
reference values for MIP were used.78 It should be emphasized that
the goal herein is not to redefine the clinical diagnosis of inspiratory
muscle weakness but rather to identify CR patients whomay exhibit in-
spiratory muscle weakness as they are the most likely to benefit with
concurrent IMT and CR.

Practical guidance for implementing IMT during CR enrollment

Based on the evidence that we have presented in this review, IMT
may be considered an adjunct therapy that efficaciously improves inspi-
ratory muscle function and alleviates some of the burden associated
with inspiratory muscle weakness in patients undergoing phase II CR,
especially in those who present with low baseline MIP (i.e. <60
cmH2O). While voluntary hyperpnea and resistive loading techniques
have been used to train the inspiratory muscles, “pressure-threshold
loading” is by far the most utilized technique. Commercially available
pressure-threshold loading devices typically incorporate a spring-
loaded valve; this requires the patient to generate sufficient negative in-
spiratory pressure to overcome the load and initiate inspiration with
each ‘breath’ (see Fig. 4 for an illustrative example of such an inspiratory
muscle trainer). Such loading allows quantifiable targeting of IMT ‘in-
tensity’ (i.e. percent of MIP) by providing quasi-flow independent resis-
tance to inspiration.

We are unaware of any standardized IMT prescription. Indeed,
the optimal training frequency, intensity, and duration remain rela-
tively unknown. A series of placebo-controlled studies across the
early-to-late 2000's suggested that 30 dynamic efforts performed
twice daily, 6-to-7 days per week, and for 4-to-9 weeks against a
pressure-threshold load equivalent to ~50%MIP can significantly im-
prove maximal inspiratory muscle strength and exercise capacity,
and attenuate the magnitude of exercise-induced inspiratory muscle
fatigue in healthy individuals.79–81 In this IMT model, training pro-
gression is ensured by instructing patients to periodically increase
the resistive load such that the completion of 30 breaths approxi-
mates the limit of inspiratory muscle tolerance. Similarly, such
threshold-loading IMT has been shown to increase MIP, alleviate
dyspnea, and improve multiple measures of exercise capacity, in-
cluding six-minute walk test distance and peak oxygen uptake
(V ̇O2peak), in patients with heart disease and heart failure.31,43,82–88

However, the IMT parameters used varied considerably across
these studies; indeed, target load ranged between 30 and 60% of
MIP, training frequency varied from 2-to-3 times per day and 3-to-
7 times per week, with total training duration ranging from 6-to-
12 weeks. In patients with COPD, IMT can improve inspiratory mus-
cle strength and endurance with those with inspiratory muscle
weakness appearing to exhibit the greatest improvements.89–91

While improvements in exercise capacity following IMT in patients
with COPD have been documented, this is not a universal finding.89

Interestingly, ‘high-intensity’ IMT has been shown to increase MIP
by ~29% and six-minute walk test distance by 27m and improve dys-
pnea and fatigue (via Chronic Respiratory Disease Questionnaire) by
1.4 and 0.9 points per item, respectively, in those with COPD92. For
this IMT protocol, training is typically performed 3-to-5 days per
week for ~8 weeks.93 Each training session is comprised of 2-min
of loaded inspirations followed by 1-min of unloaded recovery



Fig. 4. Illustrative example of a threshold inspiratory muscle trainer.
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breathing repeated seven times such that total loaded and unloaded
breathing time are 14-min and 6-min, respectively. A relatively low
threshold-load is applied at the first training session (~20–30% of
baseline MIP), with the load progressively increased so that patients
are generating ~70% of baseline MIP during the third or fourth train-
ing sessions. The load is then further increased over the remainder of
the training period to a level whereby patients are only just able to
complete the final 2-min loaded interval.93
Table 1
Practical guidance for IMT prescription in the CR setting.

