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Chapter 1 

Introduction 

Chronic respiratory failure develops over the years in many patients with chronic obstructive 

pulmonary disease (COPD). During exacerbations of COPD the gas-exchange is known to 

deteriorate in these patients. This acute-on-chronic respiratory failure may ultimately lead to 

hypercapnic coma. Mechanical ventilation has to be applied to maintain gas-exchange. As this 

treatment does not affect the pathophysiological mechanisms leading to the respiratory failure, 

mechanical ventilation can only be considered as rescue therapy [1]. 

Altered respiratory mechanics associated with COPD may hamper ventilatory support. For the 

same reasons weaning from the ventilator is considered to be a cumbersome process, in many 

patients requiring long-tenn ventilatory support [2]. These altered respiratory mechanics can be 

elucidated in tenns of elastic recoil of the lung and airways resistance. In this chapter these 

features will be described with emphasis on spontaneous breathing as well as mechanical 

ventilation. Adaptations of equipment used for ventilatory support and weaning purposes that 

may improve ventilation and gas-exchange in COPD, will be reviewed. Finally an outline of the 

investigations described in this thesis will be given. 

The popUlation of patients that is the subject of this thesis consists of those who are suffering 

from severe chronic airways obstruction in whom loss of elasticity of lung tissue may be 

present. Though COPD may not be the exactly right nomenclature for the condition present in 

all of those patients, it was applied to all patients because destruction of elastic tissue of a minor 

degree is difficult to demonstrate or exclude in a living person. 

Airways compression 

An important feature of COPD is the decrease of expiratory flow due to a reduction of driving 

pressure and an increase of resistance to airflow. The reduction in the driving pressure is caused 

by loss of elastic recoil of lung tissue. The increased airways resistance is amongst others 

related to loss of elastic support of airways that may lead to compression or even collapse of the 

airways during expiration. 

Airways compression develops jf the extramural pressure exceeds the intraluminal pressure in 

defonnable airways [3]. Intraluminal pressure in an airway segment is equal to alveolar pressure 

minus the upstream pressure drop. Alveolar pressure is equal to the sum of the pressure exerted 

by elastic properties of the lung (elastic recoil pressure) and the intrapleural pressure. The 
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Introduction 

pressure at the outside of the airway is equal to intrapleural pressure which is detennined by the 

pressure exerted by the thoracic wall and the respiratory muscles. Airways compression can 

only develop during mechanical ventilation if intrapleural pressure is positive. A positive 

intrapleural pressure can be encountered during forced and relaxed expirations. During forced 

expirations the force exerted by the respiratory muscles is directed inwards resulting in a 

positive pleural pressure. During relaxed expirations a positive pleural pressure can only be 

present if the thoracic wall exerts an inward force. This occurs during expiration at lung 

volumes in the range of the upper 40% of vital capacity [4], which is commonly observed in 

patients with severe COPD in case of hyperinflation. Airways compression is of clinical impor

tance as it leads to a decrease in expiratory flow and can result in flow limitation. 

Flow limitation 

Flow limitation can be defined as the phenomenon of a constant flow at increasing driving 

pressure at a certain lung volume. Consequently, flow limitation can be detected by computing 

expiratory iso-volume pressure-flow relationships. These curves show, in case of flow limitati

on, that elevation of driving pressure at iso-volume above a certain critical level does not 

increase expiratory flow. This was demonstrated during forced expirations 30 years ago [5]. It 

has been suggested that increases of driving pressure and intrapleural pressure due to contracti

on of expiratory muscles coincide in such a way that, as a net result, expiratory flow remains 

unchanged. In agreement with this assumption is the observation that expiratory flow-volume 

curves obtained in healthy individuals during forced expirations are highly reproducible [6]. 

This finding can be explained by the presence of flow limitation: if the driving pressure varies 

in a range above the critical pressure-level, the iso-volume flows will not be affected. As these 

flows are only related to lung volume, the expiratory flow-volume curves will be reproducible 

and unaffected by the effort of the expiratory muscles. Although the mechanisms leading to 

airways compression are different in forced and relaxed expirations, flow limitation has also 

been established in patients with COPD during relaxed expirations. This also applies to patients 

with COPD who are mechanically ventilated. 
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Chapter 1 

Flow limitation during mechanical ventilation 

When mechanical ventilation is compared to spontaneous breathing many similarities can be 

found with respect to expiration. At both conditions relaxed expiration occurs with only the 

elastic recoil pressure of the respiratory system as the driving pressure to overcome the passive 

expiratory flow resistance of the total system [7]. In mechanically ventilated patients with 

COPD flow limitation is well established [I, 8-10]. This can be elucidated by the hyperinflation 

encountered in these patients during the entire breathing cycle imposed by the ventilator. 

Various methods using the expiratory flow pattern have been proposed to establish flow limita

tion in mechanically ventilated patients with COPD. 

As during spontaneous breathing the computation of iso-volume pressure-flow relationships can 

be considered as the mainstay to establish flow limitation. In order to compute pressure-flow 

curves the driving pressures and flows have to be determined with the help of the interruptor 

technique [7]. By imposing an external resistor at the expiratory outlet of the ventilator, driving 

pressures can be reduced [I, 8-10]. When the corresponding flows are measured taking into 

account absolute lung volumes, iso-volume pressure-flow curves can be computed. Flow 

limitation is defined as a plateau in the iso-volume pressure-flow relationship [I, 8]. Reduction 

of driving pressure by application of the external resistor is not associated with a decrease of 

flow, until a certain critical level has been reached [8, 9]. 

A second method to detect flow limitation with the interruptor technique during relaxed expirati

ons is by analysis of the expiratory flow signal after interruption. Flow limitation is suggested 

when a supramaximal flow transient is observed [7, II]. 

From relaxed expiratory flow-volume relationships flow limitation has also been suggested when 

after the early peak flow, the curve is 'truncated' and a convexity in the curve is detected [I, 7, 

10, 12]. This truncation is ascribed to the sudden collapse of airways causing a rapid fall in 

expiratory flow. 

Flow limitation can also be estimated from the effect on the flow-volume curve of a negative 

pressure applied at the airway opening during expiration [10, 13]. When the increase in driving 

pressure due to the applied negative pressure has no effect on expiratory flow, flow limitation is 

assumed to be present [10, 13]. 
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Dynamic hyperinflation 

Dynamic hyperinflation is defmed as the condition when expiration is terminated by the next 

inspiration at a lung volume above the static relaxation volume: the functional residual capacity 

(PRC) [14]. During quiet breathing a heaWlY subject expires to PRC. PRC is the lung volume 

at which the opposing forces of the elastic recoil pressures of lung and chest wall are equal. In 

COPD, PRC is known to be elevated as the elastic recoil pressure of the lung is decreased and 

the chest wall compliance is within normal limits (fig. I) [15]. This condition has been referred 

to as static hyperinflation. 
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Chapter 1 

Several conditions have been described which are associated with dynamic hyperinflation. 

Amongst these are acute exacerbations in patients with COPD: at this condition the rate of lung 

emptying is decreased to such an extent that the expiration time precludes exhalation to the level 

of PRC [8, 16]. Dynamic hyperinflation is also often encountered in patients with COPD during 

mechanical ventilation [9, 17-21]. 

The end-expiratory lung volume above PRC associated with dynamic hyperinflation can be 

determined by the technique of prolonged expiration [17]. With this technique a maximal 

passive exhalation into a spirometer is performed. The difference in expired volumes between 

tidal breathing and a prolonged passive expiration is referred to as the l>EEV or dynamic 

hyperinflated volume [4, 17]. As this technique requires expiration times that cannot be imposed 

on spontaneously breathing patients in severe respiratory distress, l>EEV can only be obtained 

in patients who are sedated and paralysed and mechanically ventilated. 

Intrinsic Positive End-Expiratory Pressure 

As at PRC the opposite forces exerted by the lung and the chest wall are equal, the static recoil 

pressure of the respiratory system is zero at this lung volume. When dynamic hyperinflation is 

present, the elastic recoil pressure of the lung and eventually the force exerted by the chest 

wall, will cause a positive recoil pressure of the respiratory system at end-expiration. The 

pressure is referred to as auto or intrinsic positive end-expiratory pressure (PEEP) [9, 22]. This 

term has been derived from ventilator terminology: the ventilator can apply a threshold during 

lung emptying in order to impose a positive pressure at airway-opening at end-expiration. This 

positive end-expiratory pressure or PEEP is used to prevent collapse of alveoli [23]. If at end

expiration a steady state is reached, the pressure in the alveoli is equal to the PEEP imposed at 

airway opening. In this condition the lung volume at end-expiration will exceed PRC. 

When dynamic hyperinflation is present, a pressure gradient between alveoli and airway ope

ning is encountered at end-expiration. This implies a positive alveolar pressure at a ainvay 

opening pressure equal to ambient pressure, when no ventilator PEEP is imposed. This also 

indicates that duri'ng uninterrupted breathing intrinsic PEEP cannot be detected at airway 

opening. Therefore intrinsic PEEP has been referred to as occult PEEP in contrast to the PEEP 

imposed by the ventilator [19]. 
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Introduction 

The height of intrinsic PEEP is determined by three variables: rate of lung emptying, tidal 

volume and expiration time [24J. Although·intrinsic PEEP can be encountered in spontaneously 

breathing patients, high levels of intrinsic PEEP are predominantly described during ventilatory 

support. This can be exp,lained by the differences between spontaneous breathing and mechani

cal ventilation. During spontaneous breathing each patient with COPD will apply an expiration 

time associated with the lowest intrinsic PEEP-level, depending on his ventilatory needs and 

altered respiratory mechanics. Hypoventilation adds to a reduction of the level of intrinsic PEEP 

in these patients. During ventilatory support two of the three variables determining the level of 

intrinsic PEEP have to be set by the ventilator: tidal volume and expiration time. Mechanical 

ventilatory support aimed at restoring normoventilation in patients with COPD, will inevitably 

increase intrinsic PEEP. When controlled ventilation is applied with fIxed tidal volumes and 

expiration times, the intrinsic PEEP-level detected is considered to be the result of an equilibri

um between the respiratory variables governing the relaxed expiration. This can be illustrated in 

a patient with COPD under sedation and paralysis in whom mechanical ventilation is started at 

FRC-Ievel. In fIgure 2 airway pressure, volume-displacement and flow during this manoeuvre 

are shown. 

During the fIrst breathing cycles the inflated volumes are not completely expired leading to 

dynamic hyperinflation and intrinsic PEEP. As the intrinsic PEEP-level determines the pressure 

in the alveoli at the start of inflation, end-inspiratory pressures will rise from the fIrst inflation 

in accordance to the increasing intrinsic PEEP-levels. This increase in end-inspiratory pressure 

will elevate the rate of lung emptying to such an extent that eventually expired volume will be 

equal to inflated volume. At this point an equilibrium has come about between the respiratory 

variables, determining the rate of lung emptying. 

Intrinsic PEEP is known to exert various deleterious effects in patients with COPD. In sponta

neously breathing patients intrinsic PEEP acts as an inspiratory threshold as the alveolar pressu

re has to be reduced to the airway opening pressure-level, before the inspiratory flow is initiated 

[8, 16, 18, 22, 25J. This indicates that in the presence of intrinsic PEEP the elastic work of 

breathing is increased. The concomitant dynamic hyperinflation is known to lead to a less 

effIcient action of the inspiratory muscleS[26J. The effects of intrinsic PEEP during ventilatory 

support are predominantly related to the high intrathoracic pressures encountered in this conditi

on. Amongst these are reduced venous return to the heart, impaired cardiac function and 

barotrauma [4, 17,25, 27-30J. 
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Imroduction 

If intrinsic PEEP is not taken into account during mechanical ventilation, errors are made in the 

calculation of respiratory system compliance and in the interpretation of central hemodynamic 

pressure measurements [21, 24]. 

The level of intrinsic PE~P can be determined during both static and dynamic conditions. When 

the ainvay opening is occluded at end-expiration, the static recoil of the total respiratory system 

can be measured at airway opening, with the prerequisite that inspiratory as well as expiratory 

muscle activity are absent. This pressure is referred to as static intrinsic PEEP [29, 31]. This 

method is based on the assumption that during occlusion of the airway, the pressure differences 

within the respiratory system will equilibrate and consequently the end-expiratory alveolar 

pressure can be estimated at the airway opening [16, 19]. Static intrinsic PEEP-levels can 

reliably be determined in mechanically ventilated patients under sedation and paralysis: in 

spontaneously breathing patients this technique requires the absence of respiratory muscle 

activity during both expiration and expiratory hold. 

Intrinsic PEEP can also be estimated without interrupting respiration. With this technique, 

applied during mechanical ventilation, the pressure and the flow at airway opening are recorded 

against time. When intrinsic PEEP is present, the airway opening pressure will rise to a level 

equal to intrinsic PEEP before inspiratory flow starts [16, 29, 32]. The difference between the 

end-expiratory airway pressure and the pressure at the onset of the inspiratory flow is referred 

to as dynamic intrinsic PEEP. In spontaneously breathing patients a similar dynamic intrinsic 

PEEP measurement can be obtained if esophageal pressure and flow are recorded against time 

[16]. It is well known that in patients with COPD discrepancies between the measurements of 

dynamic and static intrinsic PEEP exist: these are attributed to regional differences in the 

mechanical properties of the lung [29]. As dynamic intrinsic PEEP represents the lowest 

regional end-expiratory alveolar pressure, static levels reflect a weighted mean value of alveolar 

pressure at end-expiration [14, 29]. 

Because dynamic hyperinflation is associated with deleterious cardiopulmonary effects, various 

adaptations of mechanical ventilation have been advocated to reduce the over-distension of the 

lungs. Reduction of resistance in external elements such as the endotracheal tube and the 

ventilator circuit have limited impact as the major part of the elevated resistance is found in the 

airways of the patient [24]. The ventilator settings can be adjusted to minimize dynamic hype

rinflation. These include tidal volume, respiratory rate and the ratio between inspiration time 

and total breathing cycle time [24J. Adjustments of the ventilator settings will also have a 
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Chapter I 

limited impact by the elevated ventilatory needs due to the high physiological dead space of the 

lungs in COPD. 

Finally the ventilatory support can be adapted to control the expiration. In tbe majority of 

mechanically ventilated patients with COPD, in whom intrinsic PEEP is present, airways 

compression leading to expiratory flow limitation also occurs. Pursed lips breathing, a way of 

controlling expiratory flow, is advocated as a method to control expiratory flow in patients with 

COPD [33]. 

Pursed lips breathing 

It is well known for years that some but not all patients with severe COPD get relief from 

dyspnea when they purse their lips during expiration [33]. Several studies on the working 

mechanism of pursed lips breathing have been published [34-43]. It is assumed that the benefici· 

al effects of pursed lips breathing in patients with COPD comprise the combination of decreased 

airways compression, increased tidal volume and a decreased respiratory rate [42]. Less airways 

compression is assumed to result in less air trapping and a better emptying of highly compliant 

alveoli, and consequently a better ventilation·to·perfusion relationship in those lung units. 

Prevention of airways compression by pursed lips breathing can be explained by assuming that 

by imposing an external resistance at the airway opening the rapid fall of intraluminal pressure 

in the peripheral airways that causes airways compression is precluded [37]. An additional 

effect of pursed lips breathing is the reduction of the Bernouilli effect due to a higb airflow by 

the initial peakfJow thus reducing the tendency of poorly supported airways to collapse [43]. 

Adaptations to mechanical ventilatorv support in COPD 

Two adaptations to ventilatory support in patients with COPD will be described in this section: 

diminished expiratory flow and PEEP. The first adaptation, reducing the early faU of airway 

pressure at the onset of expiration had been incorporated in the Siemens Servo ventilator 

designed in the early seventies [44]. The concept resembling pursed lips breathing consisted of 

an adjustable reduction of the maximal expiratory flow. The effects of this diminished early 

expiratory flow or DEEF have been studied in pigs: DEEF was found to improve gas· exchange 

[42]. In patients with COPD ventilatory support with DEEF did not affect arterial blood·gases 
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[45J. In later versioru; of the Siemens ventilator this adaptation was abandoned. Recently, a 

French ventilator (Cesar Taema) has been equipped with a controlled expiration mode. By this 

mode the fall in the expiratory airway opening pressure can be controlled. Preliminary studies 

indicate that the controlled expiration mode can improve gas-exchange in mechanically ventila

ted patients with COPD [46, 47J. 

PEEP imposed by the ventilator at the airway opening has been advocated to improve respirato

ry mechanics in patients with COPD. These effects of PEEP depend largely on the PEEP

devices used [3J. The early generations of "PEEP-devices" coru;isted of high resistance valves 

affecting the expiratory flow during the entire expiration. The new generation PEEP-devices 

operate as threshold resistor imposing minimal resistance until the preset pressure level is 

reached. The effect of external PEEP on respiratory mechanics in mechanically ventilated 

patients with COPD is related to the measure it counterbalances intriru;ic PEEP. This applies to 

patients in whom expiratory flow limitation is encountered. The concept of flow limitation 

implicates a sharp fall in airway pressure over the flow-limiting segment. Analogous to a 

waterfall the pressure downstream can be elevated up to a critical level without affecting the 

pressure level upstream or the flow [9, 18, 20, 22, 48, 49J. It is well established that this 

critical pressure-level to which the airway opening pressure can be elevated during expiration, 

equals 75-85% of the static intrinsic PEEP [9, 20J. This implicates that a PEEP-level in the 

range of 75-85% of intriru;ic PEEP can be imposed by the ventilator without affecting end

inspiratory pressure or expiratory flow [9, 12, 18, 20J. In agreement with these observatioru;, 

end-expiratory lung volumes were found to be unchanged at such PEEP-levels [9J. As total 

PEEP-levels, being the sum of ventilator PEEP and intrinsic PEEP remained unchanged at this 

condition, intrinsic PEEP, the gradient between the end-expiratory alveolar and airway opening 

pressure was diminished. Imposing such levels of PEEP by lhe ventilator is considered useful in 

ventilatory modes that allow spontaneous breathing. In that case counterbalancing intrinsic 

PEEP by ventilator PEEP reduces the iru;piratory effort of the respiratory muscles as the 

inspiratory threshold imposed by intriru;ic PEEP is lowered [8J. Application of ventilator-PEEP 

below the intrinsic PEEP-level does not affect flow limitation. Although such levels of PEEP 

will reduce the driving pressure over the ainvays, this driving pressure will remain above the 

critical pressure-level below which flow will be reduced. In agreement with these findings it 

was established that such PEEP-levels did not affect gas-exchange in patients with COPD when 

controlled mechanical ventilation was applied [9, 20J. 
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When levels of ventilator PEEP are imposed exceeding the intrinsic PEEP-level, respiratory 

mechanics are profoundly affected. At this condition airway pressures including total PEEP

levels are elevated associated with increased end-expiratory lung volumes [18]. Expiratory flows 

are as well affected by such PEEP-levels: iso-volume flows are reduced, indicating a decrease 

in driving pressure below the critical driving pressure. 

Continuous Positive Airway Pressure 

In the same way as ventilator-PEEP is imposed in partial ventilatory support, continuous 

positive airway pressure (CP AP) can be applied in spontaneously breathing patients with COPD 

[8, 16, 49]. CPAP can be described as a system imposing a continuous positive pressure at 

airway opening during spontaneous breathing. This positive pressure is maintained during the 

entire breathing cycle by a closed system, providing an airflow that is adjusted to the ventilatory 

needs of the patient. In patients with COPD, CPAP can be used to reduce the inspiratory work 

of breathing by counterbalancing the intrinsic PEEP present at end-expiration. As for the level 

of PEEP imposed during mechanical ventilation, the level of CP AP should be adjusted to the 

prevailing intrinsic PEEP-level. If a CPAP-level is chosen, lower than the intrinsic PEEP, work 

of breathing will be reduced without changes in lung emptying or end-expiratory lung volumes 

[8]. In order to affect lung emptying, CPAP-Ievels exceeding intrinsic PEEP should be applied. 

If such CPAP-levels are imposed lung volumes will inevitably be increased [16]. 

Summary 

It is well established that in patients with COPD ventilatory support is hampered by the altered 

respiratory mechanics encountered in COPD. Adjustments to ventilatory support have been 

advocated to improve lung emptying in these patients. As the technology to assess respiratory 

mechanics in mechanically ventilated patients has not been well established, these adaptations 

until now have had limited impact. The aim of this thesis is to study respiratory mechanics in 

patients with COPD on ventilatory support and to assess the effects of various expiratory 

adaptations on the respiratory variables both during spontaneous breathing and mechanical 

ventilation. 
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Outline of the thesis 

In chapter 2 the measuring equipment used to determine respiratory parameters in this thesis is 

described. 

In chapter 3 and 4 the effects of continuous positive airway pressure (CPAP) on work of 

breathing in patients with COPD are described. Experimental results and a theoretical validation 

comparing breathing with and without CPAP with respect to the level of intrinsic PEEP are 

presented. 

Chapter 5 describes the effect of the expiratory resistance of a ventilator CP AP system on the 

imposed work of breathing. The additional work imposed by the ventilator was related to the 

ventilatory needs of the patients and was compared to a cpntinuous flow CPAP system. 

In chapter 6 a validation of the interruptor method to establish airways compression is presen

ted. The results obtained in spontaneously breathing patients with COPD with and without 

airways compression were compared to those of healthy volunteers. Body plethysmography was 

used as Itgolden standard" to establish airways compression. The same interruptor technique has 

been used in chapter 8 and 9. 

In chapter 7 relaxed expiratory flow volume curves obtained in mechanically ventilated patients 

with COPD were analyzed to estimate the degree of airways obstruction. For this purpose, the 

slope of the second part of the flow-volume curve was compared to the forced expiratory 

volume in one second (FEY,) obtained prior to the period of ventilatory support. 

The effects of a mode of controlled expiration on airways compression in mechanically ventila

ted patients with COPD are described in chapter 8. Unimpeded expiration was compared to 

controlled expiration with respect to airway opening pressures, expiratory flow-volume curves 

and respiratory variables obtained with the interruptor technique. 

In chapter 9 the effects of an alternative mode of controlled expiration on gas-exchange are 

presented. For this purpose, also mechanically ventilated patients with COPD were studied. 

Uninlpeded expiration was compared to controlled expiration with respect to airway opening 

pressures, arterial blood gases and physiological dead space. 

In chapter IO the general discussion and a summary of the thesis are presented. 
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CHAPTER 2 

A Respiratory Mechanics monitoring system 

during artificial ventilation' 

J.G.J.V. Aerts, B. van den Berg, H. Stam, A.F.M. Verbraak, P. Rijnbeek, J.M. Bogaard 

Abstract 

17le ability to measure pressure, flow alld volume alld fa calculate respiratory variables has been 

available for mOllY years in the llltensive Care selling. Difficulties to determine alld analyze the various 

parameters have limited the c1illicaluse. 

A Respiratory Mechanics MOllitorillg System (RMMS) Jzas been developed, which allows determination of 

a series of respiratory variables. Data processillg techniques incorporated ill the system el/able oll-Iille 

sigllal analysis storage alld retrieval. A general recording program is lIsed which is adapted for the 

specific measuremellls. 1he various measlIremellls alld determinatiollS iii the establishment of respiratory 

mechanics are reviewed . 

• This manuscript will be submitted for publication. 
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Introduction 

In order to study respiratory mechanics during ventilatory support a monitoring system has been 

developed (Respiratory Mechanics Monitoring System RMMS), which is schematically presen

ted in figure 1. 
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Figure 1 Schematic representation oj the RMMS. Pao = ainvay opening pres
sure, Pes = esophageal pressure. V' = airflow, AD-coJJwrter = 

analog to digital (omerter, MeR = multiple challllel registration. PC 
= personal computer, Prs- V curve = ClIne represellfillg Ihe recoil 

pressure oj the /0101 respiratory system and IUllg volume, PEEPi,dYII 
= dynamic ill/rins;c PEEP-/e\'el, PEEPi,slar = static infn"nsic PEEp· 
ie\'el, CSI,TS = static compliance Of the lotal respiratory system, C/
,dYIi = dynamic [ulIg compliance, EEV = end-e:r:piratory IImg mlll
me, WeI = elastic work of breathing. Wvis = viscous work of breat
hillg, Wapp = imposed work of breathing, Pi,max = llun;;mal ;llSpira
tory pressure against all occ/usioJl. 

The system input consists of basic variables as pressure and flow; volume is obtained by flow 

integration. Flow is the amount of gas that moves in and out of the airway over time. Pressures 

required for the assessment of respiratory mechanics include pleural pressure and airway 

opening pressure_ Pleural pressure is usually not measured in humans but can be estimated by 

measuring the pressure in the distal esophagus [11_ Processing of these parameters provides 

derived variables as work of breathing and elasticity indices_ Measured signals are displayed 

and stored in the RMMS by means of a personal computer. Derived signals are calculated on-
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line. Incorporated in the RMMS are a closed circuit rebreathing system to determine absolute 

lung volumes and an interruptor device. Figure 2 shows an overview of the system. 

Figure 2 RMMS owrview 

Measuring head 
-->o~-' 

Patient 

In this chapter the RMMS and the respiratory variables determined by the system in this thesis 

are described. The set-up of the system to determine lung volume will be described briefly 

although this technique has not been used in the studies. 

General Set-up 

The RMMS (figure 2) incorporates a measuring head and a control unit. The measuring head is 

placed near the airway opening of the patient and is connected to the control unit vi. a movable 

arm. It consists of a heated pneumotachometer (Jaeger WOrzburg Germany) and three pressure 

transducers (Validyne, Validyne CO, Northridge, USA). One pressure transducer is cOfmected 

to the pneumotachometer, the other two are used to measure ainvay opening and esophageal 

pressure. Airway opening pressure is measured at the outlet of the endotracheal tube. Esophage

al pressure is measured using a thin walled vinyl balloon incorporated in a double lumen 

n.sogastric catheter (Mallinckrodt Inc., Argyle, NY, USA). The influence of noise is minimi

zed by placement of the transducers in the measuring head. 
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Via an AnaloglDigital converter signals are transferred, displayed and stored using the personal 

computer (Commodore 486 SX33, Conunodore Business Machines Inc., West Chester, USA). 

