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Abstract

Rationale: Respiratory muscle weakness is common in critically ill
patients; the role of targeted inspiratory muscle training (IMT) in
intensive care unit rehabilitation strategies remains poorly defined.

Objectives: The primary objective of the present study was to
describe the range and tolerability of published methods for IMT.
The secondary objectives were to determine whether IMT improves
respiratory muscle strength and clinical outcomes in critically ill patients.

Methods: We conducted a systematic review to identify
randomized and nonrandomized studies of physical rehabilitation
interventions intended to strengthen the respiratory muscles

in critically ill adults. We searched the MEDLINE, Embase,
HealthSTAR, CINAHL, and CENTRAL databases (inception

to September Week 3, 2017) and conference proceedings (2012
to 2017). Data were independently extracted by two authors

and collected on a standardized report form.

Results: A total of 28 studies (N = 1,185 patients) were included.
IMT was initiated during early mechanical ventilation (8 studies),
after patients proved difficult to wean (14 studies), or after
extubation (3 studies), and 3 other studies did not report exact
timing. Threshold loading was the most common technique; 13

studies employed strength training regimens, 11 studies employed
endurance training regimens, and 4 could not be classified. IMT was
feasible, and there were few adverse events during IMT sessions
(nine studies; median, 0%; interquartile range, 0-0%). In
randomized trials (n =20), IMT improved maximal inspiratory
pressure compared with control (15 trials; mean increase, 6 cm H,O;
95% confidence interval [CI], 5-8 cm H,O; pooled relative ratio of
means, 1.19; 95% CI, 1.14-1.25) and maximal expiratory pressure
(4 trials; mean increase, 9 cm H,O; 95% CI, 5-14 cm H,O). IMT was
associated with a shorter duration of ventilation (nine trials; mean
difference, 4.1 d; 95% CI, 0.8-7.4 d) and a shorter duration of
weaning (eight trials; mean difference, 2.3 d; 95% CI, 0.7-4.0 d), but
confidence in these pooled estimates was low owing to methodological
limitations, including substantial statistical and methodological
heterogeneity.

Conclusions: Most studies of IMT in critically ill patients have

employed inspiratory threshold loading. IMT is feasible and well

tolerated in critically ill patients and improves both inspiratory and
expiratory muscle strength. The impact of IMT on clinical outcomes
requires future confirmation.
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A majority of mechanically ventilated
patients develop diaphragmatic weakness
during critical illness (1), predisposing
them to prolonged ventilation, readmission
to the intensive care unit (ICU), and
death (1-4); in addition, survivors

have poor long-term clinical outcomes
(5). Many factors impair diaphragmatic
function in these patients (6), including
mechanical ventilation (7)

and sepsis (8).

Physical rehabilitation strategies are
employed to accelerate liberation from
ventilation and improve clinical outcomes,
possibly by preventing or mitigating
ICU-acquired weakness (9). Rehabilitation
efforts in the ICU have been focused
largely on peripheral muscle dysfunction
(10-13), whereas respiratory muscle
rehabilitation has received relatively less
attention. Inspiratory muscle training (IMT)
targets the diaphragm and accessory
inspiratory muscles with the goal of
improving muscle strength and endurance.
IMT techniques include threshold
loading, resistive loading, and whole-body
mobilization (see Figure 1). IMT regimens
may vary widely in load, frequency, and
duration. IMT has been shown to improve
inspiratory muscle strength, exercise
performance, or quality of life in patients
with chronic obstructive pulmonary
disease (COPD) (14), chronic heart failure
(15), asthma (16), or cystic fibrosis (17),
as well as in athletes (18). Previous
systematic reviews have suggested that in
ventilated patients, IMT may improve
inspiratory muscle strength and potentially
reduce the duration of ICU stay (19, 20).
However, these reviews were focused on
specific IMT techniques; did not report
on functional status or quality of life; did
not incorporate recent important studies;
and did not examine specific potential
determinants of treatment effect, such
as timing, type of loading, or baseline
muscle strength.

