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Abstract 

 

The function of the diaphragm as a volume pump has not been adequately evaluated 

because there are no accurate methods to measure the volume displaced by diaphragm 

motion (∆Vdi).  As a consequence, the work done, power output and efficiency of the 

diaphragm have not been measured.  Efficiency of the diaphragm could be measured by 

relating the power output of the diaphragm to its neural activation.  The aims of this 

thesis were to (a) develop a new biplanar radiographic method to measure ∆Vdi and use 

this to evaluate the effect of costophrenic fibrosis and emphysema on ∆Vdi, (b) develop 

a new fluoroscopic method to enable breath-by-breath measurements of ∆Vdi, (c) 

evaluate a method for quantifying neural activation of the diaphragm, and (d) combine 

measurements of transdiaphragmatic pressure, ∆Vdi, inspiratory duration and neural 

activation of the diaphragm to quantify the neuromechanical efficiency of the 

diaphragm. 

 

Biplanar ∆Vdi 

Costophrenic fibrosis   

To examine mechanisms of reduced lung volumes (restriction) in asbestos-related 

pleural fibrosis, diaphragm function and lower rib cage excursion were examined in 26 

subjects with previous asbestos exposure and no evidence of asbestosis.  Fractional 

expansion of the lower rib cage (FErc lower), fractional shortening of the diaphragm 

(FSdi), change in diaphragm dome height (∆Hdo) and the volume displaced by 

diaphragm motion (∆Vdi) were measured from posteroanterior (PA) and lateral chest x-

rays (CXRs) taken at residual volume and 25, 70 and 100% vital capacity (VC) during a 

slow inspiratory manoeuvre.  ∆Vdi was estimated from the change in subphrenic 

volume, calculated from its major and minor axes at 1 cm intervals, assuming an 

elliptical cross-sectional shape, and correcting for the volume of spinal and paraspinal 

tissues.  Seven subjects had no evidence of pleural fibrosis (control), 12 had pleural 

plaques, and 7 had diffuse pleural thickening with costophrenic obliteration.  Control 

subjects had a VC of 101.2 ± 4.0 % predicted (mean ± SEM) and, between residual 

volume (RV) and total lung capacity (TLC), ∆Vdi (normalised for height) 326 ± 8 
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ml/m3, and for the right hemithorax and hemidiaphragm on the PA film, FErc lower 

0.07 ± 0.02, FSdi 0.32 ± 0.02 and ∆Hdo 0.8 ± 0.2 cm/m.  Relative to controls: subjects 

with diffuse pleural thickening had reduced VC (77.4 ± 4.9 %, p < 0.01), ∆Vdi (256 ± 2 

ml/m3, p < 0.01), FErc lower (0.01 ± 0.02, p < 0.01), FSdi (0.24 ± 0.01, p < 0.001) and 

∆Hdo (-0.9 ± 0.06 cm/m, p < 0.01); subjects with pleural plaques had reduced FSdi 

(0.25 ± 0.01, p < 0.001) and ∆Vdi (233 ± 47 ml/m3, p < 0.01), and no difference in FErc 

lower, ∆Hdo or VC.  It was concluded that restriction in diffuse pleural thickening is 

due to obliteration of the zone of apposition which, by limiting separation of the 

diaphragm from the rib cage during inspiration, reduces the volume contributed by 

diaphragm and lower rib cage motion. The latter was the main cause of restriction 

because the reduction in volume contributed by the diaphragm was partially 

compensated by flattening of its dome. 

 

Emphysema 

To examine the (a) accuracy of the biplanar radiographic measurement of ∆Vdi and (b) 

the effect of hyperinflation on ∆Vdi, 9 subjects with emphysema and severe 

hyperinflation (RV/TLC 0.65 ± 0.08 (mean ± SD)) and 10 healthy controls were 

studied.  PA and lateral CXRs at RV, FRC, ½ inspiratory capacity and TLC were used 

to measure the length of diaphragm apposed to ribcage (Lap), cross-sectional areas of 

the abdominal (Arcab) and pulmonary (Arcp) rib cages, ∆Vdi, volume beneath the lung-

apposed dome of the diaphragm (Vdome) and change in volume of the pulmonary rib 

cage (∆Vrcp).  Inspired volume was measured by pneumotachograph.  ∆Vdi + ∆Vrcp 

was similar to inspired volume in controls and, at intermediate and high lung volumes, 

in emphysema.  Emphysema subjects, relative to controls, had increased Lap at 

comparable lung volumes (4.3 vs 1.0 cm near predicted TLC, 95% CI 3.4-5.2 vs 0-2.1), 

Arcp (emphysema/controls 1.22 ± 0.03, p < 0.001 at FRC), and ∆Vdi/∆Lap (0.25 vs 

0.14 litres/cm, p < 0.05).  During a VC inspiration, relative to controls, ∆Vdi was 

normal in five (1.94 ± 0.51 litres) and decreased in four (0.51 ± 0.40 litres) 

emphysema subjects, and Vdome did not increase in emphysema (0 ± 0.36 vs 0.82 ± 

0.80 litres, p < 0.05).  Relative to controls, emphysema subjects with normal ∆Vdi had 

increased Arcab (470 ± 30 vs 362 ± 69 cm2).  It was concluded that (a) ∆Vdi can be 

measured accurately in health and emphysema using the biplanar radiographic method 
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and (b) ∆Vdi can be normal in emphysema because (i) hyperinflation is shared between 

rib cage and diaphragm, preserving Lap, (ii) the cross-sectional area of the abdominal 

rib cage is increased, and (iii) the diaphragm remains flat during inspiration. 

 

Breath-by-breath measurement of ∆Vdi 

To develop an accurate method to measure ∆Vdi breath-by-breath, 1) rib-cage shape 

was examined in 25 healthy and 22 hyperinflated subjects using computed tomography 

and 2) ∆Vdi measured by the previously evaluated biplanar radiographic method at 

several lung volumes during vital capacity inspirations in 10 healthy and 9 hyperinflated 

subjects was compared with (a) ∆Vdi measured from the same CXRs using two 

previously described uniplanar methods (Petroll et al. J. Appl. Physiol. 1990; 69: 2175-

82; Verschakelen et al. J. Appl. Physiol. 1992; 72: 1536-40), and a proposed uniplanar 

method which considered actual cross-sectional shape of the rib cage and spinal volume 

(∆VdiS) and, (b) ∆VdiS measured by lateral fluoroscopy in the same 10 healthy subjects.  

In health and hyperinflation, abdominal rib-cage shape was ~1/3rd the way between an 

ellipse and a rectangle with a coronal/sagittal diameter of ~1.4.  Relative to biplanar 

∆Vdi, ∆VdiS from lateral CXRs and fluoroscopy were not different, whereas ∆VdiPetroll 

and ∆VdiVerschakelen were increased by (mean ± SD) 1.98 ± 1.59L and 1.16 ± 0.82L 

respectively (both p < 0.001).  During quiet breathing, ∆VdiS by lateral fluoroscopy was 

66 ± 16% of tidal volume and similar to that between FRC and ½ inspiratory capacity 

by the biplanar radiographic method.  It was concluded that accurate breath-by-breath 

measurements of ∆Vdi could be made using lateral fluoroscopy.    

 

Neural activation of the diaphragm 

Diaphragm activation can be quantified by measuring the root mean square of crural 

EMG (RMSdi) (Beck et al. J. Appl. Physiol. 1998; 85: 1123-4).  To examine inter-

subject and day-to-day variability in the RMSdi-PCO2 relationship, end-tidal PCO2, 

minute ventilation ( &V E), respiratory frequency (FB) and RMSdi were measured in 7 

healthy subjects on two occasions during steady-state ventilation at seven levels of 

FiCO2 from 0 to 0.08 in random order.  RMSdi was measured using a multi-electrode 

oesophageal catheter and controlled for signal contamination and diaphragm position.  
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RMSdi was normalized for values obtained during quiet breathing at FRC, at FiCO2 

0.04 and during an inspiratory capacity manoeuvre (RMSdi%max) as well as ECG R 

wave amplitude at FRC (RMSdi/ECGR), FB and thickness of the costal diaphragm 

measured by ultrasound.  It was found that RMSdi increased linearly with PCO2 (mean 

r2 = 0.83); at the highest FiCO2, RMSdi%max was 40.2 ± 11.6%.  Relative to the &V E-

PCO2 relationship, inter-subject variations in the slopes and intercepts of the RMSdi-

PCO2 relationships were 1.7 and 1.8 times respectively and RMSdi%max-PCO2 

relationships 0.9 and 1.3 times respectively.  Inter-subject variations in RMSdi were 

unrelated to FB and diaphragm thickness.  Relative to the &V E-PCO2 relationship, day-to-

day variation in the slopes and intercepts of the RMSdi-PCO2 relationships were 2.8 and 

4.4 times respectively and RMSdi/ECGR relationships 1.3 and 2.2 times respectively.  It 

was concluded that diaphragm activation is best compared between subjects using 

RMSdi%max and on separate occasions in the same subject using RMS/ECGR. 

 

Neuromechanical efficiency of the diaphragm 

Neuromechanical efficiency of the diaphragm (Edi) was measured breath-by-breath by 

relating diaphragm power output to electrical activation.  Diaphragm power output was 

the product of the mean change in transdiaphragmatic pressure (∆Pdi.mean) and mean 

inspiratory flow attributable to the diaphragm (∆Vdi/TI).  ∆Vdi was measured using 

lateral fluoroscopy and methods developed in this thesis.  Electrical activation of the 

diaphragm was quantified by measuring RMSdi using a multi-electrode oesophageal 

catheter and controlled for signal contamination and diaphragm position.  The utility of 

Edi was evaluated by comparing measurements during tidal breathing at FRC and at 

hyperinflation with end-expiratory lung volume (EELV) ~25, 50 and 75% of the 

inspiratory capacity achieved with continuous positive airways pressure (CPAP) in 5 

healthy subjects.  EELV increased progressively with CPAP in all subjects to between 

28 to 55% of VC at the highest CPAP level.  Diaphragm length (Ldi) decreased 

progressively with increasing EELV in 4 subjects, and did not change in 1 subject due 

to tonic activity of expiratory muscles.  As Ldi decreased (n = 4), ∆Pdi.mean and 

RMSdi increased, ∆Vdi/TI and Power did not change, and Edi decreased.  Edi increased 

in the subject in whom Ldi changed little.  For the group (n = 5), Ldi was less than that 

at FRC in 91% of breaths in which Edi was less than that at FRC.  Edi reflected changes 

in diaphragm length more accurately than ∆Pdi.mean, ∆Vdi, inspiratory duration and 
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RMSdi alone or in other combinations.  It was concluded that Edi accurately predicts 

decreases in diaphragm length with hyperinflation and attribute this to the force-length 

properties of muscle.  This suggests that Edi measures diaphragm efficiency and may 

provide a more complete assessment of diaphragm function than measurements of 

pressure, volume displacement or EMG alone or in other combinations.    
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The primary role of respiratory muscles is to rhythmically displace the chest wall and 

thus pump gas in and out of the lungs at varying rates according to metabolic needs.  

Respiratory muscles achieve this by developing tension (or strain) in response to 

activation of motor units; this tension produces force and results in muscle shortening 

and chest wall displacement.  Mechanical work is performed when a force displaces its 

point of application, and power output is the rate at which work is performed (force • 

displacement • time-1).  Thus ventilation is a process in which respiratory muscles 

contract at a range of power outputs, due to variations in force and in amount and 

velocity of shortening.  Both the contractile force and the velocity of shortening are 

energy dependent and, when a muscle is activated, the force-velocity relationship of 

muscle suggests that for a given energy consumption, the magnitude of the contractile 

force and the velocity of shortening vary inversely (Hill 1938, Zierler 1973).  The forces 

developed by respiratory muscles in situ and their shortening are not directly 

measurable because these muscles are inaccessible.  However, because these forces 

cause changes in pressure (force per unit area), and motion due to respiratory muscle 

shortening is transduced into volume change, respiratory muscle contractions cause 

measurable changes in respiratory pressures and volumes.  In a fluid system, mechanical 

work is performed when a pressure changes the volume of the system.  Assuming that 

the chest is a fluid system, the mechanical work of the contracting respiratory muscles 

can be determined from the pressures developed and the resulting volume change, 

including any redistribution of volume between compartments of the chest wall.  Thus, 

both the pressures developed and the volumes displaced by motion of respiratory 

muscles are central to the study of the mechanical performance of the respiratory pump.   

 

Our understanding of the mechanics of breathing has been advanced by several 

important contributions over the last 60 years.  The first was a description of the 

pressure-volume relationship of the relaxed respiratory system by Rahn et al. (1946).  

This enabled the pressures required by respiratory muscles to alter lung volume to be 

determined.  Later, Agostoni and Rahn (1960) partitioned the pressure drop across the 

respiratory system into its component parts: pressure across the lung (transpulmonary 

pressure), pressure across the diaphragm (transdiaphragmatic pressure, Pdi), and 

abdominal pressure relative to body surface pressure.  This enabled the contribution of 
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the diaphragm to pressures developed during breathing to be quantified.  The third 

major contribution was from Konno and Mead (1967) who partitioned the volumes 

displaced by the rib cage and abdomen and showed that within defined limits these 

compartments behaved as separate compartments, each with a single degree of freedom.  

Because at relaxation, pleural pressure drives the rib cage and abdominal pressure 

drives the abdomen, Konno and Mead (1968) combined their partitioning of volume 

with partitioning of pressure (Agostoni and Rahn 1960) and described the static 

pressure-volume relationships of the rib cage and abdomen.  This enabled the elastic 

work of displacing these compartments to be measured.   

 

Subsequent studies have expanded on these contributions.  The pressures developed by 

the diaphragm, inspiratory muscles of the rib cage and expiratory muscles during 

breathing have been partitioned.  We have an understanding of the relationship between 

the forces applied to the rib cage by inspiratory muscles and the pressures in the pleural 

and peritoneal cavities, and how the diaphragm and other respiratory muscles interact to 

inflate the respiratory system at rest (Macklem 1979, Macklem et al. 1979, Mead and 

Loring 1982, Hillman and Finucane 1987, Ward et al. 1992b, Mead et al. 1995) and 

during exercise (Aliverti et al. 1997) and loaded breathing (Eastwood 1995).  

Distortions of the chest wall and the pressure costs of these distortions have been 

estimated (Ward et al. 1992b, Kenyon et al. 1997).  Apart from the work of Mead et al. 

(Mead and Loring 1982, Mead et al. 1995), these studies have focused largely on the 

pressures generated by respiratory muscles.   

 

The diaphragm accounts for a substantial fraction of inspiratory work (Mead and Loring 

1982, Mead et al. 1995).  It is unlike other skeletal muscles in its form and therefore, in 

the basis for analysis of its action.  Other muscles have attachments at either end and, to 

a close approximation, produce forces in straight lines that can be represented fairly 

accurately by vectors with point attachments on bones.  Their size and direction of 

action are easily measured.  The diaphragm on the other hand is an approximately 

spheroid-shaped musculo-tendinous membrane with varying amounts of muscle around 

its periphery.  The forces at its peripheral attachments are distributed along a line 

running around the entire circumference of the rib cage.  It has no insertion in the usual 

sense; its fibres end in a central tendon that is not attached to anything rigid.  In spite its 

unusual anatomy, considerable advances have been made in measuring and analysing 

the effects of diaphragmatic contraction.  The analytical and experimental focus has 
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been on the pressure generating capacity of the diaphragm, and to a lesser degree, 

because only indirect estimates were available, on volumes displaced by the diaphragm.  

However, Aliverti et al. (1997) have shown that in humans during exercise the 

diaphragm contracts nearly isotonically and acts mainly to generate inspiratory flow, 

while the increased pressures required to displace the rib cage and abdomen are 

developed largely by rib cage and abdominal muscles.  These findings emphasise that 

the contribution of the diaphragm to inspiration depends not only on its ability to 

develop tension, but also on its capacity to shorten and displace volume.   

 

Standard clinical measurements have focused on the maximum pressure generating 

capacity of the respiratory muscles, such as the maximum transdiaphragmatic pressure 

(Pdimax), which is the pressure generated during maximal inspiratory efforts against an 

occluded airway (Agostoni et al. 1960).  Such measurements provide an incomplete 

description of respiratory muscle function and have only limited utility in explaining 

dyspnoea and predicting respiratory failure (Begin and Grassino 1991).  Further, 

Pdimax is neither a sensitive nor specific measurement of diaphragm strength (Panizza 

1995) and there is substantial overlap between Pdimax in emphysema and health 

(Similowski et al. 1991).   

 

In contrast, there has been only limited study of the volume contribution of the major 

muscles of breathing including the diaphragm.  The volume displaced by motion of the 

diaphragm (∆Vdi) cannot be measured directly nor inferred from displacements of the 

rib cage or abdomen measured at the body surface (Mead and Loring 1982).  A potential 

method for measuring ∆Vdi is to combine radiographic techniques to measure 

displacement of the diaphragm with a model of the shape of the diaphragm and of the 

lower rib cage through which it moves when shortening.  Two such methods, using 

fluoroscopy, have been proposed (Petroll et al. 1990b, Verschakelen et al. 1992), but 

both are based on unrealistic assumptions of rib cage shape and do not consider the 

volume occupied by the spinal column so that estimates obtained with these methods 

are likely to be inaccurate.  Without an accurate method for measuring ∆Vdi, it has not 

been possible to define the work done and power output of the diaphragm in health or 

disease.  Thus, there is no clinically useful method for measuring diaphragm 

performance during breathing.   
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Theoretically, the performance of respiratory muscles as a volume pump would be best 

measured by their efficiency, namely the rate of performing work (power) divided by 

respiratory muscle energy consumption.  However, such measurements are impractical 

in patients with severe respiratory disability because first, it is not possible to estimate 

the work done without defining the static elastic properties of the lung and chest wall 

and considering the compressibility of alveolar gas, and second, estimates of respiratory 

muscle oxygen consumption vary widely between methods and between subjects with 

the same method (Roussos and Zakynthinos 1995).  On the contrary, during miometric 

tasks in normal breathing, there is a linear relationship between muscle oxygen 

consumption and the amount of electrical activation of muscle, and quantification of 

such activation from the electromyogram provides a potential method for defining 

respiratory muscle efficiency. 

 

The primary aim of this thesis was to develop a method to relate the rate of work done 

by the diaphragm to its level of neural activation during breathing i.e. “neuromechanical 

efficiency”.  It was hypothesized that such a method would be a more complete 

description of diaphragm function and had the potential to be a useful clinical tool.  It 

was postulated that diaphragm neuromechanical efficiency (Edi) could be quantified 

from the equation  

 

Edi = ∆Pdi.mean • ∆Vdi • TI
-1 • RMSdi-1      (1) 

 

where ∆Pdi.mean is the mean inspiratory change in transdiaphragmatic pressure, ∆Vdi 

is the volume displaced by diaphragm motion, TI is duration of inspiration and RMSdi 

is the root mean square of the diaphragm electromyogram.  This could be accomplished 

with the development of an accurate method to measure ∆Vdi and evaluation of RMSdi.   

 

Studies undertaken 

Two fluoroscopic methods have been proposed for measuring ∆Vdi (Petroll et al. 

1990b, Verschakelen et al. 1992).  However, both were considered likely to give 

inaccurate estimates of ∆Vdi in humans because the cross-sectional shape of the rib 

cage used in these models differed substantially from shapes based on studies in humans 

and neither method corrected ∆Vdi for the volume occupied by the spine and paraspinal 
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tissues.  Therefore, a new biplanar radiographic method for measuring ∆Vdi was 

developed and is evaluated in Chapters 3 and 4.  In this method, ∆Vdi is determined 

from the change in subphrenic volume, whose boundaries are defined by the dome of 

the diaphragm cranially, diaphragm-apposed rib cage laterally, and the insertion of the 

diaphragm inferiorly, after accounting for axial movement of the insertions of the 

diaphragm and the volume occupied by the spine and paraspinal tissues.  Subphrenic 

and spinal volumes are measured using a method described by Pierce et al. (1979), from 

the major coronal and sagittal axes measured at 1 cm intervals from matched 

posteroanterior and lateral chest x-rays and assuming a near elliptical cross-sectional 

shape.  This method was chosen because, applied to the thorax, it gave precise estimates 

of total lung capacity (Pierce et al. 1979).  The validity of this new biplanar method of 

measuring ∆Vdi is evaluated by simultaneous measurement of the volume expansion of 

the rib cage using the same methods and inspired volume using pneumotachography in 

healthy subjects and subjects with hyperinflation due to emphysema in Chapter 4.  

 

Two circumstances in which ∆Vdi may be reduced are costophrenic fibrosis and 

emphysema.  In the former, adhesion of the parietal and diaphragmatic pleura in the 

zone of apposition of the diaphragm to the chest wall could restrict the ability of the 

diaphragm to shorten and displace volume.  In the latter, pulmonary hyperinflation, and 

possibly diaphragm remodelling with preferential loss of longer sarcomeres (Thomas et 

al. 1986), reduce diaphragm length particularly in the zone of apposition of the 

diaphragm to the rib cage (Sharp et al. 1974, Rochester and Braun 1985, Cassart et al. 

1997).  The effects of these disorders on ∆Vdi are evaluated in Chapters 3 and 4.   

 

In Chapter 3, biplanar measurements of ∆Vdi are combined with measurements of 

diaphragm length and shape and rib cage expansion to evaluate the mechanisms of 

restriction in asbestos-related pleural fibrosis.  The latter is the most common sequela of 

exposure to asbestos dust (de Klerk et al. 1989), and can take the form of circumscribed 

pleural plaques or diffuse pleural thickening associated with costophrenic fibrosis 

(McLoud et al. 1985).  The consequences of asbestos-related pleural fibrosis include 

reduced lung volumes (Rosenstock et al. 1988, Schwartz et al. 1990a), exertional 

dyspnoea (Bourbeau et al. 1990, Broderick et al. 1992), and in severe cases, 

hypercapnoeic respiratory failure and death (Miller et al. 1983a).  The mechanisms by 

which asbestos-related pleural fibrosis cause pulmonary restriction have not been fully 
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elucidated, but could include reductions in ∆Vdi or rib cage expansion.  It was 

hypothesized that diffuse pleural thickening with costophrenic fibrosis would reduce 

diaphragm shortening and volume contribution, and both diffuse pleural thickening and 

pleural plaques would reduce rib cage expansion.  

 

In Chapter 4, the effect on ∆Vdi of hyperinflation due to emphysema is examined by 

comparing measurements of diaphragm length and shape, ∆Vdi and rib cage expansion 

in subjects with emphysema with those in healthy subjects of similar age and body mass 

index.  It was hypothesized that ∆Vdi would be reduced in emphysema because 

diaphragm length, particularly in the zone of apposition of the diaphragm to the rib 

cage, is reduced (Sharp et al. 1974, Rochester and Braun 1985, Cassart et al. 1997).  

Changes in the length of the zone of apposition (Lap) of the costal diaphragm to the rib 

cage during inspiration can be measured non-invasively (McKenzie et al. 1994), and 

may be closely associated with ∆Vdi in humans.  The relationship between Lap and 

∆Vdi in healthy subjects and in emphysema is evaluated in Chapter 4. 

 

In Chapter 5, a fluoroscopic method for continuous (breath-by-breath) measurements of 

∆Vdi from a single plane is developed.  The method relies on accurate estimates of the 

cross-sectional area of the abdominal rib cage calculated using a geometric model.  To 

determine the most accurate geometric model to use in healthy subjects and subjects 

with hyperinflation due to emphysema, the relative accuracy of a number of models is 

examined using thoracic computed tomography.  The accuracy of methods for 

estimating ∆Vdi from a single radiographic plane and lateral fluoroscopy is assessed by 

comparing results with those obtained, in the same subjects, with the biplanar method 

validated in Chapter 4.  Methods used to estimate ∆Vdi from a single plane are those 

described by Petroll et al. (1990b), Verschakelen et al. (1992) and a new method 

developed in this chapter, which incorporates the findings on the cross-sectional shape 

of the abdominal rib cage and considers the volume occupied by the spine and 

paraspinal tissues.  It was hypothesized that ∆Vdi would be over-estimated by the 

methods of Petroll et al. (1990b) and of Verschakelen et al. (1992), because these 

methods assumed thoracic shapes which overestimated the actual cross-sectional area of 

the abdominal rib cage and because they did not consider the volume occupied by spinal 

tissues and, would be most accurately estimated by the proposed new method. 
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In Chapter 6, a method for quantifying neural activation of the diaphragm is examined.  

Beck and Sinderby et al. (Beck et al. 1995, 1996, Sinderby et al. 1995, 1997) have 

proposed a method for quantifying diaphragm activation from the electromyogram root 

mean square (RMSdi).  The electromyogram of the crural diaphragm was measured 

using a multielectrode catheter in the lower oesophagus.  This method controls for 

artefact related to signal contamination from adjacent muscles and maintains diaphragm 

to electrode distance during respiration.  The purpose of the study was to establish the 

relationship between RMSdi and activation induced by hypercapnoea, the inter-subject 

and day-to-day variations in RMSdi, and methods to reduce such variation.  It was 

hypothesized that the relationship between RMSdi and arterial carbon dioxide tension 

was near linear and that inter-subject and day-to-day variations in RMSdi would be 

reduced by normalization.   

 

Finally, in Chapter 7, continuous (breath-by-breath) measurements of the power output 

and neuromechanical efficiency of the diaphragm are obtained in healthy subjects from 

transdiaphragmatic pressure, ∆Vdi, inspiratory duration and RMSdi.  The utility of 

measurements of the neuromechanical efficiency of the diaphragm is evaluated by 

comparing measurements obtained during tidal breathing at usual end-expiratory lung 

volume with those at three levels of hyperinflation induced by continuous positive 

airways pressure.  It was hypothesized that first, any decrease in diaphragm length at 

end-expiration with hyperinflation would be associated with a decrease in diaphragm 

efficiency, and second, measurements of neuromechanical efficiency of the diaphragm 

would be more accurate in defining diaphragm shortening than those of 

transdiaphragmatic pressure, ∆Vdi, inspiratory duration or RMSdi alone or in other 

combinations. 
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The respiratory muscles, including the diaphragm, are morphologically and functionally 

skeletal muscles.  The mechanical action of any skeletal muscle is essentially 

determined by its anatomy, functional characteristics, and the structures it has to 

displace when it contracts.  The functional characteristics of any skeletal muscle are 

determined by its length, the cross-sectional area of its muscle fibres and the type of 

myosin in the fibres (Edwards and Faulkner 1995). This chapter reviews all these 

features in respiratory muscles, with particular emphasis on the diaphragm, in health 

and disease. 

 

Functional anatomy of the chest wall 

The chest wall can be defined as those parts of the body that surround the lung and 

move with breathing.  In mammals, the chest wall may be conceptualised as comprising 

two compartments bounded by the rib cage and abdominal wall, and separated by a thin 

musculotendinous structure, the diaphragm.   

 

Rib cage  

Shape 

Considered as a whole, the human rib cage resembles an inverted truncated cone.  Its 

coronal (transverse) diameter is greatest at the level of the 8th or 9th rib in the mid-

axillary line; it narrows slightly below that level and progressively so at higher levels up 

to the 1st rib.  Consequently, below the 9th rib, the inner rib surfaces face upward, 

whereas at higher levels they face progressively more downward and inward (Osmond 

1995).  The major (largest) coronal diameter is greater than the major sagittal 

(anteroposterior) diameter, resulting in a near elliptical profile in horizontal cross-

section.  Using computed tomography (CT), Cassart et al. (1996) found that the ratios of 

coronal to sagittal internal rib cage diameters at the level of the 8th thoracic vertebra 

were 1.61 at residual volume (RV) and functional residual capacity (FRC) and 1.45 at 

total lung capacity (TLC) in supine healthy subjects.  The vertebral column invaginates 
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into the thorax.  In vertical dimensions, the length of the thoracic segment of the 

vertebral column, forming the posterior wall of the thorax, is close to twice that of the 

anterior wall formed by the sternum.  The inferior border of the rib cage wall extends 

forward on each side from the 12th thoracic vertebra and ascends markedly anteriorly to 

form the sub-costal angle at the lower end of the sternum (Osmond 1995). 

 

The cross-sectional shape of the lower rib cage is of importance in estimating the 

volume displaced by diaphragm motion, and a variety of models have been proposed 

but not directly compared.  Loring et al. (1985) found that the anterior, posterior and 

lateral walls in this region were essentially parallel.  Rochester et al. (1981) found that 

the cross-sectional area of the lower rib cage calculated from the coronal and sagittal 

diameters and assuming an elliptical shape was within 5% of that measured by 

planimetry.  Pierce et al. (1979) proposed a cross-sectional shape of 1/3rd the way 

between an ellipse and a rectangle on the basis of measurements at necropsy and, at CT 

in a limited number of living subjects.  Chihara et al. (1996) have recently suggested an 

alternate shape of two semicircles attached to either end of a rectangle (‘athletic track’) 

where the major (largest) sagittal diameter of the rib-cage was the diameter of the semi-

circles and sagittal length of the rectangle, and the difference between the major coronal 

and sagittal diameters of the rib-cage was the coronal length of the rectangle. 

 

Studies of the rib cage in chronic airflow limitation (CAL) and hyperinflation using 

chest x-rays have not confirmed the clinical impression that the ribs are more horizontal 

and the rib cage is more circular than in normal subjects.  Kilburn and Asmundsson 

(1969) found no increase in the sagittal diameter of the rib cage at TLC in 25 subjects 

with severe emphysema and hyperinflation.  Sharp et al. (1986) used lateral chest x-rays 

to measure the acute angles made by ribs 4 to 7 with an axial reference plane at RV, 

FRC and TLC in 12 patients with severe emphysema and hyperinflation and 12 age-

matched healthy controls.  Relative to the range seen in healthy subjects, rib angles were 

increased in only 5 of the 12 emphysema subjects, implying no change in rib cage shape 

in most emphysema subjects.  A later study by these investigators (Walsh et al. 1992) 

showed no increase in sagittal and coronal diameters of the rib cage, or rib angles at RV, 

FRC and TLC in 22 patients with severe CAL with hyperinflation; they concluded that a 

lower diaphragm position was the primary structural adaptation to hyperinflation in 

emphysema.  In contrast, using magnetometers, Gilmartin and Gibson (1984) found an 

increase in the sagittal but not the coronal diameter of the rib cage at FRC in 40 patients 



Chapter 2 – LITERATURE REVIEW   
 

 
  

10

with CAL, so that the ratio of the coronal to sagittal diameter was reduced and the rib 

cage adopted a more circular shape in CAL.  These findings were supported by Cassart 

et al. (1996) using CT, who also found an increase in sagittal but not coronal diameters 

at several levels of the rib cage at RV, FRC and TLC in subjects with emphysema.    

 

Skeletal Components 

The rib cage is a complicated structure, encircled by a series of more or less complete 

skeletal arches comprising the thoracic vertebrae, ribs, costal cartilages, and sternum, 

the form and articulations of which dictate movements of the chest wall during 

respiration.  The 1st thoracic vertebra, 1st rib, costal cartilage and the superolateral aspect 

of the manubrium sterni form the superior boundary of the rib cage.  From its 

articulations with the 1st thoracic vertebra, the 1st rib inclines obliquely downward at 

about 45o to the vertical plane to the costal cartilage and manubrium anteriorly.  No 

movement occurs across the articulation between the 1st rib and manubrium, so that as 

the anterior ends of the 1st ribs elevate, the lower end of the manubrium swings forward.  

Below the thoracic inlet, the vertebral bodies enlarge progressively throughout the 

thoracic region and the length and radius of curvature of the 1st to the 7th ribs increase 

progressively.  These ribs pass obliquely around the chest, inclined at about 45o to the 

vertical plane (Osmond 1995). 

 

The first 7 ribs and costal cartilages form complete arches between the vertebrae and 

sternum.  The shape of the arches changes: the first two costal cartilages continue the 

direction of the respective ribs, the 3rd cartilage is nearly horizontal, the 4th ascends 

somewhat and the 5th to 7th angle progressively cranially.  Each costal cartilage is firmly 

inserted into the end of the respective rib shaft, limiting movement at these joints.  In 

contrast, all chondrosternal joints below the 1st are synovial (Osmond 1995).  As a 

consequence of mobility at these joints and the torsion permitted by resilient costal 

cartilages, the vertebrosternal ribs below the 1st can move relative to the sternum (De 

Troyer and Decramer 1985, De Troyer et al. 1986).  The 8th to 10th costal elements do 

not completely encircle the thorax.  The costal cartilages turn upward, taper and 

articulate near their tip by a small synovial joint with the cartilage immediately above, 

allowing some lateral movement.  The inferior costal margin is made up of the 

succession of overlapping cartilages from 7th to 10th.  The lowest two ribs are short, 
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slightly curved and terminate freely in a short cartilaginous tip, communicating directly 

with the abdominal wall.  The articulation between the manubrium and body of the 

sternum is a secondary cartilaginous joint with considerable mobility, permitting 

variable angulation between the manubrium and body of the sternum (Osmond 1995). 

 

Articulations between ribs and vertebrae 

The characteristics of movement of the thoracic cage are largely determined by a series 

of synovial joints between the ribs and vertebrae.  The articular areas are small and 

strong ligaments, conferring stability, reinforce the joints.  Typically, the head of a rib 

articulates with the bodies of two adjacent vertebrae and is attached to the intervertebral 

disc between them by an intra-articular fibrous disc.  Two sloping facets on the head of 

the ribs, above and below the attachment to the intra-articular disc, are separated by 

small synovial cavities from articular demifacets on the bodies of the two adjacent 

vertebrae.  The tubercles of ribs 1 to 10 have medial facets that articulate by a synovial 

joint with the transverse process of the respective thoracic vertebra (Osmond 1995).   

 

Respiratory movements of the rib cage 

Respiratory movements of the rib cage are produced by the cumulative effects of small 

movements of each rib at its costovertebral joints, much magnified anteriorly.  The axes 

of movement are complex.  In general, the movements change from above downward, 

reflecting successive changes in articular surfaces, rib axes and attachments (Osmond 

1995).  The respiratory motion of the ribs can be resolved into two kinds of rotation: (a) 

a “bucket-handle” rotation about the rib’s spinal and sternal articulations, and (b) a 

“pump-handle” rotation about the coronal axis, passing through the vertebral 

articulations of the ribs (De Troyer and Loring 1995). 

 

During inspiration, the 1st ribs become more horizontal; their anterior end and the 

manubrium sterni move forward and upward (pump handle motion).  Vertical 

displacement of the manubrium sterni is substantial (3-5 cm) during a vital capacity 

manoeuvre (Osmond 1995).  In the vertebrosternal costal arches (first 7 ribs), the plane 

between the vertebral and sternal articulations of each rib slopes downwards from back 

to front and, the lateral aspect of the rib remains in this plane (Wilson et al. 1987).  
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Consequently, when the lateral aspects of these ribs move cranially in inspiration, the 

ventral ends move anteriorly (pump-handle motion), but the lateral displacement is 

small (De Troyer and Loring 1995).  In contrast, in the vertebrochondral costal arches 

(ribs 8 to 10), the planes project not only downward from back to front but also 

downward from the midline to the side (Wilson et al. 1987).  Therefore, when these ribs 

move cranially during inspiration, they have significant lateral as well as anterior 

displacements (bucket- handle motion).   

 

The costal cartilages move freely at the sternocostal joints; the resulting torsion and 

elastic recoil of the cartilages assists in returning the chest wall to its neutral position in 

expiration (Osmond 1995).  The sternal attachments of ribs 1 to 7 are shorter and more 

restrictive than those of ribs 8 to 10.  Hence, the former tend to move as a unit with the 

sternum, whereas the latter have greater freedom to move independently (De Troyer and 

Decramer 1985, De Troyer et al. 1986).  Ribs 8 to 10 also exhibit a gliding movement at 

the costotransverse joint and, with deep inspiration, the rib tubercle glides backward, up, 

and medially, swinging the anterior ends of the ribs horizontally outward away from 

each other.  This further emphasizes the coronal (bucket-handle) expansion of the chest.  

The movements of ribs 11 and 12 are restricted by muscular fixation rather than by 

articular constraints (Osmond 1995). 

 

Respiratory Muscles  

The primary task of respiratory muscles is to rhythmically displace the chest wall in a 

coordinated manner and pump gas into and out of the lungs.  Understanding the 

individual actions of the respiratory muscles requires a clear understanding of their 

anatomy and of the loads they displace.  Many aspects of respiratory muscle action 

remain unknown.  The respiratory muscles are conveniently divided into three groups: 

the diaphragm, rib cage and abdominal muscles.   

 

Diaphragm 

Anatomy.  The diaphragm is an anatomically unique skeletal muscle.  It is a thin, flat, 

musculotendinous structure whose fibres radiate from a central tendon to insert 
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peripherally into skeletal structures around the entire boundary of the inferior thoracic 

aperture separating the thoracic and abdominal cavities (De Troyer and Loring 1995).   

 

The diaphragm muscle has two major components, the costal and crural diaphragm.  

The costal diaphragm arises from the upper inner aspects of each costal cartilage from 

the 7th to the tip of the 12th.  The costal diaphragm lies in the same plane as the 

transversus abdominis muscle, of which slips of origin pass horizontally forward into 

the abdominal wall from the same costal attachments as the diaphragm (Osmond 1995).  

The costal fibres of the diaphragm are directed upward, parallel to the axis of the body, 

and are apposed directly to the inner surface of the lower part of the rib cage, referred to 

as the area of apposition (Aap).  In standing humans at rest, the height of the Aap in the 

mid-axillary line is about 6-7 cm (De Troyer and Loring 1995) and this represents about 

25-30% of the total internal surface area of the rib cage (Mead 1979).  Beyond the Aap, 

the costal fibres depart from the chest wall to form the right and left domes of the 

diaphragm, which rise to about the levels of the 4th intercostal space on the right and the 

5th rib on the left in the midclavicular line, about the level of the 10th thoracic vertebra.  

These fibres converge onto the anterior, lateral and, to some extent, the posterior 

borders of the central tendon, increasing progressively in length around the chest and 

from front to back (Osmond 1995).  The position of the upper limit of the Aap, the 

costophrenic angle, is relevant to the measurement of the volume displaced by 

diaphragm motion, and has been evaluated by CT (Whitelaw 1987) and magnetic 

resonance imaging (MRI) (Gauthier et al. 1994).  At FRC, the costophrenic angle traces 

a roughly horizontal line around the rib cage.  However, relative to the costophrenic 

angle at the sternum, the position of this angle is slightly higher laterally and posteriorly 

at RV, and slightly lower laterally and posteriorly at volumes above FRC (Whitelaw 

1987, Gauthier et al. 1994). 

 

The crural diaphragm arises from the crura and aponeurotic arcuate ligaments.  The 

crura are strong tapering tendons attached vertically to the anterolateral aspects of the 

bodies and intervertebral discs of the first three lumbar vertebrae on the right and first 

two on the left.  The median arcuate ligament is an ill-defined fibrous thickening 

arching between the 2 crura in front of the aorta.  In contrast, the tendinous medial 

arcuate ligament passes from the crus on each side laterally across the sheath of the 

psoas major muscle, to which it is firmly attached, to the tip of the transverse process of 

the 1st lumbar vertebra.  From this point, a lateral arcuate ligament runs to the 12th rib 
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crossing the fascia of the quadratus lumborum muscle, to which it is firmly attached.  

Muscle fibres arising from the crura and arcuate ligaments pass upward on either side of 

the aorta and oesophagus to insert into the posterior border of the central tendon, to 

some extent overlapping and passing behind the costal fibres ascending from the 12th 

rib.  The oesophagus is encircled by a continuous muscle loop passing upward and to 

the left from the right crus (Osmond 1995).  

 

The central tendon of the diaphragm is thin, strong and roughly trilobed.  It has the 

shape of a boomerang, with its two ends pointing posteriorly (Braun et al. 1982).  Its 

central part is fused above with the pericardial sac, and it is perforated by and firmly 

adherent to the inferior vena cava (Osmond 1995).  The parietal pleura is tightly 

adherent to the superior surface of the diaphragm, and the peritoneum covers much of 

its inferior surface (Osmond 1995).  Arora and Rochester (1982a) measured diaphragm 

muscle length at necropsy in 27 sedentary normal-weight subjects who were clinically 

well until sudden death.  They assumed that necropsy lung volume was close to supine 

FRC.  They found that the longest coronal and sagittal diameters of the diaphragm were 

composed of 74 ± 8% and 75 ± 8% muscle respectively.   

 

In living humans, the surface areas of the diaphragm and its Aap and dome in the supine 

posture have been measured using CT (Cassart et al. 1997, Pettiaux et al. 1997) and 

MRI (Paiva et al. 1992, Gauthier et al. 1994).  At FRC, the length of the Aap was ~9 cm 

on the right and ~7 cm on the left, and Aap occupied 45-59% of total diaphragm area 

and an estimated 56-67% of total diaphragm muscle area (Paiva et al. 1992, Cassart et 

al. 1997).  Gauthier et al. (1994) found that over the VC, the total surface area of the 

diaphragm and Aap decreased by 37% and 62% respectively, whereas the area of the 

dome increased by 23%.  Using CT, Cassart et al. (1997) studied 10 hyperinflated 

subjects with severe CAL and 10 healthy controls.  At FRC, total diaphragm area and 

Aap were reduced to 73% and 54% that of the healthy subjects respectively, but there 

was no difference in the area of the dome.  The reduction in total diaphragm area and 

Aap was appropriate for the increase in end expiratory lung volume (Cassart et al. 

1997).    

 

Topography.  The CT and MRI studies (Whitelaw 1987, Paiva et al. 1992) show that 

the relaxed diaphragm consists of two domes joined by a saddle that runs from the 

sternum to the spinal column.  The spine makes a considerable posterior indentation in 
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the cross-sectional outline of the thoracic cavity and helps isolate one hemidiaphragm 

dome from the other.  The free surface curves to join the inside of the rib cage 

tangentially and then runs down the area of apposition to insert in the costal margin.  

Anteriorly, where the costal margin sweeps up to the end of the sternum, a section of the 

diaphragm makes an acute angle with the chest wall, with no area of apposition. 

 

Thickness.  In humans, diaphragm thickness (Tdi) has been measured directly at 

necropsy (Steele and Heard 1973, Arora and Rochester 1982a, Wait et al. 1989, Cohn et 

al. 1997) and at the Aap using one-dimensional M-mode (Wait et al. 1989) and two-

dimensional B-mode (Ueki et al. 1995, Cohn et al. 1997) ultrasound in healthy subjects.  

Costal Tdi at necropsy has varied from ~2.9 ± 0.4 mm (Steele and Heard 1973) to 4.2 ± 

0.9 mm (Wait et al. 1989).  Costal Tdi in live healthy subjects varies with lung volume 

(Ueki et al. 1995, Cohn et al. 1997).   In 9 healthy subjects, Cohn et al. (1997) found 

that the diaphragm thickened from a mean of ~2.8 mm at RV to ~4.3 mm at TLC, a 

change of 54%, consistent with a fractional shortening of about 35%.  Tdi in the Aap 

was relatively constant at different sites of measurement in healthy subjects (Ueki et al. 

1995, Cohn et al. 1997).  Arora and Rochester (1982a) found that Tdi measured at 

necropsy was related to body weight.  McCool et al. (1997b) found that Tdi measured 

by ultrasound was closely related to maximal transdiaphragmatic pressure.  

 

Innervation.  The phrenic nerves provide the entire motor innervation of the diaphragm 

(Botha 1957, Collis et al. 1954, Sant'Ambrogio et al. 1963, De Troyer and Kelly 1982), 

and also provide a proprioceptive supply to the muscle and sensory innervation for the 

diaphragmatic pleura and peritoneum.  This nerve originates from the 3rd to 5th cervical 

spinal segments; the main contribution is from the 4th (Osmond 1995).  Each phrenic 

nerve enters the thorax between the subclavian artery and vein where they lie lateral to 

the thyrocervical trunk, which separates them from each vagus nerve (Basmajian 1975).  

Each nerve passes about 1.5 cm in front of the hilum of the lung, and then subpleurally 

lateral to the pericardium to each hemidiaphragm (Basmajian 1975).  The nerves 

radiate, often as 3 main branches, on the undersurface of the diaphragm, passing 

anteriorly, laterally and posteriorly (Osmond 1995).  Each phrenic nerve supplies its 

own hemidiaphragm, including the crural fibres; cross-innervation of the diaphragm, if 

any, is very limited (Botha 1957). 
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Actions.  When the diaphragm contracts, a caudally orientated force is applied on the 

central tendon, and the dome of the diaphragm descends.  This descent has two effects.  

First, it expands the thoracic cavity along its craniocaudal axis, decreasing pleural 

pressure and increasing lung volume.  Second, it produces a caudal displacement of the 

abdominal viscera and an increase in abdominal pressure; this, in turn, results in an 

outward motion of the anterior abdominal wall.  In addition, because the muscle fibres 

of the costal diaphragm insert onto the upper margins of the lower six ribs, they apply a 

force on these ribs when they contract; this force is equal to the force exerted on the 

central tendon.  These muscle fibres are apposed to the rib cage and are orientated 

cranially.  The force applied on the lower ribs, therefore, is orientated cranially and has 

the effect of lifting the ribs and rotating them outward.  The fall in pleural pressure and 

the increase in abdominal pressure that results from diaphragmatic contraction also act 

to displace the rib cage (De Troyer and Loring 1995).  The actions of the diaphragm are 

discussed in greater detail below (see The act of breathing).   

 

Rib cage muscles 

Intercostal muscles.  In the plane of the ribs, two layers of muscle and fascia span each 

intercostal space.  The muscle fibres of the two layers run approximately at right angles 

to each other.  The external intercostal muscle layer begins posteriorly at the tubercles 

of the ribs.  The muscle fibres run orientated obliquely caudad and anteriorly from the 

inferior border of the rib above to the superior border of the rib below.  Near the 

costochondral junctions it is replaced by the anterior intercostal membrane, which 

extends to the anterior end of the intercostal space.  The internal intercostal muscle 

layer begins posteriorly as the posterior intercostal membrane and extends from near the 

angle of the rib to the anterior end of the intercostal space.  Parallel muscle fibres run 

obliquely cephalad and anteriorly from the superior border of the rib and costal cartilage 

below to the inferior aspect of the rib and cartilage above (Osmond 1995).  Thus the 

intercostal spaces contain two functional layers of muscle laterally, and a single layer 

both anteriorly and posteriorly.  Anteriorly, the fibres of the internal intercostals that 

arise from the lateral margin of the sternum and insert into the upper border of ribs 2-6 

are particularly thick and are conventionally referred to as the parasternals to 

differentiate them from the lateral and posterior interosseous part.  The intercostal 

nerves innervate the intercostal muscles.  The levator costae is a spindle-shaped muscle 
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that runs in each interspace from the transverse processes of the vertebrae to the angle 

of the rib below duplicating the external intercostals (Osmond 1995).   

 

The parasternals contract with every inspiration in humans, acting to diminish the angle 

between the lateral border of the sternum and the upper border of the ribs (De Troyer 

and Sampson 1982, De Troyer et al. 1983a, De Troyer and Estenne 1984, De Troyer 

1991).  Because ribs 2 to 6 are quite firmly attached to the sternum and the spine, 

contraction of the parasternals causes the “bucket handle” motion of the rib cage, which 

is a rotation about the rib’s spinal and sternal articulations (Macklem 1995). 

 

The action of the internal interosseous and external intercostals is to decrease the 

distance between each rib, but their role in humans is controversial.  They are 

inconsistently activated during quiet breathing and, as minute ventilation increases, the 

pattern of activation is from above downward (Whitelaw and Feroah 1989).  Loring and 

Woodbridge (1991, 1992) found that, acting as a single unit, the external intercostals 

had an inflationary action and the internal interosseous intercostals an expiratory action 

on the rib cage.  However, this is likely to be influenced by the relative impedances to 

rib cage motion and the number of interspaces activated (Decramer et al. 1984b).  At 

low lung volumes, with the rib cage deflated, the passive tension in the neck muscles 

should increase impedance to caudal movement of the rib cage, so that the action of the 

internal interosseous and external intercostals is inspiratory.  In contrast, at high lung 

volumes, with the ribs elevated and the passive tension in the abdominal muscles high, 

the impedance to cephalad rib cage motion should increase, and the action of internal 

interosseous and external intercostals is likely to be expiratory.  There is direct evidence 

of this in dogs (De Troyer et al. 1985).   

 

Wilson et al. (2001) have recently applied the Maxwell reciprocity theorem to evaluate 

the action of the intercostal muscles on the rib cage.  This theorem predicts that the 

respiratory effect of a muscle is related to its mass, maximal active tension per unit 

cross-sectional area and the fractional change in muscle length per unit volume increase 

of the relaxed chest wall.  Using measurements from cadavers and CT scans in healthy 

subjects, these investigators found that the external intercostals in the dorsal half of the 

2nd interspace had a strong inspiratory effect, but the effect decreased rapidly in the 

caudal direction, in particular in the ventral part of the rib cage, and was reversed into 

an expiratory effect in the ventral half of the 6th and 8th interspaces.  The internal 
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interosseous intercostals in the ventral half of the 6th and 8th interspaces had a large 

expiratory effect, but the effect diminished dorsally and cranially.  

 

The intercostals appear to have functions additional to their action in moving the ribs.  

Intercostal muscle activity appears to help resist distortion from pressure changes across 

the chest wall, as evidenced by the retraction of intercostal spaces and reduced power of 

sucking and blowing observed during flaccid paralysis of intercostal muscles (Osmond 

1995).  The intercostal muscles are highly active in postural movements of the chest 

wall (Whitelaw et al. 1992). 

 

The triangularis sterni or sternocostalis is a flat muscle that lies deep to the sternum and 

parasternals.  Its fibres originate from the dorsal aspect of the lower half of the sternum 

and insert into the inner surface of the costochondral junctions on ribs 3-7.  Isolated 

action of the triangularis sterni causes marked caudal displacement of the ribs with a 

cranial motion of the sternum, i.e. an opposite effect to that of the parasternals (De 

Troyer and Ninane 1986).  In humans, it is inactive when supine (De Troyer et al. 1987) 

and, although active in many standing subjects (Estenne et al. 1988), its mechanical 

significance is likely to be small. 

 

Neck muscles that act on the rib cage.  The scalenes comprise 3 muscle bundles that 

run from the cervical vertebrae to the upper surfaces of the first two ribs.  The 

sternomastoid muscle descends from the mastoid process and adjacent superior nuchal 

line on the skull to attach to the manubrium sterni and medial third of the clavicle 

(Osmond 1995).   

 

The scalenes are primary respiratory muscles; they exhibit spontaneous rhythmic 

activity during normal inspiration, proportional to the depth of ventilation (Raper et al. 

1966, De Troyer and Estenne 1984, Gandevia et al. 1996). The scalenes act to decrease 

the angle between the anterior border of the spinal column and the superior border of 

the first two ribs.  Because these ribs are attached to all others by intercostal muscle and 

fascia, lifting them will lift the whole rib cage in a “pump-handle” motion (De Troyer 

and Estenne 1984, Estenne and De Troyer 1985).  The parasternals, when acting alone, 

act to displace the sternum caudally.  This action is antagonised by scalene contraction.  

During inspiration, these two muscles are coordinated in a way such that the sternum 
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either remains stationary in the axial plane or undergoes a cephalad displacement 

(Macklem 1995).    

 

In normal subjects breathing at rest, the sternomastoids are inactive, being recruited 

only when ventilation increases substantially or when the inspiratory muscle pump is 

abnormally loaded (Campbell 1955, Raper et al. 1966, Delhez 1974).  Therefore these 

muscles cannot account for the expansion of the upper rib cage that takes place 

normally during quiet inspiration.  The action of the sternomastoids in humans has been 

inferred from measurements of chest wall motion in subjects with transection of the 

upper cervical cord (Danon et al. 1979, De Troyer et al. 1986), where the diaphragm, 

scalenes, intercostals and abdominal muscles are paralysed, but the sternomastoids, with 

motor innervation largely from the 11th cranial nerve, are spared and contract forcefully 

during unassisted inspiration.  These subjects exhibit marked inspiratory cranial 

displacement of the sternum and expansion of the upper rib cage, particularly in its 

sagittal diameter.  The coronal diameter of the upper rib cage also increases during 

inspiration, whereas the coronal diameter of the lower rib cage decreases.   

 

Legrand et al. (2003) have recently applied the Maxwell reciprocity theorem to study 

the scalenes and sternomastoids in 7 healthy human subjects using CT scans.  They 

found that the scalenes and sternomastoids were each capable of reducing airway 

pressure by a similar amount as the parasternal intercostals, i.e. 3 to 4 cmH2O during 

maximal contraction.  Although the scalenes have a mechanical advantage over the 

sternomastoids in elevating the rib cage, sternomastoid muscle mass is much larger than 

scalene muscle mass so that their maximal pressure generating capacities are similar 

(Legrand et al. 2003). 

 

Other muscles acting on ribs from extra-costal attachments.  Three sets of muscles, 

the levatores costarum and the serratus posterior superior and inferior, pass obliquely 

from the vertebrae to the ribs posteriorly and can thus move the ribs.  The respiratory 

roles of these muscles are not known (Osmond 1995).  A series of powerful muscles 

that move pectoral girdle and upper arm, i.e. serratus anterior, lattisumus dorsi, 

pectoralis major and pectoralis minor, form the outermost covering of the thoracic 

cage.  Although not of prime concern in respiratory movements, their attachments to 

ribs give a theoretical ability to move the thoracic cage when the upper limb is fixed.  

When the pectoral girdle and upper limb are fixed, the pectoralis major and minor and 
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the subclavius can elevate the ribs and this is observed in respiratory distress.  

Attachments of the lattisumus dorsi and serratus anterior suggest the possibility of 

accessory inspiratory action, although evidence for this is scant.  However, because they 

surround and embrace the chest wall, together with the external oblique muscle of the 

abdomen, they can assist expiratory compression (Osmond 1995).           

 

The postvertebral extensor muscles cover the posterior chest wall between the spinous 

processes of the vertebrae and the posterior angles of the ribs.  They are mainly postural 

muscles, however, in forced expiration, they act to counterbalance the tendency for 

vertebral flexion that would otherwise be produced by contraction of abdominal wall 

muscles (Osmond 1995).   

 

Abdominal muscles 

Anatomy.  The abdomen is bound by anterior and posterior longitudinal muscles within 

strong fascial sheets that connect the rib cage to the pelvis, and 3 encircling muscle 

sheets.  Anteriorly, the rectus abdominis covers the inferomedial surface of the rib cage 

as it passes caudally from its horizontal line of attachment to the sternum and 5th to 7th 

costal cartilages to its tapering tendinous attachment to the pubis.  The rectus sheath 

encloses much of the muscle and is derived from aponeuroses of the 3 lateral muscles.  

Posteriorly, the quadratus lumborum muscle passes upward and medially as a flat sheet 

from the iliolumbar ligament and iliac crest below, to the lower border of the medial 

half of the 12th rib and the transverse processes of the first 4 lumbar vertebrae.  It is 

enclosed in the anterior and middle layers of lumbar fascia, which meet at its lateral 

edge to give attachment to the lateral abdominal muscles.  External to the plane of the 

ribs, the external oblique muscle arises from the lower 8 ribs, well above the costal 

margin, and directly covers the lower ribs and intercostal spaces.  Its fibres radiate 

downward to the iliac crest and inguinal ligament, and medially to the linea alba from 

the xiphoid process to the pubis.  In the plane of the ribs, the internal oblique passes 

from the lumbar fascia, iliac crest, and lateral part of the inguinal ligament to an 

extensive attachment along the costal margin and to an aponeurosis contributing to the 

rectus sheath down to the pubis.  Internal to the ribs arises the transversus abdominis 

muscle, interdigitating with the slips of origin of the diaphragm within the costal 

margin.  Fibres run horizontally forward from this origin and from the lumbar fascia, 
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iliac crest, and lateral part of the inguinal ligament, to a midline aponeurosis forming the 

anterior wall of the rectus sheath.  The anterior and lateral abdominal muscles are 

innervated segmentally from the lower 6 thoracic nerves; the 1st lumbar nerve also 

innervates the internal oblique and transversus.  The quadratus lumborum is innervated 

by the 12th thoracic and first three or four lumbar spinal nerves (Osmond 1995).   

 

Actions.  The muscles of the anterolateral abdominal wall are unequivocal muscles of 

expiration and antagonists to the diaphragm.  Quiet expiration is mainly the result of 

passive elastic recoil of the lungs and chest wall.  However, with active expiration, 

strong contractions of the oblique and transversus muscles constrict and compress the 

abdomen.  This increases intra-abdominal pressure, which elevates the relaxing 

diaphragm, while simultaneously depressing the ribs to which they are attached and 

compressing the lower rib cage (Osmond 1995).  The rectus, obliques, and transversus 

also have important functions as rotators and flexors of the trunk (De Troyer and Loring 

1995).  The quadratus lumborum muscle contracts synergistically with the diaphragm, 

exerting a caudad force on the 12th rib and preventing any tendency for the crural 

diaphragm to pull the 12th rib cephalad.  This not only provides a fixed point of origin 

for the lateral fibres of the crural diaphragm but may also slightly depress the 12th rib in 

inspiration, helping to open up the costophrenic angle.  The quadratus lumborum shows 

the same rhythmicity in activity as the diaphragm, including a carryover into early 

expiration; thus the quadratus lumborum and the crural diaphragm may be regarded as a 

single functional unit in these respects (Osmond 1995).      

   

Structural basis for skeletal muscle contraction 

The diaphragm and other respiratory muscles are skeletal muscles and share a common 

biochemistry and physiology with limb muscles. 

 

The contractile apparatus 

Respiratory muscles are capable of contracting and thus generating force and movement 

because of a high content of contractile proteins, actin and myosin, arranged in a highly 

ordered array within the muscle fibre.  Actin is a globular protein that polymerises into 

double helical strands (F-actin) and, with tropomyosin and 3 troponin subunits (C, T 
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and I), forms the thin filaments.  Tropomyosin blocks the myosin-binding sites on F-

actin until caused to move by the binding of calcium to troponin C.  The actin filaments 

join at one end to form the Z-line structure (Figure 2.1).  Each myosin molecule consists 

of two identical heavy chains and four light chains, and is arranged into a globular head, 

which combines with actin, and a tail.  The myosin tail binds to other myosin tails 

forming a thick filament composed of ~300 myosin molecules arranged so that the 

myosin heads are at both ends of the filament and there is a region in the centre of the 

filament devoid of heads (Figure 2.1).  The thick filaments are arranged so that they lie 

and slide between six thin actin filaments.  Force and movement are the result of the 

cyclic attachment and detachment of myosin bridges in the thick filaments with binding 

sites on the thin actin filaments.  The unit from one Z line to the next is known as the 

sarcomere.  The architecture of the sarcomere is maintained by a variety of structural 

proteins such as dystrophin, the absence of which gives rise to muscular dystrophies 

(Jones 1995).  
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Figure 2.1  Arrangement of thick and thin filaments to form a sarcomere.   
Cross-sections through various parts of the sarcomere are shown.  From Jones (1995). 
 

 

Bundles of 100-400 thick filaments form a myofibril.   Each myofibril is enveloped in a 

complex membranous bag, the sarcoplasmic reticulum, which acts as a store for the 

uptake and release of calcium.  Each myofibril is also in contact with the plasma 

membrane via a complex branching tubular network, the T tubule, the lumen of which is 
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in contact with the extra-cellular space.  Each muscle fibre consists of numerous 

myofibrils, which make up about 80% of the volume of a muscle fibre (Jones 1995).    

 

Mechanism of force generation 

Interaction between thick and thin filaments 

When an active muscle is shortened rapidly by as little as 1% of its total length, the 

force decreases transiently to near zero before redeveloping.  This observation suggests 

that force is generated by components that are very short relative to the length of a 

sarcomere, so that even a small change in sarcomere length is sufficient to release 

stretch, and is consistent with the hypothesis that force is generated by numerous 

myosin cross-bridges that are active over a short distance (Huxley 1957, Huxley and 

Simmons 1971).    

 

The force produced by a muscle is proportional to the cross-sectional area of the muscle 

rather than its length.  When sarcomeres are arranged in series in a muscle, the force 

generated during an isometric contraction is produced by sarcomeres at either end of the 

muscle.  The forces generated by each intermediate half-sarcomere on either side of the 

Z line oppose one another and do not summate along the length of the fibre; these 

sarcomeres serve to form a rigid connection between sarcomeres at the two ends of the 

muscle (Jones 1995).  However, the velocity of shortening is dependent on muscle 

length.  At the onset of contraction, all sarcomeres in a muscle fibre will shorten at 

approximately the same time and velocity.  Therefore, a muscle one sarcomere long that 

shortened from 3 to 2 µm in 0.1 s would have a velocity of shortening of 10 µm/s, 

whereas a muscle 2.5 cm long, containing ~10,000 sarcomeres in series would have a 

velocity of shortening of 10 cm/s (Huxley and Simmons 1971). 

 

Power is the product of force and velocity.  Since force is proportional to the cross-

sectional area of a muscle and velocity to the length, it follows that power is 

proportional to the product of these, i.e. volume.  Thus a short thick muscle will 

generate high force but have a low velocity of shortening, whereas a long thin muscle of 

the same volume will produce little force but shorten rapidly.  They will have the same 

power output.  Maximum power is usually obtained at about one third maximal 
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shortening velocity so that, although the maximal power may be the same for the two 

muscles, the velocity at which this occurs will be different (Jones 1995).  

 

Cross-bridge cycling and sliding filament hypothesis 

In 1957 Huxley proposed a model of muscle contraction.  In this model, the myosin-

binding site oscillates backward and forward and, when it attaches to the actin binding 

site, exerts a force pulling the binding site towards the central equilibrium position.  To 

produce movement in one direction, the attachment will occur only when the myosin-

binding site is on one side of the equilibrium position, and the force generated is 

proportional to the displacement from the equilibrium position.  Cross-bridges that are 

carried beyond the central equilibrium position will generate force opposing the 

movement; to keep this opposing force to a minimum, it is necessary there should be a 

rapid disassociation.  Thus force and movement are the result of the cyclic attachment 

and detachment of myosin bridges in the thick filaments with binding sites on the thin 

actin filaments as depicted in Figure 2.2.  The attachment of myosin to actin (Figure 2.2 

A) is a reversible process that will give stiffness to the muscle (i.e. it will resist if 

stretched), but does not itself generate force.  The release of phosphate from the 

actomyosin complex is thought to initiate the changes that result in force generation by 

causing rotation of the S1 head (Figure 2.2 B).  Toward the end of the rotation phase, 

ADP is released, and the actomyosin complex can then bind ATP.  Having done so the 

actin and myosin disassociate with the ATP bound to myosin (Figure 2.2 C).  The 

bound ATP is then hydrolysed and the products remain bound to the protein; this last 

process is thought to activate the S1 unit, making it ready to bind to actin again (Huxley 

and Simmons 1971).       
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Figure 2.2  Stages in cross-bridge cycle according to Huxley model.   
Abbreviations: S1 and S2 are the head and non-attaching portions of myosin molecule 
respectively; ATP, adenosine triphosphate; Pi, phosphate; ADP, adenosine diphosphate.  See 
text for details.  Adapted from Jones et al. (1995). 
 

