
Focus on Ventilatory Muscle Training 
Clinical Perspective 

Clinical Assessment of the Respiratory Muscles 

This reilic?w exalnines approaches to evaluation of the respiratory lnuscles and 
de.~cribes nelu techniques that may be more quantitative, less effort dependent, 
and less invasive than conventional methods. To evaluate strength of the respi- 
ratory mrlscles, maximum inspiratory and expiratory pressures remain usefill 
meastwes. Potential methodologic errors, howez~er, necessitate careful technique. 
Evaluaticln of the twitch response to direct phrenic nerve stimulation may ulti- 
matelyprove more quantitative and less effort dependent than measurernents oj' 
maximum pressure. Many techniyzres are also available to measure endurance 
of rapiratory muscles, but most are less than satisfactory outside the research 
entlironment because of poor reproducibili[y and other procedural dzflculties. 
The maximum incremental resistizte loading test, howerter, has prouen to be 
practical and well tolerated. There is little substitute for cart.ftll clinical observa- 
tion of respiratory muscle coordination and movement, particular!y in the 
patient lcith suspected respiratory muscle weakness or chest wall distolztion. It7 
conclusion, though the respiratory muscles are dlflczrlt to evaluate, techniques 
are available that can be quite helpfill for assessment, particularht in response 
to interventions such as rehabilitation. [Clanton TL, Diaz PT. Clinical assess- 
ment of the respiratory muscles. Phjs Ther. 1995; 75:983-95.1 
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There are many forms of chronic 
pulmonar?; disease and neuromuscular 
w-eakness that result in abnormalities 
in respiratory muscle f~nct ion. l -~ Both 
the force production (strength) and 
the endurance of these muscles can 
be reduced, which can result in an 
inability to adequately ventilate the 

lungs, particularly during exercise or 
in response to acute exacerbations of 
underlying d i ~ e a s e . ~  Unfortunately, our 
ability to evaluate the respiratory mus- 
cles is limited because of their inacces- 
sibility. Methods that have been devel- 
oped to study the limb musculature 
either are not feasible or have not 
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been fi~lly applied to the respiratory 
system. This review will examine 
some of the more practical approaches 
to clinical assessment of the respira- 
tory muscles that may be of particular 
use to the physical therapist. In addi- 
tion, it ~ 7 i l l  briefly mention some of 
the newer techniques that are being 
developed. A number of recent re- 
views are available that provide com- 
plementziry infonation. '-9 

Measurements of Respiratory 
Muscle Force Production 

Maximum lnspiratory and 
Expiratory Pressures 

The most common procedure used to 
evaluate the force production of the 
respiratory muscles is the measure- 

7bis article toas szrbrnittecl April 5, 1995. and was crccepted,Jrc!y 14, 1995 
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1. The patient should be positioned 
standing, seated upright, or in a 

I 1 semirecumbant posture.17 

t Large-Bore Circular Mouthpiece 

2. The patient's lips should be pressed 
against a large-bore rubber tube 
(eg, model 022259, 1 W-in-diameter 
molded coupler*), which, for con- 
venience, can be connected to a 
three-way stopcock (eg, model 
3400BC spirometer stopcock 
valvet). The use of a rubber tube 
around the lips has been shown to 
result in higher pressures (particu- 
larly for MEP) compared with mea- 
surements taken with a standard 
flanged mouthpiece (which goes 
inside the lips)."J2 This finding 
may be due to the elastic properties 
of the cheeks. 

3. Noseclips are attached to the pa- 
tient's nose to prevent leakage. 

4. The patient is asked to take one or 
more deep breaths while the stop- 
cock is open and then to expire 

Figure 1. A commonly used setup for measuring maximum in~pimto?)~ and expi- 
ratory pressures. A three-zuay stopcock valve is used to con~zect the patient to room air 
or is switched to a pressure transducer for measurement of lnspiratory or expiratory 
pressure. A leak is provided to ensure thepatient does not generate the pressure mea- 
sured with mt~scles attached to the buccal cavitJJ. 

ment of maximum inspiratory pressure 
(MIP) and maximum expiratory pres- 
sure (MEP). Although these tests are 
fairly common in most hospital set- 
tings, there is little consensus concern- 
ing method.lO-l2 These tests are useful 
whenever respiratory muscle weak- 
ness is suspected as a cause of low 
lung volumes, hypoventilation. or 
exercise limitation, and the tests can 
be used as outcome variables for 
treatments such as pulmonary rehabili- 
tationlS15 or steroid administration.'" 
Measurement of MIP is by far of the 
most clinically relevant of the two tests 
because the inspiratory muscles cany 
the largest burden of ventilatory work, 
even when the patient's primary prob- 
lem is airflow obstruction during expi- 
ration2 The measurement of MEP is 
also useful, however, for differentiating 

generalized neuromuscular weakness 
from specific weakness of the dia- 
phragm or other inspiratory muscles. 
For example, weakness of the dia- 
phragm alone would result in a reduc- 
tion in MIP, whereas general neuro- 
muscular weakness would result in 
reductions in both MIP and MEP. 
Furthermore, the measurement of MEP 
can be used for quantitating potential 
learning or placebo effects of training 
or therapy targeted specifically to the 
inspiratory muscles. 

A customary setup for measuring MIP 
and MEP is illustrated in Figure 1, and 
a comlnonly used procedure is as 
follou~s: 

'Warren E Collins Inc, 220 Wood Rd, Braintree, MA 02184-2404. 

' ~ a n s  Rudolph Inc, 7200 Wyandotte, Kansas City, M O  64114. 

completely to residual volume (RV). 
An alternative technique is to mea- 
sure MIP at functional residual 
capacity (FRC), which requires 
complete relaxation of the thoracic 
musculat~~re. 

5. The stopcock is then turned to a 
pressure transducer and a small 
opening that allows an air leak. The 
leak should consist of a 1- to 2-mrn 
orifice or a 14-gauge needle and is 
used to prevent the patient from 
producing artificially high inspira- 
tory pressures with the muscles of 
the buccal cavity when the glottis is 
closed.lOJH The leak is small 
enough that it does not greatly 
affect lung volume during maxi- 
mum inspirations. 