IMT has received relatively little
attention in ICU rehabilitation programs,
and the most recent ICU rehabilitation
guidelines do not mention IMT (9). We
conducted a systematic review to establish
the feasibility and tolerability of IMT in
critically ill adult patients. We also aimed
to characterize the range of techniques
employed for IMT and to determine
whether IMT improves respiratory muscle
strength and clinical outcomes in critically
ill patients relative to routine care.
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Methods

Study Selection and Literature Review
We systematically searched the literature
for observational studies and clinical trials
of IMT (which we defined as “any physical
rehabilitation intervention employed with
the goal of improving inspiratory muscle
strength”) in adults admitted to the ICU.
To delineate studies of interventions
intended to rehabilitate the inspiratory
muscles, we included only those studies
reporting measurement of maximal
inspiratory pressure (MIP). Single case
reports were excluded. Studies were
identified by searching the MEDLINE,
CINAHL, CENTRAL, Embase, and
HealthSTAR databases (inception to
September Week 3, 2017) for randomized
and nonrandomized studies using search
terms that included “respiratory muscle
training,” “inspiratory muscle training,”
and “physiotherapy.” (See the online
supplement for complete details of the
search strategy.) Two investigators
independently reviewed the abstracts
retrieved by this search, and any studies
identified as potentially eligible by either
reviewer underwent full-text review.

These full-text papers were reviewed
independently and in duplicate to determine
eligibility. Bibliographies of all papers were
reviewed for additional abstracts. The search
was initially conducted in winter 2014 by
two investigators (M.P., D.B.), updated in
spring 2016 (S.V., C.U.) and November
2016 (U.S., S.A.-M.), and finally updated in
September 2017 (S.V., M.B.). Agreement
between investigators on eligibility assessment
of all downloaded papers was quantified

by Cohen’s kappa. Disagreements about
eligibility were resolved by consensus and,
when necessary, by another investigator
(E.C.G.). No review protocol was separately
published. We present the results according to
the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses)
recommendations (21).

Data Abstraction

Data were abstracted independently and in
duplicate to record characteristics of study
participants and study design, IMT
technique (specific exercises, duration,
frequency, intensity), IMT protocol
adherence and tolerability, physiological
endpoints (MIP and maximal expiratory
pressure [MEP]) (22), and clinical outcomes

(duration of ventilation, duration of
weaning, mortality, ICU and hospital
lengths of stay, adverse events). Studies were
classified according to whether the IMT
regimen was strength training (<200
repetitions per session with higher load),
endurance training (>200 repetitions per
session with lower load), or unclear,
according to accepted criteria (23).

Assessment of Methodological

Quality

The GRADE (Grading of Recommendations,
Assessment, Development, and Evaluation)
framework was employed to evaluate the
methodological quality of randomized
clinical trials included in this review (24).
The risk of bias was evaluated for each
trial according to GRADE criteria (25).
Observational studies were evaluated using
the Newcastle-Ottawa Scale (26). MIP
measurement technique was also assessed
according to published methodological
standards (27, 28). We judged the risk of bias
due to lack of blinding to be “unclear” for
physiological and clinical endpoints because
these measurements are less likely to be
influenced by patient or assessor perception.
Each outcome was evaluated for serious
risk of bias, imprecision, inconsistency,
indirectness, and publication bias (29).

Data Analysis and Synthesis

The main outcomes were the protocol
adherence rate (proportion of patients
who completed the study protocol) and
the rate of serious adverse events during
IMT (frequency of IMT sessions aborted
for any reason), both quantified by the
median (interquartile range) of rates
across studies. The effect of IMT on
MIP, MEP, and clinical endpoints was
assessed by random effects meta-analysis
with inverse-variance weighting. Only
randomized trials were included in meta-
analyses. The effect of treatment on MIP
and MEP was quantified in terms of the
mean difference between groups in the
change from baseline to post-treatment
values, the post-treatment value alone, or
the percentage change from baseline to
post-treatment value (quantified as the
relative ratio of means). Computation

of standard errors took into account

the correlated nature of the data (see

the online supplement for details).

The results of meta-analysis of binary
outcomes are presented as risk ratios. All
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Figure 1. Inspiratory muscle training techniques. Two main types of inspiratory muscle training techniques have been applied in critically ill patients:

resistive loading and threshold loading. Resistive loading involves the application of a resistor to the airway (right). The resistor increases the pressure
required for the respiratory muscles to generate a given flow (the area shaded black). The required pressure is the product of resistance and flow and
therefore depends on the inspiratory flow that the patient attempts to generate. Accordingly, the total training effect varies with the patient’s respiratory
mechanics and respiratory drive, making it difficult to standardize. Threshold loading involves the application of a threshold valve to the airway (left).
The valve is designed so that a certain level of training pressure (Py) must be generated by the patient’s respiratory muscles before it opens to permit
inspiratory flow (analogous to the effect of intrinsic positive end-expiratory pressure). Consequently, the pressure required to maintain at least some
inspiratory flow is independent of the flow and volume generated by the patient or ventilator. The total training effect (shaded in black) will therefore be
independent of mechanics and respiratory drive and is easier to standardize. A threshold load may also be applied directly on the ventilator by setting a
pressure trigger at a desired threshold pressure level. Threshold loading is typically performed by applying a Py, anywhere between 20 and 50% of the
patient’s maximal inspiratory pressure for a relatively brief period of time (a few repetitions or a few minutes) at regular intervals. Note: chest wall elastance and

resistance are ignored on the diagram for simplicity. Paw = airway pressure; Pes = esophageal pressure.

estimates are presented with 95% confidence
intervals (ClIs).