 

Huxley’s model helps explain several characteristics of skeletal muscles.  First, it 

explains the force-length relationship of skeletal muscle, i.e. the force generated by the 

overlapping portions of actin and myosin filaments vary according to the degree of 

overlap of the filaments.  Second, the model explains the force-velocity characteristics 

of skeletal muscles, i.e. when the velocity of shortening of a muscle increases, the force 

developed decreases rapidly (see Force-velocity relationship below).  According to the 

Huxley model, in the isometric state, all attached cross-bridges are within the region on 

the side of the equilibrium position that generates force.  When filaments slide past one 

another, fewer cross-bridges are attached at positions further displaced from the 

equilibrium position, and some will have moved into the region beyond the equilibrium 

position, so that the bridges oppose movement.  The net effect of fewer cross-bridges 
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generating force and some opposing motion is for force to fall off rapidly as the velocity 

of shortening increases.  At high velocities, a large proportion of cross-bridges will be 

carried beyond the equilibrium position and, when the opposing force from the cross-

bridges beyond the equilibrium position equals the force generated by the cross-bridges 

in the force-producing region, no force is produced; this represents maximum velocity 

of shortening.  Third, the model explains the Fenn effect (Fenn 1923), i.e. that the total 

energy released during muscle shortening, in the form of heat plus work, exceeds that 

during an isometric contraction.  If one ATP is hydrolysed with every cross-bridge 

disassociation, the rate at which heat and work are produced will depend on the rate of 

cross-bridge turnover.  In the isometric state, the rate of cross-bridge turnover is 

relatively low, but beyond the equilibrium position, turnover and liberation of energy 

will be high.  As the velocity of shortening increases, so the number of cross-bridges 

carried into an orientation for which detachment is rapid, also increases, accounting for 

the increase in production of heat plus work.  Finally, Huxley’s model can also explain 

why maximum forces produced when an active muscle is stretched are considerably 

greater than the isometric force and vary with the velocity of stretch.  During a stretch, 

the attached cross-bridges are pulled, stretching the complaint portion of the cross-

bridge more than occurs with isometric contractions (Jones 1995).     

 

Huxley’s original model does not explain why when a muscle is rapidly shortened, the 

force falls transiently and then recovers rapidly.  The explanation proposed by Huxley 

and Simmons (1971) is that the rapid phase of force recovery is due to rotation of the 

myosin heads of the unloaded bridges, thereby restretching the compliant (S2) 

component of the thick filament (Figure 2.2).  The slow phase of full recovery to full 

isometric force is ascribed to detachment and reattachment of cross-bridges so that the 

conditions of the isometric contraction are re-established. 

 

The motor unit 

Within a muscle, several muscle fibres are supplied by a single motoneuron.  These 

fibres are scattered randomly throughout the muscle and form a motor unit.  All fibres 

within a single motor unit have similar characteristics.  Within each muscle, there is a 

range of motor unit sizes and types, and these variables relate to the function of the 

motoneuron.  Variability in the contractile properties of different muscles results from 
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variation in the proportion of motor units types and some variation within each type of 

motor unit, such as differences in myosin isoforms.   

 

Diaphragmatic muscle fibres do not go the whole way from origin to insertion 

(Whitelaw 1995).  In the diaphragm, muscle fibres within a motor unit are dispersed 

horizontally across the surface of the diaphragm and vertically at different depths but 

confined to a region covering 10-15% of the area of the muscle; relative to limb 

muscles, the fibres within a motor unit are distributed over a smaller area (Krnjevic and 

Miledi 1957, Sieck 1988, Fournier and Sieck 1988b, Hammond et al. 1989).  

 

Classification of motor units and muscle fibres 

By stimulating a single motor neuron and using sensitive force-recording techniques, it 

has been possible to 1) estimate the size of motor units from the maximal tetanic force 

generated, 2) identify muscle fibres belonging to a single motor unit by depleting 

glycogen stores through prolonged repeated stimulation (Edstrom and Kugelberg 1968), 

3) examine the physiologic characteristics of motor units (Burke et al. 1973) and 4) 

describe the histochemical properties of their muscle fibres (Brooke and Kaiser 1970, 

Peter et al. 1972).  This has led to the description of 3 major groups of motor units: (a) 

small, slow, fatigue-resistant units consisting predominantly of type I fibres, (b) large, 

fast, fatigueable units made up of type IIB fibres, and (c) units that span a range of size 

and fatigue-resistance made up of type IIA fibres (Table 2.1).  These groupings have 

superseded descriptions based on gross differences in colour (red or white) that result 

from myoglobin content (Needham 1926).  Not all fibres fall within these discrete 

categories and it is likely that each property on which these classifications are based 

constitutes a continuum rather than discrete divisions (Gollnick and Hodgson 1986).  

However, the division of the 3 fibre types has conceptual and practical advantages.  

Each of these fibre types is present in varying proportions in the respiratory muscles of 

mammals (McCully and Faulkner 1983, Sieck et al. 1983, Metzger et al. 1985) 

including humans (Lieberman et al. 1973, Keens et al. 1978, Hards et al. 1990). 
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Table 2.1  Common classification schemes for motor units and muscle fibres 

Reference Method Classes 
Burke et al. 
(1973) 

Physiological Slow Fast, 
fatigue-resistant 

Fast, 
fatigueable 

Brooke and 
Kaiser (1970)  

Histochemical Type I Type IIA Type IIB 

Peter et al. 
(1972)  

Histochemical Slow-oxidative Fast-oxidative-
glycolytic 

Fast-glycolytic 

Needham (1926)  Colour Red Intermediate White 
 

 

Physiologic classification of motor units.  Burke et al. (1971, 1973, 1981) developed 

standardised physiologic criteria to classify motor units in the cat gastrocnemius muscle.  

Motor units were classified as fast- or slow-twitch based on (a) the presence (fast) or 

absence (slow) of loss of tension (“sag”) during unfused tetanic activation and (b) 

isometric twitch contraction time (time to peak twitch force).  Although the isometric 

twitch contraction time was continuously distributed, it generally corresponded to the 

classification of slow- and fast-twitch units based on the sag phenomenon. Motor units 

were further sub-classified by their resistance to fatigue during 2 minutes of repetitive 

stimulation.  A “fatigue index” (fi) was then calculated as the ratio of the force 

generated after repetitive stimulation to the initial force.  Slow-twitch units (S) were 

consistently found to be fatigue resistant (i.e. fi > 0.75).  In contrast, fatigability of fast-

twitch units was distributed such that 3 types could be identified: fast-twitch, fatigue-

resistant (FR; fi > 0.75); fast-twitch, fatigue-intermediate (FInt; 0.25 < fi < 0.75); and 

fast-twitch, fatigable (FF, fi < 0.25).  This functional classification of motor unit types 

has been applied to the diaphragms of the adult cat (Sieck 1988, Fournier and Sieck 

1988a) and hamster (Sieck 1995).  All four motor unit types were identified, but in 

general, FF motor units in the diaphragm were not as fatigable as those of the hind limb 

muscles. 

 

Histochemical classification of muscle fibres.  A number of histochemical stains are 

used to differentiate fibre types.  The most commonly used are 1) myosin adenosine 

triphosphatase (ATPase), with pre-incubation at either alkaline or acid pH (Brooke and 

Kaiser 1970, Brooke et al. 1971), 2) a marker of mitochondrial activity such as succinic 

dehydrogenase, and 3) a marker of glycolytic activity such as myophosphorylase 

activity (Peter et al. 1972).  These stains allow three main types of fibres to be 

distinguished (Brooke and Kaiser 1970, Brooke et al. 1971, Peter et al. 1972).  Type I 

(slow-oxidative) fibres have low myosin ATPase activity at alkaline pH, high 
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mitochondrial activities, and relatively low glycolytic enzyme activities.  Type II fibres 

stain darkly for myosin ATPase at alkaline pH, and have lower mitochondrial and 

higher glycolytic activity than type I fibres.  Type II fibres are subdivided into IIA (fast-

oxidative-glycolytic) and IIB (fast-glycolytic), with the former having higher 

mitochondrial enzyme content and greater fatigue-resistance.   

 

Relationship between physiologic classification of motor units and histochemical 

classification of muscle fibres.  Type I fibres comprise the type S motor units and are 

sometimes referred to as slow-twitch fibres, whereas Type II fibres comprise the fast-

twitch motor units and are sometimes referred to as fast-twitch fibres (Burke et al. 1971, 

1973, Peter et al. 1972).  Under most circumstances, type FR is equivalent to type IIA, 

and type FF to type IIB, but there are exceptions (Sieck 1995).  There have been few 

and conflicting reports on fibre type composition of FInt motor units; in the cat 

diaphragm, Sieck et al. (1989) found that FInt units had a mixed fibre type composition, 

containing both type IIA and IIB fibres, with oxidative enzyme activities that were 

intermediate between FF and FR units.    

 

Fibre proportions in respiratory muscles 

Most skeletal muscles contain mixtures of fibre types (Johnson et al. 1973).  The adult 

human diaphragm muscle is composed of 55 ± 5% type I fibres, 21 ± 6% type IIA fibres 

and 24 ± 3% type IIB fibres (Lieberman et al. 1973).  The percentage of type I fibres 

remains constant throughout adult life.  Muscle fibre diameters are greater in men than 

women.   

 

The proportion of higher oxidative fibres (i.e. type I & IIA) is thought to correlate 

directly with the fatigue resistance of a muscle.  In the diaphragm of rodents, the 

histochemical representation of fibre types appears to provide an accurate representation 

of its functional properties (Eddinger and Moss 1987, Brooks and Faulkner 1991).  The 

high percentage of oxidative fibres in the human diaphragm (~80%) provides a large 

number of fatigue-resistant motor units to sustain respiration at rest.  In contrast, the 

percentage of oxidative fibres in limb muscles of untrained men ranges from 36 to 46% 

(Gollnick et al. 1972).  In addition, each of the three fibre types in the diaphragm 

muscle has a higher mitochondrial density than equivalent fibre type in a limb muscle.  
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These differences between the diaphragm and limb muscles result in the diaphragm 

having a volume density of mitochondria per unit volume of muscle fibres two-fold 

greater than limb muscle (Hoppeler et al. 1981).  This results in a higher capacity to 

oxidize various substrates and a high resistance to fatigue (Edwards 1979, Faulkner and 

Brooks 1992).  In addition, the moderately high percentage of type IIA fibres enables 

increased respiratory rate and power output during exercise.  The existence of a small 

proportion of type IIB fibres in the diaphragm may permit high power outputs necessary 

for sneezing and coughing.   

 

Fewer data are available on other muscles of respiration.  In adult humans, intercostal 

muscles are composed of 63 ± 3% type I fibres (Keens et al. 1978) and the percentage 

of type II fibres in abdominal muscles ranges from 40 to 70% (Edwards and Faulkner 

1995).  The abdominal, scalene, and sternomastoid muscles are not as tightly coupled to 

the respiratory process, and considerable variability in oxidative capacity is observed 

with differences attributable to both age and physical activity.   

 

Determinants of muscle fibre properties 

The major physiologic differences between slow and fast muscle fibres are associated 

with the myosin ATPase activity.  Compared to myosin obtained from slow fibres, 

myosin from fast fibres has higher ATPase activity (Barany 1967), decreased ATPase 

stability under acid or alkaline conditions (Barany et al. 1965) and differences in 

electrophoretic pattern for myosin heavy chains (Pette and Vrbova 1992) and myosin 

light chains (Lowey and Risby 1971, Sarkar et al. 1971).  These differences are 

conferred by variations in myosin isoforms (Staron and Pette 1986, Pette and Vrbova 

1992).  In adult muscle fibres, myosin heavy chain genes express 3 fast and 1 slow 

isoforms (Staron and Pette 1986, Periasamy et al. 1989, Pette and Vrbova 1992).  

Myosin light chains express 3 fast and 2 slow isoforms (Gauthier and Lowey 1979).  

Within a given muscle fibre, the genes for the various proteins tend to express either fast 

or slow isoforms.  The main determinant of maximal unloaded shortening velocity of a 

muscle fibre appears to be the myosin heavy chain isoform (Reiser et al. 1985) with 

modulation by the myosin light chain isoform (Sweeney et al. 1986).   
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Other proteins also display different isoforms.  Fast and slow isoforms of troponin and 

tropomyosin have been described (Greaser et al. 1988) but their functions are less well 

characterised.  In addition to differences in myosin heavy chain isoforms, compared 

with type I fibres, type II fibres show faster calcium transport ATPase, a higher total 

uptake and initial rate of uptake of calcium by sarcoplasmic reticulum and a more 

complex neuromuscular junction (Heilmann and Pette 1979). 

 

Contraction of motor unit 

Contraction of the fibres of a motor unit occurs when a single, or under physiological 

conditions, multiple action potentials are transmitted across the neuromuscular junction.  

The action potentials spread across the sarcoplasmic membrane and through the T-

tubule system, and activate all myofibrils within the activated fibre, causing them to 

contract.  If the muscle is held at optimum length for force development, the single 

action potential will produce an isometric twitch in the activated fibres.  Multiple action 

potentials at a frequency of 10 Hz, or higher, result in summation of force.  If the 

frequency of stimulation is gradually increased, force plateaus at maximum force, 

indicating full-activation.  Muscle activation is discussed in further detail in the section 

on “Neural activation of the diaphragm”.   

 

The isometric force developed by a skeletal muscle is a function of the average of the 

forces developed by the cross-bridges in a strongly bound state present in the total fibre 

cross-section (Edwards and Faulkner 1995).  Fast muscles develop force and relax more 

rapidly than slow muscles.  The force generated by motor units depends on three 

factors: 1) the innervation ratio of the motor unit, i.e. the number of muscle fibres 

innervated by the motoneuron, 2) the total cross-sectional area of muscle fibres of the 

motor unit, and 3) the specific force of the muscle fibres of the motor unit, i.e. the force 

generated per unit cross-sectional area (Burke 1981).  Sieck (1995) examined these 

factors in cat and hamster diaphragms.  He found that FF and FInt motor units generated 

the greatest twitch and tetanic forces, followed in order by FR and S units, and this was 

due to a larger total cross-sectional area of type II muscle fibres which made up the fast 

twitch motor units and a greater specific force of these units.  There was no difference 

in innervation ratios between the motor units.  
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Mechanisms for modulation of muscle force 

Two known mechanisms by which the nervous system regulates muscle force are 1) 

recruitment of motor units and 2) modulation of frequency of stimulation (rate coding).  

In general, motor units are recruited in an ordered fashion according to the Henneman’s 

size principle, i.e. small, slow motor units are recruited during low-force contractions 

and larger fast motor units are recruited only during high-force contractions (Henneman 

and Olson 1965, Henneman et al. 1965, Yemm 1977).  Henneman et al. (1974) found 

that in the cat, small, slow motor units were supplied by easily excitable motoneurons, 

whereas larger units were innervated by motoneurons with a higher threshold for 

excitation.  Thus in muscles with mixed fibre populations the first motor units recruited 

are those with S muscle fibres, then FR muscle fibres at intermediate levels of force, 

followed by FF muscle fibres, the largest and most susceptible to fatigue, at high levels.  

By progressive recruitment of motor units, the force generated by a muscle can be 

increased in a stepwise fashion and endurance can be maximised.  At low forces, the 

steps are small (small muscle units) giving a smooth increase in force; however, at 

higher forces, the increments are larger, since the recruited motor units are larger and, 

consequently, control is less precise. 

 

Recruitment of motor units in the diaphragm appears to follow the Henneman size 

principle, but this is modulated to some degree by the respiratory rhythm (Sieck 1988).  

A stable order of phrenic motoneuron activation has been described in diaphragm of the 

cat and recruitment is the dominant mechanism of force modulation in early inspiration, 

whereas rate coding becomes more important in late inspiration (Iscoe et al. 1976).  

However, there are numerous exceptions to this (Desmedt and Godaux 1977, Grimby 

and Hannerz 1977), suggesting that motoneurons within a pool may be activated 

selectively in certain circumstances.  Variations in recruitment sequence have also been 

described in parasternal muscles of rabbits (Citterio and Agostoni 1981) with selective 

activation of inspiratory muscle fibres according to respiratory rate, and in low-

threshold units in human parasternal muscles during CO2-induced and voluntary 

hyperpnoea (Watson and Whitelaw 1987).  There is also evidence that during graded 

isometric contractions in human limb muscles the recruitment of a new motor unit 

exerts an inhibitory effect on firing rates of previously activated motor units (Broman et 

al. 1985), thereby allowing muscle force to be modulated with finer resolution than 

would otherwise be possible by incremental motor unit recruitment.  This strategy may 
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also minimise the energy cost of muscle contraction.  Motoneuron firing rate, duration 

of contraction, and activation threshold are properties determined by the motoneuron 

size and the nature of its synaptic inputs (Brooks 1982).   

 

Functional properties of respiratory muscles 

The functional properties of respiratory muscles are qualitatively and quantitatively 

within the range of other skeletal muscles (Faulkner et al. 1979, 1982, McCully and 

Faulkner 1983, Metzger et al. 1985).  The unique anatomical resting position of the 

diaphragm, and to a lesser extent the other respiratory muscles, exerts no obvious 

modulating effect on their contractile properties.  The functional properties of 

respiratory muscles relevant to the act of breathing are the pressures developed, 

volumes displaced, velocity of contraction, and the ability to sustain work and power.  

The contractile forces developed by respiratory muscles in situ are governed by the 

same basic principles that determine the contractile force of isolated, perfused muscle 

strips.  Thus, the development of respiratory pressures depends on the load the muscle is 

shortening against, resting length of muscles, velocity of shortening, the degree of 

neural activation (which determines the number of motor units recruited and the 

stimulation frequency) and muscle fatigue.  These determinants are reviewed below.  In 

addition, the performance of respiratory muscles in situ is modified by mechanical 

linkages among muscles, and between the muscles and the chest wall, and sometimes by 

the Laplace relationship (Rochester and Farkas 1995).     

 

Muscle contractions and load 

Motor units in skeletal muscles may be recruited during three types of contractions: 

same length (isometric), shortening (miometric) or lengthening (pliometric).  The type 

of contraction that occurs when muscle fibres are activated depends on the relative force 

developed by the activated fibres and the load placed on them.  If the force developed is 

the same as the load, or if a muscle contracts against an infinite fixed load, an isometric 

contraction results.  If the force developed by the muscle fibres exceeds the load, a 

shortening (miometric) contraction occurs, and if force is less than the load, a 

lengthening (pliometric) contraction results.  Forces developed are greatest during 

lengthening, intermediate during isometric and least with shortening contractions 
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(McCully and Faulkner 1985).  The same number of cross-bridges are strongly bound 

during each type of contraction, so the differences in force development during the three 

contractions appear to result from variations in the strain on individual cross-bridges 

(Lombardi and Piazzesi 1990).   

 

Force-length relationship 

The force developed by a muscle declines at lengths greater or less than an optimum 

length (L0).  This characteristic was one of the foundations of the sliding-filament 

theory of skeletal muscle contraction (Huxley 1957, Gordon et al. 1966), i.e. the force 

generated by the interaction of overlapping portions of actin and myosin filaments 

should vary according to the degree of overlap of the filaments.  In both amphibians 

(Gordon et al. 1966) and mammals (Rack and Westbury 1969) as sarcomeres of muscle 

fibres were lengthened, the isometric tetanic tension changed in proportion to the degree 

of overlap between actin and myosin filaments, and maximal tension was generated 

when there was maximal overlap.   

 

In vitro force-length relationship 

McCully and Faulkner (1983) found that the force-length relationship of mammalian 

diaphragm muscle in vitro was similar to that of limb muscles and was fairly uniform 

across species; force with maximal stimulation fell to zero at lengths close to 50% and 

160% of L0.  The shape of the force-length relationship varies among respiratory 

muscles.  In dogs, the costal diaphragm maintains force generation over a relatively 

wide range of operating lengths, whereas the parasternals have a narrower range (Farkas 

et al. 1985, Farkas and De Troyer 1987).  In dogs, the in vitro force-length relationship 

of the abdominal muscles resembles those of other respiratory muscles (Farkas and 

Rochester 1988a, Farkas 1992).  

 

In situ force-length relationship 

Because of the force-length relationship, the resting position of a muscle has a 

significant effect on its functional capacity.  The resting length of respiratory muscles, 

especially the diaphragm, is dictated by a dynamic equilibrium of forces including 
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elastic recoil forces of the lung and the effect of gravity on the ribs and contents of the 

chest wall (Fenn 1963, Rochester 1992).  Thus, the resting length is altered by changes 

in thoracic volume related to posture, neural input to the muscles, and diseases of the 

airways, lungs, chest wall and respiratory muscles.  Compared to the diaphragm, the 

resting lengths of other respiratory muscles are less affected by these factors because of 

their attachments and architecture. 

 

A peculiarity of the force-length relationship of the diaphragm is that passive tension at 

L0 is large, whereas with most other muscles, passive tension appears first at L0 

(Whitelaw 1995).  Passive tension is not present in isolated perfused strips of diaphragm 

muscle until the muscle is stretched to lengths above L0 (McCully and Faulkner 1983).  

The diaphragm has a prominent connective tissue membrane covering its entire thoracic 

surface in many species including humans, and in the sheep, this membrane supports 

half the passive tension in the muscle at FRC (Griffiths et al. 1992).  In situ, there is 

substantial passive tension in the diaphragm at lengths as short as 80% L0 (Whitelaw et 

al. 1983, Agostoni and Mead 1964, Rochester 1992).  This is of physiologic 

significance in breathing, as recoil of the diaphragm is an important component of 

respiratory system recoil near RV (Agostoni and Mead 1964).  

 

Animal Studies.  In dogs, the relationship between in situ diaphragm length and 

transdiaphragmatic pressure resembles the in vitro force-length relationship (Kim et al. 

1976, Road et al. 1986b).  At supine FRC, the in situ canine diaphragm is somewhat 

shorter than its in vitro L0 (Road et al. 1986b, Farkas and Rochester 1988b).  Marguilies 

et al. (1990) found that at supine FRC, canine crural fibres were further away from L0 

(~90% L0) than costal fibres (~100% L0), whereas at RV, both costal and crural fibres 

were close to L0.  All inspiratory muscles become shorter when the lung is inflated 

above FRC (Rochester and Farkas 1995).  Passively increasing the lung volume of 

supine anaesthetised dogs from FRC to TLC shortened the diaphragm by 25-35% 

(Newman et al. 1984, Farkas et al. 1985, Road et al. 1986b, Farkas and Rochester 

1988b).    

 

In contrast, the in situ canine parasternal intercostals are about ~15% longer than their in 

vitro L0 (Farkas et al. 1985).  In addition, passive inflation of the lungs from FRC to 

TLC shortens the parasternals by only ~10% (Decramer and De Troyer 1984, Farkas et 

al. 1985, Decramer et al. 1986a).  Consequently, in supine dogs, increasing lung volume 
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above FRC causes the parasternals to move towards L0 rather than away from it. The net 

result is that the force-generating capacity of the canine parasternals remains unchanged 

or slightly increases as lung volume is increased from FRC to TLC (Jiang et al. 1988).  

The force-length relationship of the canine scalenes is similar to that of the diaphragm, 

in that length at FRC is shorter than L0 (Farkas and Rochester 1986).  However, the 

amount of shortening of the scalenes during passive inflation from FRC to TLC is only 

6% (Farkas and Rochester 1986), considerably less than the diaphragm.  Therefore the 

force generating ability of the scalenes should be better preserved than that of the 

diaphragm with hyperinflation.  Thus the neck inspiratory and parasternal muscles are 

less disadvantaged than the diaphragm at high lung volumes (Jiang et al. 1988).  

Because the parasternals shorten to nearer their L0 while other respiratory muscles 

shorten away from their L0 (Farkas et al. 1985, 1987), the integrated inspiratory muscle 

apparatus has a broader effective force-length range than any single inspiratory muscle.  

  

Whereas acute hyperinflation causes shortening of all inspiratory muscles, it induces 

lengthening of expiratory muscles of the abdominal wall, particularly the transversus 

abdominis and the internal oblique muscles.  In supine dogs, during passive lung 

inflation from FRC to TLC, these two muscles lengthen by 15-25%, whereas the rectus 

abdominis and external oblique lengthen by only 1-3% (Leevers and Road 1989).   

 

Human Studies.  Efforts to characterise the force-length relationship of the human 

diaphragm in situ have been hampered by the complex changes in the geometry of the 

diaphragm and rib cage as lung volume increases.  Diaphragm length in situ depends 

both on lung volume and chest wall configuration (Loring et al. 1985).  The length of 

the human diaphragm in situ has been measured over the vital capacity from chest x-

rays (Braun et al. 1982) and magnetic resonance imaging (Gauthier et al. 1994).  From 

RV to TLC, the human diaphragm shortened by 30-35% and, the muscular part of the 

diaphragm by ~40% (Braun et al. 1982, Gauthier et al. 1994).  In humans, the 

relationship between in situ diaphragm length and both transdiaphragmatic pressure and 

maximal inspiratory pressure generated by respiratory muscles (inspiratory Pmus) 

resembles the in vitro force-length relationship (Braun et al. 1982).  Among respiratory 

muscles, the diaphragm is closest to its optimal resting length at FRC (Rochester and 

Farkas 1995).  No data are available on the in situ force-length properties of the 

parasternals, scalenes or of expiratory muscles in humans.   
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Pressure-volume relationship 

Animal Studies.  When phrenic nerves are selectively stimulated in the neck in cats and 

dogs, the transdiaphragmatic pressure for a given stimulation decreases progressively as 

lung volume is increased above FRC to almost zero at TLC (Marshall 1962, Pengelly et 

al. 1971, Evanich et al. 1973, Kim et al. 1976, Minh et al. 1976).  Studies of the in situ 

force-length properties of canine parasternals suggest that force is likely to be preserved 

at increased lung volumes.  However, the fall in pleural pressure produced by the 

contraction of the parasternals depends not only on the force developed by the muscle, 

but also on the ability of the ribs to be displaced in the cranial direction.  In dogs, the 

impedance to cranial displacement increases as lung volume is increased above FRC 

(De Troyer et al. 1985), so that with hyperinflation, as the ribs become more horizontal, 

the load imposed on the contracting parasternals increases.  Consistent with this, in 

dogs, the fall in airway pressure induced by supramaximal stimulation of the parasternal 

and external intercostals decreases progressively as lung volume is increased above 

FRC (DiMarco et al. 1990).    

 

Human Studies.  Respiratory pressures measured at the mouth during maximal static 

inspiratory (MIP) and expiratory (MEP) efforts are the most widely used test of 

respiratory muscle performance in clinical practice.  These pressures vary with lung 

volume (Agostoni and Mead 1964), reflecting the force-length properties of respiratory 

muscles (Rahn et al. 1946).  MIP and MEP depend on the force generated by inspiratory 

and expiratory muscles respectively and on the recoil pressure of the respiratory system.  

To obtain the pressures developed by the respiratory muscles (Pmus), maximum static 

pressures measured at the mouth must be corrected for the recoil pressure of the relaxed 

respiratory system.  The curve relating expiratory Pmus to lung volume retains the 

shape of the MEP-lung volume curve, but with reduced amplitude.  The curve relating 

inspiratory Pmus to lung volume has a different shape than the MIP-lung volume curve.  

Peak inspiratory Pmus is developed at or just below FRC, with less negative pressures 

at higher and lower lung volumes (Rochester and Farkas 1995).  Maximal respiratory 

pressures in patients with asthma and chronic airflow limitation follow much the same 

relationships as found in age-matched healthy subjects but at a higher lung volume 

(Decramer et al. 1980, Rochester and Braun 1985). 
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Transdiaphragmatic pressure (Pdi) varies with lung volume in humans in much the same 

way as MIP.  Danon et al. (1979) showed that in subjects with transection of the upper 

cervical cord, airway pressure and Pdi fell almost linearly as lung volume increased 

above FRC during a constant level of diaphragmatic activation by bilateral pacing of the 

phrenic nerves.  In normal humans, in response to supramaximal bilateral phrenic nerve 

stimulation, twitch Pdi fell by 25% between FRC and FRC + 1 litre (Hubmayr et al. 

1989) and by 60% between RV and TLC (Smith and Bellemare 1987).  With a maximal 

voluntary effort against a closed airway (Mueller manoeuvre), peak Pdi was attained 

near supine FRC (~40% TLC) and Pdi was lower above and below this volume (Milic-

Emili et al. 1964b).  However, the diaphragm may not be fully activated at RV with 

maximal voluntary efforts (Hershenson et al. 1988).  In contrast, twitch Pdi response to 

bilateral stimulation of phrenic nerves was greatest at RV and was only 5% less at 40% 

TLC (Smith and Bellemare 1987).  These findings are consistent with an L0 for the in 

situ human diaphragm between RV and supine FRC, well below erect FRC.     

 

The effect of hyperinflation on the pressure generating ability of the diaphragm in 

normal animals and humans is primarily, if not exclusively, related to the reduction in 

diaphragmatic length (De Troyer and Pride 1995).  While application of the law of 

Laplace is theoretically appropriate to the diaphragm, studies by Braun et al (1982) and 

Loring et al. (1985) have suggested that the shape of the human diaphragm actually 

changes little between RV and TLC.  This implies that the decrease in Pdi with 

increasing lung volume can be explained wholly on the basis of force-length properties 

(Kim et al. 1976, Grassino et al. 1978, Braun et al. 1982, Gauthier et al. 1994).  

 

Force-frequency relationship 

The force and power of isolated perfused muscle strips increases as the frequency of 

external stimulation increases (Rack and Westbury 1969), and in general, the maximal 

tetanic force is 4-5 times higher than twitch force.  The curve relating force to frequency 

rises in a sigmoid fashion to plateau at a stimulation frequency that is dependent on the 

intrinsic contractile speed of the muscle being studied.  A slow muscle will generate 

higher relative force at submaximal stimulation and maximal force at a lower 

stimulation frequency than a fast muscle (Edwards and Faulkner 1995, Rochester and 

Farkas 1995).   
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The force-frequency curve for respiratory muscles is similar to that of other skeletal 

muscles.  Transdiaphragmatic pressure responses to stimulation of the phrenic nerves 

mimic the responses of isolated perfused diaphragm muscle strips to external 

stimulation in animals (Aubier et al. 1981, Moxham et al. 1981, Bellemare et al. 1986) 

and humans (Edwards 1979).  In humans, during bilateral supramaximal stimulation of 

the phrenic nerves, the magnitude of Pdi is about 20% of maximal voluntary Pdi in a 

twitch, about 50% of maximal Pdi at 16 Hz, and 82% at 35 Hz (Bellemare et al. 1986).  

In dogs, the parasternal intercostals produce less force than the diaphragm during 

breathing efforts involving low (10-20 Hz) stimulation frequencies, but more force than 

the diaphragm when high (>50 Hz) stimulation frequencies are required (Farkas et al. 

1985).  The force-frequency response of the human sternomastoid muscle is virtually 

identical to that of limb muscles (Moxham et al. 1980).  The effect of muscle lengths 

shorter than L0 on force development is greater at low frequencies of stimulation than at 

high frequencies (Rack and Westbury 1969). 

 

Neural drive expressed as impulses per breath is constant across species lines.  The 

physiological range of neural firing frequency ranges from 5-70 Hz but most respiratory 

activity is governed by frequencies of 5-30 Hz (Bigland-Ritchie et al. 1992) at which 

force is submaximal.  As the force required of respiratory muscles during breathing at 

rest is so far below maximal, if force is potentially limited by a reduction in resting 

length, the deficit can be made up at least transiently by increasing neural drive.  At 

very high firing frequencies, isolated perfused muscles are highly susceptible to fatigue 

because of impaired transmission at the neuromuscular junction (Krnjevic and Miledi 

1958) or impaired excitation-contraction coupling (Edwards 1979).  The susceptibility 

to fatigue is even greater when the muscle is acutely shortened (Gauthier et al. 1993).  

Further, in the acutely shortened diaphragm, the transdiaphragmatic pressure during 

breathing is closer to maximal transdiaphragmatic pressure, resulting in an increased 

susceptibility to fatigue (Bellemare and Grassino 1982).  Not surprisingly, the acutely 

shortened diaphragm has been shown to fatigue relatively easily, both in vitro (Farkas 

and Roussos 1984) and in situ (Roussos et al. 1979, Tzelepis et al. 1988).  
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Force-velocity relationship 

The relationship between force and velocity of shortening in skeletal muscles is best 

described by a hyperbola (Fenn and Marsh 1935, Wilkie 1950).  For a given level of 

electrical stimulation and muscle length, as the velocity of shortening increases, the 

force sustained by the muscle rapidly diminishes, eventually reaching a velocity at 

which force can no longer be sustained; this maximum velocity of unloaded shortening 

is referred to as Vmax.  Similarly, force increases to its isometric value as the velocity 

of shortening decreases to zero.  This behaviour can be explained by the sliding filament 

hypothesis of muscle contraction (Huxley 1957).  For a given rate of cross-bridge 

formation, as the velocity of contraction increases, a larger proportion of actin and 

myosin sites pass without cross-bridge formation, resulting in an inverse relationship 

between force and velocity of contraction.  The force-velocity relationship can also be 

explained in energetic terms by observations that muscles must liberate extra energy 

when they shorten and do work (Fenn 1923, 1924).  Such a transformation of chemical 

energy into mechanical energy has a limiting rate, so that less force can be maintained at 

high velocities of contraction than at low velocities.  

 

The force-velocity relationships of diaphragm muscle strips (Ritchie 1954) and 

respiratory muscles in situ are hyperbolic (Otis 1977, Goldman et al. 1978, Kikuchi et 

al. 1982).  The force-velocity relationship of respiratory muscles causes maximal 

dynamic inspiratory pressures to be lower than maximal static pressures.  The velocity 

of respiratory muscle, and especially diaphragm, shortening may limit peak respiratory 

pressures and flow rates, particularly during maximal voluntary ventilation, maximal 

exercise and maximal inspiratory flow volume manoeuvres over the full vital capacity 

(Rochester and Farkas 1995).  Agostoni and Fenn (1960) found that the alveolar 

pressure during maximal inspiratory efforts was an inverse function of the velocity of 

airflow and have suggested that the velocity of airflow in maximal inspiratory efforts is 

limited by the force-velocity relationship rather than impedances of the airways, lung or 

chest wall.  Leblanc et al. (1988) found that maximal dynamic inspiratory pleural 

pressures decreased by ~5% for every litre/second of inspiratory flow, so that total 

reduction was 25% at peak exercise ventilation.  Transdiaphragmatic pressure elicited 

by stimulation of phrenic nerves or maximal voluntary effort was inversely related to 

mean inspiratory flow rate in cats and in humans (Hyatt and Flath 1966, Mognoni et al. 

1968, Pengelly et al. 1971).   
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Vmax of any skeletal muscle is a linear function of the calcium-activated myosin 

ATPase activity (Barany 1967), and this is determined primarily by the expression of 

(fast or slow) myosin heavy chain isoforms (Reiser et al. 1985), modulated by the fast 

or slow myosin light chains expressed (Sweeney et al. 1986), and reflected by the 

proportion of fast twitch fibres in the muscle (Close 1972).  This accounts for a Vmax 

for the diaphragm muscle intermediate between the Vmax of the classic slow (type I) 

soleus muscle and the fast (type II) extensor digitorum longus muscle (Faulkner et al. 

1979, 1986, 1991), ideally suited to the diverse metabolic requirements of the 

respiratory muscles for sustained non-fatiguing contractions of type I and IIA fibres and 

the unsustained high power output of type IIB fibres.  For a given muscle, in addition to 

the Vmax, the absolute value for shortening velocity also depends on the number of 

sarcomeres in series (fibre length), afterload and muscle temperature (Ranatunga 1984).  

Although respiratory muscles normally function at low afterloads, the afterload may 

increase due to increased resistance to airflow.   

 

When both force and velocity are normalised to the maximum value, slow muscles 

show greater curvature for the relationship than fast muscles.  The greater curvature 

implies that type I fibres generate less power output than type II fibres at intermediate 

loads.  At high velocity of shortening, the power output of the diaphragm stems mainly 

from its fast fibres.  Faulkner (1986) estimated that a diaphragm with 50% slow and 

50% fast fibres would have 55% of the power of a muscle composed entirely of fast 

fibres, and that fast fibres in such a diaphragm would contribute 95% of the power.  

Expansion of the lungs requires power output by the muscles of respiration; 

consequently, the ability to develop and sustain power is an important function of 

respiratory muscles.  Power can be calculated from the force-velocity relationship as the 

product of force and velocity of shortening; instantaneous peak power occurs at about 

1/3 maximum force and 1/3 of Vmax (Edwards and Faulkner 1995).   

 

Fatigue 

Muscle fatigue is defined as a failure to sustain force or power output (Macklem 1990), 

or deterioration in the capacity to generate maximum force or power output with 

continued or repeated sub-maximal activity (Faulkner and Brooks 1992).  Power of 
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respiratory muscles is the product of force and the rate of airflow, so failure to sustain or 

generate maximum power may reflect a reduced ability to develop force, velocity of 

contraction, or both (Metzger and Moss 1987).   

 

Important distinctions can be made between the central and peripheral mechanisms in 

muscular fatigue.  The former represents an alteration in the capacity to recruit all 

possible motor units, whereas the latter reflects a failure of muscle fibres to respond 

maximally in the presence of full activation.  The human diaphragm is less susceptible 

to central fatigue than the elbow flexors.  However, substantial central fatigue of the 

diaphragm can be produced with a prolonged series of expulsive contractions that 

markedly raise the abdominal pressure.  In pathological states, it is likely that both 

central and peripheral factors contribute to respiratory muscle fatigue (Moxham 1992).   

 

Two forms of peripheral muscle fatigue can be demonstrated following electrical 

stimulation.  High-frequency fatigue occurs after brief periods of stimulation at 

frequencies of 60-80 Hz.  The loss in force is most pronounced at high frequencies and 

force may be near normal at lower frequencies (Edwards et al. 1977, Sandercock et al. 

1985).  The mechanisms responsible for high-frequency fatigue are impaired 

neuromuscular transmission or impaired propagation of the action potential along the 

sarcolemmal membrane.  Recovery from high-frequency fatigue is rapid, occurring 

within a few minutes at most.  Low-frequency fatigue is much more common.  It 

develops slowly after a long, sustained contraction or with prolonged repeated 

contractions.  Low-frequency fatigue is characterised by a greater loss of force at lower 

stimulation frequencies of 10-40 Hz than at frequencies of 100 Hz (Jones et al. 1979, 

Sandercock et al. 1985).  It results from an accumulation of inorganic phosphate 

(Hibbert et al. 1985), hydrogen ions (Metzger and Moss 1987) or a combination of these 

factors (Faulkner and Brooks 1992).  Impaired excitation-contraction coupling may 

occur secondary to impaired propagation of action potentials, or the increased 

concentration of phosphate, hydrogen ions or both (Westerblad et al. 1991).  After 

several hours of repeated contractions, low-frequency fatigue may reflect a depletion of 

muscle glycogen stores and low blood glucose concentrations (Gollnick et al. 1972).  

The force-frequency characteristics of the muscle measured 10 minutes after the end of 

the fatiguing exercise separates the low- (Edwards et al. 1977) from high-frequency 

fatigue (Jones et al. 1979, Edwards 1981).   
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Studies of low-frequency stimulation are of significance because contractions of the 

diaphragm at rest and even during light physical activity are produced by stimulation 

frequencies in the 10 to 40 Hz range (Bigland-Ritchie et al. 1992).  In the presence of 

low frequency fatigue, to maintain constant minute ventilation, an increase in neural 

drive is required (Mador and Acevedo 1991) to recruit more motor units, increased 

firing frequency of each unit, or both (Edwards 1979, Moxham et al. 1981).  Low 

frequency fatigue of the sternomastoid muscle can be produced by inspiratory loading 

sufficient to generate 70% of the maximum inspiratory mouth pressure with each breath 

or by sustained isocapnoeic maximum voluntary ventilation.  This is supported by an 

increase in the rectified integrated electromyogram from a sternomastoid muscle 

exhibiting low-frequency fatigue compared with that of a fresh muscle, even though 

absolute force is unchanged (Moxham et al. 1981). 

 

Fatigue resistance and oxidative capacity are characteristics that separate type I and IIA 

fibres from the highly fatigable glycolysis-dependent type IIB fibres (Peter et al. 1972, 

Burke et al. 1973).  Consequently the observation of an inverse correlation between the 

development of low-frequency fatigue and the proportion of the oxidative muscle fibres 

(Kugelberg and Lindegren 1979) is not surprising.  The characteristics of normal 

respiratory muscles of humans are those of a muscle intermediate between slow and 

fast, that possess the qualities of energy economy and fatigue resistance.  The higher 

resistance to fatigue of the diaphragm and other respiratory muscles relative to most 

limb muscles results from the relatively higher oxidative capacity, capillary density and 

maximum blood flow to the respiratory muscles (Bellemare and Grassino 1982, 

Gandevia and McKenzie 1988).  The preponderance of highly oxidative fibres allows 

the diaphragm muscle to perform at high percentages of maximum voluntary ventilation 

for long periods.  In spite of these characteristics, the diaphragm can be fatigued by 

breathing against a high resistance or by a high duty (contraction)/rest ratio and a high 

cycle rate (Edwards and Faulkner 1995).  Mador et al. (1996) demonstrated long lasting 

contractile fatigue of the diaphragm in 10 healthy subjects after voluntary hyperpnoea at 

levels sufficient to induce task failure  

 

In severe chronic airflow limitation (CAL), Polkey et al. found no evidence of low 

frequency fatigue of the diaphragm after walking on a treadmill to a state of severe 

dyspnoea (Polkey et al. 1995) or after 2 minutes of maximal isocapnoeic voluntary 
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ventilation (Polkey et al. 1997).  These investigators concluded that low frequency 

fatigue was clinically unimportant in CAL.   

 

Muscle fatigue is associated with a slowing of the rate of muscle relaxation and the 

latter has been measured in clinical settings using the sniff test (Koulouris et al. 1989, 

Mulvey et al. 1991, Moxham 1992) or following a brief tetanic stimulation of muscle 

(Mak et al. 1991).  Several studies have shown that diaphragmatic fatigue is associated 

with a reduction in relaxation rate in humans (Esau et al. 1983a, 1983b, Aubier et al. 

1985b).  The relaxation rate usually recovers within 30 mins, suggesting that it reflects 

high-frequency rather than the potentially clinically more relevant low-frequency 

fatigue (Decramer and Macklem 1995).   

 

Pressures developed by respiratory muscles 

Agostoni and Rahn (1960) developed the technique for measuring the pressure across 

the diaphragm (transdiaphragmatic pressure, Pdi) by subtracting pleural pressure (Ppl) 

from abdominal pressure (Pab) measured using oesophageal and gastric catheters 

respectively.  This has enabled the contribution of the diaphragm to pressures developed 

during breathing to be estimated.  The force generating capacity of respiratory muscles 

is estimated from measurements of maximum inspiratory and expiratory pressures, and 

that of the diaphragm from maximum transdiaphragmatic pressure (Pdimax); these 

pressures are measured during maximal efforts against an occluded airway.   

 

Pleural and abdominal pressure 

During inspiration from FRC, Ppl falls due to the combined action of the inspiratory 

muscles.  When expiration is active so that end-expiratory lung volume is below FRC, 

expiratory muscle relaxation and the elastic recoil of the chest wall contributes to the 

fall in Ppl with inspiration.  This occurs in normal humans during exercise (Bye et al. 

1984, Pardy et al. 1984) and threshold loading (Eastwood et al. 1994).  The fall in Ppl 

can occur in 2 distinct phases attributable to relaxation of abdominal muscles with a 

subsequent fall representing shortening of inspiratory muscles (Decramer et al. 1991).  

Aliverti et al. (1997) showed that during any level of exercise, expiratory muscle 

activity was 180o out of phase with inspiratory muscle activity, allowing the diaphragm 
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to contract quasi-isotonically and act as a flow generator, while rib cage and abdominal 

muscles develop the pressures to displace the rib cage and abdomen, respectively.  

During quiet inspiration, Pab increases due to diaphragmatic contraction.  When 

diaphragmatic function is reduced, the magnitude of increase in Pab is reduced and Pab 

may decrease during inspiration (De Troyer and Kelly 1982, Kelly et al. 1984, 

Decramer et al. 1987, Hillman and Finucane 1988).  

   

Transdiaphragmatic pressure 

The relationship between the force developed by contraction or passive stretching of the 

diaphragm and Pdi is not completely understood, but is believed to be influenced by the 

law of Laplace on one hand and the piston-like behaviour of the diaphragm on the other.  

Marshall (1962) proposed that the diaphragm converts force into pressure according to 

the law of Laplace, by which the pressure difference (∆P) across a curved membrane is 

related directly to tension (T) within the membrane and inversely to its radius (R) of 

curvature: ∆P = 2T/R.  A more general formula is ∆P = T (1/R1 + 1/R2), where R1 and 

R2 are the two principal radii required to describe the curvature of a more complicated 

surface.  The formula applies to any point on the surface but it cannot be used to 

describe a whole surface, such as the diaphragm, unless R1 and R2 are the same for all 

points on this surface.  To apply to any point, the tension in the surface must be the 

same in all directions (Whitelaw 1995).  At low lung volumes, the radius of curvature of 

the diaphragm is relatively small, and a given tension would result in a greater Pdi than 

at higher lung volumes, when the radius of curvature is larger.  The relevance of the law 

of Laplace to the diaphragm is supported by the finding that it can explain the 3-

dimensional shape of the dorsal half of the human diaphragm at supine FRC 

reconstructed from magnetic resonance images (Paiva et al. 1992). 

 

However, there are several problems in applying the Laplace law to the diaphragm.  

First, the diaphragm has a complex shape and many radii of curvature that make 

estimation of the relevant radius of curvature difficult.  Whitelaw (1987) found that the 

radius of curvature of the relaxed human diaphragm was greater at the apex than at the 

sides, consistent with the more dependent regions being exposed to a hydrostatic 

gradient in Pab and a smaller, gravitationally determined, gradient in Ppl.  It has been 

assumed for convenience that Pdi follows a vertical hydrostatic gradient in Pab of 1 cm 
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H2O/cm and a vertical pleural pressure gradient of 0.25 cm H2O/cm (Whitelaw 1995).  

However diaphragm shape cannot be fully explained on the basis of these pressure 

gradients because neither the lung nor the abdominal contents behave as fluids.  

Although there is a gravitationally determined gradient in Pab that is close to 

hydrostatic pressure, regional changes in Pab are not well transmitted and are not equal 

everywhere (Decramer et al. 1984b).  The shear modulus of the lung, which determines 

how easy it is to deform, may be sufficiently low at low lung volumes that the lung does 

not impose its shape on the diaphragm.  However, with increasing lung volume, the 

shear modulus increases monotonically (Lai-Fook 1979), and it is likely that the lung 

does impose its shape on the diaphragm at high lung volumes, and does not conform to 

the shape predicted by Laplace law (Ward and Macklem 1995).  Second, the application 

of Laplace law assumes that both the relaxed and contracted diaphragm are isotropic.  

However, measurements in dogs show regional variations in area change during 

contraction (Pean et al. 1991) and that diaphragm tension is non-uniform and 

anisotropic (Margulies et al. 1994).  Further, the tension along a muscle bundle is larger 

in situ under conditions of biaxial stress than at the same length under uniaxial stress, 

indicating that caution is required when extrapolating in vitro muscle data to the in situ 

environment (Margulies et al. 1994).  Finally, in the Aap where most inspiratory 

shortening occurs (Mead 1979), the diaphragm fibres run axially and the relevance of 

the law of Laplace is unclear.   

 

The Aap of the diaphragm diminishes markedly between FRC and TLC, whereas the 

shape of the lung-apposed dome changes little (Braun et al. 1982, Loring et al. 1985) 

and dome surface area increases (Gauthier et al. 1994).  This observation forms the 

basis for the second school of thought concerning diaphragm motion: that the 

diaphragm behaves as a piston, with most of the fibre shortening occurring in the area of 

apposition in an axial direction. The piston analogy is useful in considering how the 

diaphragm converts force into pressure.  At low lung volumes, when a significant 

proportion of the diaphragm is apposed to the circumference of the rib cage, Pdi can be 

considered to be the total axial force exerted by the apposed diaphragmatic fibres 

divided by the cross-sectional area of the rib cage at the level of the area of apposition.  

Because the number of contracting fibres is relatively invariant, Pdi is directly related to 

the tension developed within the fibres and inversely related to rib cage cross-sectional 

area (De Troyer and Loring 1986).   This proposal was supported by the findings of 

Kim et al. (1976) who calculated the radius of diaphragmatic curvature from the ratio of 
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tension (measured with a strain gauge) in the costal diaphragm to Pdi during phrenic 

nerve stimulation as lung volume was increased from RV to TLC in dogs.  Little change 

occurred in this parameter as lung volume increased above FRC, and they found that the 

force-length relation of the diaphragm could explain all the tension-Pdi relationship.  If 

an increase in the radius of curvature contributed to the decrease in Pdi at high lung 

volumes, the ratio of active tension to Pdi should have increased near TLC.  Loring et 

al.  (1985) also observed that the shape of the dome of the human diaphragm changed 

little between RV and TLC.  These observations have led to the suggestion that the 

radius of curvature of the diaphragm dome need not be considered in the determination 

of Pdi when there is a significant area of apposition in a complete band around the rib 

cage (De Troyer and Loring 1986).  Nevertheless, not all the force developed by the 

diaphragm is directed axially, because muscle fibres are not restricted to the area of 

apposition, but constitute a significant area of the lung-apposed surface (Cassart et al. 

1997). The piston analogy breaks down when the diaphragm has shortened sufficiently 

to eliminate some or the entire area of apposition or when the apposed diaphragmatic 

fibres do not run parallel to the body axis.  Under these circumstances, Pdi must be 

determined by muscle tension and dome shape.  
 

Effect of diaphragm structure on transdiaphragmatic pressure 

McCool et al. (1997a) measured the ratio of muscular cross-section of the diaphragm to 

the cross-sectional area of the abdominal rib cage at FRC and MIP in 21 untrained 

healthy subjects and 15 weight lifters using ultrasonography and anthropometry.  In 11 

subjects in whom Pdimax was measured, they found that Pdimax correlated closely with 

diaphragm thickness, muscular cross-section of the diaphragm and the ratio of muscular 

cross-section of the diaphragm to the cross-sectional area of the abdominal rib cage at 

FRC.  Maximal inspiratory pressure (MIP) was also related to diaphragm structural 

measurements, although less well.  They concluded that both Pdimax and MIP reflect in 

part structural attributes of respiratory muscles, the variation in Pdimax was due largely 

to the normal variation in diaphragm structure and weight lifting increases diaphragm 

structure and pressures. 
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Diaphragm structure in chronic airflow limitation 

The results of autopsy studies of diaphragm structure in patients with CAL have been 

inconsistent.  Several investigators have found a decrease in the dimensions of the 

diaphragm in CAL.  Relative to controls, Steele and Heard (1973) found that in chronic 

bronchitis both diaphragm thickness and area were reduced.  However the subjects with 

chronic bronchitis were also of significantly lower body weight and body mass index.  

Butler (1976) found that diaphragm surface area, especially the muscular portion, was 

reduced but thickness was maintained in 95 subjects with emphysema.  Thurlbeck 

(1978) observed a reduction in diaphragm weight in CAL, and a negative correlation 

between the amount of emphysema and diaphragm weight.  In contrast, Ishikawa and 

Hayes (1973) found that the diaphragm in 9 subjects with CAL had the same surface 

area and was thicker than in their 14 control subjects.  Scott and Hoy (1976) observed 

that the average cross-sectional area of diaphragm muscle fibres was increased in CAL, 

whereas Sanchez et al. (1985) reported this cross-sectional area to be smaller in CAL 

than in control subjects. 

 

Several factors could account for these conflicting results: (1) post mortem changes may 

occur in the diaphragm and excision may lead to variable muscle shortening, (2) the 

severity of emphysema assessed histologically may not relate to the degree of airflow 

limitation and disability in life, (3) many series consist of a small number of cases, and 

the effects of body weight and gender, which are closely associated with diaphragm 

weight and thickness (Thurlbeck 1978, Arora and Rochester 1982a) have not been 

considered.  Loss of diaphragm weight and thickness in CAL patients may be part of the 

general skeletal muscle wasting commonly observed in these patients (Arora and 

Rochester 1987).  There is little information on structural changes of other respiratory 

muscles in CAL.   

   

Maximum transdiaphragmatic pressure 

Maximum transdiaphragmatic pressure (Pdimax) defines the maximal force generating 

capacity of the diaphragm and has been used in studies and standard clinical 

measurements to evaluate diaphragm strength and endurance.  There are several reasons 

why Pdimax provides an incomplete description of diaphragm function.  First, Pdimax 

is neither a sensitive nor specific measurement of diaphragm strength (Gandevia et al. 
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1992).  Pdimax is dependent on the force-length characteristics of the diaphragm, and 

greater values are obtained when inspiratory efforts are initiated from lower lung 

volumes and longer muscle lengths (Smith and Bellemare 1987, Hubmayr et al. 1989, 

Hillman et al. 1990, Mier et al. 1990, Panizza 1995).  Pdimax also varies with the type 

of respiratory effort performed.  Typically Pdimax during maximal voluntary 

inspiratory efforts is ~125 cm H2O (Gandevia and McKenzie 1985).  However, Laporta 

and Grassino (1985) found that values of Pdi >200 cm H2O were obtained when a 

Mueller manoeuvre (maximal contraction of the diaphragm, inspiratory intercostals, and 

accessory muscles) was combined with maximal contraction of the abdominal muscles, 

the Mueller-expulsive manoeuvre.  These differences could be due to diaphragm fibre 

lengthening during the Mueller-expulsive manoeuvre (Hillman et al. 1990, Gandevia et 

al. 1992) or increased diaphragmatic activation during this manoeuvre relative to the 

Mueller manoeuvre alone (Hershenson et al. 1988).  Hershenson et al. (1988) showed 

that respiratory muscles are sometimes not maximally activated despite a maximal 

voluntary effort and concluded that when one respiratory muscle group contracts against 

another, the weaker group was maximally activated and the stronger one submaximally 

activated to maintain balance.  Thus, in antagonistic contractions, the maximal pressure 

generated reflects the strength of the weaker group.  Second, because the manoeuvre 

involves voluntary effort, motivation and coordination are also important 

considerations.  This may in part explain the wide variation in normal values reported in 

the literature.  Third, the major contribution of the diaphragm to ventilation at rest and 

during exercise is as a low-pressure, flow generator (Aliverti et al. 1997). 

 

In subjects with pulmonary hyperinflation due to emphysema, in spite of a reduction in 

diaphragm length (Sharp et al. 1974, Rochester and Braun 1985, Cassart et al. 1997), 

there is substantial overlap between Pdimax values and those in healthy subjects 

(Similowski et al. 1991).  In CAL, MIP has only a limited utility in explaining dyspnoea 

and predicting respiratory failure (Begin and Grassino 1991).  In emphysema, lung 

volume reduction surgery has the potential to reduce dyspnoea and improve exercise 

capacity by increasing diaphragm length and improving diaphragm function (Martinez 

et al. 1997, Criner et al. 1998); however it seems unlikely that Pdimax will be useful in 

predicting outcome of this treatment.   
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Pleural pressure-gastric pressure diagram 

Because isolated contraction of the diaphragm increases Pab and reduces Ppl, whereas 

isolated contraction of inspiratory muscles of the rib cage reduces both Ppl and Pab, the 

relative changes in Ppl and Pab (Ppl-Pab diagram) have been used to infer the relative 

contributions of these two groups of muscles to respiratory efforts (Macklem et al. 

1978, Macklem 1979).  When there is proportionately equal recruitment of both muscle 

groups, Ppl and Pab change to an equal degree.  If recruitment of the rib cage muscles is 

proportionately greater, the ratio of ∆Ppl to ∆Pab increases, whereas preferential 

recruitment of the diaphragm decreases ∆Ppl/∆Pab (Macklem et al. 1978).  These 

interpretations assume that abdominal muscles are relaxed.  Any action of expiratory 

muscles to decrease end-expiratory lung volume can be detected from an increase in 

end-expiratory Ppl and Pab, and Pdi increases due to passive stretching of the 

diaphragm; such patterns have been observed in humans during exercise (Bye et al. 

1984).  The approach is limited to quasi-static conditions or dynamically when the time 

constants of lung and chest wall are identical such as at end-expiration and end-

inspiration (Macklem et al. 1978).  Although the original assumptions underlying the 

analysis have now been largely refuted on the basis of the complexity of diaphragm 

anatomy and action (De Troyer et al. 1981, 1982, Loring and Mead 1982, Mead and 

Loring 1982, Macklem et al. 1983, Decramer et al. 1984b, Ward et al. 1992b), it 

remains a useful approach in analysing the contributions of the diaphragm and 

inspiratory rib cage muscles.  The information obtained from the Ppl-Pab diagram is 

similar to the information obtained in a Konno-Mead diagram, which plots rib cage 

dimensions vs. abdominal dimensions (Konno and Mead 1967).  However inferring 

contributions of specific muscle groups from the latter diagram is not straight forward 

because of the complexity of muscle action on the rib cage (see Displacements of the 

chest wall and The act of breathing).   

 

Effect of chronic airflow limitation on respiratory pressures  

Patients with pulmonary hyperinflation due to chronic airflow limitation (CAL) have 

shorter inspiratory muscles and probably longer expiratory muscles at FRC than normal 

subjects.  On the basis of this one would expect these patients would have reduced MIP 

and maintained or increased MEP.  Sharp et al. (1968) found that MIP at FRC in 20 
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patients with CAL and hyperinflation were less negative than 19 age-matched normal 

subjects.  On the contrary, Byrd and Hyatt (1968) found that relative to absolute lung 

volume, MIP was more negative than predicted in 31 patients with CAL; however when 

Rochester et al. (1979) corrected these MIP values for the static recoil pressure of the 

respiratory system, they found that the values were appropriate for lung volume.  More 

recent measurements of MIP at FRC and RV have found that at these lung volumes, 

most patients with CAL and hyperinflation have essentially normal inspiratory muscle 

strength (Decramer et al. 1980, Rochester and Braun 1985).  Similowski et al. (1991) 

found that Pdi at FRC during bilateral stimulation of the phrenic nerves with single 

twitches in 8 patients with CAL and hyperinflation were lower than those found in age-

matched healthy subjects, but were higher than expected when corrected for the increase 

in absolute lung volume.  At any given absolute lung volume, the patients converted a 

greater fraction of the twitch Pdi into negative Ppl than did the control subjects, 

indicating relative preservation in the capacity of the diaphragm to generate inspiratory 

pressure.  The ability of these patients to generate negative pressures at volumes greater 

than predicted TLC suggests adaptation to hyperinflation.   

 

Skeletal muscle fibre length depends on the number of sarcomeres in series and on the 

length of each individual sarcomere.  Acute reductions in muscle fibre length, as occurs 

in the diaphragm during acute hyperinflation, decreases the length of all sarcomeres, 

and this decrease in sarcomere length accounts for the reduction in muscle contractile 

force due to the force-length relationship.  Tabary et al. (1972), Goldspink et al. (1974), 

and Williams and Goldspink (1978) have shown that limb muscles can be extensively 

remodelled.  Thus when a limb muscle is immobilised for a few weeks in a lengthened 

position, sarcomeres are added; conversely when a muscle is immobilized in a 

shortened position, sarcomeres are lost.  The result is to restore the length of the 

individual sarcomeres and the force-length relationship of the muscle towards normal.  

Similar adaptive changes occur in the diaphragm in experimental emphysema induced 

by elastase in the hamster (Supinski and Kelsen 1982, Farkas and Roussos 1982, 1983, 

Kelsen et al. 1983).  With prolonged hyperinflation in the hamster, there is a 10-15% 

loss of sarcomeres in the diaphragm muscle fibres.  This shifts the force-length 

relationship of the in vitro muscle towards a shorter Lo, and the in situ pressure-

generating ability of the muscle is relatively preserved.  At any comparable absolute 

lung volume, the Pdi developed during spontaneous inspiratory efforts against an 

occluded airway or during tetanic stimulation of the phrenic nerves is substantially 
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greater in emphysematous animals than in control animals (Oliven et al. 1986).  

However the maximal Pdi able to be generated was lower (Oliven et al. 1986); this 

could be due to the increase in radius of curvature of the diaphragm with hyperinflation 

in animals with emphysema.   

 

In addition to changes in diaphragm length, general muscle weakness is likely to 

contribute to the reduction in MIP in some patients in CAL.  Several factors may 

contribute to general muscle weakness in patients with CAL.  Weight loss is common 

and, in patients without respiratory disease, weight loss is associated with reductions in 

diaphragm muscle mass and thickness (Arora and Rochester 1982a) and inspiratory and 

expiratory muscle strength (Arora and Rochester 1982b).  Biochemical and blood gas 

changes may also play a role.  Brief increases in end-tidal CO2 in normal subjects 

reduce Pdi for a given level of diaphragmatic electrical activity (Juan et al. 1984).  

Corticosteroid therapy (Janssens and Decramer 1989, Decramer and Stas 1992), and 

various metabolic disturbances occurring in chronic disease (Dhingra et al. 1984, 

Aubier et al. 1985a) can also cause muscle weakness.    

 

Displacements of the chest wall 

The chest wall may be considered a mechanical contrivance for converting one kind of 

motion, i.e. shortening of respiratory muscles, to another, i.e. change in lung volume.  A 

complete understanding of breathing requires knowledge on how shortening of 

individual respiratory muscles is converted into rib cage and abdominal motion, and 

how this, in turn, influences the volume of the lungs.  Among respiratory muscles, the 

diaphragm has the greatest capacity for shortening and volume displacement (Rochester 

and Farkas 1995). 