Software for display, storage and calculation of derived variables has been developed. The 

various signals are displayed using a mUltiple channel recording program (MCR, Medical 

Technical Section, University Hospital Dijkzigt, Rotterdam, the Netherlands). Adaptations of 

the software for the Intensive Care setting were programmed in Pascal (Borland International, 

Scotts Valley, USA) and Matlab (The Math Works Inc, Natick, USA). Signals are continuously 

sampled and stored at a chosen sample frequency. The variables displayed on the screen can 

easily be changed at the bed-side. Screen lay-out, tinle base and X-Y recordings can be added 

or changed. 

Measurements and signal processing 

lllirillsic PEEP. 

Intrinsic PEEP is defined as the presence of a pressure gradient between alveoli and airway 

opening at end-expiration [2]. Intrinsic PEEP can be estimated in various ways. The level of 

intrinsic PEEP can be determined in a direct way by occlusion of the airway opening at end

expiration. When respiratory muscle activity is absent during this occlusion, the pressure at the 

airway opening will equilibrate with alveolar pressure, and consequently the alveolar pressure 

can be estimated at airway opening. This technique can be applied in intubated subjects both 

during mechanical ventilation and spontaneous breathing. Absence of respiratory muscle activity 

is a prerequisite for these measurements. In the mechanically ventilated patient the expiratory 

line is occluded at end-expiration and the next ventilator breath is postponed. During the 

occlusion the pressure recorded outside of the airway opening will rapidly reach a plateau 

(figure 3), the.intrinsic PEEP-level. In the presence of extrinsic PEEP, when a positive pressure 

is imposed by the ventilator at the airway opening during expiration, the abovementioned 

plateau equals the sum of extrinsic and intrinsic PEEP. This has been referred to as total PEEP. 

By subtracting the airway opening pressure just before the occlusion, the extrinsic PEEP-level, 

from total PEEP the intrinsic PEEP-level is calculated. 
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Figure 3 Determination of static intrinsic PEEP ill vemilated po
tiems. Occlusioll applied at end-erpiration. 

During spontaneous breathing intrinsic PEEP can be estimated by occluding the airway at end

expiration) and maintaining the occlusion during two or more consecutive breaths. The expirato

ry plateau between the pressure drops, caused by inspiratory efforts, equals the static recoil 

pressure of the total respiratory system at end-expiration, in absence of respiratory muscle 

activity (figure 4), 
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Figure 4 De/ennination of static illtrillsic PEEP ill intubated spontaneously breathing patients. Occ/usion 
method, 

A second, indirect, method to determine intrinsic PEEP is the measurement of the pressure 

needed to counterbalance the intrinsic PEEP before the start of inspiratory flow. Intrinsic PEEP 

detennined in this way has been referred to as dynamic intrinsic PEEP. It can be obtained both 

during mechanical ventilation and spontaneous breathing. 

In the mechanically ventilated patient this method requires simultaneous recording of inspiratory 

flow and airway pressure. When intrinsic PEEP is present, a positive pressure generated by the 

ventilator will be encountered at the onset of inflation before inspiratory flow starts [3) (figure 

5). 
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Figure 5 DetenJlina/ion of dynamic intrinsic PEEP ill vellfilated pa/iell/s. Simul
taneous recording of inspiratory flow and pressllre. 

During spontaneous breathing the negative deflection in esophageal pressure before the start of 

inspiratory flow is assumed to represent the inspiratory muscle force required to counterbalance 

the intrinsic PEEP [4] (figure 6). The intrinsic PEEP-level is equal to the esophageal pressure 

gradient between the onset of inspiratory effort and the start of inspiratory flow. 
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Figure 6 Delenllinotioll of dynamic jlllrill5ic PEEP in spontaneously brea/hillg 
pariellts. Simultaneous recording of airflolV alld esophageal pressure. 

Static compliance 

Compliance is a measure of distensibility of the respiratory system. The static compliance of the 

total respiratory system, Cst,rs, can be computed by dividing the change in lung volume by the 

change in recoil pressure of the total respiratory system. In order to obtain the static recoil 

pressures, end-inspiratory and end-expiratory holds are obligatory. In mechanically ventilated 

patients these holds can be applied when the respiratory muscles are paralysed. 
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Dynamic hyperinflation 

Dynamic hyperinflation is defined as the condition when the expiration is terminated by the next 

inspiration at a lung volume above FRe. The degree of dynamic hyperinflation can be assessed 

by measuring the end-expiratory lung volume above FRe. In mechanically ventilated patients 

this volume can be measured by imposing a prolonged expiration time. For this manoeuvre 

paralysis of the patient is necessary. At steady state, inspiratory volume equals expired volume. 

At the start of expiration the patient is disconnected from the ventilator. The total exhaled 

volume determined by means of the pneumotachometer represents the lung volume above FRe 

at end·inspiration. Subtracting inspired volume from this volume· level reveals the end-expirato

ry volume above FRe (dEE¥) (figure 7). 

~ = 
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E Vt 
:J 

g 
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Figure 7 Detenllillatioll of end-expiratory lung volume above PRC, obtained during prolollged expiration. 
Vt = tidal volume, i1EEV = end-expiratory IUllg volume above PRC. 
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Work of breathing 

Campbell Diagram 

The elastic and resistive work done by the respiratory muscles during spontaneous breathing can 

be computed by using Campbell's diagram [5]. The elastic work is determined taking into 

account 4 components: level of volume displacement, dynamic lung compliance, chest-wall 

compliance and intrinsic PEEP. Resistive work of breathing is an estimate of the work perfor

med to overcome resistive elements. In order to determine elastic and resistive work. pressure 

volume loops are used: volume displacement is ploUed against esophageal pressure relative to 

atmospheric pressure. In figure 8 an esophageal pressure volume curve of a patient is shown 

and Campbell's analysis is indicated. 
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Figure 8 Pressure~vol/lme diagram of a spolltaneollsly breathing patient wilh COPD. CL,dYll = dYJJamic {illig 

compliance, C'IV ::=: chesHvafl compliance. 
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At first the line representing dynamic lung compliance (CL,dyn) has to be estimated by drawing 

a line between the values of the esophageal pressures at the start and the end of inspiration. 

Secondly, the line representing the pressure exerted by the chest-wall at the prevalent lung 

volumes has to be drawn. As this last pressure can only be determined during paralysis standard 

values are commonly used. In both healthy individuals and in patients the compliance of the 

chest-wall is assumed to be 4% of the predicted vital capacity in I per cm H20 [6]. The line 

representing the compliance of the chest-wall is fitted in the esophageal pressure volume loop 

assuming the recoil pressure of the chest-wall at end-expiration to correspond to the negative 

deflection that indicates the onset of inspiratory effort. In the presence of intrinsic PEEP the 

lines of lung- and chest wall compliance do not intersect, but are separated by a pressure-level 

equal to the dynamic intrinsic PEEP-level. 

The inspiratory resistive work is obtained by integration of the area subtended by the dynamic 

changes in esophageal pressure and lung volume during inspiration and the line of CL,dyn. 

Flow resistive work done on the chest-wall cannot be separated from total resistive work. The 

inspiratory elastic work is obtained by integration of the area subtended by the CL,dyn and the 

Cw during inspiration. 

Imposed lVork of breathillg 

In order to wean patients from mechanical ventilation. ventilatory circuits providing an airflow 

through wide-bore tubes can be attached to the endotracheal tube. Alternatively, the ventilator 

can be used to allow spontaneous breathing via the ventilator tubes attached to the patient's 

airway opening. Although these circuits warrant a continuous flow of inspiratory gas, as a 

drawback they impose additional work to the patient. This work imposed by the ventilatory 

circuit can be computed by plotting the area of the changes in airway opening pressure and 

volume during spontaneous breathing. Assessment of additional work imposed by ventilatory 

circuit is important in clinical practice as high levels of imposed work may hamper the weaning 

process. 

Pi, mar 

The maximal inspiratory pressure generated against an occluded airway has been referred to as 

Pi,max [8]. This pressure is considered a measure of the strength of the inspiratory muscles. 

Pi,max can be measured both in intubated and in non-intubated patients. In intubated patients 
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equal Pi,max values are obtained, measured at airway opening and in the esophagus. In non

intubated subjects differences between airway opening and esophageal pressures are encountered 

due to the physical properties of the upper airway. For the procedure a two-way valve is used 

separating inspiratory and expiratory flow. This valve is attached to the airway opening: after 

occluding the inspiratory line during expiration, the patient is asked to make a maximal inspira

tory effort after complete expiration. Maximal negative pressures will be established at residual 

volume: however, in clinical practice Pi,max is commonly determined at FRC. 

Respiratory measurements obtained with the ill/ern/ptof method 

The interruptor-technique allows the physician to determine the elastic and flow-resistive 

properties of the respiratory system during passive exhalation [9]. For this technique a valve is 

placed in the expiratory line that can be opened and closed at high velocities. The analysis is 

based on the assumption that a rapid pressure equilibration between the alveoli and the airway 

opening occurs during an occlusion. The alveolar pressure obtained by this technique, is 

considered to be only minimally disturbed by the movement of lung and chest-wall. The RMMS 

has been equipped with a pneumatic interruptor valve (4200 series, Type TM7/8 Hans Rudolph 

Inc., Kansas City, MO, USA). It consists of a sliding piston placed in series with the pneumo

tachometer. Airway opening pressure was measured proximal to the interruptor valve. The 

opening and closure of the piston was computer controlled. The switching speed, from complete 

closure to complete opening, was 65-110 ms. 

Dynamic properties of interruptor device and measuring equipment were analyzed, using a 

constant flow generator. The system was critically damped based on this analysis. Ninety 

percent rise time was less than 25 ms, which was considered accurate. Quasi static alveolar 

pressure-volume loops can be obtained by plotting the plateau pressures during occlusion versus 

the respective volume levels above FRC. These curves yield the elastic behaviour of the respira

tory system over a large volume range. 

The presence of airways compression can be established by analysis of the expiratory flow 

pattern after opening of the interruptor valve. Supramaximal flow transients (flow spikes) post

interruption are observed in the expiratory flow signal whenever airways compression is present 

[10]. 
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End-expiratory lllllg voillme 

EEY is determined by a closed circuit inert gas dilution technique designed for mechanically 

ventilated patients (figure 9). This system has been adapted from a measuring device described 

elsewhere [11]. As rebreathing system a box is used with a bellows built inside. During the 

procedure the box is ventilated by the ventilator and the bellows acts as rebreathing system. By 

inflating the box the bellows is compressed and its contents are emptied in the patient's lungs. 

A displacement transducer measures the volume-changes in the bellows. Carbon dioxide absorp

tion is ensured by a canister with sodalime placed in the bellows. In order to compensate for 
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the oxygen uptake of the patient, oxygen is supplied to the rebreathing system automatically. As 

indicator gas helium is used: a heat conductivity helium-analyzer (Mijnhardt type UG45) is built 

in the RMMS. 

The equipment to determine EEV includes the bellows-in-box unit and a valve-assembly. The 

latter, incorporated in the measuring head of the RMMS is used to switch from direct ventilati

on of the patient by the ventilator to ventilation through the rebreathing system. 

Conclusion 

The ability to measure pressure, flow and volume and to analyze respiratory variables has been 

available for many years. The difficulties to determine the various parameters has limited the 

clinical use in the Intensive Care setting. In recent years intensive care ventilators have been 

equipped to determine respiratory parameters. Progress in data processing techniques now 

enables on-line signal analysis, storage and retrieval in integrated and compact systems. 

We consider a respiratory mechanics monitoring system to be indispensable in diagnosis and 

treatment of patients on ventilatory support. 
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CHAPTER 3 

Continuous positive airway pressure (CP AP) in dependence on static 

intrinsic PEEP-levels in patients with COPD' 

B. van den Berg, J.G.J.V. Aerts, J.M. Bogaard 

Abstract 

n,e application of contil/llOUS positive ainvay pressure (CPAP) is known to reduce illSpiratory work of 

breathing ill intubated pafiellls with chrollie obstructive pulmonary disease (COPD). This effect is caused 

by a decrease ill elastic work related to a reduction ill infrillSic PEEP. The aim of this study was /0 relate 

the decrease ill inspiratory work due to CPAP to 'he imrinsic PEEP~/evels obtained during SpolltaneOIlS 

breathing without positive pressure. 

Tell intubated patients with COPD who had been ventilated for acute respiratory failure were studied. 

Intrinsic PEEP was determined during tracheal occlusions perjonned at end-expiration when the patient 

was breathing wilhout positive ainvay pressure. IlISpiratory work was computed during breathillg through 

a circuit with a CPAP of 0.5 kPa and the same circuit without positive pressure. 

ImrillSic PEEP~/evels rangedfrom 0.26 to 1.31 kPa. Compared to spontaneous breathing without positive 

pressure, CPAP reduced the total illspiratory work per liter of velllilation (WItot) from 1.42 ± .48 to 

1.24 ± .50 J.tl (mealls ± SD p < 0.01). 111is decrease lVas foulld to be related to the /flIrinsic PEEP

levels: the largest reductions were fOlilld ill the patiellls with all intrinsic PEEP~level close to the CPAP~ 

level applied. 

In illtubated patients with COPD, the decrease ill WItot due to a CPAP of 0.5 kPa was found to be 

related to the intrinsic PEEP~/evels preselll when 110 positive ainvay pressure was applied. llie illtrinsic 

PEEP measured during tracheal occlusions could be used to estimate the effect of CPAP in these pa

tiellls . 

• Acla Anaeslhesiologica Scandinavica 1995; 8: 1097-1102 
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Chapter 3 

Introduction 

Dynamic hyperinflation is frequently observed in patients with chronic obstructive pulmonary 

disease (COPD) and respiratory failure. This phenomenon occurs in severe airway obstruction, 

when the rate of lung emptying is decreased and the expiration is terminated by the next inspira

tion before the functional residual capacity i.e. the relaxed static equilibrium of tile respiratory 

system has been reached [I]. This condition also leads to the presence of a positive alveolar 

pressure at end-expiration, a pressure known as "intrinsic lt or ttautotl PEEP [1]. 

The presence of intrinsic PEEP is associated with an increased work of breathing as the pressu

re gradient between alveoli and mouth acts as an inspiratory threshold to the respiratory muscles 

[2]. This pressure gradient can be reduced by application of a positive pressure at the mouth 

[I]. It has been shown that continuous positive airway pressure (CPAP) can reduce the level of 

intrinsic PEEP and consequently the inspiratory work of breathing in patients with COPD [3]. 

Therefore, CPAP is corrunonly applied as a weaning mode in patients with COPD, who had 

been ventilated for respiratory failure. 

When CPAP is applied as a weaning mode, a certain level of CPAP should be chosen for the 

individual patient. It has been suggested that the level of positive pressure applied at the mouth 

should not exceed the intrinsic PEEP-level in order to avoid increases in alveolar pressure and 

end-expiratory lung volume [4, 5]. On the other hand, when a low CPAP-level is applied in a 

patient with a high intrinsic PEEP-level, only a slight reduction of inspiratory work can be 

expected. In clinical practice low levels of CPAP, not exceeding 0.5 kPa, are commonly used 

[6]. 

We studied the effects of CPAP on work of breathing in intubated patients with COPD in 

relation to the intrinsic PEEP-levels obtained during tracheal occlusions. In order to estimate the 

effects of application of a positive pressure, an experimental circuit with a CPAP-level of 0.5 

kPa was compared to a circuit without positive pressure. 

Patients and Methods 

Patients 

Ten patients with COPD, aged 65 - 81 yrs, were studied. Patient data are shown in table 1. In 

seven patients vital capacity and forced expiratory volume in I s (FEV,) were obtained before 
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the period of mechanical ventilation when the patients were breathing spontaneously without an 

endotracheal tube. Exacerbations of chronic bronchitis leading to acute respiratory failure with 

severe hypercapnia, prompted the institution of mechanical ventilation in eight patients. In 

patient no.6 a cardiac arrest and in patient no.7 an atelectasis due to bronchial secretions 

prompted endotracheal intubation and ventilatory support. All patients were alert during the 

study and informed consent was obtained. 

Patient Age Sex BH 

no yrs rnIf III 

78 m 1.80 

2 78 III 1.67 

3 80 f 1.60 

4 70 III 1.75 

5 76 f 1.66 

6 73 f 1.60 

7 66 III 1.77 

8 81 III 1.75 

9 65 f 1.67 

10 73 III 1.83 

BW 

kg 

50 

70 

80 

58 

65 

53 

61 

75 

72 

71 

Table I 

Patient data 

YC 

3.30 

2.79 

n.d. 

3.77 

n.d. 

1.37 

3.34 

n.d. 

1.70 

2.44 

FEY, PaC02 at start 

of mechanical 

ventilation 

kPa 

0.98 9.1 

0.58 11.8 

n.d. 12.0 

0.72 9.9 

n.d. 9.1 

0.55 10.4 

0.89 6.2 

n.d. 6.7 

0.80 n.d. 

0.54 11.5 

BH = body height; BlV = body weight; VC = I'ital capacity; FEV, = forced expiratory volume ill 1 S.; 

n.d. = not dOlle. 
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Respiratory meast/remellls 

Flow (V') was measured with a heated pneumotachometer (Lilly) positioned at the endotracheal 

tube. Volume displacement was obtained by integration of the flow signal (Jaeger, Wiirzburg, 

Germany). Airway opening pressure (pao) was recorded proximal to the pneumotachometer 

using a differential pressure transducer (Validyne). Esophageal pressure (pes) was measured 

using another differential pressure transducer connected to an esophageal balloon attached to a 

nasogastric catheter. The esophageal balloon was filled with 0.5 - 1.0 ml of air and properly 

positioned using the "occlusion test" as previously described [7]. In order to perform the 

occlusion test the patients were breathing through a two-way valve connected to the endotrache

al tube, with the facility to occlude the inspiratory and expiratory line separately. 

Using the same two-way valve, tracheal occlusions at end-expiration were performed and 

maintained for 3 inspiratory efforts. For this manoeuvre the inspiratory line is closed during the 

expiration of the patient and subsequently the expiratory line is closed during the first occluded 

inspiratory effort. By measuring the plateau in Pao between the occluded efforts, the elastic 

recoil pressure of the total respiratory system at end-expiration was estimated (Figure 1). This 

. static elastic recoil pressure is assumed to equal the level of intrinsic PEEP during spontaneous 

breathing and is called "static" intrinsic PEEP (PEEPi,stat) [8]. 
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Study protocol 

The patients were studied in semirecumbent position. Mechanical ventilation was discontinued 

and patients were allowed to breath spontaneously. Intrinsic PEEP-levels were obtained during 

tracheal occlusions. Sub~equently, the patients were breathing through an experimental circuit 

consisting of a continuous high flow (approximately 1.6 I.s-1) generator (Downs Flow generator 

# 9250 Vital Signs Inc., Totowa, USA). The inspiratory oxygen fraction (FI,O,) was monitored 

(Oxygen Monitor 404, Instrumental Laboratory) and kept constant at 0.4 throughout the study. 

The flow resistance of the experimental circuit including the pneumotachometer, amounted to 

0.023 kPa.l·'.s at a flow of 1 I.s·'. A spring-loaded PEEP-valve of 0.5 kPa (Vital Signs) was 

added to the circuit in order to apply CPAP. This PEEP-valve is known to have a minimal 

resistance above its threshold, which is considered of critical importance in high flow, non

reservoir circuits [9). 

The patients were allowed to breath spontaneously through the experimental circuit for approxi

mately 10 minutes after which the respiratory measurements were obtained. Subsequently the 

PEEP-valve was added to or removed from the circuit and after a control period of 10 minutes 

the measurements were repeated. 

Data analysis 

Respiratory measurements were obtained from 6 to 8 breaths for each condition. The tidal 

excursions of Pao were determined during both conditions in order to establish the performance 

of the experimental circuit with and without the PEEP-valve. 

Graphical analysis of the esophageal pressure-volume diagrams of the breaths was used to 

calculate work of breathing (figure 2). Between the values of the Pes at the start of inspiration 

and expiration a line was drawn, the slope of which represented the dynamic lung compliance 

(CL,dyn). The start of inspiration was defined as the Pes at the start of inspiratory volume

displacement. The inspiratory resistive work was obtained by integration of the area subtended 

by the dynamic changes in Pes and lung volume during inspiration and the CL,dyu line. The 

resistive work thus obtained, included work done in overcoming the resistance of the respiratory 

system, endotracheal tube and experimental circuit. 
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0.5 
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Patient no. 10 

Figure 2 Pressure-volume relationships obtained during spontaneous breathing with and wilhoUl CPAP. The 
esophageal presmre (Pes) on the abcissa is ploued againsl mlume 0/1 the ordinate. The C

l
.<Ij1 is the 

dynamic /ullg compliance. the C,.. is rhe sialic chest wall compliance. The slashed area's represent/lie 
resistive imp/ratory work; the back-slashed area's the elastic impiratory work. 

The elastic work of breathing was estimated using Campbell's diagram [10]. For this analysis 

the static volume-pressure relationship of the chest wall was used. According to the literature, 

the compliance of the chest wall (Cw) is assumed to be 40% of the vital capacity in I per kPa 

[II]. The Cw in patients with COPD is considered to be within nonnal limits and therefore 

nonnal predicted values of vital capacity have been used [12]. 
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The line of Cw was fitted on the pressure-volume diagrams of each breath by passing it through 

the abrupt change in the pressure-volume loop at end-expiration, that occurred before the onset 

of the inspiratory flow [13]. The elastic work (WIel) was obtained by integration of the area 

subtended by the CL,dyn. and Cw lines from the onset of inspiration to the onset of expiration 

(figure 2). 

Total inspiratory work (Witot) was obtained by adding the inspiratory resistive work (WIres) to 

the inspiratory elastic work (WIel). Total inspiratory work per liter of inspired volume was 

calculated by dividing work by tidal volume for the breaths studied. 

The elastic recoil pressure of the lung at the start of inspiration and the recoil pressure of the 

chest wall at end-expiration do not coincide in the pressure-volume loop of the breath obtained 

without positive pressure (figure 2). The deflection in the esophageal pressure between the two 

elastic recoil pressures is assumed to equal "dynamic" intrinsic PEEP (pEEPi,dyn) [3]. This 

deflection in esophageal pressure indicating a decrease in pressure without volume-displacement 

can be recognized in the pressure-volume loop of patient no. I obtained without positive 

pressure and the both loops of patient no. 10. The PEEPi,dyn-levels obtained during breathing 

without positive pressure were compared to those obtained during CPAP. 

Statistical alia lysis 

The measurements obtained during breathing without positive pressure were compared to those 

during breathing with CPAP. Unless stated otherwise, all data are presented as mean values ± 
standard deviations. For statistical analysis paired t-tests were used. Differences with p-values 

less than .05 were considered statistically significant. Correlations were examined by linear 

regression analysis [14]. 

Results 

The results of the respiratory measurements are shown in table 2 and 3. The PEEPi,stat-levels 

of the patients, measured during tracheal occlusions ranged from 0.26 to 1.31 kPa. For all 

patients the PEEPi,dyn-levels were lower than the corresponding PEEPi,stat-levels. A signifi

cant correlation was found between the values of PEEPi,stat and PEEPi,dyn obtained during 

breathing without positive pressure. The regression equation for all values was: PEEPi,dyn = 

0.67x PEEPi,stat - 0.079 (r = .87, P < .002). 

47 



Chapter 3 

Table 2 

Respiratory measurements of the individual patients 

Breathing without CPAP Breathing with CPAP 

PEEPi"tat PEEPi,dyn Wltot PEEPi,dyn Wltot 

no. kPa kPa J.l'1 kPa 1.1.1 

0.26 0.17. 0.59 0.09 0.53 

2 0.39 0.28 1.03 0.16 0.85 

3 0.42 0.31 1.19 0.16 0.87 

4 0.43 0.18 1.55 0.12 1.20 

5 0.54 0.19 1.03 0.12 0.72 

6 0.66 0.33 1.42 0.19 1.27 

7 0.76 0.23 1.34 0.14 1.26 

8 1.00 0.52 1.76 0.40 1.60 

9 1.28 0.64 2.11 0.46 1.96 

10 1.31 1.l0 2.22 0.96 2.10 

mean 0.71 0.39 1.42 0.28" 1.24' 

SD 0.36 0.28 0.48 0.26 0.50 

PEEPi = intrinsic PEEP-level; Wltot = total inspiratory work per liter of inspired volume; SD 

standard devialioll. 

Paired Hesfs: , p < .0005 

** P < .00001 

When the measurements obtained in the individual patients were compared, a high correlation 

was found between the PEEPi,stat-levels and the total inspiratory work per liter of ventilation 

obtained during breathing without positive pressure (r= .91 p < .0005) (figure 3). 

When the patients were breathing through the experimental circuit with the PEEP-valve, the 

actual pressures measured at the endotracheal tube during expiration ranged from 0.4 to 0.5 kPa 

with a mean of 0.45 kPa. 
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Table 3 

Respiratory mechanics 

Data given are means ± SD 

Without CPAP 

0.19 ± 0.Q7 

0.43 ± 0.16 

23.4 ± 5.8 

9.47 ± 2.30 

0.45 ± 0.26 

With CPAP 

0.22 ± 0.05 

0.42 ± 0.15 

23.6 ± 5.2 

9.48 ± 2.48 

0.54 ± 0.24 

Mao = tidal excursiollS ill ainvay opening pressure; Vrex = expiratory tidal volume,' We = expiratory 

mil/ute volume,' CT."dy" = dynamic lung compliance. 