“Traditional”

Mode Pressure-threshold loading device Pressure-threshold loading device
Intensity ≥30% baseline MIP Start at 20% baseline MIP. Following th
Duration 2 sets of 30 inspiratory efforts 7 sets of 2 min of inhaling against the
Frequency ≥5 days per week for >4 weeks 3 days per week for 8 weeks

The total time for a IMT session for both the ‘traditional’ and ‘high-intensity’ IMT prescriptions is
exist. The IMT prescription strategies outlined above are based on previous studies implementin
tients with COPD and CVD. IMT, inspiratory muscle training; MIP, maximal inspiratory pressur
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While no definitive guidance can be given on the optimal IMT proto-
col, it is generally recommended that the initial training threshold-load
should be set at ≥30% baseline MIP and that total time spent doing IMT
should be ~15–20min per day; this can be split up into two or three sep-
arate smaller time periods throughout the day. Based on the available
literature, IMT should be performed ≥5 days per week for at least
4 weeks to engender measurable clinical and physiological benefits.
We advocate that a patient's first 3-to-5 IMT sessions are done under
the direct supervision of the CR (or pulmonary/PR) staff. This is to en-
sure correct patient use of the training device, the optimal setting of
the initial threshold load, and to guide the patient on how to appropri-
ately up-titrate the threshold load. Once theCR/PR staff are satisfied that
the patient is performing IMT correctly and understands how to prog-
ress the training load, then patients can transition to performing IMT
in their own time at home. As such, addition of IMT to a patient's stan-
dard CR care will have negligible impact on the time available for
center-based aerobic and strength exercise training. General guidance
for the implementation of IMT is given in Table 1.

Knowledge gaps and areas worthy of future investigation

There are numerous future lines of research that need to be addressed
to better understand how inspiratory muscle weakness impacts clinical
outcomes as well as strategies to mitigate these adverse outcomes. First,
studies investigating the prognostic utility of MIP in predicting mortality
and CVD events in CR patients following MI, stable angina, and valve sur-
gery are warranted. The proposed change to CR programming elaborated
abovewould assist in addressing this topic. These studieswill be critical to
provide additional evidence for intervening on inspiratory muscle weak-
ness in these patients in the CR setting aswell as determining specific dif-
ferences across CR indications. Second, by what magnitude would
inspiratory muscle strength and/or measures of exercise capacity and
dyspnea have to improve to consider IMT as ‘successful’? Do longer-
term impacts (e.g., lower hospital readmission and/or mortality) have to
be evidenced to consider IMT as clinically beneficial? These are difficult
questions to answer. In a study discussed above, it was found that any in-
crease in MIP during CR was associated with improved survival rates in
patients with HF72; however, numerous questions remain. For example,
is this association between increases in MIP and mortality consistent
across other indications to CR? Should practitioners strive for changes in
MIP or a specific value (absolute or relative of a predictive normal
value)? These are important gaps that need to be addressed by using
both clinical andphysiological outcomes. Third, amajor gap in knowledge
is the determination of the optimal IMT exercise prescription. Previous
studies investigating IMT in patientswith CVD aswell as those investigat-
ing concurrent IMT with exercise training in the CR setting have used
multiple IMT prescription strategies. As such, future studies are necessary
to determine the optimal intensity (high versus low), frequency
(2–3 days versus 7 days per week), and duration for IMT prescription to
be performed in combination with CR. Fourth, it is unclear if concurrent
IMT and exercise training is more advantageous for inspiratory muscle
strength and other physiological outcomes (e.g., exercise capacity) than
exercise training alone for patients with other CR indications such as sta-
ble angina and MI with inspiratory muscle weakness.
“High-intensity”

e 3rd IMT session, increase to the maximal inspiratory load (% of baseline MIP) tolerable
inspiratory load with 1 min recovery between each set

~15–20min. It is important to note that a standardized IMT prescription does not currently
g ‘traditional’31,66,67,71,82–84,86–88,91 and ‘high-intensity’92 IMT prescription strategies in pa-
e.
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