Where necessary, median and
interquartile range were transformed to
mean and standard deviation using
validated computational methods (30).
Heterogeneity between trials was quantified
using the I* measure, with I > 75% deemed
to denote substantial heterogeneity (31).
Publication bias was assessed using a funnel
plot and testing for funnel plot asymmetry
(32). We conducted sensitivity analyses
excluding studies reported in abstract
form only, studies deemed to be at high risk
of bias, and studies that did not employ a
high-quality MIP measurement technique
(defined as measurements that were
obtained by coaching patients and using a
one-way valve). The effects of timing and
technique of IMT were evaluated in

exploratory sensitivity analyses by

tests of interaction. Meta-analyses and
metaregression were conducted using the
“meta” package in R version 3.0.2 software
(www.r-project.org).

Results

Search Results

In our literature search, we identified 9,051
studies; of these, 95 papers were downloaded
for full-text review. Twenty-two papers met
our eligibility criteria. In a bibliographic
search, we identified two additional eligible
studies, and four conference abstracts met
our inclusion criteria (see Figure E1 in the
online supplement). Agreement on study
eligibility was strong (k = 0.89; 95% CI,
0.78-0.99).
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Study Characteristics

Twenty eight studies (N = 1,185 patients)
were included (details of the study
population and design are provided in
Table E1), of which 20 (n =765) were
randomized controlled trials (33-52), 2 were
nonrandomized studies with a comparison
group (53, 54), 4 were prospective studies
without a comparison group (55-58), and
2 were retrospective studies without a
comparison group (59, 60). Mean baseline
MIP ranged between 15 and 54 cm H,0;
mean baseline MEP ranged between 23 and
46 cm H,0. The demographic characteristics
of most studies were generally representative
of adult ICU patients (mean age range,
35-82 years; proportion of female patients
ranged from 15 to 57%; mean Acute
Physiology and Chronic Health Evaluation
IT score ranged from 17 to 34 points).
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Table 1. GRADE summary of findings for the impact of inspiratory muscle training in critically ill patients

Outcome Impact Effect (95% CI) No. of Participants  Quality of the Evidence
(RCTs) (GRADE)
Change in maximal inspiratory pressure Mean difference in change 6 (5 to 8) cm 647 (15 RCTs) @000 Very low* T+
from baseline after IMT H>O higher in IMT group than in control
group

Pooled ratio of means for change in MIP
relative to baseline MIP, 1.21 (1.16 to

1.26)
Change in maximal inspiratory pressure  Mean difference 9 (7 to 12) cm H,O higher 175 (3 RCTs) DP@@ High
from baseline after IMT (sensitivity in IMT group than in control group
analysis excluding studies at high risk
of bias)

Maximal inspiratory pressure after IMT ~ Mean difference 7 (6 to 8) cm H,O higher 575 (15 RCTs) ®®00 Low**
in IMT group than in control group

Change in maximal expiratory pressure  Mean difference in change 9 (5 to 14) cm 153 (4 RCTs) ®BBO Moderate*
from baseline after IMT H20 higher in IMT group than in control
group

Pooled ratio of means for change in MEP
relative to baseline MEP, 1.39 (1.27 to

1.54)
Change in maximal expiratory pressure  Mean difference in change 9 (5 to 14) cm 106 (2 RCTs) ©®e@ High
from baseline after IMT (sensitivity H>0 higher in IMT group than in control
analysis excluding studies at high risk group
of bias)
Duration of ventilation Pooled duration of ventilation was 4.1 (0.8 325 (9 RCTs) ®OO0 Very low*T+8

to 7.4) d shorter in IMT group than in
control group
Duration of ventilation (sensitivity analysis Pooled duration of ventilation was 4.6 220 (4 RCTs) ®®O0 Low™S
excluding studies at high risk of bias) (—1.0 to 10.1) d shorter in IMT group
than in control group
Duration of weaning from mechanical Pooled duration of weaning from 257 (8 RCTs) ®O00 Very low* TS
ventilation mechanical ventilation was 2.3 (0.7 to
3.9) d shorter in IMT group than in
control group

