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ABSTRACT

Oesophageal pressure (Pes) is often measured to estimate pleural pressure
{Ppl) for the calculation of respiratory system elastance and resistance. High-fidelity
dynamic Ppl estimation requires that Ppl waveforms be transmitted unchanged both
across the Ppl-Pes tissue barrier and across Pes catheter-manometers.

In this study the frequency responses of liquid- and gas-filled catheter
manometers used in clinical practice were examined in detail using the in vitro sine-
wave technique. The assumption that fluid-filled catheter-manometer frequency
responses fit a second order system was tested by comparing second order curve-
fits to measured curves, An acute lung injury (ALl) model of human respiratory
disease was developed in monkeys. In health and AL direct Ppl and Pes were
measured simultaneously to determine the Ppl-Pes tissue barrier amplitude
frequency response. The relevant bandwidth of dynamic Pes waveforms was
determined.

It is found that liquid-filled feeding catheters measure dynamic Pes within a
5% error up to a maximum respiratory rate (Fgg) of 82 breaths/min and are suitable
for use only in subjects with low-frequency respiratory mechanics. Fqg differences
exist between French Gauge sizes and differing catheter brands: French Gauge size
is a poor predictor of Pes measurement suitability.

Infant air-balloon catheters’ Fqy is up to 148 breaths/min. They possess
superior frequency response characteristics compared to matching liquid-filled
catheters, have lower frequency response variability within catheter samples, and
are suited to dynamic Pes measurements during high-frequency respiratory

mechanics.
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Frequency responses of fluid-filled feeding catheters employed in Pes
catheter-manormeters do not adequately fit second order systems, casting doubt on
the validity of applying second order mathematical models to predict catheter-
manometer behaviour from step-responses.

Decreased dynamic lung compliance, reduced alveolar gas exchange and
diffuse alveolar capillary leak similar to that of comparable humans evolves following
oleic-acid administration in monkeys; the model is suitable for evaluation of
pulmonary mechanics and gas exchange during ALIL

The Ppl-Pes tissue barrier has a uniform frequency response within the
bandwidth of conventional Pes waveforms in healthy or diseased Iungs, and does
not attenuate Ppl-Pes waveform transmission between 1 - 40 Hz. At Pes
frequencies higher than conventional regions of clinical interest the Ppi-Pes barrier
resonates, is pressure amplitude dependent at low pressure offsets, and altered by
ALl During conventional ventilation for ALl, Pes-manometers require a uniform
frequency response up to 8.5 Hz to achieve a < 5% in vivo Pes waveform
measurement error.

These findings advance the accuracy of pulmonary function studies in high
frequency respiratory mechanics, such as conventional infant ventilation or high

frequency ventilation.
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PREFACE: THESIS STRUCTURE, FORMAT,
PUBLICATIONS AND AWARDS

a). Rationale for structure.

b). Publications (international peer-reviewed) and their related conference
abstracts, by Chapter.

¢).  Scholarly prizes attaine:i in relation to research presented from thesis

d). Other publicaticns in related (pressure and fiow) biomedical
engineering research.

a) Rationale for structure.

The Faculty of Health Sciences at the University of the Witwatersrand,
Johannesburg, allows for the submission of Doctoral theses in the same format as
published work where the manuscripts are published in international peer-reviewed
journals and the candidate has previously written a full postgraduate dissertation.
This candidate fulfills these criteria by already holding an MSc Med by dissertation in
cardiovascular physiology, and all publications presented in this doctoral thesis are
in reputable international, peer-reviewed and Science Citation Index listed journals.
In all Chapters the research ideas, preparation, execution, analysis, write-up,
responses to reviewers and revisions for publication were initiated and performed by
the candidate (see Declaration page (i)). This is refiected by the candidate
appearing as first author on all abstracts and papers arising from this thesis.

The body of this thesis is therefore submitted in the format of published research
(Chapters 2, 3, 4, 8) and research under review for publication (Chapter 5).
Chapters 2, 3 and 4 are identical in content and format to the submitted manuscripts
already published. Chapter 5 is identical to the manuscript submitted for review for
publication. Chapter 6 is a similar version to the published manuscript but includes
additional information considered relevant to this thesis and is therefore longer than
the published version. Reprints of the published papers (Chapters 2, 3, 4 and 6) are
attached to the thesis for reference purposes (Section 9: Appendices).

A “linking comments” section is included at the start of each chapter to clarify the
continuity between each chapter of the body of the thesis. An introduction (Chapter
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1) and conclusion (Chapter 7) are also provided at the start and end of the body of
published work (Chapters 2 - 6). References cited in the text are listed at the end of
each chapter in the same format required by the published articles arising from each
chapter. Where additional tables and figures are presented in the thesis for
clarification over and above those published, these are marked as “Supplemental, &'
in Chapters 2 - 6. Sources of material consulted for this thesis but which are not
cited in the thesis text and not listed in the reference sections behind each chapter,

are presented in the Bibliography section.
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NOMENCLATURE

In the style of this thesis, where required by the journals in which Chapters 2 - 6 are
published, non-standard abbreviations are defined as a separate section at the
beginning of each Chapter (Chapters 2, 3 and 6). Additionally, all abbreviations used

are defined in the text where they first appear in each of Chapters 1 - 6.
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CHAPTER 1.

1 INTRODUCTION

In the style of this thesis (by presentation of journal publications; see under

Preface:Thesis Structure and Format) there are inevitable overlaps between this
Iintroductory Chapter (Chapter One) and the introductions and methods sections at
the start of each of Chapters 2 - 6. Thus Chapter One incorporates a discussion and
review of the literature and key introductory points outlined in the body of the thesis
(Chapters 2 -8), but provides unification for these across the Chapters. Chapter One
also includes reference to relevant updated literature published subsequent to the
journal publications of Chapters 2 - 6, and concludes the introduction by clarifying

the collective rationale and objectives of this thesis.

1.1 Pulmonary Compliance Measurement

1.1.1 Intra-esophageal Pressure for Caleulating Lung Compliance

The inappropriate mechanical ventilation of patients adversely affects their gas
exchange and haemodynamics, and ray result in lung barotrauma (Hirschl, 1999). It
is estimated that up to two million infants worldwide require assisted ventilation each

year, of which up to 70 000 are ventilated for respiratory distress syndrome (RDS}) in
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the United States alone (Wisweli and Mendolia, 1993). Many infant and adult
patients die or have complications from acute RDS. For clinicians to select optimal
mechanical ventilator settings, adequate quantitative information about the
respiratory system is required on which to base sound clinical judgerents (Roustan,
1995). Quantitative respiratory system information is also required to evaluate the
effects of differing ventilation modes such as positive end expiratory pressure
(PEEP) (Sohma et al. 1992) or high frequency oscillatory ventilation (HFOV)
(Jackson et al. 1994) on gas exchange and the outcome of RDS. Intermittent
positive pressure ventilation is associated with adverse haemodynamic effects
(Greisen,1986). Although infant ventilators can usually be set to yield adequate gas
exchange, it is not clear how to minimize barotrauma and the cardiovascular effects
of positive pressure vent.atic 1 simultaneously (Platzker, 1986; Stahlman, 1989).
Pulmonary function testing contributes to a bstter understanding of the
pathophysinlogical mechanisms of pulmonary disease and is useful to optimise the
clinical management of ventilated patients, including the selection of ventilation

parameters which favour improved haemodynamics and gas exchange.

Current respiratory system monitoring for diseased patients includes the
determination of dynamic tespiratory system compliance. Measuring patients’
dynamic intra-esophageal pressure (Pes) to estimate intra-pleural pressure (Ppl) is
gaining popularity amongst researchers and clinicians as part of the pulmonary
function work-up of sick infants and adults, particularly for the calculation of the
elastic and resistive elements of the respiratory system, dynamically across the

respiratoiy cycle (Beardsmore et al. 1989; Ratjen et al. 1992; Coates et al. 1996;
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Nava and Rubini, 1999).

Accurate Pp! waveform representation is important for the construction of
undistorted dynamic lung compliance loops and for resistance calculations in high
frequency respiratory mechanics High frequency waveforms are commonly
encountered in pressure-limited conventional infant ventilation and during high
frequency oscillatory ventilation (up to 50 Hz)(Chartrand et al. 1987; Peslin et al,
1993). The technical requirements for accurate respiratory measurements in
newborns are elevated (Schmidt et al. 1998) and the measurement errors of
commercial respiratory monitors increase with shortening of the respiratory system
time constant (Hauschild et al. 1994). Measurement of dynamic respiratory
mechanics during high frequency ventilation, in particular measurements of airway
flow, airway pressure (Paw), dyhamic intra-esophageal pressure (Pes) and intra-
pleural pressure (Ppl) measurements at high applied respiratory frequencies
(Schulze et al. 1991; Kalenga et al. 1998; Hernaiz et al. 1999) is becoming more
important with the increasing use of high frequency ventilation (Donnelly and Bogue,

1998; McGettigan et al. 1998; Biarent, 1999; Hirschl, 1999).

Dynamic respiratory system compliance is given by

1/CHS = 1/CL + 1/CCVV,
where Cgg = total respiratory system compliance,
C, = lung compliance,

Cgw = chest wall compliance.
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Pes is used both in clinical practice and research to separate C, from Ccw, and C,_is

calculated from

C_ = aV/aTPP
where AV = change in lung volume,
ATPP = change in transpulmonary pressure
~and
aTPP = a(Paw - Pes)

where Paw = proximia! airway pressure.

Several factors influence the value of dynamic lung compliance (C,dyn). In older
children and adults C,dyn is physiologically greater than dynamic respiratory system
compliance (Cggdyn), suggesting that the chest wall contributes s. nificantly to
Crsdyn. This is unlike human newborns where the chest wall contributes only 20% to
Crsdyn (Prewitt et al. 1981). Thus Cgy of adults is lower than that of neonates.
Positive end-expiratory pressure (PEEP) and respiratory rate (RR) may also affect
C.dyn (although C,dyn frequency dependence is not reproducibly shown at under 60
breaths/min in infants (Beardsmore et al. 1989)). The type of analysis appiied to the
dynamic volume-pressure tracings (Coates et al. 1996) and the method of flow and
pressure measurements (Turner et al. 1990; Turner et al. 1994) will affect C,dyn.
Further, the validity of the measurements made to estimate Ppl. and inter-alia the

siate of respiratory disease, affect C dyn.

High-fidelity non-invasive estimation of Ppl using Pes measurements requires that
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the Ppl wave be transmitted unchanged across the tissues between the intra-pleural
and intra-esophageal spaces, and further that the Pes wave be transmitted
unchanged across the Pes catheter manometer systems. These two considerations

are the foci of this thesis.

1.1.2 Clinical Procedure For Validating Pes Measurements

Current practice dictates that to site a Pes catheter manometer appropriately in the
oesophagus to estimate Ppl an “occlusion test” should be used (Coates and Stocks,
1991; Stocks et al. 1996). The occlusion test, widely employed by clinicians, is
currently the only means to verify Pes measurements in situ. In this test the ratio and
lag of Pes to Paw is assessed during intra-thoracic isovolumia. A modification of this

test exists for anaesthetised paralysed subjects (Lanteri et al. 1994).

The occlusion test is suitable for assessing the Pes measurement system intended
for a relatively static response, such as that for use in conventional low frequency
ventilation. To interpret the occlusion test in a valid fashion the following conditions
should be met; (i) changes in pressure should be distributed evenly between the
Paw, Ppl and Pes spaces and locally measured Pes should be similar to average
Ppl; (i) the Ppl and Pes compartments sheuld be in an isovolumic chest; (iii) the
patient should be able to deliver spontaneous respiratory efforts. An inadequate
oesnphageal wall frequency response (Chartrand et al. 1987), or non-instantaneous
transmission of pressure from the alveoli to Paw, may influence the occlusion test

results when used to validate an in situ Pes manometer for dynamic iesponse.
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The occlusion test is a relatively static procedure, and may not excite the pleural
pressure and measurement system over a sufficiently wide frequency range.
Further, it may nct test Pes/Paw over all the amplitudes applied during mechanical
ventilation. In anesthetised paralysed subjects the test pressure is applied in the
reverse direction of conventional ventilation. The accurate representation of dynamic
Ppl using Pes measurements depends in part on the amplitude and phase frequency
response of the intra-pleural to intra-ssophageal tissue barrier (Ppl-Pes tissue
barrier), yet the frequency 1esponse of the oesophageal wall has not been

adequately characterised to date.

The suggested optimal occlusion test value, based on the slope of the plot of Pes
versus Paw is 0.95 - 1.05 (Coates and Stocks, 1991; Stocks et al. 1996). This figure
is however dependent on lung condition and animal species (Coates and Stocks,
1991) and is not always achieved. For example, direct Ppl measurements in four
rabbits yielded Pes to be 70 - 95% of Ppl during spontaneous respiration (Deen and
Porcelijn, 1976). In sick and preterm infants as few as 8% (Thomson et al. 1983) and
75% (LeSouef et al. 1983) of Pes/Paw occlusion test ratios have been reported to
fall between 0.90 - 1.10, and elsewhere only 33% fell within 0.95 - 1.05 (Heaf et al.
1986). Other researchers have reported Pes/Paw to lie between 0.9 - 1.1 in eight

preterm subjects recovering from acute iung disease (Coates et al. 1989).

Thus the occlusion test is useful and widely applied to subjects with spontaneous
respiratory efforts {(with or without conventional mechanical ventilation), but the test

has limitations in its application to validate high frequency dynamic Pes
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measurements in mechanically ventilated patients or in patients without spontaneous
respiratory efforts. For such subjects, the dynamic performance of Pes manometers,
and the dynamic response of the Ppl-Pes tissue barrier, require empirical

investigation, and these two factors are therefore the focus of this thesis.

1.2 Dynamic intra-esophagea! Catheter Manometers

1.2.1 Types of Pes Manometers

Options for measuring dynamic Pes include fluid-filled catheters or transducer micro-
tip catheters. Traditional fluid-filled (liquid or gas) catheter manometer systems are
likely to continue to be made use of extensively to estimate dynamic Ppl in clinical
practice (Coates and Stocks, 1991; Coates et al. 1996, Karason et al. 1999). The
use of micro-tip pressure transducer catheters to estimate Ppl is not validated (see
below). Differing catheter types have relative advantages and disadvantages for Pes

measurement:-

1.2.1.14 Liquid-filled Catheter Manometers

Commercial nasogastric liquid-filled feeding catheters are easily inserted and well
tolerated (Asher et al. 1982; Coates and Stocks, 1991) and are readily available to
clinicians as disposable and inexpensive alternatives to air-balloon {Heaf et al. 1986;
Maxted et al. 1987; Beardsmore et al. 1989), and transducer-tip (Chartrand et al.
1987) catheters. In addition, feeding catheters are advantageous for Pes

measurements in arificially ventilated infants because they are often in situ for long
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term nasogastric feeding anyway and thus conveniently accessed. Liguid-filled
Polyvinyl Chloride (PVC) catheters are also non-traumatic on insertion (Chartrand et
al. 1987): the nasogastric water-filled catheters (WFC) and air-balloon catheters
(ABC), by virtue of their flexibility, reduce the risk of esophageal trauma in newborns
(Maxted et al. 1977, Kaplan et al. 1984). However, WFC absolute pressure
measurements are altered when the vertical distance between the catheter-tip and
fransducer is changed, and they are sensitive to motion artifacts (Senterre and

Geubelle, 1970).

1.2.1.2 Air-balloon Catheter Manometers

By virtue of their construction ABCs offer certain advantages over transducer micro-
tip and WFCs (Coates and Stocks, 1991). The long ABC balloon measures mean
intra-esophageal pressure over a larger portion of the esophagus than do WFCs or
single micro-tip transducer catheters, making it more likely that the mean value of an
unevenly distributed intra-thoracic pleural pressure is recorded (Baydur et al. 1982;
LeSouef et al. 1983; Ratjen et al. 1992). ABCs are not subject to measurement
errors related to the dissipation of liquid volume around WFC tips (Gerhardt et al,
1980), nor to worsened dynamic performance from introducing gas microbubbles

into WFCs.

The recent advent of low cost disposable pressure transducers (Gardner, 1996)
make ABCs and WFCs comparatively inexpensive for neonatal intensive care

(Chartrand et al, 1991).
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1.2.1.3 Transduecer Micro-tip Catheter Manometers

Positive reports (Gappa et al. 1996) on the use of micro-tip catheters to estimate Ppl
remain outweighed by the negative reparts: Transducer micro-tip catheters can
exhibit absolute pressure measurement inaccuracies (drift) with changes in light
exposure, temperature and the fluid nature of the surrounding intra-esophageal
medium (Chartrand et al. 1987). They are markedly more sensitive to intra-
esophageal cardiac artifacts than air-balloon catheters (ABC) (Chartrand et al. 1991)
and have been shown to overestimate dynamic pleural pressures in infants
(Beardsmore et al, 1982), Their use in estimating dynamic Ppl has yet t¢ be

substantively validated

1.2.2 Catheter Manometer Dynamic Resporise Requirementis

The high frequency respiratory mechanics encountered during artificial infant
ventilation may require uniform catheter frequency responses up to 20 or 23 Hz
{Senterre and Geubelie, 1970; Maxted et al. 1977; Turner et al. 1993; Chartrand et
al. 1991), which few, if any, liquid-filled catheters demonstrate, and yet it is often
necessary to introduce small FG size catheters for Pes measurement in neonates.
Knowledge of the dynamic responses of Pes manometer systems is thus important

for faithful Pes measurements in these settings.
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1.2.2.1 Clinical Factors Affecting Catheter Manometer Resonance

Properties

Resonance characteristics are dependent on the manometer compliance, inertance
(liquid mass), viscous resistance and catheter wall hysteresis. In clinical practice
factors which affect manometer volume displacement coefficients are (i) gas bubbles
which increase the damping coeficient (D,) but lower the resonance frequency (F)
(the transparency of PVC catheters is advantageous here) (Milic-Emili et al. 1964;
Gardner, 1981; Yeomanson and Evans, 1983); (i) catheter wall compliance
(Yeomanson and Evans, 1983); (iii) leaking connections, and (iv) the arrangement of
stopcocks and transducer domes (Rothe and Kim, 1980). Manufacturing tolerances
on the catheter inner diameter (ID) or length also affect F, (Shapirc and Krovetz,
1970). The quality of pressure transducer employed in the Pes manometer directly
affects resonance characteristics, and the liquid mass inertia and compliance of a
Pes mancmeter depend on transducer dome size. Ideally a Pes manometer should
have a high F,, but a high F, (or, more correctly, a high undamped natural frequency,
F,) by itself may be associated with overdamping and consequent reduced Pes
manometer sensitivity at raised frequencies. Introducing damping systems to
compensate for resonance in an underdamped Pes manometer is not usually
practical, nor necessarily effective (Hipkins et ai. 1989), therefore optimal damping
(D, = 0.71) accompanying a high F, is desirable. Unfortunately, the potential for
adverse Pes manometer responses is made more likely in the clinical setting where
CO, flushing, degassing of water and reverse liquid flushing of WFCs are not

possible.
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1.2.2.2 Intra-esophageal Catheter Manometer Resonance Frequencies

Liquid-filled catheters are commonly used for intra-arterial pressure measurement,
therefore extensive frequency response characterisation of these catheters exists.
l.arge variations occur in the recorded frequency responses of these intravascular
catheters (Shapiro and Krovetz, 1970; Rutten et al. 1987; Doyle, 1990), and
discrepancies between manufacturer-claimed and experimentally observed resonant
frequencies of liquid-filled catheters have also been documented (Rutten et al,

1987).

Data pertaining to WFCs and ABCs used for Pes measurement are sparse (Maxted
et al. 1977; Beardsmore et al. 1980): informal measurements on liquid-filled Pes
catheters (usually performed with differing catheter lengths, brands and FG sizes
between researchers, and using single sarmples) have demonstraied uniform
frequency responses in a size 8 FG saline-filled catheter (2 mm ID and 38 cm long)
up to 10 Hz (Coates et al. 1989) and in a similar catheter to > 10 Hz {Asher et al.

1 982), while a 5 FG 1 mm ID catheter and a 6 FG catheter were also noted to be flat
to 10 Hz (Asher et al. 1982; LeSouef et al. 1983). Researchers employing ABCs to
measure Pes have noted “adequate” frequency responses to 10 Hz, 20 Hz and 22
Hz in a FG size 6 catheter ((Beardsmore et al. 1980; Heaf et al, 1986), (Baydur et al.
1982; Higgs et al. 1983) and (Baydur et al. 1987)), and to 5 Hz and 15 Hz in a FG
size 8 catheter ((Bhutani et al. 1988; Wolfson et al. 1992) and (Dechmann et al.

1992)).
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The above studies were not aimed at formally assessing the uniformity of the
frequency responses of Pes catheters. Thus effects due to manufacturing tclerances
within a catheter and balloon sample, and effects related to differing catheter
tolerances between manufacturers for the same FG size were not judged. Details of
catheter length, wail thickness, composition, brand, balloon length, balloon diameter
and latex thickness, the definition of adequate frequency response used and the
methot! of frequency response analysis were also not provided in most of the above

reports.

Additionally, controversy exists in the literature as to the frequency responses of
ABCs relative to WFCs: WFCs were qualitatively considered to have better
frequency responses than ABCs (Chartrand et al. 1987), yet in another study ABCs
were suggested to have better phase and amplitude characteristics than most WFCs
(Maxted et al. 1977). In the latter study catheters of FG size 6 (unspecified length)

only were tested.

In summary, studies employing WFCs or ABCs have concentrated on validating the
in vivo estimation of pleural pressure by Pes (Beardsmore et al. 1980; Beardsmore
et al. 1983) and do not present quantitative data on the dynamic response of

differing catheter FG sizes and brands used for measuring Pes.

In this thesis studies are performed to characterise quantitatively the dynamic
responses of Pes catheter manometer systems (liquid-filled and air-balloon) used in

clinical practice to ascertain their suitability for transmitting dynamic pressure
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waveforms accurately.

1.3 Frequency Response Measurement Techniques;

Forced-oscillation Versus Square-wave Response

Currently, the accepted techniques for measuring catheter manometer frequency
responses include deploying the in vitro swept sine-wave generator technique or the
in vitro (free oscillation following a burst-halloon) ¢r in vivo (fast-flush) square-wave
response techniques. With in vitro techniques, superimposed in vivo peristaltic and
cardiac waveform artifacts are absent (Gardner et al. 1991) which is an advaritage
since accurate interpretation of Pes manometer frequency res wiigs calculated
from the in vivo fast-flush test can be confounded by simultaneous pressure
perturbations (Gardner, 1981). The swept sine wave frequency domain technique is
suitable for a distributed parameter system (Gardner, 1981; Yeomanson and Evans,
1983), such as that encountered in catheter manometers used in clinical practice. It
can also be set up to stimulate the catheter manometer at a predetermined
amplitude over all frequencies, which is useful for detecting amplitude non-linearity in
the manometer. The step-response approach always suffers from the disadvantage
that the amplitude of the stimulation diminishes with increasing frequency. On the
other hand, catheter whip, impact with the esophageal wall, physiological
temperature and the surrounding intra-esophageal media may affect the response of

in situ catheters, and these effects are largely ignored by in vitro techniques.