6. The patient is then asked to inspire 
rapidly and maximally (a Mueller 
maneuver) to attain MIP and to 
maintain it for more than 1 second. 
Because this is an effort-dependent 
test, it is extremely important to 
provide the patient with strong 
verbal encouragement. It is also 
helpful to use visual feedback from 
the pressure transducer output. 
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Table. Rtlference Equations f or Maxiwzum Inspiratory Pressure (MIP) and Maximum Expiratory Presstr re (MEP) in Adt llts 

Population 

Lower 
MIP Reference Equation Limit of Reference 
(kPa)a Normal Group X+SD No. 

Adult men (20-65 y of age) - 14.02+0.054(Age) -7.35 -12.1652.16 18 

Adult women (20-65 y of age) - 10.20+0.054(Age) -4.90 -8.5351.56 18 

Elderly men (65-85 y of age) -1 5.00+0.l27(Age)-0.028(Wt) Ref+4.02 -8.1422.65 19 

Elderly women (65-85 y of age) -9.41 +0.079(Age)-0.028(Wt) Ref+3.14 -5.69rt2.16 19 

Population 

Lower 
MEP Reference Equation Limit of - Group Reference 
(kPa)a Normal X-eSD No. 

Adult men (20--65 y of age) 26.27-O.lOl(Age) 13.76 22.8k4.12 18 

Adult women (20-65 y of age) 26.27-O.lOl(Age) 9.31 14.9k2.65 18 

Elderly men (65-85 y of age) 21.47-0.208(Age)+O.O33(Wt) Ref-6.96 17.2rt4.51 19 

Elderly women (65-85 y of age) 34-0.289(Age)+O.O25(wt) Ref-5.10 11.56rt3.63 19 

"MIP and hlEP are commonly measured in centimeters of water (cnl H,O) (kPaX10.2). Weight is measured in kilograms. All predicted values for 
measurements at residual volume for MIP and total lung capacity for MEP. To calculate approximate normal values at functional residual capacity 
(FRC), reduce Ihe magnitude of the MIP by 14% and that of the MEP by 19°h.2"ote: This calculation assumes an approximate FRC:total lung capac- 
ity ratio of 5j0/,1. 

7. The procedure is repeated no fewer 
than three times with experienced 
patients who have performed the 
test uslng the correct procedure on 
at least one previous occasion and 
more than five times with inexpen- 
enced patients. Allow at least 1 
minute of rest between efforts. 
There is a considerable learning 
effect up lo the fifth to ninth MIP 
trial. '"20 

Testing of MEP is approximately the 
same procedure except that a maxi- 
mum expiratory effort is performed 
from total lung capacity (TLC). The 
individual administering the test may 
be required to assist the patient in 
pressing in on the cheeks to prevent 
leaks and to ensure a minimum loss of 
pressure across the compliant oral 
cavity. Maximum expiratory pressure 
can alternatively be measured at 
FRC.ll 

The final measurement of MIP and 
MEP should be the highest value ob- 
tained after 1 second of maximum 
effort against the occlusion. In some 
patients, this value can be as much as 
0.5 to 2 kPa smaller than the maxi- 
mum pressure attained in the first 0.5 
seconds of inspiration. The reason for 
this dfierence is that when the air in 
the lungs expands rapidly during 
inspiration or compresses during expi- 
ration, there is a considerable shorten- 
ing of the muscles, a situation not 
unlike a muscle shortening against a 
spring, in series. The resulting rapid 
movement of the chest wall can result 
in an overshoot in pressure due to 
momentum of the chest wall mass.18 

There are numerous transducers that 
can be used to measure MIP and MEP. 
The most satisfactory are electrical 
transducers connected to a fast- 
responding recorder, oscilloscope, or 
computer interface so that the actual 

'S & M Instrum~?nt Co Inc, 202 Airport Blvd, Doylestown, PA 18901 

' ~ o d e l  DHD 55-4900, Diemolding Healthcrire Division, Canastota, NY 13032 

pressure-time recording can be ana- 
lyzed carefully. For most clinical situa- 
tions, where small errors in measure- 
ment will not greatly influence clinical 
decision making, a Bourdon-type or 
hand-held electrical pressure gauge 
(eg, Porta-RespTM monitor* or NIF-TEE 
ICitTMS) is satisfactory.3 Some of these 
gauges only record the peak pressure 
attained; have a limited scale; or dis- 
play negative or positive pressure, but 
not both. Manometers with scales up 
to 20 kPa are recommended, although 
some suggest that pressures exceeding 
210 kPa may not be clinically useful 
because pressures greater than + 10 
kPa for MEP or - 10 kPa for MIP 
would fall within the normal range.1° 
Whatever transducer is used, it is 
important to occasionally re-zero it 
and to check its calibration against a 
mercury manometer (1 mm Hg=0.133 
kPa=1.36 cm H,O). 

The predicted values for MIP and MEP 
have a very large range in individuals 
without pulmonary impairments (as 
much as 240%; see Table). Although 
these predicted values are relatively 
stable over most of the adult life span, 
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I % Maximum MIP % Maximum MEP 

Figure 2. Effect of' lung volume on maximum inspiratoi?. pressure ( n i r ~ j  and max- 
imum expiratoql pressure (MEPI. m e  uolzlme dependence of maximum presszrre devel- 
opment is  due. in part, to the force-length relationships of the muscles (inset), some- 
times referred to as the Frank-Starling relationship. (TLC= total lung capaci!): 
FRC=fiinctional residzral capaci[y: RR= residual r~olume.) 

the normal values are sex- and age- 
dependent and decrease rapidly in the 
last decades of life.19%21 Predicted val- 
ues are generally obtained from indi- 
viduals in good health. Elderly persons 
who are ill can have as much as a 
25% reduction in MIP and MEP, with 
no clearly defined respiratory muscle 
:ibnormalitie~.~9 A commonly used set 
of normal values for MIP and MEP for 
young and middle-aged adults and 
elderly persons is presented in the 
Table. Predicted values for chil- 
dren22.2' and adolescents24~2j are also 
available. 