Compared to breathing without positive pressure, CP AP was associated with a significant 

reduction in total inspiratory work per liter of ventilation (p < .0005). In figure 2 actual 

pressure-volume curves of patient no. I and patient no. 10 are shown. The PEEPi,dyn-levels 

were also significantly reduced when the breathing with CP AP was compared with the breaths 

obtained without positive pressure (p < .00001). The decrease in inspiratory work due to 

CP AP proved to be related to the intrinsic PEEP-levels measured during tracheal occlusions. In 

figure 4 the decrease in inspiratory work due to CPAP with respect to breathing without 

positive pressure is shown. The decrease in inspiratory work is expressed as percentage of the 

values obtained during breathing without CPAP. In patients no. 2-5, with a static intrinsic 

PEEP-level from 0.39 to 0.54 kPa, the largest reductions in inspiratory work were found. When 

the difference between static intrinsic PEEP and CPAP-levels in absolute temts was related to 

the decrease in inspiratory work, a significant negative correlation was found (r= -.72 p < 
.05). 
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The results of the respiratory measurements are shown in table 3. The tidal excursions in 

airway opening pressure amounted to 0.22 ± 0.05 and 0.19 ± 0.07 kPa for the experimental 

circuits with and without CPAP. Comparing the two conditions, no significant differences were 

found in tidal volume, respiratory frequency, minute ventilation or dynamic compliance calcula

ted from the pressure-volume curves. 

Discussion 

In the present study, we established that the effect of CPAP on the inspiratory work of breat

hing depended on the level of intrinsic PEEP obtained during tracheal occlusions when no 

positive airway pressure was applied. The largest reductions in inspiratory work associated with 

CPAP were found in the patients with intrinsic PEEP-levels in the range of the CPAP-level 

applied. The effects of CPAP on inspiratory work were found to be only moderate in patients 

with intrinsic PEEP-levels exceeding a value of 0.1 kPa above or below the preset CPAP-level. 

In this study, only one level of CPAP was applied. Due to their limited ventilatory reserves, 

most patients were unable to breath spontaneously during long periods of time. Consequently, 

only the measurements obtained during spontaneous breathing without positive pressure and 

with a CPAP of 0.5 kPa could be analyzed. 

These findings should be interpreted in view of the results of previous studies in which dynamic 

hyperinflation and intrinsic PEEP were investigated in mechanically ventilated patients with 

COPD [4, IS, 16]. In these patients the occurrence of intrinsic PEEP was associated with 

dynamic airway compression leading to expiratory flow limitation. Expiratory flow limitation is 

assumed to be present when the application of ventilator-PEEP is associated with an unchanged 

expiratory flow at the same lung volume [IS, 16]. It is assumed that the increase in airway 

pressure downstream of the critical site of flow limitation (the "equal pressure point") does not 

influence the expiratory flow until the applied ventilator-PEEP exceeds the level of the extramu

ral pressure surrounding the airway [16]. 

In the present study, a significantly positive correlation was found between the PEEPi,stat and 

the total inspiratory work, obtained during spontaneous breathing without positive pressure. 

This underlines the importance of counterbalancing the intrinsic PEEP by application of a 

positive airway pressure for the reduction of inspiratory work. The patients with "static" 

intrinsic PEEP-levels in the range of the CPAP-level applied, demonstrated the largest reducti-
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ons in inspiratory work. It is assumed that in these patients intrinsic PEEP was counterbalanced 

by CPAP associated with a reduction in the elastic component of the inspiratory work. In the 

patients with the highest PEEPi,stat-levels, the inspiratory threshold was only partly reduced, 

leading to a moderate decrease in inspiratory work. In patient no. I, with the lowest inspiratory 

work, the CPAP applied exceeded the PEEPi,stat and is assumed to increase lung volume and 

consequently work of breathing. The decrease in inspiratory work due to CPAP in this patient 

can be explained by the effect of reduction of intrinsic PEEP exceeding the effect of the increa

sed lung volume. Accordingly, in this study a decrease in PEEPi,dyn was demonstrated in all 

patients when CPAP was compared with breathing without positive pressure. 

In all patients the PEEPi,dyn-levels were lower than the corresponding PEEPi,stat-values. 

These last PEEPi-values represent an average level of intrinsic PEEP, reflecting the alveolar 

pressure after readjustment of regional time constant inequalities. In contrast, the PEEPi,dyn 

represents the lowest regional value of intrinsic PEEP in an inhomogeneous lung. Thus, at the 

start of inspiration a pressure counterbalancing the PEEPi,dyn is required to start inspiratory 

flow. In this study, a positive correlation was found between the values of PEEPi,stat and 

PEEPi,dyn. The relationship between PEEPi,stat and PEEPi,dyn-values was described by the 

regression equation: PEEPi,dyn = 0.67 x PEEPi,stat - 0.079. This regression equation was 

comparable to the equation previously published by Petrof: PEEPi,dyn = 0.58 x PEEPi,stat -

0.048 [3]. 

No differences were found in tidal volume, respiratory rate or minute ventilation between the 

two conditions. This is in agreement with previous studies in which patients with COPD or 

acute respiratory failure were investigated [3, 17, 18]. 

Considering these results, it should be taken into account that the effects of CP AP on work of 

breathing could be related to the CPAP-assembly used. It is well established that both the 

physical properties of the CPAP-circuit and the PEEP-valve affect work of breathing [9, 19]. A 

CPAP-assembly was considered optimal if the change in Pao during respiration was minimized 

[11]. In this study the mean "Pao amounted to 0.22 ± 0.05 and 0.19 ± 0.07 kPa during 

breathing with and without CPAP respectively, indicating that the addition of the PEEP-valve 

did not increase the "Pao. 

In conclusion, the decrease in Wltot due to application of a CPAP of 0.5 kPa was found to be 

related to the levels of intrinsic PEEP estimated during tracheal occlusions. 'Static' intrinsic 

PEEP measurements should be used to estimate the effect of CPAP on the inspiratory work. As 
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only one level of CPAP was studied, no recommendations can be made with respect to the 

adjustment of CPAP to the 'static' intrinsic PEEP-levels. 
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CHAPTER 4 

Elastic work of breathing during Continuous Positive Airway Pressure in 

intubated patients with Chronic Obstructive Pulmonary Disease 

(Theoretical analysis and experimental validation)' 

J.G.LV. Aerts, B. van den Berg, A.F.M. Verbraak, J.M. Bogaard 

Abstract 

COlltillUOliS positive ainvay pressure (CPAP) is kllown to decrease inspiratory work of breathing in 

patients with chrollie obstructive pUlmonary disease (COPD). 171is effect is primarily allributed to a 

reduclioll ill inspiratory elastic work of breathing OVl.el) related 10 a decrease in illlrinsic PEEP. 

17ze aim of this study is /0 desigll a model for computation of Wi, el all t/ie basis of respiratory mechallics 

ill patietUs wilh COPD, at mr;ous intrinsic PEEp· alld CPAP-/evels. Vze model was used to estimate the 

optimal CPAP-/evel with respect to the intrinsic PEEP-level ill terms of reductioll of Wi,el. Calculations 

of Ihe decrease ;11 Wi,e! due to CPAP obtained witli the model were compared to changes ill Wi,el alld 

total work of breathing (WI, tot) determined from respiratory measurements ill patients with COPD. 

Model calel/latlollS revealed that Wi,ei was millimal whenever a CPAP~/evel equal to the Intrinsic PEEP

level was applied. When a CPAP-Ievel exceeding the intrinsic PEEP-level was applied, the reductioll ill 

Wi,e/was less. Comparing these results to the respiratory measuremellls a similar pattern in reductioll oj 

Wi,el alld WI,tot was established, although absolute values of the differellces were smaller ill the experi

mental data. 

17lis study indicates that III patiellls with COPD ill order to reduce Wi,el, illlrlllSic PEEP should be 

measured and the CPAP-Ievel adjusted to the llIlrinsic PEEP-level . 

• Acta Anaesthesio\ogica Scandinavica, in press. 
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Introduction 

In mechanically ventilated patients with chronic obstructive pulmonary disease (COPD) hyperin

flation is commonly observed [1-7]. Due to airways obstruction the rate of lung emptying is 

limited and expiration is terminated by the next inspiration before functional residual capacity 

(FRC) Le. the relaxed static equilibrium lung volume of the respiratory system has been 

reached [2, 4]. Consequently, an end-expiratory lung volume (EEV) exceeding the level of FRC 

is found. This dynamic hyperinflation is associated with a positive elastic recoil pressure of the 

respiratory system present at end-expiration, referred to as intrinsic positive end-expiratory 

pressure, intrinsic PEEP [3, 4]. Intrinsic PEEP is defined as the pressure gradient between 

alveoli and airway opening at the end of a relaxed expiration [4]. 

Although intrinsic PEEP has at first been detected in mechanically ventilated patients with 

COPD, it soon became clear that intrinsic PEEP can also be present in spontaneously breathing 

patients with COPD [2, 4]. 

It is well established that in mechanically ventilated patients with COPD the application of 

external PEEP can reduce the level of intrinsic PEEP without increasing EEV [1, 8]. External 

PEEP elevates the airway opening pressure in those patients without affecting the alveolar 

pressure: consequently the level of intrinsic PEEP being the pressure gradient between alveoli 

and airway opening is reduced. 

As intrinsic PEEP has to be counterbalanced before the inspiratory flow starts, it acts as an 

inspiratory threshold and increases the inspiratory work of breathing [5, 6]. This has clearly 

been demonstrated in patients with COPD who had been intubated for acute respiratory failure 

[8]. In those patients the application of continuous positive airway pressure (CPAP) was found 

to reduce work of breathing [5, 9]. It is assumed that the reduction in inspiratory work due to 

CPAP is mediated by a decrease in intrinsic PEEP [5]. In an earlier investigation in sponta

neously breathing intubated patients with COPD we studied the decrease in total inspiratory 

work of breathing due to CP AP and related this decrease to the level of intrinsic PEEP [7]. In 

that study only one level of .5 kPa CPAP was applied and therefore no conclusions about the 

optimal CPAP-Ievel for the individual patient could be drawn. 

The aim of the study is to design a model for computation of elastic work of breathing (Wi,el) 

on the basis of respiratory mechanics in patients with COPD. This model is applied to estimate 

the maximum reduction in Wi,el at various levels of CPAP and of intrinsic PEEP. Estimations 

of the decrease in Wi,el due to CPAP obtained with the model were also compared to the 
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changes in Wi,el and WI,tot determined from respiratory measurements in a group of patients 

with COPD. Further investigations on respiratory mechanics of these patients were described in 

an earlier paper [7]. 

Patients and Methods 

Theoretical model 

Allalysis 

In this model Wi,el was estimated taken into account total respiratory system compliance, lung 

volume and the level of intrinsic PEEP. The variables were chosen in such a range that the 

model represented patients with COPD. 

In order to calculate Wi,el, estimates of mean pressure-volume curves of the lungs and of the 

chest wall of patients with COPD were computed. 

For the description of the pressure-volume curve of the lung the generally applied exponential 

model was used [10-13]. The mathematical expression of the pressure-volume curve described 

by Salazar and Knowles was applied [IOJ. however with a constant (Po) representing the curve 

position with respect to the pressure axis [12]: 

In which V = lung volume, V m = maximum volume (asymptote of the exponential equation), K 

= parameter related to curvature of the pressure-volume curve. p = transpulmonary pressure, 

Po = transpulmonary pressure at zero volume. 

As model calculations represented respiratory mechanics in patients with emphysema, K was 

chosen 3.3 kPa" and Po 0 kPa, being representative values for these patients from other studies 

[12, 13]. Vm, as scaling factor for the volume axis, was arbitrary assumed to be 6 I. 

In order to estimate the pressure-volume relationship of the chest wall, the chest wall complian

ce was assumed to be equal to 40% of the predicted vital capacity in I kPa" [2, 8] over the 

whole volume range up to total lung capacity. Vital capacity was calculated as reference value 
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taken into account age and maximal volume [2, 8]. The elastic recoil pressure of the thoracic 

wall was assumed to be zero at 80% of total lung capacity ( V = 4.8 I) [14]. 

From the pressure-volume relationships of chest wall and lungs, that of the total respiratory sy

stem was derived. Wi,el was calculated using the total respiratory system compliance line (figu

re ]a). Wi,el is defined as the area between the static pressure-volume relationship of the respi

ratory system and the volume axis, using a tidal volume of 0.5 I as derived from earlier measu

rements and a certain intrinsic PEEP-level from which the end-expiratory volume level was cal-

culated [7]. 
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Figure la Volume-pressure relafiollShip of 'he /lmg (el), chest-wall (ew) and the total respiratory 
system (efS), calculated by summation of the elastic recoil pressures e,erled by fhe ehest
wall and the IUllg. Lung compliance is according (0 a Joss o/lImg elasticity (emphysema). 

Model application 

Wi,el was calculated taking into account various intrinsic PEEP- and CPAP-Ievels. For our the

oretical analysis intrinsic PEEP-levels were used, ranging form 0 to 1.0 kPa with steps of .25 

kPa. For each level of intrinsic PEEP the effects on Wi,el of CPAP ranging from 0 to 1.0 kPa, 

also with steps of .25 kPa, were studied. The elastic recoil pressure at a given EEV was assu-
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med to equal the corresponding total PEEP-level, being the sum of CPAP-level and intrinsic 

PEEP-level [4]. In the theoretical analysis a one-compartment model for the lungs was assumed 

discarding the presence of ventilation inhomogenieties. In this way the effect of CP AP on intrin

sic PEEP was assumed ,as an absolute one to one substitution [6]. Total PEEP-levels were 

calculated taken into account the following equations: 

intrinsic PEEP > CP AP : total PEEP = CPAP + (intrinsic PEEP-CP AP) 

intrinsic PEEP < CPAP : total PEEP = CP AP 

It was assumed that no changes in respiratory rate and tidal volume were present comparing 

breathing with and without CPAP. Elastic work done during inspiration by CPAP was calcula

ted as the product of the CPAP-level and tidal volume. In order to compare model results to the 

patient measurements also calculations were made at the intrinsic PEEP-levels of the patients 

with a CPAP at .5 kPa. 

Experimental data 

Patients 

Ten patients with COPD were studied who had all been ventilated for exacerbations of COPD. 

Their mean age was 74 years ranging from 65 to 81 years; 6 were male, mean FEV t was. 72 I 

(range .54- .98 I), measured prior to the period of mechanical ventilation. All patients were 

alert during the study and informed consent was obtained. 

Respiratory measuremellfs 

The measurements were performed both during spontaneous breathing with .5 kPa CPAP and 

spontaneous breathing without positive pressure via a continuous flow CPAP system. With a 

pneumotachometer (Jaeger, Wtirzburg, Germany), a differential pressure transducer (Validyne) 

at the airway opening and a differential pressure transducer (Validyne) coupled to an oesophage

al balloon flow, displaced volume, tracheal pressure and oesophageal pressure were obtained. 

As recording system a X-Y recorder (X-Y733, Brown Boveri Company, Rotterdam, Holland) 

was used. The occlusion method was used for correct positioning of the balloon. 

No distortions of pressure-volume loops were caused by the dynamic properties of the pneumo

tachometer, pressure transducers and recording systems used [I, 7]. 
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During tracheal occlusions at end~expiration which were maintained for 3 consecutive inspirato· 

ry efforts, the elastic recoil pressure of the total respiratory system at end-expiration was esti

mated as the plateau in the airway opening pressure during expiration [5]. This static elastic 

recoil pressure at end-expiration was assumed equal to static intrinsic PEEP, PEEPi,stat, the 

mean endvcxpiratory recoil pressure over the respiratory system of the patients. 

After the esophageal balloon was properly positioned, work of breathing and related variables of 

respiratory mechanics were determined. Elastic work of breathing was calculated using the 

Campbell diagram [13]. 

0.6 

s 
~ 0.4 

" :g 
0.2 

0.5 
P" (kPa) 

Figure lb Inspiratory elastic work of breathing when 
dynamic intrinsic PEEP is presem using Ihe 
Campbell diagram, Hatched lines indicate 
elastic work. A = slart oj inspiratory flow,' 
B = start of expiration,' C = start of 
illSpiraI01)' effort. 

Using this approach, as shown in figure lb, the line indicating the dynamic lung compliance 

was drawn through the values of esophageal pressure at the start of inspiratory flow (A) and 

expiratory flow (B). The line indicating chest wall compliance was drawn on the pressure

volume diagram by passing it through the abrupt change in the pressure-volume loop at end

expiration, that occurred before the onset of inspiratory volume displacement (C). The AC 

interval indicates inspiratory effort before the start of inspiratory flow i.e. dynamic intrinsic 

PEEP, the pressure gradient counterbalancing the lowest recoil pressure at end-expiration in a 

lung region. Wi,el (J 1.1) was calculated as the area between the dynamic lung and chest wall 

compliance and tidal volume divided by the tidal volume. WI,tot was obtained by adding the 

inspiratory resistive work to the Wi,e\. 
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SlIIdy protocol 

Patients were breathing in a semirecumbent position through a continuous flow CPAP system 

consisting of a continuous high flow (approximately 100 I min") generator (Downs Flow 

generator #9250 Vital Signs Inc., Totowa, USA). The inspiratory oxygen concentration was 

monitored (Oxygen Monitor 404, Instrumental Laboratory), and kept constant at 0.4 throughout 

the study. The flow resistance of the system including the pneumotachometer amounted to .023 

kPa I" at a flow of II s·'. A spring-loaded PEEP-valve of .5 kPa (Vital Signs) was used to apply 

.5 kPa CPAP. 

After mechanical ventilation was discontinued patients were allowed to breathe spontaneously 

through the circuit for 10 minutes after which the respiratory measurements were obtained. 

Subsequently the PEEP-valve was added or removed from the circuit. After 10 minutes of 

observation, respiratory measurements were repeated. 

Results 

Figure 2 shows the results of model calculations of the change in Wi,el related to varying 

intrinsic PEEP- and CPAP-levels.On the y-axis the change in Wi,el is shown, expressed as 

percentage of the value obtained during spontaneous breathing without CPAP. On the x-axis the 

difference between the intrinsic PEEP-level and the applied CPAP-Ievel for each of the five 

intrinsic PEEP-levels is shown. This figure reveals that the reduction in Wi,el is maximal when 

the applied CPAP-Ievel counterbalances the level of intrinsic PEEP. 

This figure also shows that when the CPAP-Ievel exceeds the intrinsic PEEP-level and causes 

an increase in total PEEP, Wi,el will increase with respect to the Wi,el at the CPAP-Ievel 

counterbalancing the intrinsic PEEP- level. When no intrinsic PEEP is present, any level of 

CPAP will increase Wi,el. 
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Figure 2 Effect of dif/erem intrinsic PEEP and CPAP·/e\'els 011 Wi,e/, presented 
ill percentage of the original Wi,e1 as calculated from the model 01 
that intrimic PEEP-level when no CPAP is applied. Small squares: 
intrillSic PEEP"" 0 kPa, diamond: intrinsic PEEP = .25 kPa, double 
crosses: intrinsic PEEP-/e~'el = .5 kPa, great squares: imrinsic PEEP 
= .75 kPa, singfe crosses; intrinsic PEEP = 1 kPa. 

In the patient measurements intrinsic PEEP was present and the applied CP AP-Ievel reduced 

Wi,el in all patients. These measurements yielded a mean Wi,el of 1.02 ± .37 JI.1 (mean ± 

SD) without positive pressure which was reduced to .84 ± .35 JI·1 during breathing with a 

CPAP-Ievel of .5 kPa (p < .0005). In all patients intrinsic PEEP-levels were encountered. 
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During breathing without CPAP static intrinsic PEEP-levels ranged from .26 to 1.31 kPa and 

dynamic intrinsic PEEP-levels from .17 to 1.10 kPa. The greatest reductions of Wi,el in both 

patient measurements and in the theoretical analysis were found when static intrinsic PEEP-level 

minus CP AP-Ievel was about zero. In patients with the highest levels of intrinsic PEEP a 

reduction in Wi,el was found in accordance to the assumption that the intrinsic PEEP 

"threshold" was reduced by the level of CP AP applied. A decrease in Wi,el was also found in 

the patients in whom the applied CP AP-Ievel exceeded the intrinsic PEEP-level. 

Figure 3 shows the effects of CPAP on Wi,el as calculated by the model and as computed in the 

patient study. One level of CP AP ( .5 kPa) was applied to the patients in whom different levels 

of intrinsic PEEP were obtained. The x-axis represents the intrinsic PEEP-level minus the 

CPAP-Ievel applied. The y-axis represents the change in Wi,el expressed as percentage of the 

value of Wi,el computed without CPAP (crosse~). 
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Figure 3 PercelIIage cliange in Wi,el. J per liter of l'elililatioll, breathing with and without a 
CPAP·/ew/ of .5 kPa, comparing model calClllarions and patient meoSllrements. 
Squares indicate model colelilatlollS. Crosses represent Ihe pat/em measurements. 
Also the percefltage c!Jange in WI,tol for Ihe patlenls is shown (triangular dOls). 
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The model was found to overestimate the effect of CP AP compared with the patient 

measurements. As can be seen in figure 3 the shapes of the curves of both theoretical analysis 

and patient measurements are similar: a maximal percentage decrease in Wi,el at the same point 

on the x-axis being the area where intrinsic PEEP and CPAP are equal. A considerable differ

ence in absolute percentage change is present. 

In figure 3 also the decreases in WI,tot are plotted. A minimum is also observed at equal 

intrinsic PEEP and CPAP-levels at slightly smaller reductions of WI,tot compared to the 

decreases in Wi,el. 

Discussion 

In this study a model approach Was used to compute elastic work of breathing (Wi,el) on the 

basis of respiratory mechanics in patients with COPD. As in these patients the increase in total 

inspiratory work is for the greater part caused by elevated elastic work related to dynamic 

hyperinflation, and modelling of the elastic work can be achieved with appreciable accuracy, we 

have only focused on modelling the elastic work. The effect of various levels of intrinsic PEEP 

and CP AP on the elastic work of breathing was estimated and compared to results obtained in 

respiratory measurements. 

The data predicted from the model suggest an optimal effect of CPAP regarding minimal elastic 

work of breathing when a CP AP-level equal to the intrinsic PEEP-level is applied. The results 

computed from respiratory measurements in patients with COPD revealed a similar optimal 

effect of CPAP on both elastic and total inspiratory work. This underlines the importance of 

determining the level of intrinsic PEEP in a patient with COPD in order to adjust the CP AP

level. 

The operating characteristics of the CP AP assembly are known to affect the respiratory effects 

of the CPAP applied. The swings in the airway opening pressure should be minimal during tidal 

breathing [5]. In the patient-measurements we used a high-flow continuous circuit with a 

minimally flow-dependent PEEP-valve. A marked influence of the circuit characteristics on our 

study results could therefore not be expected. 

Our model approach was based on a number of assumptions. In a recent investigation of COPD 

a model of a linear pressure~volumc curve with a transition into an exponential part at a certain 

volume level above FRC gave the most accurate mathematical description of experimental 
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curves detennined in patients [15]. The authors concluded however that, although the linear

exponential fit was more accurate, the K factor of this fit was not related to other elasticity 

indices and has no physiological meaning, whereas the K factor of the exponential model was 

related to overall lung elastic behaviour. For this reason we used the exponential fit with a K 

factor as found in emphysema patients [12, l3]. The Po of 0 kPa indicates low elastic recoil 

over the whole volume range, whereas an arbitrary chosen TLC of 6 I can be considered a 

scaling factor for the volume axis. Based on an earlier study we assumed no appreciable 

changes in the elasticity behaviour of the thoracic cage [16]. 

A considerable absolute difference between model calculations and experimental results on the 

effect of CPAP on Wi,el was found. This difference can be attributed to a number of 

mechanisms which will be discussed in the following paragraphs. 

Partly the difference can be explained by our assumption of a one compartment model in case 

of lungs with a large inhomogeneity with respect to regional ventilation [17]. In that case 

different regions may have different values of intrinsic PEEP and the various inspiratory 

thresholds may be only partly counterbalanced by the applied CPAP-level [6, 9]. 
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Figure 4 Schematic illustration of the influence of /1I11g 
inhomogenielY 011 calculation of Wi,el. Lung two
compartment model with imrillSic PEEP levels of 
.5 and I.OkPa. Static intrinsic PEEP"" .75 kPa. 
Dynamic intrinsic PEEP === .5 kPa. CL = lung 
compliance. CLom = measllred lllllg compliance. 
C..., = thora'( compliance. Pressflre-~'olume loop 
in a olle compartment model (~. Measllred 
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In figure 4 this is shown schematically for a two compartment model with equal compartments 

and an assumed intrinsic PEEP-level of .5 and 1.0 kPa respectively, yielding a static intrinsic 

PEEP of .75 kPa after equilibration at end-expiration. In the dynamic situation the inspiratory 

flow will start, if the inspiratory threshold of .5 kPa is counterbalanced. 

Consequently, part of the viscous work of breathing comprises elastic work to overcome the 

higher intrinsic PEEP-level in the second compartment. This figure elucidates that erroneously 

low dynamic lung compliance values can be computed, when dynamic intrinsic PEEP-levels are 

substantially lower than static intrinsic PEEP-levels [5, 17, 18]. Only in case of absence of 

ventilation inhomogenieties dynamic and static intrinsic PEEP-levels will be equal [18]. 

Furthermore, a direct relationship between EEV and the total PEEP-level has been assumed in 

the model. Although this seems valid, no experimental studies have been published to verify 

this assumption. Thus patients might breathe at a higher lung volume which could affect the 

percentage decrease in Wi,el due to CPAP. At higher lung volumes the Wi,el might increase 

disproportionately due to the concomitant decrease in lung compliance. 

Although a number of the assumptions may cause a difference in absolute values of decreases in 

work of breathing, in our opinion it does not influence the maximum of the decreases found at 

equal CPAP- and intriru;ic PEEP-levels. Figure 3 shows the same pattern of reduction in elastic 

work and total work. The slightly smaller reductions in total work are due to minimal changes 

in viscous work at equal decreases in Wi,el causing the percentage decrease to be less. 