Duration of weaning (sensitivity analysis Pooled duration of weaning from 209 (5 RCTs) ®®00 Low™S
excluding studies at high risk of bias) mechanical ventilation was 3.2 (0.6 to
5.8) d shorter in IMT group than in
control group
ICU length of stay Length of stay in ICU was 3.1 (—1.0to 7.1) 28 (2 RCTs) HOOO Very low*+S
d shorter in IMT group than in control
group
Mortality in ICU Pooled relative risk of death in ICU was 197 (3 RCTs) @O0 LowHSs

0.67 (0.20 to 2.20) in IMT group
compared with control group
GRADE Working Group grades of evidence
High quality: We are very confident that the true effect lies close to that of the estimate of the effect.
Moderate quality: We are moderately confident in the effect estimate; the true effect is likely to be close to the estimate of the effect, but there is
a possibility that it is substantially different.
Low quality: Our confidence in the effect estimate is limited; the true effect may be substantially different from the estimate of the effect.
Very low quality: We have very little confidence in the effect estimate; the true effect is likely to be substantially different from the estimate of
effect.

Definition of abbreviations: Cl = confidence interval; GRADE = Grading of Recommendations, Assessment, Development, and Evaluation; ICU = intensive
care unit; IMT = inspiratory muscle training; MEP = maximal expiratory pressure; MIP = maximal inspiratory pressure; RCT = randomized controlled trial.
*Multiple studies were at high risk of bias.
Tinconsistency: statistical heterogeneity was substantial (> >75% and P < 0.05), and confidence intervals show no or minimal overlap.
*Studies employed cointerventions.

Imprecision: confidence intervals did not exclude statistically significant benefit or harm.

Methodological Quality randomization in most trials. The IMT Techniques, Tolerability, and
Many randomized controlled trials had methodological quality of observational Feasibility

important potential sources of bias (Figure studies was also limited (Table E2). Studies A variety of techniques were employed for
E2). Most randomized trials did not report frequently did not describe some relevant IMT (Table E1). The most common
whether allocation was concealed, and aspects of MIP measurement technique technique was to employ an external
outcome assessors were not blinded to (Table E3). threshold loading device to apply varying
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levels of threshold loading using an external
device (19 studies) or by adjusting the
ventilator trigger threshold (2 studies)

(35, 54). Other approaches included flow
resistive training (one study) (55),
diaphragmatic breathing exercises (two
studies) (48, 53), and biofeedback on
respiratory pattern (one study) (39).

More general physical therapy regimens
were also studied for their effect on
inspiratory muscle strength, including
mobilization (48, 56, 58), postural training
(36, 42), and upper arm exercise (44). Some
studies employed combinations of these
techniques. Eleven studies employed an
endurance training IMT regimen (35, 36,
39, 42-44, 48, 54-56, 59), 13 studies
employed a strength training IMT regimen
(33, 34, 37, 38, 40, 41, 45, 46, 49, 50, 52,
57, 60), and 4 studies could not be classified
(47, 51, 53, 58).

The timing of IMT initiation varied
between studies. IMT was applied after
24 hours of mechanical ventilation (1
study) (35), once patients were awake
and cooperative (1 study) (48), once the
patient was transitioned to partially
assisted ventilation (1 study) (34), once
patients met readiness-to-wean criteria
(5 studies) (37, 38, 41, 49, 50), once
patients failed attempted weaning (12
studies) (39, 40, 45-47, 52-55, 57, 59, 60),
or after liberation from ventilation (3
studies) (33, 43, 44). Four studies did
not specify the timing of intervention
(36, 51, 56, 58). The duration of IMT
varied widely between studies, ranging
from 3 days to up to 6 weeks of therapy
(Table 1). Most studies compared IMT with
usual care.

All included studies reported that IMT
was feasible in critically ill patients. Protocol
adherence rates were generally high (11
studies; median, 95%; interquartile range, 77
to 100%), and researchers in 2 trials reported
that there were no differences in adherence
rates between experimental and sham IMT
(40, 44). Adverse events were infrequent
during IMT sessions: seven studies reported
no adverse events during IMT (33, 34, 37,
40, 47, 52, 57). In a study of 34 patients
receiving prolonged flow resistive IMT,
investigators reported one serious adverse
event during IMT (severe bradycardia and
syncope) (55). In another study employing
prolonged threshold loading (5-30 min) for
IMT (35), researchers reported that 14%
of IMT sessions were aborted because
of paradoxical breathing (5%), tachypnea

(4%), desaturation (3%), or hemodynamic
instability (2%).