The MEP and MIP measurements are 
dependent on lung olume, as illus- 
trated in Figure 2. This dependence is, 
in part, due to the effects of muscle 
length on the ability to generate force 
(Fig. 2, inset), but it may also relate to 
changes in the configuration of the 
thorax (eg, flattening of the d~a -  
phragm) that occurs with expansion 
and contraction of the rib cage2 It is 
important, therefore, to try to take the 
pressure readings at known volumes. 
Another consideration is the fact that 
when measurements are taken at RV 
for MIP and at ?LC for MEP, elastic 
pressures of the rib cage and lungs 

contribute to the pressure at the 
mouth, which can be greater than 
1 kPa in some cases2 Therefore, if the 
measured MIP or MEP is small (eg, in 
critically ill patients), it may be useful 
to take these measurements near FRC, 
where these elastic forces balance 
each other and are unlikely to contrib- 
ute substantially to the measurements 
of MIP or MEP. Some patients may 
also require measurements at FRC 
because they become so short of 
breath that they are unable to ade- 
quately expire for the 5 or 10 seconds 
necessary to approach RV. Although 
most predicted values come from 
measurements taken at RV and TLC, it 
is possible to nuke mathematical 
corrections for the effects of volume 
when measuring MIP and MEP at 
other lung  volume^.^(^.^' These correc- 
tion factors should be used with some 
caution for patients where the effect of 
chronic changes in lung volume on 
the resting length of the muscles are 
not well defined.' Approximate math- 
ematical corrections for predicted 
values of MIP and MEP measured at 
FRC are provided in the Table.L1 

Measurement of MIP in patients who 
are using mechanical ventilators is 

more dficult and requires some dif- 
ferent techniques. In the intensive care 
unit (ICU) setting, MIP is sometimes 
inappropriately referred to as negative 
inspiratory force (NIF). The potential 
utility of measuring MIP in inechani- 
cally ventilated patients has been 
shown by its use as a predictor of 
successful weaning from nlechanical 
ventilation. Sahn and Lakshmi- 
narayaq2* for example, found that all 
patients able to generate pressures 
lower than -30 cm H20  were suc- 
cessfi~lly weaned from mechanical 
ventilation. Those unable to generate 
pressures of -20 cm H,O could not 
be successhlly weaned. Unfortunately, 
subsequent studiesn have not found 
the high predictive values described 
by these investigators. This difference 
among studies may be because the 
measurement of MIP is dependent on 
a number of variables, including 
equipment, lung volume, and patient 
eff0rt.3~-3~ Indeed, patient effort may 
he the most important consideration in 
the ICU, as alterations in mental status 
from pain, anxiety, and drugs are 
common. 

Truwit and MarinP2 have developed a 
technique that theoretically optimizes 
patient effort even in critically ill pa- 
tients. A volume of dead space of 
approximately one-third resting tidal 
volume (VT) is attached to the endo- 
tracheal tube while the patient is being 
mechanically ventilated. This volume 
of dead space increases the patient's 
endogenous physiological drive to 
breathe because it results in rebreath- 
ing carbon dioxide, thus raising arte- 
rial carbon dioxide and stimulating the 
arterial and central chemoreceptors. 
After approximately 2 minutes, the 
ventilator is removed and a one-way 
valve is attached, which allows normal 
expiration but occludes inspiration. 
After 20 to 25 seconds, the patient 
reaches MIP and the one-way valve is 
removed. Using a similar occlusive 
technique, Jabour and colleagues3~ 
found mean values of MIP substan- 
tially higher than those reported by 
Sahn and Lakshrni~arayan~~ (-3 5 cm 
H,O in the weaning failure group; 
-49 cm H,O in the successfully 
weaned group). Unfortunately, Jabour 
and colleagues found overlap in MII-' 
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measurements between the weaning 
failure group and the successfully 
weaned group. In addition, Multz et 
aBO have pointed out that even utiliz- 
ing a standard technique, the measure- 
ment of MIP in the ICU may have a 
wide coefficient of variation among 
observers over time. 

In summary, although the measure- 
ment of .MIP in critically 111 patients 
remains ;a useful indicator of global 
respiratory muscle function, it is highly 
dependent on numerous variables, 
which may be especially dficult to 
control in the ICU. Consistently low 
values (ie, - 15 cm H20), however, 
are not likely to be associated with 
successh~l weaning, whereas values 
lower than -40 cm H20  are likely to 
predict q~eaning success. Because of 
the questionable predictive value, 
most clinicians use this measurement 
to provide a general guideline rather 
than as part of a definitive set of 
criteria. 

An alternative approach to measuring 
MIP is the measurement of "sniff pres- 
sure."3*-3qhe sniff maneuver consists 
of a rapid inspiratory effort through 
the nose and/or mouth as if the pa- 
tient were clearing the nose. This 
approach requires patient cooperation, 
but many patients are better able to 
coordinate their musculature using this 
natural maneuver compared with the 
maximum effort of an MIP test. The 
measurement is made most accurately 
using esophageal pressure (Pes) (an 
estimate of pleural pressure) or trans- 
diaphragmatic pressure (Pdi) (an esti- 
mate of the pressure generated by the 
diaphragm) because there can be a 
considerable pressure drop across the 
nose and airways during the rapid 
airflow of the sniff.34~3Weththods, how- 
ever, have been developed using 
mouth pressure (Pm) recordings dur- 
ing the sniff, which are adequate in 
most cases and can be useful in pa- 
tients m the ICU.ji When using this 
techniqut., it is necessary to use a 
measuring system with a rapid re- 
sponse time. 

Maximum Transdiaphragmatic 
Pressure 

Pressures developed by the diaphragm 
alone (ie, Pdi) can be measured by 
recording the dBerence between Pes 
(a reflection of pleural pressure) and 
gastric pressures (a reflection of ab- 
dominal pressure [Pab]).37,3H Maxi- 
mum Pdi has proven to be useful in 
evaluation of extreme diaphragm 
weakness or paralysis,39 but it is some- 
what dficult to interpret in more 
common clinical conditions where 
isolated diaphragm weakness is not 
e~pected.3~ The measurement requires 
local anesthesia of the nose and 
mouth and the swallowing of esopha- 
geal and gastric balloons connected to 
small catheters that exit the n0se.3'-~9 
These pressures are generally ex- 
pressed as positive values (ie, 
Pdi=Pab-Pes). The appropriate pro- 
cedure for correct placement of 
esophageal and gastric balloons has 
been well des~ribed.3'.~~ 