 

Imaging techniques 

In humans, chest x-rays, CT and MRI have been used to provide information on 

diaphragm length and shape in situ under static conditions.  These static techniques, 

applied at several lung volumes over the span of the vital capacity, and 

videofluoroscopy have been used to study changes in diaphragm length and shape and, 
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movement of the diaphragm relative to the rib cage and vertebral column during 

inspiration.    

 

Plain x-rays and videofluoroscopy.   

The methods for measuring length and shortening of the human diaphragm in situ from 

chest x-rays taken at multiple lung volumes were developed by Braun et al. (1982).  

This method makes two major assumptions.  First, it assumes that the skeletal structures 

adjacent to costophrenic angles at TLC are a reasonable approximation of the anatomic 

insertions of the diaphragm, allowing the insertions to be identified on x-rays taken at 

lower lung volumes.  However, Gauthier et al. (1994) using MRI and Cassart et al. 

(1997) using CT found that the area of apposition of the diaphragm with the rib cage 

was not completely eliminated in healthy subjects relaxed against a closed glottis at 

TLC, so the assumption of Braun et al. (1982) could lead to underestimates of 

diaphragm length.  Second, the method of Braun et al. (1982) assumes that the coronal 

and sagittal planes determining the diaphragm silhouette on chest x-rays in each subject 

remain fairly constant at different lung volumes so that changes in length of these 

silhouettes are representative of overall length change of the diaphragm.  Significant 

movement of these planes during inspiration could lead to an underestimation of 

inspiratory shortening and excursion of the diaphragm.  The diaphragm silhouette seen 

on a chest x-ray corresponds to the line of the most cranial points of the diaphragm, 

whatever plane they happen to be in, and the line of most cranial points is not likely to 

be all in one plane (Whitelaw 1995).  The relationships between the x-ray silhouettes 

and topography of the diaphragm have been studied using CT and MRI (Whitelaw 

1987, Gauthier et al. 1994).  These studies showed that the diaphragmatic silhouette on 

a posteroanterior chest x-ray is produced by its contour at a near-mid coronal plane and 

this plane moves ventrally with increasing lung volume, while the silhouette on a lateral 

chest x-ray is produced by each hemi-diaphragm contour near each mid-clavicular line 

and these planes moves slightly medially during inspiration.  

 

Posteroanterior projections tend to give a more misleading idea of diaphragm dome 

shape than the lateral projection, partly because the saddle between the domes is 

obscured by the mediastinum and partly because there are two high points along the 

midline sagittal section: one between the domes, and the other at the sternal attachment 
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anteriorly.  In spite of these limitations, chest x-ray and videofluoroscopy silhouettes 

have yielded useful data on the length, shape and shortening of the diaphragm, and the 

volume displaced by diaphragm motion (Braun et al. 1982, Verschakelen et al. 1989, 

1992, Knight et al. 1990, Petroll et al. 1990a, b).   

 

Computed tomography and magnetic resonance imaging.   

Both CT and MRI have provided useful data on diaphragm length and shape.  MRI is 

limited by the duration required for each scan; this requires the subject to maintain lung 

volume, chest wall configuration and state of contraction or relaxation of the respiratory 

muscles for prolonged periods.  Advances in rapid CT scanning with a spiral track have 

reduced these problems (Pettiaux et al. 1997), but CT has the disadvantage of high 

radiation exposure compared with x-rays.  A major limitation of CT and MRI is that 

data about length and shape of the diaphragm pertains to the supine posture, while 

function has been studied most in the upright posture. 

 

Diaphragm kinematics  

Kinematics is the science of pure motion, considered without reference to the objects 

moved or to the forces producing the motion.  The diaphragm has been modelled as a 

“widening piston”, i.e. an inverted truncated cone, capped by a dome.  From RV to 

TLC, the human diaphragm shortens by 30-35%, and the muscular part of the 

diaphragm by ~40% (Braun et al. 1982, Gauthier et al. 1994). 

 

Area of apposition 

Mead (1979) pointed out that a substantial fraction of the internal surface of the rib cage 

was directly apposed to the pleural surface of the diaphragm.  He called this the area of 

apposition (Aap), and outlined its functional importance as 1) a surface reservoir to 

facilitate expansion of the lung during inspiration, 2) a pathway for change in volume, 

3) a site of action of abdominal pressure on the rib cage and vice versa, and 4) as a 

director of diaphragmatic tension.   
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During tidal breathing, the diaphragm functions essentially as a piston, i.e. the axial 

length of the Aap diminishes and the dome descends relative to the costal insertions of 

the diaphragm, increasing the vertical dimensions of the thoracic cavity.  The height of 

the Aap decreases by between 1.0 and 1.5 cm (De Troyer and Loring 1995) and the 

coronal and sagittal diameters of the lower rib cage increase by about 0.3 and 0.5 cm 

respectively (De Troyer and Pride 1995).  In a vital capacity inspiration, the diaphragm 

descends between 8.0 and 9.5 cm in the erect and supine postures (Wade 1954, Braun et 

al. 1982), and the rib cage elevates ~4 cm (D'Angelo and Agostoni 1995).   

 

Gauthier et al. (1994) reconstructed the shape of the diaphragm from MRI in 4 supine 

healthy subjects at several relaxed lung volumes over the vital capacity.  As lung 

volume increased, the rib cage diameter increased, more in the sagittal than the coronal 

direction, the Aap decreased, and the dome descended.  In agreement with the chest x-

ray and fluoroscopic findings of Petroll et al. (1990a, b), the length of the Aap 

correlated with both diaphragm length and rib cage diameter: the Aap decreased with 

increasing lung volume mainly because of shortening of diaphragm fibres, and to a 

smaller extent due to expansion of the rib cage and peeling of the diaphragm away from 

the ribs.   

 

Diaphragm motion may be more complex than indicated above in so far as its motion 

may not be uniform.  In dogs, crural shortening has been noted to be greater than costal 

shortening during tidal breathing (Newman et al. 1984), hypercapnoea (Road et al. 

1986a) and airway obstruction (Easton et al. 1987), and predominates at the onset of 

inspiration (Easton et al. 1987).  Furthermore, the mechanical linkage between these 

parts appears to change with lung volume (Decramer et al. 1984a).  In dogs, Pean et al. 

(1991) found that during contraction of the diaphragm, the diaphragmatic area 

decreased most in the crural and midcostal regions, whereas near the central tendon and 

the rib cage insertions, the area decreased to a much smaller extent and even 

occasionally increased.  These findings suggest that in the dog, rather than contracting 

as a unit, the costal and crural diaphragm differ in the timing and extent of their 

contraction.  Asymmetrical contraction patterns have also been observed in fluoroscopic 

studies in humans.  Vershakelen et al. (1989) found that the axial displacement of the 

diaphragm between RV and TLC was greatest posteriorly and approximately 40% less 

anteriorly.  Froese and Bryan (1974) reported that nondependent regions descended 
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preferentially during passive inflation when the diaphragm was paralysed, whereas 

during active inspiration the dependent regions descended more.    

 

Diaphragm dome 

The dome has a complex shape that defies mathematical description.  The shape of the 

diaphragm depends on its attachments, tension within the muscle and its connective 

tissue sheath, transdiaphragmatic pressure, and on local forces that may be produced by 

friction in places where the lung or liver do not slide easily over the surface.  When 

tension within the diaphragm and transdiaphragmatic pressure are very large in 

comparison with regional variations in pressure caused by hydrostatic gradients or local 

deformities, the shape of the muscle overall should be reasonably described by 

equations relating mean transdiaphragmatic pressure to tension and radius, such as 

Laplace law in the form that relates one transmural pressure to one tension, which is 

assumed to be isotropic, and one radius of curvature for the whole muscle.  Under the 

conditions of normal breathing near FRC, however, mean transdiaphragmatic pressure 

may be of the same order as regional variations in pressure, the diaphragm may not be 

isotropic, and there are many radii of curvature, so that modelling of the shape-tension-

pressure relationship is more complicated and predicts complicated shapes of the 

diaphragm dome (Whitelaw 1995).  So far as the diaphragm dome is accorded any 

shape at all, it is generally portrayed as a hemispheric dome. Mathematical description 

of an asymmetrical, two-humped, non-conical section with fibres out of line with its 

geometric axis, an irregular tendon, attached to structures with non-uniformly 

distributed elastic properties and uneven pressures is a challenge still to be answered 

(Whitelaw 1995). 

 

Loring et al. (1985) used chest x-rays to assess the curvature of the diaphragm dome in 

3 healthy subjects by measuring the ratio of the length of the silhouette of the dome to a 

straight line connecting the intersections of the silhouette with the rib cage.  This ratio 

changed little between RV and TLC, suggesting that dome shape was relatively constant 

over the vital capacity range.  Using MRI in supine subjects, Gauthier et al. (1994) 

found that as the dome descended with increasing lung volume, dome shape in the 

coronal plane changed only slightly whereas, the shapes of the right and left 

hemidiaphragm domes in the sagittal plane changed substantially from nearly 
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hemispherical at RV to nearly flat at TLC.  During inspiration from RV to TLC, the 

posterior part of the dome descended more than the anterior part relative to the sternum 

(Gauthier et al. 1994).  Whitelaw (1987) found that the right hemidiaphragm shortened 

more and descended further than the left, and shortening was greater in the sagittal than 

coronal plane.  Both studies found that the saddle flattened as it descended to a level 

lower than the xiphisternum, where the anterior attachments curved upward to their 

insertion.      

 

Respiratory muscle length in chronic airflow limitation 

Chest and neck x-rays have been used to estimate the in situ length of respiratory 

muscles in CAL.  Sharp et al. (1974) and Rochester and Braun (1985) found that 

diaphragm length at FRC in moderately severe or severe CAL was reduced by 32% and 

28% respectively compared with normal subjects.  In the latter study, the reduction in 

diaphragm length was related to the severity of pulmonary hyperinflation, but the 

relation between diaphragm length and lung volume (expressed as % predicted TLC) in 

CAL was essentially the same as that observed in health.  Sharp et al. (1974) found that 

the lengths of the scalenes and sternomastoid at FRC in patients with severe CAL were 

reduced by 5% and 8% respectively, and were shorter than normal even at TLC.  Sharp 

et al. (1986) also found that length of the external intercostal muscles in 12 patients with 

CAL and severe hyperinflation were ~5% less at RV, FRC and TLC than 12 age-

matched healthy controls, whereas the internal interosseous intercostals were ~15% 

longer than normal.  In the CT study of Cassart et al. (1997) patients with CAL had 

reduced lengths and surface areas of the diaphragm and area of apposition at FRC, 

whereas the length and surface area of the diaphragm dome was similar to that in health.  

During inspiration, diaphragm dome area did not change. 

 

Volume displacements 

The lung and chest wall are in series so that, in the absence of blood volume shifts 

between the periphery and chest wall, any change in lung volume (∆VL) must equal the 

change in chest wall volume (Vw), i.e. ∆VL = ∆Vw.  A change in volume of the chest 

wall (or lungs) can result from a change in volume in the rib cage (∆Vrc) or abdominal 

compartments (∆Vab), or both.  Thus the rib cage and abdominal compartments behave 
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as volume displacing elements in parallel, i.e. ∆VL = ∆Vw = ∆Vrc + ∆Vab (Roussos 

and Zakynthinos 1995).   

 

Partitioning volume displacements from body surface displacements  

Konno and Mead (1967) examined the relationship between anteroposterior 

displacements of multiple points on the surface of the rib cage and anterior abdominal 

wall measured using linearised differential transducers at iso-lung volume while 

maintaining a fixed spinal attitude. They showed a linear relationship between motion 

and volume displacement of each part.  Thus at a constant spinal attitude, ∆Vrc and 

∆Vab represent a single degree of freedom of the chest wall, to the extent that each can 

be represented and measured in terms of a single variable (Smith and Mead 1986).  This 

has enabled partitioning lung volume change into ∆Vrc and ∆Vab, and enabled 

estimation of the proportional contribution of each to lung volume change.  Subsequent 

investigators have used respiratory inductance pneumography (Sackner et al. 1980), a 

measure that varies with cross-sectional area, is more convenient and is less susceptible 

to local distortion.  Konno and Mead (1967) partitionings can be formulated as follows:  

 

∆VL = a ∆Drc + b ∆Dab = ∆Vrc + ∆Vab,w,      (1) 

 

where ∆Drc and ∆Dab are changes in the diameter of the rib cage and abdomen 

respectively, ∆Vab,w is the volume contributed by the displacement of the abdominal 

wall, and a and b are constants.   

 

Relationship between abdominal wall displacement and the volume displaced by 

diaphragm motion. 

The descent of the diaphragm dome with inspiration increases Pab and displaces the 

abdominal viscera caudally.  During quiet breathing, motion of the anterior abdominal 

wall generally conforms to its relaxation relation with abdominal pressure (Grimby et 

al. 1976, Ward et al. 1992a).  Because the abdominal contents are virtually 

incompressible, any local inward displacement of its boundaries results in an equal 

outward displacement elsewhere.  In humans, the parts of the abdominal container that 

can be displaced are largely limited to the anterior abdominal wall and the diaphragm.  
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Consequently, when the diaphragm contracts during inspiration, its descent usually 

results in an outward displacement of the anterior abdominal wall; conversely, when the 

abdominal muscles contract, they generally cause inward displacement of the abdominal 

wall, which results in a cranial displacement of the diaphragm into the thoracic cavity 

(De Troyer and Loring 1995).   

 

These observations led to the concept that motion of the anterior abdominal wall 

reflected motion of the diaphragm.  This model was used to partition changes in lung 

volume between the abdomen/diaphragm and the rib cage and their relative change with 

posture (Konno and Mead 1967, Sharp et al. 1975).  Grimby et al. (1976) found that the 

contribution of the abdomen/diaphragm to tidal volume in supine healthy subjects 

averaged 67% and concluded that, at rest, the diaphragm was the only important active 

respiratory muscle and, during increased ventilation, the activity of other respiratory 

muscles was coordinated to optimize diaphragm function.  Subsequently others using a 

variety of techniques reported abdomen/diaphragm contributions during tidal breathing 

of 33 to 60% in health (Bergofsky 1964, Wang and Josenhans 1971, Hedenstierna et al. 

1981) and 85% in ankylosing spondylitis (Josenhans et al. 1971).  Agostoni et al. (1965) 

used a geometric approach to estimate ∆Vrc in 13 healthy subjects by assuming an 

elliptical cross-sectional shape of the rib cage, and obtained the volume contribution of 

the abdomen/diaphragm by subtraction.  Over the vital capacity, they found that the 

abdomen/diaphragm accounted for more than half of the change in lung volume in the 

standing, sitting and supine positions.  In the erect posture, the rib cage accounted for 

much less of the inspired volume between RV and FRC than between FRC and TLC 

whereas, in the supine posture, the rib cage accounted for the same proportion of 

inspired volume across the entire vital capacity.   

 

Mead and Loring (1982) challenged the idea that motion of the anterior abdominal wall 

reflected diaphragm motion, pointing out that the lower rib cage as well as the free 

abdominal wall may account for the volume displaced by motion of the diaphragm.  In 

dogs, Decramer et al. (1986b) found evidence of inspiratory movement of the lower rib 

cage from the relationship between abdominal cross-sectional area and diaphragm 

length.  They found that shortening of the crural, but not the costal, diaphragm was 

correlated with abdominal cross-sectional area.  If motion of the diaphragm were largely 

that of a piston, the length of the crural diaphragm would be expected to depend on the 

degree of diaphragmatic descent (and volume displacement).  The inspiratory 
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shortening of the costal diaphragm however, would bear a linear relation to 

diaphragmatic volume displacement only if the lower rib cage remained immobile, 

which it clearly did not.  In humans, it has been estimated that diaphragm shortening 

during inspirations made without abdominal displacement was 57-85% of the 

shortening in inspirations made with outward abdominal excursion (Loring et al. 1985).  

Thus the Konno-Mead diagrams illustrate the volume displacements of the rib cage and 

abdominal wall, but do not directly provide information on the associated volume 

displacements of the diaphragm.  Part of the volume displaced by the diaphragm lifts 

and expands the lower rib cage and is not shared with the abdominal wall.  Hence the 

volume displacement of the abdominal wall (∆Vab,w) should be less than that of the 

diaphragm (∆Vdi) by the volume displaced by the diaphragm not shared by the 

abdominal wall.  Conversely, the volume displacement of the whole rib cage (∆Vrc, 

Konno and Mead approach) should be greater than that of the pulmonary rib cage by the 

same amount.  The degree of diaphragm shortening and descent for a given degree of 

neural activation depends on the compliance of the abdomen and rib cage.  Therefore if 

the rib cage expands sufficiently, the diaphragm may shorten during inspiration without 

producing any abdominal displacement (Mead and Loring 1982).  The fraction of the 

volume displaced by the diaphragm not shared by the abdominal wall is ~0.5 over most 

of the VC (D'Angelo and Agostoni 1995). 

 

Mead and Loring (1982) subsequently proposed a model of the chest wall in which the 

lung volume displaced by the diaphragm corresponded on the body surface to 

displacements of the abdominal wall plus that part of the lower rib cage apposed to the 

diaphragm (abdominal rib cage).  Their approach can be summarized in the following 

equations: 

 

∆VL = ∆Vrc,p + ∆Vdi = ∆Vrc + ∆Vab,w      (2) 

∆Vdi = ∆Vrc,ab + ∆Vab,w        (3) 

∆Vrc = ∆Vrc,p + ∆Vrc,ab        (4) 

 

where ∆Vrc,p is the volume displaced by the lung-apposed (pulmonary) rib cage, ∆Vdi 

is the volume displaced by motion of the diaphragm, and ∆Vrc,ab is the volume 

displaced by the diaphragm into the abdominal rib cage.   
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Applying this model to measurements of body surface displacements, Mead and Loring 

(1982) predicted that during quiet inspirations more than half of ∆Vrc would go into 

abdominal expansion and this displacement plus the outward displacement of the 

anterolateral abdominal wall would constitute diaphragmatic displacement.   

 

The contribution of the diaphragm to lung volume change has been difficult to resolve 

in any simple way from its axial displacements measured with chest x-rays, fluoroscopy 

or ultrasound.  The lungs are directly apposed to the rib cage and the diaphragm, and 

changes volume as these surfaces are displaced.  The rib cage-apposed surface moves 

both radially and axially, whereas the diaphragm-apposed surface moves mainly in the 

axial direction.  Axial displacements of the diaphragm-apposed surface of the lungs are 

caused by two distinct mechanisms: change in diaphragm length and movement of the 

insertions of the diaphragm.  Length changes result in caudal displacements of the 

diaphragm dome relative to its insertions, but the insertions move cephalad as the rib 

cage expands, and the entire diaphragm participates in this motion.  Thus the total axial 

displacement of the diaphragm-apposed lung surface is the sum of shortening and non-

shortening components.  These components have very different implications for lung 

volume: an axial displacement produced by diaphragmatic shortening alone is 

associated with equal increases in lung volume, whereas an identical axial displacement 

produced without diaphragm shortening (i.e. entirely by rib cage movement) is 

associated with a smaller change in lung volume.  As the rib cage expands and moves 

cephalad, the diaphragm’s insertions on the rib cage move cephalad and outward.  The 

outward displacement tends to flatten the diaphragm, lowering the diaphragm’s dome 

relative to its insertions, so that outward displacement of the rib cage would displace the 

diaphragm axially, in the inspiratory direction.  But the upward component moves the 

entire diaphragm axially in the expiratory direction (Mead et al. 1995). 

 

Mead and Loring (1982) have pointed out that the rib cage moves cephalad during 

expansion, displacing the cephalic surfaces of the abdominal cavity, including the 

diaphragm, axially as well as radially, and expanding the abdomen.  The total expansion 

of the abdominal compartment due to displacement of the rib cage is significant, even at 

high lung volumes when the area of apposition is small.  Mead et al. (1995) have 

estimated the change in lung volume due to shortening of the diaphragm during quiet 

breathing.  ∆Vrc estimated from body surface displacements is between 2/3 and 3/4 of 

the total lung volume change during ordinary breathing (Grimby et al. 1968).  At 
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ordinary lung volumes, Mead et al. (1995) assigned 60% of this displacement to ∆Vrc,p 

and ~25% to a cephalad displacement of the diaphragm-apposed surface (Mead and 

Loring 1982).  The net displacement of the lung produced by the rib cage, expressed as 

a fraction of an ordinary tidal volume, is then 0.6 (0.67 to 0.75) minus 0.25 (0.67 to 

0.75), or between 0.24 and 0.29.  Thus, about ¼ of the change in lung volume during an 

ordinary inspiration can be assigned to the rib cage and the remaining ¾ of the volume 

change to diaphragmatic shortening (Mead et al. 1995).  Mead et al. (1995) argue that 

these abdominal displacements are the rib cage’s major mechanical contribution to 

breathing.  By means of these displacements, the rib cage makes way for the primary act 

of the diaphragm, which is to change lung volume; as the rib cage expands, it lowers 

abdominal pressure and permits a larger fraction of transdiaphragmatic pressure to go 

into lowering the pleural pressure.  In this way, Mead et al. (1995) argue that the rib 

cage is mainly an abdominal pump, and only secondarily a lung pump.   

 

Thus the direct contribution of diaphragm displacement to lung volume change is, in 

most circumstances, large.  Even when only the muscles of the rib cage are active, in 

which the anterior abdominal wall moves inward, the diaphragm shortens, and the 

diaphragmatic displacement accounts for 2/3 of the lung volume change.  However, this 

does not necessarily imply that the diaphragm contributes to most of the mechanical 

work done.  In the example just considered, despite substantial shortening, the 

diaphragm would do no work, since the diaphragmatic fibres do not develop tension 

(Mead et al. 1995).  ∆Vdi need not result from active contraction of the diaphragm.  In 

normal adults, the end-expiratory position of the diaphragm is under mild passive 

stretch in the upright (Whitelaw et al. 1983) and supine position (Agostoni and Mead 

1964).  Contraction of the abdominal muscles during expiration increases 

transdiaphragmatic pressure (Mier et al. 1985, Puddy et al. 1992) and lengthens the 

diaphragm (Farkas and Rochester 1988a).  Relaxation of the abdominal muscles permits 

substantial early inspiratory descent with volume displacement and inspiratory airflow 

in the absence of active diaphragmatic contraction (De Troyer 1983, Krayer et al. 1988, 

Easton et al. 1993).  
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Volume displaced by diaphragm motion  

Animal studies.  Using CT scans in one dog, Petroll et al. (1990b) evaluated two 

models for estimating ∆Vdi from linear dimensions obtained at anteroposterior 

fluoroscopy.  They found that a conical model that took into account inspiratory 

changes in rib cage diameter and dome shape was superior to a model based on a piston 

in a cylinder.  They also found that ∆Vdi was only weakly correlated to shortening of 

the costal diaphragm.  Using this model, Knight et al. (1991) showed that ∆Vdi always 

exceeded ∆Vab, and that ∆Vab/∆Vdi was proportional to abdominal compliance.  ∆Vdi 

correlated better with costal than crural shortening, and there was a strong correlation 

between the difference between ∆Vdi and ∆Vab, i.e. the volume displaced by the 

diaphragm into the abdominal rib cage, and shortening of the costal diaphragm (Knight 

et al. 1991). 

 

In dogs, ∆Vdi has been shown to account for 47-67% of inspired volume during tidal 

breathing (Krayer et al. 1988, Warner et al. 1989, Petroll et al. 1990b, Knight et al. 

1991, Ward et al. 1992a).  Expiratory muscles contributed about half the thoracic 

volume displacement in spontaneously breathing supine dogs (Warner et al. 1989), 

about half the tidal volume in prone or supine anaesthetised dogs (Farkas and Schroeder 

1993) and 62% of tidal volume in upright animals (Farkas et al. 1989). 

   

Human studies.  The first attempts to measure ∆Vdi in humans were made by Wade 

(1954).  He measured the change in rib cage circumference and position of the dome of 

the diaphragm relative to its insertions during tidal breathing, as well as over the 

inspiratory capacity, expiratory reserve volume and vital capacity in 10 upright and 

supine normal subjects.  He assumed that the volume-displacement relationships of the 

rib cage and of the diaphragm to be linear and equal in the supine and standing posture, 

i.e.  

 

∆VL = a ∆Crc + b ∆Hdi = ∆Vrc,p + ∆Vdi       (5) 

 

where ∆Crc + ∆Hdi were the changes in the circumference of the rib cage and position 

of the diaphragm dome respectively.  From the two equations in the two postures, he 

solved for constants a and b.  He found that the diaphragmatic excursion accounted for 
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most of the lung volume inspired between RV and FRC especially in the supine posture, 

whereas the change in the circumference of the chest had a greater effect at lung 

volumes above FRC especially in the upright position (Wade and Gilson 1951, Wade 

1954).  Although experimental evidence for a linear relationship between axial 

displacement of the diaphragm and ∆Vdi has been provided in the standing posture 

(Verschakelen et al. 1992), the other assumptions made by Wade remain questionable. 

   

Rochester et al. (1987) calculated ∆Vdi from the product of the change in diaphragm 

length and the cross-sectional area of the lower rib cage using the previously published 

dimensions of the diaphragm and rib cage of Braun et al. (1982).  They found that the 

ratio of ∆Vdi to inspired volume was ~80% between RV and FRC, ~60% of tidal 

volume and ~45% above the tidal range.  Over the entire vital capacity, ∆Vdi 

represented ~60% of the inspired volume.  If there was no change in thoracic diameter 

with inspiration, the volume swept by the diaphragm would lie in a cylinder with a 

cross-section corresponding to the shape of the lower rib cage.  When there is an 

increase in lower rib cage diameters with inspiration, ∆Vdi includes volume caudal to 

the initial position of the diaphragm that is attributable to expansion of the lower rib 

cage, as well as volume swept in the path of the original cylinder (Rochester and Farkas 

1995).  In upright adults, sagittal and coronal diameters of the lower rib cage increase 

by ~15% between RV and TLC, so that thoracic cross-sectional area increases by ~30% 

(Braun et al. 1982). 

 

Using videofluoroscopy, Vershakelen et al. (1989) calculated ∆Vdi from measurements 

of the axial displacement of the diaphragm and respiratory inductance pneumography in 

8 healthy subjects using the theoretical analysis described by Mead and Loring (1982). 

They found a linear relationship between axial displacement of the diaphragm and 

∆Vdi.  Vershakelen et al. (1992) subsequently developed a model for estimating ∆Vdi 

from lateral fluoroscopic images alone using the equation:  

 

∆Vdi = 1.8 DSAG • Adi         (6) 

 

where DSAG was the sagittal diameter of the abdominal rib cage and Adi was the area 

swept by the fluoroscopic silhouette of the diaphragm in the sagittal plane during 

inspiration.  These estimates of ∆Vdi correlated closely with those based on axial 
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displacement of the diaphragm, respiratory inductance pneumography, and the 

theoretical analysis of Mead and Loring (1982).  In both of these studies, ∆Vdi 

accounted for 50-60% of vital capacity.  However, there are reasons to believe that the 

videofluoroscopic method of Vershakelen et al. may lead to inaccurate estimates of 

∆Vdi.  The geometric model on which the method of Vershakelen et al. (1992) is based 

can be inferred from the equation above.  This suggests that the cross-sectional shape of 

the abdominal rib cage was rectangular with coronal dimensions 1.8 times the sagittal 

diameter.  The cross-sectional shape of the rib cage used in this model differs 

substantially from that of the pulmonary rib cage described by others (Pierce et al. 1979, 

Chihara et al. 1996) such that ∆Vdi is likely to be overestimated (see below).   

 

Whitelaw (1987) reconstructed diaphragm contours from conventional CT images in 

one healthy subject and showed that ∆Vdi was 68% of inspired volume between FRC 

and FRC + 1L.  Krayer et al. (1989) used high speed 3-dimensional CT to show that 

∆Vdi/tidal volume was higher when supine than prone in awake and anaesthetised 

subjects, but was reduced by anaesthesia and paralysis.   

 

Dynamic measurements of ∆Vdi.  Breath-by-breath measurements of ∆Vdi would 

allow continuous measurement of work and power output of the diaphragm and may 

improve assessment of diaphragm function.  Measurement of ∆Vdi during breathing 

cannot be made using chest x-rays, but may be possible using either ultrasound or 

videofluoroscopy.  Ultrasound can accurately measure change in length of the area of 

apposition of the costal diaphragm, and this measurement correlates closely with change 

in diaphragm length (McKenzie et al. 1994).  However ultrasound images are obtained 

from a single, narrow plane and cannot image the diaphragm dome.  They may therefore 

be misleading in disorders where there the diaphragm dome changes shape during 

inspiration, and give inaccurate estimates of ∆Vdi and power. 

   

Fluoroscopy could be used if ∆Vdi could be accurately measured from a single plane, 

and two methods with potential for achieving this have been described.  Petroll et al. 

(1990b) measured ∆Vdi in dogs using antero-posterior fluoroscopy and by modelling 

the subphrenic space and dome of the diaphragm as a truncated cone with a circular 

cross-section and an oblate spheroid, respectively.  Subphrenic volume was divided into 
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a dome and frustrum at end-expiration, and a dome at end-inspiration.  The volumes of 

the domes (Vdome), frustrum (Vfr), and ∆Vdi were calculated from the equations  

 

Vdome = 2/3  π • R2 • Hdome         (7) 

Vfr = 1/3 π • Hfr (REI
2 + REI • REE + REI 

2)       (8) 

∆Vdi = (Vdome,EE + Vfr) - Vdome,EI        (9) 

 

where R and Hdome were the radii and height of the domes respectively, REI and REE 

were the radii of the domes at end-inspiration and end-expiration respectively, Hfr was 

the height of the frustrum and Vdome,EI and Vdome,EE were the volumes of the domes at 

end-expiration and end-inspiration respectively.  The other potential method is that of 

Verschakelen et al. (1992) described above.   

 

There are several reasons to suspect that these methods are likely to give inaccurate 

estimates of ∆Vdi in humans.  The circular and rectangular cross-sectional shapes of the 

rib cage used in these models differ substantially from the near elliptical shapes of the 

pulmonary rib cage described by others (Pierce et al. 1979, Chihara et al. 1996).  In 

addition, neither method accounted for volume occupied by the spine and paraspinal 

tissues in the volume swept by the diaphragm.  The consequences of these departures 

from a more realistic model of the geometry of the rib cage should be to over-estimate 

∆Vdi   

 

The act of breathing 

Actions of respiratory muscles on the rib cage 

Diaphragm 

Contraction of the diaphragm has opposing effects on the upper and lower rib cages.  In 

dogs, selective activation of the diaphragm by electrical stimulation of the phrenic 

nerves causes caudal movement of the upper ribs and a decrease in the cross-sectional 

area of the upper rib cage (D'Angelo and Sant'Ambrogio 1974; Jiang et al. 1988), and an 

increase in the cross-sectional area of the lower rib cage.  When a bilateral 

pneumothorax is introduced to eliminate the effect of Ppl, isolated contraction of the 
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diaphragm causes a greater expansion of the lower rib cage, and has no effect on the 

upper rib cage (D'Angelo and Sant'Ambrogio 1974).  These findings indicate that in 

dogs, the diaphragm has an expiratory action on the upper rib cage due primarily to the 

fall in Ppl, and an inspiratory action on the lower rib cage (De Troyer and Loring 1995).  

The effects of isolated diaphragm contraction on the rib cage have been shown to be 

fundamentally the same in human subjects with traumatic transection of the lower 

cervical cord, which causes paralysis of the intercostal and abdominal muscles and 

leaves the diaphragm intact (Mortola and Sant'Ambrolio 1978, Estenne and De Troyer 

1985), and during phrenic nerve pacing in subjects with transections of the upper 

cervical cord (Danon et al. 1979, Strohl et al. 1984).     

 

The inspiratory action of the diaphragm on the lower rib cage is due to a combination of 

two forces: appositional and insertional (Goldman and Mead 1973, Loring and Mead 

1982, Mead and Loring 1982).  The area of apposition of the diaphragm to the rib cage 

makes the lower rib cage, in effect, part of the abdominal container.  In dogs, pressure 

changes in the pleural recess between the apposed diaphragm and rib cage are almost 

equal to the changes in Pab (Urmey et al. 1988), indicating that the inspiratory rise in 

Pab is truly transmitted through the apposed diaphragm to expand the lower rib cage.  

The magnitude of the appositional action increases in proportion to the area of 

apposition and Pab.  In humans, the greater area of apposed diaphragm laterally 

compared to anteriorly may explain why the diaphragm has a greater expanding action 

on the coronal than on the sagittal diameter of the lower rib cage during quiet breathing 

(Estenne and De Troyer 1985).   

 

In addition to its appositional action, the costal fibres of the diaphragm, which run 

axially in humans, have a direct action to displace the rib cage cranially.  Mead and 

Loring (1982) referred to this as the insertional component of Pdi.  The insertional 

action depends on forces that resist the descent of the diaphragmatic dome, including 

Pab and solid elements in the abdomen and mediastinum (De Troyer et al. 1982).  

Although the expanding action of the diaphragm on the lower rib cage was not affected 

by section of the pericardial attachments to the diaphragm (De Troyer et al. 1982), it is 

possible that other mediastinal structures (e.g. great vessels, oesophagus) contribute to 

this action of the diaphragm by resisting elongation.  Ward et al (1992b) showed that the 

insertional component of Pdi was about 25% of Pdi.  The crural diaphragm is not 

directly attached to the ribs and therefore does not participate in this action.  The crural 
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diaphragm acts on the lower rib cage via inspiratory and expiratory effects on Pab and 

Ppl respectively.  As a result the crural diaphragm, when selectively stimulated, has a 

smaller inspiratory action on the lower rib cage than the costal diaphragm (De Troyer et 

al. 1981, 1982).  The contribution of the insertional component of Pdi on lung volume is 

undefined but estimated to be small (Kenyon et al. 1997).   

 

Influence of abdominal compliance.  The compliance of the abdomen opposes 

shortening of the diaphragm and is an important determinant of the action of the 

diaphragm on the rib cage.  When abdominal compliance is low, the dome of the 

diaphragm may descend less, preserving the area of apposition, and the rise in Pab 

would be greater.  Under these circumstances, for a given diaphragmatic activation, the 

appositional force tending to expand the rib cage is increased.  This phenomenon has 

been demonstrated in tetraplegic subjects, in whom external abdominal compression 

resulted in an increase in expansion of the lower rib cage (Danon et al. 1979, Strohl et 

al. 1984).  Conversely, when the abdomen is very compliant, the dome would descend 

more easily, decreasing the area of apposition, and the rise in Pab would be smaller.  

This may explain the observation in tetraplegic subjects of reduced expansion of the 

lower rib cage in the supine posture, in which abdominal compliance is higher, than in 

the seated posture in which abdominal compliance is lower (Mortola and Sant'Ambrolio 

1978, Danon et al. 1979, Strohl et al. 1984, Estenne and De Troyer 1985).  If the 

abdomen offered no impedance, the area of apposition would be eliminated and, the 

contracting diaphragm muscle fibres would become orientated horizontally and have an 

expiratory insertional action on the rib cage.  Indeed when a dog is eviscerated, the 

diaphragm causes a decrease, rather than an increase in lower rib cage dimensions 

(D'Angelo and Sant'Ambrogio 1974, De Troyer et al. 1982).    

 

Influence of lung volume.  At lung volumes below FRC, the area of apposition 

increases (Mead and Loring 1982), the fraction of the rib cage exposed to Pab increases 

and to Ppl decreases so that the inspiratory action of the diaphragm on the rib cage is 

enhanced.  Conversely, as lung volume increases, the area of apposition decreases, and 

a larger fraction of the rib cage becomes exposed to Ppl.  Hence the diaphragm’s 

inspiratory action on the rib cage diminishes (D'Angelo and Sant'Ambrogio 1974, De 

Troyer et al. 1982, Loring and Mead 1982, Zocchi et al. 1987).  When lung volume 

approaches TLC, the area of apposition all but disappears (Mead and Loring 1982), and 

diaphragm muscle fibres become orientated obliquely.  As in the eviscerated animal, the 
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insertional force of the diaphragm is then expiratory, rather than inspiratory, in 

direction.  Minh et al. (1976) and Sant’Ambrogio and Saibene (1970) have observed 

that when the respiratory system in dogs and rabbits is passively inflated to a lung 

volume above TLC, stimulation of phrenic nerves induces a rise rather than a fall in 

airway pressure, indicating that the action of the diaphragm has become expiratory to 

the lung.  Isolated contraction of the diaphragm then deflates the entire (lower and 

upper) rib cage.  The dual effects of increased abdominal compliance and increased lung 

volume may account for the inspiratory decrease in the coronal diameter of the lower rib 

cage in subjects with emphysema and severe hyperinflation (Hoover’s sign). 

 

The diaphragm as two muscles.  De Troyer et al. (1981, 1982) stimulated the costal 

and crural parts of the diaphragm separately at FRC in anaesthetised dogs.  Stimulation 

of the costal fibres in the intact animal produced an inflationary action on the lower rib 

cage.  When the abdomen was opened, preventing an increase in Pab, costal stimulation 

no longer inflated the lower rib cage.  The inflationary action of costal stimulation was 

partially restored by preventing changes in Ppl by creating an open pneumothorax.  

These observations led to the conclusions that (a) Pab did indeed expand the lower rib 

cage, (b) the insertional component of Pdi was responsible for rib cage inflation in the 

absence of changes in Pab and Ppl, and (c) Ppl had a deflationary action on the rib cage 

that counteracted the inflationary action of the insertional component of Pdi.  

Stimulation of the crural fibres in the intact animal had no influence on the dimensions 

of the lower rib cage, even though Pab increased and the anterior abdominal wall moved 

outward.  When the abdomen was opened, crural contraction had a deflationary action 

on the rib cage, but when a pneumothorax was introduced, the rib cage no longer 

displaced.  They concluded that the crural part of the diaphragm had no direct action on 

the rib cage because it had no insertions into the ribs; the actions of the crural part were 

indirect through the effect of crural contraction on Pab and Ppl.  The effect of these 

fibres depends on the balance between the inflationary effect of Pab and the deflationary 

effect of Ppl.    Because in the intact animal the crural part of the diaphragm does not 

affect the dimensions of the lower rib cage when it contracts at FRC, these two opposite 

effects cancel each other. 

 

The finding that the two muscular parts of the diaphragm had different actions led to the 

proposal that the diaphragm was composed of two distinct muscles, the costal 

diaphragm and the crural diaphragm (De Troyer et al. 1981).  This concept is supported 
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by other differences between these two parts of the diaphragm including different 

embryologic origins (Langman 1975), different innervations (Sant'Ambrogio et al. 

1963, De Troyer et al. 1982, Laskowski and Sanes 1987) whereby the costal part is 

supplied predominantly from C4 and 5 and the crural part from C5 and 6, differences in 

the proportions of muscle fibre types, the crural part having more slow-twitch oxidative 

fibres and fewer fast-twitch oxidative fibres than the costal part (Riley and Berger 1979) 

and finally, there can be substantial dissociation between the actions e.g. during 

vomiting where the costal part of the diaphragm is active while the crural fibres around 

the oesophageal hiatus are silent (Monges et al. 1978).   

 

Nevertheless, during respiratory activity, several studies have reported that the costal 

and crural parts of the diaphragm contract simultaneously (Boyd and Basmajian 1963, 

Sant'Ambrogio et al. 1963) and their electrical activity increases similarly when an 

inspiratory load is added (Lourenco et al. 1966).  Cooke et al. (1993) found in intact 

awake lambs that the dynamic responses of the costal and crural diaphragm to various 

hypoxic and hypercapnoeic gas mixtures were the same indicating that these separate 

components of the diaphragm comprise a single functional unit during breathing. 

 

Inspiratory rib cage muscles 

The most important non-diaphragmatic inspiratory muscles of the rib cage are the 

parasternal intercostal and scalene muscles, which contract with every inspiration in 

humans (Raper et al. 1966, De Troyer and Estenne 1984, De Troyer and Sampson 1982, 

Delhez 1974).  The parasternals, when acting alone, act to displace the sternum 

caudally.  This action is antagonised by scalene contraction.  During inspiration, these 

two muscles are coordinated in a way such that the sternum either remains stationary in 

the axial plane or undergoes a cephalad displacement (Macklem 1995).   

 

The intercostal muscles that insert onto the abdominal rib cage are unlikely to have an 

important effect on inspiratory chest wall motion, at least during quiet breathing or slow 

inspirations because they are usually electrically silent during these manoeuvres (Ward 

and Macklem 1995).  Using the Maxwell reciprocity theorem in five healthy humans, 

Wilson et al. (2001) found that the internal interosseous intercostals had an expiratory 

action.  The external intercostals below the fourth interspace are inactive during quiet 
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breathing and only become active late in inspiration with increasing ventilation 

(Primiano 1982, Whitelaw and Feroah 1989), and their inflationary effect decreases 

caudally (Budzinska et al. 1989).  Wilson et al. (2001) have recently found that the 

external intercostals in the dorsal half of the upper rib cage have an inspiratory effect.          

 

When they act alone, the diaphragm and inspiratory rib cage muscles are antagonistic in 

their actions on the abdomen and upper rib cage, but act in the same direction on the 

lower rib cage and the lung.  Isolated contraction of the diaphragm increases Pab 

displacing the abdominal wall outward, and decreases Ppl displacing the upper rib cage 

inward (Macklem et al. 1978, Jiang et al. 1988, Ward et al. 1992b).  Isolated contraction 

of the inspiratory rib cage muscles expands the upper rib cage, causing a fall in Ppl that 

is transmitted across the flaccid diaphragm causing a fall in Pab and inward 

displacement of the abdominal wall. 

 

Abdominal muscles 

Abdominal muscles have two opposing effects on the rib cage.  On one hand, the 

insertional action of the rectus and obliques displace the ribs caudally and deflate the rib 

cage. On the other hand, abdominal muscle contraction displaces the abdominal wall 

inward, increases Pab and displaces the diaphragm cranially.  The rise in Pab has an 

inspiratory action on the lower rib cage via the area of apposition, and the increase in 

passive tension of the diaphragm exerts an inspiratory insertional action on the lower rib 

cage.  These mechanisms have been demonstrated in dogs by studying the isolated 

actions of these muscles before and after evisceration (De Troyer et al. 1983b).  These 

forces are likely to apply to humans, but their effects may be modified by the 

differences in rib cage cross-sectional shape.  In humans, isolated contraction of the 

rectus results in marked caudal displacement of the sternum, a decrease in sagittal rib 

cage diameter and a slight increase in coronal rib cage diameter.  Isolated stimulation of 

the external oblique causes a small caudal displacement of the sternum and a marked 

decrease in coronal rib cage diameter (Mier et al. 1985).  The isolated actions of other 

abdominal muscles on the human rib cage are not known.    
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Pressures applied to the rib cage 

The pressure acting on the lung is the transpulmonary pressure (PL), which under most 

conditions equals Ppl, and the pressure acting on the abdomen is Pab.  The rib cage is 

exposed to several pressures: Ppl, Pab, the insertional component of Pdi (Loring and 

Mead 1982) and the pressure exerted by contraction of rib cage muscles (Prcm).  These 

pressures are applied to different parts of the rib cage.  The insertional component of Pdi 

is applied at the costal margin to ribs 7 to 12.  Pab is applied to the area of apposition, 

which at FRC, includes the ventral ends of these ribs and extends laterally at about the 

level of the xiphisternum  (Mead 1979, Paiva et al. 1992).  Ppl acts on the rib cage area 

apposed to the lungs.  Prcm is applied to ribs 1 to 6, which are entirely in the lung-

apposed part of the rib cage.  As the interspace between the 6th and 7th ribs towards the 

midline anteriorly is at the level of the xiphisternum, Pab and the insertional component 

of Pdi act on the same ribs, 7 to 12, and these are the ribs that are only loosely attached 

to the sternum by rather long and flexible cartilages.  On the contrary, Ppl and Prcm act 

on ribs 1 to 6 that are fairly tightly attached to the sternum (Macklem 1995).  

   

Integrated movement of the chest wall 

The diaphragm is the major muscle of inspiration (Mead and Loring 1982, Mead et al. 

1995), and it is consistently activated during inspiration (Derenne et al. 1978).  Isolated 

contraction of the diaphragm causes distortion of the rib cage.  However, normal 

humans breathing at rest expand the rib cage without distortion, i.e. the sagittal and 

coronal diameters of the lower rib cage increase proportionately and synchronously, and 

the sagittal diameter of the upper rib cage increases as well.  This implies that, even 

during resting breathing, normal humans contract other muscles that expand the upper 

rib cage and increase the sagittal diameter of the lower rib cage (De Troyer and Loring 

1995).  Inspiratory muscles of the rib cage accomplish this.  There is evidence that both 

the parasternals and scalenes contract with every inspiration in humans, and the 

anatomy of these muscles supports the likelihood that they act in a coordinated way 

with the diaphragm to expand and prevent distortion of the rib cage.   

 

The observation of a progressive increase in rib cage contribution to tidal volume during 

exercise (Grimby et al. 1968), CO2 rebreathing (Pengelly et al. 1979) and voluntary 
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hyperpnoea (Sharp et al. 1975, D'Angelo 1981) has been interpreted as evidence of a 

disproportionate increase in inspiratory rib cage muscle activity.  This is supported by 

studies of EMG activity (see below) and the relationship between Ppl and Pg (Bye et al. 

1984).  In normal subjects at rest, the sternomastoids are inactive but as ventilation 

increases or subjects breathe against external loads, activity increases substantially 

(Campbell 1955, Raper et al. 1966, Delhez 1974).  The external intercostals may also be 

recruited as ventilation increases.  The activity of other muscles during inspiration is 

controversial (Delhez 1974, Grimby et al. 1976).  

 

The abdominal muscles are primarily expiratory muscles, and their action enables them 

to unload inspiratory muscles by lengthening them during expiration so that early 

inspiratory flow is generated by passive recoil.  This strategy is employed at rest in the 

horse (Koterba et al. 1988) and dog (Ninane et al. 1988).  In humans, the abdominal 

muscles are inactive during quiet breathing, but become active during exercise, 

hypercapnoea or increased inspiratory loads.  Under these conditions, most subjects 

develop rhythmic expiratory contraction of the abdominal muscles (Campbell 1952, 

Strohl et al. 1981, Martin and De Troyer 1982), suggesting that the expiratory muscles 

in humans may also reduce the work done by inspiratory muscles.  There are differences 

in the recruitment patterns of the different abdominal muscles.  During CO2-induced 

hyperpnoea or breathing against inspiratory mechanical loads, humans recruit the 

transversus abdominis during expiration well before activity can be recorded from other 

abdominal muscles (De Troyer et al. 1990).  This could be due to the effectiveness of 

the transversus in increasing Pab, supporting the idea that the action of these muscles on 

Pab is more important than their action on the rib cage.  Although the abdominal 

muscles usually function during expiration, their contraction during inspiration will 

increase Pab and consequently rib cage expansion (Grimby et al. 1976). 

 

Under certain conditions, other muscles have been reported to show activity during 

inspiration, expiration or both.  These muscles have been grouped under the general 

heading of accessory muscles.  Those showing inspiratory activity include the trapezii, 

pectoralis minor, and serrati, whereas expiratory activity occurs in triangularis sterni 

and subcostal muscles.  Those showing both inspiratory and expiratory activity include 

the pectoralis major, erector spinae (paraspinal muscles) and lattisumus dorsi. 
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Aliverti et al. (1997) used optoelectronic plethysmography and manometry to examine 

the pressures developed by and power output of respiratory muscles and integrated 

movement of the chest wall at rest and during exercise in 5 healthy men.  They found 

that the rib cage and abdominal muscles were recruited from low levels of exercise and 

were activated 180o out of phase, allowing the diaphragm to contract quasi-isotonically 

and to act as a flow generator, while the rib cage and abdomen developed the pressures 

required to displace the rib cage and abdomen respectively.   

 

Effect of chronic airflow limitation on the act of breathing 

Hyperinflation alters the pattern of chest wall motion during tidal breathing.  In supine 

dogs during tidal inspiration at resting lung volume, the concerted actions of inspiratory 

rib cage muscles and the diaphragm causes simultaneous expansion of the rib cage and 

abdomen, and a rise in Pab.  However, when the animal is forced to inspire near TLC, 

the rib cage continues to expand but Pab falls and the abdomen frequently moves 

paradoxically inward (Decramer et al. 1987, Jiang et al. 1989).  A similar alteration in 

thoracoabdominal motion during hyperinflation has been observed in normal humans 

(Wolfson et al. 1983).  Thus during breathing at high lung volumes, the chest wall 

moves as though the diaphragm were weak, although in fact its activation is maintained 

or increased (Decramer et al. 1987).  This observation has been interpreted as reflecting 

a dramatic reduction in the effectiveness of the diaphragm at high lung volumes and the 

relative preservation of the effectiveness of inspiratory rib cage muscles.   

 

In CAL with hyperinflation, diaphragm length and the Aap are reduced (Rochester and 

Braun 1985, Cassart et al. 1997).  Martinez et al. (1990) observed during breathing at 

rest that the rise in Pab decreased relative to the fall in pleural pressure (Ppl) as airflow 

limitation and hyperinflation became more severe in 45 patients with varying degrees of 

CAL and hyperinflation.  In severe CAL, the inspiratory fall in Ppl has been associated 

with a decrease in Pab and inward abdominal motion with rib cage expansion during 

breathing at rest (Sharp et al. 1974, Ashutosh et al. 1975, Sharp et al. 1977) in spite of 

increased inspiratory activation of the diaphragm (Druz and Sharp 1982, De Troyer et 

al. 1997, Sinderby et al. 1998), and this has been attributed to an ineffective diaphragm, 

i.e. to impaired ability to convert activation into pressure change due to reduced 

diaphragm length and the force-length properties of muscle.  As the inspiratory rib cage 
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muscles contract vigorously and expand the rib cage, the larger than normal decrease in 

Ppl, due to the increased airflow resistance and decreased dynamic compliance, may 

pull the diaphragm cranially, causing Pab to fall and the abdomen to move 

paradoxically inward.   

 

Relative to healthy subjects, the combined effect of a reduced Aap and smaller rise in 

Pab in CAL is likely to result in a reduced inspiratory expansion of the lower 

(abdominal) rib cage.  In addition, if the dome of the diaphragm flattened during 

inspiration so that the muscle fibres at their insertions with the ribs run horizontally, 

contraction of the diaphragm would decrease the coronal diameter of the lower rib cage 

(paradoxical motion) (Gilmartin and Gibson 1984, 1986).   

 

In healthy subjects breathing at rest, lung volume at end-expiration corresponds with the 

relaxation volume of the respiratory system where the elastic recoils of the lung and 

chest wall are equal and opposite.  This may not be the case in patients with CAL.  In 

advanced disease, as a result of increased airflow resistance and delayed lung emptying, 

inspiration may commence before the system has returned to its relaxation volume.  As 

a result, in addition to the hyperinflation caused by the reduced static lung elastic recoil, 

these patients may have dynamic pulmonary hyperinflation.  This adds an additional 

load to the inspiratory muscle pump for two reasons.  First, it would further shorten the 

inspiratory muscles and impair their force-generating ability.  Second, when the 

inspiratory muscles start contracting they must first offset the elastic recoil pressure of 

the respiratory system before inspiratory flow can begin and lung volume can increase, 

the equivalent to an inspiratory threshold load.  Evidence of dynamic hyperinflation at 

rest in subjects with CAL has been indirect, based on the temporal relationship between 

the fall in Ppl at the beginning of an inspiratory effort and the onset of inspiratory flow 

(Dal Vecchio et al. 1990, Haluszka et al. 1990).  This phenomenon was called intrinsic 

positive end-expiratory pressure (PEEPi) and was attributed to elastic recoil pressure of 

the respiratory system (Dal Vecchio et al. 1990, Haluszka et al. 1990).  Expiratory 

muscle contraction, observed in severe CAL even at rest (Ninane et al. 1992), may 

contribute to PEEPi.  The relative contributions of expiratory muscle contraction and 

dynamic pulmonary hyperinflation to the positive end-expiratory alveolar pressure 

cannot be discriminated easily in spontaneously breathing patients.   
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End expiratory lung volume decreases in normal subjects during exercise because of 

expiratory activity of the abdominal (especially transversus abdominis) (Martin and De 

Troyer 1982, De Troyer et al. 1990) and rib cage muscles (triangularis sterni, internal 

interosseous intercostals).  Reductions of between 200 and 400 ml occur with the 

transition from rest to light or moderate exercise (Younes and Kivinen 1984, Sharratt et 

al. 1987, Henke et al. 1988), and most studies indicate that the reduction is greater as the 

intensity of exercise increases.  This is an appropriate response, because it allows the 

work of breathing to be shared between the inspiratory and expiratory muscles. 

Abdominal muscle contraction increases diaphragm length at end-expiration, so that 

some of the early inspiratory shortening of the diaphragm and expansion of the lung is 

due to passive recoil of the diaphragm.  Many subjects with severe CAL display 

expiratory contraction of the transversus abdominis muscle at rest (Ninane et al. 1992).  

However, during exercise, patients with CAL usually demonstrate an increase in end-

expiratory lung volume (Grimby et al. 1973, Stubbing et al. 1980, Dodd et al. 1984), 

due to dynamic pulmonary hyperinflation.  The exercise-induced increase in end-

expiratory lung volume in CAL is particularly pronounced in patients with severe 

airflow limitation; average increases of 600 ml have been reported (Dodd et al. 1984, 

O'Donnell et al. 1988).  Although a certain amount of expiratory activity may be 

necessary to achieve maximal expiratory flow, much of the expiratory muscle activation 

may be wasted because dynamic hyperinflation could limit the capacity of the 

diaphragm to be lengthened at end-expiration.  However, Dodd et al. (1984) found that, 

just as in healthy subjects, exercise in CAL elicits a marked increase in expiratory 

activation of abdominal muscles, a marked reduction in end-expiratory abdominal 

dimensions in CAL and a marked increase in end-expiratory dimensions of the rib cage 

associated with an increase in Pab (Grimby et al. 1973, Dodd et al. 1984, Martinez et al. 

1990, Ninane et al. 1993).  Thus during exercise in CAL the rib cage compartment of 

the chest wall accommodates both the increase in end-expiratory lung volume and the 

reduction in volume of the abdominal compartment.  Therefore the inspiratory rib cage 

muscles should undergo marked shortening and a reduction in their force-generating 

ability compared with rest.   

 

To maintain tidal volume, subjects with CAL would have to contract the scalenes and 

parasternals more vigorously than normal subjects, or contract accessory muscles such 

as the sternomastoids and the trapezii.  There is indirect evidence that the inspiratory rib 

cage muscles contract more vigorously and make a greater contribution to tidal volume 



Chapter 2 – LITERATURE REVIEW   
 

 
  

77

in CAL.  Levine et al. (1988) found that during resting breathing, for a given fall in Ppl 

the rise in Pab was smaller in 11 patients with moderately severe CAL than 8 control 

subjects.  In dogs, the impedance of the ribs to cranial displacement increases as lung 

volume increases above FRC.  In CAL, cranial displacement of the ribs at end-

expiration should increase the load against which the inspiratory rib cage muscles 

operate and impair the mechanical advantage of these muscles during exercise (De 

Troyer and Pride 1995).  To compensate for the increased impedance of the ribs, 

hyperinflation might elicit an increase in inspiratory activation of the parasternals or 

scalenes.  Gandevia et al. (1996) showed that relative to healthy controls, the discharge 

frequencies of single motor units in the scalenes and parasternals were increased at rest 

in subjects with severe CAL.  Most stable patients with severe CAL and hyperinflation 

do not contract the sternomastoids or the trapezii when breathing at rest (De Troyer et 

al. 1994, De Troyer and Pride 1995, Gandevia et al. 1996).  The effect of hyperinflation 

on the activation of other rib cage inspiratory muscles has not been evaluated.           

 

Respiratory muscle energetics 

Work of breathing 

External work (W) is performed when a force (F) moves its point of application a length 

(L), i.e. W = F • L.  The mechanical work of breathing cannot be determined this way 

because the forces developed and lengths shortened by respiratory muscles in situ 

cannot be measured.  In a fluid system, work is performed when a pressure (P) changes 

the volume (V) of the system.  Because pressure (P) is force per unit area, force may be 

replaced by pressure • area (A), and therefore W = P • A • L; because A • L = V, then 

W = P • V (Roussos and Zakynthinos 1995).  Thus assuming the chest wall is a fluid 

system, the mechanical work of the contracting respiratory muscles during inspiration 

(W) may be expressed in terms of the integral of pressure produced and the resultant 

volume change, i.e. W = ∫ PdV.   

 

Depending on the load a muscle is contracting against, it may shorten (miometric 

contraction), lengthen (pliometric contraction), or not change length (isometric 

contraction).  During a miometric contraction, the muscle does “positive” work.  If a 

force does work on a contracting muscle so that displacement is in an opposite direction 
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to the force exerted by the muscle, the muscle lengthens.  This is called “negative” 

work.  During an isometric contraction, no displacement takes place and therefore no 

mechanical work is performed (Roussos and Zakynthinos 1995).   

 

Measurement 

Estimates of the mechanical work of breathing (WB) are usually based on the graphical 

analysis introduced by Otis (1954) and refined by Campbell (1958) and Goldman et al. 

(1976).  These estimates require simultaneous measurements of lung volume, preferably 

partitioned into the changes in rib cage and abdominal volume (Goldman et al. 1976), 

and pleural and gastric pressure (Milic-Emili et al. 1964a).  The work performed during 

a breathing cycle is calculated from the area enclosed by the pressure-volume loop.  If 

the relaxation curves of the lung and chest wall are also plotted on the diagram, total 

work may be subdivided into its inspiratory and expiratory elastic and non-elastic 

components.  

 

In analysing respiratory work, it is necessary to distinguish the work done by muscles 

from that done by the elastic recoil of structures on which the muscles operate.  The 

muscles are the diaphragm and muscles of the rib cage and abdomen; the structures are 

the lungs, the diaphragm itself, the rib cage and the abdominal wall.  The pressures 

developed by the muscles are revealed by the pressure differences developed by the 

structures between the relaxed and active states.  The total work done by the chest wall 

is defined by the total pressure, i.e. the pressure developed in the relaxed state plus any 

pressure resulting from muscle action (Mead et al. 1995).    

 

The opposing pressures 

The respiratory muscles work against five main types of forces (Roussos and 

Zakynthinos 1995): 

1. Elastic forces, developed in the tissues of the lung and chest wall when a change in 

volume occurs, 
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2. Resistive forces, offered by the airways to gas flow and by the non-elastic 

deformation of tissues of the chest wall, 

3. Inertial forces, which depend on the mass of tissues and gases and are thought to be 

negligible (DuBois et al. 1956, Mead 1956), 

4. Gravitational forces, which in practice are included in the measurement of elastic 

forces, and  

5. Distorting forces of the chest wall, observed at relatively high ventilations or when 

the subject breathes through resistances.  

 

The total WB estimated by the graphical approach described above may not account for 

all the elastic, flow-resistive and negative work.  It is not possible to estimate the total 

elastic work done on the chest wall and the negative work performed unless compliance 

of the thorax is taken into account; this requires relaxation of chest wall muscles, which 

is difficult to achieve in untrained subjects, and has not been considered by some 

investigators (Roussos and Zakynthinos 1995).   

 

One of the major assumptions of this analysis is that chest wall configuration and shape 

does not depart from that when respiratory muscles are relaxed, and accordingly, the 

relaxed pressure-volume relationships continue to define the stored passive elastic 

energy during active breathing.  The relaxation configurations represent the minimum 

energy configurations of the chest wall (Mead 1974, Goldman et al. 1976).  This 

approximation is reasonably justified during quiet and moderately increased 

spontaneous ventilation during which applied forces are small and the rib cage and 

abdominal wall deform essentially with a single degree of freedom.  Ward et al. (1992b) 

evaluated the mechanical coupling of the abdominal and pulmonary rib cages in humans 

by measuring the relationship between rib cage distortion and the pressure acting to 

restore the rib cage to its relaxed configuration (Plink).  These investigators found that 

Plink was substantial and of a similar magnitude to the pressure developed by 

inspiratory rib cage muscles during tidal breathing so that there was substantial 

resistance of the human rib cage to distortion (Ward et al. 1992b).  However, significant 

distortions may occur when applied muscle forces are large.  Ward et al. (1992b) found 
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that distortion increases with Pdi but the increase was curvilinear such that the rib cage 

became more difficult to distort as distortion increased.  During hyperpnoea induced by 

CO2 or exercise, the chest wall deviates from its relaxed configuration due to volume 

shifts between rib cage and abdomen and these are associated with additional elastic 

work (Bergofsky 1964, Agostoni et al. 1965, Agostoni and Mognoni 1966, Agostoni 

and Torri 1967, Konno and Mead 1968, Grimby et al. 1968, 1976, Goldman et al. 

1976).  Goldman et al. (1976) estimated the extra work necessary to overcome the 

elastic load of volume shifts at high levels of ventilation during exercise would result in 

an underestimation of WB by as much as 25%.  The addition of large external resistive 

loads has also been associated with deformation of the rib cage.  The change in shape of 

the rib cage during the breathing cycle is characterised by a phase lag of the change in 

sagittal diameter relative to coronal diameter (Agostoni and Mognoni 1966, Agostoni 

and Torri 1967).  This kind of distortion does not occur to an important degree in 

healthy subjects even during heavy exercise in the absence of added external respiratory 

loads (Agostoni et al. 1966, Kenyon et al. 1997).   

 

When volume is measured at the mouth, the compressibility of gas is not included in the 

estimation of the work of breathing (Jaeger and Otis 1964).  The volume change 

produced by the respiratory muscles is that occurring in the lungs, and due to the 

compressibility of the gas, is greater than that measured at the mouth.  These differences 

are small at sea level in normal subjects.  However, during maximum voluntary 

ventilation, the two volumes may differ by as much as 35% (Milic-Emili et al. 1964b).  

Gas compression may also become significant in patients with high flow resistances and 

elevated FRC, who breathe at high frequencies and during breathing at high altitude 

(Jaeger and Otis 1964).  Clearly, elastic work will be underestimated if the calculation is 

based on the tidal volume measured at the mouth.  Furthermore, work is required to 

compress alveolar gas at the beginning of expiration and expand it during the first part 

of inspiration.  Because of the phase differences between chest wall movement and flow 

at the mouth, only a part of the energy stored in the alveolar gas by compression or 

expansion is available for producing gas flow (Roussos and Zakynthinos 1995).  The 

amount of elastic work not utilized to displace the gas is dissipated as heat, balancing an 

equal amount of work done by the antagonist muscles (Jaeger and Otis 1964).  