The square-wave response technique is used by clinicians to assess in vivo the
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frequency response of underdamped catheter-manometer systems in situ, as well as
in vitro by researchers who do not have ready access io suitable sine-wave pressure
generators. The construction of an appropriate variable-frequency sine-wave
generator with a uniform pressure amplitude response at varying frequencies is
technically difficult (Fry, 1960; Yanof et al. 1963; Yeomanson and Evans, 1983), and
requires the use of a chamber operating at physiological temperature, a variable
pressure-amplitude and pressure-offset generator, and a high-fidelity temperature-
compensated reference transducer. By virtue of the usual analysis 1nethodology
applied (see Second Order Systems below) when implementing step-response
techniques (burst-balloon or fast flush tests), as opposed to the swept frequency
forced-oscillation technique, step-response techniques are practically limited to
underdamped systems (Gardner, 1981; Yeomanson and Evans, 1983) and are
therefore typically unsuitable to assess potentially overdamped catheter
manometers. Step-response techniques may also miss subtle differences in the
undamped resonance frequency (Shapiro and Krovetz, 1970) and are open to
measurement inaccuracies in the determination of the period and amplitude of the
response (Gardner, 1981). In vivo fast flush tests are not practically applicable to
ABCs, and the use of fast flush in vivo tests, in which there is a high inertia of the
external flushing liquid, has been shown to overestimate catheter rnanometer
damped resonance freciuency (Rothe and Kim, 198C; Rutten et al. 1987; Hipkins et

al. 1989).
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1.4 Catheter Manometer Dynamic Responses As Second

Order Systems

Where a catheter manometer's frequency response adequately fits a second order
system, relatively simple mathematical equations which allow prediction of catheter
frequency responses from square-wave response measurement techniques can be
derived in order to estimate the catheter manometer's amplitude and phase
frequency characteristics (Yanof et al. 1963; Hipkins et al. 1989). The theory
surrounding the typical equations used to analyze square-wave responses, and
hence to predict underdamped liquid-filled catheter frequency responses, is
published in journals (Frank 1903; Hansen, 1950; Fry, 1960) and textbooks
(Thomson, 1965; Kuo, 1966; Milhorn, 1966) extensively. The electrii i correction of
incorrect information from an imperfect catheter-manometer system rhay be

accomplished using these second order system madels.

The second order equations commonly used to model the dynamic behaviour of
catheter-manometers are simple approximations of higher order models based on
electrical transmission line theory in the manner of a distributed system (Hansen,
1950; Hansen and Warburg, 1950; Fry, 1960; Yeomanson and Evans, 1983). Simple
second order models lump the distributed compliance, inertance and viscous
resistance of the manometer into single parameters but ignore several important
catheter-manometer properties which might influence the resulting theoretical
frequency responses. These properties include the inertance associated with radial
movements of the filling fluid and radial movements of the catheter manometer wall,
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catheter manometer wall hysteresis and non-linearities associzizd with the catheter

manometer compliance and fluid flow.

Although certain researchers have experimentaily validated the second order system
theoretical models for the resonant behaviour of a few intra-arterial blood pressure
measurement systems (Hansen, 1949), and validaied that of a more complex
electrical transmission-line model (Yeomanson and Evans, 1983), other researchers
have quantitatively shown such theoretical models to not be adequate for their intra-
arterial catheters (Taylor, 1959; Latimer and Latimer, 1969; Billiet and Colardyn,
1992). Likewise, the similarity of frequency responses obtained with square-wave
response techniques compared to those obtained from the sine-wave generator
technique has been shown in some reports to be adequate (Scwhid, 1988; Sheahan
et al. 1991) and in others to be inadequate (Hipkins et al. 1989; Billiet and Colardyn,

1992) for intra-arteria! catheter-manometer systems.

Extrapolating the assumption of a second order system, shown to be valid in certain
fluid-filled catheter-manometers, to fluid-filled catheter manometers of a diff srent
nature coupled to modern pressure transducers and domes, may be erruneous,
Nevertheless, the square-wave response technique, typically reliant upon this
assumption, has been used to determine frequency responses of Pes fluid-filled
nasogastric catheters (LeSouef et al. 1983) and is widely applied to intra-arterial

catheter manometers.

In this thesis a study is performed to investigate the validity of the assumption that
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fluid-filled catheter (liquid and air-balloon) frequency responses fit a second-order
system, thereby assessing the legitimacy of applying second order models to

approximate the dynamic responses of Pes manometers.

1.5 Animal Models of Acute Lung injury

Acute lung injury (ALI) animal models are useful for investigating respiratory system
mechanics, barotrauma and gas exchange in respiratory distress syndromes (RDS)
and for evaluating the effect of differing ventilation modes such as positive end
expiratory pressure {PEEP) (Sohma et al. 1992) or high frequency oscillatory
ventilation (HFOV) (Jackson et ai. 1994) on gas exchange and the outcome of RDS.
intermittent positive pressure ventilation is associated with acverse haemodynamic
effects (Greisen, 1986). Although infant ventilators can usually be set te yield
adequate gas exchange, it is not clear how to minimize barotrauma and the
cardiovascular effects of PEEP simultaneously (Stahiman, 1989). ALl models may
therefore also be utilised to determine methods for assessing lung function
parameters which will assist in choosing ventilator settings which reduce barotrauma
but still maintain gas exchange and haemodynamics, and hence improve the long
term outcome and cost-effectiveness of the treatment of pulmonary-diseased
patients. One such approach would be to use ALl modeis to establish whether
invasive or non-invasive haemodynamic variables can be reliably utilised 1o facilitate
optimal adjustment of ventilator settings (Platzker, 1986). Additionally, certain ALI
models may be useful for evaluating exogenous surfactant therapy (Lewis and Jobe,

1993), extra-corporeal membrane oxygenation (Dorrington et al. 1989), and liquid
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lung ventilation (Hirschi et al. 1995).

Demand for ALl models not effected by premature delivery of foetuses has led to
several modalities being employed; cf note are the commonly used saline lung
lavage, oleic acid infusion and hyperoxia exposure methods (Robertson, 1991). A
successful saline lavage model has not been described in primates. ALl induced by
hyperoxia requires specialised gas delivery systems and takes a few days to
develop. In premature foetus delivery there are substantial staffing and cost
implications (Jackson et al. 1986): specialised animal housing units and breeding
programs are required with accurate knowledge of species gestation times, dates of
conception (requiring frequent perineal skin change observations) (Meredith et al.
1989), ultrasound determination of gestational age, culminating in surgical
hysterotomy. There may also be a delay to the onset of experimental data collection
due to the gestation period {usually > 4 months in non-human primates). Oleic-acid
induced ALI has been demonstrated in baboons (Johanson et al. 1982; Coalson et
al. 1989) and used as a diffuse alveolar disease rmodel to assess oxygen therapy (de
los Santos et al. 1985). Oleic-acid induced ALl is thought to be due to toxic effects
on the lung capillaries, the exact mechanism(s) of which are still unknown (Schuster,

1994).

Despite incompletely understood differences between non-human primate and
human lung biochemistry, many experimentally relevant physiological and genetic
characteristics are shared between humans and non-human primates (Kosch et al.

1979; Hessler et al. 1985; Juul et al. 1993; Van de Berg et al. 1996; Harroff, 1997).
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In this thesis a new species model of oleic-acid induced ALl is develeped (in Vervet
monkeys), suitable for the pathophysiological evaluation of pulmonary mechanics

and gas exchange following ALi.

1.8 In Vivo Intra-pleural Pressure Estimation

1.6.1 Specifying Intra-esophageal Catheter Manometer Dynamic Performance

Requirements

Although extensive literature exists on the bandwidth of cardiovascular pressure
waveforms (Paulsen, 1993) the iiterature pertaining to respiratory system pressure
waveforms is scarce. Suggested minimum dynamic response requirements for
proximal airway pressure (Paw, not Pes) measurement apparatus vary from up to
the 5'th or 10'th harmonic frequency of the pressure waveform (Stocks et al. 1996),
to 6 Hz and 20 Hz for 3% and 1% Paw errors respectively (Turner et al, 1893), and

up to 23 Hz (Maxted et al, 1977),

Assumptions that Pes bandwidth during mechaniral ventilation is the same as Paw
handwidth may be invalid since transmitted Paw frequency components may be
amplified or attenuated in health and lung disease, and cardiac motior energy (not

largely apparent in Paw waveforms) is added to Ppl and Pes waveforms.

One study of healthy intubated adult humans using FFT of Pes showed no

significant harmonics above 5 Hz (Chartrand et al. 1991). Criteria and methods to
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determine bandwidth were not detailed for this paper’s subsection and waveform
errors were not guantified. The determined bandwidth of respiratory system pressure
waveforms is influgnced by the calculation methods applied such as the type of
transform used 1or frequency content analysis, characteristics of the fiiters
implemented and the criteria for waveform error chosen. The Pes amplitude
difference between end-inspiration and end-expiration (or between two points of zero
gas flow) is currently most commonly used (Ahrens, 1991) for lung compliance
calculations in clinical settings, therefore Pes waveform errors are best quantified

based on these Pes reference points.

In this thesis the dynamic performance which is required of Pes manometers during
mechanical ventilation is specified by determining Pes waveform bandwidth using

appropriate Pes measuraments.

1.6.2 Intra-pleural Intra-esophageal Tissue Barrier Transmission

Concerns surrounding the validity of in vivo Pes measurements to estimate Ppl are
raised through findings such as the lung volume dependence and Paw-dependence
of Pes changes in infants ( Beardsmore et al. 1983; Silva-Neto et al. 1992) and
adults (Baydur et al. 1987; Mergoni et al. 1997), and the frequency-dependence and
Paw-dependence of lung compliance values in healthy adult monkeys (Wegner et al.
1984). Inaccuracy of Pes measurements has also been attributed to chest wall
distortion producing uneven pleural pressure distribution (LeSouef et al. 1983).

Additionally, it was shown recently that Ppl and Pes respond differently to changing
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flow amplitudes at differing applied frequencies during high frequency ventilation in
rabbits (Hernaiz et al. 1999). The mechanical properties of the esophageal wall and
surrounding structures are a potential cause of signal alteration when estimating
dynamic Ppl from Pes (Dechmann et al. 1992). Thus the dynamic range, amplitude-
linearity and lung-condition dependence of the Ppl-Pes tissues which transmit

pressure to the oesophagus require investigation.

Surveying the literature, one direct comparison of measured dynamic Ppl and Pes
has been performed using validated Pes and Ppl catheters (Nagels et al. 1980); in 5
anesthetised paralysed (but healthy) dogs the amplitude fraquency response did not
deviate by > 10% from unity between 2 - 20 Hz, and variations in Paw offset had
minimal effects on the observed frequency response. in healthy rabbits there was
slight attenuation of Pes measured at discrete frequencies of 30, 40 and 50 Hz
compared to Ppl measured via an (untested) chest drain (Kaplan et al. 1984), More
recently, the response of non-dynamic Pp! and Pes to varying airway flow amplitudes
at high frequencies was investigated in healthy rabbits (using the rib-capsute
technique to estimate mean Ppl) (Hernaiz et al. 1999), demonstrating that, relative to
Paw, Ppl and Pes had different phase frequency responses. One study in humans
demonstrated systematic amplitude and phase differences between Pes and Paw
during airway occlusion: however, Ppl was not measured directly in this study (Peslin

et al. 1998).

Detecting amplitude-dependence of the Ppl-Pes barriet’s frequency response by

varying Paw amplitudes as well as hy varying Paw pressure offsets is relevant to
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lung pathologies requiring conventional artificial ventilation, where Paw offsets are
often considerably raised due to PEEP requirements. Detecting amplitude-
dependence may also become increasingly important with the advent of High
Frequency Ventilation modes, which make extensive use of high Paw cffsets with

variable applied Paw amplitudes at high frequencies (Venegas and Fredberg, 1994).

To measure the specific transmission properties of the Ppl-Pes tissue barrier, effects
due to the measurement manometers themselves must be diminished (Coates and
Stocks, 1991; Murphy et al. 1998). Therefore the Pes manometer used must be
capable of measuring Pes in a fashion similar to that performed in clinical practice,
yet both the Pes and Ppl manometers must also possess a wide bandwidth
considerably beyond that of conventional Pes manometers used in clinical practice,
such that any non-uniformity in the responses is attributable to the Ppl-Pes barrier
rather than to the measurement systems themselves. No such Pes or Ppl

manometers have been described to date,

Therefore, prior to characterising the Ppl-Pes tissue bartiet, this thesis develops a
Pes and Ppl manometer for use in praclinical research which has an exceptionaily
wide bandwidth, is linear over a large amplitude, and yet measures dynamic

pressure over a large portion of the esophagus and pieura.
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1.7 Statement of the Problem: Rationale for Investigating

High Frequency Respiratory Function Measurements

Inappropriate mechanical ventilation adversely affects gas exchange,
haemodynamics, and lung barotrauma. For clinicians to select optimal mechanical
ventilator settings, accurate quantitative information about the respiratory system is

required on which to base sound clinical judgements,

Investigations to characterise the waveform transmission properties of the Ppl-Pes
tissue barrier as well as of Pes manometers adequately, at low and high
frequencies, are fundamental for the valid interpretation of respiratary pressure-flow
curves derived from such measurements: the systems involved in non-invasive
estimation of Ppl need to be characterised prior to looking for valuable
interpretations from high frequency respiratory function measurements in clinical

practice.

The dynamic performance of Pes measurement systems employed in clinical
practice to estimate Ppl for the calculation of dynamic Cgg, C, and Cgy, have not
been well characterised, at either low or high frequencies. There is discrepancy in
the literature as to which of liquid-filled versus air-balloon catheters have superior
frequency responses. The assumptions inherent to square-wave step-response
technigues used to predict Pes cathster manometer frequency responses have not
been tested. Additionally, in all animal species (including humans), in heaith and in
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acute lung injury, the transmission propeitias of the Ppi-Pes tissue barrier have not

been characterised, and the bandwidths of Pes waveforms have not been quantified.

The rationale for undertaking this thesis is that accurate pulmonary function
measurernents at high frequencies are, or will be, relevant in clinical practice.
Certainly for conventional infant mechanical ventilation the accuracy of high
frequency pulmonary function measurements is currently relevant in clinical practice.
However, it cénnot be predicted at this time of writing how widespread Pes
measurements at high frequencies are likely to be, suffice to say that ventilation at
high frequencies and with large Paw pressure offsets is increasingly used.
Additionally, several authors from differing laboratories have recently published data
from investigations of Pes measurements at high frequencies (see above), reflecting
escalating interest in such measurements, Moreover, concerns pertaining to the
accuracy of Pes measurements have also been raised by several authors (see

above).

Therefore this thesis carefully characterises the dynamic responses of Pes
manometers and of the Ppi-Pes tissue barrier, and places this characterisation in the
context of Pes waveform bandwidths to enhance the clinical relevance of the data.
Thesa investigations have implications for potential measurements of lung function
(compliance and resistance) derived from small signal detection and analysis of flow
and pressure at higher frequencies and varied Paw offsets. Such waveforms are
commonly encountered during conventional iniant ventilation and High Frequency

Ventilation, where respiratory waveforms are of variable frequency, Paw offset and
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Paw amplitude. Concurrently, ccmputer-aided analysis of pressure-volume loops is
becoming more widespread, and the entire shape of the pressure-volume loop is
becoming analysable in clinical practice: thus the potential for useful clinical
interventions based an interpretations from shape alterations could be affected
adversely if the higher frequencies of the Ppl waveforms are not represented
accurately in the Pes estimate of the Ppl waveform (for example in the calculation of

continuous dynamic pulmonary resistance).

1.8 Thesis Objectives

Collectively this thesis aims to:

> Characterise quantitatively the dynamic responses of Pes catheter
manometer systems (liquid-filled and air-balloon) used in clinical practice to
ascertain their suitability for monitoring dynamic pressure waveiorms
accurately
> There-in, to develop in the laboratory an apparaius suitable for
determining the dynamic frequency response of Pes manometers at
pressure offsets applicable to clinical situations and at physiological

temperatures.

> Test the validity of the assumption that fluid-filled catheter (liquid and air-

balioon) frequency responses fit a second-order system.
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, Develop and characterise a new species model of acute respiratory distress
syndrome suitable for the pathophysiological evaluation of pulmonary

mechanics and gas exchange in non-human primates.

> Investigate in detail the in vivo transmission properties of the primate pleuro-
esophageal tissue bartier - report data on low and high frequency response
uniformity, amplitude-iinearity and lung-condition dependance:
> There-in, to develop a Pes and Ppl manometer for use in preclinical
research which exhibits an exceptionally wide bandwidth, is linear over
a large amplitude, and yet measures dynamic pressure over a large
portion of the esophagus and pleura, with which to characterise the

Ppl-Pes tissue barrier.

> Specify the dynamic response requirements of Pes manometers by

establishing the non-human primate relevant Pes waveform bandwidth.

1.9 Thesis Overview

High-fidelity non-invasive estimation of dynamic Ppl by using Pes measurements
requires that the Ppl waveform be transmitted unchanged across the tissues
between the intra-pleural and intra-esophageal spaces, and that the Pes waveform
be transmitted unchanged across the Pes catheter manometer systems. These two
requirements are the subject of investigation of Chapters 2 - 6 of this thesis, as

follows:
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in Chapter 2 the problem of selecting the correct type of water-filled catheter to
measure Pes is addressed by assessing quantitatively the suitability of commercially
available Pes catheter manometer systems, used in clinical practice, to transmit
dynamic pressure waveforms accuratsly. Accordingly, the resonance frequency
characteristics of a range of c.theter brands, FG sizes and pressure transducers are
measured, and the findings translated into the “maximum respiratory rate” (which is
a measure meaningful to clinical practice) up to which differing feeding catheters
may be utilised to measure Pes appropriately. It is concluded that liquid-filled feeding
catheters are suitable for estimating pleural pressures in subjects mechanically
ventilated without sharp inspiratory waveforms or high respiratory rates. However,
judging the suitability of individual feeding catheters to measure dynamic intra-

esophageal pressure based on catheter FG size alone is remarkably inappropriate.

In Chapter 3 the frequency response performances of infant air-balloon catheters
are quantified and contrasted with those of riew sets of matching water-filled
catheters, using the swept-sine wave apparatus developed in Chapter 2. The
dilemma as to which of liquid-filled versus air-filled catheters offer superior frequency
respenses is resolved. It is concluded that, compared to matching liquid-filled
catheters, air-balloon catheters made to infant-appropriate specifications have
significantly superior frequency response characteristics, lower frequency response
variability within catheter samples, and are more suitable {»r accurate dynamic Pes

measurements during high-frequency respiratory mechanics.

in Chapter 4 the validity of the assumption that fluid-filled catheter frequency
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responses fit a second-order system is tested. it is concluded that the frequency
responses of fluid-filled PVC catheters in catheter manometer systems do nhot
adequately fit second order systems. Deviations of fit are significantly larger in liquid-
filled than in air-balloon catheters. For compliant fluid-filled catheters, predicting Pes
manometer frequency responses using the square-wave response technique is

inaccurate and the swept sine-wave technique is preferred.

In Chapter 5 a new species model of non-human primate acute respiratory distress
syndrome, suitable for the pathophysiological evaluation of pulmonary mechanics
and gas exchange in acute lung injury, is developed. It is concluded that
administration of oleic acid in monkeys rapidly results in stable acute lung injury
characterised by decreased static and dynamic lung compliance, markedly reduced
alveolar gas exchange and increased diffuse alveolar capillary leak. Advantageously,
the healthy and sick monkey lung compliance values recorded are simifar to

comparable healthy and sick humans.

in Chapter 6 the transmission properties of the in vivo pleuro-esophageal tissue
barrier are investigated in health and lung disease at low and high frequencies, and
tha relevant bandwidth of dynamic physiological intra-esophageal pressure
~aveforms is determined. From direct simultaneous Ppl and Pes measursments it is
concluded that the Ppl-Pes tissue barrier has a uniform amplitude frequency
response within the bandwidth of conventional Pes waveforms in healthy and
diseased lungs, and does not significantly attenuate Ppl-Pes signal transmission

between 1 - 40 Hz. However, at Pes frequencies higher than conventional clinical
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regions of interest the Ppl-Pes barrier resonates significantly, is pressure amplitude

dependent at low pressure offsets, and is significantly altered by lung disease.
These findings advance the accuracy of puimonary function studies in high

frequency respiratory mechanics, such as conventional infant mechanical ventilation

or High Frequency Ventilation.
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CHAPTER 2

2 CORRECTLY SELECTING A LIQUID-FILLED
NASOGASTRIC INFANT FEEDING CATHETER TO

MEASURE INTRA-ESOPHAGEAL PRESSURE
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2,1 Linking Comments

Liquid-filled catheter manometer systems can be used to measure dynamic intra-
esophageal pressure in order to estimate intra-pleural pressure. The commonly
performed in vivo airway occiusion test helps to position clinical intra-esophageal
pressure measurement catheters optimally by assessing the in situ intra-esophageal
catheter's reflection of pleural pressure. However, this procedure does not adequately
assess the ability of intra-esophageal pressure measurement catheters to respond

accurately to dynamic pressure changes during artificial ventilation,

In Chapter Two a laboratory apparatus suitable for testing the in vitro frequency
responses of a range of intra-esophageal pressure measurement catheters used in
clinical practice, over pressure ranges encountered in clinical practice and at body
temperature, is built in the laboratory. The suitability of liquid-filled infant feeding
catheters available commercially to measure dynamic intra-esophageal pressure is
quantified by determining their resonance-frequency amplitude and phase propetties.
Polyvinyl chloride infant nasogastric feeding catheters of four differing French Gauge
sizes, three differing brands, attached to two pressure transducers of differing volumes,
with six sampies of each manufactured batch, are investigated using the in vitro sine-

wave generator technique.

The findings for the liquid-filled catheters are translated into a “maximum respiratory
rate”, which is meaningful to clinicians, up to which feeding catheters of differing FG

sizes may be utilised to measure intra-esophageal pressure appropriately.
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[Comprehensive information is provided in Chapter Two's Abstract, Introduction and

Discussion sections, which follow]:-
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2.2 Summary

Polyvinyl chloride (PVC) nascgastric feeding catheters are used in clinical
practice to measure intra-esophageal pressure as an estimate of pleural pressure for
calculating lung compliance in infants. Prassure measurement accuracy of four French
Gauge (FG) sizes and three brands of liquid-filled catheter manometer systems (CMS)
was quantified by determining their resonance-frequency amplitude and phase
properties. All CMS were underdamped and resonated. No CMS exhibited a uniform
mean frequency response above 11 Hz. The rmaximum respiratory rate within which
CMS could measure dynamic intra-escphageal pressure within a 5% error limit was
determined (F,): The highest mean F, recorded in large diameter catheters was 82
breaths/min. Significant CMS accuracy differences existed between catheter FG sizes
and between catheters of similar diameters but differing brands. Correlation (r?)
between catheter inner diameter and CMS F,, was 0.66 acrcss brands. F, values for -
differing catheter FG sizes and brands are presented. In conclusion, intra-esophageal
PVC liquid-filled feeding catheters are suitable for estimating pleural pressures in
subjects mechanically ventilated without sharp inspiratory waveforms or high respiratory
raies. Quantitative frequency response characterisation of differing nasogastric catheter

brénds and diameters is mandatory prior to their utinsation.

