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Introduction 
The main goal of the ventilatory system is to ensure 
delivery of oxygen to tissues and evacuation of car-
bon dioxide1,2. Insufficient ventilation leads to al-
veolar hypoventilation with subsequent hypoxemia 
and hypercapnia (ventilatory/type II failure). The 
respiratory pump represents the principal compo-
nent of the ventilatory system (Figure 1). 
 

Fig 1. The Respiratory Pump 
Complex neuronal pathways regulate ventilation via 
the respiratory centre located in the medulla oblon-
gata. Synaptic transmission from the 1st to the 2nd 
motor neuron is followed by the motor endplate and 
finally by the contraction of respiratory muscle fi-
bers. As for all skeletal muscles the same physio-
logical principals apply for respiratory muscles2,3. 
 

Ventilatory failure is always linked to inspiratory 
muscle failure. This failure results from an imbal-
ance between the capacity and the load imposed on 
the respiratory pump1,2,4 .Impaired ventilation can 
result from both an increase in load (e.g. interstitial 
lung disease), a reduction in capacity (e.g. 
myopathic disorders) or from the combination of 
both (e.g. COPD).    
 

Two major questions are addressed by respiratory 
muscle testing:2,4  
1. Are the respiratory muscles impaired, and if so, 
how severely? 
2. Is the demand on the respiratory muscles in-
creased and how severe is it?  
 

By answering these questions the differential diag-
noses, particularly in the case of latent or manifest 
ventilatory insufficiency, are narrowed down. In 
addition, quantifying respiratory muscle function 
serves as an important progression parameter in 
different diseases and is used for therapy monitor-
ing (e.g. COPD, neuromuscular diseases, non-
invasive ventilation).  
 

The objective of this review is to provide the reader 
with the needed information of how to apply each 
particular method of respiratory muscle testing in 
addition to the discussion of the most important 
basic characteristics of each method.  
 

Methods 
Clinical signs and symptoms (e.g. dyspnea under  
 

 
exertion, tachypnea, paradox ventilation) lead the 
way to suspect ventilatory failure. Lung function 
testing and blood gas analysis are essential and 
need to be supplemented by different tests assess-
ing respiratory muscle strength and related ventila-
tory characteristics4,5 .Two major categories of res-
piratory muscle tests exist: volitional and non-
volitional tests. It is the combination of the tests 
that establishes a reliable diagnosis. Selective respi-
ratory muscle weakness (e.g. isolated diaphrag-
matic dysfunction in the presence of phrenic nerve 
palsy) can escape detection by certain tests. It is 
therefore highly recommended to perform complete 
respiratory muscle testing and to include all of the 
available tests in all cases of suspected respiratory 
muscle dysfunction. Screening is performed by voli-
tional and non-invasive tests. In the event of patho-
logical findings the more complex non-volitional and 
finally invasive procedures are applied4,5,6 . Table 1 
illustrates the non-pathological threshold values for 
each particular test and reflects the current con-
sensus of (inter-)national guidelines and current 
studies2,4,5,6,7,8 .  
 

Table 1. Threshold values (non-pathological) for  
respiratory muscle testing.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

P0.1: mouth occlusion pressure at 0.1 s inspira-
tion;  
PImax1.0 / PImaxpeak RV: maximal inspiratory 
mouth occlusion pressure (residual volume, hold 
over 1 s / peak value);  

[All kPa] 

Female thresh-

old value (non-

pathological)  

Male threshold 

value (non-

pathological)  

P0.1   <0.3  <0.3  

PImax1.0 RV  >6.0  >7.0  

PImaxpeak RV  >7.0  >8.0  

PEmax  >7.0  >10.0  

P0.1/ PImax1.0 <4.5  <4.5  

P0.1/ PImax- <2.0  <2.0  

P0.1*ti/VT  <0.5  <0.5  

Sn Pna  >6.0  >7.0  

Sn Pdi  >8.0  >10.0  

Tw Pmo  >1.0  >1.0  

Tw Pdi  >1.8 >1.8 
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PEmax: maximal expiratory mouth occlusion   
pressure;  
P0.1/PImax: respiratory capacity;  
P0.1*ti/VT: specific inspiratory impedance;  
Sn Pna: sniff nasal pressure;  
Sn Pdi: sniff transdiaphragmatic pressure; / 
Tw Pmo: twitch mouth pressure;  

Tw Pdi: twitch transdiaphragmatic pressure  

Table 2 summarizes the characteristics of each par-
ticular respiratory muscle test. Beyond the methods 
which assess respiratory muscle strength, and are 
discussed in this review, there are several means to 
assess fatigue and/or endurance of the respiratory 
pump (e.g. electromyogram or muscular relaxation 
time). However, general clinical acceptance of these 
methods is poor due to their high complexity.  
 