When measured during MIP tests, Pdi 
does not generally reflect a true maxi- 
mum, probably because the dia- 
phragm can shorten extensively 
against the rib cage during a Mueller 
maneuver.41 To accurately measure 
maximum Pdi, therefore, it is neces- 
sary to stabilize the lower ribs and 
abdomen. Two techniques are com- 
monly used": (1) a maximum expul- 
sive maneuver with the abdominal 
muscles while the glottis is held open 
and lung volume is maintained at FRC 
and (2) a combination of a maximum 
or near-maximum expulsive maneuver 
and a simultaneous maximum inspira- 
tory effort against an occluded airway 
(ie, "two-step maneuver"). Both tech- 
niques are difficult to coordinate but in 
trained patients can yield approxi- 
mately equal values. Untrained pa- 
tients can usually perform one tech- 
nique better than the other, and all 
patients generally show improvement 
when visual feedback of Pab and Pes 
is provided." Normal values for maxi- 
mum Pdi are not well established, but 
if measured correctly these values 
should always be approximately 1 to 2 
kPa higher than the predicted MIP 
(Table) when expressed as a positive 
~ a l u e . 3 ~  The snB maneuver described 

earlier has also been used for estimat- 
ing maximum Pdi in patients who 
cannot coordinate the expulsive or 
two-step maneuver"" however, the 
values obtained are somewhat lower. 

Maximum Ventilatory Capacity 
and Vital Capacity 

The maximum breathing capacity 
(MBC) or maximum voluntary ventila- 
tion (MW) is a measure of the capac- 
ity of a patient to ventilate the lungs as 
fast and as deeply as possible. This 
measure is an indirect measure of 
respiratory muscle function in that it is 
a reflection of the combined global 
work capacity of the respiratory mus- 
culature against the inherent imped- 
ance of the lung and chest wall to 
expansion and contraction. The mea- 
sure is best utilized in the ambulatory 
and cooperative patient population. A 
disadvantage is that this measure can 
be unreliable when performed by 
inexperienced personnel42 or by un- 
motivated patients. If there are large 
fluctuations in the mechanics of 
breathing, the measurements can be 
difficult to interpret as a test of muscle 
function alone. Nevertheless, this mea- 
sure is closest to an estimate of the 
functional capacity of the respiratory 
muscles during exercise or during 
high levels of metabolic activity, and it 
is therefore extremely useful for over- 
all assessment. The M W  is usually 
measured in a pulmonary function 
laboratory with a low impedance 
spirometer. Commonly used guide- 
lines are described by Dillard et a1,*2 
with normal values for men,43 wom- 
en,44 and children.4i 

Vital capacity (VC), or at least its in- 
spiratory component (inspiratory ca- 
pacity), is a measure of the ability of 
the respiratory muscles to maximally 
shorten against elastic forces of the 
lungs and chest wall. Like the MVV 
measurement, sensitivity to changes in 
the mechanics of breathing make VC a 
less-than-specific test of respiratory 
muscle function across populations of 
patients. One modification that has 
proven to be a very useful test of 
isolated diaphragm weakness is the 
comparison of VC measurements in 
the upright and supine postures. The 
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integrity of the diaphragm is necessary 
to expand the thorax against the 
weight of the abdominal contents in 
the supine posture, and decreases in 
VC of more than 20% suggest dia- 
phragm dysfunction and the need for 
further waluation.'~*" 

Although the VC has also been used 
to predict weaning success in the 
ICU," its predictive value in most 
ventilated patients is relatively low.4H 
Nonetheless, in certain patients, the 
VC appears to be a reliable index of 
inspiratory muscle force, particularly in 
the same individual over time.fi,4g,jo 
This finding is particularly true in 
individuals with primary neuromuscu- 
lar disorders. Chevrolet and De- 
It.am~nt,~? for example, studied VC in 
five patients with severe Guillain-Bark 
syndrome. A progressive decrement in 
the VC heralded the onset of respira- 
tory failure and predicted the necessity 
of mechanical ventilation. Further- 
more, with recovery. a progressive 
increase in the VC occurred. Patients 
with a VC greater than 15 mL/'kg were 
able to be successfully removed from 
the ventilator. Other studies*"i0 have 
also shown the utility of VC measure- 
ments in monitoring patients with 
neuromuscular disease for ventilatory 
failure. 

Breathing Frequency and Other 
Integrative Indices 

Patients with respiratory muscle dys- 
function will alter their pattern of 
breathing, particularly as they ap- 
proach respiratory failure.51 Although 
numerous different breathing pattern 
alterations have been described in 
association with specific clinical set- 
tings, a nearly universal finding in 
patients with ventilatory failure is 
"rapid-shallow breathing." Rocheste~-52 
hypothesized that patients in whom 
the work of breathing is too great 
relative to their respiratory muscle 
force adopt this breathing pattern as a 
mechanism to minimize dyspnea. 
Unfortunately, an increased respiratory 
rate with a low VT is an inefficient 
pattern for gas exchange and will 
result in carbon dioxide retention and 
respiratory acidosis. 

Yang and Tobin" have recently pub- 
lished an index that quantitates the 
degree of rapid-shallow breathing. 
This index is the ratio of breathing 
frequency (f), expressed in breaths per 
minute, over the \'T, expressed in 
liters. The larger this ratio, the greater 
the degree of rapid-shallow breath~ng. 
Yang and Tobin found that an ~NT of 
100 reliably separated those patients 
who were able to wean (eg, 
f/?i~<100) from those who were un- 
able to wean from mechanical 
ventilation. 

Jabour and colleagues3-' have devel- 
oped a weaning index that incorpo- 
rates not only an estimation of the 
force and endurance properties of the 
respiratory muscles, but also the gas 
exchange properties of the lungs. This 
index was derived noninvasively froin 
readily available bedside measure- 
ments, and was found to have a posi- 
tive predictive value of 96% for failure 
to arean and a negative predictive 
value of 95%.3-' The reliability of this 
integrative index underscores the 
multifactorial nature of respiratory 
failure. Although this index has high 
predictive ability, because of its com- 
plexity it is not used as frequently as 
the rapid-shallow breathing indexI4# 
which can be calculated quickly and 
easily. 