KEYWORDS: apparatus and methods; lung compliance; pleural pressure;

pressure; oesophageal manometry; respiratory mechanics.
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2.3 Non-standard Nomenclature

AJA,
Adc
CcMS

Mag
MANOVA
Pes

Por

PVC

SA

UK

USA
WRMS

Resonance amplitude ratio
Adcock Ingram catheter

Catheter Manometer System
Damping coefficient

Frequency at A, + 5%

Undamped natural resonant frequency
Damped resonant frequency
Max:mum working respiratory rate
French Gauge

Hertz

Linear magnitude gain
Multivariate analysis of variance
Phase difference at F,q

Portex catheter

Poiyvinyl chicride

South Africa

United Kingdom

United States of America

Root mean square Watls
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2.4 Introduction

Measuring dynamic intra-esophageal pressure to estimate pleural
pressure is gaining popularity amengst researchers and clinicians as part of the
pulmonary function work-up of infants, particulatly for the calculation of the elastic and
resistive elements of the respiratory system.”*® Commercial nasogastric liquid-filled
feeding catheters are easily inserted and well talerated,*® and are readily available to
clinicians as disposable and inexpensive alternatives to balloon®®7” and transducer-tip®
catheters, In addition, liquid-filled feeding catheters are advantageous far intra-
esophageal pressure measurements in artificially ventilated infants because the
catheters are normally in situ for long term nasogastric feeding and thus conveniently
accessed. Mareover, liquid-filled PVC catheters are non-traumatic® on insertion in
comparison with the larger balloon-tip, or the relatively inflexible transducer-tip,
catheters.

Although there is extensive documented frequency response characterisation of
liquid-filled catheters used for intra-arterial pressure measurement,*'®!! there is a
deficiency of such data pertaining to liquid-filled infant feeding catheters®'®' since they
were not manufactured for incorporation into pressure measurement devices: The high
respiratory rates and wide dynamic pressure waveforms encountered during artificial
infant ventilation may require flat catheter frequency responses up to 23 Hz,® yet it is
often necessary to introduce small FG size catheters in neonates.

This study aims to quantify the suitability of commercially available polyvinyl
chioride (PVC) infant nasogastric feeding catheters to measure dynamic intra-

esophageal pressure. By assessing the in vitro resonance frequency characteristics
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(amplitude and phase) of a range of catheter brands and French Gauge (FG) sizes we
aim to provide values for the maximum respiratory rate up to which differing FG size

feeding catheters may be utilised to measure intra-esophageal pressure accurately.
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25 Materials and Methods

Infant catheter-manometer systems (CM3) employed in clinical practice to
measure intra-esophageal pressure were subjected to in vitro sinusoidally oscillating
pressures of varying frequency, and CMS frequency responses were determined by
comparison with a reference manometer system. The CMS included 12 types of
medical grade PVC catheters (three brands and four FG sizes, Table 2.1), chosen for
their similar lengths, coupled to two pressure transducer-dome combinations. A Gould
P10EZ pressure transducer (6.4 mm pressure sensor area) and disposable diaphragm-
dome with luer lock fitlings (Viggo-Spectramed Gould TA1019, Oxnard, CA) and a
Gould P23XL transducer (14 mm pressure sensor area) and disposable diaphragm-
dome with luer lock fittings (TA1010ND) were employed. The dome ports were fitied in-
series to 4-way stopcocks (Adcock Ingram, South Africa) yielding transducer-dome-
stopcock volumes of 0,6 and 0.9 mf for the transducer combinations respectively. The
space between the transducer diaphragm and disposable dome diaphragm was water-

filled according to manufacturer instructions and positioned at catheter-tip level.
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Table 2.1.  Infant feeding catheter specifications

Feeding Catheter FG OD = Tol, mm D £ Tol, mm L, cm
Portex 10 3.3+0.1 2.3 x0.1 60

(Portex, Kent, UK)
Adcock ingram 10 3.3+0.08 2.2 +0.1 50

(Sabax Division, SA)
Ven 10 3.3+0.1 2.3+0.1 50

(Ven Products, SA)

Portex 8 2.6+0.08 1.8 +:0.08 50
Adcock Ingram 8 2.6+0.08 1.7 0.1 50
Ven 8 2.6 0.1 1.8 0.1 50
Portex 6 2,0 +0.08 1.4 +0.08 50
Adéock Ingram 6 2.0 +0.08 1.1 £ 0.1 50
Ven 6 2.0+0.1 1.2x0.1 50
Adcock Ingram 5 1.7 £0.08 0.8+0.1 50
Ven 5 1.9 +0.1 0.8 0.1 50
Portex 4 1.3+ 0.08 0.6 +0.08 50

FG, french gauge; ID, internal diameter; OD, external diameter; Tol, manufacturer

specified tolerance; L, length; UK, United Kingdom; SA, South Africa.
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Six samples each of the twelve different catheter types were assessed by
randomly attaching their proximal female luer fittings directly to the two transducers'
stopcock male luer fittings. To minimiss hubble formation each catheter was flushad
with carbon dioxide followed by de-ionised, derassed (by boiling) water cooled under
vacuum to between 38-38 °C,'" and the catheter distal 20 cm inserted into a laboratory
designed leak-proof water chamber kept at 36-38 °C. Sinusoidal pressure waveforms
between -5.5 and +10 cmH,Q {mean 2.3 cmH,0) were generated in the chamber by
means of a loudspeaker (Bose 4.5" 802, Bose Corporation, MA) powered by an
80 WRMS DC-coupled amplifier linked to a sine wave generator (Hewlett Packard
3562A, USA). A swept sine frequency response of the CMS was recorded (Fig. 2.1)
using a calibrated domeless piezoresistive differential pressure transducer as a
reference (Honeywell Microswitch 170PC, USA), positioned inside the chamber
adjacent to the CMS catheter-tip. Unifiltered electrical outputs from the CMS and
reference pressure transducer were identically pre-amplified (Hellige Servomed,
Freiburg, Germany), and analyzed for phase and amplitude differences by averaging
3 repeat measurements over 10 seconds at each 1 Hz interval (Hewlett Packard
Dynamic Signal Analyzer 3562A, USA). Apparatus reproducibility over the dxperiment
was confirmed by repeating a CMS frequency response measurement of the sample
of Poriex FG size 6 catheters at the start and end of the experiment.

(SEE Supplemental Figures S2.A, S2.B, 5§2.C).
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TOP; Suppilemental Figure 52.B

Saline-filled catheters and transducers for frequency response characterisation
1. Size 10 French gauge polyvinyl chloride catheter

. Size 4 French gauge polyvinyl chloride catheter

l.  Large volume pressure transducer

IV.  Small volume pressure transducer

BOTTOM: Supplemental Figure 52.C

Chamber pressure measurement and control

(i) Reference transducer and catheter under test transducers signals are

(i) preamplified, (iii) displayed on video, (iv) captured by the Hewlett Packard dynamic
signal analyser, and (v) digitally stored for analysis. (vi) transducers are manually

calibrated against a laboratory-made distilled-water manometer with magnified scale.
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Frequency response measurements. Amplitude-frequency response variables
relate to CMS gain or attenuation of applied pressure compared with the reference

transducer over a range of applied pressure frequencies (Fig. 2.1).
Variables extracted from amplitude-freauency responses were:
F, damped resonant frequency (frequency at maximum amplitude)

AJA, resonance amplitude ratio (maximum amplitude, A,, divided by

amplitude at 1 Hz, A,)

Fos frequency at A, + 5% (frequency at which the amplitude ratio =

1.05)

Phase-frequency response variables characterise the GMS temporal advancement or
retardation of the applied pressure waveform over a range of frequencies; the phase-
frequency response variable extracted from the recorded CMS phase-frequency

response tracings was:

Pas phase difference at Fg

Calculated variables derived from the CMS frequency responses were:
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D, damping coefficient,

(Appendix formula 1)

F, undamped natural resonant frequency,
(Appendix formula 2j

F, CMS maximum working respiratory rate,

(Appendix formula 3}

D, describes CMS resistance to oscillation. F, represents the number ¢f oscillations per
unit time that the CMS would undergo if Ieft to oscillate undisturbed.\'F,, predicts the
" maximum respiratory rate up to which an intra-esophageal CMS of measured F, and

D, could measure an applied pressure to within + 5% of the reference transducer.®'s
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Figure 2.1.

Sample Portex FG size 4 catheter amplitude and phase frequency response traces.
First marker circle on amplitude plot represents baseline amplitude (Y-axis, Y, = A, =
1.0 Mag) and baseline frequency (X-axis, X, = 1 Hz). Second marker circle represents
damped resonant frequency (X-axis, F, = 20 Hz) and maximum amplitude gain (Y-axis,

A, = 1.8 Mag). Mag, lin ar magnitude gain over reference transducer; Hz, hertz.
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Statistical analysis. Between-groups multiway multivariate (7 dependent measured
frequency response variables, from above) analysis of variance was performed
(MANOVA F-test, Statistica™ software, Statsoft, OK) and Tukey’s Significant Difference
post-test correction applied to P-values < 0.05.'® The muttiway ANOVA design considers
possible statistical interactions due to testing the effects of multiple catheter types (3
brands and 4 FG sizes) in addition to the effects of two different transducer types on the
measured frequency response variables. Coefficient of determination (%) between F,,
and catheter diameter was calculated from the Pearson product-moment correlation.

Displayed values are mean = SD.
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2.6 Resu's

No significant frequency response differences were found batween the two
transducer-dome combinations, and no significant statistical interaction between the
catheters and transducers was noted. The means of 12 measured values (n = 6
catheters x two transducers) are therefore presented for each sample's variables.

The effect of catheter brand and FG on mean amplitude and phase frequency
responses is illustrated in Figures 2.2 and 2.3, and on the maximum working respiratory
rate is depicted in Fig. 2.4. Variables F,, A, F,; P.s and F, which were significantly
different (P < 0.05) between catheter FG sizes and brands are displayed in Table 2.2.
There was a trend for mean F, A, F,;, and F, to decrease, and for D, and P to

increase, with decreasing catheter FG size. Mean D, ranged from 0.19 to 0.30.
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Figure 2.2. Catheter amplitude and phase frequency response characteristics. F,,
damped resonant frequency; F,, undamped resonant frequency; A,
maximum amplitude gain; F, frequency at A, + 5%,; Catheter, catheter

brand and French Gauge size.
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Figure2.3. Catheterfrequency response characteristics. D, damping coefficient; P,g,
phase difference at A, + 5% or F,;. Catheter, catheter brand and French

Gauge size,
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No CMS exhibited a uniform mean frequency response above 11 Hz (F, Fig.
2.2). Within catheter brands the F,, (Fig. 2.4) of Portex and Adcock FG sizes 10 and 8
were not significantly different. The F,, of the Portex FG sizes 6 and 4 and of the Adcock
FG size 5 were significantly lower than their same brand larger FG sizes. Within the Ven
catheter brand there was a significant decrease in F, with decreasing Ven FG sizes 10,
8 and 6. The F, was significantly lower for the Portex FG size 4 versus 6 and for the
Adcock FG size 5 versus 8, but the Ven FG size 5 versus 6 was similar.

Between catheter brands there was no significant difference in F,, for the Portex
FG sizes 10, 8 and 6 versus the corresponding Adcock catheters, but the Ven FG sizes
8 and 6 had a significantly lower F, than the corresponding Portex and Adcock FG
sizes. The F, of Portex FG size 4 was significantly lower than all other FG size
catheters. The Ven FG size 5 catheter displayed a significantly greater F,, than the
Adcock FG size 5.

The coefficient of determination (r®) for mean F,, versus catheter inside diameter
(ID) or outside diameter (OD) across all brands was 0.66 and 0.67 respectively. The
within brand r* for mean F,, versus 1D of Portex, Adcock and Ven catheters was 0.90,
0.55 and 0.81 respectively. The range of F,, was largest within the Ven 6 FG catheters
baing 31.2 to 60.2, and lowest within the Adcock 8 FG catheters being 79.5 to 84.4,

breaths/min.
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Figure 2.4, Catheter maximum working respiratory rate. F,, maximum working

respiratory rate; Catheter, catheter brand and French Gauge size.
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2.7 Discussion

in Vitro Technique

Catheter whip and impact with the esophageal wall may affect in vivo frequency
responses of in situ catheters. However, we performed in vitro frequency response
analysis because use of fast flush in vivo tests, in which there is a high inertia of the
external flushing liquid, has been shown to overestimate the CMS F, %% thereby
artefactually raising in vivo CMS working respiratory rates beyond their true values.
Moreover, accurate interpretation of CMS frequency responses calculated from in vivo
applied fast flush waveforms is interfered with by non-pleural pressure related
superimposed esophageal waveforms such as in vivo cardiac and peristaltic
waveforms.'®

In quantifying the frequency responses we employed the swept frequency forced
oscillation technique as opposed to the step response (free oscillation burst-balloon)
technique. The latter, like the fast flush in vivo technique, is practically limited to
underdamped CMS,'"'® may miss subtle differences in F,'* and is open to potential
measurement inaccuracies in the determination of the period and amplitude of the
response.' On the other hand, the swept frequency technique employed by us is
suitable for a distributed parameter system'"'® such as liquid-filled CMS, and allows the
system under test to be stimulated at equal amplitude over all frequencies, whereas the
step response approach results in reducing amplitudes with increasing frequency.

We used a mean pressure offset of +2.3 cmH,O, similar to mean intra-
esophageal pressures accompanying mechanical ventilation, because this method

allowed for any effects of non-linearities (amplitude and frequency-dependent) related
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to dynamic CMS compliance or catheter wall hysteresis'' to be included in the CMS
frequency response measurements.

Reported effects of physiological temperatures on frequency responses in liquid-
filled catheters vary from no effect™® to significant effects caused by altered catheter wall
compliance."'® The compliance and compliance hysteresis of nasogastric catheter PVC
is likely to be more temperature dependent than, for example, nylon or braided-
polyurethane catheters used for intra-arterial pressure measurerment, therefore we

measured the frequency responses at primate physiological temperatures.

Catheter Frequency Responses

To our knowledge there is no formal dowtientation comparing the pressure-
measurement frequency response characteristics of a range of differing FG sizes and
brands of standard liquid-filled PVG infant nascgastric feeding catheters of matching
catheter lengths: informal measurements on liquid-filled intra-esophageal catheters
(usually performed with differing catheter lengths, brands and FG sizes between the
researchers, and of single sample number) have demonstrated uniform frequency
responses in an 8 FG 2 mm ID 38 cm long saline-filled catheter up to 10 Hz® and in a
similar catheter to > 10 Hz,® while a5 FG 1 mm 1D catheter and a 6 FG catheter were
also noted to be flat to 10 Hz.5' Ideaily CMS should have a high F,, but a high F, by
itself may be associated with overdamping and consequent reduced CMS sensitivity at
raised frequencies. Introducing damping systems to compensate for resonance in
underdamped CMS is not usually practical, nor necessarily effective,’® therefore optimal
damping (D, = 0.71) accompanying a high F, is desirable in CMS.

Since both D, and F, can independently influence CMS performance, o facilitate
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interpretation of the frequency response data obtained in our experiment, we used
calculated F,, as a variable which meaningfully predicts the potential of a CMS to
measure intra-esophageal pressure within a 5% error limit up fo a maximum calculated
respiratory rate. Although mean F,, did increase with larger FG catheters, it represents
the accuracy with which applied pressure will be recorded assuming all of the applied
pressuie waveform energy is located within ten harmonics of the fundamental
frequency.® This assumption may be incorrect when oressure cycle infant ventilators
generating square pleural pressure waveforms are in use; the F, under such conditions
would be reduced.

The correlation between mean F,, and catheter 1D or OD was similar. Therefore
choosing a catheter based on either I or OD would be similarly effective in predicting
the F.. It should however be noted that FG, a term particularly applied to medical grade
catheters, refers to the Charriére French scaie where 1 FG unit = catheter OD of 0.33
mm, and does not necessarily reflect the 1D which also depends on catheter wall
thickness. Thus catheters of the same FG size can have differing ID's; for example the
ID of Portex FG size 6 versus Adcock FG size 6 (Table 2.1). The Ven FG size 5 has a
Iarger OD but the same ID compared with the corresponding Adceck FG size 5; the Ven
catheter wall is thus thicker and less compliant, which may explain its superior
frequency response. In addition, manufacturing tolerances on small versus large FG
size catheters are similar (Table 2.1), therefore small FG catheters may have relatively
larger OD tolerances. This can lead to further variability in their measured frequency
response characteristics, it is therefore advisabie to base catheter selection on ID rather
than on OD or FG alone, although ideally values for ID and OD (or FG) should be

sought: For the same catheter wall composition, a larger ID and greater wall thickness
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is likely to produce a higher F,.

The correlation between F,, and ID was different for various catheter brands, thus
for a particular iD or FG size catheter there is frequency response discrepancy between
different catheter makes. Resonance characteristics are dependent on CMS
compliance, inertance (liquid mass), viscous resistance and catheter wall hysteresis, In
practice ractors which affect CMS volume displacement coefficients are gas bubbles
(transparency of PVC catheters is advantageous here) which increase D, but lower
F, 182 catheter wall compliance, ! leaking connections, and arrangement of stopcocks
and transducer domes."” Manufacturing tolerances on the catheter ID or length affect
F, via catheter radius and length'* which may partly explain the range of frequency
responses found within samples from the same catheter brand and FG size noted in our
experiment. These variations concur with those recotrded from frequency responses of
liquid-filled intravascular catheters.'®'*#! Discrepancies between manufacturer-claimed
and experimentally observed resonant frequencies «- liquid-filled catheters have also
been documented.'® The quality of pressure transducer employed in the CMS directly
affects resonance properties: however, transducer dome size, which has the potential
to alter the liquid mass inertia and compliance of the CMS, did not affect the observed
frequency responses in our experiment.

In conclusion, in vitro frequency respense analysis demonstrates that, although
large FG commercially available PVC liquid-filied nasogastric feeding catheters are
underdamped and resonate, they have the potential to msasure transmitted intra-
esophageal pressures up to a maximum of 82 breaths/min within a 5% error limit.
However, judging the suitability of individual feeding catheters to measure dynamic

intra-esophageal pressure accurately based on FG size alone is inappropriate: The
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multifactorial determination of CMS amplitude and phase frequency responses
necessitates quantitative assessment of differing catheter brands and diameters prior

to their utilisation.
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2.8 Appendix
Equations for calculated variables:

Damping coefficient'® (Dc) (1)

2
Undamped natural frequency™ (F.) 2
F
F, = 3
i-2p2
Maximum working respiratory rate®'® (F,) (3)
(P g X 60)

where F,; is the frequency at which A/A, = 1.05; 10 refers

ta the Fourier series 10'th harmonic

Appendix Note:

In the author's experiment the frequency respanse trace was divided through by the
amplitude ratlo at 1 Hz (regarded as the DC response) and therefore AJA, = 1/A,.
Equations used for undamped natural frequency (F,) and damping coefficient (D,)

assume that the system is second order and linear."
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CHAPTER 3

3 FREQUENCY RESPONSLES OF INFANT AIR-BALLOON
VERSUS LIQUID-FIlLLED CATHETERS FOR INTRA-

ESOPHAGEAL PRESSURE MEASUREMENT
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3.1 Linking Comments

The high frequency raspiratory mechanics encountered during artificial infant
ventilation may require uniform catheter frequency responses beyond those
exhibited by water-filled catheters for accurate dynamic intra-esophageal pressure
measurement, Published literature is sparse and divided in opinion as to which of
liquid-filled versus air-filled balloon-tipped catheters are most suitable for intra-
esophageal pressure measurement during high frequency respiratory mechanics,
whilst a valid direct comparison between liquid-filled and air-balloon catheters has

not been published.

In Chapter Three latex balloons are laboratory-manufactured to appropriate
specifications for attachment to infant air-filled catheters, as would be used for intra-
esophageal pressure measurement using air-balloon catheter manometers in clinical
practice. The magnitude and phase frequency response performances of these
infant air-balloon catheters of differing French Gauge (FG) sizes and brands are
quantified and compared with those of matching water-filled catheters, using the

swept sine wave apparatus developed in Chapter Two.

For practical purposes, in contrast to Chapter Two, two catheter brands (versus
three in Chapter Two) and one transducer type (versus two in Chapter Two) are
assessed. However, in Chapter Three a larger sample number (n = 8, versus n =6
for Chapter Twoy} is tested for each catheter brand and French gauge size, and an

air-balloon catheter that is available commerciaily at this time is included in the
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analysis. Additionally, rather than re-using the data generated for liquid-filled
catheter frequency responses in Chapter Two to contrast with the data collected on
air-balloon catheters in Chapter Three, a new set of liquid-filled catheters’ frequency
responses are measured in Chapter Three. This re-measurement of liquid-filled
catheters was performed in order to contrast the frequency response performances
of air-balloon catheters with liquid-filled catheters in a valid fashion: the experimental
conditions under which both sets were determined, the batch of catheters tested in
both sets, and the analysis applied to determine the frequency response variables in

both sets were identical between the liquid-filled and air-balloon catheter sets.

The findings for air-balloon catheters are translated into a “maximum respiratory
rate”, which is meaningful to clinicians, up to which air-balloon catheters of differing
FG sizes may be utilised to measure intra-esophageal pressure appropriately, and
the results contrasted with those determined for the liquid-filled catheters.
[Comprehensive information is provided in Chapter Three's Absiract, Introduction

and Discussion sections, which follow]:-
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3.2 Summary

Amplitude and phase frequency response characteristics of infant air-balloon
catheters (IABC) of differing French Gauge (FG) sizes and brands were quantified to
determine their suitability for measuring dynamic intra-esophageal pressure (P,,)
accurately. Frequency response performances of matching IABC and water-filled
catheters (WFC) were also compared using the swept sine wave technique. The
maximum respiratory rate within which IABCs have the potential to measure P,
within a 6% error limit was calculated (Fgg). Frequency responses of IABCs greater
than FG size 5 exhibited underdamped resonant properties, while smalier FG size
1ABCs exhibit2d near-ciitical damping or overdamping. IABCs maintained uniform
amplitude frequency responses up to 25 Hz, demonstrating the ability to measure P,,
up to 148 breaths/min within a 5% errar limit, The frequency response performance
of FG size 6 IABCs was similar to that of FG size 10 IABCs. Compared with
miatching WFCs the frequency response performance of IABCs was significantly
superior, the frequency response variability within IABC samples was lower, and
IABC correlation between FG size and Fg,; was advantageously lower than for
WFCs. Fyy values for differing |ABC brands and FG sizes are presented. We
conclude that IABCs manufactured to infant-appropriate balloon specifications
exhibit significantly superior frequency response characteristics compared to
maiching WFCs. Measurement accuracy is not improved using IABCs greater than
FG size 6. Inexpensive intra-esophageal {ABCs are technically suitabie for the
accurate measurement of dynamic P, during high frequency respiratory mechanics
encountered in infant artificial ventilation. Keywords: esophageal manometry; lung

compliance; respiratory mechanics; mechanical ventitation.
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3.3 Non-standard Nomenclature

IABC
Mag
MANQVA

WFC
WRMS

Damping coefficient

Resonance amplitude ratio

Catheter Manometer System
Frequency at A, + 5%

Undamped (natural) resonant frequency
IABC or WFC working respiratory rate
Damped resonant frequency

French Gauge

Infant air-balloon catheter

Linear mannitude gain

Multivariate analysis of variance
Phase difference at fyg
Intra-esophageal pressure

Portex catheter

Polyvinyl chloride

South Africa

Water-filled catheter

Root mean square Watts

Chapter 3,

Page 81.