Impact on Respiratory Muscle
Strength

In randomized trials, IMT was associated
with a significant increase in MIP from
baseline compared with control (Figure 2;
15 studies; pooled mean difference, 6 cm
H,0; 95% CI, 5-8 cm H,0; I = 72%).
Relative to baseline MIP, MIP increased on
average by 40% with IMT compared with
18% with control (Figure E3; 15 trials;
pooled relative ratio of means, 1.19; 95% CI,
1.14-1.25; I = 86%). In one additional
study, investigators reported an increase in
MIP of 22% with IMT versus 8% with
control (absolute values were not provided,
so those data could not be pooled) (51).
The change in MIP could not be computed
using the data provided in four other
trials (42, 45, 47, 48). There was no evidence
of publication bias (Figure E4). The
post-treatment MIP was also higher in
patients undergoing IMT than among
control individuals (Figure E5; 15 trials;
mean difference, 7 cm H,0, 95% CI, 6-8 cm
H,0; I? = 33%). Similar effects were
observed in a sensitivity analysis limited to
trials with rigorous MIP measurement
technique and without serious risk of bias
(Figure E6; three trials; mean difference, 9
cm H,0;5 95% CI, 7-12 em H,05 I = 0%).

IMT was also associated with a
significant increase in MEP from baseline
compared with control (Figure E7; four
studies; mean difference, 9 cm H,0; 95% CI,
5-14 cm H,0; I? = 40%). Relative to baseline
MEP, MEP increased on average by 63%
with IMT compared with 17% with control
(Figure E8; four studies; pooled relative ratio
of means, 1.39; 95% CI, 1.25-1.55; I* = 43%).
Similar effects on MEP were observed in a
sensitivity analysis limited to studies without
serious risk of bias (Figure E9; two studies;
mean difference, 9 cm H,0; 95% CI, 5-14 cm
H,0; I* = 34%).

The effect of IMT on MIP tended to be
greater with strength training than with
endurance training, but the subgroup
difference was small and did not reach
significance (Figure 2; interaction P = 0.35).
Similarly, the effect of IMT on MIP tended
to be greater with threshold loading than
with other techniques (mobilization to
chair, upper extremity exercise), but the
subgroup difference did not reach
significance (Figure E10; interaction P =
0.27). The effect of IMT on MIP was not

Vorona, Sabatini, Al-Magbali, et al.: Inspiratory Muscle Rehabilitation

affected by the timing of IMT initiation
(Figure E11; P=0.51) or by the mean
baseline MIP in each study (Figure E12;
R*=0%; P=0.11).

Impact on Clinical Outcomes

IMT was associated with a reduced duration
of ventilation (Figure 3; nine trials; pooled
mean difference, 4.1 d; 95% CI, 0.8-7.4 days;
> =86%). After excluding studies at
serious risk of bias, the difference in
duration of ventilation was not significant
(Figure E13; four trials; pooled mean
difference, 4.6 d; 95% CI, —1.0 to 10.1 d;
> =94%). IMT was associated with reduced
duration of weaning from ventilation
(Figure 4; 8 trials; pooled mean difference,
2.3 d; 95% CI, 0.7-4.0 d; I* = 93%). After
excluding studies at serious risk of bias, the
reduction in the duration of weaning
remained significant (Figure E14; five trials;
pooled mean difference, 3.2 d; 95% CI,
0.6-5.8 d; I> = 95%). Only one study
examined time from randomization to
liberation from ventilation (IMT vs. control,
33 vs. 10.4 d; P < 0.001) (41). ICU length
of stay was not significantly reduced with
IMT (Figure E15; two trials; pooled mean
difference, 3.1 d; 95% CI, —~1.0 to 7.1 d; I’ =
59%). IMT was not associated with an
increased risk of death in the ICU (Figure
E16; four studies; RR, 0.65; 95% CI, 0.24-
1.76; > = 15%) or hospital (Figure E17; two
studies; relative risk, 2.16; 95% CI, 0.23—
20.38; I = 58%), but Cls around these
estimates could not exclude clinically
important benefit or harm. One trial
reported a trend toward higher mortality
with IMT; the causes of death in that study
did not appear to be directly related to
IMT (33). One trial reported improved
quality of life but not functional status
after 2 weeks of IMT (33). Pooled effects
are integrated with assessment of
methodological quality according to the
GRADE framework in Table 1.