As in the patients only one level of CPAP was applied, no recommendatioru; about the optimal 

level of CPAP could be made [7]. Because the highest reductions in elastic work of breathing 

were found in patients with an intrinsic PEEP-level in the range of the applied CPAP-Ievel, it is 

suggested that also in the patients a CPAP-Ievel would be optimal when intriru;ic PEEP is just 

counterbalanced. Petrof et al. in their study on CPAP did apply different CPAP-Ievels to the 

patients but did not relate the decrease in work of breathing due to a certain level of CP AP to 

the intriru;ic PEEP-level of the patient [5]. They found the highest reductions in work of breat

hing at the highest CPAP-level. 

It has to be stressed that our approach deals only with improvements of respiratory mechanics 

in case of the application of CPAP. 

Impeding venous return by an increased intrathoracic pressure due to high CPAP-levels, and 

consequently a decrease in cardiac output and oxygen delivery to tissues are not taken into 

account [8]. Changes in gas-exchange area and ventilation-perfusion ratios may also affect blood 
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gasses [8]. It is beyond doubt that in clinical applications of CP AP all these mechanisms have to 

be taken into account. 

Although further research is needed to establish the impact of the differences between dynamic 

and static intrinsic PEEP on dynamic lung compliance and work of breathing estimations, we 

conclude that in order to minimize work of breathing in patients with COPD by application of 

CPAP, the CPAP-Ievel should be adjusted to the static intrinsic PEEP-level of the patient. 
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CHAPTER 5 

Imposed work of breathing during demand and continuous flow CPAP 

in intubated patients' 

LG.LV. Aerts, B. van den Berg, I.M. Bogaard 

Abstract 

The vellfilato'~/llImidifie, circuit is known to impose additional work (Wapp) 011 the patiellt whell the 

velllilator Is used for weatling purposes. We investigated Wapp alld derived variables ill relation to 

minute volumes of paliellls ill whom CPAP was applied as weaning mode. 13 Patiellts were studied; ill 

each patient a CPAP of 0.5 kPa was provided both by a vetUilator alld a cOlltinllous flow system (CF

CPAP). 

AI bOlh syslellls Ihe Wapp (J/I) illcreased 01 higher milltlle voltlllles: Ihe Wapp raised /r01ll 0.10 10 0.68 

III for vellliialor-CPAP alld frolll 0.08 10 0.39 J/I for CF-CPAP 01 lIIillllle volllllles risillg /r01ll 7.2 10 

20.8 I. V,e ;ncremellfs ill Wapp imposed by the vell/UatoT correlated significantly to the end-expiratory 

pressures thaI exceeded the preset CPAP-/evel increasingly af higher millllle l'o/limes. 

The difference ill Wapp between the velltilator alld the CF-CPAP was found to be magnified at higher 

ventilatory needs of the patiellls. All inspiratory threshold due to a gradient between actual end-expirato

ry pressure and preset CPAP appeared to add greatly to the increments ill Wapp imposed by the ventila

tor. As this threshold was attributed to the resistance of the PEEP-device of the VelltiialOr, this indicates 

that the additional work related to the expiratory valve should be taken illfo accolIlII when the vellfilator 

is IIsed for weaning purposes . 

• This manuscript is submitted for publication 
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Introduction 

It is well known that in mechanically ventilated patients the process of weaning is hampered by 

the additional work of breathing imposed by the endotracheal tube [1-3]. If the ventilator is used 

for weaning purposes, the additional work of the ventilator-humidifier circuit is superimposed 

on this workload [4, 5]. The effects of various breathing patterns on the respiratory work 

imposed by the endotracheal tube have been studied extensively [1-3]. The interaction between 

the breathing patterns of the patients and the performance of the ventilators has however 

received Jess attention. 

We therefore investigated the additional work imposed by the ventilator, in relation to the 

minute ventilation of patients weaning from mechanical ventilation. Various parameters derived 

from the imposed work were obtained to determine the interactions between patient and ventila

tor. For this study CP AP was applied as ventilatory mode: this enabled us to compare the 

perfomlance of the ventilator (Siemens Servo 900C) to a continuous flow-CP AP system 

(Drager CF800). 

Methods 

Patients 

Mechanically ventilated patients were included if they were able to breathe spontaneously for at 

least 1 hour. 

13 patients mechanically ventilated for various medical and surgical illnesses were studied. 

Patient's characteristics are shown in table 1. They were intubated with an endotracheal tube 

(inner diameter range 7.5 tot 9.0 mm) or a tracheostomy tube (inner diameter 6.0 to 8.5 mm). 

Maximal inspiratory pressures (MIP) were detemlined prior to the weaning procedure. Informed 

consent was obtained from each patient or their next of kin. The study was approved by the 

local ethics committee. 
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Table 1 

Patient data 

Patient Age MIP ET/TC days on mechanical primary diagnosis 

no (yr) (kPa) (size) ventilation 

60 -4.0 ETB.5 14 brain damage 

2 31 -5.5 ET9.0 B endocarditis 

3 53 -4.1 ET9.0 4 sepsis 

4 67 -5.7 ET9.0 9 abdominal surgery 

5 63 n.d. ETB.5 13 sepsis 

6 62 -6.9 TCB.O IS TBC, destroyed lungs 

7 24 -5.9 TCB.O 36 poly~trauma 

B 19 -7.3 TCB.5 9 polywtrauma 

9 66 -4.1 ETB.O 12 ARDS 

10 63 -B.2 ET7.5 5 atelectasis 

II 77 -4.9 TC6.0 25 brain damage 

12 70 -4.5 ETB.O 7 poly-trauma 

13 59 -5.1 TC6.0 2 ARDS 

MIP = maximal inspiratory pressure, ETffC = endo/racheal lUbe/tracheal callula 

n.d. = /lot done 

Respiratory eircllits 

A Siemens Servo ventilator 900c was used as ventilator CPAP-device. The Servo 900c was 

equipped with standard ventilator tubings including a humidifier. The inspiratory trigger level 

was set at the minimal value at which no self-cycling occurred. A preset CPAP-Ievel of 0.5 kPa 

was applied in all patients. The patients were breathing at the same inspiratory oxygen concen

tration as was applied during the ventilatory support prior to the study. 

A Drager CF800 was used as CF-CPAP system. The Drager CFBoo consists of a continuous 

high flow system with a spring-loaded reservoir incorporated. to minimize pressure fluctuations. 

The CF-CPAP system was set at a basal flow of 60 lImin. A minimally flow-dependent Vital

Signs PEEP-valve of 0.5 kPa was added to the expiratory circuit [6]. 
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Protocol 

All patients were studied in a semi-recumbent position, breathing at random first with the CF

CP AP or with the ventilator CP AP. The patients were allowed to breathe spontaneously for 

approximately 15 minutes after which respiratory measurements were obtained. Airway opening 

pressure was measured with a differential pressure transducer (Validyne) at the mouth end of 

the endotracheal tube. Flow was measured with a heated pneumotachometer (Lilly) placed at the 

end of the endotracheal tube, distal to the airway opening pressure outlet. Esophageal pressure 

was measured using an esophageal balloon, attached to a nasogastric catheter. The balloon was 

filled with 0.5-1.0 mI of air and properly positioned using the occlusion-method [7]. Flow- and 

pressure data were continuously sampled at a frequency of 100 Hz. Volume displacements were 

calculated by computerized integration of the flow signal. The derived variables as described in 

the analysis were obtained with a personal computer (Commodore 486 SX33). 

Analysis 

For each condition 15 to 20 consecutive breaths per patient were analyzed. From the recording 

of the flow-signal in time, respiratory rate, duration of inspiration and expiration (TI and TE) 

and tidal volume (Vt) were computed. The TIITtot was calculated from the duration of inspirati

on and total breathing cycle. 

The following computations from the airway pressure and esophageal pressure curves were 

obtained: 

The pressure-level just before the steep deflection of ainvay pressure indicating the onset of 

inspiratory effort was measured. This pressure was considered to be the actual end-expiratory 

airway pressure (EEP, figure 1). The pressure decline between this EEP and the airway pressu

re at zero flow was referred to as opening airway pressure (opening Paw). Airway pressure

volume diagrams were traced as shown in figure I, additional work of breathing imposed by the 

CPAP-system (Wapp) was obtained by integration of the area bordered by the changes in 

airway opening pressure and volume during in- and expiration. Wapp was calculated per liter of 

ventilation. 
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Figure 10 Ainmy presSIlre-l'o[ume loop of a pa/lflll 
breathing with CF·CPAP. EEP = end-ex
piratory pressure at the ainWlY openillg. 
IllSpiratioll and expiration are indicated by 
arrows. 

,y------------------. 

airway opening pressure (kPa) 

Figure lb Ainmy pressure-volume loop of a patient 
breathing with wntilator CPAP. EEP = 
end-expiralory pressure at the ainvay. In
spiration and expiration are indicated by 
arrows. 

Esophageal pressure-curves were analyzed in relation to airway pressure- and flow-curves 

(figure 2). Two components of the esophageal pressure-curves were determined: dynamic 

intrinsic PEEP and opening Pes. Dynamic intrinsic PEEP was calculated as the pressure decline 

from the steep deflection of Pes at end-expiration to the Pes-level corresponding with the deflec

tion of the Paw. Opening Pes was referred to as the pressure decline corresponding in time with 

the opening Paw. 

Statistical analysis 

Student's t-tests and linear regression analysis were used. Differences with p-values less than 

.05 were considered statistically significant. 
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Work of breothing during CPAP 

Table 2 

Work of breathing during ventilator CPAP and CF-CPAP 

n=13 ventilator CF-CPAP p·value 

CPAP 

Wapp J/I 0.32 ±0.19 0.19 ±0.09 < .001 

EEP kPa 0.72 ± 0.16 0.50 ±0.05 < .001 

Opening Paw kPa 0.41 ±0.22 0.05 ±0.03 < .0005 

PEEPi,dyn kPa 0.02 ±0.02 0,01 ±0.01 n.s, 

Opening Pes kPa 0.45 ±0.29 0.09 ±0.O5 < .0005 

Wapp = imposed work of breathing. EEP = elld·expiratory ainvay pressure, Opellillg Paw = pressure 

differellce between the start of inspiratory effort alld the oJ/set of imp/ra/ory flow at ainvay openillg, 

PEEP/,dYIl = dynamic intrinsic PEEP·/evel, Openillg Pes = esophageal pressure difference betweell the 

start of inspiratory effort alld the ollSe! oj illSp/rarory flow, 11.5. = 1101 significant. 

Results 

The results of the variables related to the additional work of the CPAP systems are shown in 

table 2. The Wapp of the ventilator-CPAP ranged from .10 to .68 J/l and exceeded the Wapp 

imposed by the CF-CPAP system ranging from .08 to .39 J/l. The relationships between the 

Wapp and the minute ventilation of the individual patients ranging from 7.2 to 20.8 I are shown 

in figure 3. This figure reveals increases in Wapp in relation to minute ventilation for both 

systems, which were more pronounced for the ventilator-CPAP. The Wapp imposed by both 

systems correlated with the minute ventilation (r = .89, P < .0001 for ventilator-CPAP and r 

= .91, p < .0001 for CF-CPAP). 

At ventilator-CPAP the EEP exceeded the preset CPAP-Ievel of 0.5 kPa increasingly at higher 

minute volumes and the level of EEP was found to correlate both with minute ventilation and 

Wapp (r = .81, P < .001 r = .79, p < .005). With the CF-CPAP system the EEP was equal 

to the preset CPAP-Ievel and did not alter at higher minute volumes. 
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Figure 3 Linear regression onalysis of tile imposed work of breathing at both 
CPAP-IIJodes and minllte wllii/alion (f = .89 P < .0001 for l'emila
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ventilator CPA?, crosses indicate CF-CPAP. 

The opening Paw at the ventilator-CPAP exceeded the value obtained at CF-CPAP in all 

patients. The opening Paw correlated with EEP-values and minute ventilation at ventilator

CPAP (both r-values: .90; p-value: < .00005). 

Analysis of the esophageal pressure signal revealed very low dynamic intrinsic PEEP-levels for 

both CPAP-systems. The opening Pes was equal to the opening Paw-level for both systems, 
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giving for the ventilator CPAP also a close correlation between opening Pes and minute volume 

(r = .87. P < .0001). 

Table 3 

Respiratory variables during ventilator CP AP and CF-CP AP 

n=13 ventilator CF-CPAP p~value 

CPAP 

Vtex 0.50 ±0.18 0.45 ±0.18 < .001 

freq fmin 29 ±8 29 ±8 n.s. 

min. vol. IImin 13.4 ±3.9 12.3 ±4.0 < .01 

TIITtot 0.39 ±0.05 0.40 ±0.07 n.s. 

Vtex = expiratory lidal yo/ume, freq = respiratory frequency. mill. yolo = minute Yo/ume, T1ff/ot 

ratio of inspiratory time to total breath cycle duration. n.s. = /l0/ sigllijicatlt. 

The variables relaled to the breathing patterns of the patients are shown in table 3. Compared 

to CF-CP AP. ventilator-CP AP was associaled with significantly higher tidal volumes and 

minute ventilation (both p < .005). No differences were found in respiratory rate and TIInol 

comparing the two CPAP-systems. 

Discussion 

This study shows thaI during ventilator-CPAP the additional work imposed by the ventilator is 

subslantially increased at higher minule volumes. The corresponding incremenls in inspiratory 

effort are largely caused by increases in end-expiralory airway pressure above the preset CPAP

level imposing an inspiratory threshold. The latter may be explained by the mechanical charac

teristics of the PEEP-device of the ventilator: al higher minute volumes the flow-dependent 

resistance of this valve precludes the patient to expire to the preset CPAP-IeveJ. In contrasl to 

ventilato[MCP AP, the end-expiratory pressure remains unchanged at elevated minute volumes 

when the continuous flow syslem is applied. Consequently. Ihe additional work inlposed by Ihe 

continuous flow system is only increased to a minor degree at higher ventilatory needs. 
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In this study CPAP was used as this ventilatory mode can be applied both by the ventilator and 

by a continuous flow-CPAP system. At the ventilator-CPAP system the onset of inspiratory and 

expiratory flows is affected by the opening of valves incorporated in the ventilator. These 

systems can provide two different methods for initiating flow: pressure- or flow triggering. In 

contrast to ventilator-CP AP, continuous flow CP AP (CF-CP AP) operates without opening of 

Inspiratory and expiratory valves. The flow provided with this system can be sustained at the 

inspiratory effort of the patient by means of an extra gas supply from the reservoir in the 

inspiratory line [8]. 

Ventilator-CPAP systems are considered to impose higher work loads than CF-CPAP systems 

[9, lO]. In this study the additional work imposed by the CPAP systems has not been separated 

into inspiratory and expiratory work. In order to obtain this subdivision, the line between the 

end-inspiratory and end-expiratory pressures has to be drawn in the airway pressure-volume 

diagram. As pressure at the end of inspiration, the pressure at zero flow might be applied. 

Analysis of the airway pressure-volume diagrams computed at ventilator-CPAP reveals however 

that the end-inspiratory pressure is affected by the mechanical properties of the ventilator 

(figure I). During inspiration the ventilator applies a slightly higher pressure than the preset 

CPAP-level, leading to variable flow-dependent bias and an elevated end-inspiratory pressure. 

Consequently, inspiratory and expiratory imposed work cannot be separated from airway 

pressure-volume diagrams obtained at ventilator-CPAP. According to this analysis, total work 

of breathing can neither be computed from esophageal pressure-volume diagrams, when the 

Campbell approach is used at breaths obtained during ventilator-CP AP. 

The additional workload imposed at ventilator-CPAP has been attributed to the mechanical 

characteristics of the ventilator [4, 9, ll]. The time delay between the start of inspiratory effort 

and the onset of inspiratory flow is considered a major detemlinant of this workload and has 

therefore to be minimized [12, l3]. This study revealed that with ventilator-CPAP the magnitu

de of the inspiratory effort is profoundly affected by the end-expiratory airway pressure. As at 

higher minute volumes the EEP increasingly exceeded the preset CPAP-Ievel, the threshold 

required to trigger the ventilator was accordingly augmented. 

It is well established when the esophageal pressure curve is analyzed, that the early deflection in 

esophageal pressure equals the dynamic intrinsic PEEP-level [14]. In the patients studied, very 

low levels of intrinsic PEEP were detected: a finding to be expected as no patients with severe 

COPD were included. It is well known that in severe COPD CPAP can reduce work of breat-
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hing by counterbalancing intrinsic PEEP [15, 16]. The effects of CPAP on work of breathing 

have predominantly been studied with CF-CPAP-systems [IS, 16, 17]. This study indicates that 

when a ventilator is applied for CP AP, the mechanical characteristics of the ventilator should be 

taken into account. 

Comparison of the respiratory variables presented in table 3 revealed significantly higher tidal 

volumes and minute volumes at the ventilator-CPAP. These differences, which have also been 

described by other authors, may be attributed to the low levels of pressure support applied by 

the ventilator [10]. 

In conclusion, due to the mechanical characteristics of the ventilator, ventilator-CP AP is 

associated with increasing levels of additional work at higher ventilatory needs of the patients. 

These increments in additional work are largely caused by an inspiratory threshold attributed to 

the flow-dependent resistance of the PEEP-device of the ventilator. When the ventilator is used 

for weaning purposes, the additional work related to the expiratory valve of the ventilator 

should be taken into account. 
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Abstract 

CHAPTER 6 

Detection of flow limitation during tidal breathing 

by the interruptor technique' 

R. Hage, J.G.LV. Aerts, A.F.M. Verbraak, B. van den Berg, J.M. Bogaard 

III patients with ahflow obstruction flow limitation call be established ill various lWl)'S. Using body 

plethysmography flow limitation is assumed when expiratory flow decreases whilst alveolar pressure 

increases at the same time. During forced expiration flolV limitation can be established by lJIeatls of Ihe 

flow itlterruptor technique,· flow limitation ;s assumed when after release of all occlusion a spike flow, 

superimposed 011 the ollgoing alveolar flow (6peakflow) is detected. III this study the flow interntptor 

technique was applied to detect flow limitation during tidal breathing. The results were compared to 

those obtained with fhe body plethysmograph. 

The expiratory flow pattern, post-interruptioll, was analyzed in 33 subjects,' 11 patiellls with airflow 

obstructioll and flow Iimitatioll established with the body plethysmograph (AO+),' 11 pat/ellis with airflow 

obstruction without flow limitatioll (AO-),' alld 11 healthy volunteers. 

Meall spike area's lVere 27.6 ± 18.3, 4.6 ± 2.3 alld 3.4 ± 2.01111 for the AO+, AO- Gild cOlltrol group 

respectively, showillg a highly signijicalll difference between the AO+ patiellts alld the other groups (p 

< 0.001 alld p < 0.0005). Also sigllificantly higher flpeakflows were foulld ill the AO+ patiellls compa

red to the other groups. No differences ill flpeakflows or spike-area's between patients without flow 

limitation alld c01l(ro/s couid be established. 

We conclude llial the illlerruptor technique may be a useful means of assessi1lg flow limitation duri1lg 

tidal breathillg . 

• European Respiratory Journal 1995; 8: 1910-1914 
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Introduction 

The interruptor technique to estimate airways resistance has been firstly described by von 

Neergaard and Wirz [1]. The mouth pressure measured at the end of a short interruption of 

expiratory flow was assumed equal to alveolar pressure. From the ratio between this mouth 

pressure and flow immediately before the interruption airways resistance was estimated [I]. 

The collapsibility of the airways can also be established by application of the interruptor 

technique, from the overshoot or spike in the flow pattern after reopening of the interruptor. 

During an occlusion a compressed airway or a flow limiting segment (FLS) will be abolished. 

After opening of the interruptor valve, the FLS reestablishes, which can be assessed by the 

expiratory flow pattern. The flow due to the reappearance of the compressed airways segment is 

assumed to be superimposed on the ongoing mouth flow. In various studies this analysis has 

been validated in, during forced expiration flow limited, healthy subjects [2, 3]. In addition to 

healthy subjects, it has been suggested that in mechanically ventilated patients also during quiet 

breathing flow limitation can be present [4, 5]. The analysis of the expiratory flow after inter

ruption has been used in a qualitative way to demonstrate flow limitation during mechanical 

ventilation [6, 7]. 

To our knowledge, no validation of the interruptor method to establish flow limitation has been 

performed in patients, during quiet breathing, in whom the presence of flow limitation was 

demonstrated by an independent method. Therefore, we compared the flow magnitude and area 

under the curve of the spike flow in spontaneously breathing healthy volunteers and patients 

with airflow obstruction, with (AO+) and without (AO-) flow limitation. The presence of flow 

limitation during expiration was assumed from the time course of alveolar pressure and expira

tory flow determined in a whole body plethysmograph. 

Patients and methods 

Stlbjects 

A total of 33 subjects was studied. Airflow obstruction was based on a clinical history of 

chronic obstructive pulmonary disease, with or without emphysema, asthma or cystic fibrosis. 

One group (Group A) of 11 (10 males and I female) patients suffered from airflow obstruction 

with flow limitation during part of the expiratory phase (AO+), as established with body ple-
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thysmography; mean age was 51 yr (range 28-75 yr). Another group (Group B) of 11 patients 

(8 males and 3 females) suffering from airflow obstruction had no flow limitation during 

expiration (AO-); mean age was 39 yr (range 19-71 yr). Additionally, 11 non-smoking healthy 

volunteers (8 males, 3 females) mean age 36 yr (range 17-77 yr) were included in the study 

(Group C). 

The group of AO+ patients included three patients with chronic airflow obstruction due to CF, 

six had a clinical diagnosis of emphysema of whom in one patient the emphysema was due to 

",,-antitrypsin deficiency. 

The group of AO- patients included seven patients with CF. None of the volunteers suffered 

from diseases of cardiopulmonary origin. All subjects gave informed consent. 

Lllllg jllllctioll 

With a heated pneumotachometer system (Jaeger, Wilrzburg, Germany) forced expiratory 

volume in 1 s (FEV,) and inspiratory vital capacity (VC) were determined. Before each measu

rement, volume calibration was performed and volumes were corrected to body temperature, 

atmospheric pressure and saturation with water vapour (BTPS) conditions. 

Body plethysmography 

A volume-constant body plethysmograph (Jaeger, Body test, Wilrzburg, Germany) was used to 

determine functional residual capacity (FRC) and airways resistance, and to establish the 

presence of flow limitation during expiration. All data were sampled and stored on a personal 

computer at a frequency of 100 Hz. The subjects were seated in the closed box for 2 minutes to 

allow stabilization of the box pressure (Pbox) fluctuations. Thereafter, they were asked to pant 

with a frequency of 0.5-1.0 Hz against a closed shutter. Applying Boyle's law, both the intra

thoracic gas volume (ITGV) and the conversion factor from Pbox to alveolar pressure (P A) 

changes were determined. FRC was calculated from the ITGV determination. The effective 

resistance (R,rr) was determined from flow and Pbox changes during breathing in a heated and 

humidified rebreathing bag, keeping the inspiratory and expiratory flow at BTPS conditions [8]. 

In each patient, three reproducible body plethysmographic measurements were performed. In 

most obstructive patients the PAlIlow (V') relationship shows a complex impedance behaviour, 

therefore the derived R,rr can be considered as a measure of the energy dissipation (resistive 

behaviour) during a breathing cycle. In an earlier investigation, R,rr proved to be the most 
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reliable resistance variable in these circumstances [8]. During the rebreathing procedure, the 

lung volume changes were taken into account in the R,,, estimation. 

Presellce of flow limitatioll from body plethysmography 

Flow limitation was assumed to be present when a decrease in flow occurred during expiration 

together with an increase in P A. This could be recognized from the characteristic looping pattern 

in the body plethysmogram during expiration (figure la). 

~ 2.0 

-3.0 -2.0 -1.0 3.0 

p. (\<Pa) 

-2.0 

Figure 1a Body plethysmogram partem represenrolive 0/ a patielll with airflow 
obstmctioll and flow limitation (AO+ J, 

To detennine the time interval in which flow limitation was present the following procedure 

was used. A third degree polynomial was fitted to both the V' and P A time course. From the 

calculated time derivatives, dPA(t)/dt and dV'(t)/dt, dPA/dV' was calculated as (dPA(t)/dt) I 

(dV'(t)/dt). During the time interval in which dPA/dV' was negative, flow limitation was 

assumed to be present. Figure Ib shows the actual P A(t) and Vet}, the polynomial fits and the 

time interval of flow limitation associated with the body plethysmogram of figure lao 
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Figure 1b Actual ah'eolar pressure (P,J and V'-time recordillg, the polYllomial 
fits and dP,/dV'-time intermi of the body plethysmogram presented ill 
figure 1a. 
R == /lOIV (V'),' ___ == polynomial fit of the flow signal,' ... == ah'eo-
lar pressure (P,J; _.'" = polynomial fit of the PA-time signal, ...... = 

dPAldV'. 

The intern/ptor technique 

The interruptor (4200 series Type TM 7/8 Hans Rudolph,!nc. Kansas City, USA) consists of a 

sliding pneumatic piston. In series with the interruptor, flow was measured with a heated 

pneumotachometer (Lilly) (figure 2). Mouth pressure was measured (Validyne P45 transducer, 

Validyne, Northridge, USA) proximal to the interruptor valve. Pressure and flow signals were 

stored on a personal computer with a sample frequency of 500 Hz. The opening and closing of 

the piston was computer controlled. The switching speed, defined as the elapsed time from 

complete opening to closure was 65-110 ms. 

Ohya et al. [3] performed interruptions of variable length during forced expirations in healthy 

volunteers with flow limitation. They found a triphasic pattern in the time course of mouth 

pressure. The first phase consisted of a rapid rising pressure representing pressure equilibration 

of upper airway segments. During this phase, an airflow into the re-expanding compressed 

airway segment was assumed. The second phase consisted of a slower rising pressure during 

which the airway wall further expanded from its compressed state. In the third phase, equilibra

tion between alveolar and mouth pressure was completed. 
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INTERRUPTOR 
PNEUMOTACHOMETER 

PERSONAL 
COMPUTER 

Figure 2 Schematic represelltatioll o/intermplioll measuremellt. V' = flow, 
Pmo = mouth pressure. 