3.4 introduction

Pleural pressure of artificially ventitated infants is estimated by measuring
dynamic intra-esophageal pressure (P,,) to facilitate na'.ulation of the elastic and
resistive elements of the respiratory system (1, 2;. Polyvinyl chloride (PVC}) infant
feeding catheters, liquid-filled or air-balloon tipped (3-5) are easily inserted and well
tolerated (6), and are readlily available to clinicians and researchers as disposable
and inexpensive alternatives to transducer-tip catheters (7-8). However, the high
frequency respiratory mechanics encountered during artificial infant ventilation may
require uniform catheter frequency responses up to 20 or 23 Hz (4, 8, 9), which few,
if any, PVC water-filled catheters (WFCs) demonstrate (10).

Liquid-filled catheters are commonly used for intra-arterial pressure
measurement, therefore extensive frequency response characterisation of these
catheters exists. However, such data pertaining to infant air-balloon catheters
(IABCs) used for P,, measurement are sparsely published (3, 4), and limited by
measurements confined to one catheter FG size or to single (n = 1) catheter
samples of unequal lengths or brands. Studies employing IABCs have concentrated
on validating the in vivo reilection of pleural pressure by P, (3, 11) and do not
present quantitative data on the dynamic accuracy of differing IABC FG sizes and
brands used for measuring P,,. Moreover, controversy exists in the literature as to
the frequency responses of IABCs relative to WFCs: WFCs were qualitatively
considered to have better frequency responses than IABCs (7), yet in anoth 2r study
IABCs were suggested to have better phase and amplitude characteristics than most

WFCs (4). In the latter study catheters of FG size 6 (unspecified length} only were
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tested; to our knowledge a valid direct comparison of the frequency responses of
matching IABCs and WFCs has not been published.

In vivo fast flush test frequency response analysis is not applicable to IABCs,
therefore this study aims to determine the in vitro frequency respense characteristics
(amplitude and phase) of a range of IABCs of differing French Gauge (FG) sizes and
catheter brands, in order to quantify their suitability for accurate dynamic P,,
measurements in infants, and to compare IABC frequency response performances

with those of matching WFCs.
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3.5 Materials and Methods

IABC laboratory manufacture

Glass rods 8.3 mm outer diameter (0.D.), attached to a rotating device, were
dipped twice one hour apart into a bath containing liquid latex compound (Latex
Surgical Products, South Africa) which was vacuumed to remove surface air
bubbles. The latex was dried at 25 °C in air of 50% relative humidity, and manually
rolled off the rods following powdering. Balloons were selected on the criteria of
single wall thicknesses between 0.06 and 0.09 mm and < 25% difference between
the thickest and thinnest part of the air-balloon, as determined by a micrometer
screw gauge at three points along the balloon's length (3). Air-balloons were
mounted on PVC feeding catheters with silicon glue and silk ties at a point 5.5 cm
proximal to the catheter tip, and the IABCs leak-tested for 1 minute. Pressure-
volume curves for ten samples each of FG size 10 and FG size 5 IABCs of the same
catheter brand were determined as follows: Each air-balloon was evacuated by
submersing it in water to the level of its silk tie, after which the IABC was attached to
a 3-way stopcock and pressure transducer combinatior: (Honeywell Microswitch
170PC, USA). Air was incrementally injected into the horizontally positioned (as in
the case of supine infants) IABC using a calibrated 0.1 ml graduated syringe and the
pressure recorded (3, 12).

(See Supplemental Figures $3.A, S3.B).
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TOP: Supplemental Figure S3.A

Latex balioon manufacture

I Glass rods (manufactureu by glassblowers to specified dimensions) are
dipped in fresh surface-vacuumed latex compound

il The glass rods are attached to a rotation device and slowly turned in a
chamber of appropriate temperature and humidity until “dry”

[1IR Resulting latex balloons are rolled off, charactetised and selected if they fit

the thickness and compliance criteria (see text).

BOTTOM: Supplemental Figure S3.8

Air-filled balloon-tip catheter ready for frequency response characterisation

Size 10 French gauge polyvinyl chloride catheter 3
1 Size 4 French gauge polyvinyl chloride catheter \
1. Large volume pressure transducer

I, Small volume pressure transducer
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Table 3.1.  Infant air-balloon and water-filled catheter specifications

Feeding Catheter FG___OD =+ Tol, mm 1D+ Tol, mm L, om
Portex 10 3.3 %04 2.3 x0.1 60
(Portex, Kent, UK)

Ven 10 3.3x0.41 23%0.1 50
(Ven Products, SA)

Portex 8 2,6 +0.08 1.8+0.08 50
Ven 8 2.6 +0.1 1.8 +0.1 50
Paortex 6 2.0 +£0.08 1.4 +0.08 50
Ven 8 2.0 0.1 1.2 £0.1 50
Adcock Ingram 5 1.7 £0.08 0.8 +0.1 50
(Sabax Division, SA)

Ven 5 1.9 £0,1 0.8 0.1 50
Portex 4 1.3 +0.08 0.6 £0.08 50
Vygon Nutrisafe (Vygon 4 1.5+0.08 0.8 £0.08 50
Laboratories, France)

Erich Jaeger 8 2.7 1.5 50

(Erich Jaeger, GE)

ID, internal diameter; OD, external diameter; Tol, manufacturer specified tolerance;

L, length; UK, United Kingdom; SA, South Africa; GE, Germany
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Catheter-manometer testing

Five different FG size catheters (Table 3.1), and two differeni brands (if
available the same two brands) for each FG size catheter, chosen for their similar
lengths, were coupled to a Gould P10EZ (Viggo-Spectramed Statham Gould,
Oxnard, CA) pressure transducer (diaphragm area 6.4 mm, sensitivity
5 uV/V/mmHg, volume displacement 0.04 mm®100mmHg) and disposable
diaphragm-dome with luer lock fittings (Viggo-Spectramed Gould TA1019, Oxnard,
CA). The dome ports were fitted in-series to a 4-way stopcock of minimum orifice |D
2.0 mm (Adcock ingram, South Africa) yielding a transducer-dome-stopcock volume
of 0.6 ml. The space between the transducer diaphragm and disposable dome
diaphragm was water-filled accoiding to manufacturer instructions and positioned at
catheter-tip level.

Matching IABCs (n = 8) and WFCs (n = 8) of differing
FG sizes were assessed by randomly attaching their proximal female luer fittings
directly to the transducer stopcock male luer fitting. A commercially avaitable adult
air-balloon catheter (11 cm air-ballcon length, Erich Jaeger, Germany) was included
in the study (Table 3.1). All IABCs were operaled within their determined volume
optimal working range. To minimise bubble formation each WFC was flushed with
CO, followed by deionised and degassed (by boiling) water cooled under vacuum to
36-38 °C (13). The catheter's distal 20 ¢m was inserted under water into a laboratory
designed leak-proof water chamber kept at 36-38 °C. Sinusoidal pressure
waveforms between -5.5 and +10 cmH,0 (mean 2.3 cmH,Q0) were generated in the
chamber by means of an 8 Ohm loudspeaker (Bose 4.5" 802, Bose Corporation,

MA, USA) powered by an 80 WRMS DC-coupled amplifier linked to a sine wave
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generator (Hewlett Packard 3662A, USA). The amplifier and loudspeaker heat sinks
were water-cooled and the driver diaphragm silicone-coated for water resistance, A
swept-sine frequency response of the

catheter samples was recorded using a calibrated domeless piezoresistive
differential pressure transducer as a reference (Honeywell Microswitch 170PC,
USA), positioned inside the chamber adjacent to the IABC and WFC catheter-tips.
Unfiltered electrical outputs from the catheters and reference pressure transducer
were identically pre-amplified (Hellige Servomed, Freiburg, Germany), displayed
oscilloscopically, and analyzed for phase and amplitude differences by averaging 3
repeat measurements over 10 s at each 1 Hz interval (Hewlett Packard Dynamic
Signal Analyzer 3562A, USA). Apparatus reproducibility over the experiment was
checked and confitmed by repeating frequency response measurements of the

sample of Portex I*G size 6 IABCs and WFCs,

Frequency response determination

The amplitude and phase responses were analysed by fitting second order
curves (2 poles, no zeros) to the recorded frequency response traces (14, 15) using
the ourve fit function of the HP3562A analyser. Curves were fitled between 1 Hz and
the frequency at whi.™ the amplitude was 1 dB down from the maximum recorded
amplitude. The pole values thus obtained for the system function (Appendix equation
1) were converted to coefficients of the second order Laplace transfer function

describing the curve, allowing ¢alculation of the following variables:
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A damped resonant frequency (frequency at maximum amplitude)
[Appendix equativn 4]
AJ/A, resonance amplitude ratio {maximum amp'itude, A, divided by
amplitude at 1 Hz, 4,)
[Appendix equation 5]
fas frequency at A, x 5% (frequency at which the amplitude ratio =

1.05 or 0.95)

Amplitude frequency response variables describe IABC gain or attenuation of
applied pressure compared with the reference transducer over a range of applied
pressure frequencies. Phase-frequency response variables characterise the IAEC
CMS temporal advancement or retardation of the applied pressure waveform over a
range of frequencies; the phase-frequency response variable extracted from the

recorded CMS phase-frequency response tracings was:

Prs phase difference at fyg

[Appendix equation 6]

Calculated variables derived from the frequency respanse recordings were:

f undamped (natural) resonant frequency
[Appendix equation 2]

4 damping coefficient
[Appendix equation 3]
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Fan IABC or WFC working respiratory rate

[Appendix equation 7]

f represents the number of oscillations per unit time that ine IABC exhibits if left to
oscillate undisturbed. ¢ describes IABC resistance to osciliation. Fyg predicts the
maximum respiratory rate up to which an intra-esophageal IABC of given f, and g
has the potential to measure an applied pressure to within + 5% of the reference

transducer (14, 16).

Statistical analysis

Between-groups one-way (independent variables; IABC or WFC types)
multivariate (7 dependent measured frequency response variables, from above)
analysis of variance was performed (MANOVA F-test, Statistica™ software, Statsoft,
OK) and a post-analysis Tukey Significant Difference test-correction applied io
significant differences (17). Coefficient of determination (%) between Fg and
catheter FG size was calculated from the Pearson product-moment correlation. All
displayed values are mean + SD, and P-values < 0.05 are regarued as statistically

significant.
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3.6 Results

Air-balloon pressure-volume curves

The static pressure-volume relationships of the combined
2 FG sizes of catheters (n = 20) and for each FG size separate (each group n = 10)
of Portex FG sizes 10 and 5 IABC samples is illustrated in Figure 3.1. The Y-axis
zero pressure mark represents the point at which the pressure in the air:balioon first
became equal to atmospheric pressure with incremental air-volure additions. There
was no significant difference (Student's t-test; two-tail P > 0.05) between the working
range (region of high compliance) of air-balloons attached to Portex FG size 10
versus those attached to FG size 5 catheters (Figure 3.1, botiom traces). All our
IABCs exhibited a volume working range which exceeded the required IABC

specifications of < 0.4 cm H,O pressure change across the working range (3).
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Figure 3.1.

Static pressure-volume curves of infant air-balloon catheters. Upper graph is mean
of combined (n = 20) FG sizes 10 and 5 catheters. Bottom traces = FG size 10 (left)
and FG size 5 (right) catheters demonstrating no significant difference in their

working ranges.
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Frequency responses

Figure 3.2 illustrates typical frequency response curves recorded from a
Portex FG size 6 IABC and WFC.

IABCs' £, ¢ and A, and WFCs' {, are demonstrated in Figure 3.3, Values of {
and A, for WFCs have previously been published by us (10} and are therefore not
presented here. Within the IABC Ven and Portex brands, f. increased significantly
with increasing catheter FG size. The f, of all IABC FG sizes > 6 was significantly
greater than the £ of matching FG sized WFCs (Figure 3.3, top graph). The variation
about the mean £, was less in IABCs than in the WFCs (see . SDs of IABCs vs
WFCs in Figure 3.3, top graph).

IABC ¢ significantly increased with decreasing FG size (Figure 3.3, middle
graph): All IABC brands of FG size > 6 were underdamped (g < 0.71) and resonated.
The Ven 5 FG IABCs exhibited near optimal (critical) damping (¢ = 0.71). The
Adcock FG size §, Portex and Vygon FG size 4 1ABCs were overdamped
(€ > 0.71), hence their f, values (Figure 3.3, top graph) are not presented; [for these
overdamped IABC frequency response traces, damping coefficient (¢) and
attenuation of the pressure signal (4,) at natural frequency were calculated from the
curves' poles obtained with the second-arder curve-fit apolied to the traces].

IABC A, (Figure 3.3, bottom graph) was proportional to f: The underdamped IABCs
exhibited significant increases in gain (A, > 1.0) with increasing FG size, whilst the

~ overdamped smaller JABCs attenuated the applied pressure signals (4, < 1.0). In
contrast, all the FG sizes of WFCs were resonant and amplified the applied pressure

signais (A, > 1.0).

Chapter 3, Page 85.



Figure 3.2.

Comparison of Portex FG size 6 IABC (solid line) versus WFC (dashed iine) catheter
amplitude-frequency response trace. First marker circle on {ABC and WFC
represents baseline amplitude (Y-axis, Y, = A, = 1.0) and baseline frequency (X-axis,
X, = 1 Hz). Second marker circle on IABC represents damped resonant frequency
(X-axis, f, = 68 Hz) and maximum amplitude gain (Y-axis, A, = 1.7 Mag). WFC £ =43

Hz and A, = 2.6 Mag. Mag, linear gain over reference transducer.
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Figure 3.3.

Catheter amplitude-frequency kesponse characteristics. X-axes set at critical
damping (z ~ 0.71) and zero gain (A, = 1.0) for zand A, graphs respectively. X-scale
break separates commercial Jaeger adult from laboratory-made IABCSs. f, damped
resonant frequency for IABCs versus WFCs; z, IABC damping coefficient (C); A,
IABC amplitude gain or attenuation at f; Catheter, catheter brand and FG size; aPor,

Portex IABC; " P < 0.05 for IABC vs WFC of same FG size.
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Unlike IABC f, the IABC f,; (Figure 3.4, top graph) did not significantly
increase with increasing catheter FG size > 6. f,; was > 18 Hz for all IABCs > FG

size 6. IABC phase lag at f,5 is iltustrated in Figure 3.4, botiom graph.

Working respiratory rate

Far vaiues for differing brands and FG sizes of IABCs are depicted in Figure
3.5, top graph: Acioss brands and FG sizes mean Fpz minimum and maximum
calculated values were 20.4 + 0.7 (Portex FG size 4) and 244.5 = 69.8 (Ven FG size
5) breaths/min respectively. There was no significant Fgg difference between FG
sizes 6, 8 and 10 within the same brand of Portex or Ven |ABCs, nor was there any
significant Fqp difference between these two brands for the same FG sizes 6, & or
10. The maximum mean Fg, recorded in IABCs > FG size 6 was 148 breaths/min
(Ven FG size 10). The overdamped IABCs (Adcock FG size 5, Portex and Vygon FG
sizes 4) exhibited a significantly lower Fgs than all IABC FG sizes = 6. The Ven FG
size § catheters' Fpg was significantly greater than any other FG size catheter due to
the near-critical {, but manifested the largest variation about mean Fgy due to both
under and overdamped frequency responses recorded within the catheter sample.

IABC Fy, was significantly higher than matching FG size WFCs for all FG
sizes = 6, and for the Ven FG size 5 and Vygon FG size 4 catheters (Figure 3.5,
bottom graphy). In addition, the Portex and Ven FG size 6 IABCs exhibited a
significantly higher Fas than the Portex and Ven FG size 10 WFCs. The Adcock FG
size 5 and Portex FG size 4 Fgg was similar between IABC and WFCs.

Correlation (r*) between IABC F,q and FG size, ID or OD was 0.12, 0.10 and

0.18 respectively, whereas it was 0.75, 0.82 and 0.76 for the WFCs.
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IABC frequency response variables Fgg, {, A, and £, which were significantly
different (P < 0.05) between the various IABC FG sizes and brands are summarised

in Table 3.2,
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Figure 3.4.
IABC amplitude and phase frequency response characteristics. f,;, frequency at A; +
5%; P,s, phase differénce at A, + 5% or fy;. Catheter, catheter brand and FG size;

aPor, Portex 1ABC.
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Figure 3.5.

Working Respiratory Rate. Top bar-chart is Fg, of IABCs. Botiom bar-chart is mean
Fgg difference between WFCs and IABCs. Fgg, working respiratory rate; Catheier,
catheter brand and FG size; aPor, Portex infarit air-balloon catheter; ' P < 0.05 for

infant air-balloon (IABC) vs water-filled catheter (WFC) of same FG size,
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3.7 Discussion

By virtue of their construction, IABCs offer certain advantages over transducer
micro-tip and WFCs (1). Transducer micro-tip catheters can exhibit absolute pressure
measurement inaccuracies with changes in the temperature or fluid nature of the
surrounding intra-esophageal medium (7), and they are markedly more sensitive to
intra-esophageal cardiac artifacts than balloon catheters (8). WFGC absolute pressure
measurements are altered when the vertical distance between catheter-tip and
transducer is changed, and WFCs are also sensitive to motion artifacts (9). The long
IABC balloon measures mean intra-esophageal pressure over a larger poriion of the
lower esophagus than do WFCs or single micro-tip transducer catheters, making it more
likely that the mean value of an unevenly distributed intra-thoracic pleural pressure (18-
20) is recorded. IABCs are subject neither to measurement errors related to the
dissipation of liquid volume around WFC tips (21), nor to worsened dynamic
performance from the introduction of gas microbubbles into WFCs. The recent advent
of cheap disposable pressure transducers (22) make IABCs comparatively inexpensive
(8) for neonatal intensive care, and they are relatively atraumatic (4, 6) on insertion by

virtue of balloon-latex and catheter PVC flexibility.

Frequency responses

The commonly performed in vivo airway occlusion test (7, 18, 23) helps to
position intra-esophageal IABCs‘ optimally by assessing the in situ intra-esophageal
catheter's reflection of pleural pressure. However, this procedure does not assess the

ability of IABCs to respond accurately to dynamic P,, changes during artificial
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veritilation. Researchers employing air-balloon catheters to measure P, have noted
adequate frequency respenses to 10 Hz, 20 Hz and 22 Hz in a FG size 6 catheter ((3,
5), (18, 24) and (25)), and to 5 Hz and 15 Hz in a FG size 8 catheter ((26, 27) and (28)).
However, these studies were not aimed at formally assessing IABC frequency
responses or at comparing IABCs with WFCs, and the frequency responses were
reported for catheters (usually n = 1) of just one FG size and brand. Thus effects due
to manufacturing tolerances within a catheter and balioon sample, and effects related
to differing catheter tolerances between manufacturers for the same FG size (see
Table 3.1), were excluded. Details of catheter length, wall thickness, composition,
brand, balloon length, balloon diameter and latex thickness, the definition of adequate
frequency response used and the methaod of frequency response analysis were also not
provided in most of the above reports; hence the large frequency response data
discrepancies for the same FG sizes noted between researchers here,

By fixing transducer type, catheter length, FG size, composition and brands
between the IABC and WFC groups, the data in this report directly assesses and
compares the dynamic frequency response characteristics of matching IABCs and
WFCs of various FG sizes and brands. Our data suggest that IABCs, manufactured to
the appropriate specifications for infants (3), offer significantly superior frequency
response characteristics compared to matching WFCs. We measured f,; and calculated
Far as variables meaningful in clinical practice to evaluate the measurement fidelity of
IABCs: The lowest fy; (Figure 3.4) recorded in IABC > FG size 6 was 19 Hz. Infants are
commonly ventilated at high respiratory rates, and the pediatric ventilators employed
may generate very steep inspiratory waveforms with high frequency harmonic contents,

or be of the high-frequency-oscillatory type. Therefore, provided that the esophageal
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pressure waveform's energy is located within the first 10 harmonics of the ventilator's
fundamental frequency (4, 9), an IABC > FG size 6 can be expected to produce a
minimum Fgy (Which predicts the potential of an IABC to measure P, within a 5% error
limit up to a calculated respiratory rate) of 112 breaths/min. However, under conditions
of an esophageal pressure waveform's energy being located within the first 5 harmonics
(1) of the fundamental frequency, our findings indicate that IABCs > FG size 6 may
record (to within 5% accuracy) such a waveform administered at up to 224 breaths/min.

High correlations between Fqn and FG size, OD or ID in the WFCs imply that
choosing a larger FG size WFC extends the Fgz. On the other hand, the poor
correlations calculated for Frg versus FG size, OD or ID in 1ABCs can be seen as
advantageous 1o clinicians: For the same catheter brand, FG size 6 IABCs exhibit an
Frr comparable with FG size 8 and 10 IABCs, and yet also exhibit a significantly better
Frg than FG size 10 WFCs. Thus a FG size 6 JABC offers clinicians and researchers
a relatively atraumatically sized catheter with pressure measurement fidzality similar to
much larger IABCs, and also exceeds the measurement fidelity of equivalent FG size
10 W=Cs.

The variation of f, within IABC catheter samples is beneficially lower than that
found within .natching WFC groups. Variation differences may be attributed to micro-
bubbles of trapped gas in the WFCs (29-31), despite the WFC CO, flushing and water-
degassing procedures. We noticed that WFC female luer fittings tend to trap gas-
bubbles at the junction of the catheter's body and luer fitting, which in certain cases
proved difficult to remove even with reverse flushing. These adverse characteristics are
intensified in clinical settings where GO, flushing, degassing of water and reverse liquid

flushing of WFCs are not possible.
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We demonstrated that IABCs of FG sizes > 6 are underdamped and resonate,
yet IABCs of FG size 4 and 5 can be overdamped and attenuate the esophageal
waveform pressure signal. The overdamped properties of small FG size IABCs are not
likely to be due to occlusion of the catheter-tip eyelets by the latex balloons, nor due to
partial luminal occlusion of the IABC small FG size by balloon ties, since we were able
to demonstrate the overdamping effect using equivalent air-filled catheters without latex
balloons attached (data not shown here}. The pressure-volume coefficient (or
elastance) of IABCs is determined mainly by the compressibility of the air contained in
IABCs, whereas it is primarily governed by the elastic properties of the catheters and
transducer-dome diaphragm combination in WFCs. The overdamping may thus be
expiained by the combination of a low radius, soft PV'C and high compressibility of the
air. In spite of the overdamped frequency characteristics of small FG size IABCs, they

still possessed a Fgy similar to matching small FG WFCs.

Validity of Methods

We performed in vitro frequency response analysis because in vivo fast flush
tests are not applicable to IABCs. An advantage of the in vitro technique is the absence
of superimposed in vivo peristaitic and cardiac waveform artifacts (29). We used the
swept frequency forced oscillation technique as opposed to the step response
techniques (free oscillation burst-balloon, or fast flush tests) because the latter is
practically limited to underdamped systems (29, 31). This would be unsuitable for the
overdamped small FG size JABCs. In addition, step response techniques may miss
subtle differences in £, (13) and are open to measurement inaccuracies in the

determination of the period and amplitude of the response (29). The swept frequency
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technique is suitable for a distributed parameter system (29, 31), such as that
encountered with IABCs, and allows JABC stimulation at equal amplitude cver all
frequencies, whereas the step response approach resuits in diminishing amplitudes with
increasing frequency.