Volitional tests on respiratory muscle function  
1. Mouth occlusion pressure at 0.1s of  
inspiration: P0.1 
The P0.1 reflects an indirect measure of the central 
respiratory drive. This measure is influenced by sev-
eral factors (e.g. tidal volume) due to its dependency 
on pressure generation and transmission. Misjudg-
ment of the central respiratory drive can result if this 
linkage is disrupted (e.g. muscle relaxants: maximal 
central respiratory drive and zero P0.1).  

In practice, airways are occluded at the mouth (≥120 
ms) during quiet breathing and P0.1 is registered after 
100ms. To exclude adaptation of the ventilatory pat-
tern prior to P0.1 registration the occlusion is applied 
without notifying the patient in advance. At least 2 
breaths separate each consecutive assessment of P0.1 
and the median of 5 congruent measurements is reg-
istered2,5. 
 
2. Maximal inspiratory/expiratory mouth occlusion 
pressure: PImax/PEmax 
PImax and PEmax currently reflect the most widely 
applied methods for assessing global respiratory mus-
cle strength. Both methods are independent from 
pathological resistance/compliance changes due to 
the missing changes in lung volume (isometric con-
traction). It is important to avoid pure static pressure 
development due to the risk of inconsistent glottis 
closure. A standardized leakage (canula with 4 cm in 
length and internal diameter of 1 mm) ensures a 
minimal airflow at all times.    
 
PImax can be assessed at functional residual capacity 
(FRC) or residual volume (RV) without (FRC) / with 
(RV) additive thoracic retraction forces. PImax is reg-
istered as peak-value (PImaxpeak) or plateau-value 
over 1s (PImax1.0, more widely-used)2,5,7 . PEmax is 
assessed as peak-value at total lung capacity (TLC) 

 

Table 2. Respiratory muscle testing: method characteristics.P0.1: mouth occlusion pressure at 
0.1 s inspiration;  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PImax: maximal inspiratory mouth occlusion pressure;  
PEmax: maximal expiratory mouth occlusion pressure;  
P0.1/PImax: respiratory capacity;  
P0.1*ti/VT: specific inspiratory impedance;  
Sn Pna: sniff nasal pressure;  
Sn Pdi: sniff transdiaphragmatic pressure;  
Tw Pmo: twitch mouth pressure;  
Tw Pdi: twitch transdiaphragmatic pressure. 

 
Non-

volitional 
Invasive 

Technical 

Complexity 
Reproducibility 

Variance of 

Normal  

Values 

Data Basis of 

Normal  

Values 

              

              

P0.1 ─ ─ ¯ ­  excellent 

PImax ─ ─   ­ excellent 

PEmax ─ ─  ¯ ­ sufficient 

P0.1/

PImax 

─ ─ 
  ­ sufficient 

P0.1*ti/VT ─ ─ ¯ ­  insufficient 

Sn Pna ─ ─  ­­ ¯¯ sufficient 

Sn Pdi ─ yes ­­ ­­ ¯¯ sufficient 

Tw Pmo yes ─ ­ ­­ ¯ insufficient 

Tw Pdi yes yes ­­ ­­ ¯ insufficient 
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analog to PImax. The pressure is generated solely by 
the expiratory muscles and it has to be taken care 
that there is no use of buccal muscles. As a result 
from the positive pressure gradient from the mouth 
to the mouth-piece leakage is a common problem in 
PEmax assessment.  
 
In practice, PImax (from RV) and PEmax (from TLC) 
are measured at a volitional maximal inspiratory/
expiratory effort with occluded airways. It is essential 
that the examiner motivates the patient to achieve 
truly maximal efforts. The maximal value out of 
seven trials is registered. Each consecutive assess-
ment of PImax/PEmax is separated by at least 30 s. 
The test series should not end with the highest 
achieved value and differences between the two 
highest values should be ≤10 %2,4,5,7 . 
 
3. Respiratory capacity: P0.1/PImax 
The ratio of P0.1/PImax is referred to as the respira-
tory capacity and reflects the momentary operational 
demands of the inspiratory muscles. Inspiratory mus-
cle weakness with false-low P0.1 values results in the 
risk to overlook an increase in the central respiratory 
drive. This risk is minimised by considering the respi-
ratory capacity. P0.1/PImax is expressed as % where 
higher values represent reduced capacity. Values 
above a defined threshold (app. 20-25 %) indicate the 
risk of ventilatory failure2.  
 
4. Specific inspiratory impedance: P0.1*ti/VT 
Physically, this value represents a resistance.  Here, 
P0.1 reflects the pressure needed to achieve a certain 
inspiratory flow (VT/ti). P0.1*ti/VT reflects the load 
which is momentarily imposed on the inspiratory mus-
cles. The higher the impedance (i.e. the pressure 
needed to achieve a certain inspiratory flow), the 
higher the load imposed on the inspiratory muscles. 
P0.1*ti/VT considers the level of momentary ventilation 
which sole consideration of P0.1 does not.  
 