 

The resistive forces offered by chest wall tissues are a sizeable fraction of total 

resistance of the respiratory system in experimental animals (Kochi et al. 1988, 
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Similowski et al. 1989), but a smaller fraction in humans (Liistro et al. 1989, D'Angelo 

et al. 1994).  In patients with increased airway resistance due to CAL, resistance of 

chest wall tissues are an even smaller fraction of total resistance of the respiratory 

system (Guerin et al. 1993).  

 

Negative work is considerable during expiration at rest, and is caused by persisting 

activity of the inspiratory muscles in the initial part of expiration (Green and Howell 

1959, Petit et al. 1960, Melissinos et al. 1981).  As ventilation increases however, it 

steadily diminishes (Petit et al. 1960).  Because muscular efficiency during pliometric 

work is much greater than during miometric work (Abbott et al. 1952, 1953) the oxygen 

cost of negative work is minimal and negative work is generally disregarded. 

 

Partitioning of respiratory work 

The approach of Goldman et al. (1976) partitions work done along two parallel 

pathways terminating at the surfaces of the rib cage and anterior abdominal wall.  It is 

tempting to assign work done along the first pathway to the intercostal and accessory 

muscles and that along the second pathway to the diaphragm and abdominal muscles.  

However this approach and the approach of Macklem (Macklem 1979, Macklem et al. 

1979) neglects the mechanical interaction between the diaphragm and the rib cage, and 

the role of the rib cage in abdominal displacements.  Although the importance of these 

features is recognised, there is not sufficient agreement about their quantitative aspects 

to permit definitions of the separate contributions of the respiratory muscles to 

respiratory work (Macklem et al. 1978, 1979, 1983, Loring and Mead 1982, Mead and 

Loring 1982, Roussos and Zakynthinos 1995).  

 

Mead (1995) has proposed a model to partition respiratory work done by the diaphragm, 

rib cage muscles and abdominal muscles.  These analyses suggest that the diaphragm 

does a substantial fraction of the work.  The cumulative work done varies with the 

pattern of muscle recruitment and exceeds the work measured using traditional 

representations (Margaria et al. 1960); the explanation for this lies in the fact that to 

move the chest wall along its relaxation characteristic requires that work be done to 

prevent distortions.  The abdominal muscles act as more than just expiratory muscles; 

they do negative work during inspiration, which is nearly as great as the positive work 
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done during expiration.  As a result of their coordinated action with the rib cage 

muscles, the fluctuations in abdominal pressure are comparatively small, and the work 

of the diaphragm is minimized.  Grimby et al. (1968) have suggested that minimization 

of the work done by the diaphragm may be the key to respiratory muscle coordination 

during hyperpnoea.   

 

Aliverti et al. (1997) examined the integrated movement of the chest wall at rest and 

during exercise in 5 healthy men and concluded that the diaphragm contracts quasi-

isotonically and acts essentially as a flow generator, while the rib cage and abdomen 

developed the pressures to displace the rib cage and abdomen respectively.  From quiet 

breathing to exercise at 70% maximum predicted workload, the diaphragm power 

output increased 13-fold, due mainly to an increase in ∆Vdi/estimated inspiratory 

duration (6-fold) whereas the power output of rib cage muscles increased 12-fold due 

mainly to an increase in rib cage muscle pressure.   

 

Power output 

Expansion of the lungs is achieved by the output of power by respiratory muscles; 

consequently, the ability to develop and sustain power is an important function of 

respiratory muscles.  Power is the rate of work, and is the product of force and velocity 

of shortening.  For respiratory muscles, power is the product of pressure and the rate of 

airflow (Edwards and Faulkner 1995).  Therefore, the pressure-flow relationship of the 

respiratory muscles enables the power output for a given load to be calculated. 

 

As previously discussed (see Force-velocity relationship), the relationship between 

muscle force and velocity of shortening is hyperbolic.  Instantaneous peak power occurs 

at about 1/3 maximum force and 1/3 of maximum unloaded shortening velocity 

(Edwards and Faulkner 1995), and force and power output plateau with increasing 

frequency of stimulation.   

 

The power output of respiratory muscles reported by most investigators refers only to 

the work measurable from changes in oesophageal pressure and volume at the mouth, 

and therefore does not account for all the work of breathing.  During quiet breathing 

through the nose, when inspiratory muscles normally perform all the work, the power 
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output is ~ 1 cal/min or 0.06 W (Otis 1954, Bergofsky et al. 1959, Fritts et al. 1959, 

Milic-Emili and Petit 1960).  Of this, 0.8 cal/min is the positive work rate done during 

inspiration and 0.2 cal/min is the negative work rate done by inspiratory muscles during 

expiration.  Mechanical power for a given inspiration varies with breathing pattern, is 

greater during nose breathing than during mouth breathing because of higher airway 

resistance (Mead and Agostoni 1964) and increases disproportionately with increasing 

ventilation as a result of increased non-elastic work (Roussos and Zakynthinos 1995).  

In all reported studies, as ventilation increases, the positive work rate progressively 

increases, but the range of experimental estimates is large (Fritts et al. 1959, Milic-Emili 

and Petit 1960).  This may be attributed either to true physiological differences between 

subjects or to differences in methods of measurement, experimental conditions (e.g. 

posture, flow resistance of equipment), or methods of interpreting the work of breathing 

(e.g. not all investigators have considered compliance of the thorax).  There is less 

variability in the relationship between power output and minute ventilation during 

exercise at various intensities (Roussos and Zakynthinos 1995).         

 

Estimated power output of respiratory muscles during a 15 second maximal voluntary 

ventilation was 485 (34 W) (Hesser et al. 1981) and 613 cal/min (43 W) (D'Angelo and 

Milic-Emili 1995) in healthy young adults when volume changes were measured at the 

mouth and in a body plethysmograph respectively.  The former measurements excludes 

the work of gas compression, however the latter may also underestimate power because 

it excludes the elastic work caused by distortion of the chest wall which, during 

maximal voluntary ventilation, is probably substantial (Goldman et al. 1976).  In view 

of the large power potential of respiratory muscles, the mechanical power output 

required during quiet breathing and maximal exercise seems small, amounting to about 

0.2% and 20% of maximum respectively (Milic-Emili 1991). 

 

Power output of the diaphragm has not been measured directly.  Rochester et al. (1987) 

applied previously published measurements of lung volume, thoracic cross-sectional 

area, diaphragm length and transdiaphragmatic (Pdi) pressure made under static 

conditions to a hypothetical forced inspiratory flow-volume manoeuvre to assess the 

dynamic performance of the in situ human diaphragm.  This analysis found that the 

velocity of shortening of the diaphragm accelerated quickly from RV to a maximum 

below FRC and then decelerated almost linearly from FRC to TLC.  Dynamic Pdi was 

relative constant over the vital capacity because at high lung volumes, the shorter 
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muscle length is offset by the reduced rate of shortening.  At peak shortening velocity, 

dynamic Pdi was only 25% of maximal static Pdi.  The power output of the diaphragm, 

calculated from the product of maximal dynamic Pdi and the diaphragmatic contribution 

to flow, was highest around FRC (almost 13 W), and declined as lung volume increased 

from FRC to TLC.   

 

Maximum respiratory muscle capacity for work and power  

The theoretical maximum work available for a breath could be obtained by the area 

defined by the curves relating maximal static inspiratory and expiratory pressures to 

lung volume, which for a young adult male is 20-30 cal (Roussos and Zakynthinos 

1995).  However, the work performed when flow, and therefore muscle shortening, is 

allowed to occur is substantially less than this.  Agostoni and Fenn (1960) showed that 

the maximal inspiratory work for a breathing cycle bears an inverse linear relationship 

with the mean inspiratory flow rate, in keeping with the force-velocity relationship of 

muscle.  Gas compressibility may also limit the maximal work per breath (Jaeger and 

Otis 1964, Milic-Emili 1991).  In terms of maximal inspiratory power output, however, 

the respiratory system seems to be well designed; the maximal inspiratory work occurs 

at a flow rate of 3.6 L/s (Agostoni and Fenn 1960), which for a duty cycle of 0.5 

corresponds to a ventilation of 216 L/min, close to maximal voluntary ventilation 

(Milic-Emili 1991).   

 

Exercising humans have been shown to elevate their respiratory power output by as 

much as 100-fold (Milic-Emili and Petit 1960).  Elevations of diaphragmatic aerobic 

work of these magnitudes should be accommodated by the available capacity for O2 

delivery to the diaphragm under normoxic normotensive conditions (Reid and Johnson 

1983).  However O2 delivery can become critical with hypoxaemia or hypotension.  In 

disease states, where elevated ventilatory work is superimposed on a substantial 

hypoxaemia, hypotension or anaemia, O2 delivery to the diaphragm may become 

inadequate.   
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Energy supply 

Blood Flow 

Blood flow through any tissue is usually measured using the Fick principle, i.e. by 

measuring the uptake or liberation of a substance by the tissue, and the concentration of 

the substance in blood entering and leaving the tissue.  The Fick principle cannot be 

used to measure blood flow to the respiratory muscles as a whole because of the number 

of separate arteries and veins, but has been used to estimate blood flow to individual 

muscles including the diaphragm.   

 

The diaphragm is very well perfused.  In animals, the highest observed blood flow per 

unit weight to the diaphragm, i.e. 600 ml/100g/min (Reid and Johnson 1983), exceeds 

that observed to most other skeletal muscles (Horstman et al. 1976, Honig and Odoroff 

1981, Laughlin and Armstrong 1982) and to the heart (Manohar et al. 1981).  The main 

determinant of respiratory muscle blood flow appears to be level of muscle contractile 

activity.  Blood flow to respiratory muscles, and particularly the diaphragm, increases 

substantially with increases in airflow resistance (Rochester and Bettini 1976, 

Robertson et al. 1977b) and minute ventilation induced by hypercapnoea (Mognoni et 

al. 1974, Robertson et al. 1977c), hypoxia (Rochester 1974, Adachi et al. 1976) or 

exercise (Fixler et al. 1976).  

 

In dogs, blood flow per unit weight of muscle is similar for all respiratory and non-

respiratory muscles during mechanical ventilation when all muscles are inactive.  On 

the transition from mechanical to spontaneous resting ventilation, only the blood flow to 

respiratory muscles increases (Roussos and Zakynthinos 1995).  At low to moderate 

levels of ventilation or inspiratory resistive breathing, the relationship of blood flow to 

work of breathing remains linear for all respiratory muscles (Roussos and Zakynthinos 

1995).  However, as respiratory power exceeds 4 cal/min (0.3 W) during high 

inspiratory resistive breathing, blood flow to the diaphragm (and to a lesser extent the 

intercostals) increases exponentially, reaching a value of ~200 ml/100g/min (Robertson 

et al. 1977b).  This represents to a 25-fold increase in blood flow over the resting level 

in response to a 15-fold increase in work of breathing.  A similar relationship has been 

observed between blood flow and the pressure-time product, another indicator of muscle 

energy expenditure (Rochester and Bettini 1976, 1977b).  In animals, high 
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diaphragmatic blood flow has also been observed during exercise (Fixler et al. 1976), 

when the increase in blood flow is higher in the costal than in the crural regions of the 

diaphragm (Manohar 1988), and during intermittent electrophrenic stimulation 

(Mognoni et al. 1974, Buchler et al. 1985a, b).      

 

During high respiratory muscle power output, the increase in blood flow to respiratory 

muscles appears to be directed preferentially to those muscles doing the most work.  

During hyperventilation, 45% of the increase in blood flow to respiratory muscles goes 

to expiratory muscles and 55% to inspiratory muscles; the diaphragm receives 40% of 

this total increase (Robertson et al. 1977c).  During inspiratory resistive breathing, 

blood flow to inspiratory muscles increases almost 9-fold relative to resting levels (to 

~10% of cardiac output); 50% of the increase goes to the diaphragm, which receives the 

greatest blood flow per unit weight of muscle, 25% to other inspiratory muscles and 

25% to expiratory muscles (Robertson et al. 1977b).  When breathing against high 

expiratory threshold loads, 80% of the augmented flow goes to the expiratory muscles 

and 20% to the inspiratory muscles (Robertson et al. 1977a).  Total blood flow to the 

respiratory muscles during expiratory threshold loading is much higher at comparable 

levels of work of breathing than either inspiratory loads or hyperventilation, reaching 

~13% of the cardiac output (Robertson et al. 1977a, 1977c).  Relative to muscle weight, 

the transversus abdominis receives almost three times more blood flow during 

expiratory loading than the diaphragm during inspiratory resistive loading for 

comparable levels of work done on the lung (Robertson et al. 1977a, 1977b), suggesting 

that it may be at a mechanical disadvantage compared with the diaphragm and requires 

greater tension and energy supply to generate a given change of pleural pressure.   

 

Blood flow to the diaphragm is autoregulated so that it retains the ability to increase its 

blood flow in response to increased metabolic demands even when cardiac output is low 

(Robertson et al. 1977c, Reid and Johnson 1983, Viires et al. 1983, Hussain et al. 1988).  

Blood flow to respiratory muscles including the diaphragm increases during 

hypoxaemia (Adachi et al. 1976, Doherty and Liang 1984), due mainly to an increase in 

respiratory muscle activity but also to vasodilatation of diaphragm vessels (Reid and 

Johnson 1983, Bark et al. 1988) induced by metabolic mechanisms unrelated to nitric 

oxide (Bjornberg et al. 1990).    
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A variety of mechanical factors influence blood flow to respiratory muscles.  Increased 

tension in the diaphragm can compress intra-muscular vessels, increasing vascular 

resistance and decreasing muscle blood flow (Bellemare et al. 1983, Bark et al. 1987).  

The magnitude of this effect appears to be a function of the amount and duration of the 

tension generated during contraction; at extremely high levels of tension, diaphragm 

blood flow appears to stop entirely during the contraction (Bellemare et al. 1983).  

Diaphragm blood flow also appears to be influenced by changes in the level of pleural 

and/or abdominal pressure.  High abdominal pressures may be transmitted to the 

diaphragm musculature, compressing intra-muscular vessels and increasing vascular 

resistance (Buchler et al. 1985a).  However, during intermittent diaphragmatic 

contractions, high positive abdominal pressures do not affect total blood flow, since any 

inhibition of blood flow during the contractile period can be compensated for during the 

relaxation period between contractions (Buchler et al. 1985a).  Diaphragm blood flow is 

also influenced by diaphragm fibre length.  Supinski et al. (1986) have shown that 

increases in diaphragm fibre length produce reductions in muscle blood flow, attributed 

to either narrowing caused by stretching of intra-muscular vessels along their 

longitudinal axis or increased passive tension in the diaphragm.   

 

Substrates 

The metabolic requirements of respiratory muscles are met using the same substrates as 

other skeletal muscles (McGilvery 1979, Odessey 1979).  Like the heart, energy 

requirements of respiratory muscles, and especially the diaphragm, are met almost 

entirely by oxidative metabolism over a large range of power outputs.   The supply of 

substrates to respiratory muscles is maintained mostly by their abundant blood flow, 

whereas fuel storage is of little importance.  The respiratory muscles appear relatively 

resistant to anaerobic metabolism; the diaphragm does not produce lactate except at 

extreme hypoxaemia  (Eldridge 1966, Robertson et al. 1977b, Rochester and Briscoe 

1979, Jardim et al. 1981, Bark et al. 1988, Bazzy et al. 1989, Manohar and Hassan 

1991).  However, when respiratory muscles are subjected to very high power outputs to 

maintain adequate ventilation, anaerobic metabolism is employed before the muscles 

fatigue.  In humans, increased blood lactate levels have been found in healthy subjects 

breathing room air or hypoxic mixtures against inspiratory resistances (Eldridge 1966, 

Jardim et al. 1981) and in patients with status asthmaticus (Roncoroni et al. 1976); the 
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elevated lactate levels have been attributed in part to strenuous work by the respiratory 

muscles.       

 

Oxygen cost of breathing 

For respiratory muscles, measurements of O2 consumption ( &VO2) provide an accurate 

estimate of energy cost because these muscles obtain energy almost entirely by 

oxidative metabolism.  Although the heat liberated per gram of fat exceeds that of 

carbohydrate or protein, the O2 consumed to metabolise one gram of fat exceeds that of 

carbohydrate or protein, so that the enthalpies expressed as kilocalories per litre of O2 

consumed are quite similar regardless of substrate.  Thus the energy outputs of the 

different substrates are sufficiently similar to enable the O2 consumption to be used as a 

surrogate of energy cost regardless of substrate (Roussos and Zakynthinos 1995). 

 

Animal studies.  Direct measurements of &VO2 of any organ can be obtained by 

application of the Fick principle.  This has been used to study &VO2 of the diaphragm 

and other respiratory muscles in animals.  In dogs, diaphragmatic &VO2 is in the range of 

0.2-0.8 ml O2/min/100g during assisted ventilation when the diaphragm is inactive, 0.5-

2.0 ml O2/min/100g during quiet breathing, and 1.7-3.0 ml/min/100g during 

unobstructed hyperventilation (Rochester 1974, 1977c).   The highest levels of &VO2 

occur during breathing against high inspiratory resistances (Robertson et al. 1977b).  

For the diaphragm and respiratory muscles as a whole, relative to power output, &VO2 

increases almost linearly during hyperventilation induced by CO2 (Robertson et al. 

1977c).  With increasing inspiratory resistive loads, the relationship between diaphragm 

power output and diaphragm &VO2 was linear in the study of Reid and Johnson (1983) 

and exponential in that of Robertson et al. (1977b).     

 

Human studies.  In humans, an indirect approach for measuring the O2 consumption of 

respiratory muscles ( &VO2resp) pioneered by Liljestrand (1918) has been used.  Total 

body &VO2 and ventilation are measured at rest and during increased ventilation induced 

by adding dead space or breathing CO2.  &VO2resp can be calculated by extrapolating 

the changes in &VO2 and ventilation.   This approach is difficult to apply for two 

reasons.  First, during quiet breathing the respiratory muscles account for a very small 
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proportion (< 2%) of total &VO2 consumed, and &VO2 is very sensitive to minor postural 

changes, making it difficult to achieve a stable (± 1-2%) resting total &VO2.  Second, at 

high levels of ventilation, non-respiratory muscles become active (Cala et al. 1991, 

1992a) and &VO2 may increase in tissues such as the heart (Roussos and Zakynthinos 

1995).  In spite of these difficulties, several findings have emerged from studies using 

this method.  First, &VO2resp at rest is about 0.25-0.5 ml/min/litre ventilation, or 1-2% 

basal O2 consumption (Fritts et al. 1959, Milic-Emili and Petit 1960, Roussos and 

Macklem 1982).  Second, in contrast to dogs, as ventilation or ventilatory load 

increases, &VO2resp increases hyperbolically: values of 2.4-8.3 ml/min/litre ventilation 

have been reported for ventilations between 100 and 270 litre/min (Liljestrand 1918, 

Cournand et al. 1954, McKerrow and Otis 1956, Campbell et al. 1957, Bartlett Jr. et al. 

1958, Fritts et al. 1959, Milic-Emili and Petit 1960, McGregor and Becklake 1961, 

Shephard 1966, Bradley and Leith 1978, Pardy et al. 1984, Cala et al. 1991).  Third, the 

slope of the hyperbola varies between subjects.  Fourth, in a few studies of subjects with 

respiratory disorders, resting &VO2resp was increased (about double), and the hyperbolic 

increase with increased ventilation was early and steep (Campbell et al. 1957, Cherniack 

1959, McGregor and Becklake 1961).  In one subject with emphysema, the &VO2resp at 

a minute ventilation of 15 L/min exceeded 25% of total body &VO2 (Campbell et al. 

1957).  In patients with acute respiratory failure, &VO2resp in 10 subjects with 

emphysema and 9 subjects with chronic bronchitis were 42% and 25% of total body 
&VO2 respectively; the higher &VO2resp in subjects with emphysema was associated with 

evidence of nutritional depletion (Jounieaux and Mayeux 1995).  In patients with severe 

CAL and hypercapnoea, increases in tidal volume at a constant minute ventilation are 

associated with increases in &VO2resp; the increase in &VO2resp was positively 

correlated with arterial CO2 tension and diaphragm flattening (Pitcher and Cunningham 

1993). 

  

Estimates of &VO2resp have varied greatly between investigators, and even between 

subjects in the same series.  This could be due to physiologic variation or experimental 

differences.  Individual differences in the age (Takishima et al. 1990) and gender 

(Weiner et al. 1989) of subjects, as well as composition and strength of respiratory 

muscles (Weiner et al. 1989) may be partly responsible.  Alternatively, individuals may 

respond differently to high ventilatory tasks, e.g. in some instances activating postural 

muscles. Differences between studies may also reflect differences in the experimental 
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approach.  Voluntary hyperventilation may be accompanied by more extraneous muscle 

activity than breathing through added dead space.  Posture may be important, and may 

explain the low values obtained by Milic-Emili and Petit (1960) in supine subjects.  

Measurement of &VO2resp during hypocapnoea, if allowed to occur, could result in an 

over-estimation of energy expenditure due to increased airway resistance and the 

resultant increase in the mechanical work of breathing (Newhouse et al. 1964).  At high 

levels of ventilation achieved in some studies (McKerrow and Otis 1956, Bartlett Jr. et 

al. 1958, Shephard 1966), it is unclear whether ventilation remained constant during the 

brief duration of measurement or whether subjects had achieved steady state.  The exact 

method of measuring &VO2resp is also likely to be important.   

 

Determinants of oxygen cost of breathing.  The energy cost of skeletal muscle 

contraction depends on the development and maintenance of tension, the degree of 

shortening and the work performed (Hill 1938, Mommaerts 1969).  During a complete 

respiratory obstruction, contraction of respiratory muscles consumes oxygen without 

doing any measurable work.   This observation has led to the suggestion that an index of 

mean force exerted by the respiratory muscles may be more closely related to &VO2resp 

than work of breathing.  In support of this idea, Field et al. (1984) found that &VO2resp 

was more closely related to the time integral of transdiaphragmatic pressure (pressure-

time product) than work of breathing over a wide range of respiratory patterns during 

inspiratory resistive loading.  However, Collett et al. (1985) found that power output 

was a better index of &VO2resp than pressure-time product.  In subjects breathing 

through an inspiratory resistance at constant tidal volume, Collet et al. (1985) found that 

the relationship between &VO2resp and the time integral of mouth pressure (∫Pdt) varied 

at different inspiratory flow rates, and ∫Pdt was a reliable predictor of the &VO2resp only 

when inspiratory flow was held constant.  &VO2resp correlated most closely with the 

product of ∫Pdt and inspiratory flow rate, i.e. power output, over a 10-fold range of 

power outputs.  Further, Dodd et al. (1988b) found that, during inspiratory resistive 

breathing against fatiguing loads, power output determined endurance independently of 

the pressure-time product.  Since the mechanisms underlying fatigue have been 

considered in terms of energetics as an imbalance between energy supply and demand, 

these results lend further support to the idea that power output is a better index of 
&VO2resp than pressure-time product. 
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Inspiratory flow rate and inspiratory muscle contraction frequency are two variables that 

could potentially influence &VO2resp.  It is assumed that the mean inspiratory flow rate 

is proportional to the mean velocity of contraction of the inspiratory muscles.  As 

inspiratory flow increases, the maximum pressure that the muscles can generate falls as 

a result of their force-velocity characteristics.  As a consequence, at a higher flow rate, 

any given submaximal pressure will require increased muscle activation, recruitment of 

a greater number of muscle fibres and a potential increase in &VO2resp.  In dogs, 

Buchler et al. (1985b) found that blood flow to the diaphragm increased as contraction 

frequency increased even though the pressure-time product was kept constant, and 

proposed that frequency of respiratory muscle activation may be an important factor 

relating to &VO2resp.  However, in humans, Dodd et al. (1988a) showed that during 

inspiratory resistive loading, when both power output and pressure-time product are 

kept constant, a three-fold increase in mean inspiratory flow rate (up to 1 L/second) and 

inspiratory muscle contraction frequency did not increase &VO2resp.  The authors 

concluded that inspiratory flow rate alone does not have a measurable effect on 
&VO2resp within the physiologic range and attributed this to the relatively narrow range 

of flows (2 to 4% of maximal contraction velocity) achieved in their study.   

 

Collett et al. (1986) also showed that &VO2resp during inspiratory resistive loading was 

greater at high lung volumes than at FRC even when ventilation, inspiratory flow rate, 

pressure-time product and power output were closely matched.  The greater &VO2resp at 

high lung volumes limits the endurance of inspiratory muscles and has been attributed 

to reduction in sarcomere length (Tzelepis et al. 1988).  

 

Oxygen delivery.  The diaphragm meets augmented metabolic O2 needs by increments 

in its perfusion and oxygen extraction (Rochester and Briscoe 1979).  Blood flow to the 

diaphragm has an approximately linear relationship to O2 consumption (Reid and 

Johnson 1983).  Several studies suggest that at low levels of work, oxygen demands of 

the diaphragm are achieved by increased oxygen extraction with little change in blood 

flow; at moderate levels of respiratory work, the O2 demands are achieved primarily by 

increased blood flow; however, when the blood flow reaches a maximum, any further 

increase in &VO2 appears to be achieved by further increases in O2 extraction (Rochester 

1974, Rochester and Bettini 1976, Robertson et al. 1977a, b, c, Rochester and Briscoe 

1979, Viires et al. 1983).     
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Relationship between oxygen consumption and electromyogram signal strength.  In 

humans, during submaximal rates of positive (miometric) work, Bigland-Ritchie and 

Woods (1974) found that the integrated electromyogram (EMG) of the quadriceps 

muscle was linearly related to muscle O2 consumption and force output.  They 

suggested that EMG measurements could be used to obtain information about the 

changes in average energy expenditure when muscular work is done under different 

physical conditions (Bigland-Ritchie and Woods 1974).  The relationship between EMG 

signal strength and oxygen consumption is likely to be influenced by the type of work 

done (Bigland-Ritchie and Woods 1976) and the extent of anaerobic metabolism 

(Jammes et al. 1998).  Bigland-Ritchie and Woods (1976) found that the relationship 

between integrated EMG measured with surface electrodes and oxygen consumption of 

the vastus lateralis muscle of the leg during cycle ergometry was not equivalent for 

positive (miometric) and negative (pliometric) work; during negative work, not only 

was less fibre activity required to maintain the same force, but there was also a 

substantial reduction in oxygen uptake.   

 

The relationship between diaphragm oxygen consumption and EMG signal strength has 

only been studied in animals, and available evidence suggests a linear relationship.  In 

newborn lambs breathing air and during 3 levels of hypercapnoeic hyperpnoea, Soust et 

al. (1989) found strong linear relationships between normalised values of diaphragm O2 

consumption, transdiaphragmatic pressure-time product and integrated diaphragm 

electromyogram detected using an intramuscular electrode.  In dogs, Rochester and 

Bettini (1976) found that, as inspiratory resistance increased, diaphragm 

electromyogram signal strength rose in direct proportion to an inspiratory pleural 

pressure-time index and diaphragm oxygen consumption to about 16 times above values 

at rest.  In humans at rest and during moderate exercise, diaphragm metabolism is 

aerobic and the work done by the diaphragm during inspiration is likely to be mainly 

miometric, so it is likely that the relationship between diaphragm oxygen uptake and 

EMG signal strength is also linear. 
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Efficiency of breathing 

The efficiency of breathing is conventionally expressed as the ratio of the rate of 

mechanical work (power) to the oxygen cost of breathing ( &VO2resp).  There is a wide 

range in reported estimates of efficiency of breathing, from 1% to 25%, with the 

majority of observers reporting values of the order of 5 to 10% (Cain and Otis 1949, 

Otis et al. 1950, Campbell et al. 1958, Fritts et al. 1959, Milic-Emili and Petit 1960, 

McGregor and Becklake 1961, Reid and Johnson 1983, Collett et al. 1985, Collett and 

Engel 1986, McCool et al. 1989, Cala et al. 1991).  This is lower than observed 

efficiencies for other skeletal muscles, raising the possibility that power may have been 

underestimated or &VO2resp overestimated.  With the possible exception of the studies 

of Otis et al. (1950), it is likely that power was underestimated because, as discussed 

above (see Work of breathing), not all the work done on the elastic and non-elastic 

forces of the chest wall is measured by the usual oesophageal balloon technique.  In 

addition, accurate measurements of the &VO2resp are difficult.  Other factors that may 

contribute to the differences in estimates between studies include biological variability 

such as in muscle fibre composition, differences in experimental settings including the 

nature of the load (pressure vs. ventilatory) (Cala et al. 1992b) and posture, and failure 

to control for respiratory variables with possible energetic significance (e.g. pressure-

time product and inspiratory duration). 

 

In animals, at equivalent power outputs, the efficiency of breathing is less when 

breathing against high resistive loads (Robertson et al. 1977b) than ventilatory loads 

(Robertson et al. 1977c) (8.8% vs. 15.5% respectively).   Similarly in humans, studies 

involving upright subjects breathing against high resistive loads have reported lower 

efficiencies (McGregor and Becklake 1961, Collett et al. 1985, Collett and Engel 1986), 

than studies in supine subjects during maximal voluntary ventilation or other high 

volume loads (Milic-Emili and Petit 1960).  The lowest estimates of efficiency were 

obtained by McGregor and Becklake (1961) in a study where the same subjects 

breathed through resistances or hyperventilated.  For equivalent power outputs, the 
&VO2resp was greater during resistive breathing.  During resistive breathing, apart from 

the increase in the work of breathing due to deformation and gas compression and 

decompression, muscles contract isometrically to maintain posture or stabilise the chest 

wall; thus they consume O2 without directly ventilating the lung.  As a result, efficiency 

of the total respiratory system falls by adding inspiratory resistance (Robertson et al. 
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1977b, McCool et al. 1989).  In addition, during resistive breathing, more inefficient 

fast-twitch fibres may be recruited.  Cala et al. (1991) found that &VO2 during resistive 

breathing was greater than during breathing against elastic loads for the same power 

output and pressure-time product.  They attributed this difference to the preferential 

recruitment of faster less efficient muscle fibres in both the inspiratory muscles and 

those acting as chest wall fixators and stabilisers during breathing against resistive 

loads.  

  

The highest efficiencies in humans were reported by Milic-Emili and Petit (1960) where 

supine subjects breathed through an external dead space.  This may be attributable in 

part to the fact that their subjects were supine, so that fewer postural muscles were 

needed to contract isometrically to stabilise the thorax.  Further, in the supine posture, 

the diaphragm has a greater curvature and longer length; thus, for a given pressure to 

develop, less energy is expended.  Finally it is possible that the work of breathing was 

over-estimated by compression of the oesophageal balloon, which lies under the heart in 

the supine posture.   

 

Efficiency of breathing is also influenced by the mean inspiratory flow rate, which 

reflects the velocity of muscle shortening (Fitting et al. 1986).  As velocity of shortening 

increases, the heat of shortening increases, reaching the largest values at high velocities 

of shortening when efficiency approaches zero.  Conversely, as the velocity of 

shortening decreases, the displacement decreases, with work and efficiency reaching 

zero during an isometric contraction.  Between these two extremes, efficiency is optimal 

at ~30% of maximum velocity and ~30% of the maximal isometric tension.  

Measurements of diaphragmatic length at post-mortem (Arora and Rochester 1982a) 

and maximum inspiratory flow rates suggest that during maximum voluntary 

ventilation, the velocity of diaphragm shortening is only 20% of the maximum 

(Rochester 1982).  Increased lung volume is another factor that decreases efficiency by 

increasing &VO2 (Collett and Engel 1986, McCool et al. 1989).  Thus there is no single 

value of mechanical efficiency for a muscle contraction; it depends on the velocity of 

shortening, on muscle length relative to L0 and on the various experimental conditions.  

Overall, the efficiency of breathing is probably ~10% but in disease may fall to 1-2% 

(Roussos and Zakynthinos 1995).  
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Efficiency of breathing in chronic airflow limitation 

In patients with chronic airflow limitation, &VO2resp is high at rest and increases 

abruptly with small increases in minute ventilation that these patients are able to achieve 

during exercise or hyperventilation (Campbell et al. 1957, Cherniack 1959, McGregor 

and Becklake 1961, Levison and Cherniack 1968).  A number of factors may explain 

the higher &VO2resp at equivalent levels of minute ventilation in this group.  Due to the 

high airway resistance and flow limitation, flow resistive work is much increased.  

Hyperinflation with further dynamic increases in FRC during exercise or 

hyperventilation (Dodd et al. 1984) markedly increases the elastic work of breathing, 

and decreases the length of inspiratory muscles such that increased activation and 

energy consumption is required to maintain ventilation (Collett and Engel 1986).  In 

canine skeletal muscle, when work was performed during brief tetanic stimulations 

against a constant load but shorter muscle length, efficiency decreased (Stainsby and 

Barclay 1971, 1972). 

 

Diaphragm efficiency 

Diaphragm efficiency in health.  In contrast to the total respiratory system, when 

power output and O2 consumption were measured separately for the canine diaphragm, a 

constant diaphragmatic efficiency of about 23% was found as inspiratory resistance was 

increased up to the point of respiratory failure (Reid and Johnson 1983).  A possible 

explanation for this disparity is that as inspiratory resistive loading progressively 

increases, the rib cage and abdominal muscles act to both expand the chest wall and 

unload the diaphragm, which then accounts for progressively more of the total volume 

inspired.  In health, during exercise and loaded breathing, end-expiratory lung volume 

decreases and end-inspiratory lung volume increases (Eastwood 1995, Killian and 

Campbell 1995).  This pattern of breathing is thought to assist diaphragm efficiency by 

increasing diaphragm length at end-expiratory lung volume thereby increasing 

inspiratory pressure and velocity generation relative to neural drive via its elastic and 

force-length properties.  Coordinated relaxation of abdominal muscles and contraction 

of intercostal muscles during inspiration inflates the rib cage without distortion and 

minimises changes of abdominal pressure thereby unloading the diaphragm (Aliverti et 

al. 1997).  Nevertheless O2 consumption of inspiratory muscles of the rib cage continues 
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to increase (Robertson et al. 1977b).  Hence even though the efficiency of the system as 

a whole declines, the mechanical efficiency of the diaphragm remains essentially 

constant.  Efficiency of the diaphragm is not measurable in humans because reliable 

measurements of the volume displaced by diaphragm motion are not available and 

measurement of diaphragm O2 consumption is not possible.  

 

Diaphragm efficiency in chronic airflow limitation.  In contrast to normal humans 

during exercise and dogs with resistive loading there are several reasons why diaphragm 

efficiency would be decreased by diseases causing airflow limitation and hyperinflation. 

Hyperinflation decreases the operating length of diaphragm muscle fibres (Rochester 

and Braun 1985, Cassart et al. 1997) and because of the force-length properties of 

muscle, decreases the force able to be generated relative to neural activation.  

Hyperinflation also decreases the area of apposition of the diaphragm to the lower rib 

cage (Aap), reducing the potential for efficient shortening.  In health, virtually all of 

diaphragm volume change is attributable to shortening of the Aap and inspiration occurs 

with little change of diaphragm shape (Gauthier et al. 1994).  Where the length of the 

Aap is reduced, large tidal volumes require either or both flattening of the diaphragm, 

thereby maintaining its contribution to tidal volume, or increased excursion of the rib 

cage.  When flattening of the diaphragm contributes to diaphragm volume displacement, 

diaphragm contraction will be less efficient because dome fibres must shorten more than 

appositional fibres to achieve a given volume change.  If, because of a high airway 

resistance or airway closure, the lung is unable to be deflated to the volume where the 

elastic recoils of lung and chest wall are equal and opposite (dynamic hyperinflation), 

the ability of expiratory muscles to stretch the diaphragm at end expiration will decrease 

or require a more forceful expiratory effort, rib cage volume will be increased (Grimby 

et al. 1973) and alveolar pressure at end expiration will be positive (Haluszka et al. 

1990).  At the onset of the next inspiration rib cage muscles operate at a shorter than 

usual length and, with the diaphragm, must develop a force equal to the elastic recoil of 

the respiratory system and to the positive pressure in the airways before inspiratory flow 

begins.  Thus this represents a ‘threshold load’ to the respiratory muscles, which must 

be overcome before inspiratory flow will proceed.  In summary, diaphragm efficiency 

may decrease in CAL because of changes in diaphragm geometry and the presence of 

threshold loads such that the abdominal and inspiratory rib cage muscles are less 

effective in unloading the diaphragm. Sleep and obesity are likely to further decrease 

efficiency.  During rapid eye movement (REM) sleep with inhibition of other 
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respiratory muscles, unloading of the diaphragm by abdominal and rib cage muscles 

will not occur and, diaphragm efficiency will decrease.  Further, any decrease in end 

expiratory lung volume (Hudgel et al. 1983) may increase airway closure and 

inspiratory threshold load.  An increased resistance of the upper airways during sleep 

and abdominal obesity will add sleep and posture specific loads to the diaphragm 

requiring an increased drive to maintain ventilation.  Thus diaphragm efficiency may be 

least during REM sleep.  Where ventilation requires a higher power output than can be 

supported aerobically the diaphragm will fail and ventilation will decrease causing 

respiratory failure.   

 

Neural activation of the diaphragm  

Measures of activation 

Respiratory muscles are activated when neural impulses generated in the medulla 

oblongata of the brainstem are transmitted via the spinal cord, peripheral motor nerves 

(such as the phrenic nerves to the diaphragm) and neuromuscular junctions to muscle 

membranes.  The medullary respiratory pattern generator receives inputs from 

chemoreceptors, mechanoreceptors, non-respiratory reflexes and higher centers, and 

coordinates the voluntary and involuntary demands on respiratory activity.  The 

negative feedback chemical control system described by Haldane & Priestley (1905) is a 

tightly regulated component of ventilatory control.  In this system, arterial pH and 

tensions of CO2 and O2 in arterial blood are detected by central chemoreceptors in the 

medulla and peripheral chemoreceptors in the carotid bodies and aortic arch.  Inputs 

from chemoreceptors are integrated in the medulla and neural output from the medulla 

to respiratory motor neurones regulates acid base and blood gases within narrow limits.   

 

In cats, Pitts (1942) demonstrated a direct relationship between electrical stimulation of 

the respiratory centre and phrenic neuron discharge.  In humans, there are three possible 

approaches to quantifying neural activation of the diaphragm.  First, phrenic nerve 

discharge could be quantified; however, this approach is invasive and not suitable for 

routine clinical practice.  Second, diaphragm electromyogram (EMG) could be 

quantified; the considerable advances in quantification of diaphragm EMG are 

discussed in detail below.  Finally, the mechanical consequences of diaphragm 
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activation, i.e. diaphragm tension, active shortening of diaphragm muscle, decrease in 

pleural pressure, inspiratory flow and change in lung volume, could be quantified.   

 

In health, mechanical outputs of the respiratory system increase linearly with diaphragm 

EMG.  In humans, Bigland and Lippold (Lippold 1952, Bigland and Lippold 1954) 

found that during both isometric and isotonic voluntary contractions, muscle tension 

was proportional to the integrated EMG of the muscle detected using skin surface 

electrodes.  In lightly anaesthetised dogs, Lourenco et al. (1966) found that tidal volume 

increased linearly with rectified integrated diaphragm EMG during unobstructed 

breathing.   

 

The most commonly used measures of respiratory muscle activation in humans studies 

are minute ventilation and mean inspiratory flow rate.  These indices are easily 

measured and quantified and are highly reproducible.  However, they lack specificity; 

they may be normal or even reduced in spite of increased output from the respiratory 

centre in the presence of airflow limitation, reduced compliance of the respiratory 

system or respiratory muscle weakness or fatigue.   Airway pressure measured at the 

mouth during the first 100 milliseconds of inspiratory effort from FRC against a closed 

airway (P0.1) is a more specific measure of respiratory drive (Whitelaw et al. 1975); it is 

unaffected by the mechanical impedances of the respiratory system because the thorax 

is stationary.  However P0.1 may remain low or normal in spite of increased drive when 

respiratory muscles are shortened, e.g. with hyperinflation in CAL, or are weak.   

 

In contrast, the relationship between phrenic nerve discharge and diaphragm EMG is 

unlikely to be affected by abnormalities in the length or strength of the diaphragm or the 

mechanical properties of the respiratory system.  In addition, significant progress has 

been made in overcoming the technical problems encountered in accurately quantifying 

diaphragm EMG due to the relative inaccessibility of the diaphragm, movement of the 

diaphragm during respiration and the presence of artefact on diaphragm EMG.  These 

advances are summarised below.     
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Diaphragm electromyogram as a measure of neural activation 

Available data in animals and humans suggests that diaphragm EMG signal strength is 

proportional to activation and O2 consumption of the diaphragm.  In dogs, linear 

relationships have been found between the rectified integrated diaphragm EMG and 

end-tidal PCO2 (Altose et al. 1975) and the phrenic neurogram (Lourenco et al. 1966).  

In newborn lambs breathing air and during 3 levels of hypercapnoeic hyperpnoea, Soust 

et al. (1989) found strong linear relationships between integrated diaphragm EMG 

detected using an intramuscular electrode, diaphragm O2 consumption and the 

transdiaphragmatic pressure-time product.  In dogs, Rochester and Bettini (1976) found 

that, as inspiratory resistance increased, the rectified integrated diaphragm EMG rose in 

direct proportion to an inspiratory pleural pressure-time index and diaphragm O2 

consumption to about 16 times above values at rest.  In humans, Onal et al. (1981) 

found linear relationships between diaphragm EMG, quantified as the average rate of 

rise of inspiratory moving time average activity, and end-tidal PCO2, changes in 

transdiaphragmatic pressure, mean inspiratory flow and occlusion pressure.   

 

Physiologic basis for electromyography 

Activation of a muscle fibre causes a transient inward flow of sodium ions across the 

sarcolemma, i.e. depolarization.  This causes a change in transmembrane potential or 

voltage called an action potential and is detectable with recording electrodes (Adrian 

and Freygang 1962).  The action potential is terminated by outward flow of potassium 

ions, i.e. repolarization.  The action potential is an “all or nothing” phenomenon and is 

thus always identical in shape and amplitude.  However, the shape and amplitude of a 

recorded action potential is variable because it is influenced by a number of factors 

including the distance of the recording electrode from the muscle fibre, orientation of 

the recording electrode relative to the muscle fibre, filtering properties of electrode and 

surrounding tissue, and conduction velocity of the muscle fibre action potential 

(Lindstrom 1973).  The conduction velocity of the action potential varies non-linearly 

with muscle fibre diameter (Hakansson 1956), temperature (Stalberg 1966), electrolyte 

gradients across the muscle membrane (Juel 1988), pH (Juel 1988), and fatigue 

(Metzger and Fitts 1986).   
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All muscle fibres within a single motor unit are activated almost simultaneously and the 

resulting EMG signal is a spatial and temporal superimposition of individual action 

potentials, i.e. the motor unit action potential (MUAP).  The amplitude and shape of the 

resulting motor unit action potential (MUAP) is influenced by factors that affect single 

fibre action potentials listed above as well as such factors as the number of fibres within 

the motor unit, the spatial dispersion of fibres within the motor unit, differences in 

length of the motor neuron terminal axons, and possibly differences in action potential 

conduction velocity between fibres of the same motor unit (Lindstrom 1973, Broman 

and Lindstrom 1974). 

 

Sustained muscle contraction is due to repeated activation of motor units producing a 

MUAP train (Basmajian and De Luca 1985).  Spontaneous muscle contraction produces 

an interference pattern EMG, which represents the temporal and spatial summation of 

asynchronously firing MUAP trains when individual MUAPs can no longer be 

distinguished (Lindstrom and Broman 1974).  The interference pattern EMG is a 

function of the number of active motor units, their firing rates and synchronization, the 

shapes of their individual MUAPs and cancellation of opposite phase potentials 

(Basmajian and De Luca 1985).    

 

Recording diaphragm EMG 

Diaphragm EMG signals can be detected using electrodes arranged in either a 

monopolar or bipolar configuration.  A monopolar configuration detects the difference 

in signal between of an active electrode placed in or on the muscle of interest and the 

signal from a reference electrode placed in an electrically silent area.  This configuration 

has a relatively low signal to noise ratio because all electrical activity in the vicinity of 

the electrode is detected.  The signal to noise ratio is improved using a bipolar 

configuration, where two electrodes are positioned in or on the muscle of interest, and a 

third reference electrode placed in an electrically silent area.  The electrodes are 

connected to a differential amplifier, which eliminates “common mode” components 

(Basmajian and De Luca 1985).  Diaphragm EMG can be recorded using three types of 

electrodes: chest wall (surface), oesophageal and intramuscular electrodes.  The 

characteristics of each type of electrode are detailed below. 
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It has been argued that measurement of diaphragm EMG at a single site may not be 

representative of the entire diaphragm because the costal and crural diaphragm may 

behave differently (Decramer et al. 1986b, Verschakelen et al. 1989).  Although crural-

costal disassociation has been demonstrated in animals (van Lunteren et al. 1985, 

Sprung et al. 1989), most EMG studies of regional diaphragm activation in dogs show 

synchronous activation with a similar time course for the costal and crural diaphragm 

during both quiet respiration and loaded breathing (Sant'Ambrogio et al. 1963, 

Lourenco et al. 1966, Pollard et al. 1985, Cooke et al. 1993).  Costal-crural 

disassociation has not been observed in humans, with the exception of vomiting when 

the costal region contracts while the crural region around the oesophagus relaxes 

(Monges et al. 1978).     

 

Chest wall electrodes.   

Diaphragmatic EMG may be recorded by skin surface electrodes fixed to the 

anterolateral chest wall after appropriate skin preparation (cleaning and light abrasion).  

In this location, the electrodes detect the EMG of muscle fibres in the zone of apposition 

of the costal diaphragm.  This is the only non-invasive method of recording diaphragm 

EMG activity and samples a larger number of motor units than other electrode types.  

However, except in quadriplegia (Sharp et al. 1993), these electrodes are susceptible to 

contamination by electrical activity of intercostal muscles and are therefore relatively 

insensitive to low levels of diaphragm EMG activity.  In addition, there is loss of signal 

strength due to muscle to electrode distance filtering, which varies between subjects 

depending on thickness of the chest wall.  The filtration properties of the tissue and 

interface are such that high frequencies are progressively attenuated with increasing 

distance between the fibre and electrode (DeLuca and Forrest 1972).  This low-pass 

filtering effect of the chest wall on the diaphragm EMG signal was confirmed by Sharp 

et al. (1993).  They found greater attenuation of high frequencies and a lower centre 

frequency with chest wall electrodes relative to oesophageal electrodes.   

 

Oesophageal electrodes.   

The recording of EMG from the crural fibres of the diaphragm via oesophageal 

electrodes was introduced by Petit et al. (1960) and Agostoni et al. (1960).  This is 
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achieved using one or more metal electrodes mounted on a catheter positioned in the 

oesophagus via the mouth or nose so that the electrodes are at the level of the crural 

diaphragm.  In adults, the motor innervation zone of the crural diaphragm lies 1-3 cm 

cephalad to the gastro-oesophageal junction, with the left side about 1 cm cephalad to 

the right (McKenzie and Gandevia 1985).   

 

In contrast to skin surface electrodes, diaphragm EMG recorded using oesophageal 

electrodes is not influenced by body habitus and not contaminated by electrical activity 

of chest wall muscles.  However, oesophageal electrodes are more invasive and so there 

is a potential for discomfort, and in rare cases, catheter placement causes regurgitation, 

aspiration and vagally mediated bradycardia (Aldrich et al. 2002).  Oesophageal 

electrodes record electrical activity of the heart as well as the diaphragm, and are 

susceptible to contamination from oesophageal peristalsis.  It may not be possible to use 

oesophageal electrodes in the presence of anatomical anomalies at the gastro-

oesophageal sphincter such as diaphragmatic hernia.  These electrodes only sample the 

crural diaphragm.  

 

During dynamic manoeuvres, excursion of the diaphragm can lead to changes in 

distance between diaphragm muscle fibres and the oesophageal electrode.  This has the 

potential to artefactually change the strength and frequency content of the EMG signal 

(Beck et al. 1995).  One method used to minimise this is to anchor the catheter to the 

gastro-oesophageal junction by inflating a balloon attached to the distal end of the 

catheter in the stomach and attaching a small weight to the proximal end of the catheter 

at the nares (McKenzie and Gandevia 1985, Gandevia and McKenzie 1986).  This 

increases the discomfort of the catheter during prolonged studies (Melissinos et al. 

1981).  This strategy is satisfactory in semi-static conditions, but does not prevent either 

diaphragm movement relative to the electrodes or the resulting artefacts (Grassino et al. 

1976, Kim et al. 1978, Gandevia and McKenzie 1986).  A more reliable method is to 

use an array of electrodes on a catheter of sufficient span so that the crural diaphragm 

remains within the electrode span during respiration (Beck et al. 1997, 1998b).  This can 

be achieved with an electrode array of eight rings mounted 10 mm apart on an 

oesophageal catheter arranged in a bipolar and overlapping configuration (Beck et al. 

1995, 1996).  By continually sampling all electrodes, the electrical centre of the 

diaphragm can be detected from the change in polarity of the EMG signal on either side 

of the electrical centre (Beck et al. 1996).  The EMG centre frequency (see Analysis of 
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diaphragm EMG below) is highest at the electrical centre while signal amplitude and 

power are highest at electrodes 10 mm cephalad and caudal to the electrical centre 

(Beck et al. 1996).  Subtracting the signal caudad to the electrical centre from that 

cephalad to it (“double subtraction”) enhances the signal to noise ratio (Sinderby et al. 

1997).   

 

Intramuscular electrodes.   

Costal diaphragm EMG can be recorded in humans using either monopolar or bipolar 

needle electrodes (Tokizane et al. 1952, Fink et al. 1960) placed using either a medial 

subcostal (Saadeh et al. 1993, Silverman and Rodriquez 1994) or a lower intercostal (De 

Troyer et al. 1997) approach, sometimes assisted by ultrasound.  In addition, fine wire 

electrodes for single motor unit recordings have also been inserted in the right 

hemidiaphragm in humans (De Troyer et al. 1997).  Compared to surface and 

oesophageal electrodes, diaphragm EMG recorded using intramuscular electrodes is less 

affected by electrical activity of neighbouring muscles, although the problem is not 

completely eliminated.  However, these electrodes may be difficult to place and there 

are risks of bleeding, bruising and pneumothorax.  Although the flexible nature of the 

wire electrodes makes them relatively stable during volume changes of up to 1.5 L 

around FRC, artefactual changes in recording conditions occur with larger volume 

changes (Gandevia and McKenzie 1986).  Intramuscular electrodes sample a smaller 

part of the diaphragm than surface or oesophageal electrodes. 

 

Processing diaphragm EMG 

The recorded EMG is amplified, processed and displayed prior to analysis.  The 

preferred amplifier design for a weak myoelectric signal is a differential amplifier which 

amplifies the difference between two paired inputs, thereby eliminating signals that 

have common influences on both outputs such as 50 Hz from power lines (common 

mode rejection).  High input impedance reduces the sensitivity to the impedance of the 

electrode-tissue interface, thus minimising loss of voltage across the two active 

electrodes.  Band pass filtering is usually employed, with a high-pass filter to remove 

the signal’s direct current component and a low pass filter set below the frequency of 

sampling to avoid distortion of the signal caused by under sampling (aliasing).  Filter 
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settings vary with the type of electrode and application; for surface or oesophageal 

recordings, a bandwidth of 10-1000 Hz is commonly used.  Data can be displayed on an 

oscilloscope equipped with a camera or on a computer with an analog to digital 

converter.  In digitally processed signals, the sampling frequency should be at least 

twice the highest frequency component of the signal of interest because, according to 

the Nyqvist theorem, only spectral components of frequencies half or less of the 

sampling frequency can be observed (Basmajian and De Luca 1985). 

 

Analysis of diaphragm EMG  

Time domain EMG analysis 

Time domain EMG analysis quantifies muscle electrical activity as a function of time.  

In the time domain, the level of muscle activation can be analysed by signal amplitude, 

different types of signal integration, including full wave rectification and averaging and 

root mean square (RMS), and frequency-related indices such as zero crossing distance 

and turn-point counting (Lindstrom and Petersen 1983, Basmajian and De Luca 1985).  

Full wave rectification and integration and RMS increase with the number and firing 

rate of active motor units (Basmajian and De Luca 1985).   

 

Early investigators studying the activation of the diaphragm used visual inspection of 

EMG inspiratory burst for semi-quantitative analysis of activity (Agostoni et al. 1960, 

Petit et al. 1960).  Later, full wave rectification and integration (Katz et al. 1962, 

Lourenco et al. 1966, Lourenco and Mueller 1967, Altose et al. 1975) was adopted to 

improve the quantitative analysis.  Lopata et al. (1977) showed that simple integration 

was an inadequate measure of diaphragm activation because it failed to take into 

account the duration of inspiration.  Average inspiratory activity correlated more 

strongly with other parameters of drive but tended to plateau at high levels of activation, 

possibly due to cancellation of potentials during high frequency activity (Biro and 

Partridge 1971).  Lopata et al. (1977) advocated the use of time-related methods of 

quantification including the moving time average, and found that the rate of rise of the 

moving time average a more sensitive index of neural drive.  To provide an analog 

signal proportional to “average” EMG activity at any point in time, many investigators 

subject the raw EMG to rectification and “leaky” integration.  However, without 
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sophisticated analog gating and/or filtering techniques, this technique provides a 

relatively crude estimate of the level of muscle activation (Aldrich et al. 2002).   

 

The RMS of any alternating current signal (which has a mean voltage of zero) is equal 

to the standard deviation of the signal, and the latter is equal to the square root of 

variance (Biro and Partridge 1971).  The RMS appears to be a more specific measure of 

muscle activation; compared to rectification and integration, RMS appears less 

susceptible to cancellation due to superimposition of MUAPs (Basmajian and De Luca 

1985).  Beck et al. have shown that diaphragm RMS during voluntary contraction, 

measured with oesophageal electrodes arranged in overlapping pairs and using the 

double subtraction technique of analysis, is not artefactually influenced by lung volume 

(Beck et al. 1998b), and the relationship between diaphragm RMS and 

transdiaphragmatic pressure is not influenced by velocity of shortening of the 

diaphragm up to inspiratory flow rates of 1.4 L/s (Beck et al. 1998a).  In addition, 

changes in chest wall configuration do not artefactually influence centre frequency of 

the interference pattern diaphragm EMG (Beck et al. 1997).  Finally, crural diaphragm 

EMG RMS measured using oesophageal electrodes is related to global activation of the 

diaphragm as assessed from the ratio of transdiaphragmatic pressure (Pdi) to maximal 

Pdi (Beck et al. 1998b).  Absolute values of RMS vary widely between subjects, most 

likely due to anatomic differences between individuals (e.g. muscle to electrode 

distance).  To compare RMS values between subjects, the values have been normalized 

using values obtained at rest (Beck et al. 1998b), voluntary maximal inspiration to total 

lung capacity and maximal sniffs (Sinderby et al. 1998).   

   

Relationship between EMG root mean square and diaphragm activation.  

According to the analysis of Beck et al. (1998b), the relationship between neural 

activation of a muscle and EMG signal strength as represented by the RMS is  

 

RMS ≈ I½           ( 9) 

 

where I, the intensity of muscle activity, is M/TR and where M is the number of active 

motor units and 1/TR is the repetition rate.  Muscle force (Fm) is  

 

Fm = activation•kL,          (10) 
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where activation is M/TR and kL is a constant determined by mean fibre length.  Hence,  

 

Fm = M/TR•kL = I•.kL = RMS2•kL.      (11) 

 

Because  

 

Pdi = Fm/A         (12)  

 

where A is the cross-sectional area of the lower rib cage at the insertion of the 

diaphragm at the volume of measurement, and combining equations 11 and 12, 

 

Pdi = RMS2•kL/A.          (13) 

 

Thus at isovolume,  

 

RMS ∝ (Pdi)½.          (14) 

 

Ignoring the small variations in kL and A with tidal breathing, as Pdi doubles, RMS will 

change as the square root of Pdi and, depending on the coefficient relating Pdi to RMS, 

could be a relatively insensitive measure of neural activation.  If RMS is proportional to 

the square root of diaphragm activation, a limitation of the RMS as an index of crural 

diaphragm activation is that RMS is predicted to increase less than activation at very 

high firing rates and/or very high numbers of recruited motor units (Beck et al. 1998b).  

This has several implications.  First, maximal RMS may under-estimate maximal 

activation and RMS normalised for maximal RMS may over-estimate activation (Beck 

et al. 1998b).  Second, caution must be exercised in using the ratio of Pdi to RMS as a 

measure of diaphragm efficiency because the relationship between Pdi and RMS is 

curvilinear.  Beck et al. (1998b) found that the relationship between RMS/RMSmax and 

Pdi/Pdimax on the one hand and RMS and Pdi on the other, were non-linear.  However, 

the degree of non-linearity approximated a square root function in only one of seven 

subjects studied and the relationship was linear up to ~75% Pdimax, independent of 

lung volume.  Given the assumptions in Beck’s analysis of the relationship between 

RMSdi and neural activation of the diaphragm and the complex relationship between 

force developed by the diaphragm and Pdi, it would seem reasonable to empirically 
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establish the relationship between RMS and neural activation under circumstances 

where activation should increase in a linear fashion, e.g. during hypercapnoea.  

 

Frequency domain analysis 

Frequency domain EMG analysis is the evaluation of muscle electrical activity by 

examining the frequency distribution of its power spectrum.  Frequency characteristics 

are related to muscle membrane conduction velocity, filtering properties of the 

electrodes, muscle to electrode distances and noise (Lindstrom and Petersen 1983), and 

analysis in the frequency domain greatly simplifies the evaluation of these factors.  The 

EMG spectrum of the diaphragm is concentrated in the range of 25 to 250 Hz 

(Schweitzer et al. 1979).   

 

The power spectrum can be obtained by digitising a “window” of time domain EMG 

data and subjecting it to a fast Fourier transformation (FFT).  The FFT components are 

squared and their products calculated giving the power spectrum, which graphs the 

power of the signal as a function of frequency.  To avoid artefactual over-estimation of 

high-frequency content, it is necessary to condition the window of data by tapering its 

amplitude at the beginning and end of the window or by replacing all data before the 

first and after the last zero crossing with zeros (“zero padding”) until the number of 

points appropriate for FFT array is reached (usually 1024 points, but could also be other 

multiples of 128).  These “shaping” processes lead to a slight underestimation of high-

frequency content of the EMG (Sinderby et al. 1995).  The DC offset and linear slope 

indicative of motion artefact is removed by linear regression (Sinderby et al. 1995). 

    

The power spectrum can be quantified by calculating the spectral moments (M).  M of 

order n is defined as  

 

∑
=

•=
max

0

i

i

n
iin fPM           (15) 

 

where P is the power density, f is the frequency, i is the index over which the power 

density-frequency product is summed, i = 0 is the direct current component, and imax is 

the index associated with the highest frequency in the spectrum (Sinderby et al. 1995). 
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The spectral moment of zero order (M0) and the root mean square (RMS = M0
½/p, 

where p is the number of points in the sample zero padding excluded) are indices of 

total EMG power.  Theoretically RMS reflects the force output of the muscle 

(Lindstrom and Broman 1974).  However, both M0 and RMS are influenced by a 

number of other parameters, especially conduction velocity (Lindstrom and Broman 

1974).  In applications where the power spectrum is expected to shift, as in fatigue, the 

first order spectral moment (M1) may be a more useful index of muscle activation, 

because it is not affected by changes in action potential conduction velocity (Lindstrom 

and Petersen 1983).  Quantification of the distribution of power in the spectrum can be 

obtained by calculating the centre frequency (fc = M1/M0).   

    

Artefacts in diaphragm EMG 

Filter effects 

Muscle to electrode distance.  An increase in muscle to electrode distance acts in the 

same way as low pass filter, i.e. to reduce EMG amplitude and power and, attenuate 

high frequency components of the signal so that the centre frequency is reduced (Kim et 

al. 1978, Onal et al. 1981, Basmajian and De Luca 1985, Beck et al. 1995). 

 

Inter-electrode distance and orientation of electrode to muscle fibre direction.  

Both inter-electrode distance and the orientation of electrodes can affect power spectra 

(Basmajian and De Luca 1985, Beck et al. 1996, Sinderby et al. 1996b).  Reductions in 

inter-electrode distance reduce signal power with relatively higher attenuation of low 

frequency component.  In bipolar recordings of EMG, electrode orientation with respect 

to fibre direction and inter-electrode distance are likely to change with muscle 

contraction (Aldrich et al. 2002). 

 

Signal disturbances 

Electrode motion.  Electrode movement or a change in pressure on the electrode causes 

a relatively large amplitude low frequency (mostly <25 Hz) artefact (Schweitzer et al. 

1979, Sinderby et al. 1995).  This can mostly be filtered out with a high-pass filter.  
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However, some EMG power occurs at frequencies <25 Hz so high pass filtration 

inevitably leads to loss of low frequency power from the EMG signal.  The power 

spectrum analysis can be used to reduce the power related to electrode movement 

(Schweitzer et al. 1979) or replace it by extrapolating the diaphragm EMG power to 

those frequencies (Sinderby et al. 1995) (see Detecting artefact below). 

 

Noise.  By assuming that background noise of unidentifiable origin has a constant 

power density over the frequency region of interest in EMG recordings, the signal to 

noise ratio can be estimated from power density values obtained in the uppermost 

frequency range of the EMG power spectrum (Aldrich et al. 1983, Sinderby et al. 1995).  

Potential noise from sinusoidal alternating currents originating in power lines can 

usually be reduced to a negligible level by adequate shielding of electrode cables and 

connections, using amplifiers with high common mode rejection ratio, and connecting 

all instruments to the same ground point.  Residual disturbances can be filtered out with 

notch filters or alternately, the power of the affected frequency and its harmonics 

excluded in the power spectral analysis (Aldrich et al. 2002). 

 

Artefactual influences of physiologic origin 

Muscle cross-talk.  Chest wall recordings of diaphragm EMG are susceptible to 

contamination from EMG activity originating in abdominal and intercostal muscles, and 

oesophageal recordings from electrical activity of the heart (ECG) and oesophageal 

peristalsis (Sinderby et al. 1995).  The power in the ECG recorded with an oesophageal 

electrode exceeds that of the diaphragm EMG.  Although the frequency content is 

lower, i.e. the peak power density of the QRS complex peak is ~20 Hz, substantial 

power is present at 40-50 Hz so there is considerable overlap with diaphragm EMG 

(Schweitzer et al. 1979, Aldrich et al. 1983, Sinderby et al. 1995).  The spectral content 

of the P & T waves of the ECG have very low frequencies similar to motion artefacts.  