To incorporate possible effects due to non-linearities (amplitude dependence)
related to dynamic IABC compliance and catheter wall hysteresis (31), we applied an
input pressure of -5 to +10 cm H,O similar o mean P,, accompanying attificial
ventilation. Temperature fluctuation influences frequency responses (15, 31, 32)
through altering compliance or compliance hysteresis of PVC and closed-tip latex
balloons, therefore the IABC and WFC frequency responses were measured at infant
physiological temperatures.

We noted similar compliance curves for our laboratory-produced balloons
attached to either FG size 10 or FG size 5 catheters (Figure 3.1). This suggests that,
to manufacture IABCs, one size (ID 8.3 mm, length 5.5 cm) of infant latex-balloon may

be adequate for attachment to differing FG sized catheters,

Conclusions

We conclude that frequency responses of IABCs greater than FG size 5 exhibit
underdamped resonant iraces, whereas smalier FG size IABCs may be overdamped.
FG size 6 IABCs offer similar measurement accuracies to those of larger 1ABCs.
IABCs, manufactured to infant-appropriate balloon specifications, have the potential to
measure P,, up to 148 breaths/min within a 5% error limit. Compared to matching
WFCs, IABCs have significantly superior frequency response characteristics, and lower

frequency response variability within catheter samples, and are therefore more suitable
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for accurate dynamic P, measurements during the high-frequency respiratory

mechanics commonly encounterad in artificially ventilated infants.
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3.8 Appendix

Equations for amplitude and phase calculations:

Poles (roots of the denominator) of the system function G(s), located from the second
order curve fitted to the frequency response traces, are converted to coefficients of the
standard second order Laplace transform function given by (33, 34)

G(s) = c/(s/a)? + 2Z(s/b) + ¢ (1)

thus

Undamped natural frequency (14, 15, 33)
= (sl | 2

Damping coefficient (14, 15, 33)
4 = (s/b)y2f, (3)

Damped resonant frequency (14, 15, 33)

£ = £(1-203) "2 @

Maximum amplitude ratio (16)

A= 1Q-@EH))E )
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Phase at A,+5% (14)

P = tan(RLhJR1-(h/H)) (6)

Working Respiratory Rate (14, 18)
whete fy; is the frequency at which the amplitude ratio = 1.05 or 0.95

10 refers to the Fourier series 10'th harmonic

Appendix Note:

In this experiment the frequency response trace was divided through by the amplitude
ratio at 1 Mz (regarded as the DC response) and therefore AJA, = 1/A,. The CMS
frequency response calculations assume that the system is second order and linear

(14).
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CHAPTER 4

PREDICTING AIR-BALLOON AND LIQUID-FILLED
CATHETER FREQUENCY RESPONSES. TESTING THE
VALIDITY OF THE ASSUMPTION THAT FLUID-FILLED

CATHETERS FIT A SECOND-ORDER SYSTEM.
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4.1 Linking Comments

In Chapters Two and Three extensive information on the frequency response
characteristics of liquid-filled and air-balloon intra-esophageal catheter rnanometers was
collected, analysed and presented. These frequency response measurements were
made using the forced oscillation swept sine-wave technique (certain advantages of this

technique are discussed in Chapters Two and Three).

An alternative technique for evaluating the dynamic frequency response of catheter
manomesters is the square-wave step-response methor, such as the in vitro burst-
balloon or the in vivo fast-flush techniques (although in practice the fast-flush technique
cannot be applied to air-balicon catheters). In all reported uses of square-wave step-
response techniques calculations based on second-order models have been used to
determine catheter-manometer characteristics. Using the swept-sine wave technique
in Chapter Three, “raw” data were collected representing the true small signal frequency
responses of air-balloon and liquid-filled catheters (as opposed to the predicted
resonance frequencies and predicted amplitude deviations from uniformity which would

be obtained using square-wave step-response techniques).

Chapter Four analyses the measured frequency response traces generated in Chapter
Three to test the assumption that catheter manometer frequency responses fit a second
order system: Chapter Four thus determines wHether the two square-wave step-
response techniques, which are alternates to the swept sine wave technique, can be

used to determine in a valid fashion (within a context meaningful to clinicians) the
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frequency responses of air-ballcon and liquid-filled catheters, or whether the swept sine
wave technique used in Chapters Two and Thre2 should preferentially be applied.
[Comprehensive information is provided in Chapter Four's Abstract, Introduction and

Discussion sections, which follow}:-
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4.2 Abstract

Water-filled (W-FC) and air-balloon (A-BC) catheters are favoured in clinical
practice for measuring infant dynamic intra-esophageal pressure. Mathematical
equations, applied to square-wave responses to predict catheter-manometer frequency
responses, usually assume a second order frequency response system, We tested the
validity of this assumption.

Frequency responses of differing catheter brands and sizes were determined
with a sine-wave generator. Second order curves (SOFC) were fitted to original
recorded curves (ORC) to calculate SOFC:ORC ratios for damped resonance frequency
{f), maximum amplitude gain (A}, and the frequency and phase at which amplitude gain
= 1.05 (fas, Pas)

SOFC.0ORC ratios deviated signific..ntly from 1.0 for f,; and A, but not for £, were
significantly greater in W-FCs compared to A-BCs, and increased with increasing
catheter FG-size. P,; of SOFCs and ORCs differed significantly.

Iriconclusion, A-BC and W-FC frequency responses do not adeguately fit second
order systems. System order should be verified experimentally prior to predicting
frequency responses using the typical equations applied to square-wave response
techniques. We recommend using a sine-wave generator to measure in vitro frequency

responses of compliant fluid-filled catheters.

Key Words: frequency response; mathematical modelling; pressure; oesophageal

manometry; lung compliance; apparatus and methods; instrumentation.
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4,3 introduction

Catheter microtip pressure transducer technology is replacing the use of fluid-
filled catheters for in vivo pressure measurements. However, dynamic intra-esophageal
pressure measurement, employed to estimate pleural pressure when calculating infant
dynamic lung compliance, continues to be performed using fluid-filled catheters (1,2).
Nasogastric water-filled catheters (W-FC) and air-balloon catheters (A-BC), by virtue of
their flexibility, reduce the risk of esophageal trauma in newborns (3,4). W-FCs in situ
are well tolerated by infants (4) and are commonly in use for nasogastric feeding and
thus accessible to clinicians. On the other hand, transducer micro-tip catheters may drift
with changes in the temperature or the fluid nature of the surrounding intra-esophageal
medium (5), are markedly more sensitive to intra-esophageal cardiac artifacts than A-
BCs (6), and may overestimate dynamic pleural pressures in infants (7). The A-BC
batloon length is advantageous for measuring intra-esophageal presstire over a large
portion of the lower esophagus, while current availability ~f disposable pressure
transducers (8) makes the robust (9) W-FCs and A-BCs affordable manometer options.

The presence of high frequency respiratory mechanics in newborns makes
formal frequency response assessment of fluid-filled catheters a necessity (10,11); this
assessment may be performed using the in vitro swept sine-wave generator technique,
or the in vitro (burst-balloon) or in vivo (fast-flush) square-wave response techniques.
Square-wave response techniques usually invoke equations which assume caiheter
frequency responses are a second order system, thereby enabling prediction of the
catheters' frequency response curves and the frequency up to which the catheters
exhibit a near uniform response (12,13). Theory surrounding such typical equations

used to analyze square-wave responses, and from there to predict underdamped liquid-
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filled catheter frequency responses, is published extensively (14-20), but experimental
evidence to support the assumption of an adequate second order fit, inherent to most
of these equations, is sparse, and only found for certain intra-arterial liquid-filled
catheters (9,21,22). The validity of assuming a second order system frequency
response for liquid and gas filled Polyvinyi chloride (PVC) nasogastric feeding catheters,
used to measure infant dynamic intra-esophageal pressure, is untested. Nevertheless,
the square-wave response technique, typically reliant upon this assumption, is used to
obtain the frequency responses of these fluid-filled nasogastric catheters (23).

This study tests quantitatively the validity of the assumption that fluid-filled
nasogastric catheter frequency responses adequately fit a second order system, an
assumption which is inherent to equations commonly used to predict frequency

responses from square-wave response iechniques.
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4.4 Materials and Methods

Catheters and frequency response measurements

Data presented in this study are obtained from experiments performed by the
authors to determine the frequency responses of infant air-balloon versus equivalent
liquid-filled PVC feeding catheters as used to measure dynamic intra-esophageal
pressure in infants (data not yet published): Infant A-BCs were laboratory manufactured
by attaching suitable latex balloons (24) to PVC nasogastric catheters, and a
commercially available adult A-BC (Erich Jaeger, Germany) was included in the
experiment (SEE CHAPTER 3, Table 3.1).

Eight samples each of differing brands and FG (French Gauge) size A-BCs and
W-FCs of similar lengths (SEE CHAPTER 3, Table 3.1), connected to a Gould P10EZ
pressure transducer and disposable diaphragm dome (Viggo-Spectramed Gould
TA1019, Oxnard, CA) and 4-way stopcocks, were inserted into a water-filled chamber
kept at 37 °C. W-FCs were flushed with CO, followed by degassed water at 37 °C prior
to testing (25). A-BCs were operated within their determined optimal volume working
range (24). A sine-wave generator (Hewlett Packard 3562A, USA) linked to a DC-
coupled amiplifier and loudspeaker (Bose 4.5" 802, Bose Corporation, MA) generated
sinusoidal pressure waveforms inside the chamber between -5.5 and +10 cmH,0O
pressure from 1 - 100 iz, averaged for 10 s at each 1 Hz interval. Catheter amplitude
and phase-frequency responses were determined (Hewlett Packard Dynamic Signal
Analyser 3562A, USA) by comparison with the output from a temperature compensated
reference pressure transducer (Honeywell Microswitch 170PC, USA) located above the

catheter tip.
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Frequency response ratios; variables
The original recorded curves (ORC) of amplitude and phase frequency
responses obtained from the sine-wave generator technique were further analysed by
fitting second order system curves (2 poles, no zeros) to the ORC traces, using the
curve-fit function of the HP3562A analyser. Curves were fitted between
1 Hz and the frequency at which the amplitude was 1 dB down from the maximum
recorded amplitude on the ORC. The ORCs and second order fitted curves (SOFC)
were then divided through by their amplitudes at 1 Hz (regarded as the DC-response).
The values of five variables (commonly quoted by researchers to describe the
frequency responses o. their catheter-manometer systems) were obtained from each
SOFC and ORC tracing (Fig. 4.1). The SOFC:0ORC ratio (for amplitude-frequency
responses), and the SOFC-ORC difference (for phase-frequency responses), was

determined for each variable as follows:

SOFC:0RC ratios from the amplitude-frequency response tracings;

SOFC:ORC of f,;; Ratio of the SOFC and ORC tracings' frequency values at which
A=1.05

(A refers to the linear amplitude gain of the catheter-

manometer under test over that of the reference transducer.

frs 1s thus the frequency up to which the catheter has a near

uniform amplitude-frequency response (12,17) (Figure 4.1).
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SOFC:ORC of f; Ratio of the SOFC and ORC tracings' damped resonance
frequency values (frequency at maximum amplitude gain)
SOFC:ORC of A; Ratio of the SOFC and ORC tracings' maximum amplitude gain

values (linear gain at f)

SOFC-ORC phase-shift differences from the phase-frequency response

tracings;

SOFC-ORC of P,; Difference between the SOFC and ORC tracings' phase-shift
values at fy;
SOFC-ORC of Pf; Difference between the SOFC and ORC tracings' phase-shift

values at £,
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Figure 4.1,

Sample plot of Second Order Fitted Curve (SOFC, dashed line) versus Original
Recorded Curve (ORC, solid line) for Ven FG-size 8 water-filled 6atheter (W-FC)
amplitude-frequency response trace. First marker circle represents baseline amplitude
(Y-axis, Ya = 1.0 Mag) and baseline frequency (X-axis, X = 1 Hz). Second marker circle
shows frequency at which A = 1.05 Mag on the ORC trace (X-axis, fis =X + aX =74
Hz), The SOFC's f,; is extended upwards relative to the ORC's f,;, vielding a
SOFC:0ORC fy ratio of 1.5. Mag, linear gain over reference transducer; Hz, hertz,
Note that the curve-fit algorithm of the Hewlett Packard analyser fits both phase and

amplitude data.
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Statistical analysis

For amplitude-frequency response variables, confidence intervals (95%) for
SOFC:ORC ratios were calculated (26). SOFC:ORC ratios with confidence intervals
which excluded the ideal ratio of 1.0 and which additionaily had mean ratios < 0.95 or
> 1.05 were regarded as significantly different. SOFC-ORC phase-shift variables were
compared using Student's two-tailed paired t-test.

Significant differences between samples of A-BC and W-FC FG-sizes and
brands were determined by one-way (independent variables; A-BC or W-FC cathster
types) multivariate (5 dependent SOFC:ORC amplitude or phase frequency response
variables) analysis of variance (MANOVA F-test, Statistica™ software, Statsoft, OK) and
a post-analysis Tukey Significant Difference test-correction applied to significant
differences (27). All displayed values are mean + SD, and P-values < 0.05 are regarded

as statistically significant.
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4.5 Restiits

SOFC:ORC ratios for the amplitude-frequency response variables are depicted
in Figure 4.2. SOFCs of both A-BC and W-FC groups significantly overvalued the
frequency at which the amplitude gain was 1.05 (or f,5), as evidenced from the mean
SOFC:ORC ratios of f,; being significantly > 1.0 for ail but one (wPor4) catheter sample
(Figure 4.2, top graph). Between A-BC and W-FC catheter groups, for the same FG-
size and brand of catheter, the SOFC of W-FC group's samples overvalued f,; to a
significantly greater degree than did the SOFCs of A-BC group's samples (eg., compare
the ratios of wVent0 and aVen10). Within the W-FC group there was a significant
decrease in the mean SOFC:ORC ratio of f;; (towards the ideal ratio of 1.0) with
decreasing catheter FG-size, but this decrease was less noticeable within the A-BC
group, Within both A-BC and W-FC groups, for the same sample FG-sizes, the
SOFC:ORC ratio of f,; was unaffected by the brand of catheter tested (eg., compare the
ratio of wPor10 with wVen10).

In contrast to the SOFC:ORC ratios of f,; above, the SOFC:ORC ratio of f,
(Figure 4.2, middle graph) was not significantly differant from the ideal ratio of 1.0 in all
of the A-BC group's samples, whilst SOFCs of only a few of the W-FC group's samples
significantly overvalued the £, (to a small degree). However, SOFCs of most W-FC and
A-BC group's samples significantly undervalued the amplitude magnitude at resonance
frequency (A,) as evidenced by the SOFC:ORC of A, being significantly < 1.0 (Figure
4.2, bottom graph). This SOFC undervaluation of A, was similar between the A-BC and
W-FC groups, and in several catheter samples the magnitude of undervaluation

significantly decreased with decreasing catheter FG-size in both groups. Within the A-
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BC and the W-FC groups, for the same FG-size samples, the SOFC:ORC ratio of A,
was not significantly affected by the brand of catheter tested. Only one (wPor4)
catheter's SOFC:ORC did not differ significantly from ideal across all three amplitude-

frequency response variables,
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Figure 4.2,

Second Order Fitted Curve:Original Recorded Curve (SOFC:ORC) ratios (mean + SD)
for amplitude-frequency response trace variables. Horizontal dashed line depicts ideal
SOFC:ORC ratio of 1.0. X-scale break separates commercial Jaeger adult from
laboratory made air-balloon catheters. SOFC:ORC of f,;, SOFC:ORC ratio at the
frequency at which A= 1.05; SOFC;ORC of f,, SOFC:QRC ratio at damped resonance
frequency; SOFC:ORC of A, SOFC:ORC ratio at maximum amplitude gain. Catheter,
catheter brand and French Gauge size; aPor or wPor, air-balloon or water-filled Portex
catheter.

" SOFC:ORC ratio significantly different from ideal 1.0 (see criteria in methods).

* P < .05 for A-BC vs W-FC of same FG-size and brand.
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SOFC-ORC differences for phase-frequency response variables are depicted in
Figure 4.3 (a negative phase-shift difference implies that the SOFC phase-shift is
greater than the corresponding ORC phase-shift). SOFCs of A-BC and W-FC groups
overvalued the p.lase-shift at 5 (= Pys) as evidenced by the SOFC-ORC phase-shift
difference of P, being significant for most catheter samples (Figure 4.8, top graph).
Between the A-BC and W-FC catheter groups, for the same FG-size and brand of
catheter, the SOFC of all W-FC group's samples overvalued P, to a significantly
greater degree than did SOFCs of the A-BC group's sampies (eg., compare the SOFC-
ORC phase-shift difference of wPor8 with aFor8). There was a trend, significant in
several samples, for the magnitude of the phase-shift difference overvaluation by
SOFCs to decrease with decreasing FG-size in the W-FC group. Within the A-BC
group, for the same FG-size, the SOFC-ORC phase-shift difference of P, was
unaffected by the brand of catheter tested (eg., compare the phase-shift difference of
aPor8 with aVen8), However, catheter brand significantly affected the W-FC group's
samples {eg., compare wPor10 with wVen10). SOFCs significantly overvalued the
phase-shift difference at £ (= Pf,) in the W-fFC group, but significantly undeivalued F¥,
in the A-BC group (Figure 4.3, bottom graph).

SOFC:0ORC ratios, and SOFC-ORC phase-shift differences, for the commercially
available Erich-Jaeger A-BC did not differ significantly from those of our similar FG-
sized laboratory manufactured A-BCs. The variance of SOFC:ORC ratios, and of the
SOFC-ORC phase-shift differences, with'n most catheter samples was generally large
(see Standard Deviation bars in Figur:s 4.2 and 4.3). Table 4.2 summarises the
SOFC:0ORC ratios', and the SOFC-OR( phase-shift differences’, significant differences
between differing A-BC and W-FC FG-sizes and brands.
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Figure 4. 3.

Phase-shift difference (mean + SD) between Second Order Fitted Curve and Original
Recorded Curve (SOFC-ORC) for phase-frequency response trace variables. X-scale
break separates commercial Jaeger adult from laboratory-made air-balloon catheter.
SOFC-ORC of Py, SOFC-ORC phase-shift difference at A = 1.05 (or f,;); SOFC-ORC
of Pf, SOFC-ORC phase-shift difference at damped resonance frequency, Catheter,
catheter brand and French Gauge size; aPor or wPor, air-balloon or water-filled Poitex -
catheter.

" Significant SOFC-ORC phase-shift differance.

* P <0.05 for SOFC-ORC phase-shift difference between A-BC and W-FC of same FG-

size and brand
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4.6 Discussion

The assumption that fluid-filled catheter-manometer systems adequately approximate
second order systems is motivated by the advantages thereof, such as the derivation of
relatively simple mathematical equations which allow prediction of catheter frequency
responses from square-wave response measurement techniques: additionally, the electrical
correction of incorrect information from an impetfect catheter-manometer system may be
accomplished using second order system models. The square-wave response technique is
used by clinicians to assess in vivo the frequency response of underdamped catheter-
manometer systems in situ, as well as by researchers who do not have ready access to suitable
sine-waviz pressure generators. The construction of an appropriate variable-frequency sine-
wave gensrator with a uniform pressure amplitude and waveform response at varying
frequéncis}s is difficult (9,18,28), and requires the use of a variable-temperature pressure
chamber and a temperature-compensated reference transducer. Although certain researchers
have expei'imentally validated the second order system theorstical models for the resonant
behaviour of a few intra-arterial blood pressure measurement systems (21,22), and validated
that of a mopre complex electrical transmission-lire model (9), other researchers have shown
quantitatively such theoretical models to not be adequate for their intra-arterial catheters (29-
31). Addifionally, the similarity of frequency responses obtained with square-wave response
techniqr.es compared tu those obtained from the sine-wave generator technique is shown to be
both adequaie (32,33) and inadequate (12,37) for intra-arterial catheter-manometer systems.
Extrapolating the assumption of a second order system, shown to be valid in certain fuid-filled
catheter-manometers, to fluid-filled catheters of different FG-sizes, lengths and material

compositions, operated under different conditions arid coupled to modern pressure transducers
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and domes, may be erroneotls.

Our results suggest a significant deviation of the fiuid-filled PVC catheter-manometers'
SOFCs from the ORCs. Matitematical models, from which commonly used equations based on
systems assumed to be second order are derived, state that the catheter-manometar acts as a
transmission probe (based nn electrical transrnission line theory) in the manner of a distributed
system (9,15-17). These theories, and the equations based on them, incorporate several
important catheter-manometer properties influencing the theoretical frequency responses,
being: compliance (catheter-manometer walls and filling-fluid); inertance (axial and radial fluid
mass, and radial catheter-manometer wall inertance); viscous rasistance (catheter-manometer
filling fluid) and hysteresis (catheter-manometer wall hysteresis and filling fluid inelasticity). One
obvious difference between fluid-filled feeding catheters used to measure intra-esophageal
pressure and catheters used to measure intra-arterial pressure is the soft PVC catheter
compound of the former versus the relatively rigid nylon or braided polyurethane of currently
used intra-arterial cathelers. Whereas wall compliance and hysteresis are validly ignored in the
mathematical models applied to certain intra-arterial catheters (by assurning a tube of constant
dynamic compliance, with negligible hysteresis losses directly proportional to frequency (9)),
PVC nasogastric catheters are palpably compliant, and may exhibit significant dynamic energy
losses through hysteresis. Moreover, in certain catheter-manometer systems compliance has
been shiown to be frecquency dependent (21,29). The magnitude of this dependence may be
influenced by catheter wall composition; PVC catheter compliance and hysteresis may not only
be greater in magnitude, but also be more frequency and amplitude dependent than those of
relatively rigid intra-arterial lines assumed to be linear systems (9,17,21). We have not
assessed the contribution of such factors here.

Theory predicts that a gas-filled catheter-manometer system may be treated as a linear
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system if the catheter radius is large enough and the frequency low enough, despite the large
compressibility of the gas (17). In highly compressible fluids, such as a gas, the catheter-
manometer system’s compliance is principally affected by the gas compressibility in A-BCs,
whereas catheter elasticity and transducer-diaphragm compliance is primarily responsible for
the elastance of W-FCs. in our experiment, even though deviation from second order systems
was less in A-BCs than W-FCs, we did not find an adequate second order system fit prevailing
within the range of A-BC FG-sizes and lengths used in clinical practice. The SOFC:ORC ratios
of our W-FCs deviated significantly more than the A-BCs even though the W-FCs filling-fluid
was of lower compressibility. This may be related to the presence of gas microbubbles in the
W-FCs which remained despite our efforts to reduce them. Trapped gas bubbles, which lower
the catheter-manometer systemn elastance, remain an adverse feature of W-FCs in the clinical
situation. Their formation is encouraged by the negative intra-esophageal pressures
encountered physiologically; we simulated these physiologically negative pressures in vitro in
this experiment using the laboratory-buiit sine-wave generator,

Our findings must be interpreted within the context of clinical relevance. Most
physiological pressure waveforms' energy contents lie well within £, but not necessarily within
fas Of a catheter-manometer system. SOFC:ORC deviations and SOFC-ORC phase-shift
differences of #, A, and Ff, are not as relevant in clinical practice as the deviations of f,; tn our
experiment the magnitude of SOFC:ORC ampiitude-frequericy response deviation is shown to
be greater for i, than for f; this is unfavourable because deviations cbserved for £ in our
experiment are acceptable in clinical practice, whilst those observed at f,; are relevant in clinical
practice (an overestimation of the uniformity of a catheter's amplitude-frequency response is
unacceptable) as well as statistically significant. Additionally, the observed magnitude of

deviation is greater for W-FCs than for A-BCs; this is also unfavourable for clinicians because
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the in vivo fast-flush test (square-wave response technique), which is reliant on second order
system theory to predict f,; (12), can currently be performed on W-FCs only and not on A-BCs
in vivo, and our results suggest that assuming a second order system is less valid for

W-FCs than for A-BCs.

