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How can we deal 
with this imbalance
in clinical practice?

Improve gas exchange - Reduce ventilatory 
requirement: oxygen supplementation-remove 

secretions - resolve atelectasis 
Reduce WOB

Inspiratory muscle training



INSPIRATORY MUSCLE TRAINING

ADJUNCT IN THE TREATMENT OF 

DIFFICULT WEANING?

NO:
‘RESISTIVE BREATHING’ CAUSES DAMAGE TO THE INSPIRATORY 

MUSCLES



6 days of tracheal binding resulting in tidal breathing Pes: ~20% Pesmax

J.Appl.Physiol. 1994



INTERVENTION:

Uninterrupted Inspiratory Resistive Breathing during 2h/day for 4 consecutive 

days at Ptr between -30 to -50 cm H2O and PaCO2 between 30-50 mmHg. 



DIAPHRAGM INJURY WITH INSPIRATORY RESISTIVE BREATHING

Zhu et al. AJRCCM 1997; 155:1110-16

BEFORE AFTER

Electron microscopic views



INSPIRATORY MUSCLE TRAINING

ADJUNCT IN THE TREATMENT OF 

DIFFICULT WEANING?

YES:
INSPIRATORY MUSCLE LOADING PREVENTS

DECONDITIONING INSPIRATORY MUSCLE FUNCTION



REST

Stimulus -
Overload

Modality:

Early Mob/SBT/PS/IMT
Intensity: +/- 50% Pimax ?

Duration: intermittent loading 
for short periods (min)

Principles of Muscle Training

Liberation from 
mechanical ventilation



WHAT IS THE EVIDENCE FOR 
INSPIRATORY MUSCLE TRAINING

IN WEANING ?



Vorona S, Sabatini U, Al-Maqbali S, Bertoni M, Dres M, Bissett B, Van Haren F, Martin AD, Urrea C, Brace D, Parotto M, Herridge MS, Adhikari NKJ, Fan E, Melo LT, Reid WD, Brochard LJ, Ferguson ND, Goligher EC.
Inspiratory Muscle Rehabilitation in Critically Ill Adults. A Systematic Review and Meta-Analysis. 
Ann Am Thorac Soc. 2018 Jun;15(6):735-744. doi: 10.1513/AnnalsATS.201712-961OC. PMID: 29584447; PMCID: PMC6137679.

Respiratory muscle endurance and strength

-6 cmH2O

-5 cmH2O



Duration of mechanical ventilation

(days)

-4.6 
days

Vorona S, Sabatini U, Al-Maqbali S, Bertoni M, Dres M, Bissett B, Van Haren F, Martin AD, Urrea C, Brace D, Parotto M, Herridge MS, Adhikari NKJ, Fan E, Melo LT, Reid WD, Brochard LJ, Ferguson ND, Goligher EC.
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Only one study on IMT to improve weaning outcome used a 
sham intervention as controlled condition

Sham

Intensity

Time

Frequency

Intervention

Daily, 5d/week Daily, 5d/week

4 sets of 6-10 forceful
inspirations

The highest pressure
setting that the subject 
could consistently open 
during inspiration. 

≥15% Maximal
inspiratory pressure

Largest opening of a 
resistive training device

4 sets of 6-10 long, slow 
inspirations

Elkins M & Dentice R. J Physiother. 2015
Martin AD et al. 2011. Crit Care

Mean difference post-pre in PImax +10 cmH2O +2 cmH2O
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Adapted from: J. T. Sharp et al. Clin Chest Med 1983, 4: 421- 432.
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1,2L1,6L/
s

Training 
load 26 
cmH2O

Training load 
26 cmH2O

14cmH2O*L 20cmH2O*L

0,85s 1,30s

0,7L

1,3L/
s

Mechanical Threshold Loading Tapered Flow Resistive Loading





Highest tolerable load based on:

Hoffman M, et al. BMJ Open 2018



25%

Eligible patients: 

±10% patients with weaning difficulties

Main reasons for exclusion: 

Unable to cooperate or medically unstable



High-intensity IMT group 

(n=44)

Sham low-intensity IMT group                                     
(n=46)

Baseline characteristics mean SD mean SD

Sex (Male), n (%) 27 (61) 24 (52)

Age, years 57 ± 15 60 ± 12

BMI, kg/m2 25.1 ± 6.6 24.3 ± 5.2

Reason for admission to the ICU

Medical, n (%)
16 (36) 13 (28)

Surgical, n (%) 28 (64) 31 (67)