The use of a high-pass filter to eliminate ECG results in artefactual reductions in 

measured RMS.  Methods to eliminate cardiac activity from oesophageal recordings of 

diaphragm EMG by template subtraction (Levine et al. 1986) have been proposed.  

However because the amplitude and shape of the ECG signal changes with lung 

volume, the safest way to avoid cardiac artefact on diaphragm EMG signals is the 

selection of signal segments that are free of cardiac activity (Aldrich et al. 2002).  EMG 
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activity resulting from oesophageal peristalsis is of relatively large amplitude and has 

more power than diaphragm EMG (RMS ~3 times that of diaphragm EMG) and a lower 

frequency content (peak power at ~15 Hz) (Sinderby et al. 1995).  It is easily identified 

on the time domain EMG recording, and such segments should be excluded from 

analysis. 

 

Innervation zones.  Electrodes positioned close to or over an innervation zone, i.e. a 

region with a high density of motor end plates, are susceptible to complex interference 

patterns because the action potentials elicited by firing of an individual motor unit may 

propagate in opposite directions relative to the electrodes (Lindstrom 1973) (Basmajian 

and De Luca 1985).  Typically, this results in reduced total power and increased high-

frequency content (Roy et al. 1986).  The effect is maximal when bipolar electrodes are 

orientated parallel to fibre direction.  Oesophageal electrodes, which are arranged 

approximately perpendicular to muscle fibres are less susceptible. 

 

Muscle length and chest wall configuration.  In a canine diaphragm muscle strip 

preparation, Kim et al. (1985) found that the amplitude of evoked diaphragm CMAPs 

was influenced by diaphragm muscle length.   In intact humans, the amplitude and 

frequency content of evoked CMAPs measured with surface or oesophageal electrodes 

are altered by changes in chest wall configuration (Gandevia and McKenzie 1986, Beck 

et al. 1997).  On the contrary, the interference pattern EMG during spontaneous 

respiration recorded by oesophageal electrodes is not systematically affected by changes 

in lung volume (Beck et al. 1998b) or chest wall configuration (Beck et al. 1995, 1996, 

1997).  Because conduction velocity is not significantly affected by muscle length 

(Sinderby et al. 1996a), the observed effects of chest wall configuration on diaphragm 

EMG have been attributed to changes in muscle to electrode distance or orientation 

(Aldrich et al. 2002). 

 

Muscle temperature.  Muscle temperature increases during exercise, because of 

increased blood flow (Humphreys and Lind 1963) and metabolism (Edwards et al. 

1975).  Because the propagation velocity of the muscle fibre action potential is 

correlated with temperature (Fink and Luttgau 1976), it follows that the EMG frequency 

content is also temperature dependent (Doud and Walsh 1993).  No method to control or 

correct for alterations in temperature in EMG recordings of respiratory muscles has 

been described.    
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Detecting artefact 

Sinderby et al. (1995) have described a method for automatic assessment of EMG 

quality by using the power spectral analysis to derive 4 indices of contamination.  First, 

the signal:motion (SM) ratio assumes that motion artefact has a frequency of <20 Hz 

and adds power to the diaphragm EMG power spectrum which is assumed to be linear 

between 0 and 20 Hz.  Second, the spectrum of maximum to minimum drop in power 

density (DP) ratio indicates whether the power spectrum is adequately peaked in the 

frequency range of the EMG power spectrum.  The DP ratio is insensitive to low 

frequency contamination, i.e. motion, ECG and oesophageal EMG.  Both the SM & DP 

ratios depend on accurate measurements of the highest mean power density and it is 

therefore crucial that low pass filtering and shielding of the electrode wires prevents 

peaks in the power spectrum secondary to disturbances from mains or aliasing of signals 

containing high frequency disturbances.  Third, the signal:noise (SN) ratio is the ratio of 

total EMG power to total power of noise, where the latter is the power of upper 20% of 

frequency range and then summed over the whole frequency range.  It is assumes that 

noise has constant power over the frequency range of interest and that there is no power 

associated with EMG activity in the upper 20% of the frequency range (480 to 600 Hz).  

Low frequency artefact e.g. motion and oesophageal EMG can produce falsely high 

values.  Fourth, the power spectrum deformation (Ω) ratio is sensitive to changes in the 

symmetry and peaking of the power spectrum e.g. oesophageal EMG and non-QRS 

complex ECG activity which produce some power at >20 Hz.  Failure to exclude signal 

contaminants, including ECG, leads to erroneous CF and RMS measurements.  

Selection of a segment of EMG which includes ECG results in unacceptable SM and Ω 

ratios (Sinderby et al. 1995). 

 

RMS values are predicted to increase and CF values decrease when conduction velocity 

decreases as may occur at sustained forceful contraction or reductions in temperature.  

To overcome this, Beck et al. (1998b) recommend correcting RMS values by assuming 

that the changes in CF parallel that of conduction velocity, i.e. corrected RMS = 

uncorrected RMS • (CF/CFrest)½. 
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Diaphragm activation in respiratory disease  

There is evidence of increased activation of the diaphragm at rest in subjects with CAL 

and those with restriction due to previous poliomyelitis.  Using needle electrodes 

inserted into the costal part of the right hemidiaphragm, De Troyer et al. (1997) found 

that the discharge frequency of single motor units of 8 patients with severe CAL was 

70-80% higher than in healthy controls breathing at similar tidal volumes.  Sinderby et 

al. (1998) used a multi-electrode oesophageal catheter to quantify crural diaphragm 

EMG at rest in 5 subjects with severe CAL, 6 subjects with restriction due to previous 

poliomyelitis and 5 healthy subjects.  They found that diaphragm EMG RMS during 

tidal breathing at FRC relative to that during a maximal inspiration were increased in 

patients with severe CAL (43%) and restriction due to previous poliomyelitis (45%) 

relative to healthy controls (8%) in spite of similar tidal volumes and 

transdiaphragmatic pressures.  The ~5x increase in diaphragm activation in CAL was in 

part attributable to a ~2.5x increase in load.  The remaining increase could reflect 

inefficiency or an increased rate of shortening of the diaphragm.  In post-polio the 

relative increases in RMS during breathing were due mainly to a decreased RMSmax, 

reflecting a decreased number of motor units.  

 

In an uncontrolled study of 10 patients with moderately severe chronic airflow 

limitation, Sinderby et al. (2001) found that progressive exercise was associated with 

dynamic hyperinflation and, despite progressive increases in activation of the 

diaphragm to above 80% of its maximal value, only a modest increase in 

transdiaphragmatic pressure.  These findings were attributed to hyperinflation with a 

decrease in diaphragm length at end-expiratory lung volume and to the force-length 

properties of the diaphragm.  Again, the roles of load and rate of shortening of the 

diaphragm are undefined, the latter requiring data on ∆Vdi.  Aliverti et al. (1997) 

showed that in health, the ∆Pdi with progressive exercise was also small but the 

estimated velocity of diaphragm shortening increased ~6x with exercise.  The capacity 

of the diaphragm to act as a low-pressure and high flow pump in CAL as in health, 

remains to be demonstrated.  

 

Lahrmann et al. (1999) studied 14 patients with severe emphysema before and at 1, 6 

and 12 months after lung volume reduction surgery (LVRS).  These investigators found 

that, relative to pre-LVRS, diaphragm EMG RMS measured using a single bipolar 
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oesophageal electrode during a fatiguing loaded breathing test and normalized to the 

average of the first three loaded breaths, decreased at 6 and 12 months after LVRS.  The 

decrease in diaphragm EMG RMS correlated with reductions in intrinsic PEEP and 

dyspnoea and, improvements in exercise capacity, sniff transdiaphragmatic pressure and 

inspiratory muscle endurance.  These findings were attributed to an improvement in the 

efficacy of the respiratory pump following LVRS.  

 



Chapter 3 - EFFECT OF ASBESTOS-RELATED PLEURAL FIBROSIS ON EXCURSION OF 
THE LOWER CHEST WALL AND DIAPHRAGM 

Chapter 3 - EFFECT OF ASBESTOS-RELATED PLEURAL 
FIBROSIS ON EXCURSION OF THE LOWER CHEST WALL AND 
DIAPHRAGM 

  
 

 
  

114

Introduction 

Pleural fibrosis is the most common sequela of exposure to asbestos dust.  In workers 

exposed to crocidolite at the Wittenoom mine and mill in Western Australia, the 

prevalence of asbestos-related pleural fibrosis (APF) among 384 applicants for 

pneumoconiosis compensation was about 70% (de Klerk et al. 1989).  APF can take the 

form of circumscribed pleural plaques (PP) or diffuse pleural thickening (DPT).  The 

former consists of largely acellular, interwoven bundles of collagen within the parietal 

pleura.  In contrast, DPT involves both the parietal and visceral pleura, which may fuse; 

it often follows a benign asbestos effusion, and is usually associated with obliteration of 

the costophrenic sulcus (McLoud et al. 1985). 

 

The consequences of APF include reduced lung volumes (restriction) (Rosenstock et al. 

1988, Schwartz et al. 1990a), exertional dyspnoea (Bourbeau et al. 1990, Broderick et 

al. 1992), and in severe cases, hypercapnoec respiratory failure and death (Miller et al. 

1983a).  The mechanisms by which APF cause pulmonary restriction have not been 

fully elucidated.  Three possible contributors are reduced pulmonary dispensability due 

to interstitial fibrosis not apparent on radiography (‘occult’ fibrosis), impaired rib cage 

expansion, and impaired diaphragm shortening.  Evidence from several studies suggests 

that when a chest radiograph shows APF without asbestosis, pulmonary restriction 

cannot be accounted for by ‘occult’ interstitial fibrosis (Epler et al. 1978, Bourbeau et 

al. 1990, Schwartz et al. 1990b, Kee et al. 1996).  The effect of APF on rib cage 

expansion and diaphragm shortening has not been studied.  

 

DPT is associated with a greater degree of restriction than PP (Bourbeau et al. 1990, 

Schwartz et al. 1990a) and this could be due to obliteration of the costophrenic sulcus.  

Adhesion of the parietal and diaphragmatic pleura in the zone of apposition of the 

diaphragm to the chest wall could restrict the ability of the diaphragm to shorten and, by 

limiting separation of the diaphragm and lower rib cage, the ability of the rib cage to 

expand.  Reduced diaphragmatic excursion following chemical sclerosis of the pleural 
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space has been observed on ultrasound by Loring et al. (1989).  Thus although 

respiratory muscle strength appears to be preserved in APF (Al Jarad et al. 1994), it is 

possible that diaphragmatic excursion is reduced, particularly when the costophrenic 

sulcus is obliterated. 

 

The aims of the study were to examine the effect of APF on the ability of the diaphragm 

to shorten and contribute to lung volume change, and on the ability of the lower rib cage 

to expand.  It was hypothesized that DPT with costophrenic fibrosis would reduce 

diaphragm shortening and volume contribution, and both DPT and PP would reduce 

lower rib cage expansion.  The findings confirmed that DPT was associated with 

reductions in diaphragm shortening, volume contribution of the diaphragm and lower 

rib cage expansion.  The latter was the main mechanism of restriction because relative 

flattening of the dome of the diaphragm during inspiration augmented volume 

contribution of the diaphragm.  PP was associated with impaired diaphragm shortening 

and volume contribution, but preservation of lower rib cage expansion. 

 

Methods 

Subjects    

Subjects were recruited from a cohort of outpatients seen between October 1994 and 

September 1995 because of previous exposure to asbestos.  From this cohort, subjects 

with clinical or plain radiographic evidence of asbestosis or other interstitial lung 

disease, asthma, emphysema, lung cancer, pleural effusion, or a neurologic or 

myopathic disorder likely to weaken respiratory muscles were excluded.  Chest 

radiographs were read by one experienced reader (AW Musk) using the 1980 

International Labour Office classification (1980).  Twenty six male subjects agreed to 

participate in the study.  They were divided into three groups based on the radiologic 

appearance of their pleural space: (a) controls - no pleural disease (n = 7), (b) PP - costal 

and/or diaphragmatic plaques with no involvement of the costophrenic angle (n = 12), 

and (c) DPT - costophrenic angle obliteration with thickening + calcification of the 

costal and/or diaphragmatic pleura (n = 7).  The Committee for Human Rights, 

University of Western Australia, granted ethical approval. 
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Pulmonary function, respiratory muscle strength, and exercise 
capacity 

Respiratory function was assessed in all subjects as follows: lung volumes by 

plethysmography (Collins Inc, Braintree, Ma), maximum expiratory flow volume 

relationship and FEV1 by pneumotachograph (model 400VR, Hewlett Packard, 

Waltham, Ma), transfer factor (TLCO) by the single breath method (PK Morgan, model 

1182, England) and corrected for haemoglobin and alveolar volume (TLCO/VA), and 

respiratory muscle strength by maximal inspiratory mouth pressure at residual volume 

(MIP) and maximal expiratory mouth pressure at total lung capacity (MEP) using the 

technique of Black and Hyatt (1969).  Measured values were expressed as % predicted 

using the following reference equations: total lung capacity (TLC) - Crapo et al. (1982), 

vital capacity (VC) - Kory et al. (1961), residual volume (RV) - Goldman and Becklake 

(1959), FEV1 - Cotes et al. (1966), transfer factor - Miller et al. (1983b), mouth 

pressures - Black and Hyatt (1969).  All but one subject underwent an incremental 

exercise test on an electronically braked cycle ergometer (model ER900, Jaeger, 

Germany).  Workload was increased by 15 watts each minute until the subject achieved 

his predicted maximal heart rate or was limited by symptoms.  Breath-by-breath 

measurements of O2 uptake ( &VO2), CO2 output ( &VCO2), minute ventilation ( &V E), tidal 

volume (VT), breathing frequency (FB), inspiratory time (TI), total breath time (TTOT) 

and respiratory exchange ratio (R = &VCO2/ &VO2) were measured continuously (Morgan 

Benchmark Exercise Test System, PK Morgan Ltd, England).  Oxygen saturation 

(SaO2) was monitored by pulse oximeter (Biox 3700, Ohmeda, Boulder, Co) using an 

ear probe.  Heart rate was monitored by a Medeci M-1 cardiac monitor (PK Morgan 

Ltd, England).  The maximal oxygen consumption ( &VO2max) and maximal heart rate 

were chosen as the highest &VO2 or heart rate recorded for any 30 seconds of exercise.  

Results were expressed as % predicted.  Equations for predicted maximum workload 

and &VO2max were obtained from Jones et al. (1985) and Blackie et al. (1989), and 

predicted maximum heart rate from Åstrand et al. (1973).  All equipment was calibrated 

prior to each measurement. 
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Grading of pleural disease    

The severity of pleural disease was graded in each subject from PA chest radiographs 

using a system proposed by Al Jarad et al. (1994).  This system ascribes a maximum 

score for each hemithorax of 9 for costal disease depending on the length and thickness 

of pleural involvement, 2 for diaphragmatic plaques, and 1 for costophrenic obliteration.  

Scores for each hemithorax are then summed giving a total score.  

 

Measurements from chest radiographs 

Diaphragm length (Ldi), rib cage dimensions and subphrenic volume (Vsubph), and 

their changes between RV and TLC were estimated radiographically from multiple PA 

and lateral chest radiographs taken at predetermined lung volumes during slow 

inspirations initiated from RV.  Inspiratory flow was measured with a 

pneumotachograph, integrated to obtain inspired volume, and displayed against time on 

an oscilloscope (Tektronix, model 5103N, Beaverton, Oregon).  Rib cage (Vrc) and 

abdominal (Vab) volume change were measured with an inductance pneumograph 

(model 10.9230, Respitrace, Ardsley, NY) calibrated by the isovolume manoeuvre.  All 

signals were recorded continuously on a 12 channel direct writing polygraph (Grass 

Instruments, Quincy, Ma).  

 

PA and lateral chest radiographs were taken using a radiographic film auto-changer 

(Puck, Siemens-Elema, Sweden) at RV and approximately 25, 70 and 100% of VC 

(films 1 to 4 respectively).  A radiographer guided by an oscillographic display of lung 

volume triggered exposure of each film manually.  To allow alignment of the PA and 

lateral films, radio-opaque ball bearings were adhered to the midline of the chest wall as 

follows: anterior (single bearing) at the level of the xiphi-sternal junction and posterior 

(two bearings) at the level of the tenth thoracic vertebra.  The use of the radiograph 

autochanger imposed a limitation on film size, and in 9 subjects (2 control, 6 PP, 1 

DPT) the entire thorax could not be accommodated on the film.  In these subjects the 

right hemithorax was imaged preferentially, and these subjects were excluded from 

analysis of left sided measurements and estimation of Vsubph.  Radiation exposure for 

each PA and lateral x-ray were 85 and 96 kV respectively, with a maximal cumulative 

dose to each subject of less than 0.2 mSv.  
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Measurement of diaphragm and rib cage dimensions.  

Diaphragm and rib cage dimensions were measured from radiographs using methods 

adapted from Braun et al. (1982).  From each PA radiograph taken at TLC (film 4) the 

costophrenic junction was identified and taken to represent the anatomic insertion of the 

diaphragm into the chest wall (Figure 3.1A).  Using lateral ribs as landmarks, these 

insertions were identified on radiographs taken at lower lung volumes (films 1 to 3) 

(Figure 3.1B).  The outline of the diaphragm and inner surface of the rib cage was then 

traced on each radiograph, and a line was drawn through the midpoint of the vertebra at 

the level of the diaphragm to divide the thorax into its right and left halves (Figure 3.1).  

At each volume the length of the right and left hemidiaphragm (Ldi) and its zone of 

apposition (Lap) were measured with flexible tape (Figure 3.1).  A straight-edged rule 

was used to measure the height of the most cephalad part of the dome of the diaphragm 

above the costophrenic angle (Hdo), and the radius of the right and left rib cages (Rrc) 

at the level of the insertion of the diaphragm (Figure 3.1).  Change in diaphragm shape 

was inferred from ∆Hdo. 

 

Similarly, from lateral radiographs, the anterior and posterior insertions of the 

diaphragm were identified on radiographs taken at TLC and, using the sternum and 

vertebrae, these insertions were identified on films at lower lung volumes (Figure 3.1).  

A line representing the midpoint between the right and left hemidiaphragm silhouettes 

was taken to represent the mean Ldi on the lateral film.  This length and Lap were 

measured with flexible tape.  A straight-edged rule was used to measure the diameter 

(Drc) of the lower rib cage (at the level of the anatomic insertion of the diaphragm into 

the vertebrae) and mid rib cage (at the level of the 7th vertebral body), the vertical 

distance between these points (Htxlower), and the height of the most cephalad part of the 

dome of the diaphragm above the posterior costophrenic angle (Hdo) (Figure 3.1).  

 

To correct for magnification caused by divergence of the X-ray beam, an individual 

correction factor was determined for each radiograph using the distance between the 

radiographic source and film (180 cm), the distance between the subject and the 

radiographic film (1.5 cm), and diameter and thickness of the rib cage determined from 

radiographs, as described by Pierce et al. (1979). The use of radiographs rather than 
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calipers to measure rib cage dimensions for correction of magnification introduces a 

small (< 1%) over-correction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  Measurements of diaphragm length and height 
Diaphragm silhouette as seen on posteroanterior (PA) and lateral chest radiographs at TLC (A) 
and RV (B).  Measurements illustrated: diaphragm length (Ldi) (right hemidiaphragm, ac; left 
hemidiaphragm, ce and lateral diaphragm, a’e’); length of zone of apposition (Lap) (ab, de, a’b’ 
and d’e’); and dome height (Hdo). 
 

 

Shortening of the diaphragm from its maximal length at RV and expansion of the rib 

cage from its diameter at RV were calculated at all higher lung volumes.  To allow 

comparisons between subjects all measurements were normalized by dividing by the 

subject’s height in meters or expressing dimensions as the fractional change from RV 

(e.g. fractional shortening of the diaphragm or FSdi, and fractional expansion of the rib 

cage or FErc lower).  Fractional shortening of the muscular component of the 

diaphragm (FSmus) was estimated in control subjects from the equation FSmus = ∆Ldi / 

LdimusRV, where ∆Ldi is the change in diaphragm length and LdimusRV is the length of 

the muscular component of the diaphragm at RV.  In control subjects, LdimusRV was 

determined from the equation LdimusRV  = LdiRV - 0.25(LdiRV - 0.6∆LdiRV-TLC), by 
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assuming that the central tendon forms 25% of diaphragm length at functional residual 

capacity (FRC), and the diaphragm shortens by 60% of its maximal shortening capacity 

between RV and FRC (Braun et al. 1982).  In subjects with PP and DPT, FSmus was 

estimated in each subject by assuming a central tendon length equal to the mean central 

tendon length normalized for height in the control group (Lct/htcontrol mean) and using the 

equation FSmus = ∆Ldi/ht / (LdiRV/ht - Lct/htcontrol mean,). 

 

In analysing diaphragm and rib cage dimensions, greater emphasis was given to right 

hemidiaphragm length and right rib cage radius for two reasons.  First, the outline of the 

right hemidiaphragm is less obscured by the cardiac silhouette than the left 

hemidiaphragm. Second, measurements on the right side were available in all subjects, 

thus increasing the statistical power of comparisons. 

 

Estimating volume displaced by diaphragm motion.   

The volume displaced by diaphragm motion (∆Vdi) was estimated from the change in 

subphrenic volume (Vsubph) between RV (film 1) and higher lung volumes (films 2 to 

4).  The boundaries of the subphrenum were defined by the dome of the diaphragm 

cranially and the diaphragm-apposed rib cage laterally.  The lower limit of the 

subphrenum was defined as the most caudal point at which the diaphragm inserted into 

the chest wall on the RV film, and identified using bony landmarks on films at higher 

lung volumes (films 2 to 4).  A horizontal line was drawn from this point to form the 

base of the subphrenum.  

 

Vsubph was measured by modification of the method of Pierce et al. (1979), which uses 

PA and lateral chest radiographs to estimate volume. The PA and lateral radiographs 

were first aligned in the vertical axis using the radio-opaque balls and vertebrae.  The 

volume of the spinal mass within the subphrenum, not considered in the original method 

(Pierce et al. 1979), was defined on the PA film by lines drawn on either side of the 

vertebral column following the tips of the lateral processes of the vertebrae to take 

account of associated muscle masses.  On the lateral film, the anterior limit of the spinal 

mass was drawn 1 cm in front of the vertebral bodies to allow for the great vessels and 

associated tissue.  The combined subphrenic and spinal volume (Vsubph+sp) was then 

divided into multiple horizontal slices, each 10 mm thick.  The PA and lateral 
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dimensions of each slice for Vsubph+sp and Vsp were measured from the radiographs.  

Pierce et al. (1979) determined from necropsy transverse sections and computerized 

tomography of living subjects that the cross-sectional shapes of the dome of the 

diaphragm and spine were best modelled as ellipses.  Applying this to Vsubph+sp and 

Vsp, the volume of each slice was estimated from the equation V = 1/4 .π. h.a.b, where a 

and b were the major and minor axes of the ellipse and h was the height of the slice.  

The volumes of all Vsubph+sp slices and all Vsp slices were summed, and Vsubph 

determined by subtracting Vsp from Vsubph+sp.  All dimensions were corrected for 

magnification.   
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Figure 3.2  Measurement of the volume displaced by diaphragm motion.   
Schematic illustration of the volume displaced by diaphragm motion (∆Vdi) during an inspiration 
from residual volume (RV).  The solid and interrupted lines represent the diaphragm and rib 
cage at RV and end-inspiration (EI) respectively.  ∆Vdi was calculated using the equation ∆Vdi 
= VsubphRV - VsubphEI - Vaxial + Ve + 0.5 Vf, where Vaxial was that part of the subphrenic 
volume at RV which was no longer within the diaphragm-apposed rib cage at end-inspiration 
due to cephalad movement of the costal margin during inspiration, Ve was the increase in 
subphrenic volume due to inspiratory expansion of the abdominal rib cage and 0.5 Vf was the 
lung volume displaced as the diaphragm separated from the expanding abdominal rib cage 
during inspiration (see text for detail).  
 

 

∆Vdi with inspiration was calculated using the following equation: 

 

 ∆Vdi = VsubphRV - VsubphEI - Vaxial + Ve + 0.5 Vf  
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where VsubphRV and VsubphEI were subphrenic volumes at residual volume and end-

inspiration respectively, Vaxial was that part of the subphrenic volume at RV which was 

no longer within the diaphragm-apposed rib cage at end-inspiration due to cephalad 

movement of the costal margin during inspiration, Ve was the increase in subphrenic 

volume due to inspiratory expansion of the abdominal rib cage and 0.5 Vf was the lung 

volume displaced as the diaphragm separated from the expanding abdominal rib cage 

during inspiration (Figure 3.2).   

 

To allow comparisons between subjects, ∆Vdi was either expressed as a percent of 

inspired volume, or divided by the cube of the subject’s height (∆Vdi/ht3); the latter 

reflects normalization of each of the three measured dimensions used to calculate 

Vsubph. 

 

Estimating the volume contributed to vital capacity by expansion of the lower rib 

cage.   

The contribution of lower rib cage expansion to change in lung volume was estimated 

by modelling the lower thorax (between the superior aspect of the seventh thoracic 

vertebra and the vertebral insertion of the diaphragm) as a truncated elliptical cone in 

which displacement was limited to the walls of the cone.  The volume of the model 

Vtxlower
 was 

 

Vtxlower = 1/3 π.Htxlower.(RPARLAT + RPArLAT/2 + rPARLAT/2 + rPArLAT)  

 

where Htxlower was the height, RPA and RLAT were the semi-axes of the wider end, and 

rPA and rLAT were the semi-axes of the narrower end of the truncated cone.  Values for 

Htxlower, RPA, RLAT and rLAT were the mean dimensions measured from lateral (Htxlower, 

RLAT & rLAT) and PA (RPA) chest radiographs in each group; rPA was derived by 

assuming that the cross-sectional shape of the mid-thorax was the same as the lower 

thorax, i.e. rLAT / rPA = RLAT / RPA.  
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Protocol    

Each subject was trained to perform a slow inspiratory VC manoeuvre through a 

pneumotachograph over 10 seconds at a constant flow rate and posture.  Actual and 

targeted inspired volumes were displayed on an oscilloscope (Tektronix, model 5103N, 

Beaverton, Oregon) providing visual feedback of lung volume to the subject.  During 

training manoeuvres and when PA and lateral chest x-rays were obtained, the subject 

stood with his anterior or right chest wall respectively against the radiographic film 

changer, and with his arms elevated.  For each set of chest radiographs, the subject 

exhaled to RV and a radiograph was obtained.  The subject then inhaled slowly to TLC 

and a further three radiographs were obtained at approximately 25, 70 and 100% VC.  

No attempt was made to control the relative contributions of rib cage and abdomen.  All 

subjects performed the manoeuvre satisfactorily, although more than one sequence was 

required in eight subjects. 

 

Data analysis and statistics 

All data was expressed as means + standard error of means (SEM).  Data from the PP 

and DPT groups were compared with the control group, and tested for statistical 

significance using 1) the unpaired t-test corrected for multiple comparisons for 

measurements of pulmonary function, respiratory muscle strength, exercise response, 

and Ldi at RV and TLC, and 2) two-way analysis of variance (ANOVA) for ∆Ldi, FSdi, 

FSmus, ∆Hdo, ∆Rrc, ∆Drc, FErc lower and ∆Vdi measured on radiographs 2 to 4.  

Significance was defined as p < 0.05. Multiple linear regression analyses were 

performed on the entire sample using 1) ∆Ldi as the dependent variable and ∆Lap and 

∆Drc as the independent variables to verify their previously suggested significance 

(Petroll et al. 1990a), and 2) VC % predicted as the dependent variable and ∆Ldi and 

∆Drc as independent variables to quantify their relative importance.  Correlation 

between VC % predicted and chest radiograph scores of pleural disease were analysed 

using Pearson’s Product Moment Correlation.  Stepwise linear regression was used to 

determine the relative importance of costal, diaphragmatic, and costophrenic 

involvement on VC and allow modification of the chest radiograph scoring system. 
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Results 

Subject characteristics    

The groups were similar in age, height, body mass index, and smoking history (Table 

3.1).  Of the twelve PP subjects, six had bilateral costal plaques with no visible 

diaphragmatic involvement, and six had plaques involving both the costal and 

diaphragmatic pleura.  Of the seven subjects with DPT, the costophrenic angle was 

obliterated bilaterally in five, and on the right in the two remaining subjects.  

Radiographic scores for severity of pleural disease were similar for subjects with PP and 

DPT (Table 3.1). 

 

Table 3.1  Subject characteristics* 

 Control 
(n = 7) 

PP 
(n = 12) 

DPT 
(n = 7) 

Age, yr 63.9 + 2.7 64.1 + 2.3 62.4 + 2.7 
Height, m 1.65 + 0.02 1.70 + 0.02 1.72 + 0.03 
BMI, kg/m2 26.1 + 1.3 29.3 + 1.0 25.6 + 0.5 
Smokers 
     Never 
     Ex 
     Current 

 
3 
4 
0 

 
4 
7 
1 

 
1 
5 
1 

Pleural score†

    Costal 
    Diaphragm 
    CP angle  
    Total 

 
0 
0 
0 
0 

 
10.9 + 1.1 
1.8 + 0.6 

0 
12.8 + 1.2 

 
8.9 + 1.4 
3.4 + 0.6 
1.7 + 0.2 

14.0 + 1.5 
 
Abbreviations: PP = pleural plaques; DPT = diffuse pleural thickening; BMI  = body mass index; 
CP angle  = costophrenic angle.  * Values are mean ± SEM.  † Pleural score based on method 
of Al Jarad et al. (1994). 
 
 

Pulmonary function, respiratory muscle strength, and exercise test    

Relative to controls, subjects with DPT had a lower TLC and VC, whereas these 

volumes were not reduced in subjects with PP (Table 3.2).  In subjects with DPT, VC 

was 900 mls less than predicted.  In subjects in whom Vsubph could be measured, VC 

% predicted was 97.4 + 4.6 for controls (n = 5), 77.7 + 5.7 for subjects with DPT (n = 

6), and 90.7 + 7.0 for subjects with PP (n = 6).  Transfer factor and respiratory muscle 

strength were normal in all groups (Table 3.2).  Exercise capacity was similar in all 

groups and no significant oxygen desaturation occurred during exercise (Table 3.2). 
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Table 3.2  Pulmonary function, muscle strength and exercise response* 

 Control PP DPT 
Resp Function n = 7 n = 12 n = 7 
TLC, % predicted 93.6 + 5.4 96.2 + 3.3 75.2 + 3.3 †
VC, % predicted 101.2 + 4.0 98.0 + 4.5 77.4 + 4.9 ‡ 
RV, % predicted 95.9 + 7.1 106.5 + 7.6 81.9 + 7.0 
TLCO, % predicted 96.1 + 5.2 102.7 + 4.8 82.6 + 5.4 
TLCO/VA, % predicted 108.1 + 2.8 111.2 + 5.4 112.1 + 5.1 
MIP, cm H2O 94.3 + 6.5 91.3 + 10.4 78.3 + 10.6 
MEP, cm H2O 152.4 + 22.5 153.0 + 16.7 149.3 + 10.7 
Exercise Response n = 7 n = 11 n = 7 
&VO2max, % predicted 72.7 + 9.8 87.4 + 4.7 74.6 + 5.0 

Wmax, % predicted 66.1 + 11.0 83.0 + 4.0 75.0 + 3.7 
HRmax, % predicted 76.7 + 4.3 78.9 + 3.2 88.6 + 2.9 
&V Emax, % predicted 77.8 + 11.0 112.9 + 14.5 113.3 + 20.5 

∆ SaO2, % -0.1 + 0.5 -0.3 + 0.3 -0.6 + 0.4 
VTmax, %VC 49.9 + 3.6 61.7 + 3.5 58.4 + 3.2 
fmax, min-1 33.5 + 4.9 31.8 + 3.0 39.5 + 3.6 
TI/TTOT 0.49 + 0.01 0.49 + 0.01 0.48 + 0.01 
Reason for stopping 
  Breathlessness 
  Other 

 
4 
3 

 
3 
8 

 
1 
6 

 
Abbreviations: PP = pleural plaques; DPT = diffuse pleural thickening; TLC = total lung capacity; 
VC = vital capacity; RV = residual volume; TLCO = carbon monoxide transfer factor; TLCO/VA = 
transfer factor corrected for alveolar volume; MIP & MEP = maximal inspiratory & expiratory 
pressures respectively; &VO2max = maximal oxygen consumption; Wmax = maximal workload; 
HRmax = maximal heart rate; &V Emax = maximal minute ventilation; ∆ SaO2 = change in 
oxygen saturation; VTmax = maximal tidal volume; fmax = maximal breathing frequency; TI/TTOT 
= duty cycle at peak exercise.  * Values are mean ± SEM.  † p < 0.05 relative to control (t test).  
‡ p < 0.01 relative to control (t test). 
 

 

Inspired volume during collection of radiographs    

In all groups, VC during collection of radiographs was systematically lower than VC 

measured during assessment of lung function (mean reduction of 15.2 + 1.6% and 16.4 

+ 1.9% for PA and lateral films respectively).  Inspired volume at radiographs 2 and 3 

was 24 + 1% and 71 + 2% of VC during radiographs respectively, with no difference 

between groups.  There was close concordance between inspired volumes for matched 

PA and lateral radiographs. 
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Diaphragm length and shape    

Relative to controls, in subjects with DPT, Ldi at RV (LdiRV) and, on the PA film, right 

hemidiaphragm Ldi at TLC (LdiTLC) were reduced (p < 0.01) (Table 3.3).  In subjects 

with PP, LdiRV appeared shorter and LdiTLC appeared longer than in controls, but these 

differences were not statistically significant.  FSdi and FSmus between RV and TLC in 

control subjects were approximately 0.31 and 0.39 respectively (Table 3.3 & Figure 

3.3).  Relative to controls, DPT and PP subjects had reduced ∆Ldi, FSdi and FSmus.  

∆Lap was reduced in subjects with DPT, and reduced on the right side (PA film) in 

subjects with PP.  There was no difference in ∆Ldi between PP subjects with and 

without visible diaphragmatic plaques.  Between RV and TLC, Hdo increased in control 

and PP subjects, and decreased in DPT implying relative flattening of the diaphragm 

dome (Table 3.3 & Figure 3.4).  
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Figure 3.3  Effect of asbestos-related pleural fibrosis on fractional shortening of the 
right hemidiaphragm (FSdi) during inspiration 
Definition of abbreviations: DPT, diffuse pleural thickening; PP, pleural plaques; VC, vital 
capacity.  Values are mean ± SEM. (* p < 0.001 relative to DPT and PP, by ANOVA). 
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Table 3.3  Change in diaphragm and rib cage dimensions on chest radiograph between 
residual volume and total lung capacity* 

 Control PP DPT 
PA film: R hemi-di n = 7 n = 12 n = 7 
LdiRV (cm/m) 14.5 + 0.5 13.5 + 0.3 11.5 + 0.5 0 ‡ 
∆ Ldi (cm/m) -4.6 + 0.5 -3.3 + 0.2 § -2.9 + 0.2 § 
FSdi  0.316 + 0.023 0.247 + 0.014 § 0.239 + 0.013 § 
FSmus 0.396 + 0.027 0.314 + 0.017 § 0.318 + 0.014 § 
∆ Lap (cm/m) -6.0 + 0.4 -4.8 + 0.4 § -2.8 + 0.3 § 
∆ Hdo (cm/m) 0.8 + .0.2 0.7 + 0.2 -0.9 + 0.6 ‡ 
∆ Rrc (cm/m)  0.6 +0.1 0.6 + 0.1 0.1 + 0.1 ‡ 
FErc 0.071 + 0.017 0.072 + 0.017 0.011 + 0.015 ‡ 
PA film: L hemi-di n = 5 n = 6 n = 6 
LdiRV (cm/m) 14.0 + 0.5 12.9 + 0.5 10.6 + 0.5 ‡ 
∆ Ldi (cm/m) -4.4 + 0.5 -3.3 + 0.5 † -1.9 + 0.4 § 
FSdi 0.311 + 0.025 0.248 + 0.035 † 0.173 + 0.030 § 
FSmus 0.390 + 0.029 0.316 + 0.042 † 0.234 + 0.039 ‡ 
∆ Lap (cm/m) -5.0 + 0.5 -4.4 + 0.5 -2.3 + 0.6 § 
∆ Hdo (cm/m) 0.8 + 0.2 1.0 + 0.3 -0.6 + 0.6 † 
∆ Rrc (cm/m) 0.7 + 0.2 0.6 + 0.1 0.5 + 0.2 
FErc 0.092 + 0.020 0.076 + 0.012 0.068 + 0.021 
LAT film n = 7 n = 12 n = 7 
LdiRV (cm/m) 19.1 + 0.6 18.4 + 0.6 16.1 + 0.4 ‡ 
∆ Ldi (cm/m) -5.9 + 0.7 -4.4 + 0.6 ‡ -3.4 + 0.4 § 
FSdi 0.308 + 0.034 0.236 + 0.027 ‡ 0.211 + 0.024 § 
FSmus 0.385 + 0.040 0.299 + 0.033 ‡ 0.279 + 0.033 § 
∆ Lap post (cm/m) -5.6 + 0.7 -3.8 + 0.5 -3.4 + 0.3 § 
∆ Hdo (cm/m) -0.2 + 0.4 0.1 + 0.3 -0.6 + 0.4 
∆ Drc lower (cm/m) 1.9 + 0.2 1.4 + 0.3 1.2 + 0.2 † 
FErc lower 0.177 + 0.018 0.121 + 0.029 0.111 + 0.024 † 
∆ Drc mid (cm/m) 1.5 + 0.2 1.3 + 0.2 1.2 + 0.2 
FErc mid 0.148 + 0.019 0.133 + 0.024 0.126 + 0.026 
 
Abbreviations: PP = pleural plaques; DPT = diffuse pleural thickening; LdiRV  = diaphragm length 
at RV; ∆Ldi = change in diaphragm length; FSdi = fractional shortening of diaphragm; FSmus = 
fractional shortening of muscular portion of diaphragm; ∆Lap = change in length of zone of 
apposition; ∆Lap (post) = change in length of posterior zone of apposition; ∆Hdo = change in 
height of diaphragm dome above costophrenic angle; ∆Rrc = change in rib cage radius; ∆Drc 
lower & FErc lower = change in rib cage diameter & fractional expansion of the rib cage 
respectively at the level of insertion of the diaphragm; ∆Drc mid  & FErc mid = change in rib 
cage diameter & fractional expansion of the  rib cage respectively at the level of the 7th thoracic 
vertebra.  All lengths normalised for subject’s height.  * Values are mean ± SEM.  † p < 0.05 
relative to control (ANOVA).  ‡ p < 0.01 relative to control (ANOVA).  § p < 0.001 relative to 
control (ANOVA). 
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Figure 3.4  Effect of asbestos-related pleural fibrosis on the change in height of the 
right hemidiaphragm dome (∆Hdo) during inspiration  
Dome height is normalized for body height.  Values are mean ± SEM. (* p < 0.01 relative to 
control, by ANOVA). 
 
 
 
 

Volume displaced by diaphragm motion 

Figure 3.5 illustrates the ∆Vdi normalized for subject’s height (∆Vdi/ht3) between RV 

and TLC.  Relative to control, ∆Vdi/ht3 was reduced in PP and to a lesser extent in 

DPT; over the VC, the reduction in ∆Vdi/ht3 was 93 ml/m3 (457 ml) in subjects with PP 

and 70 ml/m3 (356 mls) in those with DPT.  The percent contributions of ∆Vdi to VC 

were 51.7 + 6.0% in controls, 55.1 + 4.8% in subjects with DPT, and 38.1 + 6.5% in 

subjects with PP; in controls and DPT the relative contribution of the diaphragm was 

greater at lower lung volumes. 
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Figure 3.5  Effect of asbestos-related pleural fibrosis on the volume displaced by 
diaphragm motion 
Volume displaced by diaphragm motion is normalized for body height (∆Vdi/ht3).  Values are 
mean ± SEM. (* p < 0.01 relative to DPT and p < 0.001 relative to PP, by ANOVA; † p < 0.05 
relative to DPT, by ANOVA. 
 

 

Rib cage and abdominal displacement 

Volume change of the rib cage (∆Vrc) and abdomen (∆Vab) measured by inductance 

pneumography were normalized for subject’s height.  Relative to controls, ∆Vrc/ht3 

between RV and TLC was reduced in subjects with DPT (controls: 0.45 + 0.04; subjects 

with DPT: 0.34 + 0.03, p < 0.01), but unchanged in subjects with PP (0.45 + 0.04).  

∆Vab/ht3 was similar in all groups (controls: 0.15 + 0.03; subjects with DPT: 0.14 + 

0.02; subjects with PP: 0.21 + 0.02).  

 

Figure 3.6 and Table 3.3 show the effect of APF on expansion of the rib cage measured 

radiographically.  In control subjects, FErc lower at the level of the diaphragm was 

about 0.08 and 0.18 on the PA and lateral radiographs respectively.  Relative to 



Chapter 3 - EFFECT OF ASBESTOS-RELATED PLEURAL FIBROSIS ON EXCURSION OF 
THE LOWER CHEST WALL AND DIAPHRAGM   
 

 
  

130

controls, lower rib cage expansion was reduced on the lateral film and on the right side 

on the PA film in subjects with DPT, and unchanged in subjects with PP.  The ratio of 

coronal to sagittal thoracic diameter at the level of the diaphragm decreased by 8.5% in 

the control group from 1.53 + 0.04 at RV to 1.40 + 0.03 at TLC, and similar changes 

were noted in subjects with PP (5.6% decrease) and DPT (6.3% decrease).  Rib cage 

expansion at the level of the 7th thoracic vertebra on the lateral film was not 

significantly different among the study groups. 
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Figure 3.6  Effect of asbestos-related pleural fibrosis on fractional expansion of the of 
the right hemithorax (FErc lower) 
Fractional expansion was measured radiographically at the level of the insertion of the 
diaphragm. Values are mean ± SEM. (* p < 0.01 relative to control, by ANOVA). 
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Volume contribution of the lower rib cage    

Table 3.4 lists measured rib cage dimensions used to calculate Vtxlower at RV and TLC.  

Estimated volume contributions of the lower rib cage over the vital capacity (∆Vtxlower) 

were 255 mls/m3 for controls, 242 mls/m3 for subjects with PP and 103 mls/m3 for 

subjects with DPT.  The difference in ∆Vtxlower between control and DPT groups was 

152 mls/m3 or 773 mls, of which 534 mls could be accounted for by differences in chest 

wall expansion and 239 mls by differences in Htxlower. 

 

 

Table 3.4  Mean rib cage dimensions used to estimate volume change of the lower rib 
cage during a vital capacity inspiration 

 Htxlower, cm RLAT, cm RPA, cm rLAT, cm rPA, cm Vtxlower, ml 
ControlRV 15.4 9.2 13.1 8.1 11.6 5177 
ControlTLC 15.4 10.7 14.0 9.3 12.1 6324 
PPRV 14.9 10.6 14.0 8.6 11.4 5727 
PPTLC 14.9 11.8 15.0 9.7 12.4 6918 
DPTRV 11.0 9.4 14.1 8.2 12.3 4021 
DPTTLC 11.0 10.4 14.2 9.2 12.6 4544 
 
The lower rib cage was modelled as a truncated elliptical cone as illustrated.  Definition of 
abbreviations: Htxlower = vertical height from superior aspect of seventh thoracic vertebra to 
vertebral insertion of diaphragm measured from lateral chest radiographs; RLAT & RPA = rib cage 
semi-axes at the vertebral insertion of the diaphragm measured from the lateral and 
posteroanterior chest radiographs respectively; rLAT = rib cage semi-axis at the superior aspect 
of the seventh thoracic vertebra measured from lateral chest radiograph; rPA = calculated 
coronal mid rib cage semi-axis assuming no change in cross-sectional shape between lower 
and mid thorax, i.e. rLAT / rPA = RLAT / RLAT; Vtxlower = volume of truncated elliptical cone model of 
lower rib cage, i.e. 1/3 π.Htxlower (RPARLAT + RPArLAT /2 + RLATrPA /2 + rPArLAT); PP = pleural 
plaques; DPT = diffuse pleural thickening; RV = residual volume; TLC = total lung capacity.  

RPA

RLAT

rPA

rLAT

Htxlower
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Predictors of diaphragm length change and vital capacity    

Changes in right Lap accounted for most of the variability in ∆Ldi on the PA film, 

expressed by the equation ∆Ldi = 0.49 + 0.82 ∆Lap ( r2 = 0.86, SEE 0.92); ∆Drc failed 

to account for the unexplained variability.  VC % predicted was best predicted by a 

linear combination of total (right + left hemidiaphragm) ∆Ldi on the PA film and ∆Drc 

of the lower rib cage on the lateral film, as VC % predicted = 54.04 + 2.99 ∆Ldi + 9.7 

∆Drc (r2 = 0.69, SEE 8.74).  VC % predicted was not predictable from radiographic 

scores for severity of pleural disease.  A multiple regression analysis was performed 

using VC % predicted as the dependent variable, and the scores for costal involvement, 

diaphragmatic involvement and CP angle obliteration as independent variables.  The 

resulting equation suggested that the presence of costophrenic obliteration was 

undervalued, and modification of the scoring system by ascribing a score of 15 for each 

CP angle obliterated significantly improved the correlation between chest radiograph 

score and VC % predicted (r2 = 0.36, p < 0.01). 

 

Discussion 

These findings provide insights into the mechanisms of restriction in asbestos-related 

pleural fibrosis.  Subjects with diffuse pleural thickening had a shorter diaphragm at RV 

and, reduced shortening of the diaphragm and expansion of the lower rib cage during 

inspiration.  Volume displaced by the diaphragm was reduced, but partly compensated 

by flattening of the dome during inspiration.  As a consequence, the observed reduction 

in VC was mainly attributable to reduced volume change of the lower thorax; this was 

due to (a) reduced expansion of the lower rib cage and (b) reduced axial height of lung 

apposed rib cage resulting from costophrenic obliteration.  Figure 3.7 illustrates these 

changes schematically.  In contrast, subjects with pleural plaques had normal lower rib 

cage expansion.  In this group diaphragm length appeared shorter at RV and longer at 

TLC, and although these changes were not statistically significant, diaphragm 

shortening during inspiration was significantly reduced.  This was associated with a 

reduced contribution of the diaphragm to lung volume change, but VC remained 

normal.  For the entire group, VC % predicted was best predicted by an expression that 

included both lower rib cage expansion and diaphragm shortening.  These results 

suggest that asbestos-related pleural fibrosis can restrict lung expansion in several ways: 
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(a) adhesion of the parietal and diaphragmatic pleura within the area of apposition of the 

diaphragm to the rib cage can reduce (i) expansion of the lower rib cage, (ii) pulmonary 

recruitment of the area of apposition and, (iii) the capacity of the diaphragm to shorten 

and displace volume, and (b) diaphragmatic plaques can limit elongation of the 

diaphragm at RV thereby reducing maximal shortening.  The results support the 

conclusions of other studies that asbestos-related pleural fibrosis alone, particularly 

diffuse pleural thickening, can reduce lung volumes (Rosenstock et al. 1988, Bourbeau 

et al. 1990, Schwartz et al. 1990a), and emphasize that full expansion of the lung 

requires separation of the diaphragm from the rib cage in the zone of apposition during 

inspiration (Mead 1979). 
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Figure 3.7  Mechanisms of restriction in diffuse pleural thickening  
Schematic illustration of observed changes in the diaphragm silhouette and lower rib cage 
margin in control subjects and subjects with diffuse pleural thickening during an inspiration from 
residual volume (black lines) to total lung capacity (grey lines).  In subjects with diffuse pleural 
thickening, costophrenic fibrosis was associated with 1) reduced volume contribution of the 
diaphragm partly compensated by relative flattening of the dome, 2) reduced lower rib cage 
expansion, and 3) reduced axial height of the lung apposed rib cage. 
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Limitations    

The conclusions of this study are based on estimates of diaphragm length, rib cage 

dimensions, and cross-sectional area and volume of the subphrenic space using 

measurements obtained from PA and lateral chest radiographs and the methods 

described by Braun et al. (1982) and Pierce et al. (1979).  The major assumptions in 

calculating diaphragm length and shortening are that (a) skeletal structures adjacent to 

costophrenic angles at TLC are a reasonable approximation of the anatomic insertions 

of the diaphragm, (b) the coronal and sagittal planes determining the diaphragm 

silhouette on PA and lateral chest radiographs in each subject remain fairly constant at 

different lung volumes, and (c) changes in length of these silhouettes are representative 

of overall length change of the diaphragm.  Using magnetic resonance imaging, 

Gauthier et al. (1994) found that in healthy subjects the zone of apposition was not 

eliminated when subjects relaxed against a closed glottis after reaching TLC.  A 

persistent zone of apposition at TLC would result in an underestimation of diaphragm 

length at RV and overestimation of fractional shortening. However in the present study 

radiographs were obtained during active expiration (RV) and inspiration so that 

diaphragm length in the control subjects was likely to have been systematically longer 

at RV and shorter at TLC than in the subjects of that study.  Despite these 

methodological differences, estimated shortening of the diaphragm and of diaphragm 

muscle in the control subjects in this study was similar to that estimated by Gauthier et 

al. (1994) and by others, who used chest radiography to evaluate diaphragm and rib 

cage dynamics (Braun et al. 1982, Loring et al. 1985, Petroll et al. 1990a). 

 

In healthy subjects, the diaphragmatic silhouette on a PA radiograph is produced by its 

contour at a near-mid coronal plane and this plane moves ventrally with increasing lung 

volume (Whitelaw 1987, Gauthier et al. 1994).  This movement could lead to 

underestimation of fractional shortening.  In subjects with costophrenic fibrosis where 

adhesion of the pleural surfaces may be irregularly distributed around the circumference 

of the rib cage, the planes determining diaphragm silhouettes between RV and TLC 

could differ systematically from those in control subjects.  In particular, as lung volume 

increases, the silhouette is likely to be determined by the most cephalad part of the 

diaphragm which has adhered to the rib cage.  For these reasons, measurements of 

length and fractional shortening of the diaphragm may not be representative of the 
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entire diaphragm and would tend to be underestimates.  Estimates of fractional 

shortening of diaphragm muscle may also be complicated by unpredictable changes in 

the proportion of the silhouette occupied by the central tendon at each lung volume.  

Pleural plaques involving the diaphragmatic pleura could limit elongation of the 

diaphragm near RV and shortening near TLC and, depending on the site of plaques, 

cause inhomogeneous shortening and change the planes determining the silhouette at 

each lung volume.  Again a consequence could be underestimation of diaphragm 

shortening.  Despite these uncertainties, the finding of reduced shortening and fractional 

shortening of the diaphragm in both PA and lateral projections support the likelihood 

that shortening was indeed decreased in subjects with diffuse pleural thickening and 

subjects with pleural plaques. 

 

The contribution of the diaphragm to change in lung volume (∆Vdi) was estimated with 

the method of Pierce et al. (1979), modified to allow for the volume occupied by the 

vertebral bodies, spinal muscles and great vessels.  This method was chosen because 

applied to the thorax it gave precise estimates of TLC, and alternate methods (Petroll et 

al. 1990b, Verschakelen et al. 1992) were considered likely to overestimate ∆Vdi 

because of their shape assumptions and failure to account for spinal volume (see 

Literature Review, Volume displacements).  The method of Pierce et al. (1979) assumes 

that the diaphragm dome and spinal structures have elliptical cross-sections and, in the 

present study, these assumptions were adopted for the model of the lower thorax.  

However, the data in the present study and that of Gauthier et al. (1994) show that as 

lung volume increases in healthy subjects, the thorax expands more in a sagittal than 

coronal plane, and this assumption could result in an underestimate of the volume 

contribution of the diaphragm and lower thorax.  Nevertheless in control subjects, the 

relative contribution of the diaphragm to vital capacity was 51.7 + 6.0 %, similar to 

previous estimates using radiographic techniques and measurements of surface 

displacements (Verschakelen et al. 1992, Rochester and Farkas 1995).  Although lower 

rib cage expansion was more severely impaired in the coronal than sagittal plane in 

subjects with diffuse pleural thickening, the ratio of coronal to sagittal diameter of the 

subphrenum and its variance between RV and TLC was similar to the control group, 

and thus unlikely to be a significant source of error.   
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Inspired volume measured during the radiographic sequence was lower than VC 

measured during formal assessment of lung function.  This is likely to relate to the 

posture adopted for radiographs, in particular arm elevation (Pierce et al. 1979, 

Dolmage et al. 1993), and was reduced to the same extent in all groups.  There was also 

no difference between groups in the volume increments at which chest radiographs were 

obtained in the PA and lateral sequences.  These factors are therefore unlikely to have 

influenced the results. 

 

Implications    

The restriction observed in subjects with diffuse pleural thickening can be attributed to 

costophrenic fibrosis which, in effect, attaches the diaphragm to the chest wall more 

cephalad than its anatomic insertions, thus reducing its maximum length at RV and the 

area of apposition available for recruitment during inspiration.  As lung volume 

increases, increasing neural drive to and tension within the diaphragm must result in a 

transverse force vector at sites of adhesion which opposes outward displacement of the 

lower rib cage from action of inspiratory intercostal muscles and increased abdominal 

pressure.  In addition, a more cephalad insertion of the diaphragm into the rib cage 

would decrease its mechanical advantage in displacing the costal margin outward and 

upward.  

 

Relative to predicted values, VC measured by plethysmography in subjects with diffuse 

pleural thickening was reduced by 900 mls.  To partition the relative contributions of 

abnormalities in diaphragm and lower rib cage motion to this restriction, the volume 

change of the lower thorax between RV and TLC was estimated using measured 

dimensions and by modelling the lower thorax as a truncated elliptical cone (Table 3.4).  

It was assumed that the volume contribution of the upper rib cage was the same in both 

the control and DPT groups, and the available data supports this (Table 3.3).  When 

adjusted for differences in mean height between the groups, the model estimated that 

volume change of the lower thorax between RV and TLC was 773 mls lower in subjects 

with diffuse pleural thickening relative to controls, due to differences in rib cage 

expansion (534 mls) and axial height of the lower rib cage (239 mls).  This difference 

together with the reduction in volume displaced by the diaphragm in this group (356 

mls) estimate a reduction of VC close to that measured at plethysmography.  These 
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estimates suggest that impaired expansion of the lower rib cage and inability of the 

diaphragm to separate from it are principally responsible for volume restriction in 

costophrenic fibrosis.  Despite the substantial decrease in shortening within the zone of 

apposition, volume displaced by the diaphragm was decreased by only a small amount 

because the diaphragm flattened during inspiration helping to maintain its volume 

contribution. 

 

The finding that the diaphragm flattens during inspiration in subjects with costophrenic 

fibrosis but not in control subjects or subjects with pleural plaques presumably reflects a 

difference in the balance of forces determining diaphragm shape consequent on the 

more cephalad attachment of the diaphragm and rib cage.  In subjects with diffuse 

pleural thickening, the reduced area of apposition available for recruitment is likely to 

result in its elimination at lower lung volumes than in controls; diaphragm flattening 

with inspiration is then likely because transdiaphragmatic pressure, which opposes 

flattening, is lower, and the axial forces able to be generated by muscle fibres within the 

dome are higher, because average muscle fibre length is longer.  Volume change 

achieved by flattening of the dome of the diaphragm rather than shortening in the area 

of apposition could have implications to the efficiency of diaphragm muscle because 

comparable axial displacement would require disproportionate shortening of muscle 

fibres in the dome.  

 

It is important to recognize that change in subphrenic volume during the VC manoeuvre 

is not purely a function of diaphragm action, but also of intercostal and abdominal 

muscle activity and of rib cage and abdominal elastances.  In this study maximum 

mouth pressures suggested similar respiratory muscle strength in the three groups, while 

systematic differences in the elastance of the abdomen and rib cage between groups 

appears unlikely to account for the observed difference in behaviour of the chest wall. 

 

In the subjects with pleural plaques, diaphragm shortening and the contribution of the 

diaphragm to lung volume change was reduced.  Possible explanations for these include 

occult pulmonary fibrosis, occult costophrenic fibrosis and increased diaphragm 

elastance. Reduced pulmonary compliance due to occult pulmonary fibrosis could 

increase the load on the diaphragm and limit its excursion.  This is an unlikely 

explanation for several reasons: (i) any reduction in pulmonary compliance is likely to 
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also limit chest wall excursion, and this was not observed, (ii) physiologically 

significant asbestosis in the absence of clinical and radiologic changes is rare (Epler et 

al. 1978, Schwartz et al. 1990b), and (iii) measurements of respiratory function showed 

no evidence of interstitial lung disease in these subjects.  The presence of minor degrees 

of costophrenic fibrosis is also unlikely given that at TLC, diaphragm length was not 

reduced, and dome flattening was not observed.  The reduced ∆Vdi with inspiration in 

subjects with pleural plaques could be explained by an increased elastance of the 

diaphragm due to the presence of diaphragmatic plaques thus limiting its elongation at 

RV and its shortening particularly during early inspiration when intra-abdominal 

pressure decreased with relaxation of expiratory muscles.  Although half the subjects 

with pleural plaques had no radiographic evidence of diaphragmatic plaques, 

radiographs are a relatively insensitive measure of plaques such that radiologically 

apparent plaques form only a fraction of those found at necropsy (Hillerdal and 

Lindgren 1980).  In the six subjects with pleural plaques in whom volume contribution 

of the diaphragm could be measured, ∆Vdi between RV and TLC was significantly 

reduced relative to control subjects (mean reduction 457 mls) but VC (which was 90.7 ± 

7.0 % predicted or 369 mls below predicted) was not. This apparent anomaly is 

attributable to the relatively greater variability in VC. 

 

The failure of chest radiograph scores of the severity of pleural disease to correlate with 

VC in this study was due to the low value ascribed to the most physiologically 

important abnormality, namely costophrenic obliteration.  The results of this study 

suggest that if a classification is to reflect functional impairment, the presence of 

costophrenic fibrosis should be given greater emphasis. 

 

The results of this study provide novel information about the effect of asbestos-related 

pleural disease on the behaviour of the diaphragm and rib cage; they suggest that 

costophrenic fibrosis is more likely to cause restriction than pleural plaques because it 

impairs the interaction of the diaphragm and the lower rib cage in expanding the thorax.  

In addition, both costophrenic fibrosis and pleural plaques limit volume contribution of 

the diaphragm. 
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Introduction 

Aliverti et al. (1997) have shown that in humans during exercise the diaphragm 

contracts nearly isotonically and acts mainly to generate inspiratory flow, while the 

increased pressures required to displace the rib cage and abdomen are developed largely 

by rib cage and abdominal muscles.  These findings suggest that the contribution of the 

diaphragm to inspiration depends not only on its ability to develop tension, but also on 

its capacity to shorten and displace volume.  In the healthy subjects studied in Chapter 3 

of this thesis, the diaphragm shortened by about a third during a vital capacity 

inspiration, and diaphragm motion accounted for about one-half of inspired volume; 

these findings are consistent with the findings of other investigators (Braun et al. 1982, 

Verschakelen et al. 1992, Gauthier et al. 1994, Rochester and Farkas 1995).  In 

emphysema, due to pulmonary hyperinflation and possibly to remodelling with 

preferential loss of longer sarcomeres (Thomas et al. 1986), diaphragm length is 

reduced, particularly in the zone of apposition of the diaphragm to the rib cage (Lap).  

This limits both the maximum tension that can be generated by the diaphragm 

(Rochester and Farkas 1995) and its inflationary action on the lower rib cage (Gilmartin 

and Gibson 1986), and could limit further shortening of the diaphragm and its 

contribution to inspired volume.  The latter has not been examined in emphysema.   

 

Changes in Lap of the costal diaphragm during inspiration can be measured non-

invasively (McKenzie et al. 1994), and may be an accurate surrogate measure of the 

volume displaced by diaphragm motion (∆Vdi).  However the relationship between 

these two measurements has not been established in humans.  In dogs, ∆Vdi correlates 

better with shortening of the costal than crural diaphragm (Knight et al. 1991), and is 

not accurately predicted without simultaneous measurement of changes in rib cage 

diameter and diaphragm shape (Petroll et al. 1990b).  The study presented in Chapter 3 

of this thesis found that, in humans, when Lap is reduced by costophrenic fibrosis, the 

diaphragm can flatten during inspiration and this augments ∆Vdi.  Because Lap is also 

reduced in emphysema, changes in diaphragm shape during inspiration could make an 

important contribution to the ∆Vdi in this condition, and the relationship between ∆Vdi 

and ∆Lap in emphysema may be different from healthy subjects.  
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The aims were to measure ∆Vdi in emphysema and evaluate its relationship to 

diaphragm length and shape, and to rib cage dimensions.  It was hypothesized that ∆Vdi 

would be reduced in emphysema, and ∆Vdi could be predicted by measuring ∆Lap.  

However, it was found that ∆Vdi during a vital capacity inspiration was similar to that 

in health in more than half the subjects with emphysema, and that ∆Vdi could not be 

accurately predicted from ∆Lap alone either in health or emphysema.  In emphysema, a 

normal ∆Vdi during a vital capacity inspiration was associated with hyperinflation of 

the pulmonary rib cage and an increased Lap.  The analysis suggests that hyperinflation 

of the pulmonary rib cage acts to preserve Lap and the capacity of the diaphragm to 

change lung volume. 

 

Methods 

Subjects    

Nineteen male subjects participated in this study.  Nine had emphysema and severe 

pulmonary hyperinflation with the following criteria: ratio of residual volume (RV) to 

total lung capacity (TLC) >0.6, TLC greater than predicted, forced expiratory volume in 

one second (FEV1) <50% predicted, ratio of FEV1 to forced vital capacity <0.5, and 

single breath transfer factor (DLCO) <70% predicted.  A control group of ten healthy 

men matched for age, height and weight was recruited from local service clubs.  

Subjects were excluded if they were aged <40 or >80 years, cachectic (body mass index 

<18 kg/m2), had previous lung surgery, or had clinical or plain radiographic evidence of 

another disorder that could cause abnormal diaphragm motion, including disorders of 

the pleura, pulmonary interstitium, nervous system and muscles.  Informed consent was 

obtained from each subject and ethical approval granted by the Committee for Human 

Rights, University of Western Australia. 