Twitch Transdiaphragmatic 
Pressure and Twitch Mouth 
Pressure 

When available, the twitch pressure 
generated by transcutaneous bilateral 
phrenic stimulation can be very useful 
for evaluating diaphragm muscle 
force-generating c a p a ~ i t y . ~ ~ - ~ j  The 
advantages of this measure are (1) it 

does not require patient effort, (2) it 
depends on the integrity of neural 
activation of the diaphragm and is 
therefore useful in conditions of po- 
tential phrenic nerve dysfunction. (3) it 
can be done rapidly, and (4) it is 
quantitative across the entire lung 
volume range. Kecent advances sug- 
gest that twitch measurements can be 
done noninvasively by substituting Pm 
for Pdi during the twitch.'; Because 
only the diaphragm is being activated 
during the twitch, any Pdi or Pin gen- 

erated reflects diaphragm contraction. 
One potential problem with twitch 
measurements is that the amplitude of 
the twitch is, in part, dependent on 
the impedance the diaphragm is work- 
ing against during contraction. This 
impedance can vary from patient to 
patient and from moment to moment, 
depending on the baseline level of 
activity of the abdominothoracic mus- 
cle and the level of relaxation.ii As 
discussed later, changes in twitch 
amplitude over time nlay be very 
useful in evaluating the onset of dia- 
phragm fatigue. 

New Technologies 

A number of new technologies prom- 
ise to n~ake evaluation of the respira- 
tory muscles less invasive and more 
quantitative. One new technique in- 
volves the use of magnetic stimulation 
of the phrenic nerve rootlets at the 
base of the ne~k.~"witch pressures 
generated with magnetic stimulation 
correlate well with transcutaneous 
phrenic stimulation  measurement^,^? 
but are generally of higher magnitude. 
These greater twitch pressures are 
thought to be due to simultaneous 
activation of some of the thoracic 
musculature that stabilizes the rib 
cage, preventing the diaphragnl from 
shortening during the twitch and thus 
producing a greater tetanic force. How 
critical the differences in twitch force 
are between the two methods is not 
entirely understood, but it is likely that 
in the coming years this technology 
will be utilized routinely. 

Conoillos and associatesi8 are devel- 
oping the use of ultrasonography for 
evaluating diaphragm thickness and 
for estimating diaphragm shortening 
by changes in thickness. Thickness 
measurements are highly correlated to 
measures of maximum Pdi across 
subjects and therefore may be a rea- 
sonable indicator of conditions such as 
disuse atrophy (from patients on long- 
term mechanical ventilation) or loss of 
muscle nuss due to various catabolic 
states or undernutrition. This mea- 
sure may also be useful for evaluat- 
ing the effects of various forms of 
rehabilitation. 
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100% 
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Time to "task failure" 
or "endurance time" 

L..- Endurance Time 

Figure 3. An endurance cu?-cie obtained by hacing a subject attempt to breathe 
with a se.pies oj'uentilatoly orpressure loads,for as long as possible. Maximz~m ~lentila- 
tion or mancimum pressure load can be sustai?.zed for r/ey short periods. As the load 
tiecreases, the subject can endure the load longer before "task failure" ensues, z~ntil the 
load can be sustuitled inclejinitely (sustainable load). 

Measures of Respiratory If a series of different loads are applied 
Muscle Endurance and Work and the time to task failure is mea- 
Capacity sured for each load, an endurance 

curve can be generated (Fig. 3). From 
Sometimes the measurement of endur- this cuwe, a "sustainable load," or the 
ance of the respiratory muscles is 
needed, particularly when evaluating 
the patient's response to various forms 
of rehabilitation and treatment, such as 
respirato~y muscle training or rest. 
There art: several different ways to 
measure endurance, and each pro- 
vides different information. The most 
common method is to assess "endur- 
ance time," which is a measure of the 
time to "task failure" in response to an 
externally applied ventilatory or pres- 
sure load. Endurance time is probably 
a reflection of a combination of endur- 
ance and force production characteris- 
tics of the muscles being studied. The 
greatest li~nitation of endurance time is 
that the response to a specific load is 
extremely variable in untrained per- 
sons and is very much affected by 
subtle changes in breathing patterns 
and respiratory muscle recn1itment.j" 
For this reason, although it is fre- 
quently used, a single sinlple measure 
of endurance time (ie, time to task 
faiiure) to a submaximal respiratory 
load is probably not of much value. 

ventilatory or pressure load that can 
be maintained for an extended period 
of time, can be discerned. The sustain- 
able load is the asymptote of the en- 
durance curve in time. Although still 
very susceptible to changes in patterns 
of con t r ac t i~n ,~~  this measurement is 
much more reproducible than simple 
measures of endurance time59 and 
theoretically should reflect the endur- 
ance properties of the muscles rather 
than force-generating capacity and 
endurance.. 

as that of the MW measurement in 
that it is difficult to determine whether 
changes in MSVC are due to changes 
in ventilatory impedance or to 
changes in muscle function. 

The most commonly used technique 
for measuring the MSVC has been 
described by Belman and associ- 
a te~.~ ' ."  Using visual feedback (ie, 
oscillograph of ventilation versus 
time), the patient targets 70% to 85% 
of the measured RfiV. As fatigue 
ensues, ventilation declines over the 
first 1 to 3 minutes and the target 
ventilation is adjusted up or down to 
just above the patient's maximum 
effort. The average ventilation that can 
be maintained over the eighth minute 
is considered the MSVC. End tidal 
carbon dioxide is measured and con- 
trolled in order to avoid hypewentila- 
tion. Young, asymptoinatic individuals 
can sustain ventilations of approxi- 
mately 75% to 80% of MW, whereas 
elderly persons can sustain between 
ventilations of GO% to 65% of kW.62  

Maximum Sustainable Pressure 
Loads 

There are a number of external load- 
ing devices that can be used to place 
an afterload on the insp~ratory muscles 
for measurement of endurance. These 
devices fa11 into tn o broad categories. 
The most common is a sinlple adjust- 
able orifice or linear resistance that a 
patient may inspire froin. One of the 
problems of using a simple resistance, 
however, is that the pressure gener- 
ated by the muscles is directly propor- 
tiond to the flow rate through the 
resistance Patients tend to adapt their 
pattern of breathing and flow over 

Maximum Sustainable Ventilatory time to mgnitude of the 
Capacity pressure 10ad,~j which affects the 

The measurement of maximum sus- 
tainable ventilatory capacity (MSVC) 
has proven to be very useful in evalu- 
ating the responses to pulmonary 
rehabilitati~n,~,",~~ because it reflects 
directly on the ventilatory capacit) 
available for endurance exercise. The 
MSVC is a physiologic stimulus that 
requires effort from both inspiratory 
and expiratory muscles. The greatest 
limitation of this measure is the same 

measurement. This problem can be 
easily overcome by combining a resis- 
tance with a flow measuring device 
such as a disposable incentive spirom- 
eter (eg. RespirexB 2'1. The patient 
can then inspire with each breath at a 
target flow. If a metronome is used to 
control breathing rhythm, most of the 
important variables affecting endur- 
ance time are controlled by the person 
taking the measurement. 