Reopening of the interruptor after closure of more than 0.1 s yielded equal flow spikes. This 

indicates that within that period the expansion of the compressed airway segment has been 

completed [3]. In our investigation, flow was interrupted for 0.25 s, permitting the compressed 

segment to be fully expanded to the uncompressed state. 

All subjects, provided with a noseclip, were studied in sitting position, supporting cheeks and 

mouth floor with their hands, in order to keep the distensibility of the extrathoracic airways as 

low as possible [9]. About 30 interruptions were performed, one interruption per expiration, 

randomly distributed over the expiratory phase. 

Flow at the onset of interruption (occlusion flow) and after reopening maximal flow, flowover

shoot ("peak flow) and volume displacement associated with the flow overshoot (spike area) 

were obtained from three representative recordings within the interval of flow limitation derived 

from body plethysmography (figure 3). 

In case of absence of flow limitation, three recordings were used within the same time interval 

as mentioned above. The flow overshoot was determined after back-extrapolation of the flow 

during the interval 0.1-0.4 s after reopening of the interruptor. The spike-area was obtained by 

integration of the flow overshoot. 
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Fig/lre 3 I1ftermptioJl pattern with Apeakflow, maximal flow, occlusioll flow atul 
spike area (shadded area). 

Measuring device accuracy and dynamic properties 

To study the dynamic properties of the interruptor device and measuring equipment a constant 

flolV generator was used. The interruption procedure was performed as in the patient measure

ments. A tubing connected to the pressure transducer of the pneumotachometer was used with a 

length and a resistance such that the flow response after reopening of the interruptor was 

critically damped. Ninety percent rise time was less than 25 ms, which was considered suffi

ciently accurate for the purpose of the measurements. 

Statistical methods 

Comparisons between mean values of the three groups were made using analysis of variance, 

assuming significance at a p-value of less then 0.05. 

Results 

The body plethysmographic and interruption measurements were completed in all 33 subjects. 

Table 1 shows the mean FEV" VC, R,,, and functional residual capacity/total lung capacity 

ratio (FRC/TLC) values of the subjects studied. 
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Table 1 

Pulmonary function data of the thtee groups studied 

AO+ AO- C p-value 

(n;l1) (n;l1) (0;11) AO+ vs AO- AO+ vsC AO- vs C 

FEV, (%pred) 55 ±19 76 ±22 101 ± 12 <0.005 <0.0001 <0.005 

(31-87) (39-130) (84-132) 

VC (%pred) 88 ±21 91 ±12 102 ±13 ns ns ns 

(59-118) (72-116) (84-136) 

Reff (kP •. s/l) 0.83 ±0.49 0.33 ±0.14 0.20 ±0.06 <0.005 <0.001 <0.01 

(0.22-1.93) (0.18-0.64) (0.10-0.26) 

FRC/TLC 0.72 ±0.10 0.66 ±0.10 0.58 ±0.07 ns <0.005 <0.05 

(0.57-0.87) (0.47-0.82) (0.45-0.65) 

Values are presented as means ± SD, and range in parenthesis. AO+: patients with airflow obstruction and flow limitation; AO-: patients with airflow 

obstruction without flow limitation; C: controls. FEV1: forced expiratory volume in one second,· YC: vital capacity; Reff: effective resistance; FRCIlLC: fun

ctional residual capaciryltotallung capacity ratio; ns: nonsignificant. Significance of difference is indicated. 
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In the AO+ and AO- patients mean FEV, (% of predicted) was significantly lower, mean R,,, 

and mean FRC/TLC ratios were significantly higher, than in the control group. Mean R,,, was 

significantly higher and FEV, significantly lower in the AO+ patients compared to the AO

patients. With respect to .the mean VC values no significant differences were found between the 

three groups. 

The polynomal fits of the PA- and V' tinle-course during the last 75% of expiration, during 

which flow limitation was assumed, yielded mean values of r' (coefficient of determination) of 

0.96 (range 0.80-0.99) and 0.97 (range 0.81-0.99), respectively. 

Figure 4a-c shows representative examples of flow patterns during closure and reopening of the 

interruptor in an AO+ patient, an AO- patient and a healthy subject. 

Analysis of the variables shown in figure 3 yielded the mean values given in table 2. Both the 

L\.peak flow and spike area were found to be significantly higher in the AO + patients compared 

to the AO- patients and to the controls. No significant differences in L\.peak flow and in spike 

area were present between the AO- patients and the control group. 
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Figure 4a Represenralh'e ill/ermplioll paltem of a patiellt with airflow obs/mctioll and flow 
limitatioll (AO+). 
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Figure 4b RepreSelltalil'e imernlption pattern of a patiellt with airflow obs/merion and wilhom 
flow limitatioJl (AO-). 
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Flow limitation during tidal breathing 

Table 2 

Occlusion flow, maximal flow, Ll. peak flow and spike area for the three groups derived from the interruptor measurement 

AO+ AO- e P'"vaIue 

(n=l1) (n=l1) (n=11) AO+ vsAO- AO+ vs e AO- vs C 

occlusion flow (mIls) 646 ±155 496 ±116 623 ±216 <0.05 ns ns 

(422-1005) (357-697) (266-975) 

maximal flow (mils) 1747 ±633 934 ±185 1267 ±420 <0.001 <0.05 <0.05 

(1152-3309) (693-1333) (559-1840) 

Apeak!Iow (mils) 954 ±676 203 ±76 211 ±115 <0.005 <0.005 ns 

(532-2905) (101-297) (72-415) 

spike-area (mI) 27.6 ± 18.3 4.6 ±2.3 3.4 ±2.0 <0.001 <0.0005 ns 

(10.6-70.8) (1.3-6.3) (1.0-6.9) 

Data are presented as mean ± SD and range in parenthesis. For abbreviations see legend to table 1. Significance of difference is indicated. 

'<> 
~ 



Chapter 6 

Maximal expiratory flow was significantly higher in the AO + patients compared to the other 

two groups. In the AO- patients, maximal expiratory flow was significantly lower compared to 

the controls. The occlusion flow was only significantly higher in the AO+ patients compared to 

the AO- patients. 

Within the group of AO + patients no significant correlation between spike area and FEV 1 or 

between spike area and R,,, was found. 

End-occlusion mouth plateau pressure ranged from 0.5-3 kPa in the three groups. 

Discussion 

In this study the applicability of the interruptor method to establish quantitative indices for flow 

limitation was assessed during quiet breathing. 

It is assumed that interruption of expiratory flow will abolish the flow limiting segment and that 

flow limitation will be reinstalled after opening of the valve, which is demonstrated by an over

shoot in expiratory flow [3, 6, 7]. We have applied the interruptor method in patients with 

airflow obstruction with (AO+) and without (AO-) flow limitation and in healthy volunteers, 

during quiet breathing. The presence or absence of a compressed airway segment, and conse

quently flow limitation, was established using whole body plethysmography. During plethys

mography I flow limitation was defined as an increasing PAin association with a decreasing V', 

leading to a negative dPA/dV' ratio. A third degree polynomial was fitted through the PA and V' 

time curves in order to describe the presence of flow limitation in time mathematically as dPA/

dV'. In all cases, an accurate fit was obtained considering the r' values and consequently, 

calculation of dP A/dV versus time could be used to assess the presence of flow limitation. A 

flow limiting segment was probably even present when dP A/dV' was slightly above zero. 

From the interruptor flow time curve, the Apeak flow and the spike area were calculated. In 

earlier investigations, the presence of flow overshoots has been attributed to decompression of 

extrathoracic airways, restoration of the compressed airway segment, and ongoing alveolar flow 

[2, 3, 10, 11]. 

Quantitative data from spike areas have been obtained in healthy volunteers during forced 

expiration. Knudson et aI., excluding the influence of the extra thoracic airways by a head 

canopy, found compressed volumes between 50 and 150 Illl [10]. Ohya et al. determined spilee

areas of about 100 Illl after occlusions at 50% FVC [3]. Based on the anatomy of the bronchial 
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tree the decompression volume of the extrathoracic airways was assumed to be 10 ml in case of 

an alveolar pressure of about 10 kPa [12J. In our study end-occlusion pressures ranged from 

0.5-3 kPa, consequently the spike areas in the AO- patients and in the healthy volunteers are 

most probably due to decompression of gas in extrathoracic airways. 

During the generation of a flow limiting segment the ongoing alveolar flow affects the spike 

area, as has been demonstrated by Pedersen et al. [IlJ. Considering earlier findings in healthy 

volunteers during forced expiration and scarce data on patients with airflow obstruction during 

forced expiration, it has been suggested that the presence of flow limitation provides the main 

contribution [2, 3, IOJ. However, in this study, in the patients with flow limitation, no relati

onship between spike-area and R,rr neither between spike-area and FEY, has been found. 

In this study, the post-interruption flow pattern was analysed in order to obtain indices for flow 

limitation from this flow pattern. Maximal expiratory flow was found to be significantly diffe

rent among the three patient groups studied, indicating that maximal expiratory flows cannot be 

used to establish the presence or absence of flow limitation. The occlusion flow was higher in 

AO+ patients compared to AO- patients, a finding which remains to be explained. 

The large differences in Apeak flow and spike area comparing AO+ patients to AO- patients 

and healthy volunteers, and the absence of differences in these parameters between AO- patients 

and healthy volunteers, indicate the feasibility of deriving quantitative indices for flow limitati

on. 

Further research is needed to establish the value of analysis of Apeak flow and spike area using 

an interruptor measurement in clinical practice. Because the interruptor measurement requires 

minimal subject co-operation. is easy to perfonn, and can be carried out during tidal breathing, 

it offers a feasible alternative to conventional lung function measurements to detect the presence 

of flow limitation, such as in critically ill patients and in neonates [6, 7, 13, 14J. 

99 



Chapter 6 

References 

1. von Neergaard K, Wirz K. Die Messung dec Stromungswiederstande in den Atemwegen des 

Menschen, insbesondere bei Asthma und Emphysem. Z Klill Med 1927;105:51-82. 

2. Ohya N, Huang J, Fukunaga T, Toga H. Airway pressure-volume curve estimated by flow inter

ruption during forced expiration. J Appl Physiol, 1989;67:2631-2638. 

3. Ohya N, Huang J, Fukunaga T, Toga H. Mouth pressure curve on abrupt interruption of airflow 

during forced expiration. J Appl Physiol, 1989;66:509-517. 

4. Rossi A, Brandolese R. Milic-Emili J I Gottfried S8. The role of PEEP in patients with chronic 

obstructive pulmonary disease during assisted ventilation. Eur Respir J, 1989;3:818-822. 

5. Gay PC, Rodarte JR, Hubmayr RD. The effects of positive expiratory pressure on isovolume flow 

and dynamic hyperinflation in patients receiving mechanical ventilation. Am Rev Respir Dis, 

1989; 139:621-626. 

6. Gottfried SB, Rossi A, Higgs BD, Calverley PMA, Zocchi L, Bozic C, Milic-Emili J. Noninvasive 

determination of respiratory system mechanics during mechanical ventilation for acute respiratory 

failure. Alii Rev Respir Dis, 1985;131:414-420. 

7. Reinoso AR, Gracey DR, Hubmayr RD. Interrupter mechanics of patients admitted to a chronic 

ventilator dependency unit. Alii Rev Respir Dis. 1993; 148: 127-131. 

8. Holland WPJ, Verbraak AFM, Bogaard JM, Boender W. Effective airway resistance: a reliable 

variable from body plethysmography. Clill Phys Physiol Meas, 1986;7:319-331. 

9. Liistro G, Stanescu D, Rodenstein D, Veriter C. Reassessment of the interruption teclmique for 

measuring flow resistance in humans. J Appl Physiol. 1989;67:933-937. 

10. Knudson RJ, Mead J, Knudson DE. Contribution of airway collapse to supramaximal expiratory 

flows. J Appl Physiol. 1974;36:653-667. 

11. Pedersen OF, Lyager S, Ingram RH jr. Airway dynamics in transition between peak and maximal 

expiratory flow. J Appl Physiol, 1985;59:1733-1746. 

12. Takizawa T. MOrPhology of the bronchial tree. Respir Cire. 1971;19:755-760. 

13. Guerin C, Coussa M.-L, Eissa NT, Corbeil C, Chasse M, Braidy J, Matar N, Milic-Emili J. Lung 

and chest wall mechanics in mechanically ventilated COPD patients. J Appl Physiol, 1993;74: 1570-

1580. 

14. Merth IT, Quanjer PhH. Respiratory system compliance assessed by the multiple occlusion and 

weighted spirometer method in non-intubated healthy newborns. Pedlarr PulmoJloi, i990;8:273-279. 

100 



CHAPTER 7 

Expiratory flow-volume curves in mechanically ventilated patients with 

chronic obstructive puhnonary disease' 

LG.J.V. Aerts, B. van den Berg, J.M. Bogaard 

Abslract 

Forced expiratory flow-volume curves are commollly used /0 assess the degree of airflow obstructioll ill 

paliellts with chrollie obstructive pulmonary disease (COPD). III mechanically ventilated subjects ainvays 

obstructioll call only be estimated from relaxed expfrations. Quantitative data 011 airflow obstructiolllzave 

however /lot been reported ill Ihese patienls. TIle aim of this study was to assess Ihe degree of ainvays 

obstruction/rom relaxed expiratory flow-volume curves ill mechanically ~'elltilated patients with COPD. 

As measure of airflow obstruction/he slope of the flow durillg tlie last 50% of expired Yolullle, the SF50, 

was calculated. III order to study reproducibility the SF50 was calculated from cOlISecutive breaths and 

subsequently at differellt levels of end-expiratory IUlig volume (tillEV). The SF50 was also correlated wilh 

the FEV/ measured prior to the start of vemilatory support. 

27 patients were studied with a FEY/ expressed as percelltage predicted of 31 ± 12% (mean ± SD). V,e 

SF50 amounted to 19 ± 10', A positive correlalion was established between SF50 alld the FEY/. (r = 

.90. p < .001). From 5 consecutive brealhs the mean variation coefficient of SF50 was 5 ± 2%. 

Changing the MEV frolll .05 10 1.00 I did not affect the SF50 significantly. 

II was cOllcluded thaI the SF50 call be used 10 assess the degree of airflow obstruction ill mechanicatly 

velltilated paliellls with COPD . 

• This manuscript is submitted for publication 

101 



Chapter 7 

Introduction 

Forced expiratory flow-volume curves are commonly used to estimate the degree of airflow 

obstruction in patients with chronic obstructive pulmonary disease (COPD). The maximal flows 

in the second half of the flow-volume curve are considered effort-independent, because expirato

ry flow limitation develops within flow limiting segments. The determinants of these flows are 

well established [1-4]. Amongst these are airways resistance proximal to the flow limiting 

segment, the elastic recoil of the lung parenchyma and the elastic properties of the airways 

generations where flow limitation develops [1-4]. A decrease in the maximal flows in patients 

with COPD may be caused by either an increased airways resistance, loss of the elastic recoil of 

the lung or changes in the elastic properties of airways segments where flow limitation develops 

[1-4]. Variables to quantify the degree in airflow obstruction at forced expiration are the flows 

after expiration of 25, 50 and 75% of the forced vital capacity and the forced expiratory volume 

in one second (FEV,). 

As most patients under ventilatory support are unable to perfonn forced manoeuvres, in these 

patients flow-volume relationships have been studied during tidal breathing [4-8]. In mechanical

ly ventilated patients with severe COPD respiratory mechanics may be disturbed to such an 

extent that even during tidal breathing expiratory flow limitation develops. During a large part 

of the expiration flows become independent of driving pressures [4]. In that case a downward 

concavity in the flow-volume relationships has been described by several authors [4-11]. No 

quantitative data on the degree of airway obstruction have been reported in these studies. 

In this investigation we analyzed expiratory flow-volume curves obtained in patients with COPD 

who were mechanically ventilated under sedation and paralysis, in order to assess the degree of 

airflow obstruction. As measure the slope of the expiratory flow during the last 50% of the 

expired volume was calculated by computation of the ratio between the decrease in flow divided 

by the corresponding expired volume. This variable was compared to standard lung function 

tests obtained prior to the period of ventilatory support. 
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Patients and methods 

Patients 

All patients with COPD who were mechanically ventilated in our intensive care unit between 

1993 and 1995, were studied. Only patients of whom forced lung function data were available 

within a period of two years before the start of mechanical ventilation, were included in the 

study. In this way data of 27 patients of whom respiratory measurements both before and during 

the period of mechanical ventilation were available, were analyzed. The age of the patients at 

the start of ventilator support was 64 ± 13 yrs (mean ±SD). 19 were males. Informed consent 

for the study was obtained from the patient's next of kin. 

All patients were studied within the fIrst 48 hrs after the start of mechanical ventilation. In all 

patients a Siemens Servo 900C ventilator (Siemens-Elema Solna Sweden) in the volume control

led mode was used. No ventilator PEEP was applied during the study. The patients were 

routinely sedated as standard treatment; for the study a muscle relaxans was administered. 

Patients were studied at least 4 hours after nebulization of iJ-mimetics. 

Respira/Oly meaSlIremellfs 

During ventilatory support flow was measured with a heated pneumotachometer (Lilly) positio

ned at the end of the endotracheal tube, connected to a pressure transducer (Validyne P45 

transducer, Validyne, Northridge, USA). Volume displacement was obtained by computerized 

integration of the flow signal. Airway opening pressure was measured proximal to the 

pneumotachometer using a pressure transducer (Validyne). Data were stored and analyzed 

using a personal computer (Commodore 486 SX33, Commodore Business machines Inc, West 

Chester, USA) at 100 Hz. 

Intrinsic PEEP was determined by the end-expiratory occlusion method. 

The forced expired volumes during spontaneous breathing were obtained using similar equip

ment. The patients were breathing via a mouthpiece connected to the pneumotachometer. For 

the study the FEV, was expressed as absolute volume and as percentage of reference value (12). 

Reversibility was defined as an increase in FEV, of more than 12% of the predicted value 10 

minutes after inhalation of terbutaline (12). 
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Analysis oj the flow-voltlllle ctlrves 

The slope of the flow during the last 50% of expired volume (SF50) was obtained by calculati

on of the quotient between the difference of the flow at 50% of exhaled volume (V'50,ex) and 

the flow at end-expiration (V'end,ex) at the moment the valve of the ventilator closed and 

inspiration was started [6], divided by 50% of tidal volume (VI). In formula: 

arctang 

SF50 

Vt 

V'50,ex 

V'end,ex 

SF50 =arctang 

inverse tangens 

in degrees, 

in liters, 

in liters per second, 

in liters per second. 

( V I50 , e< - Vlend , e< ) 
.5*1-1 

In order to study reproducibility, the SF50 was calculated in each patient from 5 consecutive 

flow-volume curves. 

The effects of various degrees of hyperinflation on the SF50 were studied in 5 patients. For this 

purpose the SF50 was calculated from flow-volume curves obtained wben a patient was ventila

ted with different tidal volumes at a constant expiratory time. Tidal volume was increased and 

decreased .1 I above and under the standard tidal volume at an unchanged respiratory rate. Two 

minutes of uninterrupted ventilation at this changed tidal volume were allowed in order to obtain 

a new equilibrium before respiratory parameters were measured. The dynamic hyperinllated 

volume (AEEV), the end-expiratory volume above functional residual capacity (FRC) was 

obtained by disconnecting the patient from the ventilator to allow a prolonged expiration time 

during which the dynamic hyperinllated volume was expired [11]. The dynamic hyperinflated 

volumes were determined at the different tidal volumes studied. 

Data analysis 

Linear regression and correlation analysis was used. Means ± standard deviations were calcula

ted. 

104 



Flow~voilime curves during mechanical ventilation 

Results 

The mean FEV, of the 27 patients obtained within two years before this period of mechanical 

ventilation was .89 ± .40 I, expressed as percentage predicted 31 ± 12 %, with a range from 

16 to 61 %. In none of the patients a reversibility of airflow obstruction was observed. 

In all patients intrinsic PEEP was detected during the standard ventilatory support. The level of 

intrinsic PEEP amounted to .83 ± .38 kPa (range .35 to 1.70 kPa). Consequently an end

expiratory flow at the moment the expiratory valve of the ventilator closed, was observed in all 

patients. 

SF50, calculated as mean of 5 consecutive flow-volume curves amounted to 19 ± 10', with a 

range from 7 to 42', The maximal variation for the SF50, calculated from these consecutive 

flow-volume curves was 10% (mean ± sd: 5 ± 2%). 

Regression analysis showed a significant positive correlation between SF50 and FEV" expres

sed as percentage predicted (r = .90, p < ,0001). The relationship between the values of the 

SF50 and those of the FEV, of the 27 patients is shown in figure I. 

The computations of the SF50 at various degrees of hyperinflation when patients were ventilated 

at different tidal volumes are presented in table 1. 
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Figure 1 Regression analysis of the relationship between FEY, (% predicted) alld the 
SF50 (r ~ .90, P < .0001). 
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Table I 

SF50 values calculated in 5 patients at standard setting of mecbanical ventilation and after in or decreasing tidal volume with .11 at a 

constant respiratory rate. 

Patient no. Vtex = -0.1 L Vtex Vtex = +0.1 L 

SF50 ~EEV SF50 ~EV PEEPi SF50 ~EV 

n (I) n (I) (kPa) n (I) 

1 21 .20 18 .26 .37 18 .31 

2 7 .80 7 1.12 .75 7 1.87 

3 8 .39 11 .68 .75 11 1.25 

4 21 .30 23 .34 .69 24 .45 

5 29 .12 26 .22 1.31 25 .43 

Vtex = tidal volume, MEV = dynamic hyperinjZated volume. 
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Figure 2 Flow-volume Cfm'es at different end-expiratory lung volumes obtained by changing tidal rolume 
from .5010 .60 and .80 1, without altering respiratory rate. The SF50 remained lit/changed at 7°. 
i1EEV-/evels equalled .43, .80 alld 1.87 J above FRC respectively. 

No significant differences in the values of the SF50 were established at the different end

expiratory lung volumes. An example of flow-volume curves at a tidal volume of .50, .60 and 

.80 I with an LlEEV from .43, .80 and 1.87 I respectively is shown in figure 2. 

Discussion 

In this study the feasibility of a variable derived from expiratory flow-volume curves, the SF50, 

as a measure of expiratory airways obstruction, was assessed in 27 mechanically ventilated 

patients with COPD. The angle calculated from the quotient of the flow difference and the 

expired volume in the second part of'the expiratory flow-volume curve was found to correlate 

positively with the forced expiratory volume in 1 second. Calculation of SF50 from consecutive 

breaths revealed only minor variations in the value of the SF50. Increasing and decreasing end-
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expiratory lung volume was also found to have only minimal effect on the value of SF50 in a 

subgroup of patients. 

Flow-volume curves of mechanically ventilated patients have been investigated in a number of 

studies [4-8, 13-17]. Only qualitative information on the shape of the flow-volume curve has 

been reported in ventilated subjects. 

In order to characterize the shape of the forced expiratory volume curve quantitatively, Mead 

derived in ambulatory patients a "slope ratio" from the second part of the maximal forced 

expiratory flow-volume curve by computing the ratio of the instantaneous tangent slope at 50% 

of forced vital capacity, divided by the corresponding chord factor: the slope of the flow from 

50% to 100% forced vital capacity (dV'/dV) I (V'IV) [18]. Further research on this slope factor 

did reveal a correlation between the slope ratio and the FEV, [19]. However, the large variabili

ty in the ratio calculated from consecutive breaths precluded the application of this measure in 

clinical practice [19]. 

In order to estimate airways obstruction from the flow pattern during tidal breathing Morris et 

al. proposed two indices. The first, volume-based index computed the volume expired until 

maximal flow was reached, divided by the tidal volume (aVmaxlaV). The second, time-based 

index computed the time interval between the start of expiration and maximal expiratory flow 

divided by total expiratory time (t(peak)/t(tot) [20, 21]. 

These computations yielded however a wide range of results. even when intraindividual measuw 

rements of healthy subjects were compared [20-22]. Nevertheless, a significant correlation 

between these indices and FEV, was found suggesting that these indices might be useful for 

screening purposes, for instance in children who are unable to perform forced manoeuvres [22]. 

In mechanically ventilated subjects, these indices do not correlate with the level of airways 

obstruction as the expiratory valve of the ventilator profoundly affects the time interval before 

the peak flow is reached. 

In most ventilated patients with flow limitation, when controlled ventilation is applied, the 

expiratory time set by the ventilator is too short to achieve complete expiration towards FRC [4-

11]. Therefore dynamic hyperinflation, accompanied with intrinsic PEEP is to be expected and 

has also been observed in all ·patients of this study. Because an alveolar to airway-opening 

pressure gradient remains present during the whole expiratory time, expiratory flow will not be 

reduced to zero at the moment the expiratory valve of the ventilator closes. This can be seen in 

the flow pattern as a sudden drop in expiratory flow at end-expiration (V'end,ex) [6]. As the 
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level of intrinsic PEEP and the magnitude of the expiratory flow are highly dependent on lung 

volume, these variables cannot be used to estimate the level of airflow obstruction. 

In anesthetized humans and animals a time-constant (T) has been derived from the flow-volume 

relationships during spon!aneous breathing. It is assumed that for this calculation the resistance 

of the total respiratory system (Rrs) and the compliance of the total respiratory system (Crs) 

behave linearly [14-16]. 

The lung emptying was then assumed to follow an exponential equation V(t) = V(O)exp(-th) 

with V(O) and V(t) the lung volume at the start and at t seconds from the onset of expiration 

respectively. From this equation it can be derived that the slope of the tail of the flow-volume 

curve (dV'/dV) equals -1/T. 