 

Pulmonary function and respiratory muscle strength  

Respiratory function was assessed in all subjects as follows: lung volumes by 

plethysmography (Model 09103; Warren E. Collins Inc, Braintree, MA), maximum 

expiratory flow volume relationship and FEV1 by pneumotachograph (Model 400VR; 
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Hewlett Packard, Waltham, MA), DLCO by the single breath method (Model 1182; PK 

Morgan, Chatham, Kent, UK), and respiratory muscle strength by peak inspiratory and 

expiratory mouth pressures (MIP, MEP) at RV and TLC respectively using the 

technique of Black and Hyatt (1969).  Measured values, excepting MIP and MEP, were 

expressed as percent predicted using the following reference equations: TLC - Crapo et 

al. (1982), vital capacity (VC) - Kory et al. (1961), RV - Goldman and Becklake (1959), 

FEV1 - Cotes et al. (1966), DLCO - Miller et al. (1983b).  VC was measured with 

shoulders relaxed and repeated with shoulders flexed in the posture adopted for chest 

radiographs.  

 

Measurements from chest radiographs    

Diaphragm length, rib cage diameter, subphrenic volume and lung volume, and their 

changes between RV and TLC were estimated radiographically from posteroanterior 

(PA) and lateral chest radiographs taken at RV, FRC, FRC plus one-half inspiratory 

capacity (FRC + ½ IC) and TLC during slow inspirations initiated from RV.  

Inspiratory flow was measured with a pneumotachograph, integrated to obtain inspired 

volume and corrected to BTPS. The latter was recorded continuously on a polygraph 

(Linear Corder Mark VII, Watanabe).  To allow alignment of the PA and lateral 

radiographs, radio-opaque ball bearings were adhered to the midline of the chest wall as 

follows: single anterior bearing at the level of the xiphi-sternal junction and double 

posterior bearings at the level of the tenth thoracic vertebra. Radiation exposure for each 

radiograph was approximately 150 kV, with a maximal cumulative dose to each subject 

of less than 0.6 mSv.  

 

Measurement of diaphragm and rib cage dimensions    

These were measured from radiographs using methods adapted from Braun et al. 

(1982).  From each radiograph taken at TLC, the junctions of the diaphragm with the 

sternum and posterior and lateral chest walls were identified and taken to represent the 

anatomic insertions of the diaphragm.  Using bony landmarks, these insertions were 

identified on radiographs taken at lower lung volumes.  On the lateral radiograph, a line 

representing the midpoint between the right and left hemidiaphragm silhouettes was 

taken to represent the sagittal diaphragm silhouette.  Measurements at each lung volume 
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were made using a digitising palette (AccuGrid, Numonics Corporation, 

Montgomeryville, PA) and included diaphragm length (Ldi), lengths of the lateral (mid-

coronal) and posterior costal zones of apposition of the diaphragm to the rib cage (Lap), 

and rib cage diameter at the levels of the insertion of the diaphragm (abdominal, Drcab) 

and seventh (Drcp-mid) and fourth (Drcp-upper) thoracic vertebrae (Figure 4.1).  

Diaphragm shape was inferred from the dome shape factor (Kdome) defined as the ratio 

of length of the lung-apposed diaphragm to the diameter of the abdominal rib cage on 

the PA radiograph (Loring et al. 1985), and to the linear distance between the anterior 

and posterior costophrenic angles on the lateral radiograph.  
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Figure 4.1  Measurements from chest radiographs.  
Schematic illustration of measurements from matched posteroanterior (PA) and lateral chest 
radiographs.  Measurements illustrated are diaphragm length (Ldi, coronal plane: a-d, sagittal 
plane: a’-d’), length of zone of apposition (Lap, right lateral: a-b, left lateral: c-d, and posterior: 
c’-d’}, and diaphragm shape factor (Kdome = coronal plane: b-c/ rib cage diameter, sagittal 
plane: b’-c’/ linear distance between anterior and posterior costophrenic angle), volume of 
diaphragm dome (Vdome), frustrum (Vfrustrum) and subphrenum (Vsubph = Vdome + 
Vfrustrum). Vsubph was calculated by dividing the subphrenum into multiple horizontal slices of 
1 cm height, measuring the lengths of the coronal and sagittal axes of each slice (x, y), 
assuming a near-elliptical cross-sectional shape and subtracting spinal volume (see text for 
detail).   
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To correct for magnification due to divergence of the X-ray beam, an individual 

correction factor was determined for each radiograph using the distance between the 

radiographic source and radiograph (300 cm), the distance between the subject and the 

radiograph (7.0 cm), and diameter and thickness of the rib cage determined from 

radiographs, as described by Pierce et al. (1979).  Changes in diaphragm length and rib 

cage diameter were expressed as a fractional change from measurements obtained at 

RV.  

 

Estimating subphrenic volume and the volume displaced by diaphragm motion    

Subphrenic volume (Vsubph) was measured at RV, FRC, FRC + ½ IC and TLC using 

methods similar to those described in Chapter 3 and adapted from a radiographic 

method of measuring lung volumes (Pierce et al. 1979).  The boundaries of the 

subphrenum were defined by the dome of the diaphragm cranially and the diaphragm-

apposed rib cage laterally and posteriorly.  The base of the subphrenum was defined by 

a horizontal line through the most caudal insertion of the diaphragm into the chest wall, 

identified using bony landmarks.  The subphrenum was divided into two components: a 

caudal “frustrum” where both the lateral and posterior costal diaphragm were apposed 

to the rib cage, and a cephalad “dome” where either the lateral or posterior costal 

diaphragm were apposed to the lung (Petroll et al. 1990b) (Figure 4.1).  ∆Vdome was 

calculated at all lung volumes above RV.   

 

To measure Vsubph, PA and lateral radiographs at matched lung volumes were first 

aligned in the vertical axis using the radio-opaque balls and vertebrae.  On the PA 

radiograph, the volume of the spinal mass within the subphrenum was defined by lines 

drawn on either side of the vertebral column following the tips of the lateral processes 

of the vertebrae to take account of associated muscle masses.  On the lateral radiograph, 

the anterior limit of the spinal mass was drawn 1 cm in front of the vertebral bodies to 

allow for the great vessels and associated tissue.  The combined subphrenic and spinal 

volume (Vsubph+sp) was then divided into multiple 1 cm horizontal slices.  The lengths 

of the major and minor axes of each slice for Vsubph+sp and Vsp were measured from 

PA and lateral radiographs respectively.  The cross-sectional shapes of the diaphragm 

dome and the spinal mass were assumed to be close to an ellipse (Pierce et al. 1979), 

and the volume of each slice estimated from the equation V = 1/4 .π. h.x.y, where x and y 



Chapter 4 – VOLUME DISPLACED BY DIAPHRAGM MOTION IN EMPHYSEMA   
 

 
  

144

were the major and minor axes, and h the height of the slice (1 cm).  The cross-sectional 

shape of the diaphragm frustrum was assumed to be a third of the way between an 

ellipse and a rectangle (Pierce et al. 1979), and the volume of each slice estimated from 

the equation V = 1/4.π.h.x.y + 1/3(h.x.y - 1/4.π.h.x.y).  Vsubph was calculated by 

subtracting the sum of all Vsp slices from the sum of all Vsubph+sp slices.  All 

dimensions were corrected for magnification.  
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Figure 4.2  Measurement of the volume displaced by diaphragm motion.   
Schematic illustration of the volume displaced by diaphragm motion (∆Vdi) during an inspiration 
from residual volume (RV).  The solid and interrupted lines represent the diaphragm and rib 
cage at RV and end-inspiration (EI) respectively.  ∆Vdi was calculated using the equation ∆Vdi 
= VsubphRV - VsubphEI - Vaxial + Ve + 0.5 Vf, where Vaxial was that part of the subphrenic 
volume at RV which was no longer within the diaphragm-apposed rib cage at end-inspiration 
due to cephalad movement of the costal margin during inspiration, Ve was the increase in 
subphrenic volume due to inspiratory expansion of the abdominal rib cage and 0.5 Vf was the 
lung volume displaced as the diaphragm separated from the expanding abdominal rib cage 
during inspiration (see text for detail).  
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The volume displaced by diaphragm motion (∆Vdi) with inspiration was calculated 

using the following equation: 

 

 ∆Vdi = VsubphRV - VsubphEI - Vaxial + Ve + 0.5 Vf  

   

where VsubphRV and VsubphEI were subphrenic volumes at residual volume and end-

inspiration respectively, Vaxial was that part of the subphrenic volume at RV which was 

no longer within the diaphragm-apposed rib cage at end-inspiration due to cephalad 

movement of the costal margin during inspiration, Ve was the increase in subphrenic 

volume due to inspiratory expansion of the abdominal rib cage and 0.5 Vf was the lung 

volume displaced as the diaphragm separated from the expanding abdominal rib cage 

during inspiration (Figure 4.2).  

 

Radiographic lung volume and rib cage cross-sectional area    

Radiographic lung volume was estimated using the method of Pierce et al. (1979) based 

on the equation: Lung volume = chest volume - heart volume - spinal volume - 

subphrenic volume.  In each subject, heart volume was assumed to remain constant at 

all lung volumes.  All other structures were divided into multiple 1 cm horizontal slices 

and the volume of each slice calculated by measuring its major and minor axes from the 

radiographs and by assuming a cross-sectional shape of (a) one-third the way between 

an ellipse and a rectangle for the chest, and (b) an ellipse for all other structures.  The 

cross-sectional areas of (a) the pulmonary rib cage (Arcp) at each 1 cm interval from the 

apex to the lateral costophrenic angle and (b) the abdominal rib cage (Arcab) at the level 

of the lateral insertion of the diaphragm in emphysema and control subjects were 

compared. The change in lung volume attributable to expansion of the pulmonary rib 

cage (∆Vrcp) was calculated from the change in volume of all slices of the rib cage 

between the apex of the lung and the level of the right lateral costophrenic angle on the 

radiograph at the lower lung volume plus 0.5 Vf in Figure 4.2.  

 

Protocol    

Each subject was trained to perform a slow inspiratory VC manoeuvre through a 

pneumotachograph at a constant flow rate (approximately 1 liter/sec) and posture.  Flow 
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rate was displayed on an analog flow meter providing visual feedback to the subject.  

During training manoeuvres and when PA and lateral chest radiographs were obtained, 

the subject stood with his anterior or left chest wall respectively against the radiographic 

plate, and with his arms elevated and supported.  For each radiograph the subject 

exhaled to RV, inhaled to TLC, and then exhaled to RV again.  Target lung volumes 

were marked on the chart recorder and radiographs were triggered by a radiographer as 

close as possible to RV and TLC, and to FRC and FRC + ½ IC as the patient inspired 

through these volumes, ensuring that the glottis was open and the diaphragm remained 

activated.  A pulse was delivered to the chart recorder at the time of radiographic 

exposure thereby allowing precise matching of radiographic image to lung volume; 

radiographs were analysed only if they were successfully triggered close to the target 

lung volume.  No attempt was made to control chest wall configuration.  

 

Data analysis and statistics    

All data was expressed as mean ± standard deviation (SD).  Linear regression and 

paired t-tests were used to examine the relationships between (a) targeted and actual 

lung volumes at which chest radiographs were triggered, (b) inspired volumes for 

matched PA and lateral radiographs, (c) changes in lung volume measured 

radiographically and by pneumotachograph and (d) ∆Vdi + ∆Vrcp and inspired volume.  

The ratio of Arcp in emphysema subjects to that in controls was examined over twenty-

three 1 cm intervals beginning at the apex using a two-way analysis of variance 

(ANOVA).  Linear regression was used to examine the relationships between Lap and 

lung volume/TLC predicted and between ∆Vdi and ∆Lap.  Backward stepwise and 

multiple linear regression analyses were used to examine the relationships between the 

dependent variable Vsubph and independent variables Lap, Kdome, and Arcab.  All 

other data were compared using unpaired t-tests.  Significance was defined as P < 0.05.   
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Results 

Subject characteristics and pulmonary function    

The groups were well matched for age, height and body mass index (Table 4.1).  

Relative to controls, emphysema subjects had severe hyperinflation, reduced FEV1 and 

VC, and similar respiratory muscle strength (Table 4.1).  

 

Table 4.1  Subject characteristics 

 Control 
(n = 10) 

Emphysema 
(n = 9) 

Age, yr 63.2 ± 5.7 65.3 ± 9.6 
Height, m 1.76 ± 0.05 1.74 ± 0.08 
BMI, kg/m2 26.9 ± 3.0 24.2 ± 3.6 
TLC, % predicted 98.0 ± 8.2 130.4 ± 11.3 * 
RV/TLC 0.38 ± 0.05 0.65 ± 0.08 * 
VC, % predicted 99.3 ± 8.7 77.4 ± 20.0 * 
FRC, % predicted 96.6 ± 19.3 167.2 ± 22.2 * 
FEV1, % predicted 107.2 ± 10.3 27.0 ± 13.0 * 
DLCO, % predicted 97.7 ± 7.7 46.6 ± 14.8 * 
MIP, cm H2O 97.6 ± 28.7 86.8 ± 26.5 
MEP, cm H2O 176.8 ± 44.6 203.1 ± 55.1 

 
Values are mean ± SD.  BMI, body mass index;  TLC, total lung capacity;  RV, residual volume;  
VC, vital capacity;  FRC, functional residual capacity;  FEV1, forced expiratory volume in one 
second;  DLCO, carbon monoxide transfer factor;  MIP & MEP, maximal inspiratory & expiratory 
pressures respectively.  Significant difference from control: * P < 0.001 (t test). 
 

 

Inspired volume during collection of radiographs    

Arm elevation, simulating the posture adopted during radiographs, resulted in no change 

in mean VC of controls and a small non-significant decrease in emphysema subjects.  

VC during the collection of radiographs was close to that obtained in the laboratory with 

arm elevation (control 102.9 ± 7.9%, emphysema 105.6 ± 8.9%).  Satisfactory 

radiographs at FRC could not be obtained in 2 subjects with emphysema and at FRC + 

½ IC in 4 control and 5 emphysema subjects.  For the remaining radiographs, there was 

no difference between targeted and actual lung volumes at which they were triggered (r2 

= 0.99, slope 0.96, intercept 0.18 L) and between inspired volumes for matched PA and 

lateral radiographs (r2 = 0.99, slope 1.01, intercept –0.05 L).  In both groups, inspired 

volumes measured radiographically (∆VL) were higher than those measured by 

pneumotachograph (Vm), and these volumes were closely correlated and linearly 
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related with a slope close to 1.0 (control r2 = 0.97, slope 0.94, intercept 0.31 L, mean 

difference 0.16 L and emphysema r2 = 0.95, slope 0.91, intercept 0.72 L, mean 

difference 0.54 L). 

 

Diaphragm length and shortening    

Relative to control subjects, Ldi and Lap were reduced in emphysema at RV and FRC in 

both the coronal and sagittal planes; Ldi was also reduced at TLC in the coronal plane 

(Figures 4.3A & B).  Shortening of the diaphragm during inspiration between RV and 

TLC (∆Ldi) was reduced in emphysema (Table 4.2).  However, at comparable lung 

volumes, Lap in the coronal (Figure 4.4) and sagittal planes was longer in emphysema 

than in controls and was not eliminated at predicted TLC. 

 

Diaphragm shape factor    

A decrease in Kdome during inspiration indicates diaphragm flattening and Kdome = 

1.0 indicates a completely flat diaphragm.  In both coronal and sagittal planes, the 

diaphragm was flatter in subjects with emphysema at all lung volumes except FRC in 

the coronal plane (Figure 4.3C).  In the coronal plane, between RV and TLC, the 

diaphragm flattened more in emphysema (control Kdome increased by 0.05 ± 0.08, 

emphysema Kdome decreased by 0.01 ± 0.04, P = 0.03).   
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Figure 4.3  Effect of emphysema on diaphragm length and shape   
(A) Diaphragm length (Ldi), (B) length of the zone of apposition of the diaphragm to the rib cage 
(Lap) and (C) and diaphragm shape factor (Kdome) during inspiration.  Values are mean ± SD.  
The sample size for each mean value is indicated at the base of each column.  Significant 
difference from control: * P < 0.05, † P < 0.01, ‡ P < 0.001 (t test).  
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Table 4.2  Change in diaphragm and rib cage dimensions between RV and TLC 

 Control 
n = 10 

Emphysema 
n = 9 

PA radiograph (Coronal plane) 
∆ Ldi, cm - 16.8 ± 3.7 - 11.0 ± 3.8 † 
FSdi  0.32 ± 0.06 0.25 ± 0.06 * 
∆ Lap right lateral, cm - 11.4 ± 2.2 - 6.2 ± 2.2 ‡ 
∆ Lap left lateral, cm - 10.7 ± 1.9 - 5.3 ± 2.4 ‡ 
FErcp upper 0.16 ± 0.05 0.15 ± 0.07 
FErcp mid 0.06 ± 0.02 0.06 ± 0.03 
FErcab 0.09 ± 0.04 0.06 ± 0.03 

LATERAL radiograph (Sagittal plane) 
∆ Ldi, cm - 13.0 ± 3.0 - 6.7 ± 3.8 ‡ 
FSdi 0.37 ± 0.07 0.23 ± 0.11 † 
∆ Lap posterior, cm - 7.8 ± 1.7 - 3.1 ± 1.9 ‡ 
FErcp upper 0.28 ± 0.09 0.26 ± 0.13 
FErcp mid 0.18 ± 0.06 0.12 ± 0.05 * 
FErcab 0.20 ± 0.05 0.07 ± 0.07 ‡ 
 
Values are mean ± SD.  ∆Ldi, change in diaphragm length;  FSdi, fractional shortening of 
diaphragm;  ∆Lap, change in length of zone of apposition;  FErcp upper & mid and FErcab, 
fractional expansion of the rib cage at the level of the fourth thoracic vertebra, seventh thoracic 
vertebra and insertion of the diaphragm respectively.  Significant difference from control: * P < 
0.05, † P < 0.01, ‡ P < 0.001 (t-test). 
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Figure 4.4  The length of the zone of apposition in emphysema 
Relationship between the length of the right lateral zone of apposition (Lap) and lung volume 
expressed as a ratio of predicted total lung capacity in all subjects.  The solid and interrupted 
lines represent the separate regression lines for control subjects and subjects with emphysema 
and their 95% confidence intervals respectively.   
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Volume displaced by diaphragm motion    

∆Vdi during a VC inspiration was not different between the groups in either absolute 

terms (control 1.96 ± 0.50 L, emphysema 1.30 ± 0.87 L) or as a fraction of inspired 

volume (∆Vdi/∆VL) (control 0.46 ± 0.08, emphysema 0.37 ± 0.25) (Figure 4.5A).  

∆Vdi varied widely in subjects with emphysema and, during a VC inspiration, was 

similar to controls in 5 subjects and reduced in 4 subjects (Figure 4.5B).  ∆Vdi + ∆Vrcp 

was similar to inspired volume in controls and exceeded inspired volume in emphysema 

(mean difference 0.45 litres, P <0.001).  In both groups, ∆Vdi + ∆Vrcp was linearly 

related to inspired volume (control r2 = 0.97, gradient 0.85, intercept 0.30 litres; 

emphysema r2 = 0.94, gradient 0.84, intercept 0.76 litres) (Figure 4.6).  At RV the 

volume contained within the diaphragm dome (Vdome) was similar in both groups 

(control 1.36 ± 0.41 L, emphysema 1.57 ± 0.49 L), however, during inspiration to TLC 

Vdome increased in controls and did not change in emphysema (∆Vdome: control 0.82 

± 0.80 L, emphysema 0 ± 0.36 L, P = 0.01).   
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Figure 4.5  Volume displaced by diaphragm motion in emphysema 
A. Fraction of inspired volume attributable to diaphragm motion (∆Vdi/∆VL) during inspiration 
from residual volume to FRC, to FRC + ½ inspiratory capacity and to TLC.  Values are mean ± 
SD.  The sample size for each mean value is shown in the respective column.  Significant 
difference from control at FRC: * P < 0.05 (t test).  
B. Relationship between the volume displaced by diaphragm motion (∆Vdi) during a vital 
capacity inspiration and the ratio of residual volume to predicted total lung capacity in all 
subjects.  The solid and interrupted lines represent the mean ∆Vdi and limits of the 95% 
confidence interval respectively for control subjects. 



Chapter 4 – VOLUME DISPLACED BY DIAPHRAGM MOTION IN EMPHYSEMA   
 

 
  

152

Inspired volume (Vm), litres
0 1 2 3 4

∆V
di

 +
 ∆

V
rc

p,
 li

tr
es

0

1

2

3

4

5

Control
Emphysema

5

  

Figure 4.6  Relationship between inspired volume and the sum of volumes displaced by 
the diaphragm and pulmonary rib cage 
Relationship between inspired volume and the sum of volume displaced by diaphragm motion 
(∆Vdi) and change in lung volume due to expansion of the pulmonary rib cage (∆Vrcp) during 
inspiration from RV to FRC, to FRC + ½ IC and to TLC in all subjects.   
 

 

Dimensions and displacement of the rib cage and abdomen    

Relative to control subjects, the cross-sectional areas of the upper and mid rib cage were 

greater in subjects with emphysema at all lung volumes (Figure 4.7), and this was due to 

increased sagittal diameters (DrcpFRC, Upper: control 11.5 ± 1.0, emphysema 14.0 ± 1.7 

cm, p<0.01, and Mid: control 16.5 ± 1.3 cm, emphysema 19.3 ± 1.4 cm, p<0.01).  

Coronal diameters were similar in both groups.  At FRC, mean Arcp was 1.22 ± 0.03 

times greater in emphysema subjects than controls (P < 0.001).  Arcab was not different 

between the groups (Figure 4.7).  Relative to control subjects, fractional expansion of 

the abdominal and mid rib cage during a VC inspiration were reduced in the sagittal 

plane in subjects with emphysema (Table 4.2).  The ratio of coronal to sagittal diameter 

of the abdominal rib cage decreased during a VC inspiration in the control group (RV 

1.50 ± 0.08, TLC 1.36 ± 0.06, P = 0.0002) indicating movement towards a more 

circular shape, and did not change in subjects with emphysema (RV 1.38 ± 0.11, TLC 

1.38 ± 0.16).  
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Figure 4.7  Effect of emphysema on cross-sectional area of the rib cage 
Cross-sectional areas for upper and mid pulmonary (Arcp) and abdominal (Arcab) rib cages 
during vital capacity inspiration. Values are means ± SD.  The sample size for each mean value 
is indicated at the base of each column.  Significant difference from control: * P < 0.05, † P < 
0.01, ‡ P < 0.001 (t-test).  
 

 

Post-hoc analysis of emphysema sub-groups    

Relative to subjects with reduced ∆Vdi during a VC inspiration, emphysema subjects 

with preserved ∆Vdi had increased Lap, Arcab, and Arcp at RV (Table 4.3). 
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Table 4.3  Characteristics of emphysema subjects with preserved and decreased ∆Vdi. 

 Control 
 

(n = 10) 

Emphysema  
∆Vdi Preserved 

(n = 5) 

Emphysema 
∆Vdi Decreased 

(n = 4) 
∆Vdi during VC inspiration, L 1.96 ± 0.50 1.94 ± 0.51 0.51 ± 0.40 *† 
TLC, % predicted 98.0 ± 8.2 130.2 ± 14.4 * 130.6 ± 8.0 * 
RV/TLC 0.38 ± 0.05 0.61 ± 0.06 * 0.70 ± 0.07 * 
Dimensions at RV 
     Posterior costal Lap, cm 
     Arcab, cm2

     Arcp/Arcp control  

 
7.8 ± 1.7 
362 ± 69 

1.0 

 
4.5 ± 1.2 * 
470 ± 30 * 

1.30 ± 0.10 * 

 
1.4 ± 1.0 *† 
364 ± 15 † 

1.10 ± 0.06 *† 
∆Vdome  during VC inspiration, L 0.82 ± 0.80 0.07 ± 0.41 -0.09 ± 0.30 
 
Values are mean ± SD.  ∆Vdi, volume displaced by diaphragm motion;  TLC, total lung capacity;  
RV, residual volume;  FRC, functional residual volume;  Lap, length of zone of apposition;  
Arcab, cross-sectional area of the rib cage at the level of the costal insertion of the diaphragm; 
Arcp, cross-sectional area of pulmonary rib cage at 1 cm intervals; ∆Vdome, change in volume 
of the lung-apposed diaphragm dome.  Significant difference from control: * P < 0.05.  
Significant difference from ∆Vdi Preserved: † P < 0.05. 
 

 

Predictors of subphrenic volume and volume displaced by 
diaphragm motion    

The coefficient of determination (r2) between ∆Vdi and ∆Lap was similar at the right 

lateral and posterior zones of apposition (0.74 and 0.75 respectively) in control subjects, 

and was lower at the right lateral than the posterior zone of apposition (0.58 and 0.70 

respectively) in subjects with emphysema. Relative to controls, the gradients of linear 

regressions between ∆Vdi and ∆Lap were higher in emphysema (right lateral: controls 

0.14 L/cm, emphysema 0.25 L/cm, P < 0.05 and posterior: controls 0.22 L/cm, 

emphysema 0.35 L/cm, P < 0.05).  At any lung volume, in each group, subphrenic 

volume was best predicted by posterior costal Lap, Arcab and sagittal Kdome: control 

Vsubph, L = 0.31 Lap + 0.012 Arcab + 4.72 Kdome – 8.75 (r2 = 0.91, SEE 0.43), 

emphysema Vsubph, L = 0.31 Lap + 0.007 Arcab + 4.84 Kdome – 6.53 (r2 = 0.90, SEE 

0.35).   In these equations, Lap accounted for 48% and 54%, Arcab for 39% and 27%, 

and Kdome 4% and 9% of the variability in Vsubph in control and emphysema subjects 

respectively.   
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Discussion 

This study found that during a vital capacity inspiration, the volume change attributable 

to diaphragm motion in emphysema was similar to that in healthy control subjects 

despite severe hyperinflation with reductions in the length of diaphragm apposed to the 

rib cage (Lap) and fractional shortening with inspiration.  The results suggest that this 

was possible because in emphysema, Lap was increased at comparable lung volumes 

and ∆Vdi was greater for comparable degrees of diaphragm shortening.  The former can 

be attributed to an increase in the cross-sectional area of the pulmonary rib cage, and the 

latter to abnormal diaphragm flattening during inspiration and an increase in the cross–

sectional area of the abdominal rib cage in some subjects with emphysema.  

Additionally, ∆Vdi could not be predicted accurately from shortening in the zone of 

apposition alone in either healthy subjects or subjects with emphysema because 

subphrenic volume was influenced by differences in cross-sectional area of the 

abdominal rib cage and shape of the diaphragm dome.  Before discussing these findings 

and conclusions let us consider the extent to which the methods used allow accurate 

estimates of chest wall and diaphragm dimensions and volumes, and influence 

interpretation of the results. 

 

Limitations    

The conclusions of this study are based on estimates of diaphragm length, rib cage 

diameter, and volume of the chest and contained structures using measurements 

obtained from chest radiographs, methods described by Braun et al. (1982) and Pierce et 

al. (1979), and modifications of these methods.  The major assumptions in these 

methods have been discussed in Chapter 3 of this thesis.  Briefly, in determining 

changes in diaphragm length, the method of Braun et al. (1982) assumes that (a) skeletal 

structures adjacent to costophrenic angles at TLC are a reasonable approximation of the 

anatomic insertions of the diaphragm, (b) the coronal and sagittal planes determining 

the diaphragm silhouette on chest radiographs in each subject remain fairly constant at 

different lung volumes, and (c) changes in length of these silhouettes are representative 

of overall length change of the diaphragm.  A persistent Lap at TLC or significant 

movement of the plane determining the diaphragm silhouette could result in under-

estimating diaphragm shortening and ∆Vdi.  The validity of these assumptions in the 
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healthy subjects in this study is supported by the similarity between estimated 

diaphragm shortening over the range of VC in the present study (Table 4.2) and the 

study of Gauthier et al. (1994) using magnetic resonance imaging.  In healthy subjects, 

the diaphragmatic silhouette on a PA radiograph is produced by its contour at a near 

mid-coronal plane and this plane moves ventrally with increasing lung volume 

(Whitelaw 1987, Gauthier et al. 1994).  On a lateral radiograph, the silhouette is 

produced by the diaphragm contour near the mid-clavicular line and there is slight 

medial movement of this plane during inspiration (Gauthier et al. 1994).  In the present 

study, diaphragm shape change on the PA radiograph was different between 

emphysema and controls (Figure 4.3C), so that the plane producing the silhouette in 

emphysema may not have behaved in the same way as controls.  While this could lead 

to an underestimation of diaphragm shortening in the coronal plane in emphysema, the 

finding that fractional shortening in the sagittal plane was reduced by a similar degree 

and, that shortening in all zones of apposition to the rib cage (Lap) was reduced (Table 

4.2), supports the finding of reduced shortening of the diaphragm in the coronal plane.   

 

In this study ∆Vdi was estimated by measuring the changes in subphrenic and 

abdominal rib cage volumes between RV and specified higher lung volumes.  Because 

the change in subphrenic volume with inspiration is equal and opposite to the change in 

volume of the peritoneal space subtending the ventral abdominal wall, the sum of the 

volume changes of the subphrenum and abdominal rib cage is equal to ∆Vdi.  It was 

assumed that measured ∆Vdi defined the contribution of the diaphragm to lung volume 

change in both control and emphysema subjects.  Change in subphrenic volume was 

measured with the method of Pierce et al. (1979), modified to allow for the volume 

occupied by the vertebral bodies, spinal muscles and great vessels. This method was 

chosen because applied to the thorax it gave precise estimates of lung volume (Pierce et 

al. 1979), and alternate methods (Petroll et al. 1990b, Verschakelen et al. 1992) were 

considered likely to be less accurate because of their shape assumptions and failure to 

account for spinal volume (see Literature Review, Volume displacement).  The data 

presented in this and the previous Chapter and by others (Gauthier et al. 1994) shows 

that in healthy subjects the abdominal rib cage becomes more circular with inspiration 

from RV to TLC and that, in emphysema relative to healthy subjects, the abdominal rib 

cage shape was more circular at RV and changed little with inspiration.  Despite these 

differences, the ratio of coronal to sagittal diameter of the abdominal rib cage in 
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emphysema was within the range seen during inspiration in healthy subjects.  Inward 

movement of the pulmonary rib cage may occur during inspiration where inspiratory 

impedance is high and, in this circumstance, ∆Vdi will over-estimate the contribution of 

the diaphragm to ∆VL by an amount equal to the volume displaced by inward 

movement of the pulmonary rib cage.  Radiographs at intermediate lung volumes 

between RV and TLC showed no evidence of inward movement of the pulmonary rib 

cage in emphysema and its volume increased progressively with increasing lung volume 

in control and emphysema subjects.  Further, ∆Vdi plus independently measured ∆Vrcp 

closely approximated inspired volume (Figure 4.6).  These findings support the 

accuracy of measured ∆Vdi and the assumption that it defines the contribution of 

diaphragm motion to lung volume change in both control and emphysema subjects.  In 

emphysema, the sum of ∆Vdi and ∆Vrcp were higher than inspired volume; this could 

be due to an increase in thoracic blood volume during inspiration and, at intermediate 

lung volumes, to decreases in alveolar pressure during inspiration.  Any systematic 

difference in measuring radiographic volumes between emphysema and control subjects 

would apply equally to the pulmonary rib cage and subphrenic space and be eliminated 

by expressing ∆Vdi as a ratio of ∆VL; this ratio was not different between emphysema 

and control subjects.   

 

∆Vdi as measured in this study could underestimate the total contribution of the 

diaphragm to inspired volume because it does not include the effect of diaphragm 

tension in expanding the pulmonary rib cage.  This contribution is mediated through 

distortion of the abdominal and pulmonary rib cages from their relaxation volumes and 

by consequent development of forces acting to restore the relaxed configuration (Ward 

et al. 1992b, Kenyon et al. 1997).  These forces, measured as pressures, were small 

during quiet breathing and exercise in the healthy subjects of Kenyon et al. (1997) in 

whom the average value was –2 cm H2O so that the indirect contribution of the 

diaphragm to ∆VL would have approximated -0.2 litres.  It is unclear whether the 

indirect effect of the diaphragm in inflating the pulmonary rib cage would be 

systematically different during a VC inspiration in emphysema and healthy subjects.   

 

Diaphragm motion during inspiration is not simply a function of diaphragm action but 

also of rib cage and abdominal muscle activity and elastances and the mechanical 

coupling between the diaphragm and chest wall (Kenyon et al. 1997).  Similar 
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maximum mouth pressures suggested similar respiratory muscle strength in each group.  

Systematic differences in the elastance of the chest wall may account for some of the 

observed differences in behaviour of the diaphragm within the emphysema group; 

however the mechanical properties of the chest wall were not measured.   

 

The sample size for this study was chosen using measurements of ∆Vdi in five healthy 

subjects presented in Chapter 3 of this thesis; it was estimated that eight subjects were 

required to detect a reduction in ∆Vdi of 10% in emphysema with a level of significance 

of 95% and a power of 90%.  However, the coefficient of variation of ∆Vdi was greater 

in this study, particularly in subjects with emphysema, reducing the power of this 

comparison to 50% and increasing the likelihood of a falsely negative result.  

Nonetheless, during a VC inspiration, ∆Vdi was the same as that in controls in 5 of the 

9 subjects with emphysema (Figure 4.5B).  The inability to obtain satisfactory 

radiographs at FRC in 2 emphysema subjects and at FRC + ½ IC in 4 control and 5 

emphysema subjects reduced the statistical power of comparisons and increased the 

likelihood of a falsely negative result at these volumes.  In view of this, no conclusions 

were drawn where there was no difference in results between the emphysema and 

control groups at these volumes.  

 

Mechanisms and implications    

The similarity in ∆Vdi during a VC inspiration between control and emphysema 

subjects can be attributed firstly to an increased Lap at comparable lung volumes, and 

secondly, to a larger ∆Vdi per unit change in Lap in emphysema.  The data show that 

Lap was eliminated at predicted TLC in healthy subjects but not in emphysema (Figure 

4.4).  This can be attributed to an increase in the cross-sectional area of the pulmonary 

rib cage in emphysema (Figure 4.7): calculations based on the data in this study suggest 

that when hyperinflation is shared between the pulmonary rib cage and diaphragm, a 

zone of apposition is maintained at lung volumes where it would normally be abolished 

e.g. near predicted TLC (see Appendix to this Chapter).  These calculations allow an 

estimate of the relative magnitude of these structural adaptations and their effect on Lap.  

At FRC, lung volume was 3.79 litres higher in subjects with emphysema than control 

subjects; the rib cage accommodated about 19% of this increased lung volume and the 

diaphragm, via a reduction in length, accounted for the remaining 81%.  Preservation of 
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Lap by such structural adaptation of the pulmonary rib cage reduces the adverse effect 

of hyperinflation on the capacity of the diaphragm to displace volume efficiently via 

shortening of the zone of apposition.  The data and calculations suggest that if such 

adaptation had not occurred, Lap would have been eliminated at FRC in subjects with 

emphysema and ∆Vdi would have been reduced by about 0.8 litres (see Appendix to this 

Chapter).  The finding that among subjects with emphysema Lap at RV and ∆Vdi 

during a VC inspiration were highest in those subjects with the greatest degree of 

hyperinflation of the pulmonary rib cage (Table 4.3) further supports these conclusions.  

Previous radiographic studies into the effect of hyperinflation in emphysema on rib cage 

structure have produced conflicting results.  Kilburn and Asmundsson (1969) and Walsh 

et al. (1992) found no change in rib cage diameters in emphysema, which led the latter 

investigators to conclude that the primary structural adaptation to hyperinflation in 

emphysema was a lower diaphragm position.  In contrast Cassart et al. (1996) using 

computed tomography found an increase in sagittal but not coronal diameters such that 

the rib cage adopted a more circular shape.  The results of the present study agree with 

the findings of Cassart et al. (1996).  An increase in cross-sectional area of the 

pulmonary rib cage is appropriate to the decreased lung elastic recoil in emphysema 

(Finucane and Colebatch 1969) and consequent change in the balance of forces across 

the pulmonary rib cage so that its volume increases.   

 

For a given change in diaphragm length, ∆Vdi was greater in emphysema than in 

controls.  The data in this study suggests that this was due firstly to maintenance of 

constant dome volume during inspiration in emphysema and secondly, to an increase in 

cross-sectional area of the abdominal rib cage in some emphysema subjects (Table 4.3).  

During a vital capacity inspiration, the volume of the dome of the diaphragm increased 

by a mean of 0.82 litres in control subjects, whereas it did not change in subjects with 

emphysema.  This increase in dome volume in control subjects was due to increases in 

both cross-sectional area of the abdominal rib cage (Figure 4.7) and net height of the 

dome.  Considering the data for cross-sectional areas (Figure 4.7) and dome volumes at 

RV and TLC and modelling the dome as an oblate ellipsoid, the net increase in height of 

the dome was ~2 cm.  The changes in diaphragm shape factor (Kdome) in the coronal 

and sagittal planes (Figure 4.3C) are consistent with this result, but suggest that the 

increased volume was contained beneath the anterolateral part of the dome.  These 

findings and conclusions are concordant with the findings of Gauthier et al. (1994).  By 
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contrast in emphysema, dome volume did not change between RV and TLC and cross-

sectional area of the abdominal rib cage increased much less than in controls (Figure 

4.7).  Thus net change in dome height was ~ -0.3 cm consistent with the abnormal 

flattening of the diaphragm observed in both coronal and sagittal planes (Figure 4.3C).  

The relative flattening of the diaphragm and decreased expansion of the abdominal rib 

cage (Table 4.2, Figure 4.7) contributed substantially, about 0.8 litres, to maintaining 

∆Vdi at near normal levels.  The different behaviour of the dome and abdominal rib 

cage in health and emphysema are likely to reflect systematic differences in the forces 

acting on the diaphragm and lower rib cage in the two groups.  First, transdiaphragmatic 

pressure, which opposes flattening, would be reduced by the decreased lung elastic 

recoil in emphysema (Finucane and Colebatch 1969).  Second, at intermediate volumes, 

muscle fibres within the dome in emphysema are likely to be longer than near TLC in 

controls and thus able to generate more axial force thereby maintaining a flat shape in 

the face of increasing abdominal pressure.  The unchanging cross-sectional area of the 

abdominal rib cage between FRC and TLC in emphysema relative to controls (Table 

4.2, Figure 4.7) can be attributed to the transverse force developed by an extremely flat 

diaphragm, at sites of insertion anteriorly where Lap may have been eliminated at lung 

volumes below TLC.  Volume change achieved by flattening of the dome of the 

diaphragm rather than shortening in the zone of apposition could have implications to 

the efficiency of diaphragm muscle because comparable axial displacement would 

require disproportionate shortening of muscle fibres in the dome.  This could explain the 

association between a flat diaphragm and a higher oxygen cost of breathing observed by 

Pitcher and Cunningham (1993) in hypercapnoeic subjects with chronic airflow 

limitation.  

 

The reason why, in some emphysema subjects, the rib cage was not hyperinflated and 

Lap at RV was much reduced is unclear.  A stiffer chest wall and muscle fatigue with 

decreased tone are possibilities.  Whatever the reason, the differences between the 

emphysema subgroups suggests that hyperinflation of the pulmonary rib cage is 

essential to maintaining ∆Vdi and that alone, flattening of the diaphragm dome cannot 

achieve this (Table 4.3).   

 

The length of the zone of apposition of the diaphragm can be measured at the bedside 

non-invasively using ultrasonography (McKenzie et al. 1994), and has the potential to 

represent diaphragm length and ∆Vdi where the diaphragm shortens isotropically.  The 
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data in the present study show that although ∆Vdi correlates with shortening of Lap, 

accurate prediction of ∆Vdi requires simultaneous measurement of other determinants 

of subphrenic volume, viz. cross-sectional area of the rib cage and diaphragm shape, 

both in healthy subjects and those with emphysema.  

 

Appendix 

Estimation of distribution of hyperinflation in emphysema and its 

effect on ∆Vdi     

At FRC during a slow inspiration, lung volume was 7.08 ± 1.19 and 3.29 ± 0.69 litres in 

emphysema and control subjects respectively, and the mean cross-sectional area of the 

pulmonary rib cage (Arcp) was 1.22 ± 0.03 times greater in emphysema than in control 

subjects.  This data can be used to calculate the extra volume accommodated by the 

greater Arcp in emphysema, i.e.  

 

 (ArcpE / ArcpC – 1) FRCC = 0.72 litres     (1) 

 

where subscripts E and C indicate values in emphysema and control subjects 

respectively.  This volume represents 19% of the increase in FRC in emphysema.  

 

In the absence of hyperinflation of the pulmonary rib cage or a change in diaphragm 

shape, the increase in lung volume in emphysema could be accommodated only by a 

reduction in the length of the zone of apposition (Lap) with displacement of volume 

from the abdominal rib cage (Vrcab) below the diaphragm.  When diaphragm shape 

remains constant, the effect of hyperinflation of the pulmonary rib cage on Vrcab and 

Lap can be derived as follows:  

 

 FRCE – FRCC – (ArcpE/ArcpC – 1)FRCC = VrcabC – VrcabE  (2) 

 

Because     Vrcab = Lap.Arcab     (3) 

 

Equation (2) can be re-expressed as   
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 LapC.ArcabC - LapE.ArcabE = FRCE – (ArcpE/ArcpC)FRCC   (4) 

 

where Arcab is the cross-sectional area of the abdominal rib cage.   

 

Let      LapE = LapC – ∆Lap    (5) 

 

so that ∆Lap is the difference in Lap between emphysema and control subjects.  

Substituting equation (5) into (4),   

 

 LapC.ArcabC – (LapC - ∆Lap).ArcabE = FRCE – (ArcpE/ArcpC)FRCC   (6) 

 

And  ∆Lap  =  
E

CCCEE

Arcab
LapArcabFRCArcpArcpFRC .)/( ∆+−    (7) 

 

where ∆Arcab = ArcabE - ArcabC.  

 

Equation (7) predicts that in emphysema Lap decreases with increases in lung volume 

or hyperinflation of the abdominal rib cage, and Lap increases with hyperinflation of the 

pulmonary rib cage.  The reduction in Lap with expansion of the lower rib cage has 

been shown by Petroll et al. (1990a).  Equation (7) can be used to examine the effect of 

rib cage hyperinflation on Lap at FRC in the subjects with emphysema where 

diaphragm shape in the coronal plane was the same as controls (Figure 4.3C).  Using the 

data from Figures 4.3B and 4.7, equation (7) predicts that in the absence of rib cage 

hyperinflation, i.e. where ArcpE/ArcpC = 1 and ArcabE = ArcabC, Lap in the mid coronal 

plane would be shortened by 9.6 cm at FRC, resulting in its elimination (Figure 4.3B).  

The data of Gauthier et al. (1994) suggests that the ratio of mean Lap around the 

circumference of the rib cage to mean Lap in the mid coronal plane is ~0.84, thus in the 

absence of rib cage hyperinflation, mean Lap in emphysema would be shortened by 8.1 

cm.  With the degree of rib cage hyperinflation observed in the subjects with 

emphysema, where mean ArcpE/ArcpC = 1.22, ArcabE = 453 cm2 and ∆Arcab = 57 cm2, 

equation (7) predicts that at FRC mid coronal Lap would be shortened by 7.9 cm and 

mean Lap around the circumference of the rib cage by 6.6 cm.  Thus the model predicts 

that modest hyperinflation of the pulmonary rib cage results in an approximate gain in 
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mid coronal Lap of 1.7 cm, close to the observed value (Figure 4.3B), and in mean Lap 

of 1.5 cm. 

 

In control subjects, mean Arcp at TLC relative to FRC was 1.24, i.e. similar to the mean 

Arcp at FRC in emphysema relative to controls.  This suggests that, although the degree 

of pulmonary rib cage hyperinflation in emphysema was modest, it approached the 

maximum achievable in healthy subjects.  However, without substantial adaptation in 

inspiratory muscle fibre length and rib structure as found in emphysematous hamsters 

(Thomas et al. 1986) the net advantage of pulmonary rib cage hyperinflation would be 

small because acute hyperinflation reduces the ability of parasternal muscles to inflate 

the lung (Ninane and Gorini 1994).  In the emphysema subjects with a normal ∆Vdi, 

mean Arcp at FRC was 1.3 relative to controls and the predicted gain in mean Lap was 

2 cms.  Although the observed increase in Arcp and resultant preservation of Lap 

appears modest it is functionally important:  the data in Figure 4.7 suggests that in 

emphysema, for each centimeter of mean Lap preserved at FRC the diaphragm can 

contribute about 450 ml to inspired volume. 
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Introduction 

A radiographic method for measuring inspired volume attributable to diaphragm motion 

(∆Vdi) using matched posteroanterior (PA) and lateral chest x-rays (CXRs) to quantify 

the change in subphrenic volume during inspirations from RV is described in Chapters 3 

and 4 of this thesis.  ∆Vdi and the change in lung volume attributable to expansion of 

the pulmonary rib cage, measured independently, closely approximated inspired volume 

in healthy controls and subjects with hyperinflation due to emphysema (see Figure 4.6).  

These results suggest that ∆Vdi measured with the biplanar method is accurate and 

defines the volume contribution of the diaphragm to inspiration.   

 

Breath-by-breath measurements of ∆Vdi would allow measurement of work and power 

output of the diaphragm and may improve assessment of diaphragm function.  

Measurement of ∆Vdi during breathing cannot be made using CXRs, but may be 

possible using fluoroscopy if ∆Vdi could be accurately measured from a single plane. 

Two such methods have been proposed.  Petroll et al. (1990b) measured ∆Vdi in dogs 

using antero-posterior fluoroscopy and modelling the subphrenic space and dome of the 

diaphragm as a truncated cone with a circular cross-section and an oblate spheroid, 

respectively.  Verschakelen et al. (1992) measured ∆Vdi in humans using lateral 

fluoroscopy to measure sagittal rib cage diameter and the surface area swept by the 

diaphragm during inspiration, modelling the cross-sectional shape of the abdominal rib 

cage as a rectangle.  The cross-sectional shape of the rib cage used in these models 

differed substantially from shapes based on studies in humans (Pierce et al. 1979, 

Chihara et al. 1996) and neither method corrected the volume swept by the diaphragm 

for the volume occupied by the spine and paraspinal tissues.  For these reasons the 

methods of Petroll et al. (1990b) and Verschakelen et al. (1992) are likely to give 

inaccurate estimates of ∆Vdi in humans. The accuracy of the biplanar method 

previously reported by us depends in part on the validity of the geometric shape used to 

calculate the cross-sectional area of the abdominal rib cage from the coronal and sagittal 

diameters measured from the PA and lateral CXRs respectively.  The shape described 

by Pierce et al. (1979) for the pulmonary rib cage was adopted.  To the extent that this 
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shape may not apply to the abdominal rib cage, the measurements would also be 

inaccurate.    

 

The aim of this study was to develop a fluoroscopic method for measuring ∆Vdi breath-

by-breath that was accurate in both healthy and hyperinflated subjects.  To assess the 

relative accuracy of various models for estimating the cross-sectional area of the 

abdominal rib cage, estimated and measured cross-sectional areas of thoracic CT scans 

were compared.  The accuracy of methods for estimating ∆Vdi from a single 

radiographic plane and lateral fluoroscopy was assessed by comparing results with those 

obtained, in the same subjects, with the previously validated biplanar method.  Methods 

used to estimate ∆Vdi from a single plane were those described by Petroll et al. (1990b), 

Verschakelen et al. (1992) and a new method which incorporated the findings in this 

study on the cross-sectional shape of the abdominal rib cage and considered the volume 

occupied by the spine and paraspinal tissues.  This study found that the cross-sectional 

shape of the abdominal rib cage was accurately modelled as 1/3rd the way between an 

ellipse and a rectangle, as described by Pierce et al. (1979) for the pulmonary rib cage, 

and that the shape of the rib cage changed little with lung volume.  In this study, it was 

hypothesized that ∆Vdi would be (a) over-estimated by the methods of Petroll et al. 

(1990b) and of Verschakelen et al. (1992) because these methods assumed thoracic 

shapes which overestimated the actual cross-sectional area of the abdominal rib cage 

and did not consider the volume occupied by spinal tissues and, (b) most accurately 

estimated by the proposed new method.  The findings in this study confirmed these 

hypotheses.  

 

Methods 

Rib-cage shape   

To examine the accuracy of various models used to estimate the cross-sectional area of 

the rib cage (Chihara et al. 1996, Petroll et al. 1990b, Pierce et al. 1979, Verschakelen et 

al. 1992), computed tomographic (CT) images of the thorax close to relaxed total lung 

capacity (TLC) were obtained in 25 healthy subjects and 22 with pulmonary 

hyperinflation due to emphysema (Table 5.1).  The CT scans were obtained for clinical 

purposes with consent of the subjects.  The internal cross-sectional area of the rib cage 
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at the levels of the xiphoid process (abdominal rib cage) and the carina (pulmonary rib 

cage) were (a) measured by planimetry and (b) calculated using the major sagittal and 

coronal diameters of the rib cage.  The following geometric models were used: circles, 

ellipse, rectangle, a rectangle bounded by two semicircles (‘athletic track’) as described 

by Chihara et al. (1996), and 1/3rd the way between an ellipse and a rectangle as defined 

by Pierce et al. (1979).  Separate cross-sectional areas were calculated for circles with 

diameters equal to the major coronal and sagittal diameters of the rib cage.  All 

measurements were made using a digitising palette (Accugrid, Numonics Corporation, 

Montgomeryville, PA). 

 

Table 5.1  Characteristics of subjects used to model cross-sectional (CS) shape of the 
rib-cage and to measure ∆Vdi 

 Healthy Hyperinflated 
Cross-sectional shape of rib cage 
     N (M/F) 
     Age, yrs 
     RV/TLC 
     FEV1, % predicted 
     DLCO, % predicted 

 
25 (25/0) 

50.4 ± 10.1 
0.33 ± 0.05 

101.8 ± 10.4 
97.2 ± 10.0 

 
22 (18/4) 

61.8 ± 10.4* 
0.62 ± 0.08* 
32.3 ± 10.4* 
39.8 ± 16.9* 

∆Vdi 
     N (M/F) 
     Age, yrs 
     RV/TLC 
     FEV1, % predicted 
     DLCO, % predicted 

 
10 (10/0) 
63.2 ± 5.7 

0.38 ± 0.05 
107.2 ± 10.3 

97.7 ± 7.7 

 
9 (9/0) 

65.3 ± 9.6 
0.65 ± 0.08* 
27.0 ± 13.0* 
46.6 ± 14.8* 

 
Values are mean ± SD.  N, number; M, male; F, female; RV/TLC, ratio of residual volume to 
total lung capacity; FEV1, forced expiratory volume in one second; DLCO, carbon monoxide 
transfer factor by single breath method; ∆Vdi, volume displaced by diaphragm motion.  
Significant difference from healthy: * P < 0.001 (t-test). 
 

Radiographic measurements of ∆Vdi    

∆Vdi was measured by the biplanar method, described in detail in Chapters 3 and 4 of 

this thesis, in 10 healthy subjects and 9 subjects with emphysema and severe pulmonary 

hyperinflation (Table 5.1).  These results were then used to assess the accuracy of ∆Vdi 

estimated by various uniplanar methods using the same CXRs.  Subphrenic volume and 

the volume occupied by the spine and paraspinal tissues were estimated from PA and 

lateral CXRs taken at active residual volume (RV), functional residual capacity (FRC), 

½ inspiratory capacity (IC) and TLC during a slow vital capacity inspiration in the erect 
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posture.  At each lung volume, ∆Vdi was also measured with the method described by 

Petroll et al. (1990b) applied to the right subphrenum on the PA CXRs and to the lateral 

CXRs, the method of Verschakelen et al. (1992) and, a new method described below 

(∆VdiS).  The methods of Petroll et al. (1990b) and Verschakelen et al. (1992) are 

described in Chapter 2 (see Volume displaced by diaphragm motion).  Informed consent 

was obtained from each subject and ethical approval granted by the Committee for 

Human Rights, University of Western Australia. 

  

Proposed uniplanar radiographic measurement of ∆Vdi (∆VdiS)  

Lateral CXR images at RV, FRC and ½IC were superimposed on images at FRC, ½IC 

and TLC respectively using the images of vertebral bodies and radio-opaque ball 

bearings adhered to the posterior chest wall.  The subphrenic space at the lower lung 

volume was defined by the silhouette of the right hemidiaphragm, a straight line joining 

the anterior and posterior costophrenic angles at the higher lung volume, a straight line 

joining the anterior costophrenic angles at each lung volume and the posterior limit of 

the lung (Figure 5.1 A).  This volume was divided into a dome (Vdome,L) and a frustrum 

(Vfr), the latter being represented by the area between the lines joining the anterior and 

posterior costophrenic angles at each volume (Figure 1A).  The subphrenic space at the 

higher lung volume was taken as the dome of the diaphragm (Vdome,H). The volume of 

the spine and paraspinal tissues within the volume swept by the diaphragm (Vsp) was 

defined by the silhouettes of the diaphragm at each lung volume, the anterior margin of 

the vertebral bodies and the posterior limit of the lung (Figure 5.1 A).   The volume 

displaced by diaphragm motion was calculated using the following equation: 

 

∆VdiS = Vdome,L  + Vfr – Vdome,H  – Vsp      (1) 

 

This equation can be represented as follows (see Appendix to this Chapter): 

 

∆VdiS = Ddome,L•Adome,L + 0.6 (Ddome,L + Ddome,H) Afr  

– Ddome,H•Adome,H – 0.25π Dsp•Asp       (2)
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where Ddome was the length or sagittal diameter of the base of the dome at the lower (L) 

and higher (H) lung volume, Adome and Afr were the areas projected by the dome and 

frustrum in the sagittal plane, Dsp was the sagittal width of the volume of spinal tissues 

at the level of Ddome,L and Asp was the area of spinal tissues projected in the sagittal 

plane (Figure 5.1A).  Equation (2) is derived in the Appendix to this Chapter; it assumes 

that the ratio of coronal to sagittal diameters does not change with lung volume and that 

the cross-sectional shape of the spinal tissues is circular.  

 

Cephalic movement of the anterior chest wall during inspiration resulted in the anterior 

costophrenic angle at the higher lung volume being cephalad of the anterior 

costophrenic angle at the lower volume in 17 of the 46 volume pairs measured. To avoid 

overestimation of ∆VdiS in this circumstance, the anterior limit of Vdome,L was defined 

by its intersection with the straight line joining the anterior and posterior costophrenic 

angles at the higher volume (Figure 5.1B). 
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Figure 5.1.  Proposed uniplanar method for measuring the volume displaced by 
diaphragm motion 
A. Schematic illustration of proposed uniplanar method for measuring the volume displaced by 
diaphragm motion (∆VdiS) from a lateral chest x-ray or fluoroscopy.  The silhouette of the 
diaphragm dome, sagittal diameter of the rib cage at the base of the diaphragm dome, and the 
anterior and posterior walls of the rib cage are represented by solid lines at the lower (L) lung 
volume and interrupted lines at the higher (H) lung volume.  ∆VdiS was the difference in volume 
between (DomeL + Frustrum) and (DomeH + Spine) which are represented by the respective 
areas bcdb, abdea, ahea and abcha. The sagittal diameter of spinal tissues was taken as 
distance bg.  B. Where the anterior costophrenic angle at the higher volume is cephalad to the 
costophrenic angle at the lower volume, the volume represented by area fdd’f was excluded 
from analysis and DomeL is represented by area bcd’b and Frustrum by area abd’a.  See text 
for details. 
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Fluoroscopic measurement of ∆VdiS

To assess the accuracy of ∆Vdi estimated from lateral fluoroscopy, ∆VdiS was measured 

by fluoroscopy in the 10 healthy subjects in whom ∆Vdi had been measured with the 

biplanar radiographic method.  The diaphragm and lower rib cage were imaged by 

lateral fluoroscopy with a field of vision 16 inches in diameter (Toshiba CAS 8000 

DSA, Tokyo, Japan) at a frame rate of 15 per second.  Images and time of day were 

stored using a super VHS video-recorder and cassette (Mitsubishi, HS-E82(A), Japan 

and Fuji, Pro, Japan).  Radio-opaque ball bearings adhered to the chest wall allowed 

alignment of images at different lung volumes.  Each subject was seated with the left 

chest wall as close as possible to the image intensifier with the arms elevated and with 

hands resting on the head.  Two sequences of 2-4 tidal breaths followed by an 

exhalation to RV and an inspiration to TLC were imaged.  Inspiratory flow and volume 

were measured with a pneumotachograph and recorded continuously on computer 

(Powerlab, ADInstruments, Sydney, Australia).  Posture was maintained constant; no 

attempt was made to control chest wall configuration.  Radiation exposure was varied to 

optimise contrast of the diaphragm silhouette and bony landmarks, and was estimated at 

about 0.1 mSv.   

 

Fluoroscopic images at end expiration and end inspiration during quiet breathing and at 

RV, FRC, ½IC and TLC during vital capacity inspirations were identified by 

interpolating images on video frames and inspired volume.  Images of the diaphragm 

and bony landmarks were traced onto transparent paper.  Distortion and magnification 

of the images were defined using a precise grid with radio-opaque lines at 1 cm 

intervals placed at the same distance from the image intensifier as the right mid-

clavicular line.  The distorted image of the grid, also on transparent paper, was used to 

re-plot the position of the diaphragm and chest wall on Cartesian co-ordinates thereby 

correcting for distortion and magnification.  ∆VdiS was then measured from the re-

plotted images using the method described above. 

 

Data analysis and statistics 

All data is expressed as means ± standard deviation (SD).  Characteristics of healthy 

and hyperinflated subjects were compared using the Student’s t-test.  Paired t-tests and 
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the methods of Bland & Altman (1986) were used to examine the relationships between 

(a) measured and calculated rib cage cross-sectional area and (b) biplanar and uniplanar 

∆Vdi.  Significance was defined as P < 0.05. 

 

Results 

Cross-sectional (CS) shape of the rib-cage    

The measured cross-sectional areas of the abdominal and pulmonary rib cage are 

compared with those calculated using the major sagittal and or coronal diameters and 

various models of thoracic shape, in Figure 5.2.  In both healthy and hyperinflated 

subjects, the cross-sectional areas of the rib cage were under-estimated when modelled 

as an ellipse, over-estimated when modelled as a rectangle, and either under- or over-

estimated when modelled as a circle depending on whether the major sagittal or coronal 

diameter was taken to be the diameter of the circle.  The cross-sectional areas of the 

abdominal and pulmonary rib cages were most accurately calculated when modelled as 

1/3rd the way between an ellipse and a rectangle or as an ‘athletic track’ (Figures 5.2 & 

5.3).  The ratios of the major coronal to sagittal diameters of the abdominal rib cage 

were 1.44 ± 0.11 in healthy subjects and 1.36 ± 0.13 in hyperinflated subjects. These 

results were similar to those obtained with the biplanar method where the ratios were 

1.5 ± 0.08 at RV and 1.36 ± 0.06 at TLC in controls and 1.38 ± 0.13 at RV and TLC in 

emphysematous subjects (see Chapter 4, Results). 
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igure 5.3  Accuracy of geometric shape 1/3rd the way between an ellipse and a 

22 hyperinflated subjects.  Cross-

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2  Comparison of geometric models of the rib cage 
Difference between calculated cross-sectional area of the abdominal and pulmonary rib cages, 
using a variety of geometric models, and actual cross-sectional area measured by digitiser, 
expressed as a percentage of the measured value, in 25 healthy and 22 hyperinflated subjects.  
Values are means ± SD.  Significant difference from measured cross-sectional area: * P < 0.01, 
† P < 0.001 (paired t-test). 
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F
rectangle in calculating rib cage cross-sectional area  
Bland and Altman comparison of the calculated and measured cross-sectional areas of the 
abdominal and pulmonary rib cages in 25 healthy and 
sectional area was calculated geometrically from the major coronal and sagittal diameters of the 
rib cage and assuming a shape of 1/3rd the way between an ellipse and a rectangle, and was 
measured from computed tomograms by digitiser.  The solid lines are the mean difference, and 
the interrupted lines are the limits of the 95% confidence intervals.   
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∆Vdi estimated by the methods of Petroll et al. (1990b) using PA CXRs, and of 

Verschakelen et al. (1992) using lateral CXRs, exceeded biplanar ∆Vdi by 1.98 ± 1.59 L 

and 1.16 ± 0.82 L respectively (both P < 0.001).  These overestimates increased with 

volume and, in many cases, ∆Vdi exceeded inspired volume (Table 5.2, Figure 5.4).  

∆Vdi by the method of Petroll et al. (1990b) applied to lateral CXRs was reduced (-0.47 

± 0.33 L, P < 0.001) relative to biplanar ∆Vdi (Table 5.2, Figure 5.4).  There was no 

difference between biplanar ∆Vdi and ∆VdiS measured from lateral CXRs in the healthy 

and hyperinflated subjects (mean difference 0.06 ± 0.24 L, P = 0.08) or, from lateral 

fluoroscopy in healthy subjects (mean difference 0.06 ± 0.28 L, P = 0.30) (Table 5.2, 

Figure 5.4).  If the volume occupied by the spine and paraspinal tissues had not been 

considered, ∆VdiS measured from lateral CXRs would have exceeded biplanar ∆Vdi by 

0.29 ± 0.27 L (P < 0.001) and 0.15 ± 0.29 (P = 0.03) in healthy and hyperinflated 

subjects respectively.  ∆Vdi measured fluoroscopically during tidal breathing was 0.66 

± 0.16 relative to tidal volume (VT).  ∆Vdi / VT had a coefficient of variation within 

subjects of 11.6 ± 5.7% (Figure 5.5) and the mean value was similar to the ratio of ∆Vdi 

to the volume inspired between FRC and ½ IC during VC inspirations in the 6 subjects 

where this information was obtained with the biplanar method (0.71 ± 0.14 vs 0.68 ± 

0.12, P = 0.66). 