Poly-trauma, n (%)
0 (0) 1 (2)

COPD, n (%) 6 (14) 7 (15)

APACHE-ΙΙ score 21 ± 7 21 ± 7

Respiratory function at inclusion

PImax, % predicted 35 ± 14 38 ± 16

FVC, % predicted 23 ± 10 28 ± 13

Timing and mechanical ventilation at inclusion

Tracheostomy at start IMT, n (%) 36 (82) 43 (93)

MV before 1st SA, days 15 ± 19 14 ± 13

MV before start IMT, days 27 ± 19 31 ± 19

Abbreviations: BMI: body mass index, FVC: forced vital capacity, SA: separation attempt

Patient characteristics



Sham
(Low intensity IMT)

Intensity

Time

Daily Daily

≥30% Maximal inspiratory pressure (PImax) <10% Maximal inspiratory pressure (PImax) 

4 sets of 6-10 full vital capacity
inspirations

4 sets of 6-10 full vital capacity
inspirations

Design 

Frequency

Intervention
(High intensity IMT)

Hoffman M et al. BMJ Open. 2018

Stratification:
COPD

APACHE II score (cut-off=18)

Type Tapered Flow Resistive Loading Tapered Flow Resistive Loading or no 
resistance if baseline MIP < 25cmH2O

90 patients with difficult weaning
Inclusion period: 10/2017 to 05/2023 

Both groups received early mobilization and respiratory muscle endurance training!



High-intensity IMT group 

(n= 43)

Sham low-intensity group 

(n= 45)

Before IMT After IMT Mean difference 

(After - Before)

Before IMT After IMT Mean difference 

(After - Before)
Between 

group
Mean SD Mean SD Mean 95%CI Mean SD Mean SD Mean 95%CI p-value

PImax, cmH2O 35 ± 14 50 ± 19 +15 (9 – 20)* 36 ± 16 52 ± 21 +14 (9 – 19)* 0.72

FVC, L 0.87 ± 0.38 1.21 ± 0.56 +0.33 (0.22 – 0.43)* 0.87 ± 0.45 1.11 ± 0.52 +0.16 (0.07 –

0.25)*

0.04

Abbreviations: Pimax: maximal inspiratory pressure, FVC: forced vital capacity.

Did we actually train the patients in the sham group?

Van Hollebeke et al. AJRCCM 2024, in press



High-intensity IMT group

(n= 43)

Sham low-intensity IMT group

(n= 45)

First session Last session Mean difference     

(Last-First)

First session Last session Mean difference 

(Last-First)

Between 

group

Breathing characteristics Mean SD Mean SD Mean 95%CI Mean SD Mean SD Mean 95%CI p-value

External Load, %PImaxbaseline 33 ± 8 56 ± 26 23 (17 – 30)* 7 ± 4 7 ± 3 0 (-1 – 0) <0.01

External Load, cmH2O 11 ± 5 18 ± 8 7 (5 – 9)* 3 ± 1 3 ± 1 0 (0 – 0) <0.01

Inspiratory tidal volume, %FVC * 62 ± 26 58 ± 26 -4(-15 ; 6) 61 ± 28 66 ± 25 4(-5 ; 14) 0.32

Peak inspiratory flow, L/s 0.93 ± 0.39 1.10 ± 0.42 0.17 (0.06 – 0.28)* 0.94 ± 0.35 1.00 ± 0.40 0.05 (-0.04 – 0.15) 0.26

External WOB / session, Joules 14.7 ± 13.8 31.8 ± 36.8 17 (8 – 27)* 7.8 ± 13.0 7.2 ± 5.3 -0.6 (-4.8 – 3.5) <0.01

Abbreviations: FVC: forced vital capacity, Pimax: maximal inspiratory pressure, WOB: work of breathing

Breathing characteristics during IMT

Van Hollebeke et al. AJRCCM 2024, in press



Perceived respiratory

symptoms

High-intensity IMT group

(n= 43)

Sham low-intensity IMT group

(n= 45)

First session Last session Mean difference   

(Last-First)

First session Last session Mean difference    

(Last-First)

Between 

group

Mean SD Mean SD Mean 95%CI Mean SD Mean SD Mean 95%CI p-value

Effort, /10 5.2 ± 1.8 4.3 ± 1.6 -0.9 (-1.6 – 0.1)* 4.8 ± 2.1 3.6 ± 2.0 -1.2 (-2.0 – -0.5)* 0.13