The observed SOFC-ORC phase-shift differences are statistically significant, but
relatively small in magnitude. Intra-esophageal pressure is measured to estimate dynamic lung
compliance, therefore a simultaneous dynamic lung volume measurement is always recorded.
The SOFC-ORC phase-shift differences may thus be relevant in clinicai practice.

We noted significantly increased magnitudes of SOFC:ORC ratios with increasing
catheter FG-size. Catheter elastance, which decreases with larger catheter FG-sizes (wall
thickness:outer diameter ratio (13) reduces with increasing FG-size in our catheters), may have
influenced this. In validating the theoretical assumptions of their mathematical models, most
resiearchers have used only one sample of each catheter for the experimentally obtained (sine-
wave generator) frequency response and compared this against the theoretical predicted
response. We noted large variances in SOFC:ORC ratios within both the A-BCs' and the 'W-
FCs' samples (n = 8 each in our experiment); large manufacturing tolerances for any particular
catheter FG size may be an influencing factor here. Note however that differing catheter brands
did not significantly alter the SOFC:ORC deviations for any particular FG-size catheter, and the
commercially available A-BC's SOFC:ORC deviation was not significantly different from the
corresponding |laboratory made A-BCs.

in congclusion, A-BC and W-FC frequency responses do not adequately fit second order
systems. These findings cast doubt on the validity of defining and applying second order
system mathematical models to predict such catheter-manometers' frequency responses.

SOFC:ORC deviations are significantly larger in W-FCs than in A-BCs, in large FG-sized
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catheters, and at f,; than at £. The system order of differing fluid-filled catheter-manometers'
should be verified experimentally prior to predicting such catheters' frequency responses using
the typical equations applied to square-wave response techniques. We recommend that the
sine-wave generator, rather than the square-wave response technique, be used to measure in

vitro frequency responses of compliant fluid-filled catheters.
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CHAPTER 5

5 STABLE DIFFUSE ACUTE LUNG INJURY MODEL IN VERVET

MONKEYS (Cercopithecus aephiops).
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5.4 Linking Comments

High-fidelity non-invasive estimation of dynamic intra-pleural pressure using intra-esophageal
pressure measurements requires that (i) the pleural pressure wave be transmitted unchanged
across the tissues between the intra-pleural and intra-esophageal spaces, and (i) that the
pressure wave be transmitted unchanged across the intra-esophageal catheter manometer
systems. Chapters Two, Three and Four concentrated on the latter, characterising the
suitability of intra-esophageal catheter manometer systems to transmit dynamic pressure
waveforms accurately. However, to validate intra-pleural pressure estimation it is also

necessary to characterise the pleurc-esophageal tissue barrier's transmission propetties.

in Chapter Six the frequency response of the pleuro-esophageal tissue barrier is investigated.
However, in order to record the measurements made in Chapter Six within a context meaningful
to practising clinicians it was necessary o develop an animal model of human disease (acute
respiratory distress syndrome) simuitaneously. The vast majority of intra-esophageal
measurements are made in clinical practice in this disease-state. Thus, this chapter pilots such
a novel mudel (n = & animals) and describes the characteristics of this model in the subsequent

~animals emptoyed (n = 12) for the measurements made in Chapter Six.

Chapter Five thus investigates whether intravenous administration of Oleic wcid will induce a
siable mu‘;ﬁéi of diffuse acite ling injury in menkeys (a novel species for modeling lung-injury in
non-human primates), and quantifies the pulmonary function and histolcgical properties of this
model. [Comprehensive information is provided in Chapter Five's Abstract, Introduction and

Discussion sections, which follow]:-
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5.2  Absiract

Oleic acid (OA) induced acute lung injury (ALIl) models are useful for studying pulmonary
mechanics and gas exchange in ALI but an animal model with functional lung mechanics and
thoracic phenotypic anatomy similar to humans is preferable. OA (acute lung injury group,
ALIG, n=6) or saline (CTRL group, n = 6) was titrated into the central veins of anesthetized,
paralysed adult monkeys breathing oxygen on positive pressure ventilation. With OA doses of
92 + 30.3 mg/kg ALI onset occurred at 161 = 60 min. Following ALI, arterial oxygen and
dynamic and quasistatic lung compliance were significantly reduced; alveolar inflammation and
edema, evidenced by lung wet:dry weight ratios and histological scores of ALl severity, were
significantly increased. Ventilation requirements were significantly raised in ALIG yet gas
exchange and systemic hemodynamics were suitably stable. ALIG histology revealed extensive
intra-alveolar fibrin deposition. There were no significant corresponding changas in CTRL.
CTRL and ALIG lung compliance values were similar to those reported for comparable healthy
and respiratory distress syndrome humans respectively. In conclusion, controlled central
venous administration of OA into adult monkeys breathing oxygen on positive pressure
ventilation rapidly results in stable diffuse ALI characterised by decreased static and dyhamic
jung compliance, reduced alveolar oxygen exchange and diffuse alveolar capillary leak with
fibrin deposition. The monkey OA-induced ALl model is suitable for the pathophysiological

evaluation of pulmonary mechanics and gas exchange following ALL.

Keywords: oleic acid, monkeys, acute lung injury, respiratory distress syndrome, animal

models of human disease.
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5.3 Introduction

Acute lung injury (ALI) animal models are useful for investigating respiratory system
rnechanics, barotrauma and gas exchange in respiratory distress syndromes and for evaluating
the effect of differing ventilatioir modes such as positive end expiratory pressure (PEEP) (1) or
high frequency oscillatory ventilation (2) on gas exchange and the outcome of respiratory
distress syndromes (RDS). Additionally, certain ALl models may be useful for evaluating
exogenous surfactant therapy (3), extra-coerporeal membrane oxygenation (4), and liquid lung
ventilation (5).

Animal models based on premature delivery of fetuses resemble the stiology and
consequences of hyaline membrane disease of the newborn, whilst other models usually
resemble RDS due to other causes including neonatal pneumonias and acute RDS in adults
and children (6). Demand for ALl models not effected by premature delivery of fetuses has led
to several modalities being employed; instillation of endobronchial hydrochloric acid (7),
surfactant inactivation with detergent (8), paraquat induced injury (9), surfactant antibodies, and
the commonly used saline lung lavage and hyperoxia methods (10).

ALl models in non-human primates have been induced in baboons using hyperoxia (11),
oleic acid (OA) infusion (12,13) or premature fetus delivery (14), and by premature fetus
delivery in monkeys (15). Premature delivery of fetuses requires ante-natal monitaring and
hysterotomy. Although OA-induced lung injury does not mimic the etiology of RDS, it is a useful
model on which to study the consequencas following ALl in humans (6). The phenotypic
thoracic anatomy and functional pulmonary mechanics of heaithy monkeys is similar to that of
humans, but to the authors' knowledge a mode! of OA-induced ALl in monkeys has not been
published.

We aim to investigate whether intravenous administration of OA will induce a stable
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model of diffuse acute lung injury in adult monkeys, and to quantify the pulmonary function and

histological properties of this model.
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5.4 Materials and Methods

Instrumentation

University Animal Ethics Clearance (certificate 96/113/2B) was obtained prior to
commencing the study and animals were humanely cared for in the University Central Animal
Service. A pilot study was conducted in five animals to determine the optimal administration of
OA (dose ranging, formulation, site and rate of delivery to meet ALl criteria defined below). The
pilot study also determined the optimal anaesthetic regimen, paralysing agent dose and
inotropic support needed to counter negative inotropy of the two anaesthetic agents, and
appropriate instrumentation and monitoring for ALL Thereafter, 12 female Vervet monkeys
(Cercopithecus Aephiops, 3.9 = 0.60 kg) were anesthetised (ketamine 20 mg/kg induction and
ketamine 10 mg.hr'.kg", sufentanyl > 30 ug.hr'.kg™ and adrenaline inotropic support 5 ug.hr
kg™ maintenance continuous infusions), paralysed (vecuronium 10 ug.hr'.kg™), intubated
orally (cuffed 4.5mm, Mallinkrodt, Athlone, Ireland) and mechanically ventilated supine with
warm humidified 100% O, (FiO, = 1.0) using a pressure-cycle pressure-limit ventilator
(Preemicare Model 105, Texas, USA).

Airway opening pressure (Paw) was measured with a piezoresistive differential pressure
transducer (Honeywell Microswitch 170PC, USA). A size 7 French Gauge transducer-tip
catheter (Millar Mikro-tip SPC 470, Milar Instruments, Inc., Texas, USA) was placed in the
oesophagus for dynamic intra-esophageal pressure measurament (Pes)(16). The Pes catheter
site was chosen according to the “paralysed airway occlusion test” in which the airway is briefly
occluded and abdominal pressure applied &3 5248 how faithfully Pes changes follow Paw
changes in an isovolumic chest (17). Airway gas flow was measured with a heated Hans

Rudolph 8300 screen pneumotachograph connected to a Validyne MP45 differential pressure
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transducer, calibrated for in vivo inspiratory and expiratory circuit geometry against a Godart

Statham 17330 wet-seal spirometer (18); Supplemental Figure S5.A.
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Suppilemental Figure 85.A.

Inspiraiory and expiratory flowmeter calibration curves at in vivo Body Temperature, Pressure
and Satwation (BTPS) and average expected gas compositions, for the Hans Rudolph 8300
screen pneurnotachograph connected to a Validyne MP45 differential pressure transducer, The
flowmeter is calibrated against a Goddart Staham 17330 wet-seal spirometer. The spirometer
was calibrated against a 4 litre syringe (Cavitron PC3006). Temperature in the spirometer 100%
humid gas was measured with a thermistor (Siemens M85). Constant gas flow through the
flowmeter was generated using negative pressure suction across a needle valve. The

inspiratory an expiratory circuit geometry used was identical to that used in vivo,
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The right femeral artery and vein were cannulated for arterial blood pressure
measurements (Statham-Gould P10, Oxnard, CA) and the injection of OA. Core body
temperature was kept between 36 and 38 °C and intravenous Ringers fluid replacement
administered according to suprapubic catheter urine output and central venous pressure
recordings.

Al pressure and flow transducer signais were pre-amplified (Hellige Servomed, Freiburg,
Germany) and digitised. (Biopac MP100 and AcgKnowledge ver 3.3.2, Biopac Systems Inc.,
CA, USA).

Oleic acid injection

Ambient light and air protected OA (free cis-8-Octadecanoic acid, 99% pure, Sigma
Chemical Company, St Louis, MO) mixed in 1 ml 0.9% saline was flushed with § ml 0.9% saline
via the venous cannula into the central veins at the level of the right atrium. OA was
administered in 2 X 25 mg/kg boluses, each 15 minutes apart, repeated hourly until ALl was
produced (defined physiologically as PaO, < 50% of baseline value, accompanied by reduced
lung compliance and increased alveolar ventilation requirement) (19,20).

(Methods Supplemental Figures S5.B, S85.C, §5.D, S5.E).
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TOP. Supplemental Figure S5.D.

Dynamic data acquisition during acute lung injury.
l ECG and pressure pre-amplifiers

Il Analog to digital acquisition card

. Digital storage and display on computer

BOTTOM. Supplemental Figure S5.E

Acute lung injury; post-mortem macroscopic haemorrhagic edema and luny consolidatiorr,

noted in monkey Respiratory Distress Syndrome.
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Ventilation variables

Measurements were made before (baseline), and approximately 2.5 and 5.5 hours after
initial OA injection (acute lung injury group, ALIG, n = 6) or equivalent saline injection (control
group, CTRL, n = 6). Respiratory rate (RR) and maximum Paw (Paw pk) were adjusted to
achieve an arterizi carbon dioxide (PaCQ,) of 30-40 mm Hg (calibrated Stat Profile 3, Nova
biomedical, MA, USA) throughout the experiment. Once ALl criteria were met PEEP was
increased in ALIG as required to optimise PaQ, levels (but always meeting < 50% of baseline
PaO, levels criterion). No additional systemic alkali were administered.

Dynamic total respiratory system (Cqgdyn) and lung (C dyn) compliance were calculated
from the ratio of the average of three tidal volumes at BTPS (barometric pressure was 626 +
1.6 mm Hg) to the average of three differences between end-inspiratory and end-expiratory
Paw or transpuimonary (Paw-Pes) pressures (21,22). The percentage transmission of peak
Paw pressure to Pes was determined from the end-inspiratory to end-expiratory aPes:aPaw
ratio. Additionally, quasistatic deflation (at 1.6 ml.sec™) lung compliance (C,stat) from Paw =7
cmH,O above functional residual capacity (FRC) down to FRC was determined (23)
immediately post-mortem in the intact thorax {quasistatic deflation curves recorded in vivo were

not analyzed because of the apparent variation of respiratory quotients within the animals).

Post-mortem measurements

Animals were euthanased under anesthesia with excess intravenous barbiturate and
Paw held at 10 cimiH,O while the sternum was split. The lungs were removed and severed at
the main stem bronchi near to each lung. Marginal sections from the anterior and posterior
surfaces of the upper, middle or lingular, and lower lobes of each lung (12 sections per subject

from similar locations (24)) were placed in 10% formaldehyde for haematoxylin and easin
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staining. The remaining upper, middle and lower lobes were weighed wet and dry for
determination of total lung water content (24,25). Each of the twelve randomised lung sections
was viewad by a pathologist (sample-blind) under a light microscope at the same
magnifications (4X and 40X) between CTRL and ALIG. ALl scores were assigned according to
accepted ALl scales (1,4,24) for severity of injury [0 - 3], extent of normal appearing tissue [0 -
100%, in 5% increments] and prevalence of residual intravascular red blood cells for congestion
[0 - 4]. Severity was graded [0] for normal appearing lung, [1] for mild congestion, interstitial
edema, with red blood cells (rbc) and/or neutrophiis only occasionally in the alveolar spaces, [2]
for moderate congestion and interstitial edema, with rbc's and/or neutrophils partially filling the
alveolar spaces but without consolidation, and [3] for marked congestion and interstitial edema,
with rbc's and/or neutrophil infiltrate nearly or completely filling the alveolar spaces
(consolidation). Additionally, the presence or absence of monocyte and alveolar macrophage
phagocyte invasion, invasion of alveolar septae or spaces by neutrophils, deposition of
extravascular fibrin in septae or alveolar spaces, proteinaceous hyaline membranes presence
and intravascular thrombus formation was recorded for each section. The mean score across

gach animal's 12 sections was compared between ALIG and CTRL (24).

Slatistics

Significant within-group changes over time were detected using Friedman ANOVA
(repeated measures) followed by identification with the Wilcoxon signed-rank test (26). The
Mann-Whitney rank-sum test was used to determine significant differences between groups’
data at the same time period and changes from baseline (Statistica™ software, Statsoft, OK).
All displayed values are mean + SD, and differences with P-values < 0.05 are regardad as

statistically significant,
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5.5 Results

The total mean dose of oleic acid necessary to produce ALl using the method defined
above was 92 + 30.3 mg/kg across ALIG. The mean delay to onset of ALl and to euthanasia
(AL! remained manageable at termination of study) after initial OA injection was 161 + 60 min

and 476 = 45 min respectively.

Ventilation, biood gases and hemodynamics

To maintain PaCO, between 30-40 mm Hg, ventilation requirements increased in ALIG
following OA injection. Compared to baseline; RR, Paw pk, mean Paw and PEEP requirements
within ALIG were significantly increased at 5.5 hours post OA, where there was no significant
corresponding change within CTRL (Table 5.1). Arterial pH and calculated HCO, decreased
significantly within ALIG at 2.5 and 5.5 hours after OA injection, at which times there were no
significant changes within CTRL. There was no significant change in the measured systemic
hemodynamic variables within ALIG or CTRL before and after OA or saline injection {Table
5.1), however we observed that pulse rate increased and blood pressure decreased transiently

for approximately fifteen minutes following OA injection and then returned to baseline.

sk
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Table 5.1. Veniilation requirements, blood gases and hemodynamics in ALI
Baseline 2.5 hrpost OA or 8 5.5 hrpost OA or S

CTRL ALIG CTRL ALIG CTRIL, ALIG
RR 17+6.6 1854 17+£7.3 2056 18:£6.8 32 + 10.5%*
Paw pk 1019 12+09 10x1.1 13£24 i1+15 18 £2.9 ®*
PEEP 2+04 3£09 3£ 04 4412 2+0.6 6+1.3 %
Paw M 54+1.07 6.2 £0.79 - - 5.3 +1.37 0.8 & 1.44%*
PaCQO, 3754 3838 32+39 40 =26 38+5.0 39+40
pH, 7.40 = 741 = 7.44 + 7.28 % 7.38 = 7.25 %

0.042 0.045 0.044 0.086 ** 0.032 0.083 i+
HCO, 23+29 2426 22423 19+3.1% 22424 18 +3.9%
HR 97 = 18.7 100 4 30.5 - - 90 - 10.1 136 = 20.1*
SYS 120 4:155 137 +28.1 - - 126 2124 121 +15.7
DIA 56+12.6 64 +11.0 - - 59 % 13.6 55 +12.0
MAP 82 %135 94 £17.8 - - 86+ 14.0 76 +9.9

RR; respiratory rate ((breaths/min); Paw pk,M, peak and mean proximal airway
pressure {(cmi,0); PEEP, positive end expiratory pressure (cmH,0); pH,,HCO,”, arterial
pH and calculated bicarbonate (mmol/I’; HR, pulse rate (beats/min); SYS,DIA,MAP,
systolic diastolic and mean arterial pressure (mmHg); PaC02, arterial carbon dioxide

partial pressure (mmHg); DA,S oleic acid or saline control.

* P < 0.05 after vs

before oleic acid within same group.® P < 0.05 between ALIG and CTRL changes (a) from

baseline.
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Within ALIG, despite increasing applied alveolar ventilation (to maintain a normal
PaCQ,), PaO, decreased significantly at 2.5 and 5.5 hours versus baseline. This decreased
PaO, within ALIG was similar at 2.5 and 5.5 hrs post OA (Figure 5.1), Compared to baseline,

CTRL PaO, did not change significantly at 2.5 or 5.5 hours post saline.
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. Figure 5.1.

Arterial oxygen partial pressure before, 2.5 and 8.5 hours after oleic acid injection (ALIG)
versus control (CTRL). PaQ,, arterial partial pressure of oxygen; Baseline, before treatment
with OA {ALIG group) or saline (CTRL). FiO, = 1.0. * P < 0.05 compared to baseline within ALIG

group. *P < 0.05 between ALIG and CTRL changes (a) from baseline.
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Lung Compliance
Following OA injection, Cpgdyn, C,dyn, C,stat and aPes:aPaw ratio were all significantly
reduced in ALIG versus CTRL (Table 5.2). Baseline C dyn was significantly greater than

Cprgdyn in all animals.

Table 5.2.  Respiratory system compliance before and after oleic acid

Baseline 5.5hrpost OAorS
CTRL ALIG CTRL ALIG
Crstlyn ml/em H,0/kg 122036 12025 1.4£032 0.8x0.19 *+
Codyn ml/em H,0/kg 34%19  2.9+0.66 3.1 +0.68 1.1 035
sPes/aPaw % 58 £15  77£39 5311 356"
C,stat ml/cm H,0/kg 2.1+0.5 11027 **

Cys, total respiratory system compliance; C,, lung compliance; aPes/aPaw, %
transmission of airway pressure to the intra-esophageal space; Cystat, deflation
quasistatic post-mortem lung compliance; OA,S, oleic acid or saline control. * %%
P < 0.05,0.01 before vs after oleic acid within same group. ** P < 0.05,0,01

between ALIG and CTRL changes (A) from baseline or at same time period (C,stat).

The reduction in Gpgdyn following OA injection in an ALIG subject is shown by illustration
in Figure 5.2; after OA injection the PEEP requirement in this subject is increased and the
volume-pressure curve exhibits flattening of the early inspiratory portion of the curve,

typical of respiratory distress syndrome subjects.
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Figure 5.2.

In vivo trans-respiratory dynamic volume-pressure curve in an ALIG subject before and
5.5 hours after oleic acid injection. Crgdyn is reduced following oleic acid and the volume-
pressure trace exhibits flattening of the early inspiratory portion (between the arrows)

typical of respiratory distress syndromes. Compliance values are presented in Table 5.2,
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Lung water content
Combined lung lobe wet:dry weight ratios were significantly different between ALIG

and CTRL (Table 5.3).

Table 5.3.  Lung water content; wet:dry weight ratios

CTRL wet:dry ALIG wet:dry
All lobes combined 56+022 72%125%
Right upper lobe 5.5+0.34 77+141 1
Right middle lobes. 5.4%0.61 72+157"
Right lower lobe 59044 84£203%
Left upper lobe 5.5 %044 6.6 £1.43
Left lingular lobe 5407  E3x1.57
Left lower lobe 5.9 %027 8.1x2.10

#* P <0.05,0.01 between CTRL and ALIG

However, further analysis of the right and left lobar wet:dry weight ratios revealed that the
wet:dry lung weight raticc were significantly greater in ALIG versus CTRL for the right
upper, middle and lower lobes, although the trend towards an increased ratio in ALIG did
not reach significance for the left side of the lungs’ (obes (Table 5.3). There was no
significant difference in the wet:dry weight ratios between any of the lungs’ lobes on the

same side within ALIG or CTRL.