∆Vdi    
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Figure 5.4  Bland and Altman comparisons of uniplanar and biplanar measurements of 
the volume displaced by diaphragm motion. 
Bland and Altman comparisons of the volume displaced by diaphragm motion (∆Vdi) in 10 
healthy and 9 hyperinflated subjects for breaths between residual volume (RV) and functional 
residual capacity, RV and ½ inspired capacity, and RV and total lung capacity, measured from 
matched posteroanterior (PA) and lateral (LAT) chest CXRs (biplanar ∆Vdi) and the uniplanar 
methods of Petroll et al. (1990b) applied to PA (and lateral CXRs separately, Verschakelen et 
al. (1992) applied to lateral CXRs, and the proposed method (∆VdiS) applied to lateral CXRs.  In 
10 healthy subjects, biplanar ∆Vdi was compared with the proposed method applied to lateral 
fluoroscopy.  The solid lines are the mean difference, and the interrupted lines are the limits of 
the 95% confidence intervals.   
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Table 5.2  Ratio of ∆Vdi to inspired volume for breaths between RV and FRC, between 
RV and ½IC, and between RV and TLC, measured using the biplanar and various 
uniplanar methods  
 Healthy Hyperinflated 
Volume RV-FRC RV-½ IC RV-TLC RV-FRC RV-½ IC RV-TLC 
N 10 6 10 9 4 7 
Biplanar  
   PA & Lt CXR 

 
0.78 ± 0.22 

 
0.72 ± 0.16 

 
0.50 ± 0.11 

 
0.78 ± 0.57 

 
0.42 ± 0.50 

 
0.46 ± 0.32 

∆VdiPetroll   
   PA CXR 
   Lt CXR 

 
1.34 ± 0.59 † 
0.51 ± 0.31 † 

 
1.50 ± 0.36 ‡ 
0.49 ± 0.12 † 

 
1.56 ± 0.49 ‡ 
0.36 ± 0.12 ‡ 

 
2.72 ± 1.52 ‡ 
0.26 ± 0.32 * 

 
0.86 ± 0.28 
0.24 ± 0.46 

 
1.42 ± 0.57 ‡ 
0.20 ± 0.27 ‡ 

∆VdiVersch-akelen 

   Lt CXR 
 

1.48 ± 0.33 ‡ 
 

1.47 ± 0.22 ‡ 
 

1.05 ± 0.17 ‡ 
 

1.25 ± 0.84 * 
 

0.69 ± 0.91 
 

0.87 ± 0.56 † 
∆VdiS
   Lt CXR 

 
0.77 ± 0.25 

 
0.78 ± 0.15 

 
0.53 ± 0.12 

 
0.64 ± 0.43 

 
0.61 ± 0.79 

 
0.48 ± 0.36 

∆VdiS
   Lt Fluoro 

 
0.75 ± 0.23 

 
0.71 ± 0.16 

 
0.49 ± 0.10 

 
- 

 
- 

 
- 

 
Values are means ± SD.  N, number of subjects; RV, residual volume; FRC, functional residual 
capacity; ½ IC, one-half inspiratory capacity; TLC, total lung capacity; ∆Vdi, volume displaced 
by diaphragm motion measured from posteroanterior (PA) and lateral (Lt) CXRs (biplanar ∆Vdi), 
the method of Petroll et al. (1990b) (∆VdiPetroll) from PA and lateral CXRs separately, 
Verschakelen et al. (1992) (∆VdiVershakelen) from lateral CXRs and the proposed method (∆VdiS) 
from lateral CXRs and fluoroscopy (fluoro).  Significant difference from Biplanar ∆Vdi: * P < 
0.05, P < 0.01, ‡ P < 0.001 (paired t-test).  
 
 

 

Figure 5.5  Volume contribution of the diaphragm during tidal breathing measured 
using fluoroscopy and proposed uniplanar method  
The volume contribution of the diaphragm to tidal volume (∆VdiS/VT) measured by lateral 
fluoroscopy in 10 healthy subjects using the proposed method.  The interrupted line is the mean 
value for the group. 
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his study found that the vo isplaced by diaphragm motio  healthy and 

nflated su was m  lateral chest x

f hra tta r -se hap  

al ri ,  y  p tiss

abled a curate breath-by-breath measurements of ∆Vdi i  healthy su ects 

uorosc vio ishe ds f

t al. 1 rsc t al re fou  to be inacc rate. 

e subjects, the results of 3 uniplanar methods 

ith those of a biplanar method using matched PA and lateral CXRs.  The validity of 

e conclusions relies on the accuracy of the biplanar method (see Chapter 4).  

Although there is no direct validation of this method, several lines of evidence support 

its accuracy.  First, in healthy subjects at all inspired volumes, and in emphysema 

subjects at intermediate and high lung volumes, the sum of ∆Vdi and the change in lung 

volume attributable to expansion of the pulmonary rib cage (∆Vrcp), both measured 

independently by the biplanar method, accurately estimated inspired volume measured 

by pneumotachograph (see Figure 4.6).  Second, the model of the cross-sectional shape 

of the rib cage used to quantify subphrenic volume was validated in healthy and 

hyperinflated subjects in this study (Figures 5.2 & 5.3).  Third, the method assumes that 

the coronal and sagittal planes determining the radiographic silhouette of the diaphragm 

remain constant at different lung volumes so that the change in position of the silhouette 

represents the overall change in diaphragm position.  These planes do move slightly as 

ng volume increases (Whitelaw 1987, Gauthier et al. 1994).  However the movements 

re unlikely to significantly influence biplanar estimates of ∆Vdi because results 

resented in Chapter 4 of this thesis showed that changes in the length of the diaphragm 

Discussion 

T lume d n (∆Vdi) in

hyperi b ts jec easured accurately from -rays by considering 

excursion o the diap gm, sagi l diamete and cross ctional s e of the

abdomin b cage and the volume occupied b spinal and araspinal ues.  The 

method en c n bj

using fl opy  Pre. usly ubl p d m thoe or measuring ∆Vdi by fluoroscopy 

(Petroll e 990b, Ve hakelen e . 1992) we nd u

 

Assumptions and limitations    

The accuracy of measuring ∆Vdi from a single radiographic plane or from fluoroscopy 

was examined by comparing, in the sam

w

th

lu

a

p

over the vital capacity measured radiographically (see Table 4.2) were consistent with 

changes in length of the entire diaphragm measured by MRI (Gauthier et al. 1994). 
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ed to measure ∆Vdi from a single plane entails a number of assumptions.  

First, it was assumed that the cross-sectional shape of the abdominal rib cage remained 

es found in 

ealthy and emphysematous subjects and unlikely to lead to errors of significant 

magnitude. The finding, that for inspirations between RV and TLC, ∆Vdi measured by 

e not different supported this conclusion. This 

ngle 

on, examination of the lateral CXRs showed 

that this assumption was reasonable for the volume increments used.  For larger volume 

The method us

constant during inspirations from RV and that spinal tissues had a circular rather than 

the elliptical cross-section assumed in the biplanar method (Chapters 3 and 4).  The 

ratio of major coronal to sagittal rib cage diameters, obtained during active inspirations 

from RV to TLC in the erect posture using biplanar CXRs decreased by ~ 10% in 

healthy subjects and did not change in those with emphysema (see Chapter 4 Results).  

The constant ratio of 1.4 assumed in the expression used to estimate ∆Vdi from 

uniplanar images (see Appendix to this Chapter) was within the range of valu

h

the uniplanar and biplanar methods wer

finding also suggests that the assumption of a circular cross-section of spinal tissues did 

not cause significant error.  On biplanar CXRs no consistent relationship between the 

coronal and sagittal diameters of spinal tissues was found and therefore the more simple 

assumption of a circular cross-section was adopted.  Second, it was assumed that the 

change in position of the right hemidiaphragm silhouette in the imaging plane was 

representative of the overall change in position of the diaphragm.  Excursion of the right 

hemidiaphragm exceeds that of the left (Whitelaw 1987, Gauthier et al. 1994, Cassart et 

al. 1997) and this could lead to an over-estimation of ∆Vdi.  However, the error is likely 

to be small in healthy subjects because in Chapter 4 the mean difference in shortening 

of the hemidiaphragms over the vital capacity was only ~1%.  In subjects with 

hyperinflation the mean difference was ~14% (see Chapter 4 Results) and the 

corresponding over-estimation of ∆Vdi over the vital capacity would approximate 90 

mls.  Third, it was assumed that a straight line between the anterior and posterior 

costophrenic angles could approximate the position of the costophrenic angles around 

the circumference of the rib cage (Figure 5.1).  Whitelaw (1987) and Gauthier et al. 

(1994) have shown that in the supine posture, the lateral costophrenic angle lies slightly 

above this line at low lung volumes and slightly below it at high lung volumes.  

However, the departure of the costophrenic angles from a straight line around the 

circumference of the rib cage is small and the error associated with this assumption is 

expected to be small.  Regarding the assumption that the anterior costophrenic a

moves along a straight line during inspirati
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al. (1997) have shown that in humans during exercise the diaphragm contracts nearly 

changes, e.g. vital capacity inspirations, departures from this assumption are common 

and may result in overestimation of  ∆Vdi. 

 

∆Vdi as measured in this study could underestimate the total contribution of the 

diaphragm to inspired volume because it does not include the effect of diaphragm 

tension in expanding and elevating the rib cage, but this indirect contribution is believed 

to be small (see Chapter 4 Discussion) (Ward et al. 1992b, Kenyon et al. 1997).  

Diaphragm motion during inspiration is not simply a function of diaphragm action but 

also of rib cage and abdominal muscle activities and elastances, and of the mechanical 

coupling between the diaphragm and chest wall (Kenyon et al. 1997).  As measured in 

this study, ∆Vdi reflects the volume change of the lung attributable to diaphragm 

motion including motion due to both active shortening and to the mechanical properties 

of the chest wall.  Where there is paradox of the pulmonary rib cage, ∆Vdi reflects the 

volume change of the lung and pulmonary rib cage; such behaviour was observed in two 

healthy subjects between RV and FRC.  

 

Implications    

The ability to measure ∆Vdi breath-by-breath is likely to be of clinical value.  Aliverti et 

isotonically and acts mainly to generate inspiratory flow, while the increased pressures 

required to displace the rib cage and abdomen are developed largely by rib cage and 

abdominal muscles.  These findings suggest that the contribution of the diaphragm to 

inspiration depends not only on its ability to develop tension, but also on its capacity to 

shorten and displace volume.  Using biplanar measurements of ∆Vdi, the studies 

described in Chapters 3 and 4 of this thesis have shown that decreases in vital capacity 

in asbestos-related pleural fibrosis were due mainly to reduced expansion of the lower 

rib cage with relative preservation of ∆Vdi and revealed mechanisms by which the 

function of the diaphragm as a volume pump was preserved in emphysema in spite of 

severe pulmonary hyperinflation.  The ability to measure ∆Vdi from a single plane 

using fluoroscopy enables dynamic study of the pump function of the diaphragm.   
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 5.4).  The data in this study show that this 

as due firstly to significant departures of actual cross-sectional shape of the abdominal 

ring tidal breaths in 10 healthy subjects was 

latively consistent from breath to breath (Figure 5.5) and the ratio ∆Vdi to inspired 

volume was similar to that during slow inspirations between FRC and ½IC.  These 

at this method allows accurate dynamic measurements of ∆Vdi.  In 

f the 

omes were elliptical in cross-section, their volumes (Vdome) could be calculated from 

the equation 

∆Vdi was not accurately measured by the methods of Petroll et al. (1990b) or by that of 

Vershakelen et al. (1992) (Table 5.2, Figure

w

rib cage in humans from the circular and rectangular shapes respectively assumed in 

these models (Figure 5.2), and secondly to failure to consider the volume occupied by 

spinal and paraspinal tissues.  The geometric model of Vershakelen et al. (1992) 

assumes that the cross-sectional shape of the abdominal rib cage was rectangular with 

coronal dimensions 1.8 times the sagittal diameter; the data in the present study and in 

Chapters 3 and 4 show that this ratio was inappropriately high.   

 

In contrast to these methods, ∆Vdi measured from lateral CXRs and fluoroscopy using a 

method which considered excursion of the diaphragm, actual shape of the abdominal rib 

cage, and the volume occupied by spinal and paraspinal tissues, did not differ from that 

measured by the biplanar method (Table 5.2, Figure 5.4) in spite of the assumptions and 

limitations discussed above.   ∆Vdi du

re

findings suggest th

combination with measurements of transdiaphragmatic pressure and the duration of 

inspiration, fluoroscopic measurements of ∆Vdi may allow breath-by-breath estimation 

of work and power output of the diaphragm and enable a clearer understanding of the 

role of the diaphragm in pathogenesis of breathlessness, exercise limitation and the 

development of respiratory failure in chronic airflow limitation. 

 

Appendix 

Derivation of proposed uniplanar method for estimating ∆Vdi 

(∆VdiS).   

Subphrenic volume was divided into a dome and frustrum at the lower lung volume and 

a dome at the higher lung volume as described in the methods and Figure 5.1.  I

d
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  (4)   

Vdome ≈ DSAG • Adome        (7) 

The volume of the frustrum (Vfr) can be calculated by dividing it into multiple 

he volume of each slice can be calculated as follows:  

 

 

Vdome, ellipse = 0.67 π • 0.5 DSAG • 0.5 DCOR • Hdome    (3)  

 

where DSAG and DCOR are the sagittal and coronal rib cage diameters at the base of the 

domes respectively, and Hdome is the height of the domes.   The surface areas of the 

domes projected in the sagittal plane (Adome) can be calculated from the equation  

 

Adome = 0.5 π • 0.5 DSAG • Hdome    

 

Combining equations 1 and 2,  

 

Vdome, ellipse = 0.67 DCOR • Adome       (5) 

The ratio of coronal to sagittal rib cage diameter was ~ 1.4 in health and hyperinflation.  

Therefore,  

 

Vdome, ellipse ≈ 0.93 DSAG • Adome       (6) 

 

Since the cross-sectional area of the rib cage is best approximated by a shape 1/3rd the 

way between an ellipse and a rectangle (Figures 2 & 3), and this area is 1.091 times the 

area of an ellipse of the same dimensions,  

 

 

horizontal slices with a cross-sectional shape 1/3rd the way between an ellipse and a 

rectangle.  T

Vslice = Hslice {0.25 π DSAG • DCOR + 0.33 (DSAG • DCOR  

- 0.25 π DSAG • DCOR)}    (8) 
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here Hslice is the height of each slice.  This can be simplified to  

 

Vslice = 0.857 Hslice • DSAG • DCOR      (9) 

ustrum.  The area of each slice of the frustrum projected 

 the sagittal plane (Aslice) is  

 

nd the area of the frustrum projected in the sagittal plane (Afr) is approximated by 

 

Afr ≈ mean DSAG • Hfr        (12)

V  ≈ 0.857 • mean D  • A         (13) 

 to D  is ~ 1.4, the equation can be expressed as  

  (14) 

r 

(15) 

where Ddome,L and Ddome,H are er 

lung volumes respectively. 

w

 

Assuming a straight line can represent the lateral walls of the frustrum, Vfr can be 

approximated by the following equation 

 

Vfr ≈ 0.857 mean DSAG • mean DCOR • Hfr      (10) 

 

where Hfr is the height of the fr

in

Aslice = DSAG • Hslice          (11) 

 

a

  

Combining equations 10 and 12, 

 

fr COR fr

 

As the ratio of DCOR SAG

 

Vfr ≈ 1.2 mean DSAG • Afr     

o

Vfr ≈ 0.6 (Ddome,L + Ddome,H) Afr       

 the sagittal diameters of the domes at the lower and high
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he volume of spinal tissues within the volume swept by the diaphragm can be 

estim

 

V  = 0.25 π • D 2 • H         (16) 

here Dsp is the diameter of the spinal column and Hsp is the height of spinal mass.  The 

surface area of the spinal mass projected in the sagittal plane (A ) is 

 

A  = D  • H          (17) 

ombining equations 16 and 17,  

 

Vsp = 0.25 π Dsp • Asp        (18) 

he volume displaced by diaphragm motion can be calculated from the equation 

 

dome,L  – Vdome,H  + Vfr – Vsp      (19) 

dome,L and Vdome,H are the volumes of the domes at the lower and higher lung 

volume respectively.  Combining equations 7, 15,18 and 19, 

 

∆Vdi ≈ Ddome,L•Adome,L – Ddome,H•Adome,H +  

0.6(Ddome,L + Ddome,H) Afr – 0.25π Dsp•Asp    (20) 

 

where Adome,L and Adome,H are the surface areas of the domes at the lower and higher 

es projected in the sagittal plane respectively. 

 

T

ated by assuming that this volume is cylindrical, i.e.  

sp sp sp

 

w

sp

sp sp sp

 

C

 

T

∆Vdi = V

 

where V

lung volum
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hapter 6 – DIAPHRAGM ELECTROMYOGRAM ROOT MEAN 

ntroduction 

In humans, the ventilatory control system is conventionally studied by relating a 

C
SQUARE RESPONSE TO HYPERCAPNOEA  

I

&Vmechanical response of the respiratory system such as minute ventilation ( E), mean 

inspiratory flow rate (VT/TI) or airway pressure during the first 100 milliseconds after 

airway occlusion (P ) (Whitelaw et al. 1975), to variation in a single stim0.1 ulus, such as 

the arterial carbon dioxide tension (PCO2).  However these responses may 

under  

ase of

estimate neural drive when respiratory muscle function is impaired and, in the

 &V Ec  and VT/TI, when respiratory system resistance or elastance is increased.  

ntrol system would be enhanced by more direct 

easurement of respiratory muscle activation. 

 

The diaphragm accounts for a substantial fraction of inspiratory work (Mead and Loring 

982, Mead et al. 1995), and the electromyogram (EMGdi) contains information of its 

grated 

MGdi and end-tidal PCO2 (PetCO2) (Altose et al. 1975), the phrenic neurogram 

(Lour , 

Soust et al. 1989).  In humans, Bigland-Ritchie and Woods (1974) found that muscle O2 

ption and force increased linearly with integrated EMG.  Onal et al. (1981) 

2 T/TI and occlusion 

 to assess ventilatory control in clinical 

practi uantification.   Surface electrodes are 

insensitive to low levels of EMGdi activ l 

muscles, and intramuscular electrodes are difficult to place.  Oesophageal electrodes are 

ampered by artefact resulting from changes in position and orientation of the electrode 

 

Beck and Sinderby et al. (Beck et al. 1995, 1996, Sinderby et al. 1995, 1997) have 

recently proposed methods for overcoming these difficulties using a multi-electrode 

Evaluation of the ventilatory co

m

1

activation.  In animals, direct relationships have been found between rectified inte

E

enco et al. 1966) and diaphragm O2 consumption (Rochester and Bettini 1976

consum

found that the average rate of rise of inspiratory EMGdi moving time average increased 

linearly with end-tidal PCO , transdiaphragmatic pressure (Pdi), V

pressure.   However, EMGdi is rarely used

ce because of difficulties in detection and q

ity because of contamination from chest wal

h

relative to muscle during diaphragm excursion, electrode motion and electrical noise 

from the electrocardiogram (ECG) and oesophagus.   
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s (Beck et al. 1995) and 

EMG signal quality is automatically and continuously assessed (Sinderby et al. 1995).  

he EMG signal is quantified by measuring its root mean square; this 

varies with the square root of activation, reflects the number and firing rate of motor 

nd that diaphragm RMS (RMSdi) was a 

liable index of global diaphragm activation up to but not exceeding about 75% of 

here are several potential sources of inter-subject variation in RMSdi.  First, 

The strength of t

units recruited (Beck et al. 1998b) and is regarded as a more valid measure of EMG 

power than full wave rectification and integration (Basmajian and De Luca 1985).  Beck 

et al. (Beck et al. 1997, 1998a, b) have shown that the interference pattern EMGdi is not 

artefactually affected by chest wall configuration, lung volume or velocity of muscle 

shortening, suggesting that previously observed reductions in the amplitude of evoked 

compound muscle action potentials at different lung volumes, detected with an 

oesophageal catheter anchored to the gastro-oesophageal junction (Gandevia and 

McKenzie 1986), were due to changes in electrode to muscle position or orientation 

(Aldrich et al. 2002).   Beck et al.  (1998b) fou

re

maximal activation.   

 

The use of RMSdi as a measure of diaphragm activation has a number of limitations.  

First, because RMSdi varies with the square root of activation, the relationship between 

RMSdi and a respiratory stimulus such as PCO2 may not be linear.  Second, absolute 

values of RMSdi vary widely between subjects (Beck et al. 1998b).  To allow 

comparisons between subjects, RMSdi has been normalized to values obtained at rest 

(RMSdirest) (Beck et al. 1998b) or voluntary maximal inspiration (RMSdimax) (Sinderby 

et al. 1998).    Sinderby et al. (1998) found that RMSdimax was more repeatable when 

obtained during a voluntary maximal inspiration from functional residual capacity 

(FRC) to total lung capacity than during either a Mueller or an inspiratory expulsive 

manoeuvre.  However, these approaches may be sub-optimal because RMSdirest is likely 

to have a low signal to noise ratio, RMSdimax underestimates activation (Beck et al. 

1998b) and both are dependent on effort.  Finally, the variation in RMSdi in a subject 

from one occasion of measurement to another has not been defined.   

 

T

anatomical differences in the relationship of the crural diaphragm to the gastro-

oesophageal junction could influence the position or orientation of the electrode relative 
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in RMSdi may also result from alterations in the position or 

rientation of the electrode relative to muscle and/or filtering properties of the electrode 

) on inter-subject 

nd day-to-day variations in the relationships between RMSdi and PCO2.  It was 

to diaphragm muscle.  Second, RMSdi may vary between subjects due to differences in 

diaphragm anatomy such as muscle fibre diameter, which affects the propagation 

velocity and thus shape and size of the muscle fibre action potential (Hakansson 1956), 

and the number of fibres in a motor unit (Lindstrom 1973).  These differences may be 

reflected in diaphragm thickness and, while there are no established methods to measure 

the thickness of the crural diaphragm in situ, thickness of the costal diaphragm can be 

measured using ultrasound (Cohn et al. 1997).  Third, there may be differences between 

subjects in the filtering properties of the electrode or surrounding tissue.  These three 

factors are likely to also affect the EMG frequency spectrum.  Finally, studies of 

diaphragm activation in chronic airflow limitation and post-polio by Sinderby et al.  

(1998, 2001) compared RMSdi values per breath without considering differences in 

pattern of breathing between subjects.  As the ventilatory response to a stimulus consists 

of an increase in both tidal volume and respiratory frequency (FB), it may be more 

appropriate to express RMSdi as a function of time rather than per breath.   

 

Day-to-day variation 

o

or surrounding tissues.  An equivalent variation may be seen in the amplitude of other 

electrical signals detected by the oesophageal electrode.  The electrocardiogram (ECG) 

unavoidably contaminates oesophageal recordings of diaphragm EMG and could 

provide an effort-independent electrical signal to control for these day-to-day variations.  

Because the pericardium is adherent to the left hemidiaphragm, at a constant lung 

volume, the position and electrical axis of the heart may have a relatively constant 

relationship to gastro-oesophageal junction and crural diaphragm.  

 

The aims of this study were to define (1) the response of RMSdi to hypercapnoea in 

healthy subjects, (2) the inter-subject and day-to-day variations in the relationships 

between RMSdi and PCO2, and (3) the effect of normalization for RMSdirest, RMS at a 

sub-maximal effort (RMSdisubmax), RMSdimax, diaphragm EMG centre frequency 

(CFdi), diaphragm thickness, FB and ECG R wave amplitude (ECGR

a

hypothesised that the relationship between RMSdi and PCO2 was near linear at 

moderate diaphragm activation, inter-subject and day-to-day variations in the 

relationship between RMSdi and PCO2 were substantial, and these variations could be 
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minimized by normalization.  It was found that the relationship between RMSdi and 

PCO2 was linear at moderate diaphragm activation, inter-subject and day-to-day 

variations in the relationship between RMSdi and PCO2 were higher than that of the 

relationship between &V E and PCO2, inter-subject variation in RMSdi was best reduced 

by normalization for RMSdimax, and day-by-day variation in RMSdi was best reduced 

by normalization for RMSdirest or ECGR.   

 

Methods 

Subjects 

Seven healthy subjects, 5 male and 2 female, age (mean ± standard deviation (SD)) 40.7 

± 11.1 years, BMI 25.2 ± 2.1 kg/m2 and FEV1 3.59 ± 0.70 litres, participated in the 

study.  Informed consent was obtained from each subject and ethical approval granted 

by the Committee for Human Rights, University of Western Australia.   

td., Kent, U.K.) and 

sed to calculate the end-tidal CO2 tension (PetCO2).  A pneumotachograph was used to 

 

Measurements 

In each subject, the response to hypercapnoea was examined at seven fractional 

concentrations of inspired carbon dioxide (FiCO2), i.e. 0, 0.02, 0.04, 0.05, 0.06, 0.07 

and 0.08, on two occasions at an interval of between 6 and 98 days (mean 34 ± 34 

days).  The fractional concentration of CO2 in expired gas (FeCO2) was measured with a 

rapid gas analyser (Morgan Benchmark, Model 503, P.R. Morgan L

u

measure inspiratory flow, and integrated over time to obtain inspired volume.   

 

EMGdi signals were recorded and processed using methods described by Beck and 

Sinderby et al. (Beck et al. 1995, 1996, Sinderby et al. 1995, 1997).  A purpose-built 

Silastic oesophageal catheter 2.5 mm in diameter with an array of 8 electrode rings at 1 

cm intervals at its distal end (Dentsleeve, Wayville, South Australia) was used.  Each 

electrode ring was 2 mm wide and consisted of fine stainless steel wire wrapped around 

the catheter.  Six bipolar electrode pairs were created by wiring the electrodes in an 

overlapping array, i.e. 1 vs 3, 2 vs 4, 3 vs 5, 4 vs 6, 5 vs 7 and 6 vs 8 (Figure 6.1).  EMG 
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ware in Labview (Version 6) to calculate and 

isplay RMSdi, CFdi and signal contamination criteria of selected EMG segments from 

each electrode pair.  The catheter was positioned across the diaphragm so that the 

ntre of the diaphragm was in the centre of the electrode span.  The electrical 

centre of the diaphragm was identified by a change in polarity of the EMG signal on 

f the centre, and RMSdi was measured by subtracting the signal below the 

within the span of the electrode array in all tests.  Contamination from ECG was 

 EMG 

G complexes.  RMSdi and CFdi were only 

ncy spectra fulfilled criteria for an uncontaminated signal 

derby et al. (1995).   

 

0.08 in random order, FiO  0.21 and the remainder nitrogen (Figure 6.1).  Subjects were 

ed, because the data showed that the coefficient of variation 

signals were collected at a rate of 2 kHz, amplified (Grass Wideband A.C. amplifier, 

Model 17P3C, Quincy, Mass, U.S.A.), band pass filtered between 10 and 1000 Hz, 

digitised and, using purpose-written software (Labview Version 6), displayed on line on 

a personal computer and stored for subsequent analysis.  The EMG signals were later 

reviewed and processed in the time and frequency domains as described by Sinderby et 

al. (1995, 1997) using purpose-written soft

d

electrical ce

either side o

electrical centre from the signal above the electrical centre to improve the signal to 

noise ratio (Sinderby et al. 1997).  The electrical centre of the diaphragm remained 

avoided by manually selecting and analysing only segments of diaphragm

between the T and P waves of successive EC

accepted if the freque

recommended by Sin

Protocol 

Subjects were seated and inspired from a 50 L bag containing FiCO2 of between 0 and 

2

blinded to the level of FiCO2.  To equilibrate with the gas mixture, the subject took 2 

vital capacity inspirations and 20 tidal breaths from the bag prior to collection of 30 

breaths for analysis.  For each condition of measurement the RMSdi value for the last 

10 breaths was averag

increased when less than 10 breaths were analysed (Figure 6.2).  There was no change 

in PetCO2 during the last 10 breaths of each collection.  EMG data could not be 

retrieved for one condition of measurement of one study in two subjects, i.e. FiCO2 0 in 

the first study in subject 5 and FiCO2 0.08 in the second study in subject 4.  In each 

subject, the thickness of the costal diaphragm in the mid-axillary line was measured in a 

seated posture during quiet breathing by an experienced radiologist using a 2D 
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ultrasound (Toshiba PowerVision 6000, Model SSA-370A, Japan) and methods 

described by Cohn et al. (1997).   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1  Measurement of the diaphragm EMG response to CO2.   
Subjects inhaled from a 50 litre bag containing a predetermined FiCO2 ranging from 0 to 0.08, 
FiO2 0.21 and the remainder nitrogen.  Expired CO2 was measured with a rapid gas analyser 
and flow with a pneumotachograph.  Diaphragm EMG was detected using a multi-electrode 
oesophageal catheter, then amplified, band pass filtered and displayed on a personal computer.  
See text for details.   
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pper limit of 95% confidence interval of coefficients of variation of RMSdi at FiCO2 0.08 in both 
tudies in all subjects (n = 14), according to number of breaths analysed starting with the last 
ree breaths. 

ormalization 

MSdirest and RMSdisubmax were the RMSdi values at FiCO2 0 and 0.04 respectively.  

MSdimax was measured at the beginning and end of each study as the mean of 3 slow 

spirations from functional residual capacity to total lung capacity.  There was no 

ifference between RMSdimax measured at the beginning and end of each study (0.347 ± 

.111 vs 0.340 ± 0.093 a.u.), and RMSdimax at the beginning of each study was used in 

ormalizations.   The ECGR was the mean amplitude of five R waves of the ECG at 

nd-expiration at FiCO2 = 0 detected by the electrode pair at the centre of electrical 

s the mean of five 

ata analysis and statistics 

Maximum voluntary ventilation was estimated from 35 times FEV1.  The relationships 

between responses (RMSdi, 

 

 
Figure 6.2  
U

Breath-to-breath variation in diaphragm EMG root mean square (RMSdi) 

s
th
 
 

N

R
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d

0

n

e

activity of the diaphragm.  The thickness of the costal diaphragm wa

measurements at the mid-axillary line at FRC.    

 

D

&V E, and VT/TI) and PetCO2 were examined using linear 

and polynomial regressions.  To determine the factors associated with inter-subject 
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variability in RMSdi, at each level of FiCO2, the relationships between RMSdi and 

RMSdirest, RMSdisubmax, RMSdimax, ECGR, CFdi, FB and diaphragm thickness were 

examined using linear regressions.  Inter-subject variability in the relationship between 

RMSdi and PetCO2 and the effect of normalization with RMSdirest (RMSdi%rest), 

RMSdisubmax (RMSdi%submax), RMSdimax (RMSdi%max), ECGR (RMSdi/ECGR), FB 

(RMSdi.FB) and diaphragm thickness (RMSdi/Tdi) were examined using the coefficient 

of variation (CV) of the slopes and intercepts of the linear regressions of the first study 

in each subject.  Day-to-day variability in the relationship between RMSdi and PetCO2 

and the effect of various normalizations, as above, were examined using the CV of the 

difference in slopes and intercepts of the linear regressions between the two studies in 

each subject.  The variation in CFdi between subjects and at different levels of FiCO2 

as analysed using a two-way analysis of variance (ANOVA).  The difference between 

MSdi  at the beginning and end of each test was compared using a paired t test.  

w

R max

Mean slopes and intercepts are expressed as mean ± standard error of mean (SEM) and 

all other data is expressed as mean ± SD.  Significance was defined as p < 0.05. 

 

Results 

Response to hypercapnoea 

At FiCO2 0.08, the subjects achieved 33.9 ± 9.0% of predicted maximum voluntary 

ventilation (range 20.0-47.8%), a mean inspiratory flow rate of 1.57 ± 0.42 litres per 

second (range 0.86-2.37 litres per second) and RMSdi 40.2 ± 11.6% of RMSdimax (range 

19.2-62.3%).  CFdi varied between subjects (p < 0.001), but was not influenced by 

FiCO2 (p = 0.126).  In all tests, RMSdi, &V E and VT/TI were linearly related to PetCO2 

(mean coefficient of determination (r2) = 0.83 ± 0.10, 0.96 ± 0.02 and 0.96 ± 0.02 

respectively) (Table 6.1).  A second order polynomial did not significantly increase the 

r2 value of the RMSdi-PetCO  relationship.  In most subjects, the 2 r2 value of the linear 

gression of RMSdi against PetCO2 relationship increased when breathing frequency 

mean r2 = 0.88 ± 0.07).   The relationship between 

mean RMSdi%max and mean PetCO2 at each FiCO2 for all subjects at the first study is 

re

was considered (RMSdi.FB-PetCO2, 

shown in Figure 6.3. 
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Table 6.1  Linear regressions of RMSdi against PetCO2 (n = 7) at each study. 

First study Second study  
Subject Slope, 

a.u./mmHg 
x10-3

Intercept, 
a.u. x10-1

r2 Slope 
a.u./mmHg 

x10-3

Intercept 
a.u./mmHg 

x10-2

r2

1 2.62 -0.71 0.87 2.40 -0.73 0.78 
2 6.39 -2.43 0.88 6.42 -2.33 0.79 
3 6.10 -2.06 0.91 4.95 -1.70 0.82 
4 8.30 -2.94 0.98 7.34 -2.33 0.99 
5 2.73 -0.65 0.63 3.43 -0.59 0.79 
6 2.15 -0.44 0.76 2.58 -0.86 0.89 
7 2.98 -1.04 0.75 7.91 -3.14 0.84 
Mean 4.47 -1.47 0.83 5.00 -1.67 0.84 
SEM 0.91 0.38 - 0.86 0.37 - 
SD - - 0.12 - - 0.08 
CV, % 20.5 25.6  17.2 22.1  

 
Definition of abbreviations: SEM, standard error of mean; SD, standard deviation; CV, 
coefficient of variation, a.u., arbitrary units.   
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Figure 6.3  Change in RMSdi%max with PetCO2 at first study (n = 7) 
Relationship between mean (± SD) RMSdi%max and mean (± SD) PetCO2 (n = 7) at each 
FiCO2 in the first study.   
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bj ce i at e ivalent re RMS , 

RMSdisubmax and RMSdimax (Table 6.2) but not to CFdi, ECGR or diaphragm 

 th  at FRC ed from o 43 m  was c  

ted to B 2 = 0. d heig  = 0.7 nter-sub ifferen  

ax at equivalent FiCO2 were n ted to F

 6.3 and re 6.4 s e mean variatio he slop interce

relationsh etween m sp and Pet

pes and intercepts b  subjects was least for the VT/TI-PetCO2 relationship 

Inter-subject variation 

Inter-su ect differen s in RMSd qu  FiCO2 we  related to direst

, FB 

thickness.  Diaphragm ickness  rang  15 t m and losely

rela MI (r 94) an ht (r2 3).  I ject d ces in

RMSdi%m ot rela B. 

 

Table  Figu how th s and ns of t es and pts for 

the ip bs easured re onses C  at the first study.  Variation O2

in slo etween
&V(Table 6.3 and Figure 6.4).  The slope of the E-PetCO2 relationship varied from 0.57 

to 2.65 L/min/mmHg (mean 1.68 ± 0.21 &V E L/min/mmHg).  Relative to the -PetCO2 

tionship, inter-subject variation in slopes and intercepts for the RMSdi-PetCO2 

relationship was 1.7 and 1.8 times greater respectively (Table 6.3).  Normalization for 

RMSdimax and, to a lesser degree, RMSdirest, RMSdisubmax and ECGR reduced the inter-

subject variation in the slopes and intercepts of the RMSdi-PetCO2 relationships (Table 

6.3 and Figure 6.4).  Inter-subject variations in slopes and intercepts of the 

RMSdi%max-PetCO2 and 

rela

&V E-PetCO2 relationships were similar (Table 6.3 and Figure 

6.4). 

 

Table 6.2  Coefficients of determination (r2) for linear regressions of RMSdi against 
RMSdirest, RMSdisubmax and RMSdimax at each FiCO2 in the first study.   

FiCO2 Mean PetCO2, mmHg N RMSdirest RMSdisubmax RMSdimax

0 43.1 ± 3.4 7 - 0.69* 0.60 
0.02 44.9 ± 2.3 7 0.57 0.69* 0.63* 
0.04 48.0 ± 1.9 7 0.69* - 0.33 
0.05 50.8 ± 1.8 7 0.58 0.82* 0.65* 
0.06 53.3 ± 2.0 7 0.59 0.79* 0.66* 
0.07 57.1 ± 1.7 7 0.82* 0.63* 0.83† 
0.08 61.9 ± 1.6 6 0.87† 0.60* 0.86† 

 
FiCO2, fraction of carbon dioxide in inspired gas; PetCO2, partial pressure 
end-tidal breath; N, number of subjects; RMSdi, diaphragm electromyogram

of carbon dioxide in 
 root mean square; 

euvre.  Significant relationship: * P < 0.05 and † P < 0.01. 
RMSdirest, RMSdi at FiCO2 0, RMSdisubmax, RMSdi at FiCO2 0.04, RMSdimax, RMSdi during slow 
inspiratory capacity mano



Chapter 6 – DIAPHRAGM ELECTROMYOGRAM ROOT MEAN SQUARE RESPONSE TO 
HYPERCAPNOEA    
 

 
  

192

ay-to-day variation in the linear regressions of measured 
2

Table 6.3  Inter-subject and d
responses against PetCO . 

Response N  First study Difference between 
first and second study 

   Mean ± SE CV, % Mean ± SE CV, % 
       
&V E

7 Slope, 
L/min/mmHg 

1.68 ± 0.21 12.4 0.22 ± 0.11 51.7 

  Intercept, L/min -63.7 ± 9.1 14.3 9.8 ± 3.7* 37.9 
    
V

   

L/sec/mmHg x 10-2
9.7 1.27 ± 0.38  

x 10-2* 
29.8 

 Intercept, L/sec -2.12 ± 0.23 10.8 0.61 ± 0.12† 20.3 

RMSdi 

 ±

6  
 

 
 

RMSdi/ECG

T/TI 7 Slope, 5.79 ± 0.56  

 
       

7 Slope, au/mmHg 4.47 ± 0.91  
x 10-3

20.5 0.54 ± 0.78  
x 10-3

144.4 

  Intercept, au -0.15 ± 0.04 25.6 0.02 ± 0.03 168.1 
       
RMSdi%rest 6 Slope, %/mmHg 9.82 ± 1.63 16.6 3.31 ± 2.30 69.5 
  Intercept, % -327.3  74.1 22.6 136.6 ± 89.3 65.4 
       
RMSdi%submax 7 Slope, %/mmHg 6.51 ± 0.93 14.3 0.58 ± 1.5  271.7
  Intercept, % 211.0 ± 42.0 19.9 32.3 ± 66.5 206.0
       
RMSdi%max 7 Slope, %/mmHg 1.21 ± 0.14 11.6 0.17 ± 0.17 102.3

 Intercept, % -38.9 ± 7.2 18.6 6.82 ± 7.63 111.9 
       

R  7 Slope, au 1.55 ± 0.24 15.3 0.53 ± 0.37 68.9 
  Intercept, au -50.3 ± 10.4 20.7 -16.1 ± 13.6 84.8 
 
&V E, minute ventilation; VT/TI, ean inspiratory flow rate; RMSdi, diaphragm electromyogram 

root mean square; RMSdi%rest, RMSdi expressed as a percentage of RMSdi value at FiCO
 m

i%submax, RMSdi expressed as a percentage of RMSdi at FiCO2 0.04; RMSdi%max, 
ressed as a percentage of RMSdi value during inspiratory capacity manoeuvre; 

MSdi/ECGR, RMSdi divided by amplitude of the ECG R wave at end-expiration at FiCO2 0.  

 

 

 

 

 

 

 

 

2 0; 
RMSd
RMSdi exp
R
Significant difference between first and second study: * P < 0.05 and † P < 0.01. 
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igure 6.4  Inter-subject and day-to-day variations in RMSdi-PetCO2 relationship 
ect and (B) day-to-day variation in linear regression slopes (solid circles) and 

tercepts (open circles) of responses to hypercapnoea expressed as a ratio of variations in 
ear regression slopes and intercepts of the RMSdi-PetCO2 relationship.  
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Day-to-day variation 

At the second study, inter-subject differences in RMSdi at equivalent FiCO2 were 

related to RMSdirest and RMSdisubmax, but not to RMSdimax.  Relative to the first study, 

the slope of the VT/TI-PetCO2 relationship increased, the intercepts of the VT/TI-PetCO2 

and &V E-PetCO2 relationships decreased, and the slopes and intercepts of the RMSdi-

PetCO2 relationship were similar (Table 6.1).  Relative to the first study, inter-subject 

variations in the slopes and intercepts of the RMSdi-PetCO2 relationship were reduced 

in the second study (Table 6.1) and were not further reduced by normalization.   

 

Table 6.3 and Figure 6.4 show the mean day-to-day difference in the slopes and 

intercepts of the relationships between measured responses and PetCO2.  The day-to-day 

variation was least for the VT/TI-PetCO2 relationship (Table 6.3 and Figure 6.4).  

Relative to the &V E

 the RMSdi-

m

 day-to-d

-PetCO2 relationship, the day-to-day variation in the slope and 

intercept of PetCO2 relationship was 2.8 and 4.4 times greater respectively 

(Table 6.3).  Nor alization for RMSdirest and ECGR and, to a lesser degree, RMSdimax 

reduced the ay variance in the slopes and intercepts of the RMSdi-PetCO2 

relationships (Table 6.3 and Figure 6.4).  Day-to-day variations in slopes were similar 

for the RMSdi/ECGR-PetCO2 and &V E-PetCO2 relationships (Table 6.3 and Figure 6.4).   

 

Discussion 

This study found that diaphragm activation, quantified by measuring diaphragm EMG 

root mean square, increased linearly in response to hypercapnoea up to moderate levels 

of diaphragm activation.  At the highest FiCO2 used, RMSdi was <65% of RMSdimax in 

all subjects.  Inter-subject variation in the relationship between RMSdi and PetCO2 was 

lmost twice the variation in the relationship between &V Ea  and PetCO2 in the same 

ubjects.  The inter-subject variation in the RMSdi-PetCO  relationship can be attributed 

ubject variation was virtually removed by normalizing RMSdi for RMSdimax.  Day-to-

day variation in the slope of the relationship between RMSdi and PetCO2 was ~2.8 

times the day-to-day variation in the relationship between 

s 2

firstly, to individual differences in chemosensitivity and secondly, to differences in 

anatomy and muscle-electrode relationship; the effect of the second source of inter-

s

&V E and PetCO2 in the same 
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subjects.  The day-to-day variability in the RMSdi-PetCO2 relationship in a subject was 

ty in chemosensitivity; in addition, the results suggest that 

mised by norm

methods used allow accurate estimates of diaphragm activation in response to 

ad

mained within the span of electrode pairs at all times, supporting the notion that the 

electrodes move with the diaphragm.  The progressive increase in RMSdi with 

supports the findings of Beck et al. (1995) that this method enables the 

electrode to remain in a relatively constant spatial relationship with the crural 

also due partly to variabili

some day-to-day variation was due to differences in the muscle-electrode relationship.  

The effect of the latter was mini alizing RMSdi for RMSdirest or ECGR.  

Before discussing these findings and conclusions, let us consider the extent to which the 

hypercapnoea and influence interpretation of the results. 

 

Limitations    

The conclusions of this study are based on estimates of diaphragm EMG signal strength 

measured using methods proposed by Beck and Sinderby et al. (Beck et al. 1995, 1996, 

Sinderby et al. 1995, 1997).  To maintain constant muscle to electrode distance, EMG 

activity was continuously recoded from six bipolar electrode pairs spanning 7 cm 

(Figure 6.1).  To improve signal to noise ratios, the signal above and below the 

electrical centre of the diaphragm were subtracted; this required the electrical centre of 

diaphragm to remain within the middle 5 cm of the array.  Although diaphragm 

excursion during the inspiratory capacity manoeuvre used to measure RMSdimax is 

likely to have exceeded 5 cm (W e 1954, Braun et al. 1982), the electrical centre 

re

hypercapnoea 

diaphragm during respiration.   

 

Diaphragm EMG was only sampled between the T and P waves of successive ECG 

complexes to avoid ECG artefact.  In most studies, this consisted of between 0.3 and 0.4 

seconds of EMG activity.  Inability to sample from an identical part of each inspiration 

led to some variability in RMSdi from breath to breath; this variability was reduced by 

using the mean RMSdi over 10 breaths during steady state ventilation at each condition 

of measurement.  The data in this study showed that by using 10 breaths, there was a 

95% likelihood that the coefficient of variation in each subject was <10% at FiCO2 0.08 

(Figure 6.2).  RMSdi was not corrected for alterations in action potential propagation 

velocity because CFdi did not change at different levels of FiCO2.  
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The mean slopes and intercepts of the relationship between &V E and hypercapnoea in 

this study are lower than those reported by Read and Leigh (1967) and Irsigler (1976) 

and can be attributed primarily to differences in chemosensitivity.  In 126 healthy 

subjects, Irsigler (1976) found that the mean slope of the relationship between minute 

ventilation and PCO2 was 2.60 ± 0.11 L/min/mmHg, but there was considerable 

variation so that the range in slopes was 1.5 to 5.0 L/min/mmHg in 80% of the subjects.  

ost of the remaining subjects in that study had slopes <1.5 L/min/mmHg, and women 

were less responsive than men (Irsigler 1976).  In the present study, one female subject 

slope below 1.5 L/min/mmHg.  The possibility that the difference in 

MG responses to hypercapnoea in healthy subjects; in 

ractice, higher levels of response are unnecessary and unlikely to be tolerated in 

M

(subject 6) had a 

methods, i.e. steady state ventilation at several levels of PCO2 in this study compared 

with progressive hypercapnoea induced by rebreathing used by Read and Leigh (1967) 

and Irsigler (1976), also contributed to the observed differences cannot be excluded.   

 

At the second study, there was less inter-subject variation in the slopes and intercepts of 

the RMSdi-PetCO2 relationship, no relationship between RMSdi and RMSdimax, and 

inter-subject variation in the RMSdi-PetCO2 relationship was not reduced by 

normalization.  These findings may represent a type II statistical error because of the 

relatively small sample size.  

 

The levels of diaphragm activation achieved in this study were moderate, so that the 

results do not establish the limits of linearity of the relationship between RMSdi and 

PetCO2 during hypercapnoea.  The range of FiCO2 used was adequate to establish the 

ventilatory and diaphragmatic E

p

healthy subjects because of the large increase in ventilation and the dyspnoea 

experienced.  In chronic airflow limitation, the level of diaphragm activation during 

quiet breathing (Sinderby et al. 1998) approximates that found in this study at the 

highest PCO2 breathed.  In such subjects, the RMSdi responses to progressive 

hypercapnoea could approach the value during maximal inspiration and the relationship 

between RMSdi and PetCO2 could become non-linear.   
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plications    

bi

Im

The finding of a linear relationship between PCO2 and RMSdi, up to moderate levels of 

diaphragm activation (Table 6.1 and Figure 6.3), is consistent with the findings of Beck 

et al. (1998b) who found a linear relationship between RMSdi and the ratio of 

transdiaphragmatic pressure (Pdi) to maximal Pdi up to 75% of maximal Pdi.  This 

confirms that RMSdi accurately reflects moderate levels of activation of the diaphragm, 

although it could underestimate higher levels of activation because RMSdi varies with 

the square root of activation (Beck et al. 1998b).  In most subjects, the r2 value for the 

relationship between RMSdi and PCO2 increased when frequency of breathing was 

considered, implying that most subjects responded to different levels of PCO2 by 

varying the frequency and amount of diaphragm activation in slightly different 

proportions. 

 

Inter-subject variation in the relationship between RMSdi and PetCO2 was partly 

attributable to inter-subject variation in chemosensitivity, evidenced by the varia lity in 

the relationship between &V E and PetCO2 (Table 6.3).  The variability in the RMSdi-

PCO2 relationship exceeded that of the &V E-PCO2 relationship (Table 6.3 and Figure 

6.4).  This additional variability could be due to differences in diaphragm anatomy, 

patial relationship of electrode to muscle possibly due to anatomical differences at the 

nship between RMSdi and 

ypercapnoea.  These findings validate the approach of Sinderby et al. (1998) who used 

the ratio of RMSdi to RMSdimax to show increased diaphragm activation in subjects 

s

gastro-oesophageal junction, and/or filtering properties of the electrode or surrounding 

tissue.  These factors are likely to also influence RMSdirest, RMSdisubmax and RMSdimax, 

which could be used to reduce these inter-subject differences, so that the main source of 

inter-subject variation in RMSdi%max-PCO2 relationship was chemosensitivity.  These 

differences are also likely to influence CFdi, which increases with action potential 

propagation velocity and decreases as the muscle to electrode distance increases (Beck 

et al. 1995).  However, inter-subject differences in CFdi in the present study did not 

account for inter-subject variation in RMSdi.  This could be due to cancellation by the 

different sources of variation or the wide range in CFdi obtained with oesophageal 

electrodes.  Respiratory frequency and thickness of the costal diaphragm did not 

account for inter-subject differences in the relatio

h
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nd restriction due to previous poliomyelitis compared with healthy 

subjects.   

with severe CAL a

 

In contrast to the findings of Irsigler (1976), considerable day-to-day variability in the 
&V E and VT/TI responses to hypercapnoea was found, and this accounted for part of the 

day-to-day variation in RMSdi.  Additional day-to-day variation in the RMSdi response 

to hypercapnoea is likely to be due to variations in the muscle to electrode distance and 

orientation and perhaps changes to the filtering properties of the electrode.  Such 

differences are likely to be best corrected by normalization with an effort-independent 

electrical signal of constant amplitude that is detected by the same oesophageal 

electrode used to detect EMG activity.  The data show that the R wave of the ECG 

measured from the electrode closest to the electrical centre of the diaphragm at end-

expiration at rest can be used to reduce day-to-day variation in RMSdi, and has the 

dvantage over RMSdirest or RMSdimax in being independent of effort.   a

 

These findings suggest that RMSdi measured using a multi-electrode oesophageal 

catheter and methods described by Beck and Sinderby et al. (Beck et al. 1995, 1996, 

Sinderby et al. 1995, 1997) can be used to quantify moderate levels of diaphragm 

activation and the neural drive to the diaphragm during progressive hypercapnoea.  It is 

recommended that RMSdi is normalized for RMSdimax for comparisons between 

subjects and normalized for the amplitude of the ECG R wave for comparisons of repeat 

measurements in the same subject.  
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Th

Chapter 7 – EFFICIENCY OF THE DIAPHRAGM WITH 
HYPERINFLATION 

Introduction 

e efficiency of any muscle is defined by its rate of work or power output for a given 

energy consumption.  As a corollary, the efficiency of a muscle defines the upper limit 

of its power output when energy consumption is maximal.  In humans, the diaphragm 

accounts for a substantial fraction of inspiratory work (Mead and Loring 1982, Mead et 

al. 1995).  However its efficiency is not known.  Assessment of diaphragm efficiency 

requires simultaneous measurements of pressure developed, volume displaced and 

energy or oxygen consumed ( &VO2).  This is not possible in intact humans because 

diaphragm &VO2 cannot be measured.  Measurement of diaphragm efficiency could be 

useful in detecting diaphragm dysfunction and in defining the capacity of the diaphragm 

to perform additional work in disorders where the diaphragm is inefficient.   

aximum sniffs (Sinderby et al. 2001) can be 

ormal.  In lambs, the tension-time index of the diaphragm is closely related to its 

 

Measurements of transdiaphragmatic pressure (∆Pdi) have been used widely to assess 

diaphragm strength (Laporta and Grassino 1985), activation (Bellemare and Bigland-

Ritchie 1984) and energy consumption (Field et al. 1984).  However these 

measurements have a limited role in recognising dysfunction of the diaphragm.  For 

example, in chronic airflow limitation (CAL), ∆Pdi during supramaximal phrenic nerve 

stimulation (Similowski et al. 1991) and m
&VOn 2 

oust et al. 1989).  This relationship has not been established in humans.  In humans, 

the tension-time index of inspiratory muscles correlates closely with total respiratory 

muscle 

(S

&VO2 only when flow is constant (Collett et al. 1985).  These latter findings are 

consistent with the force-velocity properties of muscle where pressure and flow together 

define the output of respiratory muscles and vary inversely with each other.   

 

The volume displaced by motion of the diaphragm (∆Vdi) has been estimated from 

motion of the rib cage and abdomen (Mead and Loring 1982, Cala et al. 1996, Aliverti 

et al. 1997) and from the change in the length of the diaphragm apposed to the rib cage 

(Lap) measured with ultrasound (Gorman et al. 2002).  The estimates based on chest 

wall motion are indirect and not quantitative.  The use of ultrasound to estimate ∆Vdi 
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he case in the healthy and emphysema subjects studied in 

Chapter 4 (see Figure 4.3C).  In Chapter 5 of this thesis, a method for breath-by-breath 

 ∆Vdi using lateral fluoroscopic images of the diaphragm was 

developed and validated.  This method also allows continuous measurement of 

measurement of

diaphragm length (Ldi), enabling the effect of changes in Ldi at end expiration on 

diaphragm efficiency to be considered. Simultaneous measurement of ∆Vdi, mean ∆Pdi 

during inspiration (∆Pdi.mean) and duration of inspiration (TI) would allow continuous 

measurement of power output of the diaphragm calculated as ∆Pdi.mean•∆Vdi•TI
-1.   

 

The energy consumed by the diaphragm cannot be measured in intact humans.  

However previous studies in dogs (Rochester and Bettini 1976) and lambs (Soust et al. 

1989) have shown a linear relationship between diaphragm &VO2 and the amount of 

diaphragm electrical activity.  Sinderby and Beck et al. (Beck et al. 1995, 1996, 1997, 

1998a, b, Sinderby et al. 1995, 1996b, 1997) have developed and validated methods for 

easuring and analysing diaphragm electromyogram (EMG) using multiple electrodes 

erinflation 

ould be associated with a decrease in Edi. 

 

m

arrayed at 1 cm intervals along a catheter positioned to span the crural diaphragm at the 

gastro-oesophageal junction.  This method minimises electrode-to-diaphragm filtering 

(Beck et al. 1995, 1996, Sinderby et al. 1996b) and signal contamination (Sinderby et al. 

1995, 1997); electrical activation of the diaphragm is quantified by the root mean square 

value of the EMG signal (RMSdi) during each inspiration.  It is proposed that the power 

output of the diaphragm relative to RMSdi reflects the neuromechanical efficiency of 

the diaphragm (Edi). 

 

The purpose of this study was to evaluate the utility of measurements of Edi by 

comparing, in healthy subjects, measurements obtained during tidal breathing at usual 

end-expiratory lung volume (EELV) with those obtained at shorter diaphragm lengths 

during hyperinflation.  It was hypothesised that any decrease in Ldi with hyp

w

 

Methods 

Five non-smoking males with no history of chronic respiratory or cardiovascular 

disorder were studied.  Anthropometric and lung function data are listed in Table 7.1. 
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Each subject provided written informed consent, and the Committee for Human Rights, 

University of Western Australia, approved the study. 

 

 

Table 7.1  Subject characteristics and CPAP levels  

Subject 1 2 3 4 5 Mean ± SD 
Age, yr 40 52 55 66 47 52 ± 10 
Height, m 1.74 1.87 1.75 1.76 1.77 1.78 ± 0.05 
BMI, kg/m2 25.9 25.6 27.1 24.5 26.7 26.0 ± 1.0 
VC, L 4.2 5.7 4.7 5.1 4.9 ±
IC, L 2.7 3.3 3.5 3.4 2.8 3.1 ± 0.4 

4.9  0.5 

CPAP levels, cmH2O 0 
3 

0 
6 

0 
5 

0 
6 

0 
5 

- 

5 
6 
7 
8 

8 
13 

7 
14 
15 

7 
12 
14 

9 
12 
13 

 
Abbreviations:  BMI, body mass index; VC, vital capacity; IC, inspiratory capacity; CPAP, 
continuous positive airways pressure. 
 

 

Instrumentation 

Instrumentation is shown in Figure 7.1.  Electrical activation of the crural diaphragm 

was measured and analysed using the methods of Sinderby and Beck et al. (Beck et al. 

1995, 1996, 1998b, Sinderby et al. 1995, 1997).   Diaphragm EMG was measured with 

8 stainless steel electrodes each 2 mm wide and mounted 1 cm apart on a multi-core 

ilastic catheter 3.5 mm outer diameter; the electrodes were arranged in an overlapping 

plified (Grass Wideband A.C. 

mplifier, Model 17P3C, Quincy, Mass, U.S.A.), band-pass filtered between 10 and 

1000 Hz, digitised and stored (LAB View Version 6) for subsequent analysis as 

 Sinderby and Beck et al. (Beck et al. 1995, 1998b, Sinderby et al. 1995, 

1997).  A thin walled balloon sealed over the catheter below the most caudad electrode 

s

array i.e. 1 vs 3, 2 vs 4, 3 vs 5, 4 vs 6, 5 vs 7 and 6 vs 8 to create six pairs (Figure 7.1).  

The catheter was positioned so that the electrical centre of the diaphragm, defined as the 

electrode pair about which EMG signals in the electrode pairs above and below were 

opposite in polarity (see Figure 7.1), was located at electrode pair 3 vs 5 or 4 vs 6.  

EMG signals were collected at a rate of 2 kHz, am

a

described by

was used to measure gastric pressure (Pg).  Oesophageal pressure (Pes), mouth pressure 
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gnals were digitally recorded and 

isplayed continuously (Powerlab 16S, ADI Instruments, New South Wales, Australia) 

ith transpulmonary pressure (PL = Pm – Pes) and Pdi (Pdi = Pg – Pes) obtained 

  

 

 

 

 

 

 

 

(Pm), flow and volume change at the mouth (VT) were measured continuously as 

previously described (Eastwood et al. 1994).  All si

d

w

arithmetically.   

 

 

 

 

 

 

 

 

 

Figure 7.1  Measurement of diaphragm efficiency 
Diaphragm efficiency was calculated from simultaneous measurements of transdiaphragmatic 
pressure (Pdi), volume displaced by diaphragm motion (∆Vdi), duration of inspiration and 
diaphragm electromyogram (EMG).  Measurements were made during tidal breathing at rest 
and during hyperinflation induced by continuous positive airways pressure (CPAP).  Pdi was the 
difference between gastric (Pg) and oesophageal (Pes) pressures.  ∆Vdi was measured using 
lateral fluoroscopy; the displayed image has a 94o clockwise rotation.  EMG was quantified from 
the root mean square (RMS) and, where appropriate, corrected for changes in center frequency 
(CF).  See text for details. 
 

 

∆Vdi was measured fluoroscopically using methods described in Chapter 5 of this 

thesis.  Each subject was seated erect with the left shoulder as close as possible to the 

image intensifier with arms elevated and hands resting on the head.  The subject was 

positioned to minimise rotation of the thorax and keep the image of the dome of the 

diaphragm and adjacent chest wall within the fluoroscopic field over the volume range 
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he chest wall and ¾ of the internal coronal (lateral) diameter of the rib 

ge at the level of the right costophrenic angle.  The right mid-clavicular line was 

ssumed to be the most cephalad part of the right hemidiaphragm producing the 

ilhouette on fluoroscopic images (Whitelaw 1987).  Separately, images of a precise 

rid of horizontal and vertical radio-opaque lines at 1 cm intervals positioned at the 

ame distance from the image intensifier as the right mid-clavicular line of the subject, 

ere collected to correct for distortion and magnification.  Images were generated in 

ormal fluoroscopy mode at 15 frames/sec, stored on super VHS tape and subsequently 

igitised using a monochrome video capture card (National Instruments PCI 1409) and 

abVIEW software (National Instruments, version 6 with IMAQ toolbox). Time clocks 

ere synchronised and flow was collected on all three computers to aid interpolation of 

e data.  

rotocol 

rough a pneumotachograph and low resistance 

 expiratory port either open to atmosphere or connected to a 

(CPAP) unit (BiPAP S, Respironics, 

as at electrode pairs 3 or 4, subjects were encouraged to relax 

uring expiration, and fluoroscopy was commenced and continued for 5 breaths and an 

spiration to TLC.  Where the level of hyperinflation achieved differed substantially 

functional residual capacity (FRC) to total lung capacity (TLC).  To correct for 

magnification and distortion accurately, in each subject, the distance between the right 

mid-clavicular line and the image intensifier was estimated from the sum of the distance 

between the image intensifier and left chest wall and, from plain chest x-rays at FRC, 

the thickness of t

ca

a

s

g

s

w

n

d

L

w

th

 

P

Subjects, seated as described, breathed th

two-way valve with the

continuous positive airway pressure 

Pennsylvannia, USA). Measurements at the various levels of CPAP were made in 

random order. The level of CPAP was adjusted to achieve levels of hyperinflation with 

EELV approximating 25, 50 and 75% of the inspiratory capacity (IC).  With each 

condition of measurement, EMG signals were reviewed to ensure that the electrical 

centre of the diaphragm w

d

in

from the target level or the data appeared unsatisfactory the measurements were 

repeated.  Radiation exposure was varied to optimise contrast of the diaphragm 

silhouette and bony landmarks; the duration of fluoroscopy varied between 7 and 10 

minutes with radiation exposures up to 2.6 mSv.  Subjects had 1 to 3 fully instrumented 

studies before fluoroscopy to familiarise them with the protocol, define the levels of 
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m alternate electrode pairs and the RMSdi value was obtained from the 

ifference between the signals above and below the electrical centre of the diaphragm 

(Sinderby et al. 1997).  Data were accepted for analysis only if they met the criteria for 

inated signal recommended by Sinderby et al. (1995).   RMSdi was also 

CPAP required to achieve targeted hyperinflation and establish the range of movement, 

with hyperinflation, of the electrical centre of the diaphragm in relation to electrode 

pairs. 

      

Data analysis 

Electromyography   

The digitised EMG signals of each breath was displayed and a 300 to 500 msec 

segment, including the maximum amplitude EMG but avoiding any period containing 

an ECG complex, was selected for analysis.  The EMG signals from each electrode pair 

were analysed in the time and frequency domains, and the power spectra were evaluated 

for signal quality including signal to motion artefact ratio, signal to noise ratio, the drop 

in power spectrum ratio and a spectral deformation ratio (Sinderby et al. 1995).  The 

electrical centre of the diaphragm was defined by cross-correlation analysis of the 

signals fro

d

an uncontam

measured during each inspiration to TLC and the maximum value (RMSdimax) was the 

highest value obtained during any inspiration to TLC.  