In case of lung inhomogeneity a multi-compartment behaviour will exist. As a consequence the 

one-compartment model cannot be applied. PesHn et a!. have described that in case of flow 

limitation calculation of T by means of Rrs and Crs does not provide proper values of T, 

because in patients with flow limitation no linear relationship between driving pressure and flow 

is present [9]. Consequently computation of the resistance of the airways to flow is invalid and 

computation of a time constant is also meaningless [9, 18]. 

The SF50 was derived from the second part of the flow-volume curve. It is assumed that in me

chanically ventilated patients the shape of the first part of the expiratory flow-volume curve is 

not only determined by the driving pressure and airways resistance but also by external factors 

as the size of the endotracheal tube and the resistance of the ventilatory circuit and the expirat

ory valve of the ventilator [5]. In contrast, during the second part of the flow-volume curve, the 

shape of the curve is considered not to be affected by these external resistance elements. 

In former studies in mechanically ventilated patients with flow limitation also a linear course of 

the second part of the expired flow-volume curve was described [8]. Based on a linear V'IV 

behaviour, the SF50 can be considered to be associated with the mean effective time constant of 

the laller part of expiration. Considering the significant correlation with FEV I this index is 

apparently linked to airways obstruction, despite the ali near behaviour of the resistance. 

The SF50-values at different levels of end-expiratory lung volume revealed no substantial 

changes, although the V' 50,ex and the V'end,ex were increased at higher levels of hyperin

flation. This indicated that the flow difference per unit of volume remained unchanged. 

For this study, the patients were paralysed prior to the respiratory measurements. The absence 

of respiratory muscle activity may have influenced the results of the study. During paralysis, 
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exhalation is passively driven by the elastic recoil of the total respiratory system, while flow 

resistance is the only opposing force [4,5]. In future studies the feasibility of the SF50 should 

be established in mechanically ventilated patients who are studied without sedation or paralysis. 

In conclusion, calculation of the slope of the flow during the last 50% of expiratory volume 

from relaxed flow-volume curves can be used to assess the degree of airflow obstruction in me

chanically ventilated patients with COPD. 

110 



Flow-volume curves during mechanical ventilation 

References 

1. Hyatt RE, Black LF, The flow-volume curve (a current perspective). Am Rev Respir Dis, 

1973;107: 191-199. 

2. Hyatt RE. Forced expiration. In Handbook of Physiology section 3: The respiratory system, Vol III 

(1): mechanics of breaihing. American Physiological Society. Washington DC 1968:295-313. 

3. Pedersen OF, Ingram RH, Configuration of maximum expiratory flow-volume curves: model 

experiments with physiological implications. J App/ Physio/, 1985;58:1305-1313. 

4. Gay PC, Rodarte JR, Hubmayr RD. The effects of positive expiratory pressure on isovolume flow 

and dynamic hyperinflation in patients receiving mechanical ventilation. Am Rev Respir Dis, 

1989; 139:621-626. 

5. Rossi A, Brandolese R, Milic-Emili J, Gottfried SB. The role of PEEP in patients with chronic 

obstructive pulmonary disease during assisted ventilation. Elir RespirJ, 1990;3:818-822. 

6. Van den Berg B, Slam H, Bogaard JM. Effects of PEEP on respiratory mechanics in patients with 

COPD. Ellr RespirJ, 1991;4:561-567. 

7. Gottfried SB, Rossi A, Higgs BD, Calverley PMA, Zocchi L, Bozic C, Milic-Emili J. Noninvasive 

determination of respiratory system mechanics during mechanical ventilation for acute respiratory 

failure. Am Rev Respir Dis, 1985;131:414-420. 

8. Rossi A, Polesi G, Brandi 0, Conti O. Intrinsic positive end-expiratory pressure (PEEPi). Intensive 

Care Med, 1995;21:522-536. 

9. Peslin R, Felicio da Silva J, Chabot F, Duvivier C. Respiratory Mechanics studied by multiple 

linear regression in unsedated ventilated patients, Elir Respir J, 1992;5:871-878. 

10. Georgopoulos D, GiamlOuli E, Patakas D. Effects of extrinsic positive end-expiratory pressure on 

mechanically ventilated patients with chronic obstructive pulmonary disease and dynamic hyperinfla

tion./mel/sive Care Med, 1993;19:197-203. 

11. Tuxen DV. Detrimental effects of positive end-expiratory pressure during controlled mechanical 

ventilation of patients with severe airflow obstruction. Am Rev Respir Dis, 1989;140:5-9. 

12. Quanjer PhH, Tanuneling GJ, Cotes JE. Pedersen OF, Peslin R, Yernault J-C. Standardized lung

function testing. Eur RespirJ, 1993~16s:5-40. 

13. Zin WA, B6ddener A, Silva PR1vf, Pinto TMP, Milic-Emili J. Active and passive respiratory 

mechanics in anesthetized dogs. J App/ Physio/, 1986;61:1647-1655. 

14. Zin \VA" Pengelly LD, Milic-Emili J. Single-Breath method for measurement of respiratory 

mechanics in anesthetized animals. J Appl Physiol, 1982;52:1266-1271. 

15. Behrakis PK, Higgs D, Baydur A, Zin \VA, Milic-Emili J. Respiratory mechanics during halothane 

anesthesia and anesthesia-paralysis in humans. J App! Physiol, 1983;55:1085-1092. 

III 



Chapter 7 

16. Valta P, Corbeil C, Lavoie A, Campodonico R, Koulouris N, Chasse M, Braidy J, Milic-Emili J. 

Detection of expiratory flow limitation during mechanical ventilation. Am J Respi, Grit Care Med, 

1994; 150: 1313-1317. 

17. Juhran A, Tobin MI. Use of flow~volume curves in detecting secretions in ventilator dependent 

patients. Alii J Respir Crit eare Med, 1994;150:766-769. 

18. Mead J. Analysis of the configuration of maximum expiratory flow·yolume curves. J Appl Physioi, 

1978;44: 156-165. 

19. Jansen JM, Pestin R. Bohadana AB, Racineux JL. Usefulness of forced expiration slope ratios for 

detecting mild airway abnonnalilies. Alii Rev Respir Dis, 1980;122:221-229. 

20. Morris MJ, Lane DJ. Tidal flow patterns in airflow obstruction. 171orax, 1981;36:135-142. 

21. Morris MJ, Madgwick RG, Lane DJ. Analysis of tidal expiratory flow pattern of histamine-induced 

bronchoconstriction. ]7lOrax, 1995;50:346-352. 

22. Van der End CK, Brackel HJL, van der Laag J, Bogaard JM. Tidal breathing analysis as a measure 

of ainvays obstruction in children aged three years and over. Am J Respir Crit Care Med, 

1996; 153: 1253-1255. 

112 



CHAPTER 8 

Controlled expiration in mechanically ventilated patients with Chronic 

Obstructive Pulmonary Disease' 

J.G.J.V. Aerts, B. van den Berg, J.M. Bogaard 

Abstract 

III patients with severe chrollle obstructive pulmonary disease (COPD) IUlIg emptying may be affected by 

flow limitatioll. We tested the hypothesis that the ain~'ays compression leading to flow limitation call be 

counteracted by controlling the expiratory flow. 

The e/fects of Gil extemal resistor 011 IUllg emptying were studied ill six pat/ellis with COPD who were 

mechanically ventilated while sedated alld paralysed. Respiratory mechanics were obtained during 

ventilatory support with alld without the resistor, Ain\'ays compressioll was assessed lisillg t/ie interruptor 

method. For the study a turbulent resistor was applied with the highest resistallce-Ievel that did /lot 

increase the end-expiratory IUlIg volume. At this resistallce-Ievel extemal PEEP was generated ill all 

patients. As total PEEP-levels remained unchanged at both settings, at the controlled expiration the levels 

of illlrillsic PEEP were decreased from 0.96 ± 0.30 to 0.53 ± 0.19 kPa (meall ± SD, p < 0.005). 

Comparison of the expiratory flow-volume curves at both settings revealed that during the controlled 

expiration the flows were sigllijicamiy decreased durillg the first 40% and significantly increased during 

the last 60% of the expired volume (both p < 0.005). As the end-expiratory IUlig volumes remained 

ullchanged during both sellings, these ilicremellls ;/1 flow indicated a decrease in effective resistallce. 

Aim'ays compression was observed during unimpeded expirations ill all palienls USillg the illterruptor 

method. Durillg the application of the resistor aim'ays compression was 110 IOllger detectable. 

In patiellls with COPD 011 ventilatory support the application of all external resistor could decrease 

effective expiratory resistance by coullteracting aim'ays compression without increments ill end-expiratory 

IUllg volume . 

• European Respiratory Journal, in press 
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Introduction 

There is ample evidence that in patients with severe chronic obstructive pulmonary disease 

(COPD) lung emptying is affected by flow limitation [1-5]. Although flow limitation was 

initially described during forced expirations, it has also been established during relaxed expirati

ons [1-5]. The latter has been shown in mechanically ventilated patients with COPD, in whom 

the respiratory muscles were paralysed [2-5]. 

It is assumed that by controlling the expiratory flow the airways compression leading to flow 

limitation can be counteracted. As early as 1972, an expiratory flow regulator was proposed in 

order to regulate lung emptying during mechanical ventilation in patients with COPD; the 

hypothesis was that reduction of early expiratory flow would improve lung emptying [6]. This 

concept was, however, never verified in patient studies. 

In the present study the effects of an external resistor on lung emptying were investigated in 

mechanically ventilated patients with COPD while sedated and paralysed. Respiratory mechanics 

were obtained during expirations with and without the resistor. Effective airways resistance was 

estimated at both settings. Because of the non-linear relationship between driving pressure and 

flow during flow limitation, resistance cannot be properly calculated. The term effective resi

stance was used, derived from body-plethysmography [7]. The interruptor method was applied 

to detect ainvays compression and to compute iso-volume pressure-flow curves. 

Patients and methods 

Patients 

Six patients (five male, one female), mean age 73 yrs (range 68 to 85 yrs) suffering from 

severe COPD were studied. In three patients lung function data were available with FEV, 25 ± 

5% predicted (mean ±sd) and VC 65 ± 7% predicted (mean ±sd). All were mechanically 

ventilated for acute respiratory failure due to exacerbations of COPD. 

In all patients a Siemens Servo 900c ventilator (Siemens-Elema, Solna, Sweden) in the volume

controlled mode was used. Ventilatory settings were set by the primary physician and remained 

unchanged during the study except for application of the external resistance. Tidal volume 

equalled 0.63 ±0.15 I (mean ± SD), frequency equalled 14.7 ±3.0/min. No ventilator-PEEP 

was applied. During the study the patients were sedated and paralysed. Informed written 
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consent was obtained prior to the study from the patient's next of kin. The study was approved 

by the local Ethics Committee. 

Respiratory measurements 

Flow (V') was measured with a heated pneumotachometer (Lilly, Jaeger, Wilrzburg, Germany) 

connected to the endotracheal tube. Volume displacement was obtained by computerized integra

tion of the flow signal. Airway opening pressure (pao) was measured proximal to the pneumo

tachometer using a pressure transducer (Vatidyne, Vatidyne Co, Northridge, USA). Data were 

stored and analyzed using a personal computer (Commodore 486 SX33, Commodore Business 

Machines Inc, West Chester, USA) at a sample frequency of 500 Hz. 

Airway opening pressures at end-expiration and end-inspiration were obtained by means of the 

end-expiratory and end-inspiratory hold buttons, respectively, of the Servo-ventilator. The end

expiratory plateau pressure was indicated as total PEEP, being the sum of intrinsic PEEP and 

external PEEP. The Pao measured just before the end· expiratory occlusion was assumed to 

equal external PEEP. Although no ventilator-PEEP was applied during the unimpeded expirati

ons, low levels of external PEEP were detected at airway opening in all patients. These pressu

res represented the pressure gradient over the ventilator circuit and the expiratory valve of the 

ventilator at the end of expiration. All pressure measurements were performed in duplicate. 

tlEEV, the lung volume above the elastic equilibrium volume at end-expiration was determined 

by the technique of prolonged expirations [8]. tlEEV was calculated as mean of two determina

tions. 

From flow-volume curves, peak expiratory flow (PEF), the expiratory flow at 50% of exhaled 

volume (V'50,ex), and the expiratory flow at the moment the expiratory valve of the ventilator 

closed, i.e. the end-expiratory flow (V'end,ex), were determined. All flow values were calcula

ted from 5 consecutive flow-volume curves. 

lllferruptor measuremellfs 

A pneumatic valve placed in the ventilator circuit distal to the pneumotachometer was used for 

repeated occlusions of the airway during expiration (Hans Rudolph 4200A, Hans Rudolph, 

Kansas City, USA). The pneumatic valve was computer-controlled. Opening and closing of the 

valve was alternated at a time cycle of 500 ms. The dynamic properties of the interruptor device 

and measuring equipment were studied using a constant flow generator. Using this technique 
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oscillations were detected of the same magnitude, frequency and pattern during opening and 

closing of the interruptor valve [9j. After opening of the valve flow limitation was assumed to 

be present when the opening transient clearly exceeded the closing transient. After an end

inspiratory hold procedure applied by the ventilator the intenuptor valve was closed and the 

patient disconnected from the ventilator tubings in order to allow a prolonged expiration time. 

Then the intenuptor-procedure Was started. After opening of the valve flow limitation was 

assumed to be present when the opening transient clearly exceeded the closing transient [9, 10j. 

In order to analyze the effect of the external resistor on respiratory mechanics the expiratory 

flows at various lung volumes were related to the corresponding driving pressures. For these 

iso-volume pressure-flow relationships driving pressure was calculated by subtraction of the 

pressure just before the occlusion from the plateau pressure during the occlusion. It is assumed 

that this plateau pressure equals alveolar pressure at the moment of intenuption [4, 9, IOj. The 

flow just prior to interruption was used in this analysis. 

Ettemal resistor 

As external resistor a merry-go-round with holes of different sizes was used (Vitapep, Vitapep, 

IS Danmark). The merry-go-round was connected to the expiratory outlet of the ventilator. The 

pressure-flow relationships obtained with a constant flow generator at flow ranges, and the holes 

used in the patient studies, are shown in figure 1. As high resistance-level the smallest hole 

was chosen that did not increase the total PEEP-level. At this resistance-level positive end

expiratory airway pressures were generated without increments in .6.EEV. For this purpose in 

five patients hole A was used; in one patient hole B was applied. In five patients also a low 

resistance-level was applied (C in figure 1). As low resistance-level the smallest hole was 

chosen which did not increase the end-expiratory airway pressure more than .1 kPa. 

In order to perform repeated occlusions during expiration with the resistor, the merry-go-round 

was connected to the outlet of the intenuptor device during an end-inspiratory hold procedure. 

Then the intenuptor-procedure was applied as described previously. In this way flow, airway 

opening-pressure and volume changes could be determined during application of the merry-go

round. 
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Figure 1 Pressllre-jlow relationship of the applied external resistance. Pressure 
(Pres) caused by the resistance;s calculated as Pres = a*V.ob (a and b 
are constallls, r = .97). Broken line (---) represents resistance B (a= 
.77, b= .19),' dotted line ( ... J represellls resistance A (a= .76, b= 
.17). The third pressure-flow relalioJlShip (unilllerrupted I,.jne a= .67, 
b= .19), shown ill Ihis figure belollgs to hole C, which was used as 
the low resistollce-Ievel ill a group of jive patients. 

Blood gas analysis 

In four patients arterial blood PO, and peo, were detennined during unimpeded expiration and 

application of the high resistance, 

Protocol 

At first, flow-volume curves were obtained during unimpeded expiration after which end

inspiratory and end-expiratory holds were perfonned. Subsequently liEEV was detennined by 

disconnecting the patient from ventilatory tubings. After 2 minutes of uninterrupted ventilation 

the liEEV detennination was repeated. Then the interruptor procedure was applied in duplicate, 

again allowing two minutes of uninterrupted ventilation in between. 

After completing the measurements during unobstructed expiration the resistor was added with 

the largest hole, i.e. the lowest resistance-level. By perfonning end-expiratory occlusions after 1 

minute of controlled expiration the desired resistance-level was chosen. Two minutes of control-
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led expiration at that resistance-level were allowed before the above-mentioned procedure was 

repeated. 

Before sampling of arterial blood 20 minutes of uninterrupted ventilation were allowed. After 

this the ventilatory mode was changed. 

Statistical analysis 

Student's t-test was used, assuming significance at a p-value of less than 0.05. 

Results 

In all patients intrinsic PEEP-levels were detected ranging from 0.60 to 1.41 kPa during 

unimpeded expirations (table 1). During application of the low resistance the intrinsic PEEP

levels remained unchanged. As shown in representative flow-volume curves (figure 2) the low 

resistance only affected the expiratory flow during the first 20% of expired volume. At this 

resistance-level the peak expiratory flow (PEF) was reduced, indicating a deceleration in time of 

early expiration over the first 10% of expired volume. In the next 10% expiratory flows were 

found to be higher compared with unimpeded expiration. Subsequently, at 80% of expired 

volume the expiratory flows at low resistance were equal to those during unimpeded expiration, 

and remained parallel during the remaining part of expiratory volume displacement. This 

indicated that the low resistance did not influence the effective resistance after 20% of volume 

was expired. 

The effect of the resistance on airways compression was established with the interruptor techni

que. An example of the expiratory flow- and pressure-patterns obtained with the interruptor in 

patient no. 3 during an unimpeded expiration is shown in figure 3a and 3b. These recordings 

revealed supramaximal flows immediately after opening of the interruptor valve, which clearly 

exceeded the closing transients, in all patients. Compared to unimpeded expirations, at the low 

resistance-level the flow-overshoots remained unchanged. In figure 3c the expiratory pressure

and flow patterns of the same patient are shown during application of the high resistance-level; 

with this resistance-level no flow-overshoots could be detected. 
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Table 1 

Respiratory parameters during unimpeded expiration (u.e.) and controlled expiration 

with the high resistance-level (c.e.). 

patient resis~ Pend,in PEEPi PEEPe PEEPtot 

tance (kPa) (kPa) (kPa) (kPa) 

level 

u.e c.e u.e c.e u.e c.e u.e c.e 

I A 1.95 2.00 1.16 0.77 0.02 0.45 1.18 1.22 

2 A 2.33 2.44 1.41 0.66 0.06 0.86 1.47 1.52 

3 A 1.40 1.57 0.60 0.26 0.08 0.53 0.68 0.79 

4 B 1.40 1.50 0.75 0.42 0.01 0.44 0.76 0.86 

5 A 1.69 1.73 0.80 0.64 0.00 0.16 0.80 0.80 

6 A 1.91 1.82 1.02 0.41 0.00 0.55 1.02 0.97 

mean 1.78 1.84 0.96 0.53 0.03 0.50 0.99 1.03 

SD 0.36 0.34 0.30 0.19 0.03 0.23 0.30 0.29 

P n,s, < 0.005 < 0.005 n,s, 

Pelld,ill = end-inspiratory pause pressure,' PEEPi = illlrinsic PEEP; PEEPe = extemal PEEP,' PEEP/ot 

~ total PEEP. 

Tables 1 and 2 give data on the respiratory measurements obtained in the individual patients 

during unimpeded expirations, and during controlled expirations with the high resistance-level. 

As the high resistance-level did not increase total PEEP-levels, the end-inspiratory pressures and 

the levels of liEEV were found to be unchanged at both settings. A decrease in intrinsic PEEP 

was observed at the high resistance-level as external PEEP was generated at this setting. 
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Table 2 

Respiratory parameters during unimpeded expiration (u.e.) and controlled expiration 

with the high resistance-level (c.e.). 

patient PEF V'SO,ex V'end,ex t.EEV 

(I/s) (lIs) (lIs) (I) 

u.e c.e u.e c.c. u.c, e.c. u.e. e.c. 

1 1.23 0.41 0.24 0.26 0.12 0.16 0.56 0.53 

2 1.40 0.73 0.26 0.29 0.17 0.23 0.99 1.04 

3 0.86 0.37 0.24 0.27 0.17 0.21 0.79 0.87 

4 0.78 0.31 0.19 0.20 0.14 0.16 0.80 0.87 

5 0.90 0.43 0.22 0.24 0.11 0.14 0.67 0.71 

6 0.96 0.38 0.24 0.26 0.16 0.19 1.28 1.21 

mean 1.02 0.44 0.23 0.25 0.14 0.18 0.85 0.87 

SD 0.24 0.14 0.03 0.03 0.03 0.03 0.26 0.24 

P < 0.0005 < 0.0005 < 0.005 n.s. 

PEF ~ peak expiratory flolV (lIs); V'50,ex ~ expiratory flolV at 50% of exhaled voillme (lIs); V'end,ex 

~ end·expiratory flow (lIs); MEV ~ dynamic hyperinflation voillme (I). 

Comparison of the flow-volume curves revealed substantial decreases in peak expiratory flows 

and small but significant increases in V'50,ex and V'end,ex at the high resistance-level. Expira

tory flows were decreased during the first 40% and increased during the latter 60% of expired 

volume at this setting. As the levels of LlEEV did not differ, the flow-volume curves at both 

settings could be compared iso-volumetrically. Representative examples of these curves are 

shown in figure 4. This analysis indicated that the effective resistance during the latter part of 

expired volume with the high resistance-level was reduced compared to the unimpeded expirati-

on. 
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Figure 4 Flow-volllme clln'es in patielllllo. 1. Unilllermpred fine: IInimpeded expiration: 
broken line: high expiratory resistance. 

When iso-volume pressure-flow relationships were computed, the low resistance-level was found 

to decrease driving pressures white iso·volume flows remained unchanged. The high resistance· 

level resulted in larger reductions in driving pressures with concomitant increases in iso-volume 

flows at the lower lung volumes. Figure 5 shows the iso·volume pressure· flow curves obtained 

in patient no. 2. 

In the four patients studied, no differences in blood gas parameters were established. Compari· 

son of unimpeded expiration with the high resistance-level showed mean PaO, to be 10.8 ±2.6 

and 10.7 ±1.9 kPa, and mean PaCO, to be 4.8 ±.3 and 4.8 ±.3 kPa, respectively (all data 

mean ±SD). 
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Figure 5 lso-vollime pressure-flow diagram of poriell! 110. 2 during III/impeded expiration and dllring 
application of high and low resistance-level at differem IUllg volumes. Rig/u-hand symbolst, i,e. 
highest drMng pressures at each lung volume indicate unimpeded expiration,' middle symbols at 
each (ung volume indicate low resistance-level, left-hand symbols/, i,e. the lowest driving pressu
res at each IUllg l'oiume indicate application of the high resistance-level. PdT = driving presSflre 
(kPa) . • IUllg volume .55 I abol'e end-expiratory volume (EEy). + lung l'o/ume .45 I abol'e EEV, 
~ Iling volume ,35 I abO\'e EEY, .. lung volume .25 I above BEV, ~ (ung volume .15 1 above 
EEV, • (ullg volume ,05 I ahow EEV. J. IUllg volume .05 I below EEV, +lulIg volume .15 1 
below EEV. 

Discussion 

The present study demonstrates the feasibility of decreasing effective airways resistance and 

counteracting dynamic airways compression in patients with severe COPD by use of an expira

tory resistor. These results were obtained in mechanically ventilated patients who were sedated 

and paralysed. During relaxed expirations, in all patients the presence of flow limitation, 

associated with airways compression. was established. 

Flow limitation may occur with negative pleural pressure according to the choke point theory 

[11]. In the presence of a choke point, wave speed flow will be present. In the present study 
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expiratory flows are most probably not limited by the presence of wave speed, but are limited 

by the presence of viscous flow limitation associated with airways compression [12]. The 

development of flow limitation due to dynamic airways compression io this situation can be 

elucidated by the presenc,e of a positive pleural pressure (PpJ) during lung emptying. In patients 

with severe COPD a low elastic recoil pressure of the lung (pi,eJ) may be found. In these 

patients the elastic equilibrium volume is elevated as the low PI.el is associated with a normal 

elastic recoil pressure of the chest wall (Pew) [11, 13]. In most patients with COPD, even 

during quiet breathing, dynamic hyperinflation is encountered, i.e. expiration is terminated at a 

lung volume above the static equilibrium volume. In that case the Pew is inward throughout the 

breathing cycle causing the Ppl to be positive during the entire expiration. Dynamic airways 

compression is assumed to develop when both a positive Ppt and a low PI.et are present. 

Flow limitation caused by airways compression is present when iso-volume pressure-flow curves 

reveal a plateau: above a certain critical driving pressure the flow does not increase at further 

increments of the pressure [2]. At forced expirations even a decrease in flow has been observed 

at increasing driving pressures. This negative effort dependency has been described in patients 

with emphysema: during relaxed expirations the expired volume in one second can exceed that 

obtained during forced expirations [14]. 

Taking into account this concept, we investigated whether a decrease io driving pressure could 

preclude ain'lays compression and, in case of negative effort dependency, could increase 

expiratory flow. The decrease in driving pressure was accomplished by an external resistor that 

reduced the pressure gradient between the alveoli and the airway opening. 

In a number of studies on mechanically ventilated patients extrinsic PEEP, i.e. a positive end

expiratory pressure, has been imposed in order to reduce intrinsic PEEP [2, 15, 16]. In those 

studies threshold resistors have been applied to impose extrinsic PEEP. A pressure-level was 

applied at the airway opening below the level of intrinsic PEEP observed during unimpeded 

expirations. It was found, however, that threshold resistors did not affect either tOlal PEEP

levels or expiratory flows; this because during the entire expiration the pressure difference 

between actual driving pressure and critical driving pressure is only partly counterbalanced by 

the applied extrinsic PEEP-level [15]. 

In contrast to the threshold resistors described above, the flow dependent resistor as used in the 

present study, did affect expiratory flows. This was accomplished without increments in total 

PEEP or in LlEEV. 
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In this study the decline in airway opening pressure was controlled during expiration. This 

resembles pursed lips breathing, a breathing manoeuvre frequently observed in spontaneously 

breathing patients with COPD during dyspnea. When patients purse their lips during expiration 

they experience a relief in dyspnea [17-20]. Compared to unimpeded expiration, pursed lips 

breathing was associated with a prolonged expiratory time, a decreased breathing frequency and 

coruequently an increased tidal volume [17-20]. The effects of the resistor were studied in 

mechanically ventilated patients with COPD who were sedated and paralysed. Tidal volumes 

and expiration times were fixed by the ventilator and did not change during application of the 

resistor, and respiratory mechanics could be determined when respiratory muscle activity was 

absent. 