Dyspnea, /10 4.8 ± 2.1 3.4 ± 1.6 -1.4 (-2.0 – -0.7)* 4.3 ± 2.3 3.3 ± 2.2 -1.0 (-1.8 – -0.1)* 0.57

Perceived respiratory symptoms were not different between groups

Van Hollebeke et al. AJRCCM 2024, in press
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No significant difference in weaning success rate
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p=0.92

Van Hollebeke et al. AJRCCM 2024, in press



Conclusions IMweanT study

High and Low Intensity IMT result in similarly high weaning success rate
(82% after High-Intensity IMT vs. 83% after Low-Intensity IMT at ICU discharge)

Both High and Low Intensity IMT result in similar and large increases in respiratory muscle strength
(+15cmH2O after High-Intensity IMT vs. 14cmH2O after Low-Intensity IMT)

In control groups of previous studies: 44%, 47%, 55% 

Martin AD et al. 2011. Crit Care; Elbouhy MS et al. 2014. Egypt J Chest Dis Tuberc; da Silva Guimares B et al. 2021. Crit Care Med 

Mean difference post-pre in Pimax in 
study Martin et al.

+10 cmH2O 
Intervention

+2 cmH2O
Control

Average increase in PImax
in all previous studies                                                +7cmH2O                                   +2cmH2O 



An important question is whether there is a physiological rationale to improve 
inspiratory muscle strength in the patients recruited. Yes!

It has been demonstrated that the tension time index (TTI) is one of the main 
determinants underlying the transition from weaning failure to weaning success.

The TTI is determined as follows by pressure generated during tidal breathing 
(Pi), Pimax, inspiratory time (Ti), and inspiratory + expiratory time (Ttot):



MUSCLE FATIGUE /
ENDURANCE

CONTRACTION          CONTRACTION

TIME            FORCE

TENSION-TIME INDEX



PI/PIMAX

FATIGUE

TI/TTOT

CONTRACTION 
FORCE (%MAX)

INSPIRATORY 
(CONTRACTION) TIME / 

TOTAL BREATH 
DURATION

TENSION-TIME INDEX





Vassilakopoulos et al. Am J Respir Crit Care Med. 1998; 158:378-385.

FATIGUE

NO FATIGUE











A TTI >0.15 for the diaphragm cannot be sustained long and eventually results in 
fatigue. Accordingly, both reducing respiratory load (reducing Pi) and improving 
Pimax are expected to improve weaning success.

Because Pimax increased in the present study (from 35 cm H2O to 50 cm H2O), it 
can be calculated that TTI decreased from 0.18 to 0.12, which is expected to 
increase weaning success rate.

TTI Before: PI (~16 cm H2O) / PImax (35 cm H2O) = 0.46 * TI/Ttot ~0.39 = 0.18

TTI After: PI (~16 cm H2O) / PImax (50 cm H2O) = 0.32 * TI/Ttot ~0.39 = 0.12

But: same improvement in Pimax in control group…



The authors reason that sham training may provide a training 
stimulus as a result of high “internal” loads because of reduced 
respiratory compliance. 

However, this seems less likely because the groups performed 
spontaneous breathing trials up to 10.9 hours per day, where they 
already face these high “internal” loads. 



We hypothesized that…

Characterize the training stimulus during different breathing conditions in 
difficult to wean patients

Martin AD et al. 2011. Crit Care; Elbouhy MS et al. 2014. Egypt J Chest Dis Tuberc; da Silva Guimares B et al. 2021. Crit Care Med 

1) Total inspiratory effort was probably similar for deep and fast
inspirations against both low and high IMT external loads (our
intervention and control groups)

2) Deep and slow inspirations against a low IMT external load would
result in lower total inspiratory effort and muscle activation

3) Inspiratory effort during both low and high IMT should be much
higher than during spontaneous breathing





Unsupported
spontaneous

breathing
(SB) 

• Esophageal pressure swings (ΔPes) and pressure-time 
product (PTPes) = index of inspiratory effort 

• Airway pressure swings (ΔPaw), inspiratory volume 
(VT), and peak inspiratory flow (PIF)

• Activation of scalene (EMGsca), sternocleidomastoid
(EMGscm) and parasternal intercostal (EMGpi) muscles
(Root Mean Square amplitude, %EMGmax)

One minute pressure
support modality

One minute 
disconnection

1 set 6-8 slow and 
deep inspirations

1 set 6-8 fast and 
deep inspirations

1 to 2 sets 6-8 fast and 
deep inspirations

Exploratory assessments  

Breathing conditions

1 3 4 5

<10%PImax 30% PImax

2

Low 
Load 
IMT 

High  
Load IMT 
(HL-IMT) 