Physical 'Therapy /Volume 75, Number 11 / November 1995 989 / 63 



highly influenced by the anaerobic 
capacity of the muscles because blood 
flow is likely to be occluded during 
such contractions. 

Figure 4. A ~ Z  inspiratory muscle traininghesting setup for controlling inspiratoly 
pressure, with a threshold louding device (lefi) controllingjlow using visual feedback 
from an incentiue spirometer (fight,.. 

Most of the problenx inherent in us- 
ing a simple resistance device can also 
be taken care of by using a threshold 
resistor. The threshold resistor is sim- 
ply a calibrated pop-off valve like that 
used to limit pressure in a pressure 
cooker or a pressure regulator. The 
pressure is controlled by a weight 
hanging from the valve or by a spring 
(eg, ~ h r e s h o l d ~ ' ) . ~ ~ . ~ j  The advantage 
of this system is that the pressure 
required of each inspiration is inde- 
pendent of the flow rate and therefore 
resembles an isotonic contraction of 
the inspiratory muscles, similar to 
what would occur using a weight 
machine to evaluate the limb muscles. 
A common method of measuring 
sustainable load using this device was 
described by Nickerson and Keensa 
A series of single endurance measure- 
ments to task failure are obtained 
starting at 90% of MIP.6+ In successive 
measurements, the pressure is de- 
creased in 5% increments until the 

load can be sustained for more than 
10 minutes. Untrained persons can 
sustain approximately 68% (SD=3%) 
of MIP. The breathing pattern is gener- 
ally not controlled. Some investiga- 
torsG have found the test to have less 
than adequate reproducibility; how- 
ever, reproducibility could no doubt 
be improved by regulation of flow 
and breathing rhythm using an appa- 
ratus such as that illustrated in 
Figure 4. 

McKenzie and Gandevia6' have devel- 
oped a test that requires 12 MIP ma- 
neuvers against an occluded airway, 
each lasting 15 seconds, with 7.5 sec- 
onds of rest between contractions. 
Asymptomatic individuals can sustain 
approximately 78% of MIP. This test 
has a great advantage of being simple, 
and results are independent of lung 
and chest wall mechanics. A potential 
disadvantage is that the endurance 
during isometric contractions may be 

" ~ e a l t h ~ c a n  Products Inc, 908 Pompton Ave, Unit B2, Cedar Grove, NJ 07009-1292. 

Maximum Incremental Resistive 
Loading 

An extremely valuable tool in exercise 
testing has traditionally been the mea- 
sure of the maximum work load an 
individual can achieve on a bicycle 
ergometer or a treadmill when the 
load is gradually increased in an incre- 
mental or ramp fashion. This approach 
has also been applied successfully to 
evaluation of the respiratory mus- 
cles.66-69 Patients begin inspiring from 
a threshold loading device set at about 
30% of MIP. The threshold load is 
then increased every 2 minutes in 
increments of 5% to 10% of MIP. The 
highest load that can be maintained 
for 2 minutes is the recorded variable. 
No attempt is made to regulate the 
breathing pattern, which may not be 
extremely critical in this particular 
test.68 Most nonelderly asymptomatic 
persons can reach a peak pressure of 
approxinlately 88% of MIP, whereas 
elderly persons reach about 80% of 
MIP.66,69 Our experience with this 
approach is that it is the most well- 
tolerated and reproducible test of 
global respiratory muscle function that 
is currently available. Strictly speaking, 
it is not specific to endurance of the 
respiratory nluscles alone, but rather 
reflects a combination of force and 
endurance and therefore "work 
capacity."70 

New Technologies 

Methods have been developed re- 
cently that use isokinetic testing ap- 
proaches to monitoring respiratory 
muscle f u n c t i ~ n . ~ ~ , ~ ~  Subjects inspire 
from a constant-flow generator and. 
using visual feedback of mouth pres- 
sure, attempt to generate a maximum 
inspiratory pressure at the mouth 
while their lungs are inflating at a 
constant rate, thus giving the equiva- 
lent of a force-length measurement 
(Fig. 2). By repeating single contrac- 
tions over 5 to 10 minutes, a sustain- 
able pressure can be obtained, which 
is quite reproducible and well toler- 
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ated in untrained  individual^.^' Breath- 
ing pattern and entl tidal carbon diox- 
ide are easily controlled. Alternatively, 
the patient can try to match a target 
pressure that can be gradually in- 
creased 4:)ver time until a maximum 
pressure is achieved. which is an 
effective way of performing an incre- 
mental loading test.'O Unfortunately, 
these tests have not yet been applied 
to patients; the only normal values 
available are for young adults: and the 
equipment, though easily built, is not 
commonly available. The method, 
however, shows promise and may be 
complementary to other more estab- 
lished procedures. 

Measures of Respiratoty Muscle 
Fatigue 

Many investigators have attempted to 
find a clinical tool that would provide 
an objective measure of respiratory 
muscle fatigue. Muscle fatigue is a 
condition in which there is a loss in 
the capacity for developing force or 
velocity of contraction of a muscle in 
response to a load and that is revers- 
ible by rest.-' Knowing whether the 
respiratory muscles are fatigued could 
provide J powerful tool for rational 
therapy ;lnd for planning when to 
wean frc~m mechanical ventilation. 
Although many measurements of 
muscle fatigue are available. uncertain- 
ties exist as to the clinical interpreta- 
tion of the measurements. 