The effects of two resistance-levels on lung emptying were analyzed using volume displace

ments against time and expiratory flow-volume relationships. As end-expiratory lung volumes 

remained unchanged at the settings studied, both volume displacements and flow-volume curves 

could be compared at absolute lung volumes. At both resistance-levels the early PEP encounte

red during unimpeded expiratioru was abolished. This indicated a deceleration of early expirati

on. The low resistance-level only affected lung emptying during the first 20% of expiratory 

volume displacement; during the latter part the expiratory flow and effective airways resistance 

did not differ. In contrast to the low resistance-level, the high resistance-level affected lung 

emptying during the entire expiration time. During the latter part of expiration the iso-volume 

flows were found to be increased. As the relatioruhip between alveolar pressure and lung 

volume was considered to be unchanged at both settings, the increase in expiratory flows in the 

second part was obtained at unaltered alveolar pressures. This indicates that total effective 

resistance, i.e. the resistance over the airway and the merry-go-round, was diminished at the 

controlled expiration. 

Considering the latter assumption, it should be taken into account that a flow measured at 

airway opening, is the result of emptying of lung units with various time-constants [21]. Appli

cation of the resistance could retard the emptying of fast lung units. Analysis of a simplified 

model consisting of two parallel RC-units with a conunon serial resistance yields a delayed 

emptying in case of either equal or unequal time constants. At increasing serial resistance no 

increments occur, however, in iso-volume flows. So, in our opinion. the increments in flow 

cannot be explained by the slowing of fast lung units as they were established at iso-volume 

conditions. As table 1 indicates, a slight increment in AEEV was present in 4 out of 6 patients. 
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It may be questioned whether this increment has caused the increase in flow as was established 

during controlled expiration. When the external resistance would have had no effect on flow 

limitation the relationship between lung volume and flow will be comparable between unimpe

ded and controlled expir~tion. The increment in lung volume to achieve a similar increase in 

flow as was found experimentally, can be calculated. This calculated increment in lung volume 

was much higher than was established experimentally (0.15 ±0,05 I and 0.02 ±0.06 I (mean 

±SD), respectively). Despite random inaccuracies which may have been present in the AEEV 

determinations, in our opinion a main effect of AEEV increments may therefor be excluded. 

Iso-volume pressure-flow curves were computed from the interruptor measurements performed 

during expirations with and without the resistor. In accordance with other reports, the low 

resistance-level reduced the driving pressure without changes in iso-volume flows [2, 15, 16J. 

The driving pressures were further reduced at the high resistance-level; at lower lung volumes 

this was associated with increments in flow. These results are in agreement with the concept of 

negative effort dependency of flow at lower lung volumes. 

The interruptor technique was also used to establish expiratory flow limitation by analysis of the 

expiratory flow-pattern after a short interruption of the flow. Flow limitation is considered to be 

present when supramaximal flow transients are observed [9, IOJ. In the present study the flow 

transducer system was slightly underdamped. Because another study reported high supramaxi

mal flows only in case of flow limitation [9J, in the present study qualitative judgements of the 

presence of flow limitation from supramaximal flows were used. During unimpeded expirations 

these flow-overshoots were observed in all patients studied. At the low resistance-level the f1ow

pattern post interruption was found to be unchanged compared to unimpeded expiration, indica

ting that the low resistance-level did not affect flow limitation. In contrast, at the high 

resistance-level no flow-overshoots were observed after interruption of the flow. This observati

on indicates that the high resistance-level did counteract airways compression. 

Although determined only in four patients, in the present study, deceleration of expiration did 

not affect arterial blood gases. In accordance with observations during pursed lips breathing it 

was expected that gas-exchange would be enhanced due to controlled expiration. This may be 

explained by the fixed respiratory rate and tidal volume, and the type of resistor used. The 

merry-go-round is a turbulent resistance and allowed increases in resistance by major steps. The 

deceleration in volume displacement may not be sufficient to improve gas-exchange. A higher 
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resistance-level would have increased end-expiratory lung volume, which was considered 

undesirable. 

The application of an external resistor was found to decrease effective airways resistance during 

expiration in patients with COPD who were mechanically ventilated. This decrease in effective 

ainvays resistance was associated with a reduction of airways compression, which was achieved 

at unaltered end-expiratory lung volumes. No effects on gas-exchange were established. Further 

studies are required to determine whether application of a resistor can improve pulmonary gas

exchange by controlling lung emptying. 
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CHAPTER 9 

Ventilatory support with expiratory pressure regulation in patients 

with chronic obstructive pulmonary disease (COPD)' 

J.G.J.V. Aerts, B. van den Berg, C. Hilvering, LM. Bogaard 

Abstract 

III severe COPD impaired gas-exchange is commonly observed associated with disturbed respiratory 
mechanics. Ainvays compression, developing even during related expiration, is cOllSidered to cGmr/bute 

to the disturbed respiratory mechanics. 
We hypothesized that all external resistor call coutlterac( this compression and enhance gas-exchange by 
regulaling expiratory ainvay pressure. 

10 pat/ellis willi COPD Oil mechanical ventilation were studied while sedated Gild paralysed. 17le effects 
of all external resistor 011 respiratory meclzanics and pUlmonary gas-exchange were compared to those of 
unimpeded expiration. As resistor the expiratory pressure regulated mode of the Cesar ventilator was 

used. Vie pressure was regulated to achieve all ascending flow pattern during the first part of expiration. 
Compared to unimpeded expiration, the PaOl increased from 11.5 ± 2.8 to 12.6 ± 3.1 kPa at the 
pressure regulated mode (data presellfed as means ± SD, P < .05). Vie PaCO} alld the physiological 

dead space (VdIVt) decreased from 5.9 ± 1.2 kPa alld 61 ± 7% to 5.4 ± 1.0 kPa alld 57 ± 8% (p

vailles < .05 alld < .01 respectively). 

Compared to unimpeded expiration, the expiratory pressure regulation significantly increased the mean 
volume above end-expiratory IUlIg volume preselll ill the lungs during olle breathing cycle from .24 ±.08 

I to .35 ±.10 I (p-value < .(01). Vie expiratory pressure regulation was also associated with signifi
camly increases of the level of itllriflSic PEEP from 5.7 ± i4 to 8.0 ± 3.1 cmfl20 and the end-expirato

ry volume above functiollal residual capacity from .51 ± .42 I to .82 ± .49 I (p-mlues < .001 alld < 
.0001 respectively). 

Vellfilatory support with expiratory pressure regulation was found to enhance pUlmonary gas-exchange ill 

patients with COPD. It is -suggested thaI this increase ill pulmonary gas-exchange is related to a decele
ratioll of early e.r;piratory volume displacemelll . 

• This manuscript is submitted for publication 
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Introduction 

Various methods have been proposed to improve respiratory mechanics and gas-exchange in 

patients with chronic obstructive pulmonary disease (COPD) who are mechanically ventilated. 

Modem technology incorporated in the mechanical ventilators of today allows adaptations in 

ventilatory modes in order to affect ventilation and gas-exchange. 

In severe COPD loss of lung tissue and decreased elasticity contribute to the impaired gas

exchange. Both decreased elasticity of lung tissue and increased airways resistance are common 

features affecting lung emptying. Even during relaxed expirations airways compression is 

commonly encountered attributing to the elevated airways resistance [1]. As a consequence, 

dynamic hyperinflation and auto- or intrinsic PEEP are observed in most patients with COPD 

on ventilatory support [2-4]. 

In order to counterbalance intrinsic PEEP, application of external PEEP has been advocated [3-

7]. This external PEEP imposed by a threshold resistor oniy affects lung emptying when 

external PEEP exceeds the intrinsic PEEP-level [4]. The effects of external PEEP on gas

exchange have been variable [3-7]. 

Apart from devices generating PEEP, resistances decelerating expiratory flow have been 

applied. As early as 1972 a Siemens ventilator was equipped with an expiratory flow regulator, 

aimed at achieving a more uniform emptying of the lung [8]. A1tllOUgh from a theoretical 

viewpoint the emptying of slow lung compartments should be promoted to improve evenness of 

ventilation, this mode has never been found to improve pulmonary gas-exchange or to show any 

advantage over external PEEP. 

The concept of a variable flow resistance is to decrease the pressure gradient between alveoli 

and airway lumen during the early part of expiration, when this gradient is greatest, to counter

act airways compression. Ideally lung emptying controlled by such a resistance should not be 

accompanied by a substantial increase of the end-expiratory lung volume. 

In this study the effects of regulation of expiratory resistance on respiratory mechanics, dynamic 

hyperinflation and pulmonary gas-exchange were investigated. The controlled expiration impo

sed by this resistor was compared to unimpeded expiration in mechanically ventilated patients 

withCOPD. 
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Table! 

Patient data 

Patient Age Sex VC FEV! Interruptor 

no. yrs mlf % % 

56 f 50 32 + 
2 57 m 77 20 + 
3 62 f 65 25 

4 76 m 78 30 

5 67 m 74 30 

6 72 m 89 28 + 
7 71 m n.a. n.a. + 
8 75 m n.a. n.a. + 
9 83 f n.a. n.a. + 

10 75 m n.a. n.a. + 

YC = vital capacity expressed as percelltage of referellce value,' FEY} = forced expiratory volume ill 1 

s, expressed as percentage of reference value; /Ilterruptor = illlermptor measuremellts obtained: + = 

yes, - = I/O lI.a. = not available. 

Patients and methods 

Pa/iellls 

Ten patients (7 male, 3 female), mean age 70 yrs (range 56 to 83 yrs) with COPD were sttl

died. Patient data are shown in Table 1. 

In six patients pulmonary function tests were available from the period preceding the ventilatory 

support. Expressed as percentage of reference values the mean vital capacity amounted to 70% 

(range 50 to 89%) and the mean FEV, (forced expiratory volume in ! s.) amounted to 26% 

(range 20 to 32%). In seven patients the presence of expiratory airways compression during 

tidal breathing was established by means of the interruptor technique [9]. 
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All patients were ventilated by a Cesar ventilator (Taema, CFPO, France) via a cuffed endot

racheal tube (inner diameter 7.5-9.0 mm), because exacerbations of their chronic condition had 

led to respiratory failure. Minute ventilation and oxygen concentration of inspiratory air were 

adjusted to achieve acceptable blood-gases. 

During the study the patients were sedated and paralysed. Informed consent was obtained from 

the patient's next of kin. The study was approved by the local ethics committee. 

Respiratory mechallics 

A heated pneumotachometer (Lilly, Jaeger, Wtirzburg, Germany) was connected to the endot

racheal tube to measure flow (V'). Volume was obtained by computerized integration of the 

flow signal. Airway opening pressure (pao) was measured proximal to the pneumotachometer 

using a pressure transducer (Validyne, Validyne Co. Northridge, USA). Data were stored and 

analyzed using a personal computer (Commodore 486 SX33, Commodore Business Machines 

Inc., West Chester, USA) at a sampling frequency of 100 Hz. 

Airway opening pressures at end-expiration and end-inspiration were obtained by means of the 

end-expiratory and end-inspiratory hold buttons of the ventilator respectively. The end-expirato

ry plateau pressure was indicated as total PEEP, being the sum of intrinsic PEEP and external 

PEEP. The Pao measured just before the end-expiratory occlusion was assumed to equal 

external PEEP. 

End-expiratory lung volume above functional residual capacity (FRC) was determined by the 

technique of prolonged expiration [7]. The patient was disconnected from the ventilator at end

inspiration. End-expiratory lung volume above FRC (LlEEV) was then calculated by subtracting 

tidal volume from total exhaled volume. 

The mean volume above the LlEEV present in the lungs during a breathing cycle, Vmean, was 

obtained by integration of the volume-time curve, divided by the cycle tinle. 

lnterrupfor measurements 

A pneumatic valve placed in the ventilator circuit distal to the pneumotachometer was used for 

repeated occlusions of the airway during expiration (Hans Rudolph, 4200 A, Hans Rudolph, 

Kansas City, USA). The pneumatic valve was computer-controlled. Opening and closing of the 

valve were alternated every .25s. Dynamic characteristics of the interruptor system are presen

ted in detail elsewhere [9]. After an end-inspiratory hold procedure applied by the ventilator the 
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interruptor valve was closed and the patient disconnected from the ventilator tubings in order to 

allow a prolonged expiration time. Then the interruptor-procedure was started and the valve was 

opened and closed until no expiratory flow could be detected. Airways compression was 

assumed to be present when aner opening of the valve supramaximal flow transients (flow 

spikes) were observed [9,10]. The interruptor measurements could only be obtained during the 

uninlpeded expiration as the technique required disconnection of the patient from the ventilator 

tubings, precluding the regulation of expiratory flow by the ventilator. 

Blood gases and physiological dead space 

Blood samples were obtained from a indwelling catheter in the radial artery to measure arterial 

PO, (PaD,) and arterial PCO, (paCO,). This catheter was also connected to a blood pressure 

monitoring system and the effect of controlled expiration on blood pressures was monitored. 

Physiological dead space (VdlVt) was detennined from the values of PaCO, and PECO" the 

PCO, from a mixed expired gas sample. The expiratory gas passed through a mixing bag, from 

which it was continuously sampled and analyzed by a capnometer (Siemens Ultramat M). 

VdlVt was calculated as: 

where the value of the PECO, was detennined at the moment the bloodsample was obtained. 

Vellliialor settings 

For both unimpeded and controlled expiration the volume controlled mode was used. Inflation 

took up 35 % of breathing cycle time and the expiration 65 % of the cycle. No external PEEP 

was applied. Tidal volume and respiratory rate were set by the primary physician and remained 

unchanged during the study. 

For mechanical ventilation with controlled expiration the ventilatory mode of the Cesar ventila

tor was applied which allowed control of the drop of the airway opening pressure during 

expiration by regulating expiratory resistance. The decay in expiratory Pao was mediated by a 

mathematical expression: 
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Pac (t) =Pb-«Pb-Pe) *( 1-) 2) 
1m 

Pao(t) = Pao at time t (cmH,O). 

Pb = Pao at which .the control of expiration is started, in % of end-inspiratory 

pressure during the preceding inspiration. 

Pe = Pao at the end of the controlled expiration. 

= randomly chosen time during decelerated expiration (s). 

tm = duration of expiratory control, maximum 75% of total expiratory time (s). 

In order to institute the controlled expiration the values of Pb, Pe and t,.. should be chosen. In 

all patients a t,.. of 75% of total expiratory time and a Pe equal to 25% of Pb was applied. Pb 

was adjusted to achieve an ascending flow pattern during the first part of expiration. A schema

tic example of a representative pressure pattern with an indication of the parameters is given in 

figure 1. 
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Figure 1 Schematic "example of a represemat;ve pressure pallem with all indica
tion of the parameters. Pb "" aim'ay opening pressure af which the 
colllro/ of er:piration is starled, Pe :=: aim'ay opening pressure at the 
end oj the cOn/rolled expiration. II fotal expiratory lime, 1M = dltration 
oj e'(piralory control, madmum 75% of total expiratory time. 
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Study protocol 

In all patients mechanical ventilation with unimpeded expiration was applied before ventilatory 

support with controlled expiration. After removal of secretions by tracheal suction the first 

mode was applied for 15 minutes before volumetric measurements were done. Bloodsampling 

and measurement of mixed expiratory CO,-concentration were obtained 40 minutes later. Then 

the unimpeded ventilatory mode was changed to that with controlled expiration and the procedu

re described above repeated. 

Statistical analysis 

Student t-tests were used for paired samples. Linear regression analysis was used. Differences 

with p-values less than .05 were considered statistically significant. 

Results 

During unimpeded expirations the shape of the relaxed expiratory flow volume curve was 

suggestive of flow limitation in all patients. After the peak flow a sudden sharp decline in the 

expiratory flow was observed. In the 7 patients in whom the interruptor technique was applied, 

airways compression was established. 

The flow-, pressure- and volume-curves against time, of one breath during unimpeded expirati

on and during controlled expiration of patient no. 6 are shown in the figures 2 and 3 respective

ly. 

Compared with unimpeded expiration, controlled expiration was characterized by an increasing 

flow during the first part of the expiration. In figure 3 is shown that the early expiratory 

volume-displacement is slowed down compared with the unimpeded expiration. 

The effects of the controlled expiration on respiratory mechanics are shown in table 2. 
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ventilatory support of patienr 110.6 
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Figure 3 The recording of pressure, flow and volume dispiacemellt agaimt time of olle breath dllring velltilatory 
support with decelerated expiratioll of patiellt no. 6. 
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Table 2 

Respiratory mechanics 

No = 10 Unimpeded expiration Controlled expiration 

(mean ± SD) (mean ± SD) 

Pendinsp cmH,o 14.2 ± 3.1 17.5 ± 3.8* 

PEEPe cmH,O .5 ± .5 .7 ± .5 

PEEPi cmH,O 5.7 ± 2.4 8.0 ± 3.1' 

LlEEV .51 ± .42 .82 ± .49** 

Vmean .24 ± .08 .35 ± .10* 

Pelldinsp = end-inspiratory pressure,' PEEPe = extertlal PEEP; PEEPi = intrillSic PEEP; 

MEV = end-expiratory tUlig volume above FRC; Vmeall = meal! IUllg volume above flEEV during olle 

breathing cycle . 

• 
•• 

= p < .001 between unimpeded expiration alld cOlllrolled expiration 

= p < .0001 between unimpeded expiration and cOlltrolled expiration . 

At a virtually unchanged level of extrinsic PEEP, intrinsic PEEP and consequently total PEEP 

were significantly increased respectively from 5.7 ±2.4 cm H,O and 6.2 ±2.5 cmH,O during 

unimpeded expiration to 8.0 ±3.1 cmH,O and 8.7 ±3.0 cmH,o during controlled expiration 

(both p < .001). The end-expiratory lung volume above FRC, "EEV, was increased from .51 

±.42 I during unimpeded expiration to .82 ±.49 I during controlled expiration (p < .0001). 

Controlled expiration was also associated with an increase of the mean lung volume above 

"EEV during one breathing cycle, Vmean (p < .001). 

The effects of controlled expiration on pulmonary gas·exchange of individual patients are shown 

in table 3. 
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Table 3 

Effects of decelerated expiration on gas-exchange 

Patient Unimpeded expiration Decelerated expiration 

no. PaOl PaCO, VdNt PaO, PaCO, VdNt 

kPa kPa % kPa kPa % 

I 9.6 7.3 69 13.6 5.5 60 

2 10.3 8.3 66 10.7 7.8 63 

3 9.4 5.9 61 9.8 5.0 56 

4 9.9 6.6 58 9.8 6.2 57 

5 12.3 5.6 57 13.4 5.3 57 

6 12.8 4.5 54 14.9 4.0 50 

7 16.7 5.0 68 15.8 4.6 62 

8 15.9 5.8 48 18.3 5.7 39 

9 8.8 5.3 65 10.4 5.1 64 

10 9.3 4.8 62 9.2 4.8 62 

Mean 11.5 5.9 61 12.6' 5.4' 57" 

SD 2.8 1.2 7 3.1 1.0 8 

VdIVI = physiological dead space 

** 

= p < .05 between unimpeded expiration and decelerated expiration 

= p < .01 between unimpeded expiration and decelerated expiration 

Significant increases of PaO, (p< ,05) and decreases of PaCO, (p< .05) and VdlVt (p < .01) 

were found. The changes of PaO, did not correlate with those of respiratory mechanics, where

as positive correlations were found between the changes of PaCO, and VdlVt and those of 

Vmean expressed as percentage of the value during unimpeded expiration (r-values .67 and ,70 

respectively p-values both < .05). 

In. none of the patients a significant fall in blood pressure was observed during controlled 

expiration. 
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Discussion 

The effects of controlled expiration by regulation of expiratory resistance on respiratory mecha

nics and pulmonary gas-exchange were studied in mechanically ventilated patients with COPD. 

Compared to unimpeded expiration, the ventilator mode with controlled expiration did increase 

the Vmean above AEEV and did enhance pulmonary gas-exchange at minor increases of the 

EEV. 

In patients with COPD the rate of lung emptying is diminished due to the decreased lung 

elastance and the increased airways resistance. It is assumed that in patients with severe COPD 

during a relaxed expiration compression of peripheral airways occurs leading to flow limitation 

and a further fall of expiratory flow rate [1, 2J. The presence of airways compression may be 

suggested by the shape of the flow-volume curves and be established by means of the interrup

tor technique [9, IOJ. In all patients flow-volume curves were suggestive of the presence of 

airways compression whereas flow spikes were observed in all patients in whom the interruptor 

technique was applied. 

Compression of peripheral airways develops where the pressure surrounding the airway exceeds 

the distending forces [2, llJ. It has been demonstrated that at a certain lung volume, in the 

presence of flow limitation, the pressure at the ainvay opening can be increased to a critical 

value below which flow is not impeded. It is assumed that at this critical airway opening 

pressure, the pressure within the airways of peripheral areas of the lung is increased to such an 

extent that compression of ainvays in these areas is prevented. A decrease of airways compres

sion will result in a more uniform emptying of lung units and consequently an in,provement of 

gas-exchange. 

In this study the Cesar Ventilator (Taema, CFPO, France) was applied which has the facility to 

control the resistance to flow during the first part of expiration in patients on ventilatory 

support. This mode allows to control the fall in airway opening pressure during the first 75% of 

expiration time. In order to achieve deceleration of expiratory volume displacement, a decay of 

airway opening pressure was applied, resulting in an ascending flow during the first part of 

expiration (figure 3). This mode of controlled expiration resulted in a slight increase of hyperin

flation, associated with a new equilibrium at minor increases of AEEV. The ventilator technolo

gy did not provide the facility to tune pressure regulation in such a way as to achieve an 

ascending expiratory flow without increasing end-expiratory lung volumes. 

142 



Expiratory pressure regulatioll ill COPD 

As the interruptor technique could not be applied during the expiratory pressure regulation, we 

could not detennine the effect of this ventilator mode on airways compression. Indirect evidence 

that the expiratory pressure regulation decreased airways compression may be deduced from the 

expiratory flow pattern a.od the early course of the airway opening pressure counteracting the 

development of a wide pressure gradient between alveoli and airway opening. 

As at the pressure regulated mode no control was applied during the last 25 % of expiration 

time, airways compression is assumed to appear during this part of expiration. This allowed the 

airway opening pressure to fall to zero at end-expiration. 

In this study the expiratory pressure regulation was associated with significant increases in PaO, 

and significant decreases in PaCO, and VdlVt. These findings are in agreement with previously 

published results obtained with the Cesar ventilator [12]. In that study however an expiratory 

resistance to flow was imposed leading to a square-wave flow pattern. Compared with this 

investigation, increases of intrinsic PEEP of the same magnitude were reported [12]. As other 

investigations on expiratory pressure regulation are lacking, the results of our study can only be 

compared to studies reporting on the effects of external PEEP. 

Several studies have been published on the effects of ventilator PEEP on pulmonary gas-exchan

ge [3, 5-7]. Ranieri et al studied 9 mechanically ventilated patients with COPD in whom during 

ventilator support without external PEEP a mean intrinsic PEEP-level of 9 cmH,O was found 

[3]. Application of 15 cmH,O of ventilator PEEP was associated with an increase of lIEEV of 

.60 1 without a change in PaCO,. That level of external PEEP, exceeding the intrinsic PEEP

level, resulted in a significant increase of PaO" but was found to reduce cardiac output [3]. 

Lower levels of external PEEP were found to have no effect on blood gases in that study. 

Georgopoulos et al also studied 9 mechanically ventilated patients with COPD [6]. In tills study 

a ventilator PEEP-level equal to 86% of the intrinsic PEEP-level was applied. This ventilator 

PEEP-level resulted in an increase of .12 I of lIEEV without affecting PaO" PaCO, or dead 

space. Rossi et al published results of an investigation in 8 patients with COPD [5]. They 

applied a ventilator PEEP-level equal to 50% of the intrinsic PEEP-level and reported signifi

cant decreases in PaCO, and dead space. That level of external PEEP was also associated with a 

significant increase of PaO, without affecting cardiac output. The effect of external PEEP on 

lIEEV was however not reported in that study. 

Tuxen studied 6 patients with severe airflow obstruction, in 4 of whom the diagnosis of astluna 

was made [7]. At 15 cmlI,O of external PEEP an increase in lIEEV of 1.00 1 was observed. 
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The corresponding elevation of airway pressures resuited in a significant increase in PaO" but 

was found to compromise the circulation of the patients. The effects of external PEEP on 

PaCO, or dead space were not determined in that study. 

The resuits of the studies in which a threshold resistor was used, suggest that in patients with 

COPD only at major elevations of the ~EEV induced by external PEEP, significant increases in 

PaO, are observed. A beneficial effect of external PEEP on alveolar ventilation was only 

reported by Rossi et al [5]. The ventilatory support with expiratory pressure regulation applied 

in this study was found to improve pulmonary gas-exchange at a mean increase in ~EEV of 

only .31 1. As in this study cardiac output was not determined, the effect of controlled expirati

on on oxygen delivery could not be established. The absence of any correlation between the 

changes in PaO, and Vmean may indicate that an increase of mean effective lung area for gas 

exchange was not the primary cause of the improvement of PaO,. An abolishment of at least a 

part of the airways compression during expiration may result in an improvement of the ventilati

on/perfusion ratio in underventilated lung regions. The correlation between the decrease of 

PaCO, and the relative increase of Vmean may be attributed to the decrease of dead space. The 

controlled expiration probably resulted in a more uniform deflation, thus reducing the number 

of overinflated lung units at end-expiration. This effect probably explain the decrease of dead 

space and PaCO,. 