Lung Histology
Table 5.4 summarizes the mean lung histology scores between ALIG and CTRL.
Severity of lung injury, presence of alveolar macrophage and monogytic invasion, invasion

of alveolar septae and spaces by neutrophils, and exiravascular intra-alveolar septa! fibrin
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deposition were all significantly greater in ALIG versus CTRi. lungs. Normal appearing
lung tissue was significantly greater in CTRL. versus ALIG, and the fields examined
demonstrated that the ALl was diffuse but not homogeneous. The mean presence of
hyaline membranes was 7% across ALIG sections versus 0% across CTRL sections.
Neither group demonstrated intravascular thrombus formation, and the prevalence of
residual intravascular red blood cells in the lungs was similar between the two groups.
There was no significant difference in the histology scores between the left and right lungs
within CTRL or ALIG groups. Representative ALIG and CTRL lung histology is illustrated

in Figures 5.3(a) and 5.3(b).
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Table34.  Lung histology scores

CTRL ALIG
Severity (0 - 3) 0.8+0.16 1320247
Alveolar monocytic invasion % 554 73+52%
Neutrophil invasion septae % 7+8.1 80+00*
Neutrophil invasion spaces % 7+8.0 87 x103**
Extravascular fibrin septac % 351 50+ 19.0*
Extravascular fibrin spaces % 2x40 8x7.5
Hyaline deposition % 0 7+£8.1
Normal appearance tissue % 5763 431017
Intravascular thrombus formation % 0 0
Residual intravascular red blood cells (0 - 4) 1.6 %0.15 1.5+0.16

P < 0.05,0.01 between CTRL and ALIG
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Figures 5.3(a) and 5.3(b)

Photomicrographs of haematoxylin and eosin stained sections of AL]G (3a.) and CTRL
(8b.) lungs. ALIG lungs exhibit thickened hyperce'iular alveolar septae (i), and alveolar
lumina are extensively infiltrated with macrophages, neutrophils (ii) and edema (jii). CTRL

Jungs (3b.) exhibit patent and largely acellular alveolar lumina. Mag = X40.
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5.6 Discussion

We have shown that aliquots of OA injected into the thoracic great veins of
monkeys breathing oxygen on positive pressure ventilation reliably resuits in stable ALl in
a conveniently short period, characterised by decreased lung compliance, markedly

reduced gas exchange and pulmonary edema accompanied by alveolar inflammation.

Monkey model applications

Although interpretations regarding human or anirnal diseases on the basis of
observations obtained in anim.'s should always be performed with caution, non-human
primates are uniquely suited as animal models for complex human diseases because of
their close evolutionary relationship to humans (27,28). Many experimantaily relevant
physiologic and genetic characteristics are shared between humans and non-human
primates (27), and the respiratory system of monkeys is functionally more like that of
humans than those of commonly used non-primate laboratory animals (29,30). Monkey
thoracic anatomy is phenotypically similar to that of humans, and the pulmonary
compliance values recorded by us before and after ALI fell within the range of those
recorded for comparable normal as well as RDS humans (see beicw). Additionally, the
stability of hemadynamic variables and blood oxygenation make the OA-induced AL! adult
monkey a suitable research madel for the evaluation of pulmonary mechanics and gas
exchange following ALL, |

Full-term and near-term monkeys’ lung hiachemistry and development patterns
closely resemble those of humans (31,32), although surfactant composition may diifer in

healthy adult rhasus monkeys from that of healthy humans (33). Despite potential
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differences between non-human primate and human lung biochemistry, OA-induced ALI
has been demonstrated in baboons (12,34) and used as a diffuse alveolar disease model
to assess oxygen therapy (13), and non-ALI monkeys have been used to investigate
human infant responses to acute hypoxemia (35).

To the authors' knowledge a saline lung lavage model of ALl has not been reported
in baboons or monkeys, and we were unsuccessful at producing a low compliance AL!
model using repeated saline lavage in one pilot monkey subject. The saline lavage model
reported in other animal classes may advantageously alter lung surfactant, but does so
variably across the different animal classes, and unlike the OA model does not typically
produce the primary alveolar permeability problem of many other respiratory distress
syndromes (10) or pneumonias.

There are substantial staffing and cost implications for the delivery of premature
fetuses where indicated for experimental ALI studies (36): specialised animal housing
units and breeding programs are required with accurate knowledge of species gestation
times, dates of conception (perineal skin change observations)(37), ultrasound
determination of gestational age, culminating in surgical hysterotomy. There may also be
a delay to the onset of experimental data collection (usually > 4 rmonths gestation in non-
human primates). ALl induced by hyperoxia requires specialised gas delivery systems and

takes a few days to develop.

Oleic acid administration
Our pilot experiment established that 2 x 25 mg/kg aliquot boluses, each 15
minutes apart and repeated hourly as required (to reach PaC, < 50% of baseline),

produced stable ALl with no OA-related mortality in the subsequent 12 pivotal animals.
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The type of OA, method of mixing, dose, site of administration and rate of delivery
(bolus versus infusion) (34,38) affect the outcome of QA injection (6). Accordingly,
protocols for GA delivery to induce ALl vary widely hetween animal classes and between
researchers for the same species (8), and smaller and larger doses of OA have been
required.

Our mean total effective dose required was less than the 0.18 mitkg dose used with
20% mortality in canines (39) or the 0.15 ml/kg used in canines (40). Baboons required
0.04 - 0.06 ml/kg (13) and 0.04 ml/kg (34) of OA, which is approximately half the mean
accumulated dose we required. However, our mean required dose was similar to the 0.08
mi/kg used to induce ALI in pigs without mortality (41), and fell within the total dose of
0.015-0.120 ml/kg in sheep (38) and that of the 0.06-0.09 ml/kg (24) and 0.08 mi/kg (25)
used for dogs.

For a similar dose administered in four aliquots, the onset to ALl in dogs was 90
min (24) versus our mean of 166 min in monkeys. We advocate the administration of OA
in small aliquot boluses rather than by continuous OA infusion: Attempts to mix pure OA in
infusion solutions produced variable results in our pilot experiments, even with ultrasonic
mixing, and doing so may alter OA activity. Additionally, pure OA must be light and air
protected prior to administration, and small aliquot injections facilitates this, yet allows the
titration benefit of infusions. Slow rates of infusion may produce only minimal lung injury
(84); the use of aliquot injections produced a diffuse severe ALI in our monkeys, and this

technique is also successful in ather animal classes (38).

Acute lung injury mechanism

OA-induced ALl is thought to be due to toxic effects on the lung capillaries, the

Chapter 5, Page 184.



exact mechanism(s) of which are still unknown (8). The presence of 1.0 FiO, is unlikely to
have exacerbated the ALl since OA injury is unaffected by G, in the short term in several
animal modetls including baboons {(6). However, positive pressure ventilation is likely to
cause barotrauma and exacerbate OA-induced ALI (24), so we included a positive
pressure ventilated CTRL group with FiO, = 1.0.

Hyaline deposition is a time dependent process (13) and rarely forms in animal
models (34). Extravascular fibrin was prominent in the monkeys and is formed as part of
the acute inflammatory response within damaged alveolar walils or deposited free in the
alveolar spaces. Fibrin is often a component of hyaline membranes (6,12}, is a marked
early feature of ALI in baboons (42), and may physiclagically serve to limit alveolar
hemorrhage or edema.

We did not determine whether the reduced Crzdyn and C,dyn following OA was
due to surfactant alteration. Hallmarks of RDS are alveolar leak and surfactant deficiency,
but surfactant alterations may be due to changes in volume, rate of secretion,
compasition, the presence of inhibitors, or a combination of these (6,31). OA-induced ALl
surfactant inactivation, when present, may be due to the presence of proteinaceous
alveolar edema alone (6). OA is shown to inhibit bovine natural lung surfactant activity (43)
and OA-induced ALl in rabbits exhibits severe alteration of surfactant function despite
normal phospholipid composition and content (21). On the other hand, reduced C stat of
OA-induced ALI rabbits was due to alveolar flooding rather than increased surface tension
(44).

The ALIG total lung water increase is likely due to alveolar capillary leak rather than
cardiac failure since pulmonary intravascular residual red blood cells were histologically

similar between CTRL and ALIG, and the pulmonary edema was hemorrhagic in nature.
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Alveolar capillary leak in OA injury is influenced by (i) Alveolar edema postural and
gravitational dependence (24) (our animals were supine) (ii) uneven OA distribution or
ventilator barotrauma causing selective lung injury, (iiiy PEEP (higher in ALIG than CTRL)
reducing alveolar edema (258), (iv) regional perfusion being physiologically reduced to
areas affected more extensively by OA, (6).

The transient increase in pulse rate ob: erved by us during acute OA
administration also occurs in pigs but was not accompanied by reduced blood pressure in
pigs (41). In baboons a transient (1 - 2 min) reduction in blood pressure was accompanied

by a reduced heart rate (34).

Lung compliance

The baseline CTRL and ALIG C_dyn values are similar to those of human infants
(45) and Crdyn or C dyn values resulting from OA fall within the ranges described for
newborn infants with RDS (46) and for low birth weight infants with severe RDS (47). In
our adult monkeys C dyn was larger than Cggdyn suggesting that the chest wali
contributes to Cpgdyn, similar to that of oider human children (25), but unlike human
newborns where the chest wall contributes only 20% of Credyn. Smailer (0.54 kg) healthy
three week old monkeys were noted to have a lower C,dyn (1.02 + 0.45 ml/cmH,0) than
our adult monkeys (35).

PEEP and RR affect dynamic compliance measurements, but C,dyn frequency
dependence is not reproducibly shown at under 60 hreaths/min in infants (22), and the
reduced Cgedyn and C dyn findings in our ALI monkeys are confirmed by the significantly
reduced ALI C stat measurement which is independent of PEEP and RR.

In conclusion, controlled central venous administration of QA into monkeys
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breathing pure oxygen on positive pressure ventilation rapidly results in stable ALl

~ characterised by decreased static and dynamic lung compliance, markedly reduced
alveolar gas exchange and increased diffuse alveolar capillary leak accompanied by
alveolar edema, polymorphonuclear infiltration and fibrin deposition. These changes are
similar to those found in other animal models of OA-induced AL, but advantageousiy the
CTRL and ALIG monkey C dyn values are similar to comparable healthy and RDS
humans respectively. The monkey OA-induced ALl model is suitable for the

pathophysiological evaluation of pulrnonary mechanics and gas exchange following ALL
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CHAPTER 6

PRIMATE PLEURO-ESOPHAGEAL TISSUE BARRIER
FREQUENCY RESPONSE AND ESOPHAGEAL PRESSURE
WAVEFORM BANDWIDTH IN HEALTH AND ACUTE LUNG-
INJURY
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6.1 Linking Comments

High-fidelity non-invasive estimation of dynamic intra-pleural pressure using intra-
esophageal pressure measurement requires that (i) the intra-pleurat pressure wave be
transmitted unchanged across the tissues between the intra-pleural and intra-esophageal
spaces, and (ii) that the pressure wave be transmitted uncharged across the intra-

esophageal catheter manometer systems.

Chapters Two, Three and Four have concentrated on the latter, characterising the
suitability of intra-esophageal catheter manometer systems to transmit dynamic pressure
waveforms accurately. Chapter Five developed and characterised a novel non-human
primate model of human lung disease in which to investigate intra-pleural to intra-

esophageal pressure wave transmission.,

Chapter Six follows on Chapters Two, Three, Four and Five by investigating the in vivo
pleuro-esophageal tissue frequency responses, in healthy and diseased animal-model
respiratory systems. Thus Chapter Six investigates the uniformity of the plsuro-
esophageal tissue barrier's amplitude frequency response (up to and beyond the
(currently) relevarit esophageai pressure waveform bandwidths in clinical practice), and
detects the presence or absence of amplitude-dependsnce or lung-condition dependence

of the tissue barrier, at low and high intra-pleural pressure frequencies.

Further, no data quantifying the bandwidth of dynamic intra-esophageal pressure
waveforms in primates have been published. Such data are relevant for interpreting the

effect of the frequency responses determined for the pleuro-esophageal tissue barrier
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(Chapter Six) and the frequency responses determined for liquid-filled or air-balloon
catheters transmitting the intra-esophageal waveforms (Chapters Two and Three). Thus
Chapter Six goes further to quantify the dynamic response requirements of intra-
esophageal manometer systems by determining the relevant bandwidth of dynamic
physiological intra-esophageal waveforms, before and after lung disease. [Comprehensive
information is provided in Chapter Six's Abstract, Introduction and Discussion sections,

which follow]:-
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6.2 Abstract

Background: Dynamic intra-esophageal pressure (Pes) is used to estimate intra-
pleura! pressure (Ppl) to calculate lung compliance and resistance. This study investigates
the non-human primate Ppi-Pes tissue bz trier frequency response and the dynamic
response requirements of Pes manometer systems,

Methods: In healthy and acute lung injury (ALI) ventilated monkeys simultaneous
Ppl and Pes were measured directly to determine the Ppl-Pes tissue barrier amplitude
frequency response, using the swept sine wave technique. The bandwidths of
physiological Pes waveforms acquired during conventional mechanical ventilation were
calculated using digital low-pass signal filtering.

Results: The Ppl-Pes tissue barrier is amplitude-uniform within the bandwidth of
conventional Pes waveforms in healthy and ALl lungs, and does not significantly attenuate
Ppl-Pes signal transmission between 1 - 40 Hz. At Pes frequencies higher than
conventional clirical regions of interest the Ppl-Pes barrier resconates significantly, is
pressure amplituile dependent at low pressure offsets, and is significantly altared by ALL

Allowing for < 5% Pes waveform error, the maximum Pes bandwidth duting
conventional ventilation was 1.9 Mz and 3.4 Hz for physioiogical and extreme-case
waveforms in healthy lungs, and 4.6 Hz and 8.5 Hz during ALl

Conclusions: In monkeys the Ppl-Pes tissue barrier has a frequency response
suitable for Ppl estimation during fow frequency mechanical ventilation, and Pes
manometers should have a uniform frequency response up to 8.5 Hz. However, the Ppl-
Pes tissue barrier adversely affects the accurate estimation of dynamic Ppl at high
frequencies with varied airway pressure amplitudes and offsets, such as the Ppl
encountered during high frequency oscillatory ventilation,

Keywords: manometry, respiratory mechanics, lung elastance.
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6.3

Atl
ALIG
AUC
Cow
Cl
Crs
CTRL
El-EE bandwidth

FFT
HFOV
Hz

OA
PaCQ,
Paw
Paw offset
Paw pk
PEEP
Pes

Ppl

RR
TPP

Non-standard Nomenclature

Acute lung injury

Acute lung injury group {(oleic acid, n =6)

Area under the curve

Chest wall compliance

Lung compliance

Respiratory system compliance

Control group (saline, n = 6)

Pes handwidth based on end-inspiratory to end-expiratory amplitude

measuremsants

Fast Fourier Transform

High frequency oscillatory ventilation
Frequency in cycles per second, Hertz
Oleic acid

Arterial carbon dioxide partial pressure

Proximal airway pressure (airway opening)

Proximal airway pressure offset

Peak proximal airway pressure
Positive end expiratory pressure
Intra-esophageal pressure
Intra-pleural pressure
Respiratory rate

Transpulmonary pressure
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6.4 Introduction

Dynamic intra-esophageal pressure (Pes) is measured to estimate intra-pleural
pressure (Ppl) for the calculation of dynamic transpulmonary pressure.! Dynamic

respiratory system compliance is given by

1/Crs = 1/Cl + 1/Ccw,
where Crs = total respiratory system compliance,
Cl = lung compliance,

Cew = chest wall compliance.

Pes is used in clinical practice and research to separate Cl from Ccw, where Cl is

calcuiated from

Cl = aV/aTPP
where AV = change in lung volume,

AsTPP = change in transpuimonary pressure
and

aTPP = a(Paw - Pes)

where Paw = proximal airway pressure,

The accurate representation of dynamic Ppl using Pes measurements depends in part on
the amplitude and phase frequency response of the intra-pleural to intra-esophageal
tissue barrier (Ppl-Pes tissue barrier). This response is particutarly important for the

accurate construction of dynamic lung compliance loops and resistance calculations, and
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for the potential measurement of dynamic Pes during high frequency oscillatory ventilation
(up to 50 Hz).2® One study directly compared Pes and Ppl in healthy adult dogs using a
pseudo-raridom Paw signal with 2 Hz interval harmonics up to 20 Hz,* however, to our
knowledge, direct Ppl and Pes comparisons to determine the amplitude and phase
frequency response of the primate Ppi-Pes barrier have not been published.

Measurement of lung linear resistance and compliance also requires that the
catheter manometer systems employed have a uniform frequency response and linear
phase shift over the bandwidth of the signals to be measured. Frequency response
characteristics of Pes catheter manometer systems employed in clinical practice have
been investigated,”” but suggested minimum frequency response requirements for Pes
manometers are usually based on dynamic Paw waveform bandwidths, which are well
described.’ However, to our knowledge no data quantifying the bandwidth of dynamic Pes
waveforms in primates have been published. Assumptions that Pes bandwidth during
mechanical ventilation is the same as Paw bandwidth may be invalid since Paw frequency
components transmitted to Pes may be ampilified or attenuated, and cardiac motion
energy (not largely apparent in Paw waveforms) is added to Ppl and Pes waveforms.

We hypothesise that the Ppl-Pes tissue barrier has a uniform amplitude frequency
response within the Pes waveform bandwidth relevant to current clinical practice, and is
uniform, amplitude independent and lung-condition independent at low and high
frequencies. We aim to determine the amplitude and phase frequency response of the
primate Ppi-Pes tissue barrier using the swept sine wave technique with simultaneous Ppi
and Pes measurements in healthy mechanically ventilated monkeys and those with acute
lung injury (ALl). Further, we aim to quantify the dynamic respanse requirements of Pes
manometer systems by determining the bandwidth of physiclogical Pes waveforms before

and after ALl
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6.5 Method

Instrumentation

Twelve female Vervet monkeys (Cercopithecus aephiops, 3.9 + 0.60 kg) were
anesthetised (ketamine 20 mg/kg induction and ketamine 10 mg.hr'.kg™, sufentanyl > 30
ug.hr'.kg™ and adrenaline 5 ug.hr' kg maintenance continuous infusions), paralysed
(vecuronium 10 ug.hr'.kg™), intubated orally (cuffed 4.5mm, Mallinkrodt, Athlone, Ireland)
and mechanically ventilated supine with warm humidified 100% O, (FiO, = 1.0) using a
high flow rate pressure-cycle pressure-limit ventilator (Preemicare Model 105, Texas,
USA). University Animal Ethics Clearance (96/113/2B) was obtained. The right femoral

vein was cannulated for injection of oleic acid (OA) to produce ALI.

Ppl and Pes catheter design and pressure measurements

Pes and Ppl catheters were adapted for dynamic pressure measurements by
sealing the tips of size 7 French Gauge transducer-tip catheters (Millar Mikro-tip SPC 470,
Miliar Instruments, Inc., Texas, USA) into water-filled latex balloons 2 cm in length. The
distal end of the Ppl transducer catheter was enclosed in a right-angled rigid perforated
acrylic cylinder around which the balloon was tied: the cylinder was fashioned with a distal
pointed end such that the catheter wouid act as an introducer during transthoracic
positioning and once inserted the water-filled balloon rested parallel to the chest wall
inside the pleural space. A second catheter attached to the Ppl catheter was linked tc an
underwater chest drain for pneumothorax deflation. The Ppl and Pes catheter balloons’
water volumes wete set to allow maximum balloon-catheter compliance. The suitability of
the amplitude and phase frequency responses of the two resulting catheters were

determined at 37 °C at differing mean pressure offsets and pressure amplitudes, using an
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in vitre sine wave generator;” the catheter frequency responses were determined by
testing the catheters against each other and against a uniform piezoresistive transducer.

With the aid of a transcutaneous cut-down to pieura and dilating trochars, the Ppl
catheter was inserted transthoracically in either a cranial or caudal direction into the left or
right sides of the chest (n = 3 of each side per group) at the level of the 7th intercostai
space in the mid-axillary line. The in viva Pes catheter site was chosen according to the
best “paralysed airway occlusion test” in which the airway is briefly occluded and
abdominal pressure applied to assess how faithfully aPes reproduces aPpl in an
isovolumic chest of anesthetised paralysed subjects.’

(Supplemental Figures S6.A, 86.8).
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TOPR: Supplemental Figure S6.A

Laboratory transducer-tip probes with water-filled balloons for dynamic intra-esophageal
and intra-pleural pressure monitoring.

A intra-esophageal probe

i, Intra-pleural probe

. Intra-pleural probe’s separate pneumothorax deflation cannula.

BOTTOM. Supplemental Figure S6.8

Transthoracic intra-pleural pressure probe in situ.

L Probe in siti for dynamic pleural pressure measurement. The probe was introduced
with a specially made trochar (see chapter 5 supplemental figure S5. photograph’s
(viii)).

il. A purse string suture secures the probe in place.
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Airway opening pressure (Paw) was measured with a piezoresistive differential
pressure transducer (Honeywell Microswitch 170PC, USA) inserted into the proximal
endotracheal tube perpendicular to the gas flow direction,

All pressure transducer signals were pre-ampilified using the same apparatus
(Hellige Servomed, Freiburg, Germany) and digitised at 500 Hz (Biopac MP100 and
AcgKnowledge ver 3.3.2, Biopac Systems Inc., CA, USA).

Ppl-Pes Tissue Barrier Frequency Response Determination

Ppl waveforms were generated by applying sinusoidal Paw waveforms using the
pneumatic driver unit of a high frequency oscillatory ventilator (SensorMedics 31004,
Bilthoven, The Netherlands): To generate sine-wave rather than square-wave Paw
outputs, the square-wave frequency generator of the ventilator was by-passed and the
DC-coupled amplifier controlied by a separate sine-wave generator (Hewlett Packard
Dynamic Signal Analyser 3562A, USA). Ampiitude frequency responses of the Ppl-Pes
tissue barrier were calculated by comparing the Ppl and Pes waveform signals generated
between 1 Hz (taken as the DC response to which the responses were normalised) and
40 Hz. Swept-sine waves'® were applied at 0.98 Hz intervals with 20s integration time and
90% integration threshold for each frequancy interval {(Hewlett Packard Dynamic Signal
Analyser 3562A, USA). The dynamic signal analyser performs a high resolution Fourier
transform at each measured fraquency and extracts amplitude and phase information
from the acquired Ppi and Pes waveforrn signals only at the frequency of interest thereby
ignoring harmonics created by distortion. In each subject 10 swept-sine wave sequences,
performed by disconnecting the standard ventilator and connecting the HFOV at 5 minutes
intervals, were averaged at each of iwo mean Paw offsets; § cmH,O and 10 cmH,O above
atmospheric pressure. These mean Paw pressure offsets were generated during the

Chapter 6, Page 206.




swept-sine measuremenits by injecting excess oxygen into the airway and allowing the
excess to bleed off under water at the appropriate depth. Frequency response traces
during which esophageal peristalsis occurred were re-recorded. The acquired frequency
responses were exported to a personal computer for analysis after adjustment to
compensate for any non-unity gain within the Pes and Ppl measurement catheters
themselves up to 40 Hz.

(Supplemental Figures S6.C, S6.D, S6.E).

X
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TOP. Supplemental Figure §6.C

High frequericy oscillation.

I High frequency oscillator, applied to endotracheal tube
I, Variable depth water slide maintains positive airway pressure during high frequency
oscillation

MIDDLE.  Supplemental Figure S6.D

Sample of simultaneous intra-thoracic pressure tracings during conventional mechanical

ventilation.

I, intra-esophageal probe’s pressure tracing over one mechanical breath (including
cardiac motion signals)

il inira-pleural pressure probe’s pressure tracing over one mechanical breath

BOTTOM. Supplemental Figure 86.E

Sample of intra-thoracic pressure tracings during high frequency oscillatory ventilation.
I Proximal airway pressure tracing

i Intra-pleural pressure probe pressure tracing

L Inira-esophageal pressure probe pressure tracing
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Frequency response measurements were recorded at two mean Paw offsets (1 or
10 cmH,0) befrre and 2.5 hours after intervention (oleic acid (ALIG, n = 6) or saline
(CTRL, n = 6 injection)). These measurements were recorded at a low applied Ppl
amplitude (Low applied Ppl; aPpl waveform mean amplitudes were set to be + 1.0 cmH,0
at 1 Hz, reducing to + 0.5 cmH,0 at 40 Hz). At 7.5 hours after intervention the frequency
response measurements were recorded at mean Paw offset of 20 cmH,O at Low applied
Pp! amplitude, and again at Paw offset of 10 cmH,O but at a larger applied Ppl amplitude
(High Ppl amplitude; aPpl waveform mean amplitudes were set to be + 4.7 cmH,0 at 1 Hz,
reducing to + 1.0 cmH,O at 40 Hz).