Electromyography 

The electromyographic (EMG) signal 
can be used to determine the degree 

' of muscle activity and to monitor the 
degree of muscle fatigue. Spectral 
frequency shifts of the EMG signal to 
lower frequencies coincide with the 
onset of fatig~e.".-~,-3 This technique 
has beer1 used to document did- 
phragm fatigue in patients with venti- 
latory failure necessitating mechanical 
~entibtic)n.~3 The widespread use of 
EMG for predicting weaning outcome 
has heen limited by a number of fac- 
tors. Electromyographic signals from 
n ~ ~ ~ s c l e s  other than respiratory muscles 
may compromise the EMG signal from 
the muscle in question. To minimize 
this problem, more invasive tech- 

niques are usually required (eg, place- 
ment of esophageal electrodes to 
obtain signals exclusively from the 
diaphragm). Furthermore, baseline 
measures of prefatigued muscle are 
required to understand the signifi- 
cance of the EMG s~gnal obtained 
from fatiguing muscle. Alterations in 
the shape of the muscle, in particular 
muscle length, may affect the EMG 
signal. Nevertheless. analysis of EMG 
spectral frequency shifts is rapidly 
advancing and may be a very clinically 
useful technique in the future. 

Phrenic Nerve Stimulation 

The force-frequency characteristics of 
the diaphragm can be determined by 
stimulating the phrenic nerve in the 
neck with transcutaneous surface 
electrodes and measuring transdia- 
phragmatic pressure with esophageal 
and gastric catheters.74 Using this 
method, Aubier and colleagues74 have 
documented predictable alterations in 
the force-frequency characteristics of 
the diaphragm following breathing 
against fatiguing loads (eg, the Pdi 
drops in response to a given fre- 
quency of phrenic nerve stimulation 
relative to prefatigue Pdi). Unfortu- 
nately, the utility of this measurement 
in the ICU is limited by various factors, 
including its time-consuming and 
invasive nature. Furthermore, transcu- 
taneous tetanic stimulation of the 
phrenic nerves causes some discom- 
fort at the site of stimulation. The 
measurement of the twitch response 
to phrenic nerve stimulation is well 
tolerated by patients and may prove to 
be a useful technique for detecting 
fatiguea by comparing the size of the 
twitch response before and after 
weaning trials. Although this tech- 
nique has not been studied exten- 
sively, it does provide a promising 
means of objectively documenting 
respiratory muscle fatigue. 

Assessment of the Diaphragm 
Relaxation Rate 

11e maximal rate of relaxation of 
skeletal muscle decreases with fatigue 
and will return to baseline with recov- 
ery.'i,7%oldstone and Moxham7i 
found that the Pdi maximum relax- 

ation rate did not slow during a wean- 
ing trial in intubated patients who 
were subsequently able to be re- 
moved from mechanical ventilation. In 
contrast, patients whose Pdi relaxation 
rate slowed during a weaning trial 
(indicating diaphragm fatigue) were 
not able to be successfully removed 
from the ventilator. Importantly, these 
investigators found that the pressure 
measured noninvasively and directly 
from an endotracheal tube accurately 
reflected the relaxation characteristics 
of the intraesophageal pre~sure.'~ 
Thus, this represents another promis- 
ing noninvasive way of monitoring 
respiratory muscle fatigue. 

Clinical Evaluation of 
Repiratory Muscle Movement 
and Recruitment Patterns 

There are a number of clinical obser- 
vations of rib a g e  and abdominal 
movement during normal breathing or 
during nlodest voluntary efforts that 
can be 1 ery helpful in distinguishing 
various forms of respiratory muscle 
dysfunction and weakness. The in~er- 
ested practitioner should refer to sev- 
eral valuable resources for more infor- 
mation in this area.l-9 77 

Rib Cage Paradox 

The normal chest wall moves in its 
relaxed state such that as the dia- 
phragm descends, the lower rib cage 
expands, particularly in the lateral 
direction; the upper rib cage expands 
modestly in the anterior and lateral 
directions; and the abdomen expands 
anteriorly as the abdominal contents 
within the rib cage are pushed down 
by the diaphragm. In patients with 
weakened rib cage muscles (eg, per- 
sons with high cervical lesions), the 
respiratory muscles of the upper tho- 
rax and neck are not a\.ailable for 
stabilization of the rib cage. When the 
diaphragm contracts, it generates a 
more negative pleural pressure as the 
lungs expand. which tends to collapse 
the rib cage (Fig. 5). This phenome- 
non is called "rib cage paradox" be- 
cause the rib cage moves in the wrong 
direction during inspiration. Rib cage 
paradox commonly occurs in patients 
with peripheral nerve defects affecting 
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In most cases, all of these clinical 
signs can be evaluated by careful 

the rib cage muscles or in infants in 
respiratory distress who have not yet 
developed adequate supporting struc- 
tures in the rib cage. 

Normal Chest Wall Rib Cage Paradox Abdominal Paradox 
Movement 

Abdominal Paradox 

visual observation. Some patients with 
long-term respiratory muscle dysfunc- 
tion such as diaphragm paralysis or 
weakness can, however, demonstrate 
"abdominal muscle compensation" for 
diaphragm weakness, which is difficult 
to detect by casual observation of the 
thorax. Abdominal muscle compensa- 
tion is characterized by contraction of 
the abdominal muscles during expira- 
tion in the upright position, thus rais- 
ing the diaphragm dome into the rib 
cage. During inspiration, the abdomi- 
nal muscles relax and the diaphragm 
descends. In this way, the patient uses 
abdominal muscles and gravity to 
pump the diaphragm in its normal 
drection. Detection is complicated by 
the fact that patients with relatively 
normal respiratory muscle function 
occasionally actively recruit abdominal 
muscles during expiration, particularly 

Abdominal paradox is a phenomenon 
in which the abdomen gets smaller 
during inspiration while the rib cage 
gets larger (Fig. 5). This paradox is not 
uncommon in patients with bilateral 
diaphragm paralysis or in patients with 
very high levels of respiratory recruit- 
ment, as seen in respiratory failure. 
Abdominal paradox was once thought 
to be an indicator of an overly taxed 
or fatigued diaphragm that was liter- 
ally collapsing into the thorax.78 From 
the insightful work of Tobin et a1,79 it 
is now clear that diaphragm weakness 
or fatigue is not a prerequisite for this 
phenomenon. Abdominal paradox can 
be seen as the particular configuration 
any person uses to inspire against a 
large mechanical load and must result 
in some type of optimization of the 
chest wall muscles as a pressure 
generator. 