 

Pressures   

The end-expiratory (ee) and inspiratory change (∆) of Pg, Pes and Pdi, and ∆Pdi.mean 

were measured for each breath of each condition of measurement.  ∆Pdi.mean of each 

breath was calculated (Powerlab) over TI, defined as the time between the onset and 

offset of inspiratory flow; the onset of inspiratory flow coincided with sustained 

increases in either Pdi or PL.  Where Pdi.ee and Pg.ee were greater than the values at 

FRC the difference was assumed to reflect activity of abdominal muscles.  This 

difference was added to ∆Pdi.mean because relaxation of abdominal muscles during 

subsequent inspiration unloads the diaphragm and acts to increment ∆Vdi.  Volume 

change was obtained by integrating flow.  EELV at each level of CPAP was obtained by 

subtracting inspiratory capacity from that obtained at FRC; values were expressed as 
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t Pg was offset and attenuated throughout two conditions of measurement.  In this 

ect each condition of measurement was performed with and without fluoroscopy 

and Pg was re-calibrated on the basis of unaffected Pg signals obtained during the run 

py.  Diaphragm tension-time per breath was calculated as 

 

e of the right hemidiaphragm at 

nd expiration and end inspiration, the posterior chest wall and the anterior border of the 

n swept by the diaphragm were segmented interactively.  The anterior and 

posterior insertions of the diaphragm, identified from bony landmarks adjacent to the 

percentages of vital capacity (VC).  Artefactual increase of Pes precluded analysis of 3 

and 2 breaths in two separate conditions of measurement in one subject.  In another 

subjec

subj

without fluorosco

∆Pdi.mean•TI.   

Volume displaced by diaphragm motion   

∆Vdi of each breath was measured using the geometric model of the diaphragm and 

abdominal rib cage and computational methods described in Chapter 5 of this thesis.  To 

decrease the time taken for analysis, video images were digitised (National Instruments 

PCI 1409), stored in JPEG format and analysed using an interactive program written in 

MATLAB (MATLAB version 6.1.0.450).  The 1st to 5th tidal breath and subsequent 

inspiration to TLC of each condition of measurement were identified and the images at 

end-expiration and end-inspiration of each breath were superimposed.  Any 

mismatching between these images was corrected using the images of two ball bearings 

adherent to the posterior chest wall at the level of the 10th thoracic vertebra and 

vertebral landmarks, and shifting one image relative to another until cross-correlation of 

these markers approximated 1.  The image of the dom

e

spinal colum

costophrenic angles at TLC, were defined as single points.  Each point of the segmented 

images was corrected for distortion and magnification applying data obtained from the 

grid of precise squares.  The grid image showed rotational, pin cushion radial and 

decentering distortions which were corrected using a look-up table comprising the 

coordinates of all cross points on the grid (Shen 2002, Shen et al. 2002).  Each point 

used to outline the diaphragm, spine and chest wall was converted to its correct position 

in space using the look-up table, the four closest calibration points and a least squares 

minimisation technique (Lagarias et al. 1998).  After correcting for distortion and 

magnification the average error per calibration point was 0.43 mm and the residual error 

across the surface of the calibration grid was <4.5% (Shen 2002, Shen et al. 2002).  
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iaphragm efficiency 

ragm (Edi) of each breath was calculated 

from the expression: 

∆Vdi of each inspiration was computed from the segmented images using the method 

and equation developed in Chapter 5 of this thesis.  Mean inspiratory flow rate from the 

diaphragm was calculated as ∆Vdi•TI
-1.  For each breath, right hemidiaphragm length in 

the sagittal plane (Ldi) and the length of the diaphragm apposed to the posterior rib cage 

(Lap) were measured at end-expiration.    

 

D

The neuromechanical efficiency of the diaph

 

Edi = ∆Pdi.mean • ∆Vdi • TI
-1 • RMSdi-1

      (1) 

 

Normalisation 

For comparisons between subjects all variables were normalised by dividing the 

computed data for each breath by the mean value of that variable at FRC.  RMSdi was 

also normalised by expressing it as a percentage of RMSdimax (RMSdi%max).   

 

Statistical analysis 

All data was expressed as mean + standard deviation (SD).  Linear regression was used 

to examine the relationships between a) CPAP and EELV, b) normalised Ldi.ee and 

EELV and, c) normalised Edi and its components and normalised Ldi.ee.  Multiple 

linear regression analysis with stepwise elimination was used to determine the 

relationship between the normalised dependent variable Edi and the normalised 

independent variables Ldi.ee, Lap.ee, Pdi.ee and VT•TI
-1.  One way analysis of variance 

(ANOVA) was used to compare Edi with and without CPAP.  The differences in Edi 

and its components at FRC and at maximal EELV were examined using paired t-tests.  

The sensitivity, specificity, accuracy and positive and negative predictive values of Edi, 

∆Pdi.mean•RMSdi-1, RMSdi%max, ∆Pdi.mean•TI and ∆Vdi•TI
-1 in detecting a 

decrease in relative Ldi (i.e. Ldi.ee/Ldi.eeFRC <1) was calculated from contingency 

tables and the number of true (a) and false (b) positives and false (c) and true (d) 
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esults 

d in each subject are shown in Table 7.1.  In all subjects end-

expiratory lung volume (EELV) increased with CPAP with maximum increases of 28 to 

ompliance, was 0.141 +
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esults 

d in each subject are shown in Table 7.1.  In all subjects end-

expiratory lung volume (EELV) increased with CPAP with maximum increases of 28 to 

ompliance, was 0.141 +

negatives as follows: sensitivity = a/(a +c); specificity = d/(b +d); accuracy = (a +d)/(a 

+b +c + d); positive predictive value = a/(a + b); negative predictive value d/(c + d).  

Significance was defined as P < 0.05. 

 

negatives as follows: sensitivity = a/(a +c); specificity = d/(b +d); accuracy = (a +d)/(a 

+b +c + d); positive predictive value = a/(a + b); negative predictive value d/(c + d).  

Significance was defined as P < 0.05. 

 

RR

The levels of CPAP useThe levels of CPAP use

55% VC (Figure 7.2).  The relationships between the increments in EELV and applied 

pressure, respiratory c

55% VC (Figure 7.2).  The relationships between the increments in EELV and applied 

pressure, respiratory c  0.047 L/cmH2O for the group, however 

ompliance varied between and within subjects suggesting variable respiratory muscle 

activi

 

 

 

c

ty at end expiration.   

 

 

 

 

 

 

 

 

 

 

Figure 7.2  Effect of CPAP on lung volume 
End-expiratory lung volume as percent vital capacity (EELV, %VC) at rest (CPAP = 0) and each 
level of continuous positive airways pressure (CPAP) in each subject (n = 5).  The regression 
line includes all data.  
 

Gastric and oesophageal pressures 

In all subjects, relative to FRC, CPAP was associated with increases in Pg.ee and small 

increases in Pes.ee, so that Pdi.ee increased by 1 to 8 cmH2O on CPAP relative to the 

mean value at FRC of 12.9 + 1.5 cmH2O (Figure 7.3).  The increase in Pg.ee with CPAP 

CPAP, cmH2O 
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90 
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expiration, which increased with the level of CPAP, and that during inspiration, there was 

increased phasic activity of inspiratory muscles of the rib cage.  For all subjects, the ratio 

of inspiratory ∆Pdi.mean to ∆Pdi.peak was 0.52 + 0.1 and 0.53 + 0.12 at FRC and at the 

highest level of CPAP respectively; the minimum and maximum values, across all 

conditions of measurement were 0.38 and 0.72 respectively. 

 

 

0 3 12

Pr
es

su
re

, c
m

H
2O

6 9 15

CPAP, cmH2O

-50

-25

0

25

50

Pes.ee
Pes.max
Pg.ee
Pg.max

Subject 1

CPAP, cmH2O

0 3 6 9 12 15

Pr
es

su
re

, c
m

H
2O

-50

-25

0

25

50

Figure 7.3  Effect of CPAP on oesophageal and gastric pressures during tidal breathing 
 pressure (Pes.ee), maximal oesophageal 
ure (Pg.ee) and maximal gastric pressure 

(Pg.max) during tidal breathing in each subject.  Data are mean ± SD for each condition of 

Effect of CPAP on end-expiratory oesophageal
pressure (Pes.max), end-expiratory gastric press

measurement.   
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Diaphragm length and volume change.   

At FRC mean Ldi.ee was 27.0 +

Diaphragm length and volume change.   

At FRC mean Ldi.ee was 27.0 + 2.5 cm.  Relative to its length at FRC, Ldi.ee decreased 

with hyperinflation in four subjects and did not change in subject 5 despite a 28% 

increase in EELV (Figure. 7.4).  Where Ldi.ee decreased with hyperinflation (n = 4) the 

mean decrease for each 10% VC increase in EELV was 4% or approximately 1 cm.  

EELV accounted for 70% of the variability of Ldi.ee relative to its length at FRC 

(Figure. 7.4).  Fractional shortening of the diaphragm between FRC and TLC was 0.28 

+ 0.1.  Table 7.2 shows ∆Vdi, ∆Vdi•T  and ∆Vdi•V  at FRC and at the highest 

EELV for each subject.  In subjects 1 to 4 where the diaphragm shortened with CPAP, 

mean ∆Vdi•V  was 56 

I
–1

T
–1

T
–1 + 15% at FRC and 35 + 12% at th

–1

e shortest Ldi.ee achieved (P 

 0.06) (Table 7.2).  In subject 5, ∆Vdi•VT  was 51 ± 9% at FRC and increased with 

hyperinflation to 83 ± 12% at maximum EELV (P < 0.01) (Table 7.2). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

igure 7.4  Effect of pulmonary hyperinflation on diaphragm length 

yperinflation.  In subject 5, diaphragm length did not change with hyperinflation.  
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F
Diaphragm length at end expiration (Ldi.ee) was measured in the sagittal plane from 
fluoroscopic images and normalized for diaphragm length at functional residual capacity 
(LdieeFRC). Data are mean ± SD at each condition of measurement.  End-expiratory lung volume 
is expressed as a percent of vital capacity (EELV % VC).  The regression line reflects the 
change in diaphragm length in subjects 1 to 4 where the diaphragm shortened with 
h
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Electromyography 

In subjects 1 to 4 where the diaphragm shortened with CPAP, RMSdi%max was 14.9 + 

2.6% at FRC and increased with hyperinflation to a maximum mean of 66.5 + 6.2% at 

the shortest Ldi.ee (P < 0.01) (Table 7.2).   

 

Efficiency 

A total of 126 tidal breaths and 28 inspirations to TLC were imaged.  The breaths and 

inspirations were distributed between 25 separate conditions of measurement among the 

five subjects (Table 7.1).  Diaphragm efficiency was measured during 108 tidal breaths; 

18 breaths could not be analysed because of loss or distortion of radiographic images 

(10 breaths), oesophageal pressure artefact (3 breaths) and/or EMG signal quality (5 

reaths).  A minimum of 3 tidal breaths and the inspiration to TLC could be analysed 

r each condition of measurement in all subjects.  The relationships between 

rmalise i.ee and d ∆Pdi.mean, ∆Vdi•Ti-1, RMSdi and Edi are shown 

eparately each subject in Figures 7.5 to 7.9.  For subjects 1 to 4, where the 

iaph m shortened with CPAP, the mean slopes and 95% confidence intervals of the 

ne gr ns of normalised Edi and its components on normalised Ldi.ee (Figures 

.5 8) are shown in Figure 7.10.  In these 4 subjects, a reduction in Ldi.ee relative 

 F ociated reases in inspiratory ∆Pdi.mean and RMSdi and decreases 

 ∆ and Edi.  In su here Ldi.ee did not change with hyperinflation there was 

gnificant change in relative ∆Pdi, ∆Vdi•Ti-1 and RMSdi with CPAP (Figure 7.9).  In 

his subje di was highly variable, increased with CPAP up to 4.5-fold relative to FRC 

igures 7.9 and 7.11) and was great C hree of four levels of CPAP (P 

0.05, ANOVA).  The relationship lised Ldi.ee and normalised Edi for 

eaths in all subjects is shown in Figure 7.11.  Multiple regression analysis (n = 5) 

 normalised Edi was not correlated with ∆V •Ti-1 and positively correlated 
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to normalised Ldi.ee (P < 0.001), Pdi.ee (P < 0.001) and Lap.ee (P = 0.011) according 

to the expression: Edi = 3.72 Ldi.ee + 0.28 Lap.ee + 0.44 Pdi.ee – 3.37 (r2 = 0.52, SEE 

= 0.66).  These variables together accounted for 52% of the variance of Edi. 
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Subject 1
. Mean inspiratory transdiaphragmatic pressure

 

 

Figure 7.5  Subject 1: relationship between diaphragm length and diaphragm efficiency 
and its components. 
Relationship between diaphragm length at end-expiration (Ldi.ee) and A) mean inspiratory 
transdiaphragmatic pressure (∆Pdi.mean), B) mean inspiratory flow rate from the diaphragm 
(∆Vdi/TI), C) electrical activation of the diaphragm (RMSdi) and D) diaphragm efficiency (Edi) for 
each tidal breath in subject 1.  All data is normalized to the mean value at functional residual 
capacity (FRC).  Where appropriate, linear regressions and their coefficients of determination 
(r2) and P values are displayed. 
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igure 7.6  Subject 2: relationship 
nd its components. 
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Relationship between diaphragm length at end-expiration (Ldi.ee) and A) mean inspiratory 
transdiaphragmatic pre
(∆Vdi/TI), C) electrical activation of the diaphragm (RMSdi) and D) diaphragm efficiency (Edi) for 
each tidal breath in subject 2.  All data is normalized to the mean value at functional residual 
capacity (FRC).  Linear regressions and their coefficients of determination (r2) and P values are 
displayed. 
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each tidal breath in subject 2.  All data is normalized to the mean value at functional residual 
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igure 7.7  Subject 3: relationship between diaphragm length and diaphragm efficiency 

diaphragm length at end-expiration (Ldi.ee) and A) mean inspiratory 
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and its components. 
Relationship between 
transdiaphragmatic pressure (∆Pdi.mean), B) mean inspiratory flow rate from the diaphragm 
(∆Vdi/TI), C) electrical activation of the diaphragm (RMSdi) and D) diaphragm efficiency (Edi) for 
each tidal breath in subject 3.  All data is normalized to the mean value at functional residual 
capacity (FRC).  Linear regressions and their coefficients of determination (r2) and P values are 
displayed. 
 

transdiaphragmatic pressure (∆Pdi.mean), B) mean inspiratory flow rate from the diaphragm 
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each tidal breath in subject 3.  All data is normalized to the mean value at functional residual 
capacity (FRC).  Linear regressions and their coefficients of determination (r2) and P values are 
displayed. 
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Figure 7.8  Subject 4
 
Figure 7.8  Subject 4: relationship between diaphragm length and diaphragm efficiency 
and its components. 
Relationship between diaphragm length at end-expiration (Ldi.ee) and A) mean inspiratory 
transdiaphragmatic pressure (∆Pdi.mean), B) mean inspiratory flow rate from the diaphragm 
(∆Vdi/TI), C) electrical activation of the diaphragm (RMSdi) and D) diaphragm efficiency (Edi) for 
each tidal breath in subject 4.  All data is normalized to the mean value at functional residual 
apacity (FRC).  Lin
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Figure 7.9  Subject 5: relationship between diaphragm length and diaphragm efficiency 
 
Figure 7.9  Subject 5: relationship between diaphragm length and diaphragm efficiency 
and its components. 
Relationship between diaphragm length at end-expiration (Ldi.ee) and A) mean inspiratory 
transdiaphragmatic pressure (∆Pdi.mean), B) mean inspiratory flow rate from the diaphragm 
(∆Vdi/TI), C) electrical activation of the diaphragm (RMSdi) and D) diaphragm efficiency (Edi) for 
each tidal breath in subject 5.  All data is normalized to the mean value at functional residual 
capacity (FRC).  Linear regressions and their coefficients of determination (r2) and P values are 
isplayed. 

and its components. 
Relationship between diaphragm length at end-expiration (Ldi.ee) and A) mean inspiratory 
transdiaphragmatic pressure (∆Pdi.mean), B) mean inspiratory flow rate from the diaphragm 
(∆Vdi/T
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I), C) electrical activation of the diaphragm (RMSdi) and D) diaphragm efficiency (Edi) for 
each tidal breath in subject 5.  All data is normalized to the mean value at functional residual 
capacity (FRC).  Linear regressions and their coefficients of determination (r2) and P values are 
isplayed. 
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Table 7.2  Diaphragm efficiency and its components at FRC and maximum 
hyperinflation. 

 
bbreviations:  ∆Pdi.mean, mean inspiratory transdiaphragmatic pressure; max EELV, 

d-expiratory lung volume; ∆Vdi, volume displaced by diaphragm motion; TI, 
spiratory duration; ∆Vdi•TI

-1, mean inspiratory flow rate from diaphragm; ∆Vdi•VT
-1, 

ontribution of the diaphragm to tidal volume; Power, diaphragm power output; RMSdi%max, 
lectrical activation of the diaphragm as a percent maximum; Edi, diaphragm efficiency; a.u. 

Subject 1 2 3 4 Mean ± SD 
(Subjects 1-4) 5 

A
maximum en
in
c
e
arbitrary units.  Values are mean ± SD.  Significant difference from FRC: * P < 0.05, † P < 0.01 
(paired t-test). 
 

∆Pdi.mean, cmH2O 
   @ FRC 
   @ max EELV 

 
10.3± 1.2 
23.9 ± 0.6 

 
5.2 ± 0.6 
7.7 ± 0.9 

 
6.4 ± 0.3 

16.0 ± 2.7 

 
11.3 ± 1.5 
16.9 ± 2.9 

8.3 ± 3.0 
16.1 ± 6.6* 

 
7.5 ± 0.6 

29.1 ± 3.5 
∆Vdi, L 
   @ FRC 
   @ max EELV 

 
0.26 ± 0.04 
0.19 ± 0.02 

 
0.79 ± 0.09 
0.35 ± 0.09 

 
0.58 ± 0.03 
0.73 ± 0.75 

 
0.49 ± 0.04 
0.15 ± 0.04 

0.53 ± 0.22 
0.36 ± 0.26 

 
0.35 ± 0.07 
0.43 ± 0.07 

TI, s 
   @ FRC 
   @ max EELV 

 
1.3 ± 0.1 
0.8 ± 0.1 

 
1.7 ± 0.1 
1.4 ± 0.1 

 
1.6 ± 0.1 
1.8 ± 0.2 

 
2.3 ± 0.1 
0.9 ± 0.2 

1.7 ± 0.4 
1.2 ± 0.4 

 
1.5 ± 0.1 
1.1 ± 0.1 

∆Vdi/TI, L/s 
   @ FRC 
   @ max EELV 

 
0.21± 0.03 
0.23 ± 0.03 

 
0.47 ± 0.06 
0.17 ± 0.05 

 
0.39 ± 0.09 
0.41± 0.20 

 
0.21± 0.03 
0.15 ± 0.04 

0.32 ± 0.13 
0.24 ± 0.12 

 
0.24 ± 0.04 
0.30 ± 0.06 

∆Vdi/VT, % 
   @ FRC 
   @ max EELV 

 
48 ± 5 
45 ± 4 

 
65 ± 7 
28 ± 8 

 
73 ± 5 
44 ± 6 

 
39 ± 2 
22 ± 2 

56 ± 16 
35 ± 12 

 
51 ± 9 

83 ± 12† 
Power, watts 
   @ FRC 
   @ max EELV 

 
0.19 ± 0.04 
0.49 ± 0.08 

 
0.19 ± 0.03 
0.10 ± 0.03 

 
0.17 ± 0.02 
0.42 ± 0.08 

 
0.21 ± 0.02 
0.26 ± 0.10 

 
0.19 ± 0.02 
0.32 ± 0.17 

 
0.13 ± 0.02 
0.83 ± 0.19 

RMS%max 
   @ FRC 
   @ max EELV 

 
15.8 ± 3.7 
67.0 ± 4.5 

 
17.0 ± 3.3 
63.0 ± 6.6 

 
11.0 ± 2.0 

61.0 ± 25.8 

 
15.5 ± 0.9 
75.0 ± 8.4 

14.8 ± 2.6 
66.5 ± 6.2† 

 
19.2 ± 4.4 
56.0 ± 5.9 

Edi, a.u. 
   @ FRC 
   @ max EELV 

 
4.2 ± 1.3 
2.3 ± 0.4 

 
1.6 ± 0.3 
0.3 ± 0.1 

 
7.5 ± 1.1 
4.5 ± 1.1 

 
2.6 ± 0.4 
1.1 ± 0.5 

4.0 ± 2.6 
2.1 ± 1.8* 

 
1.8 ± 0.6 
5.4 ± 1.1 
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Figure 7.11  Relationship between diaphragm efficiency and length in each breath 
Normalised diaphragm efficiency during each tidal breath in all subjects (n = 5).  Subject 5 is 
represented by open circles.  
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ccuracy.   

he sen alues of 

ormalised Edi, ∆Pdi•RMSdi-1, ∆Pdi•TI, RMSdi%max and ∆Vdi•TI
-1 in defining a 

ecrease in relative Ldi.ee are shown in Table 7.3.  Edi had a higher sensitivity, 

ccuracy, an p itive and negative predictive value than any other measure of 

iaphragm function, and had similar specificity to ∆Pdi•RMSdi-1 and ∆Vdi•Ti-1 (Table 

.3). 
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∆Pdi.mean•RMSdi-1 RMSdi%max ∆Pdi.mean•TI∆Pdi.mean•RMSdi-1 RMSdi%max ∆Pdi.mean•TI  
Sensitivity 0.84 0.68 0.78 0.34 0.63 
Specificity 0.74 0.73 0.45 0.28 0.76 
Accuracy 0.86 0.69 0.69 0.45 0.66 
Positive 
predictive 
value 

0.91 0.88 0.79 0.74 0.87 

Negative 
predictive 
value 

0.58 0.42 0.43 0.31 0.43 

 
Sensitivity, specificity, accuracy and predictive values were obtained using contingency analysis 

f the data, organised into true and false positives and negatives (see text for detail).  All 
s were normalised for the mean value at functional residual capacity in each 

ubject.  Abbreviations: Edi, diaphragm efficiency; ∆Pdi.mean•RMSdi-1, ratio of mean inspiratory 
ansdiaphragmat essure to diaphragm electromyogram root mean square; RMSdi%max, 
iaphragm electro gram root mean square as a percentage of maximal value; ∆Pdi.mean•TI, 
ansdiaphragmatic pressure-time index; ∆Vdi•TI

-1, mean inspiratory flow attributable to 
iaphragm. 

iscussio

he results of th tudy show that when diaphragm length at end expiration decreases 

ith hyperinflatio there is a progressive decrease in its neuromechanical efficiency, i.e. 

 diaphragm powe tput tive lectri ctivation.  This 

ith the force-length characteri d suggests that diaphragm 

ncy.  

y measured diaphragm efficiency than previously used indices of efficiency (ratio of 

mean transdiaphragmatic pressure to electrical activation of the diaphragm), indices of 

o
measurement
s
tr ic pr

myod
tr
d
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in r ou  rela to e cal a finding is consistent 
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neuromechanical efficiency as measured in this study reflects diaphragm efficie

The results showed that decreases in diaphragm length were detected more accurately 
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gen consumption (electrical activation of the diaphragm and 

transdiaphragmatic pressure-time product) and, mean inspiratory flow rate attributable 

cy of respiratory muscles is usually measured by relating power output to 

spiratory muscle

diaphragm oxy

to the diaphragm.  

 

Critique of methods   

The efficien

 &VOre 2 (Cain and Otis 1949, Campbell 1958, Collett et al. 1985, Milic-

Emili and Petit 1960).  Diaphragm &VO2 is not measurable in intact humans, but is likely 

to be linearly related to electrical activation of the diaphragm for the following reasons.  

irst, in huma u es m , 

nd 

F ns, d ring submaximal rat  of positive ( iometric) work electrical 

activation a &VO2 of the qu rly related (Bigland-Ritchie and 

74) ond, alth e relationship between electrical activation and 

d

adriceps muscle are linea

Woods 1

iaphragm 

9 .  Sec ough th
&VO2 is undefined in humans, in lambs (Soust et al. 1989) and dogs 

r an tini 1976 hragm electrical activation increased linearly with 

diaphragm

(Rocheste

 

d Bet ) diap
&VO2 over a wide range of power outputs and &VO2.  Third, the diaphragm 

 the present study the amount of electrical activity of the diaphragm during each 

spiration was quantified using the methods developed and validated by Sinderby and 

Beck et al. (Beck et al. 1995, 1996, 1997, 1998a, b, Sinderby et al. 1995, 1996b, 1997).  

udies are the basis of assumptions central to the analysis of diaphragm 

positioned so that the electrical centre of the diaphragm (Beck et al. 1995) in each 

obtains its energy by oxidative metabolism over a wide range of work outputs 

(Robertson et al. 1977b, Rochester and Briscoe 1979, Jardim et al. 1981, Bazzy et al. 

1989, Manohar and Hassan 1991).  Fourth, the work done by the diaphragm during 

inspiration is likely to be mainly miometric. 

 

In

in

These latter st

efficiency in the present study, namely that the RMSdi of the crural diaphragm 

measured from overlapping electrode pairs positioned in the lower oesophagus so as to 

span the diaphragm, accurately reflects activation of the entire diaphragm (Beck et al. 

1998b), is not subject to artefact related to changes of lung volume (Beck et al. 1998b) 

or chest wall configuration (Beck et al. 1997), minimises artefact related to changes in 

the muscle to electrode distance (Beck et al. 1995, 1996) and is linearly related to 

diaphragm activation over the range of RMSdi amplitudes encountered in this study 

(Beck et al. 1998b).  With regard to muscle-to-electrode distance the catheter was 
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 electrical centre of the diaphragm.  Theoretically RMSdi does not 

crease linearly with activation being proportional to square root of the number and 

firing frequency of motor units (Beck et al. 1998b).  However, the relationship between 

tic inspiratory efforts is approximately linear up to 75% of 

axim

level of PCO  up to 62%.  In the present study RMSdi was greatest when relative Ldi.ee 

percentages of the respective values during inspiration to TLC were 51 +

subject during quiet breathing at FRC was at the 3rd or 4th electrode pair.  During 

hyperinflation and inspirations to TLC there was at least one and usually two electrode 

pairs caudad to the

in

RMSdi and ∆Pdi during sta

maximum ∆Pdi (Beck et al. 1998b).  Because, in normal subjects, static ∆Pdi reflects 

global activation of the diaphragm these results suggest that RMSdi would be 

approximately linear up to 75% m um activation.  In Chapter 6 of this thesis, the 

RMSdi response to increasing, steady state levels of hypercapnoea was examined, and 

RMSdi was linearly related to end tidal PCO2 with values of RMSdi%max at the highest 

2

was least.  During this condition of measurement ∆Pdi.mean and RMSdi expressed as 

 5 % and 67 + 

t study RMSdi%max during tidal breathing 

t FRC was 15.1 +

6 % respectively.  Thus diaphragm activation in this study was within the approximately 

linear range described by Beck et al. (1998b) and in Chapter 6 of this thesis.  RMSdi 

values tend to overestimate diaphragm activation when propagation velocities decrease 

secondary to muscle fatigue (Beck et al. 1998b).  This possibility was suggested in one 

subject by a systematic decrease in centre frequency over the period of study.  The 

possible effect of change in propagation velocity on RMSdi was corrected using the 

method of Beck et al. (1998b).  In the curren

a  2.8% (n = 5) that is, 1.9 times greater than that reported for healthy 

subjects by Sinderby et al. (1998).  This difference is attributable to a different pattern 

of breathing in the two groups of subjects. ∆Pdi.mean, ∆Pg, VT and VT•TI
-1 were 1.6, 

4.3, 1.8 and 1.5 times greater in the subjects of this study relative to those of Sinderby et 

al. (1998).  In both studies RMSdimax was the highest value achieved during any 

inspiration to TLC and, in this study, the centre frequency of the EMG power spectrum 

was the same at TLC and during preceding tidal breathing suggesting that RMSdimax 

was not artefactually underestimated by an increase in muscle-to-electrode distance 

during inspirations to TLC.  In this study, some of the increase in RMSdi with 

hyperinflation could have been due to an increased elastic load.  However, there was no 

apparent decrease in respiratory compliance with EELV and the mean increase in lung 

impedance (∆PL / VT•TI
-1) between FRC and the highest EELV was substantially less 

than the increase in RMSdi (35% vs 270%, n = 5).  Thus an increased load accounted 
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for only a small part of the increase in RMSdi and observed decrease in efficiency.  

Further, Reid and Johnson (1983) showed that the efficiency of the diaphragm in dogs 

did not change with resistive loading. 

 

∆Vdi of each inspiration was measured from lateral fluoroscopic images of the lower 

thorax using the geometric model of diaphragm shape and abdominal rib cage cross-

sectional area and methods of analysis validated previously in Chapters 4 and 5 of this 

thesis.  The method used in this study was identical to that described in Chapter 5 of this 

thesis except for the use of a computer-assisted method of image analysis and distortion 

correction.  Measured inaccuracy assessed using the grid image was small (see 

Methods) and did not add significantly to the errors of measurement of Ldi or ∆Vdi.  

Mean ∆Vdi•VT
-1 at FRC and fractional shortening of the diaphragm between FRC and 

TLC were not different from those in the 10 healthy subjects reported in Chapter 5 of 

this thesis.  Measured ∆Vdi does not include the contribution to inspired lung volume 

resulting from the action of the costal diaphragm insertions in expanding and elevating 

the rib cage.  Although this component of ∆Vdi is believed to be small (Ward et al. 

1992b, Kenyon et al. 1997) any effect would tend to diminish with hyperinflation so 

that any underestimate of efficiency would be greatest at FRC thereby reducing the 

effect of decreasing Ldi on diaphragm efficiency. 

 

Diaphragm power output was estimated as the product of ∆Pdi.mean and ∆Vdi•TI
-1 and 

is an approximation of the value obtained from the integral of Pdi with respect to ∆Vdi.  

Graphical estimates of the relationship between Pdi and ∆Vdi approximate a triangle 

plus a small ellipse the area of which varied with the degree of associated intercostal 

and abdominal muscle activity (Mead et al. 1995).  This suggests that diaphragm work 

output should lie somewhere between 0.5 to 0.78 times the product of peak ∆Pdi and 

∆Vdi.  In the present study, ∆Pdi.mean/∆Pdi.peak was 0.52 + 0.1 and 0.53 + 0.1 

respectively at FRC and the shortest Ldi achieved in each subject.  Maximum and 

minimum values of ∆Pdi.mean/∆Pdi.peak were 0.35 and 0.72 respectively.  Thus the 

estimates of work and power are within the expected range for the measured values of 

∆Pdi.peak and ∆Vdi.   

 

∆Pdi during inspiration is not simply a function of diaphragm action but also of rib cage 

and abdominal muscle activity (Aliverti et al. 1997).  In the present study, Pg and Pdi at 
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Vdi resulting from diaphragm activation.  The 

ppropriate ∆Pdi for ∆Vdi incremented by action of abdominal muscles is ∆Pdi.mean 

 optimum, diaphragm power output 

lative to activation, and therefore efficiency, will decrease.  The concordance between 

an in healthy controls.  In the absence of remodelling of the 

iaphragm (Thomas et al. 1986), the data from the present study (Figure 7.10) suggests 

end expiration were often higher during CPAP than at FRC.  This was attributed to 

abdominal muscles contraction during expiration; their relaxation during subsequent 

inspiration acted to increment the ∆

a

corrected for the increment of ∆Pdi at end expiration relative to that at FRC.  Multiple 

regression analysis showed a significant positive correlation between Pdi.ee and Edi, 

evidence that inspiratory relaxation of abdominal muscles increased Edi.  Action of 

abdominal muscles may also explain the findings in subject 5 where Ldi did not 

decrease with hyperinflation.  In this subject Pg.ee and ∆Pg increased more than 2-fold 

at three and all levels of CPAP respectively, and Edi increased.   

 

Implications 

This study found that diaphragm neuromechanical efficiency was closely related to 

diaphragm length.  This finding is consistent with the force-length and force-velocity 

behaviour of muscle.  At muscle lengths less than that at which maximum tension 

develops with activation, isometric force and force at a given velocity of shortening 

decreases (Joyce et al. 1969).  This behaviour applied to the diaphragm during 

inspiration predicts that where Ldi is less than

re

observed and predicted behaviour suggests that the relationship between diaphragm 

power output and electrical activation, as used in this study, is an index of diaphragm 

efficiency.  Because this study used diaphragm electrical activation rather than oxygen 

uptake to estimate efficiency the results in this study cannot be compared quantitatively 

with results in previous studies (Reid and Johnson 1983).  Nevertheless the results are in 

keeping with previous studies showing a reduced efficiency of respiratory muscles with 

lung volume (Collett and Engel 1986) and when the range of lung volume during loaded 

breathing was increased (Cala et al. 1992b).  The magnitude of the decrease in Edi with 

Ldi.ee was substantial, with an approximate 32% decrease for each 10% decrease in 

Ldi.ee.  In Chapter 4 of this thesis, Ldi.ee at FRC was found to be ~25% less in 

emphysema subjects th

d

that a 25% decrease in Ldi would be associated with an ~80% decrease in Edi and 

require a ~3.5 fold increase in activation to RMSdi%max of ~50% to maintain ∆Vdi and 
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agm in CAL remains 

ndefined.  The results of the present study show that normalised Edi is more accurate 

than normalised ∆Pdi.mean•RMSdi-1 in defining decreases in Ldi.ee implying that 

aphragm function is incomplete without considering both ∆Pdi and 
-1

power output at normal levels.  This increase is in general accord with previous results 

(Sinderby et al. 1998) showing that RMSdi%max in healthy and CAL subjects for 

comparable tidal volumes and ∆Pdi was 8 and 45% respectively, i.e. a 5.6 fold 

difference.  In that study, part of the increased RMSdi%max in CAL subjects was 

attributable to a ~2.5 fold greater inspiratory impedance relative to healthy subjects.  In 

CAL during quiet breathing (De Troyer et al. 1997, Sinderby et al. 1998) and 

progressive exercise (Sinderby et al. 2001) diaphragm electrical activation is markedly 

increased implying either or both increased elastic, resistive or threshold loads or, 

decreased efficiency.  However, without measurement of the rate of diaphragm volume 

displacement and power output, the efficiency of the diaphr

u

assessment of di

∆Vdi•TI .  This conclusion is in keeping with the force-velocity properties of muscle, viz. 

that muscle output is defined by the product of pressure and velocity of shortening and, is 

supported by the diaphragm pressure-velocity behaviour during progressive exercise in 

healthy subjects (Aliverti et al. 1997).  In the latter study, ∆Pdi increased < 2 fold while 

estimated velocity of diaphragm shortening and power output increased > 6 and 13 fold 

respectively between rest and progressive exercise to 70% maximum workload.  Both 

these and the results of the present study appear to be at variance with those of Beck et al. 

(1998a) which showed no decrease in ∆Pdi•RMSdi-1 with increasing mouth flows up to 

1.4 L/s suggesting no measurable effect of diaphragm velocity of shortening. 

 

In CAL, in spite of a decreased Ldi.ee, ∆Vdi can be normal during a vital capacity 

inspiration (see Chapter 4 of this thesis) and during tidal breathing (Gorman et al. 2002).  

However, the strong relationship between Edi and Ldi.ee suggests that, in the absence of 

substantial loss of sarcomeres in series, a normal contribution of the diaphragm to lung 

volume change could only be maintained by a large increase in diaphragm activation 

and therefore energy consumption.  It is of interest that with acute hyperinflation and 

diaphragm shortening in this study, ∆Vdi decreased and a decreased TI (Figure 7.10) 

maintained mean inspiratory flow; in subjects with severe airflow limitation, this 

strategy is likely to increase hyperinflation and decrease Ldi.ee.   
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Measurement of diaphragm neuromechanical efficiency defines diaphragm power 

output relative to activation and should allow an estimate of the maximum power output 

and reserve capacity of the diaphragm in individuals.  For example, in the 4 subjects in 

whom Ldi.ee decreased with hyperinflation mean RMSdi%max was 67 + 6% at the 

shortest Ldi.ee achieved implying a maximum power output reserve of about 33%, 

assuming that neither efficiency nor load change with power output.  Because RMSdimax 

underestimates maximum activation (Beck et al. 1998b) and because any decrease in TI 

with changing power output is likely to further decrease efficiency in CAL, empirical 

studies in disorders likely to be associated with decreased diaphragm efficiency are 

required to define the actual relationships between diaphragm efficiency, length and 

inspiratory loads on the one hand and potential maximum power output on the other.  

 

It is of interest to note that as diaphragm length decreased, ∆Vdi decreased both in 

absolute terms (Figure 7.10) and relative to tidal volume (Table 7.2), suggesting that 

with hyperinflation and a decrease in Ldi the contribution of the diaphragm to lung 

volume change decreased relative to that of inspiratory muscles of the rib cage.  This 

would be consistent with the parasternal intercostal muscles operating at greater than, 

and the diaphragm at near, optimal length at FRC (Decramer et al. 1987) and, with the 

relatively greater distribution of hyperinflation to the diaphragm-abdomen than to the 

pulmonary rib cage as found in Chapter 4 of this thesis and by others (Kilburn and 

Asmundsson 1969, Walsh et al. 1992).     

 

In conclusion, the unique measurement, diaphragm neuromechanical efficiency, 

changes with Ldi appropriate to the force-length behaviour of muscle.  Edi was more 

accurate in defining the presence of diaphragm shortening than measures of ∆Pdi.mean, 

∆Vdi•TI
-1 or RMSdi either alone or in other combination.  The measurement may 

therefore be useful in diagnosing diaphragm dysfunction and in defining the maximum 

aerobic capacity of the diaphragm for work and power output.  The latter could be 

useful in assessing the need for or benefits of intervention and examining the likelihood 

of occurrence of respiratory failure. 
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ed 

nd the velocity of shortening define the output of a muscle, functional assessment of 

, validated and evaluated in health, pleural 

brosis and in emphysema.  The studies described in Chapters 3 and 4 are the first to 

 define the relationship between diaphragm neural 

drive and electrical activation and, inter-subject and day-to-day variability in RMSdi.  

This study extends the work of Sinderby and Beck et al. (Beck et al. 1995, 1996, 

Sinderby et al. 1995, 1997), confirmed that RMSdi was a linear function of neural drive 

up to at least 60% of maximal RMSdi and that inter-subject and day-to-day variability 

could be reduced by normalisation.  Finally, the proposed measurement of diaphragm 

Chapter 8 – SUMMARY AND CONCLUSIONS 

 

The human diaphragm acts primarily as a low-pressure high flow inspiratory pump.  Its 

function in health and disease is incompletely assessed by currently available methods, 

which depend largely on measurements of transdiaphragmatic pressure (∆Pdi).  ∆Pdi 

measured during maximum static efforts and during breathing provides only an estimate 

of strength and a partial measure of diaphragm output respectively.  A major advance 

has been the development of a reliable method for quantifying the electrical activity of 

the diaphragm allowing assessment of pressure output relative to the amount of 

electrical activation with inspiration.  However, because both the pressure develop

a

the diaphragm during breathing remains potentially incomplete.  Measurement of 

efficiency i.e. the ratio of power output (pressure • velocity) to energy consumption, 

may provide a more complete assessment of diaphragm function.  In this thesis a novel 

method for measuring the efficiency of the diaphragm by relating diaphragm power 

output to its neural activation, used as an index of energy consumption, has been 

developed and evaluated.   

 

First, a new biplanar radiographic method for measuring the volume displaced by 

diaphragm motion (∆Vdi) was developed

fi

examine the effects of pleural fibrosis and emphysema respectively on ∆Vdi.  Second, 

the biplanar method was used to evaluate a new method for measuring ∆Vdi from a 

single radiographic plane using lateral fluoroscopy.  Accurate measurements were 

obtained (Chapter 5) enabling measurement of diaphragm power output during tidal 

breathing using lateral fluoroscopy.  Third, the relationship between diaphragm 

electromyogram root mean square (RMSdi) measured using the methods of Sinderby 

and Beck et al. (Beck et al. 1995, 1996, Sinderby et al. 1995, 1997), and end-tidal 

carbon dioxide tension was used to
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 tidal breathing at usual 

FRC and with those obtained during diaphragm shortening induced by hyperinflation.  

fficiency decreased with diaphragm length at end expiration and was more accurate 

ed volume measured by pneumotachograph (Figure 4.6).  

econd, the model of the cross-sectional shape of the abdominal rib cage was validated 

E

than measurements of pressure, volume displacement or electrical activation, either 

alone or in other combination, in detecting diaphragm shortening.   

 

Measuring the volume displaced by diaphragm motion (∆Vdi) 

∆Vdi during inspiration was estimated by measuring the changes in subphrenic volume 

and correcting for the volume occupied by the spine and paraspinal tissues.  The dome 

and abdominal rib cage, comprising the subphrenum, were modelled as having cross-

sectional areas of an ellipse and a rectangular ellipsoid respectively.  Although there is 

no direct validation of this method several lines of evidence supported its accuracy.  

First, in healthy and in emphysema subjects over a wide range of inspired lung volumes, 

the sum of ∆Vdi and the change in lung volume attributable to expansion of the 

pulmonary rib cage (∆Vrcp), measured independently by the biplanar method, 

accurately estimated inspir

S

in healthy and hyperinflated subjects (Figures 5.2 and 5.3).  Third, changes in the length 

of the diaphragm over the vital capacity measured by this method (Figures 3.3 and 

4.3A) were similar to the changes in length of the entire diaphragm measured by MRI 

(Gauthier et al. 1994).   

 

Estimates of diaphragm efficiency require breath-by-breath measurement of ∆Vdi.  A 

new method for measuring ∆Vdi from lateral chest x-rays and fluoroscopy was 

developed (Chapter 5).  ∆Vdi measured with this method which considered the 

excursion of the diaphragm, sagittal diameter and actual shape of the abdominal rib cage 

and, the volume occupied by spinal and paraspinal tissues, did not differ from that 

measured by the biplanar method (Table 5.2 and Figure 5.4).  ∆Vdi during tidal 

breathing in healthy subjects was relatively consistent from breath to breath (Figure 5.5) 

and the ratio of ∆Vdi to tidal volume was similar to that during slow inspirations 

between FRC and ½ inspiratory capacity measured using the biplanar method (see 

Chapter 5, Results).  These findings suggest that this method allows accurate, 

continuous measurements of ∆Vdi.  By contrast, ∆Vdi measured by the methods of 
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Diaphragm shortening has an indirect effect on pulmonary rib cage expansion during 

phically 

the total volume displaced by the diaphragm.  However, the forces acting via the costal 

costophrenic fibrosis where Lap is reduced, the diaphragm flattens during inspiration 

i described in this thesis provide new information into the 

mechanisms of restriction in asbestos-related pleural fibrosis, how expansion of the 

Petroll et al. (1990b) and of Verschakelen et al. (1992) were inaccurate (Table 5.2 and 

Figure 5.4).  This was due to significant departures of the actual cross-sectional shape of 

the abdominal rib cage in humans from the circular and rectangular shapes respectively 

assumed in these models (Figure 5.2), and to failure to correct for the volume occupied 

by the spine and paraspinal tissues (see Chapter 5, Results).   

 

inspiration via the insertions of the costal diaphragm. ∆Vdi measured radiogra

does not include this contribution to lung volume change and therefore underestimates 

insertions of the diaphragm are thought to be small in healthy subjects and the indirect 

contribution to lung volume is estimated to be small (see Chapter 4, Discussion). 

 

The data show that ∆Vdi cannot be accurately predicted from inspiratory shortening of 

the diaphragm in its zone of apposition to the rib cage (Lap).  In emphysema and 

(Figures 3.4 and 4.3C) and this flattening augments ∆Vdi.  ∆Lap measured with 

ultrasound correlates closely with change in diaphragm length (McKenzie et al. 1994), 

however ultrasound images cannot define the shape of the diaphragm dome.  Thus 

where there is distortion of diaphragm shape during inspiration as in emphysema, 

ultrasound estimates of diaphragm length change could be inaccurate. 

 

Measurements of ∆Vd

pulmonary rib cage can preserve diaphragm function in emphysema and how changes in 

diaphragm shape augment ∆Vdi when Lap is reduced.  In addition, measurements of 

∆Vdi have been combined with measurements of transdiaphragmatic pressure and 

inspiratory duration to quantify power output of the diaphragm (Chapter 7). 

 

Mechanisms of ventilatory restriction in asbestos-related pleural 
fibrosis  

The data presented in Chapter 3 suggests that asbestos-related pleural fibrosis can 

restrict lung expansion in several ways, the relative importance of which depends on the 
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ing of the dome during 

spiration (Figure 3.4).  As a consequence, the observed reduction in vital capacity was 

n was 

ignificantly reduced (Table 3.3 & Figure 3.3).  This was associated with a reduced 

ecrease its 

echanical advantage in displacing the costal margin outwards and upwards.  Impaired 

expansion of the lower rib cage and inability of the diaphragm to separate from it are 

 substantial decrease in shortening within the zone of apposition, volume 

displaced by the diaphragm was decreased by only a small amount because the 

nature of the fibrosis, i.e. diffuse pleural thickening with obliteration of the costophrenic 

angle or plaques within the parietal pleura.  Subjects with diffuse pleural thickening had 

a shorter diaphragm at RV (Table 3.3) and, during inspiration, reduced shortening of the 

diaphragm (Figure 3.3) and expansion of the lower rib cage (Figure 3.6).  ∆Vdi was 

reduced (Figure 3.5), but partly compensated by flatten

in

mainly attributable to reduced volume change of the lower thorax; this was due to (a) 

reduced expansion of the lower rib cage and (b) reduced axial height of lung apposed 

rib cage resulting from costophrenic obliteration (Table 3.4).  In contrast, subjects with 

pleural plaques had normal lower rib cage expansion (Figure 3.6).  In this group 

diaphragm length appeared shorter at RV and longer at TLC, and although these 

changes were not statistically significant, diaphragm shortening during inspiratio

s

contribution of the diaphragm to lung volume change (Figure 3.5), but vital capacity 

(VC) remained normal (Table 3.2). For the entire group, VC % predicted was best 

predicted by an expression that included both lower rib cage expansion and diaphragm 

shortening. The results support the conclusions of other studies that asbestos-related 

pleural fibrosis alone, particularly diffuse pleural thickening, can reduce lung volumes 

(Rosenstock et al. 1988, Bourbeau et al. 1990, Schwartz et al. 1990a), and emphasize 

that full expansion of the lung requires separation of the diaphragm from the rib cage in 

the zone of apposition during inspiration (Mead 1979). 

 

Costophrenic fibrosis, in effect, attaches the diaphragm to the chest wall more cephalad 

than its anatomic insertions, thus reducing its maximum length at RV and the area of 

apposition available for recruitment during inspiration.  As lung volume increases, 

increasing tension within the diaphragm must result in a transverse force vector at sites 

of adhesion that opposes outward displacement of the lower rib cage.  In addition, a 

more cephalad insertion of the diaphragm into the rib cage would d

m

principally responsible for volume restriction in costophrenic fibrosis (Figure 3.7).  

Despite the

diaphragm flattened during inspiration helping to maintain its volume contribution 

(Figure 3.4).  The finding that the diaphragm flattens during inspiration in subjects with 
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al impairment, the presence of 

ostophrenic fibrosis should be given greater emphasis. 

costophrenic fibrosis but not in control subjects or subjects with pleural plaques 

presumably reflects a difference in the balance of forces determining diaphragm shape 

consequent on the more cephalad attachment of the diaphragm and rib cage.  In diffuse 

pleural thickening the reduced area of apposition available for recruitment is likely to 

result in its elimination at lower lung volumes than in health; diaphragm flattening with 

inspiration is then likely because transdiaphragmatic pressure, which opposes flattening, 

is lower, and the axial forces able to be generated by muscle fibres within the dome are 

higher because, on average, muscle fibres are longer. Volume change achieved by 

flattening of the dome of the diaphragm rather than shortening in the area of apposition 

could have implications to the efficiency of diaphragm muscle because comparable 

axial displacement would require disproportionate shortening of muscle fibres in the 

dome.  In the subjects with pleural plaques, the reduced contribution of the diaphragm 

to lung volume change could be explained by an increased elastance of the diaphragm 

due to the presence of diaphragmatic plaques thus limiting its elongation at RV and 

subsequent passive shortening during early inspiration when intra-abdominal pressure 

decreased with relaxation of expiratory muscles.   

 

Scores for ranking the severity of pleural disease derived from chest radiographs (Al 

Jarad et al. 1994) did not correlate with VC in this study.  This was due to the low value 

ascribed to the most physiologically important abnormality, namely costophrenic 

obliteration.  If a classification is to reflect function

c

 

The results of this study provide novel information about the effect of asbestos-related 

pleural disease on the behaviour of the diaphragm and rib cage; they suggest that 

costophrenic fibrosis is more likely to cause restriction than pleural plaques because it 

impairs the interaction of the diaphragm and the lower rib cage in expanding the thorax. 

In addition, both costophrenic fibrosis and pleural plaques limit the volume contribution 

of the diaphragm. 

 

Volume displaced by diaphragm motion in emphysema 

The data presented in Chapter 4 showed that in emphysema, in spite of severe 

hyperinflation with reductions in length of the diaphragm apposed to the rib cage (Lap) 
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nd calculations in Chapter 4 suggest 

at if such adaptation had not occurred, Lap would have been eliminated at FRC in 

und an increase in sagittal but 

ot coronal diameters such that the rib cage adopted a more circular shape.  The results 

n be attributed to two factors: first, to maintenance of constant dome 

olume during inspiration in emphysema (see Chapter 4, Results), and second, to an 

hysema subjects 

(Table 4.3).  During a vital capacity inspiration, the volume of the dome of the 

(Figure 4.3B) and fractional shortening of the diaphragm with inspiration (Table 4.2), 

∆Vdi during a VC inspiration could be similar to that in healthy subjects (Figure 4.5).  

The similarity in ∆Vdi between healthy and emphysema subjects was attributable to two 

factors: first, to an increased Lap at comparable lung volumes (Figure 4.4), and second, 

to a larger ∆Vdi per unit change in Lap in emphysema.   

 

The preservation in Lap was attributable to hyperinflation being shared between the 

pulmonary rib cage and diaphragm.  Calculations based on the data and presented in the 

appendix to Chapter 4 suggest that about one fifth of the increased lung volume at FRC 

was accommodated by an expanded pulmonary rib cage and the remainder by a 

reduction in diaphragm length.  Among subjects with emphysema, Lap at RV and ∆Vdi 

during a VC inspiration were highest in those subjects with the greatest degree of 

hyperinflation of the pulmonary rib cage (Table 4.3).  Preservation of Lap by such 

structural adaptation of the pulmonary rib cage reduces the adverse effect of 

hyperinflation on the capacity of the diaphragm to displace volume efficiently via 

shortening of the zone of apposition.  The data a

th

subjects with emphysema and ∆Vdi during a VC inspiration would have been reduced 

by about 0.8 litres (see Chapter 4, Appendix).  Previous radiographic studies into the 

effect of hyperinflation in emphysema on rib cage structure have produced conflicting 

results.  Kilburn et al. (1969) and Walsh et al. (29) found no change in rib cage 

diameters in emphysema, while Cassart et al. (1996) fo

n

in Chapter 4 agree with the findings of Cassart et al. (1996) showing that rib cage 

volume is increased in emphysema, is variable in degree between subjects and is 

important to the capacity of the diaphragm to change lung volume.   

 

The greater ∆Vdi for a given change in diaphragm length in emphysema relative to 

healthy controls ca

v

increase in cross-sectional area of the abdominal rib cage in some emp

diaphragm increased in healthy subjects, but did not change in emphysema.  This 

increase in dome volume in control subjects was due to increases in both cross-sectional 
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al and sagittal planes (Figure 

.3C).  The relative flattening of the diaphragm and decreased expansion of the 

area of the abdominal rib cage (Figure 4.7) and net height of the dome, findings 

consistent with those of Gauthier et al. (1994).  By contrast, in emphysema, dome 

volume did not change between RV and TLC and cross-sectional area of the abdominal 

rib cage increased much less than in controls (Figure 4.7).  Abnormal flattening of the 

diaphragm was observed in emphysema in both coron

4

abdominal rib cage (Table 4.2 & Figure 4.7) contributed substantially, about 0.8 litres, 

to maintaining ∆Vdi at near normal levels.  The different behaviour of the dome and 

abdominal rib cage in health and emphysema are likely to reflect systematic differences 

in the forces acting on the diaphragm and lower rib cage in the two groups.  First, 

transdiaphragmatic pressure, which opposes flattening, would be reduced by the 

decreased lung elastic recoil in emphysema (Finucane and Colebatch 1969).  Second, at 

intermediate volumes, muscle fibres within the dome in emphysema are likely to be 

longer than near TLC in controls and thus able to generate more axial force thereby 

maintaining a flat shape in the face of increasing abdominal pressure.  The unchanging 

cross-sectional area of the abdominal rib cage between FRC and TLC in emphysema 

relative to controls (Table 4.2 & Figure 4.7) is attributable to the transverse force 

developed by an extremely flat diaphragm, at sites of insertion anteriorly where Lap 

may have been eliminated at lung volumes below TLC.  Volume change achieved by 

flattening of the dome of the diaphragm rather than shortening in the zone of apposition 

could have implications to the efficiency of diaphragm muscle because comparable 

axial displacement would require disproportionate shortening of muscle fibres in the 

dome.  This could contribute to the association observed in chronic airflow limitation 

between a flat diaphragm and, during tidal breathing, increases in oxygen cost of 

breathing (Pitcher and Cunningham 1993) and electrical activation of the diaphragm 

(De Troyer et al. 1997, Sinderby et al. 1998).  

 

The reason why, in some emphysema subjects, the rib cage was not hyperinflated and 

Lap at RV was much reduced is unclear.  A stiffer chest wall and muscle fatigue with 

decreased tone are possibilities.  Whatever the reason, the differences between the 

emphysema subgroups suggests that hyperinflation of the pulmonary rib cage is 

essential to maintaining ∆Vdi and that alone, flattening of the diaphragm dome cannot 

achieve this (Table 4.3).   
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Estimating diaphragm activation from EMG root mean square 

The data presented in Chapter 6 showed that diaphragm activation, quantified by 

measuring diaphragm EMG root mean square (RMSdi), increased linearly in response 

to hypercapnoea up to moderate levels of diaphragm activation (Table 6.1 & Figure 

6.3).  At the highest FiCO2 used, RMSdi was <65% of maximal RMSdi (RMSdimax) in 

all subjects.  These findings are consistent with the findings of Beck et al. (1998b) who 

found a linear relationship between RMSdi and the ratio of transdiaphragmatic pressure 

(Pdi) to maximal Pdi up to 75% of maximal Pdi.  This confirms that RMSdi accurately 

reflects moderate levels of activation of the diaphragm, although it could underestimate 

higher levels of activation because RMS is predicted to vary with the square root of 

activation (Beck et al. 1998b).  In most subjects, the coefficient of determination (r2) for 

the relationship between RMSdi and PCO2 increased when frequency of breathing was 

considered, implying that most subjects responded to different levels of PCO2 by 

varying breathing frequency and amount of diaphragm activation in slightly different 

proportions (see Chapter 6 Results). 

 

Inter-subject variation in the relationship between RMSdi and PetCO2 was partly 

attributable to inter-subject variation in chemosensitivity, evidenced by the variability in 

the relationship between minute ventilation ( &V E) and PetCO2 (Table 6.3).  The 

variability in the RMSdi-PCO2 relationship exceeded that of the &V E-PCO2 relationship 

(Table 6.3 & Figure 6.4).  This additional variability could be due to differences in 

diaphragm anatomy, spatial relationship of electrode to muscle possibly due to 

anatomical differences at the gastro-oesophageal junction, and/or filtering properties of 

the electrode or surrounding tissue.  These factors are likely to also influence RMSdi 

values at rest (RMSdirest), during sub-maximal activation and RMSdimax, which could 

erefore be used to reduce these inter-subject differences, so that the main source of 

poliomyelitis compared with healthy subjects.   

th

inter-subject variation in RMSdi%max-PCO2 relationship was chemosensitivity.  

Respiratory frequency and thickness of the costal diaphragm did not account for inter-

subject differences in the relationship between RMSdi and hypercapnoea.  These 

findings validate the approach of Sinderby et al. (1998) who used the ratio of RMSdi to 

RMSdimax to show increased diaphragm activation in subjects with severe CAL and 

restriction due to previous 
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riability 

in the 

In contrast to the findings of Irsigler (Irsigler 1976), considerable day-to-day va
&V E and mean inspiratory flow rate responses to hypercapnoea were found, and 

ed to quantify moderate levels of neural activation 

f the diaphragm during progressive hypercapnoea.  It is recommended that RMSdi is 

 power output relativ

 

how that Edi detected decreases in Ldi.ee more accurately than previously used indices 

of efficiency (ratio of mean transdiaphragmatic pressure to electrical activation of the 

this accounted for part of the day-to-day variation in RMSdi.  Additional day-to-day 

variation in the RMSdi response to hypercapnoea is likely to be due to variations in the 

muscle to electrode distance and orientation and perhaps changes to the filtering 

properties of the electrode.  Such differences are likely to be best corrected by 

normalization with an effort-independent electrical signal of constant amplitude that is 

detected by the same oesophageal electrode used to detect EMG activity.  The data 

show that the R wave of the ECG measured from the electrode closest to the electrical 

centre of the diaphragm at end-expiration at rest can be used to reduce day-to-day 

variation in RMSdi, and has the advantage over RMSdirest or RMSdimax in being 

independent of effort.   

 

These findings suggest that RMSdi measured using a multi-electrode oesophageal 

catheter and methods described by Beck and Sinderby et al.  (Beck et al. 1995, 1996, 

Sinderby et al. 1995, 1997) can be us

o

normalized for RMSdimax for comparisons between subjects and normalized for the 

amplitude of the ECG R wave for comparisons of repeat measurements in the same 

subject.  

 

Measuring the neuromechanical efficiency of the diaphragm   

The data presented in Chapter 7 showed that diaphragm neuromechanical efficiency 

(Edi), i.e. diaphragm e to electrical activation, during tidal 

inspiration decreased linearly when diaphragm length at end-expiration (Ldi.ee) 

decreased with hyperinflation.  This finding is consistent with the force-length and 

force-velocity behaviour of muscle, i.e. at muscle lengths less than that at which 

maximum tension develops with activation, isometric force and force at a given velocity 

of shortening decreases (Joyce et al. 1969).  The concordance between observed and 

predicted behaviour suggests that the relationship between diaphragm power output and 

electrical activation, as used in this study, is an index of diaphragm efficiency.  The data

s



Chapter 8 – SUMMARY AND CONCLUSIONS   
 

 
  

234

 at FRC was found to be ~25% less in emphysema subjects than 

 healthy controls.  In the absence of remodelling of the diaphragm (Thomas et al. 

, Discussion). 

As diaphragm length decreased, tidal ∆Vdi decreased both in absolute terms (Figure 

inflation 

diaphragm), indices of diaphragm oxygen consumption (electrical activation of the 

diaphragm and transdiaphragmatic pressure-time product) and, mean inspiratory flow 

rate attributable to the diaphragm.  

 

In CAL, in spite of a decreased diaphragm length, ∆Vdi can be normal during a vital 

capacity inspiration (see Chapter 4 of this thesis) and during tidal breathing (Gorman et 

al. 2002).  However, the strong relationship between Edi and Ldi.ee in the present study 

suggests that, in the absence of substantial loss of sarcomeres in series, a normal 

contribution of the diaphragm to lung volume change could only be maintained by a 

large increase in diaphragm activation and therefore energy consumption.  For each 

10% decrease in Ldi.ee, Edi decreased by ~32% (Figure 7.10).  In Chapter 4 of this 

thesis, diaphragm length

in

1986), the data suggests that such a decrease in diaphragm length in emphysema would 

reduce Edi by ~80% and, to maintain ∆Vdi and power output at normal levels, 

diaphragm activation during tidal breathing would have to increase to ~50% maximum.  

The latter is consistent with actual measurements in subjects with CAL (Sinderby et al. 

1998).  The data also suggest that only a small proportion of this increase in activation 

can be attributed to an increase in respiratory impedance with hyperinflation (see 

Chapter 7

 

7.10) and relative to tidal volume (Table 7.2), suggesting that with acute hyper

and decrease in Ldi the contribution of the diaphragm to lung volume change decreased 

relative to that of inspiratory muscles of the rib cage.  This would be consistent with the 

parasternal intercostal muscles operating at greater than, and the diaphragm at near, 

optimal length at FRC (Farkas et al. 1985, Decramer et al. 1987) and, with the relatively 

greater distribution of hyperinflation to the diaphragm-abdomen than to the pulmonary 

rib cage found in Chapter 4 of this thesis and by others (Kilburn and Asmundsson 1969, 

Walsh et al. 1992).     

 

The data show that Edi is more accurate than the ratio of mean inspiratory 

transdiaphragmatic pressure (∆Pdi.mean) to RMSdi in defining decreases in Ldi.ee, 

implying that assessment of diaphragm function is incomplete without considering both 
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y of shortening, and is supported by the diaphragm 

ressure-velocity behaviour during progressive exercise in healthy subjects where power 

he findings of this study suggest that the measurement of diaphragm neuromechanical 

∆Pdi and mean inspiratory flow rate from the diaphragm (∆Vdi•TI
-1).  This conclusion is 

in keeping with the force-velocity properties of muscle, viz. that muscle output is defined 

by the product of pressure and velocit

p

output increases mainly due to increases in estimated velocity of shortening of the 

diaphragm (Aliverti et al. 1997).   

 

Measurement of diaphragm neuromechanical efficiency defines diaphragm power 

output relative to activation and should allow an estimate of the maximum power output 

and reserve capacity of the diaphragm in individuals.  In the 4 subjects in whom Ldi.ee 

decreased with hyperinflation, activation was about two thirds maximum at the shortest 

Ldi.ee achieved implying a maximum power output reserve of about one third, 

assuming that neither efficiency nor load change with power output.  However, because 

RMSdimax underestimates maximum activation (Beck et al. 1998b) and because any 

decrease in inspiratory duration with changing power output is likely to further decrease 

efficiency in CAL due to dynamic hyperinflation, empirical studies in disorders likely to 

be associated with decreased diaphragm efficiency are required to define the actual 

relationships between diaphragm efficiency, length and inspiratory loads on the one 

hand and potential maximum power output on the other.  

 

T

efficiency may be useful in diagnosing diaphragm dysfunction and in defining the 

maximum aerobic capacity of the diaphragm for work and power output.  The latter 

could be useful in assessing the need for or benefits of intervention and examining the 

likelihood of occurrence of respiratory failure. 
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