Discussion

In this systematic review, we found that
IMT is feasible and well tolerated during
critical illness. The vast majority of studies
employed inspiratory threshold loading and
flow resistive loading for IMT, although
other methods were also reported. We also
found that IMT can achieve a modest but
potentially meaningful improvement in
respiratory muscle strength. IMT might
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Experimental Control
Study Total Mean SD Total Mean SD Mean Difference MD 95% ClI Weight
Regimen = Endurance
Ozyiirek 2014 15 35.00 9.0000 16 25.00 9.0000 e 10.00 [3.66; 16.34] 4.1%
Holliday 1990 20 12.00 4.0000 16 6.00 2.0000 E 3 6.00 [3.99; 8.01] 12.1%
Porta 2005 32 9.00 12.0000 34 5.00 9.0000 +—— 4.00 [-1.14; 9.14] 5.5%
Caruso 2005 12 5.00 9.0000 13 7.00 19.0000 —2.00 [-13.52; 9.52] 1.5%
Chang 2011 8 10.00 8.0000 5 14.00 10.0000 —4.00 [-14.37; 6.37] 1.9%
Random effects model 87 84 e 4.75 [1.28; 8.22] 25.2%
Regimen = Strength
Bissett 2016 33 16.00 19.0000 36 5.00 17.0000 ——a——  11.00 [2.46; 19.54] 2.6%
Condessa 2013 45 7.00 8.0000 47 -3.00 6.0000 —- 10.00 [7.10; 12.90] 9.8%
Pascotini 2014 7 5.00 13.0000 7 —-4.00 4.0000 9.00 [-1.08; 19.08] 2.0%
Cader 2010 14 10.00 2.0000 14 2.00 1.0000 i 8.00 [6.83; 9.17] 14.1%
Dixit 2014 15 15.00 6.0000 15 7.00 3.0000 —l— 8.00 [4.61;11.39] 8.7%
Martin 2011 35 10.00 11.0000 34 2.00 11.0000 —im— 8.00 [2.81;13.19]  55%
Mohamed 2014 20 8.00 2.0000 20 2.00 1.0000 H 6.00 [6.02; 6.98] 14.5%
Ibrahiem 2014 15 5.00 1.0000 15 1.00 2.0000 4.00 [2.87; 5.13] 14.2%
Tonella 2017 11 7.00 12.0000 8 10.00 11.0000 —-——‘— -3.00 [-13.41; 7.41] 1.8%
Shimizu 2014 8 -5.00 7.0000 5 200 11.0000 ——a—7p9— -7.00 [-17.79; 3.79] 1.7%
Random effects model 203 201 <I> 6.62 [4.82; 8.43] 74.8%
Random effects model 290 285 > 6.22 [4.71; 7.72] 100.0%
Heterogeneity: /7 = 72%, 2 = 3.8396, p < 0.01 _—
Test for subgroup differences: xf =0.88,df =1 (p=0.35) -10 0 10

Favors control Favors IMT

Figure 2. Effect of inspiratory muscle training (IMT) on the change in maximal inspiratory pressure from baseline to the completion of the treatment course.
The effect of IMT did not significantly differ with strength training versus endurance training regimens. Weight refers to the contribution of each study to the
meta-analysis estimate of effect. Cl = confidence interval; MD = mean difference; SD = standard deviation.

potentially shorten the duration of
ventilation by accelerating weaning, but
the impact on these outcomes remains
uncertain owing to methodological
limitations of the included trials.

Previous reviews restricted IMT to
techniques that use threshold loading
devices or adjust ventilator trigger sensitivity
(19, 20). Our review was designed primarily
to characterize the range of techniques
for inspiratory muscle rehabilitation in the
ICU. Compared with the most recent review
(21), the present review includes 18
additional studies (10 additional trials),
including nonrandomized studies and
studies in which researchers enrolled
nonventilated ICU patients. This larger
number of studies enhances our confidence
that IMT is feasible and well tolerated
and highlights the range of strategies that
have been employed to rehabilitate the
respiratory muscles. This review is also the
first to systematically evaluate the effect of
IMT on expiratory muscle strength and to
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incorporate patient-centered outcomes
such as functional status and quality of life,
now recognized as centrally important in
the field (61). It is worth noting that only
one study evaluated the impact of IMT on
patient-centered post-ICU outcomes—these
outcomes require further attention in
future trials.

We explored a range of factors that
might determine the effectiveness of IMT.
The effect of IMT on inspiratory muscle
strength did not vary significantly with the
timing of IMT or the baseline severity of
diaphragmatic weakness. We found that the
increase in respiratory muscle strength
tended to be greater when using threshold
loading strategies than with other techniques.
Unlike other techniques, threshold loading
enables accurate control and titration of
respiratory muscle loading independent of
inspiratory flow or patient respiratory
mechanics (see Figure 1). Threshold loading
devices are easily applied to the airway briefly,
and strength training regimens (in contrast

to endurance training regimens) require
only a few minutes on a daily basis,
lending themselves to use in busy clinical
environments.