Mechanical
ventilation (MV) 

LLs-IMT LLf-IMT



Results of exploratory assessments

N= 5 patients
Age:68±1y; 20%male; PImax:37±7cmH2O

Diagnosis at admission:
• Double lung transplantation (N=1)
• COPD exacerbation (N=2)
• Cardiac surgery (N=1)
• Pneumonia (N=1)

Instructing patients to perform deep and 
fast (i.e. more powerful) inspirations against 
low external load significantly increased 
their end inspiratory volume as compared 
to slow and deep breathing (control group 
study Martin et al.)

Similar volume inhaled during powerful
inspirations against a low or high external
load, slightly less with high load.

<10% 30%<10%

84%VC
79%VC

Poddighe D et al. ACC 2025

50%VC

68%VC



68%

84%

Poddighe D et al. ACC 2025

3cmH2O

Results of exploratory assessments

7cmH2O

22cmH2O
X3

68%VC
34cmH2O

x5!!!
84%VC

35cmH2O
X3

79%VC

12cmH2O

15cmH2O
VT: 300ml

20ml/cmH2O
PI/Pimax: 0.41

TTI: 0.16

3cmH2O 30%: 11cmH2O

Total inspiratory effort 3-5x higher than what
would be estimated based on external load

Total inspiratory effort was similar when IMT 
was executed with fast and deep inspirations
against both a low or high external load
(Intervention and sham condition in our RCT)
Borg effort also similar: 4.8 vs 5.4!

Against low external load total inspiratory
effort was much lower when IMT was 
executed with slow and deep inspirations
(similar to sham condition in study Martin et 
al. Of note: their pressure recorded at airway
opening was only 3cmH2O!) as compared to
powerful and deep inspirations (higher EILV, 
IMWeanT control group)

IMT (Low and High) resulted in more than 2x 
higher inspiratory effort as compared to

spontaneous breathing!!



Results of exploratory assessments

Poddighe D et al. ACC 2025



Conclusions exploratory assessments 
<10%PImax 30% PImax <10%PImax

• External load set on training devices during IMT in weaning failure is not an accurate indicator of the 
total training load!

• Breathing instructions have a major impact on total training load!

• Using specific breathing instructions and training parameters (numbers of sets and repetitions) an effective 
initial respiratory muscle training can be provided to many of these patients (at least in beginning of 
weaning period) without using external loads and training devices (use Borg effort scores to guide intensity!)

Spontaneous Breathing

• Results have important implications for designing IMT programs (intervention and control!) in  future 
randomized controlled trials but also for clinical practice!



Remarkably, the increase in Pimax in the sham group of the present study is 
higher than in control groups in previous studies. 

This could however also be a result of patient selection (48% post–lung 
transplant) and excellent standard of care in this ICU, including rehabilitation 
practices, sedation practices, infection control, and feeding. These factors may 
positively influence (respiratory) muscle function.

Based on current study not possible to draw definitive conclusions.

Large (multicenter) RCT with control group receiving no IMT is needed to confirm
whether IMT is a useful adjunct to the treatment of weaning failure.



How do 
these results 
affect our 
clinical 
practice in 
patients with 
weaning 
failure?

• Inspiratory muscle weakness is associated with weaning 
failure: Assess muscle strength

• When weakness is present: discuss its potential 
importance in the weaning failure and the application 
of IMT

• Apply IMT strength training: limited number of higher 
intensity contractions, control of cardiorespiratory 
response, symptoms, rest period between series 
allows continuation of mode of ventilatory support 

• High intensity does not only depend on external load but 
also on breathing instructions!

• In the beginning of weaning period no or minimal 
external loads are probably sufficient

• Support and feedback to the patient during the training 
session is essential and the basis for progressing the 
training over time.

• Challenge: can we offer IMT to more patients and earlier 
during weaning process? 



THANK YOU FOR YOUR ATTENTION!

If you have any questions please 
share your thoughts and ideas!

daniel.langer@kuleuven.be


	Slide 1: INSPIRATORY MUSCLE TRAINING 
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39: MUSCLE FATIGUE / ENDURANCE
	Slide 40: PI/PIMAX 
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52: Results of exploratory assessments
	Slide 53: Results of exploratory assessments
	Slide 54
	Slide 55: Conclusions exploratory assessments 
	Slide 56
	Slide 57
	Slide 58: THANK YOU FOR YOUR ATTENTION!