In this study the effects of ventilator support with an expiratory pressure regulator were compa

red to unimpeded expiration in 10 patients with COPD. In contrast to other studies where 

external PEEP was applied, application of a controlled expiration was associated with a signifi

cant enhancement in pulmonary gas-exchange at minor increases in end-expiratory lung volu

mes. 

Further adjustments to the expiratory pressure regUlator are required to improve lung emptying 

and pulmonary gas-exchange in patients with COPD on ventilatory support without increases in 

end-expiratory lung volumes. 
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Chapte,1O 

General Considerations 

The main subject of this thesis was to study respiratory mechanics in patients with Chronic 

Obstructive Pulmonary Disease (COPD) on ventilatory support and to assess the effects of 

various expiratory interventions on the respiratory variables both during spontaneous breathing 

and mechanical ventilation. 

Patients 

The patient population that is the subject of this thesis consists of patients suffering from severe 

airway obstruction in whom loss of elasticity of lung tissue is assumed. Although the term 

COPD may not apply for the condition present in the patients studied, the term was used in this 

thesis as destruction of elastic tissue of a minor degree is difficult to demonstrate or exclude. 

Flow limitation 

As one of the features of COPD the expiratory flow is decreased by a reduction in driving 

pressure and an increase in airway resistance. The increased resistance is, amongst others, 

related to compression or even collapse of the airways during expiration. This dynamic com

pression of the airways is known to lead to flow limitation. Flow limitation can be defined as 

the phenomenon that at a certain lung volume, elevation of driving pressure above a critical 

level, does not result in an increase of respiratory flow. This can be elucidated by the condition 

that increments in driving pressure will elevate the pressure surrounding the airways leading to 

a further narrowing of these airways. 

Various ways to detect flow limitation are described in this thesis. Amongst these are the 

interruptor technique and the isovolume pressure-flow relationship. Flow limitation is commonly 

encountered in mechanically ventilated patients with COPD in whom the respiratory muscles are 

relaxed. This can be detected from flow-volume curves when the driving pressure for .the 

expiratory flow is reduced by imposing a positive pressure at airway opening. Flow limitation is 

of paramount importance as the decreased flow precludes expiration to functional residual 

capacity within the available expiratory time in most patients. This implicates both during 

spontaneous breathing and mechanical ventilation the occurrence of dynamic hyperinflation and 
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intrinsic PEEP, i.e. the pressure gradient between alveoli and airway opening at end-expiration. 

As at the start of the inspiratory effort the alveolar pressure has to be reduced to airway ope

ning level before flow is initiated, this pressure gradient acts as an inspiratory threshold and 

increases inspiratory work of breathing. 

Expiratory interventions 

In this thesis various interventions imposed during expiration have been studied in patients with 

COPD both during spontaneous breathing and mechanical ventilation. The aim of these studies 

has been to improve lung emptying and in that way to enhance gas-exchange and to reduce 

overdistention of the lungs. For these investigations respiratory variables pertaining flow 

limitation and dynamic hyperinflation were obtained. 

In order to influence lung emptying various types of resistors were applied at airway opening. 

Threshold resistors imposing a fixed positive pressure during the entire expiration were studied 

in spontaneously breathing patients. Such intervention is well known as positive end-expiratory 

pressure (PEEP) as these resistors were originally described to prevent the airway opening 

pressure to fall to ambient pressure at end-expiration. The effects of this threshold resistor on 

respiratory mechanics in patients with COPD on ventilatory support have been extensively 

studied. The effect of external PEEP depends on the level of intrinsic PEEP present when the 

airway opening pressure equals ambient pressure at end-expiration. When a level of external 

PEEP is imposed, lower then the intrinsic PEEP-level, lung emptying and end-expiratory lung 

volume remain unaltered. Tllis implicates that the external PEEP counterbalances intrinsic 

PEEP without affecting iso-volume flows. Such threshold resistors have been incorporated in 

systems used to maintain a positive pressure at airway opening. In spontaneously breathing 

patients imposing external PEEP by continuous positive airway pressure (CP AP) has been 

shown in this thesis to reduce inspiratory work of breathing by counterbalancing intrinsic PEEP. 

In order to minimize work of breathing a positive pressure at the airway opening equal to 

intrinsic PEEP has to be applied. It was further shown that when a ventilator is used to impose 

CPAP in patients with higher ventilatory needs, the mechanical characteristics of the ventilator 

may have a deleterious effect on work of breathing, which may be of clillical importance. 

When a level of external PEEP exceeding the intrinsic PEEP-level is imposed in mechanically 

ventilated patients, lung emptying is affected due to an increased end-expiratory lung volume. 

149 



Chapfer 10 

However the latter is considered hazardous as a further increase in end-expiratory lung volume 

may jeopardize gas-exchange and respiratory mechanics. 

In order to improve lung emprying without further distension of the lungs other types of resi

stors were used in this thesis. It is assumed that by controlling expiratory flow during mechani

cal ventilation airways compression leading to flow limitation can be counteracted. For control

ling expiratory flow a variable airway opening pressure is applied during expiration. In mecha

nically ventilated patients a turbulent resistor, applying a variable declining ainvay opening 

pressure, was found to counteract airways compression and after a decrease in early expiration, 

to increase iso-volume flows compared to unimpeded expiration at an unchanged end-expiratory 

lung volume. Another resistor incorporated in a ventilator was found to improve gas-exchange 

at minor increases in end-expiratory lung volume. Application of external PEEP at similar 

increases in end-expiratory lung volume was not found to improve gas-exchange. 

From these results, it can be deduced that application of variable airway opening pressure 

during expiration improves gas~exchange and increases iso-volume flows. Further research is 

required to establish the pattern of lung emptying associated with the 'best' gas-exchange and 

respiratory mechanics. 
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Summary 

Mechanical ventilation may be considered as rescue therapy for life Uueatening respiratory 

failure due to Chronic Obstructive Pulmonary Disease (COPD). 

In many patients ventilatory support is hampered by the altered respiratory mechanics encounte

red in COPD. The aim of this thesis was to study respiratory mechanics in patients with COPD 

on ventilatory support and to assess the effects of various expiratory adaptations of this support 

on the respiratory variables during both spontaneous breathing and mechanical ventilation. 

In chapter 1 the alterations of respiratory mechanics in patients with COPD affecting ventilatory 

support are reviewed. A decrease of expiratory flow, due to a reduction of driving pressure and 

an increase of resistance, is considered one of the main features of COPD. The consequences 

during both mechanical ventilation and spontaneous breathing are discussed. The existing 

adaptations of the equipment used for ventilatory support and weaning purposes which may 

improve ventilation and gas-exchange in patients with COPD are reviewed. 

In chapter 2 the equipment and measurements as applied in this thesis are described. An outline 

is given of the respiratory mechanics monitoring system for patients on ventilatory support. The 

system input consists of flow, airway opening pressure and esophageal pressure. The acquisition 

of derived variables obtained from these parameters is described. Various interventions of 

ventilatory support applied to obtain specific respiratory variables are reviewed. 

In chapter 3 the effects of continuous positive airway pressure (CPAP), applied as mode of 

weaning from mechanical ventilation, were investigated in patients with COPD. A high airflow 

system was used to impose a continuous positive pressure at airway opening during both 

inspiration and expiration. Static intrinsic PEEP-levels were obtained in all patients with the 

occlusion method applied during breathing without positive pressure. Respiratory work and 

dynamic intrinsic PEEP-levels were detennined during spontaneous breathing with and without 

positive pressure. Breathing with CPAP lVas associated with a significant decrease of intrinsic 

PEEP-levels and inspiratory work of breathing. The decrease of inspiratory work was related to 

static intrinsic PEEP-levels obtained without application of positive pressure. In patients in 

whom a CPAP-level in the range of their static intrinsic PEEP-level was applied the reduction 
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in inspiratory work proved to be most evident. It is concluded that in intubated patients with 

COPD static intrinsic PEEP-levels can be used to estimate the effect of CPAP. 

In chapter 4 a model is described for computation of elastic work of breathing on the basis of 

respiratory mechanics in patients with COPD. The model was applied to estimate the maximum 

reduction of elastic work at various levels of CPAP and intrinsic PEEP. The results of the 

model calculations were compared to the patient measurements described in chapter 3. Model 

calculations revealed that elastic work of breathing was minimal whenever a CP AP-Ievel equal 

to the intrinsic PEEP-level was applied. Comparison of the patient measurements to model 

calculations revealed a similar pattern in reduction of inspiratory work. Absolute values of these 

reductions were however smaller in the patient measurements. Possible causes of this difference 

are discussed. None of these however did affect the maximum decreases found at equal CPAP

and intrinsic PEEP-levels. It is concluded that in order to mininlize work of breathing in 

patients with COPD by application of CPAP, the CPAP-Ievel should be adjusted to the static 

intrinsic PEEP-level of the patient present when no positive pressure is applied. 

In chapter 5 the results of studies on additional work of breathing during CP AP provided by 

both a ventilator and a continuous flow CPAP system in patients who were weaned from 

mechanical ventilation are described. Additional work and variables derived from the airway 

and esophageal pressure during ventilator CPAP were compared to those obtained during con

tinuous flow CPAP and related to minute volumes of the patients. At both modes a positive cor

relation between imposed work and minute ventilation was found. At elevated minute volumes 

the additional work was increased much more during ventilator CPAP, resulting in a significant

ly higher additional work compared to that during continuous flow CPAP. These increments in 

additional work during ventilator CP AP are largely caused by increases in end-expiratory 

pressure resulting in an elevated inspiratory threshold. The increase of end-expiratory pressure 

at higher minute volumes was attributed to the flow-dependent resistance of the PEEP-device of 

the ventilator. As no intrinsic PEEP was present in the patients studied, the increases in end

expiratory pressure were equal comparing airway opening to esophageal pressure. This implica

tes that the increments in additional work also increas.e total work of breathing. In conclusion, 

when the ventilator is used for weaning purposes, the additional work imposed by the expiratory 

valves should be taken into account. 
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In chapter 6 a validation of the interruptor method applied to detect flow limitation in spontane

ously breathing subjects is described. The expiratory flow pattern post interruption was compa

red to results obtained from body plethysmography. Using body plethysmography, flow limitati

on was assumed to be present when expiratory flow decreased while alveolar pressure increa

sed. Data of patients with airflow obstruction with flow limitation, of patients with airflow 

obstruction without flow limitation and of healthy volunteers were compared. Only in patients 

with airflow obstruction with flow limitation a spike flow, a flow superimposed on the ongoing 

alveolar flow, was observed after release of the occlusion. No difference between patients with 

airflow obstruction without flow limitation and healthy controls was found. It is concluded that 

the interruptor technique can be used to assess flow limitation during tidal breathing by analysis 

of the flow pattern post interruption. 

In chapter 7 a parameter derived from expiratory flow-volume curves during mechanical 

ventilation in patients with COPD to assess the degree of airflow obstruction is discussed. The 

slope of the flow difference during the last 50% of expired volume during mechanical ventilati

on was calculated and compared to the forced expiratory volume in one second (FEY,) as a 

percentage of the predicted value. A close correlation was established between this slope value 

and the FEY,. From these results it is concluded that during mechanical ventilation in patients 

with COPD equivalent information on the degree of airflow obstruction can be obtained from 

expiratory flow volume curves as from forced expiration. 

In chapter 8 results on studies on the effects of an external resistor on lung emptying in patients 

with COPD who were mechanically ventilated while sedated and paralyzed are reported. 

Respiratory mechanics were obtained during ventilatory support with and without the resistor. 

The interruptor method, as was described in chapter 6, was used to assess airways compression. 

A resistance-level was chosen that generated an external positive end-expiratory pressure 

(PEEP) without increasing total PEEP. Consequently intrinsic PEEP-level was decreased. At 

this unchanged total PEEP-level, end-expiratory lung volume proved to be unchanged as well. 

Comparing the expiratory flow-volume curves at both settings revealed that during controlled 

expiration, flows were significantly lower during early expiration and higher later in expiration. 

As these increments in flow were found at iso-volume conditions, they indicate a reduction in 

effective airways resistance at the second half of expiration. Airways compression was establis-
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hed in all patients during unimpeded expiration .. During application of the resistance airways 

compression was no longer detectable. It is concluded that in mechanically ventilated patients 

with COPD the application of an external resistor can decrease effective resistance by 

counteracting airways compression without increments in end-expiratory lung volume. 

In chapter 9 the effects of controlled expiration on respiratory mechanics and gas-exchange are 

compared to unimpeded expiration in mechanically ventilated patients with COPD who were 

sedated and paralysed. In order to control the expiration the expiratory pressure regulated mode 

of the Cesar ventilator was used. An ascending expiratory flow pattern was generated by a 

predefined expiratory pressure-time pattern. Compared to unimpeded expiration, PaO, increased 

while PaCO, and physiological dead space decreased during controlled expiration. Mean volume 

above end-expiratory lung volume during a breathing cycle and the end-expiratory lung volume 

increased during controlled expiration. At equivalent increments in end-expiratory lung volume 

imposed by extrinsic PEEP no improvement of gas-exchange was found. It is concluded that 

ventilatory support with controlled expiration results in an improvement of gas-exchange which 

is related to a decrease of early expiratory volume displacement. 
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Beademing kan beschouwd worden ais Ievensreddendc behandeling van respiratoire insuffici

entie ten gevolge van Chronisch Obstructief Longlijden (COL). Bij veel patiCnten wordt deze 

adembalingsondersteuning gehinderd door de veranderde ademmechanica gepaard gaande met 

COL. Het doel van dit proefschrift was om ademmechanica bij patienten met COL tijdens 

adembalingsondersteuning te bestuderen en de effecten van verschillende expiratoire aanpassin

gen aan deze ondersteuning op adembalingsvariabelen, zowel tijdens spontaan ademen ais 

tijdens beademing, te bepalen. 

In hoofdstuk I wordt een overzicht gegeven van de veranderingen in ademmechanica bij COL 

die de adembalingsondersteuning belnvloeden. Een vermindering van de expiratoire stroom

sterkte, veroorzaakt door een verminderde drijvende druk en een verhoogde weerstand, kan 

beschouwd worden ais een van de belangrijkste kenmerken van COL. De gevolgen zowel 

tijdens beademing ais spontaan ademen worden behandeld. Een overzicht wordt gegeven van de 

bestaande aanpassingen aan de apparatuur, gebruikt tijdens beademing en pogingen tot ontwen

ning hiervan, welke ventilatie en gaswisseling zouden kuonen verbeteren bij patienten met COL. 

In hoofdstuk 2 worden de apparatuur en de metingen zoais ze in dit proefschrift toegepast zijn 

beschreven. Een overzicht wordt gegeven van het ademmechanica monitoring systeem voor 

patienten tijdens adembalingsondersteuning. De invoer in het systeem bestaat uit stroomsterkte, 

Iuchtwegopening-druk en oesophagus·druk. De afgeleide variabelen verkregen van deze parame

(ers worden besproken. Verscheidene iotcrventies van de ademhalingsondersteuning, toegepast 

om specifieke ademhalingsvariabelen te bepalen, worden beschreven. 

In hoofdstuk 3 werden de effecten van continue positieve luchtweg druk (CPAP), toegepast ais 

modus voce ontwenning van beademing, onderzocht bij patienten met COL. Een systeem met 

hoge stroomsterkte werd gebruikt om een continue positieve druk aan de Iuchtwegopening op te 

leggen zawel tijdens inademing ais uitademing. Statische intrinsieke positieve eind-expiratoire 

druk (PEEP) niveaus werden bepaald bij aIle patienten met de occlusie-methode, toegepast 

tijdens ademen zander positieve druk. Ademarbeid en dynamische intrinsieke PEEP-niveaus 

werden bepaald tijdens spontaan ademen, met en zonder positieve druk. Ademen met CPAP 

ging gepaard met een significante afname van het intrinsieke PEEP-niveau en inspiratoire 

ademarbeid. De afname van inspiratoire ademarbeid was gerelateerd aan het statische intrinsieke 
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PEEP-niveau bepaald wanneer geen positieve druk werd opgelegd. Bij patienten, bij wie een 

CPAP-niveau opgelegd werd dat ongeveer gelijk was aan het statische intrinsieke PEEP-niveau, 

werd de sterkste afname in inspiratoire ademarbeid gevonden. Hieruit wordt geconcIudeerd dat 

bij gelnrubeerde patienten met COL het statische intrinsieke PEEP-niveau, bepaald als geen 

positieve luchtwegopenings druk wordt opgelegd, gebruikt kan worden om het effect van CPAP 

te schatten. 

In hoofdsruk 4 wordt een model beschreven om elastische ademarbeid te berekenen op basis van 

ademmechanica bij patienten met COL. Het model werd toegepast om de maximale afname in 

elastische ademarbeid op verschiIIend niveaus van CPAP en intrinsieke PEEP te schatten. De 

resuitaten van de berekeningen aan het model werden vergeleken met de resuitaten van de 

patientenmetingen zoals beschreven in hoofdstuk 3. Modelberekeningen toonden aan dat de 

elastische ademarbeid minimaal was wanneer een CP AP-niveau gelijk aan het intrinsieke PEEP

niveau werd opgelegd. Vergelijking van de patientenmetingen met modelberekeningen liet een 

gelijk patroon zien wat betreft de afname van ademarbeid. Absolute waarden van deze afnames 

waren echter kleiner bij de patientenmetingen dan de modelberekeningen. Mogelijke oonaken 

hiervoor werden besproken. Geen van deze echter belnvloedden het maximum van de afnamen 

zoals deze gevonden werden bij gelijke CPAP- en intrinsieke PEEP-niveaus. Geconcludeerd 

wordt dat, om ademarbeid te verminderen bij patienten met COL door de toepassing van CPAP, 

het CPAP-niveau aangepast moet worden aan het statische intrinsieke PEEP-niveau zoals dat 

aanwezig is als geen positieve druk wordt opgelegd. 

In hoofdstuk 5 worden de resuitaten van studies naar de additionele ademarbeid tijdens CP AP 

opgelegd door zowel een ventilator als een continue stroom CPAP systeem beschreven bij 

patienten die ontwend werden van beademing. Additionele ademarbeid en variabelen afgeleid 

van de luchtweg- en oesophagus-druk tijdens ventilator CPAP werden vergeleken met continue 

stroom CPAP en gerelateerd aan het minuutvolume van de patienten. Bij beide modus werd een 

positieve correlatie vastgesteld russen de additionele ademarbeid en het minuutvolume. Bij 

hogere minuutvolumes nam de additionele ademarbeid veer meer toe tijdens ventilator CPAP, 

leidend tot een significant hogere additionele ademarbeid, dan met continue stroom CPAP. Deze 

toenamen van additionele ademarbeid tijdens ventilator CPAP worden grotendeels veroorzaakt 

door toenamen van de eind-expiratoire druk Ieidend tot een hogere inspiratoire drempei. De 
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verhoogde eind-expiratoire druk bij hogere minuutvolumes werd toegeschreven aan de stroom

sterkte-afhankelijke weerstand van de PEEP-k1ep van de ventilator. Omdat er geen intrinsieke 

PEEP aanwezig was in de bestudeerde patienten waren de toenamen van eind-expiratoire druk 

gemeten aan de luchtwegopening en in de oesophagus gelijk. Dit brengt met zich mee dat de 

toenarnen van additionele ademarbeid ook de totale ademarbeid verhogen. Geconcludeerd wordt 

dat, wanneer de ventilator gebruikt wordt voor pogingen tot het ontwennen van beademing, 

rekening gehouden moet worden met de additionele ademarbeid veroorzaakt door de uitade

mingsklep van de ventilator. 

In hoofdstuk 6 wordt een validering van de interruptor-methode, toegepast om stroomsterkte

limite ring aan te tonen in spontaan ademende personeo, beschreven. Het expiratoire stroom

sterktepatroon na een interruptie werd vergeleken met resultaten bepaald uit Iichaamsplethys

mografie. Gebruik makend van de Iichaamsplethysmograaf werd stroomsterkte-lirnitering 

verondersteld als de expiratoire stroomsterkte afnam terwijl de alveolaire druk toenam. Resulta

ten van patienten met stroomsterkte-beperking en stroomsterkte-lirnitering zijn vergeleken met 

resultaten van patienten met stroomsterkte-beperking zonder stroomsterkte-lirnitering en van 

gezonde controles. Vitsluitend bij patienten met stroomsterkte-beperking en stroomsterkte

limitering werd een supramaximale stroomsterkte, dat wiI zeggen eeo stroomsterkte gesuperpo

neerd op de doorgaande alveolaire stroomsterkte, waargenomen na opheffen van de occlusie. 

Geen verschil werd vastgesteld in deze parameter tussen patienten met stroomsterkte-beperking 

zonder stroomsterkte-Iimitering en gezonde controles. Geconcludeerd wordt dat de interruptor

methode gebruikt kan worden om stroomsterkte-lirnitering aan te tonen tijdens rustig ademen 

door middel van analyse van het stroomsterkte-patroon na de interruptie. 

In hoofdstuk 7 wordt een parameter beschreven, afgeleid van expiratoire stroomsterkte-volume 

curven tijdens beademing van patienten met COL, om de mate van stroomsterkte-beperking vast 

te stellen. De helling van het stroomsterkte-verschil gedurende de laatste 50% van het ge

expireerde volume tijdens beademing werd berekend en vergeleken met het geforceerde expira

toire volume in een seconde (FEV,) in percentage van de voorspelde waarde. Ben hoog signifi

cante correlatie werd vastgesteld tussen het getal voor de helling en de FEV,. Vit deze resulta

ten wordt geconcludeerd dat tijdens beademing van patienten met COL gelijkwaardige informa 
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tie over de mate van stroomsterkte-beperking verkregen kan worden uit expiratoire stroomsterk 

te-volume curven als uit geforceerde expiratie. 

In hoofdstuk 8 worden de effecten van een externe weerstand op ontIediging van de long 

beschreven bij patienten die werden beademd tijdens sedatie en verslapping. Ademmechanica 

werd bepaald tijdens adembalingsondersteunlng met en zonder de weerstand. De interruptor 

methode, zoals beschreven in hoofdstuk 6, werd gebruikt om luchtwegcompressie aan te tonen. 

Een zodanig weerstands-niveau werd gekozen dat een externe positieve eind-expiratoire druk 

(PEEP) werd gegenereerd zonder verhoging van de totaIe-PEEP. Hiermee werd het intrinsieke 

PEEP-niveau verlaagd. Op dit onveranderde totale PEEP-niveau bleek het eind-expiratoire 

longvolume ook onveranderd. VergeIijking van de expiratoire stroomsterkte-volume curven met 

en zonder weerstand Iieten zien dat tijdens de gecontroleerde expiratie stroomsterktes significant 

lager waren tijdens de vroege expiratie en hoger in het overbIijvende deel. Omdat deze toena

men in stroomsterkte gevonden werden op een geIijk volume niveau, betekenen zij een vermin

dering van de effectieve weerstand in het tweede deel van de expiratie. Luchtwegcompressie 

werd vastgesteld bij aIle patienten tijdens vrije expiratie. Tijdens toepassing van de weerstand 

kon luchtwegcompressie niet meer aangetoond worden. GeconcIudeerd wordt dat bij beademde 

patienten met COL de toepassing van een externe weerstand de effectieve weerstand kan 

verminderen door luchtwegcompressie tegen te gaan zonder toenamen in eind-expiratoire 

longvolumina. 

In hoofdstuk 9 worden de effecten op gaswisseling en ademmechanica van gecontroleerde 

uitademing vergeleken met vrije uitademing bij beademde patienten met COL tijdens sedatie en 

verslapping. Om de uitademing te controleren werd de gestuurde expiratoire druk beademings

modus van de Cesar ventilator toegepasl. Een stijgende expiratoire stroomsterkte werd gegene

reerd volgens een van te voren vastgelegd expiratoire druk-tijd verloop. Vergeleken met vrije 

uitademing nam de arteriele zUUfstofspanning toe, en namen de arteriele koolzuUfspanning en 

fysiologische dode ruimte gedurende gecontroleerde expiratie af. Het gemiddelde volume boven 

het eind-expiratoire longvoiume tijdens een adembaIingscycIus en het eind-expiratoire longvolu

me namen toe tijdens gecontroleerde uitademing. Bij dezelfde toenamen in longvolumina 

opgelegd door extrinsieke PEEP werd geen verbetering in de gaswisseling aangetoond. Gecon

cIudeerd wordt dat ademhalingsondersteuning met gecontroleerde uitademing de gaswisseling in 
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de long kan verbeteren gerelateerd aan een afname van de vroege expiratoire volumeverplaat

sing. 
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De slUdies beschreven in hel proefschrifl zijn verricht op de afdeling Beademing/Inlerne 

Inlensive Care en de afdeling Longfunctie beide deel uitmakend van de afdeling 

Longziekten van hel Academiseh Ziekenhuis Rotterdam Dijkzigl. Alle medewerkers van 

deze afdeling dank ik voor hun bijdrage. Enkele wiI ik bij naam noemen: 

Prof.dr. LM. Bogaard, vanaf mijn eersle onderzoeksprojeel in '89 heeft U mij al 

begeleid. Deze eersle ervaringen hebben de basis gelegd voor dil werk. Uw prettige 

manier van samenwerken, waarbij de deur steeds open staat voar problemen, hebben een 

onsehalbaar effeel gehad op dil werk. De stimulerende werking maar daarnaasl oak de 

rusl mel welke dit gepaard gaal heb ik bijzonder gewaardeerd. 

Prof.dr. C. HiIvering, U heeft mijn belangslelling voor de Longzieklen aangewakkerd en 

daarna als hoofd van de afdeling zorg gedragen voor zowel de tOlslandkoming van dil 

proefsehrift als voor mijn verdere Ioopbaan. Ik waardeer hel in de hoogsle male dal U 

zieh bereid verklaard heeft als promolor op Ie treden. 
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eersl denkl en dan doel en de ander eersl doel en dan denkl. Ik wiI je bedanken voor al je 
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