As noted in previous reviews, we found
that IMT can produce a modest
improvement in inspiratory muscle strength
compared with control. This finding was
confirmed in a sensitivity analysis of trials of
sufficient methodological quality to permit
strong confidence in effect estimates. IMT
was also associated with a modest
improvement in maximal expiratory
strength in our review. The clinical
significance of this treatment effect is
uncertain. The patient’s ability to tolerate
respiratory loading is quantified by the
respiratory muscle tension-time index
(TTT), which is the quotient of inspiratory
pressure during tidal breathing and MIP
multiplied by the quotient of inspiratory
time and total respiratory cycle time (62,
63). TTI thus represents the relative load
and capacity balance of the respiratory

AnnalsATS Volume 15 Number 6| June 2018



ORIGINAL RESEARCH

Control

Experimental

Study Total Mean SD Total Mean SD Mean difference MD 95% Cl Weight
Condessa 2013 45 91 40 47 92 33 -0.10  [-1.60; 1.40] 16.4%
Shimizu 2014 8 178 68 5 181 47 — -0.30 [-6.56; 5.96] 10.5%
Chang 2011 8 64 40 5 69 58 — -0.50 [-5.91; 491] 11.6%
Caruso 2005 12 86 36 13 98 8.0 — -1.20 [-6.00; 3.60] 12.5%
Martin 2011 35 57.3 295 34 635 34.0 = —-6.20 [-21.24; 8.84] 3.7%
Mohamed 2014 20 33 16 20 104 25 -7.10 [-8.40;-5.80] 16.6%
Yosef-Brauner 2015 9 90 50 9 162 20 —- -7.20 [-10.72;-3.68] 14.2%
Tonella 2017 11 145 100 8 21.8 938 u -7.30 [-16.30; 1.70] 7.4%
Holliday 1990 20 206 89 16 326 176 —B—+ -12.00 [-21.46;-2.54] 7.0%
Random effects model 168 157 > -4.07 [-7.35; -0.80] 100.0%
Heterogeneity: /2 = 86%, 12 = 16.41, p < 0.01 |
-20 -10 0 10 20
Favors IMT Favors control

Figure 3. Impact of inspiratory muscle training (IMT) on the duration of ventilation in mechanically ventilated patients. After exclusion of studies at serious risk
of bias, the treatment effect was no longer significant (mean difference, 4.6 d; 95% Cl, —1.0to 10.1 d; /2 = 94%). Weight refers to the contribution of each
study to the meta-analysis estimate of effect. Cl = confidence interval; MD = mean difference; SD = standard deviation.

system and strongly predicts time to task
failure of the respiratory system (64). Once
TTI exceeds 0.13-0.15, the development
of respiratory failure is inevitable; values
range between 0.12 and 0.20 in patients
who are difficult to wean (62, 63). Increasing
MIP lowers TTI and increases the time

to task failure. We found that IMT can
increase MIP relative to baseline by
approximately 20% above and beyond the
effect of control, yielding a potentially
substantial reduction in TTI and in the
capacity to tolerate respiratory loading. TTI
may be further lowered by improvements in

Experimental

diaphragmatic efficiency related to enhanced
abdominal muscle function with IMT
(increased MEP). The abdominal muscles
play a critical role in the cough reflex and in
optimizing neuromuscular coupling of the
diaphragm by enhancing the length-tension
relationship of the diaphragm before
inspiration, effectively enhancing the
load-capacity balance of the muscle (65).
Consequently, improvements in both
inspiratory and expiratory muscle strength
resulting from IMT may synergistically
enhance the chances of successful liberation
from ventilation (66). Notably, because MIP

Control

is in the denominator of TTI, patients with
lower baseline MIP may have the greatest
benefit from IMT (in terms of percentage
reduction in TTI), even if the absolute
increase in MIP with IMT is unrelated to
baseline MIP.