Figure 5. Chest u~all movement in tulo contrasting forms of paradoxical motion of if they are not relaxed. In addition, the 
the rib cage alzd thorax. hz normal chest wall moz~ement (left), the rib cage and abdo- abdominal wall musculature may be 
men expand sirnulta~zeously with inspiration. In rib cage paradox (center), the rib poorly defined in sedentary or over- 
cage collapses ilzuwrd as the diaphragm descends and the abdomen moues outward. weight patients. 
In abdominal para6lo.x (right), the abdomen moues inward during inspiration. 

Respiratory Alterans and 
Dyssynchronous Movement 

A related phenomenon is a clinical 
sign called "respiratory alterans," 
which refers to the alternating use of 
various accessory muscles of breath- 
ing, resulting in alternating paradoxical 
movement of the abdomen and rib 
cage. Respiratory alterans is thought to 
represent a condition of respiratory 
muscle weakness or fatigue in which 
an attempt is being made by the pa- 
tient to shift the load among various 
muscle groups.80 The term "dyssyn- 
chronous breathing" or "asynchronous 
breathing" is often used to describe 
any abnormal pattern of recruitment of 
the respiratory muscles; specifically, 
the term "asynchronous breathing" has 
been used to describe a time lag be- 
tween the outward motion of the 
chest wall and a b d ~ m e n . ~ - ~  In some 
patients, it is easier to demonstrate 
dyssynchronous breathing during 
unsupported arm exercise, when the 
patient loses the effective use of respi- 
ratory muscles attached to the upper 
girdle."O 

In cases in which it is difficult to ob- 
serve abnormal recruitment patterns 
directly, it is useful to measure the 
changes in Pes and Pab pressures 
during normal breathing to detect the 
absence of effective diaphragm con- 
traction.39 The ratio of the changes in 
Pab and Pes during tidal breathing 
(APablAPes) can be useful for deter- 
mining an abnormal pattern. Normally, 
the ratio is approximately - 2 
(SD=0.9) when subjects are seated, as 
Pes becomes more negative with 
inspiration and Pab becomes more 
positive and of greater magnitude.39 In 
a patient with a paralyzed or weak- 
ened diaphragm, the value ap- 
proaches + l  when the diaphragm is 
unable to contribute to breathing.3" 
Such changes have also been reported 
for patients with severe chronic ob- 
structive pulmonary disease.2 Similar 
indicators of diaphragm dysfunction 
can also be obtained from measure- 
ments of displacement of the abdo- 
men and rib cage alone using magne- 
tometers or an inductance 
plethysmograph. These methods, 
however, are susceptible to error in 
interpretation, without simultaneous 
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measures of Pab and Pes, because the 
coordinated use of accessory muscles 
may mimic normal chest wall 
expansion.9 

Hoover's Sign and Recruitment 
of Accessory Muscles of the 
Neck 

Patients with severe chronic obstruc- 
tive pulmonary disease who have high 
degrees of hyperinflation can have 
diaphragrns that become flattened 
such that the muscle fibers that nor- 
mally run parallel to the rib cage in 
the zone of apposition run trans- 
versely inward across the costal mar- 
gins Coritraction of these n~uscles 
can result in a net reduction in the 
transverse diameter of the rib cage, 
which is called Hoover's sign.2 These 
patients generally must resort to acces- 
sory muscles of inspiration and de- 
pend on lifting the anterior chest wall 
with the neck muscles ("pump handle 
motion") for rib cage expansion. The 
neck muscles, particularly the sterno- 
cleidomastoid and scalenus muscles, 
become grossly hypertrophied, and 
the patients learn to lean forward to 
support their upper girdle while stand- 
ing. This compensatory maneuver 
enables them to more effectively use 
these muscles. 

Orthopnea 

In the absence of heart failure or or- 
thopneic venoarterial shunting, ex- 
treme shortness of breath, when mov- 
ing to the supine posture, is often an 
indicator 13f respiratory muscle dys- 
function.7 Many patients with dia- 

l phragm paralysis and some patients 
with severe chronic obstructive dis- 
ease must sleep sitting upright be- 
cause of their inability to breathe 
when positioned supine. There are 
several reasons for this dysfunction. 
One reason is that lung volumes can 
be decreased by as much as 0.5 to 1 L 
in the supine position, which can 
greatly limit VT in a patient already 
hyperinfla.ted with severe lung dis- 
ea~e.~%~other reason is that in the 
supine position, the diaphragm must 
work against and lift the abdominal 
contents during contraction. In a pa- 
tient with a weakened diaphragm or a 

very large abdomen, this can result in 
hypoventilation. Ironically, patients 
with an isolated weakness of the rib 
cage muscles (eg, patients with quad- 
riplegia) find that lying in the supine 
position can be helpful because the 
diaphragm can sit higher in the rib 
cage, optimizing its position and al- 
lowing it to have a greater range of 
shortening.3 

Summary 

Although a number of sophisticated 
measurements of respiratory muscle 
function have been developed in 
recent years, the clinical application of 
many of these techniques is still in its 
infancy. At the present time, nothing 
can replace careful clinical observation 
of the experienced practitioner that 
involves such simple measures as an 
observation of breathing pattern and 
frequency, coordination of movement 
of the chest wall, and the use of ac- 
cessory muscles of the rib cage. In the 
ambulatory patient, combined mea- 
sures of pulmonary function, together 
with simple MIP and MEP, usually will 
be sufficient to suggest the need for 
more sophisticated assessment or the 
potential for intervention such as re- 
spiratory muscle training or possibly 
rest. For assessment of the effective- 
ness of such interventions, measure- 
ments of MIP, MEP, or the maximal 
incremental resistive loading test be- 
fore and after training can be helpful 
and probably provide sufficient infor- 
mation, obviating the need for more 
sophisticated and sometimes invasive 
measures. The least number of effec- 
tive tools are currently available in the 
ICU, where understanding the respira- 
tory muscles is critically important. 
Some of the newer techniques de- 
scribed here, however, will no doubt 
be rapidly developed over the next 
few years, with the potential of greatly 
facilitating our capacity for patient 
care. 
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