5. Sniff pressures: Sn P 
In contrast to all aforementioned static airway-
occluded methods Sn P represent dynamically-
assessed measures. Patients perform short, maximal 
inspiratory efforts through the nose. The assessment 
of Sn P is better tolerated than static respiratory ef-
forts. In addition, the variance is smaller and the re-
producibility higher compared to PImax.  
 
5.1. Nasal sniff pressure: Sn Pna 
Son Pna reflects an important non-invasive parameter 
for assessing inspiratory muscle strength. It has to be 
considered that impaired pressure transduction from 
the pleura (e.g. end-stage COPD) might underesti-
mate inspiratory pressure generation.  
 
5.2. Transdiaphragmatic sniff pressure: Sn Pdi 
The invasive assessment of Sn Pdi achieves an in-
crease in diaphragmatic specificity, independent from 
pleural pressure transduction. Sn Pdi is assessed by 
transnasal application of enteric balloon catheters 
and is calculated as the difference between esophag-
eal and gastric pressure (q.v. twitch pressures).  

 
In practice, Sn P are registered from FRC during a 
maximal, short inspiration (lasting <0.5 s) through the 
nose with the mouth closed. The examiner motivates 
the patient to achieve truly maximal efforts. Seven 
trials are performed and the maximal value is regis-
tered. Each consecutive measurement of Sn P is sepa-
rated by at least 30 s (q.v. PImax/PEmax). The test 
series should not end with the highest achieved value 
and differences between the two highest values 
should be ≤ 10 %4,5. 
 
Non-volitional tests on respiratory muscle function 
All of the methods discussed above have one substan-
tial disadvantage in common: their dependency on 
the patient‘s motivation and cooperation. Therefore, 
low values cannot simply be attributed to respiratory 
muscle impairment but rather might reflect false-low 
values caused by insufficient maximal effort. Methods 
independent from the patient‘s cooperation and mo-
tivation have to be applied to objectify these results.  
 
1. Twitch pressures: Tw P 
The current gold-standard technique in (non-
volitional) assessment of respiratory muscle strength 
is represented by pressure registration during stimu-
lation of the phrenic nerves. Former electric stimula-
tion has been almost entirely replaced by magnetic 
nerve stimulation which is painless and reliable. 
Here, short-term, high-energy magnetic fields induce 
a current over the phrenic nerves, resulting in a sin-
gular diaphragmatic contraction. For safety reasons, 
all patients with cardiac pacemakers or other im-
planted electrical devices or metal parts have to be 
excluded from this technique. Bilateral anterior mag-
netic phrenic nerve stimulation (BAMPS) has proven to 
be the most reliable method achieving supramaximal-
lity8,9,10. 
 
Tw P are registered close to FRC due to the linear 
relationship between lung volume and Tw P8,10. A 
standardized resting period of 15-20 min should pre-
cede Tw P assessment to avoid excessive demands on 
the diaphragm (e.g. caused by physical exercise). 
Consecutive measurements are separated by at least 
30 s. Figure 2 illustrates exemplary pressure-time 
curves for Tw P.   
 
2. Twitch mouth pressure: Tw Pmo  
Non-invasive Tw Pmo reliably assesses respiratory 
muscle strength if the pressure transduction from the 
pleura to the mouth is not impaired. A trigger mecha-
nism (a certain flow or pressure value at the leakage, 
q.v. PImax/PEmax) avoids inconsistent glottic clo-
sure. An inspiratory pressure trigger achieves the nar-
rowest limits of agreement between Tw Pmo and eso-
phageal (≈ pleural) pressure8,10. 
 
3. Transdiaphragmatic twitch pressure: Tw Pdi  
As an invasive procedure Tw Pdi is assessed following 
transnasal balloon catheter placement4,5,8 .Tw Pdi is 
calculated as point-to-point subtraction of gastric (Tw 
Pga, ≈ 1/3 Tw Pdi) from esophageal twitch pressure 
(Tw Pes, ≈ 2/3 Tw Pdi). The standardized balloon 
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Fig 2. Twitch Pressures 

catheter placement is as follows: both balloons 
are initially placed in the stomach. While pulling 
back the catheter a pressure reversal is seen at 
the proximal balloon at the esophageal-gastric 
passage. From there the catheter is pulled back 
another 5-10 cm and then safely fixed. Verifica-
tion of correct catheter position is achieved by 
sniff maneuvers (q.v. sniff pressures).5 As stan-
dard the balloons usually contain 1.0 (esophageal) 
and 2.0 (gastric) ml of air depending on the pres-
sure-tension relationship of the balloons. No trig-
ger is needed for sole Tw Pdi registration since 
glottic closure does not influence pressure trans-
duction from the pleura to the esophagus or stom-
ach. In contrast to all aforementioned parameters 
which represent maximal volitional efforts, Tw P 
are registered as the mean of five trials5. 
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