As reported in a previous review (20),
IMT was associated with a shorter duration
of ventilation and weaning in pooled
analyses. Confidence in these findings is
limited by concerns about methodological
quality, including frequent cointervention
with general physical therapy strategies,
risk of bias due to nonrandom sequence

Study Total Mean SD Total Mean SD Mean difference MD 95% Cl Weight
Condessa 2013 45 22 1.8 47 25 25 ﬁ -0.30 [-1.19; 0.59] 14.1%
Caruso 2005 12 10 05 13 1.3 09 i -0.30 [-0.87; 0.27] 14.4%
Melo 2017 6 49 1.2 4 6.4 1.8 —EI—- -1.50 [-3.51; 0.51] 12.0%
Shimizu 2014 8 34 13 5 49 20 —§I—- -1.50 [-3.47; 0.47] 121%
Cader 2010 14 36 15 14 53 1.9 -.- -1.70 [-2.97; -0.43] 13.5%
Dixit 2014 15 43 15 15 6.3 1.7 L 3 -2.00 [-3.15; -0.85] 13.7%
Tonella 2017 11 35 16 8 94 65 —B—— -5.90 [-10.50; -1.30] 6.8%
Mohamed 2014 20 33 16 20 104 25 E = i -7.10 [-8.40; -5.80] 13.4%
Random effects model 131 126 < -2.30 [-3.94;-0.67] 100.0%
. . _ o, 2 _ T T T 1

Heterogeneity: /2 = 93%, 12 = 4.724, p < 0.01 10 -5 0 5 10

Favors IMT Favors control

Figure 4. The impact of inspiratory muscle training (IMT) on the duration of weaning from mechanical ventilation. After exclusion of studies at serious risk of
bias, the effect remained significant (3.2 d; 95% Cl, 0.6-5.8 d; > = 95%). Weight refers to the contribution of each study to the meta-analysis estimate of
effect. Cl = confidence interval; MD = mean difference; SD = standard deviation.
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allocation in some controlled studies,
significant statistical heterogeneity, and lack
of precision in effect estimates. The duration
of weaning was reduced with IMT, even
after excluding trials at significant risk of
bias. However, the definition of weaning
varied somewhat between studies, limiting
generalizability and contributing to
heterogeneity in treatment effect between
studies. Consequently, we cannot confidently
confirm or refute the hypothesis that IMT
accelerates liberation from mechanical
ventilation.

A key limitation in this systematic
review is the heterogeneity between studies
in the timing, technique, control comparison,
and duration of IMT. This limitation was
expected because of the broad definition
of IMT used to permit a description of the
full range of techniques. To address this
limitation, we conducted several sensitivity
analyses and restricted all meta-analyses to
randomized trials.

The optimal approach to IMT remains
uncertain. In our review, there was no
significant difference between strength and
endurance training regimens, though
strength training regimens require less
training time and may therefore be more
feasible. Importantly, resting the muscles
adequately may be an important component
of effective IMT regimens. One study
included IMT as part of multiple brief daily
T-tube trials (46); prolonged or frequent

loading may explain the apparent reduction
in MIP observed in that study. Load-
induced injury to the diaphragm is well
documented in animal models (67, 68)
and humans (69, 70), and it is particularly
likely to occur in the context of acute
respiratory failure (71) and sepsis (72).
Caution about excessive or prolonged
loading is therefore warranted when
designing IMT regimens. Furthermore,

it is probably prudent to defer IMT until
patients are stable and sepsis and systemic
inflammation are resolving.

Future trials should be conducted to
evaluate the effect of IMT on weaning from
mechanical ventilation and on the long-
term experience of ICU survivors in large,
generalizable studies sufficient to confirm or
refute clinically important benefits in terms
of patient-centered outcomes. Given the
feasibility, standardization, and consistent
evidence of physiological effectiveness
of a strength training strategy employing
threshold loading, we propose that this
would be the preferred strategy to evaluate.
We suggest that a large multicenter
randomized trial powered to detect
meaningful changes in patient-important
outcomes (i.e., the risk of prolonged
mechanical ventilation and quality of life
and functional status in ICU survivors) is
required to determine whether IMT should
be routinely incorporated into the care of
critically ill patients. Such a trial should

employ rigorously defined consensus
definitions for weaning duration and other
endpoints to make the results readily
interpretable for clinical practice.

Implications for Clinical Practice

On the basis of currently available evidence,
we suggest that IMT is feasible and safe
in mechanically ventilated patients. If
clinicians wish to provide IMT, a strength
training regimen using threshold loading,
such as that studied by Martin and
colleagues (40), would be a reasonable
approach based on its tolerability and
relatively minimal time requirement. On
the basis of the foregoing considerations
regarding TTI, clinicians may consider
using IMT to improve diaphragmatic
strength in patients who prove difficult

to liberate from ventilation because of
diaphragmatic weakness.

Conclusions

IMT in critically ill adults is feasible and well
tolerated and can achieve a modest but
potentially meaningful improvement in
respiratory muscle strength. The potential
impact of IMT on clinical outcomes as well
as long-term functional status and quality of
life requires future confirmation. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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