Pes dynamic waveform bandwidth:

Pes and Paw measurements were made in 6 subjects before (baseline, PesB and
PawB) and 5.5 hours after (PesA and PawA) oleic acid injection in the acute lung injury
group (ALIG, n = 6). Respiratory rate (RR) and maximum Paw (Paw pk) were adjusted to
achieve an arterial carbon dioxide (PaCQO,) of 30-40 mmHg throughout the
experimant(calibrated Stat Profile 3, Nova Biomedical, MA, USA). Physiclogical PesB and
PawB or physiological PesA and PawA were acquired at PaCO2 = 30 - 40 mmHg.
Additionally, Pes and Paw traces were acquired under extreme conditions by raising peak
Paw 50% above the physiologically required peak Paw and doubling the RR
simultaneously (elevated PesB and PawB or elevated PesA and PawA).

Trains of ten PesB and PesA waveform sequences, each containing ten
mechanical breaths, were selected and low-pass filtered using a Blackman finite impulse
response linear phase filter with mirimal phase shift (AcqKnowledge ver 3.3.2, Biopac
Systems Inc., CA, USA), whose response was tailored to be near -1 dB at chosen low-
pass cut-off frequencies. Twelve low-pass cut-off frequencies were selected which

reduced the areas under the curve (%AUC) of the Pes continuous power spectrum by pre-
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determined proportions. Power specira were determined by ensembie averaging the
power spectra of ten PesB and PesA breaths. The mean value was subtracted from each
ensemble and the data padded with zeros prior to fast Fourier transform (FFT)
(AcgKnao+iedge ver 3.3.2, Biopac Systems Inc., CA, USA). 100% of Pes waveform power
was assumead to be contained between ¢ - 40 Hz.

The average Pes amplitude between Pes at onset of expiration to Pes at onset of
inspiration over each of ten mechanical breaths was manually determined for the original
trains of unfiltered Pes waveforms and compared to those of the incrementally low-pass
filtered Pes waveforms. The maximum waveform amplitude error (% amplitude difference
from original Pes waveform) averaged for ten breaths was determined across the 6
subjects. The Pes bandwidth up to which a Pes manometer should have a uniform
amplitude frequency response to yieid a <3% or <5% error whenr measuring the end-
expiratory to end-inspiratory amplitude of physiological or extreme-case Pes waveforms
was thus determined (Pes EI-EE bandwidth).

Statistical Analysis

Amplitude frequency responses in which the mean Pes/Ppl ratio deviated more than 10%
from 1.0, plus the 95% confidence interval value excluded 1.0, (both conditions met), were
considered by us to significantly deviate from that of uniformity.!’

Significant within-group (within ALIG or within CTRL) changes over time were
detected using Friedman anova (repeated measures) followed by identification with the
Wilcoxon signed-rank test.'? The Mann-Whitney rank-sum test was used to determine
significant differences between ALIG and CTRL groups (Statistica™ software, Statsoft,
OK). Frequency response graphically displayed values are mean + SEM, all ventilation
variables are mean =+ SD and differences with P-values < 0.05 are regarded as statistically

significant.
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6.6 Results

Ppi and Pes transducer-tip balloon-tip catheters

Figure 6.1. shows the laboratory-modified Ppl and Pes catheter amplitude and
phase frequency response characteristics, The catheters were tested against each other
in vitro at mean pressure offsets of 1 and 10 cmH,0, at pressure amplitudes of + 1 emH,0
and x 10 cmH,0. The y-axis scale is amplified, illustrating that the catheters’ amplitude
frequency responses were uniform to within 1% of each other between 1 - 40 Hz, and
were suitably amplitude-linear for differing pressure amplitudes as well as varying
pressure offsets. Phase differences between the two catheters were less than 0.5 degrees

from 1 - 40 Hz.
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Figure 6.1.

Amplitude and phase frequency responses of the water-filled balloon transducer-tip
pleural (reference) and esophageal catheters, across different Paw amplitudes and Paw
offsets (1 and 10 cmH20). Ppl, intra-pleural catheter; Pes; intra-esophageal catheter; Hz,
swept sine frequency in Hz; Pes/Ppl, amplitude gain of esophageal catheter over that of
the reference pleural catheter; Pes - Ppl, phase difference betweéen Pes and Ppl

catheters.
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Pes Occlusion test in monkeys
Pes catheter insertion distance, chesen according to the optimal achievable
occlusion test results, was 14.9 + 2,67 cm from monkey canine to the tip of the catheter.
Ratios for mean area under the curve (AUC) of PesAUC/PplAUC and

PawAUC/PplAUC obtained during the occlusion tests are presented in Table 6.1.

Table €6.1. Anesthetised monkey occlusion test ratios
Paw offset Baseline AUC Post-intervention AUC
(n=12) CTRL (n=6) ALIG (n=6)
Pes/Ppl Paw/Ppl Pes/Ppl Paw/Ppl Pes/Ppl Paw/Ppl

1 emH,O 0940067 095+0108 090+0.126 094+0.061  0.95+0.092 0.90 + 0.082

10 cmH,0 0.90 % 0.080 0.96 % 0.065 0.90 + 0,148 0.97 £ 0.163 0.96 = 0.059 0.92 +0.077
AUC, ratio of two pressure waveform AUC values; Paw offset, airway pressure

offset during occlusion test; Pes/Ppl, AUC ratio of esophageal to pleural
pressure during occlusion test; Paw/Ppl, AUC ratio of airway to pleural pressure

during occlusion test; CTRL, control group receiving saline; ALIG, acute lung

injury group receiving oleic acid.

There were no significant differences in the occlusion test AUC ratios within or between
ALIG and CTRL, before and after saline or oleic acid injection, at 1 or 10 cmH,0 Paw
offsets. During the occlusion tests both Pes and Paw mean AUC pressures were lower
than Ppl, by similar amounts. Mean Pes/Ppl AUC ratios were > 0.90 in all groups, however
the variation about the mean was large (see SD's in Table 6.1). For Pes/Ppl AUC ratios, 8
and 9 out of 12 haseline subjects’ fell between 0.90 - 1.10 when Paw offsets were 1 and
10 cmH,O respectively; for Pes/Paw AUC ratios, 8 and 8 out of 12 baseline subjects’

ratios fell between 0.90 - 1.10 when Paw offsets were 1 and 10 cmH,O respectively. For
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Pes/Paw AUC ratios, 4 and 7 out of the 12 baseline subjects’ ratios fell between 0.95 -

1.05 when Paw offsets were 1 and 10 emH,0O respectively.

Ppl-Pes tissue barrier frequency response

Figure 6.2. is a sample tracing of the Paw, Ppl and Pes waveforms obtained using

the maodified HFOV oscillator unit switching from 3 Hz (on the left) to 4 Hz (oh the right} of

the tracing.
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Figure 6.2
Sample tracings of Paw, Ppl anc! Pes sinusoidal waveforms obtained using the modified
driver switching from 3 Hz on the left to 4 Hz on the right in one monkey. Paw, airway

opening pressure; Ppl, intra-pleural pressure; Pes, intra-esophageal pressure.
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The Low Ppl amplitudes were similar before and aiter acute lung injury and
between ALIG and CTRL, and the High Pp! amplitudes were similar between ALIG and
CTRL: Mean combined (n = 12} CTRL and ALIG Ppl waveform amplitudes were + 1.0
ecmH,O reducing to + 0.5 cmH,O from 1 to 40 Hz for the low applied Ppl amplitude
sequences (Low Pp! amplitude; see methods), and = 4.7 cmH,0O reducing to + 1.0 cmH,0O
from 1 to 40 Hz for the high applied Ppi amplitude sequences (High Ppl amplitude; see
methods).

There were no significant differences between the ALIG (n = 8) and CTRL (n = 6)
monkeys' amplitude frequency responses at Baseline: Figure 6.3. depicts the swept-sine
amplitude frequency response from 1 - 40 Hz at Baseline in the combined (n = 12) ALIG
and CTRL subjects, for Paw offset = 1 cmH,0 and 10 cmH,0. The Ppl-Pes tissue barrier
amplitude frequency response was uniform from
1 - 40 Hz when Paw offset = 10cmH,O. However, the 95% confidence interval lower limit
of the response was greater than unity and the mean response greater than 1.10 at
frequeﬁcies above 14.7 Hz when Paw offset = 1 emH,O. From 20.5 - 40 Hz the swept sine
amplitude frequency response with Paw offset = 1cmH,O was significantly greater than

when Paw offset = 10cmH,0 (higher lung volume, figure 6,3).
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Figure 6.3.

Baseline Ppl-Pes tissue barrier amplitude frequency responses at low and high mean
airway pressure offsets. Pes/Ppl, amplitude gain of esophageal pressure over intra-pleural
pressure; Hz, swept-sine frequency in cycles/sec; Paw, airway opening pressure. " P <
0.05,0.01 amplitude gain significantly different for Paw offset of 10 cmH,O versus 1
cmH,0; “amplitude response deviates significantly from uniformity (see criteria in

methuods).
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After control saline injection the CTRL subjects (n = 6) retained amplitude
frequency response characteristics similar to the baseline values shown in Figure 6.3. The
amplitude frequency response was uniform between 1 and 40 Hz at Paw offset of 10
c¢mH,0, and the amplitude gain was significantly greater at Paw offset of 1 cmH,O
compared to Paw offset of 10 cmH,0O between 19 - 35 and 38 - 40 Hz. However, unlike
CiRL, the ampiitude frequency response characteristics of the ALl group {n = 8) changed
following acute lung injury (figure 6.4): at Paw offset of 1 cmH,0 the amplitude response
was now uniform from 1 - 40 Hz {whereas before lung injury it was significantly raised, see
baseline figure 3.3), and at Paw offset of 10 cmH,0 the response of ALIG was
significantly raised from 13.7 - 15.7 Hz and from 26.4 - 32.2 Hz (whereas before lung
injury it was uniform from 1 - 40 Hz, see baseline figure 6.3). Within ALIG the amplitude
response was significantly different between Paw offset of 1 cmt,O versus Paw offset of

10 emH,0 from 3.0 - 5.9 Hz, 8.9 - 14.7 Hz and at 30.3 Hz (figure 6.4).
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Figure 6.4.

Ppl-Pes tissue barrier amplitude frequency responses at low and high mean airway
pressure offsets following acute lung injury (ALIG). Pes/Ppl, amplitude gain of esophageal
pressure aver intra-pleural pressure; Hz, swept-sine frequency in cycles/sec; Paw, airway
opening pressure. * P < 0.05 amplitude gain significantly different for Paw offset of 10
cmH,Q versus 1 cmH,0; * amplitude response deviates significantly from uniformity (see

criteria in methods).
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At Paw offset of 20 cmH,O CTRL amplitude frequency response was uniform from
1 - 40 Hz (similar to CTRL baseline at Paw offset of 10 cmH,O from figure 6.3, and to
CTRL following saline injection at Paw offset of 10 cmHM,0), while the ALIG amplitude
response continued fo deviate from uniformity between 4.0 - 5.0 Hz and 30.3 - 36.1 Hz
(resembling the ALIG amplitude response at Paw offset of 10 cmH,0 from figure 6.4
which deviated from uniformity after acute lung injury).

At Paw offset of 10 cmH,0O but with High Pp! amplitude CTRL was uniform
hetween 1 - 40 Hz (similar to the baseline
figure 6.3 and post-saline CTRL responses at Paw offset of 10 cmH,O with Low Ppl
amplitude), while ALIG significantly deviated from uniformity between 23.5 - 31.3 Hz
(similar to the ALIG reeponse at Paw offset of 10 cmH,O with Low Ppl amplitude from
figure 6.4),

IUnder any of the conditions tested no traces exhibited significant damping of the
amplitude frequency response. Ppl-Pes tissue barrier phase differences were smail, and
the amplitude gain at Baseline exhibited in figure 6.3 was not accompanied by a
significant phase difference: minimum to maximum phase differences were -11 to +26

degrees across all frequencies and lung conditions tested.

Pes waveform EJ-EE bandwidth

The physiological Paw and Pes waveforms, as measured before (physiological
PawB and PesB) and after fung injury (physiological PawA and PesA) used for Pes EI-EE
bandwidth determination are characterised in Table 6.2, “Extreme-case” pressures were
generated by increasing the Paw by 50% and doubling the RR of the PawB and PesB
waveforms characterised in Table 6.2 (yielding elevated PawB and PesB and elevated

PawA and PesA).
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rable 6.2 Physiological ventilation characteristics for Pes EI-EE

bandwidth determination

Before ALI 5.5 hr after ALI
PawB PesB PawA PesA
RR 19 + 4.9 33 = 10.7
Paw pk 12 £ 0.9 7% 2.4 18 + 2.9 8.3 £ 2.0
PEEP 3 +£1.0 1 £ 1.9 5.5 £ 1.3 3+ 1.2
Paw M 6 £ 0.8 3% 2.2 10 £ 1.3 5 & 1.5

RR, respiratory rate; Paw pk,M, peak and mean proximal airway pressure in
cmH,0; PEEP, positive end expiratory pressure; ALL oleic~acid induced acute lung
injury; PawB,PawhA, physiological mean proximal airway pressure at baseline and
in ALI; PesB,Pesad, physiological mean intra-esophageal pressure at baseline and

in ALI. Values are those required for PaC02 of 30 - 40 mmHg.

The mean % delivery of dynamic Paw to Pes, defined by Pes AUC/Paw AUC for 10
respiratory cycle ensembles was 64 = 7% and 62 + 8.7% for physiological PesB/PawB
and elevated PesB/PawB respectively. Following AL, % delivery values were reduced to
41 £ 6.3 and 43 « 7.7 for physiological PesA/PesA and elevated PesA/PawA respectively.
Thus ALI reduces the % delivery of Paw to Pas, but doubling the RR simultaneously and
raising the Paw above that required for physiological PaCQ2 did not significantly affect the
% delivery of Paw to Pes, before or after ALI. Note that PesB and PesA values include
Pes derived from cardiac pressure oscillations in the chest.

The response of the linear phase finite impulse response low-pass filter applied to
the Pes waveformss for chosen cut-off frequencies of 1 and 2 Hz is demonstrated in figures

6.5a and 6.5b.
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Figures 6.5a and R.5b
Low-pass filter response curves for cut-off frequencies of
1 Hz (5a) and 2 Hz (5b) respectively. Hz, frequency in Hertz; dbV, logarithmic attenuation

of waveform frequency content in Decibels.
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The effect of low-pass filtering physiological PesB waveforms is shown by example
in Figure 6.6. The Pes fundamental frequency is 0.34 Hz (20 breaths/min). Incrementally
low-pass filtering the Pes waveforms between the third and‘fourth (1.2 Hz) and the second
and third (0.8 Hz) harmonic frequencies leads to erosion of the sharp edges of the
waveforms with consequent errors in the end-inspiratory to end-expiratory waveform
amplitudes. Small cardiac motion signals are prasent in the Pes waveforms and to a

lesser degree in the Paw waveforms (cardiac motion signals were also present in the

dynamic Ppl tracings).
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Figure 6.6

Hlustration of low-pass filtering effect on Pes waveforms. Paw, Original proximal airway
pressure waveform; Pes, original and two filtered (fow-pass cut-off frequencies 1.8 and 0.8
Hz respectively) intra-esophageal physiological pressure waveforms at baseline. Over-

damped Pes acquisitions result in gradual erosion of Pes waveform shape.
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Assuming that 100% of Pes waveform energy lies between 0 - 40 Hz, the mean (n
= 6 subjects) frequencies at which the power in the Pes waves is 78 - 90% of the total
power are shown in Figure 6.7, for the physiological and elevated PesB and PesA
wavaforms. It is seen that on average, across alt the iung conditions tested, up to 90% of
Pes waveform power is found below 8.0 Hz and up to 78% of waveform power in the Pes

energy spectra is contained below 3.4 Hz.
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Figure 6.7

Pes power spectrum’s frequency value as a function of Pes waveform energy content,
assuming 100% of waveform energy content lies between 0- 40 Hz. AUC, % energy
above 0 Hz remaining under the power spectrum curve relative to that between 0 - 40 Hz
(100%\); Hz, average frequency recorded for the particular 5. AUC value. PesB, PesA,
mean intra-esophageal pressure waveforms at baseline and after ALI, at physiological

(PaGO2 = 30 - 40 mm Hg) or artificially elevated airway pressures.
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Figure 6.8 shows the maximum Pes waveform error (defined in methods section)
associated with reduced waveform energy contents produced by low-pass filtering the Pes
waveforms, in healthy (figure 6.8a) and ALI (figure 6.8b) lungs. With increasing
attenuation of Pas waveform energy content the waveform eirror increases. The maximum
waveform error for Pes waveforms with residual waveform energy contents less than 80%
AUC trended towards being larger for the elevated PesB waveforms tharn for the
physiological PesB waveforms in healthy ventilated monkeys (see waveform % error
values for elevated PesB versus physiological PesB, figure 6.8a). The maximum
waveform error (and the 95% upper confidence interval error values) for Pes waveforms
with residual waveform energy contents just below 90% AUC were larger for PesA
waveforms (following ALl) than for PesB waveforms (at baseline) (see figure 6.8b
physiological PesA versus figure 6.8a physiological PesB).

In Pes waveforms across all subjects’ Pes the highest cut-off frequency value
(largest waveform EI-EE bandwidth) which yielded a > 5% waveform error was 1.9 Hz, 3.4
Hz, 4.6 Hz and 8.5 Hz for the physiological PesB, elevated PesB, physiological PesA and
olevated PesA waveforms respectively. Corresponding values for the highest cut-off
frequency which yielded a waveform error of > 3% were 2.1 Hz, 4.9 Hz, 6.0 Hz, and 8.5

Hz.
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Figures 6.8a and G.Sb

Pes waveform error és a function of reducing Pes waveform energies after low-pass
filtering before (8a) and after (8b) ALI. Waveform error (%) is the maximum vaiue for the
end-inspiratory onset to end-expiratory onset amplitude error, following low-pass filteting
at chosen cut-off frequencies defined from reducing waveform energy contents (reducing
% AUC). max Hz, highest Pes waveform frequency (largest waveform EI-EE bandwidth)
found at maximum waveform errors > 5% or > 3%,; ALl, acute lung injury; PesB, PesA,
mean intra-esophageal pressure waveforms at baseline (top graph) and in ALI (bottom

graph), at physiological (PaCO2 = 30 - 40 mm Hg) or artificially elevated airway pressures,
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6.7 Discussion

Ppl and Pes transducer-tip balloon-tip catheters

The Ppl and Pes catheters were designed to exhibit a uniform frequency response
up to 40 Mz whilst allowing for pressure measurement over a larger representative volume
than an isolated transducer-tip? catheter can do. They are thus comparable to the air-
balloon catheters used in clinical practice to measure dynamic Pes, but have a lower
volume-displacement coefficient (being water-fitlied) and wider dynamic range suitable for
assessing the Ppl-Pes tissue barrier at high frequencies. The catheter frequency
responses were also shown to be pressure amplitude independent (amplitude-linear,
figure 6.1) at differing applied amplitudes as well as mean pressure offsets, hence
changes in the in vivo amplitude frequency responses traces are likely to be due to the
Ppl-Pes tissue barrier rather than arising from the measurement systems themselves.
Note however that one limitation of all direct Ppl measurements is that the devices

themselves may change local Ppl to varying degrees.’

Ppl-Pes tissue barrier frequency responses

Concerns perfaining to Pes measurements are raised through findings such as the
lung volume dependence and Paw-dependence of Pes changes in infants'® and adults,™
and the frequency-dependence and Paw-dependence of lung compliance values in
healthy adult monkeys.'® The mechanical properties of the esophageal wall and
surrounding structures are a potential cause of signal alteration when estimating dynamic
Ppl from Pes.'® Using direct simultaneous Ppl and Pes measurements we have
demonstrated that the Ppi-Pes amplitude frequency response of the Ppl-Pes tissue barrier

is uniform within the EI-EE bandwidth (i.e. up to 8.5 Hz) of physiological Pes waveforms
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measured in anesthetised mechanically ventilated primates, in heaith and acute lung
injury. The barrier does not significantly attenuate Ppl-Pes signal transmission between 1 -
40 Hz. However, at higher frequencies in this range the Ppl-Pes frequency response
resonates significantly, is amplitude dependent, and is significantly altered in the presence
of iung pathology. These findings have implications for the accurate estimation of dynamic
Ppl at high frequencies and varied Paw offsets, such as are commonly encountered
during HFQV.2®

The frequency response of the Ppl-Pes barrier was assessed by us using
simuitaneous direct Ppl and Pes measurements. Characterizing Ppi-Pes signal
transmission using models of the respiratory system, as opposed to direct measurements,
is constrained by inherent assumptions. One direct compatrison of measured Ppl and Pes
in 5 anesthetised and paralysed dogs was performed using validated Pes and Ppi
catheters;* the amplitude frequency response did not deviate by > 10% from unity
between 2 - 20 Hz, and no amplitude dependence was observed by varying the mean
Paw offset. This study differs from ours in that it was performed in upright dogs (vs supine
primates), through a tracheotomy (vs endotracheal tube), using a pseudorandom Paw
signal with a measurement resolution of 2 Hz between 2 - 20 Hz (vs a 10-average
repeated swept sine wave technique at 1 Hz intervals up to 40 Hz), applied to healthy
lungs only (vs healthy and ALl lungs), and the Pes catheter was placed above the heart in
all their subjects to avoid cardiac motion interference (rather than according to the
occlusion test used in clinical practice). In rabbits there was slight attenuation of Pes
measured at discrete frequencies of 30, 40 and 50 Hz compared to Ppl measured via a
chest drain.'” One study in humans has demonstrated systematic amplitude and phase
differences between Pes and Paw during airway occlusion: using a pseudorandom

pressure signal applied to the chest rather than down the airway in healthy adult humans,
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Pes/Paw amplitude was uniform from 2 - 32 Hz only if the cheeks were supported, and
Pes led Paw by 21 degrees at 32 Hz. With unsupported cheeks the Pes/Paw amplitude
response resonated significantly at 32 Hz, However, Ppl could not be measured directly in
this study.®

Assessing the amplitude dependence of the Ppl-Pes barrier's frequency response
by varying the Paw amplitudes as well as varying the Paw pressure offsets has become
important with the advent of HFOV modes which make extensive use of high Paw offsets
with variable applied Paw amplitudes at up to 50Hz. Moreover, in lung pathologies
requiring conventional artificial ventilation, PEEP requirements are often considerably
raised.

Alterations in the Ppl-Pes tissue barrier frequency response seen after induction of
ALl could be due to changing lung conditions in ALl affecting Ppl-Pes transmission, or
possibly due to reduced amplitudes in the Ppl waveforms during the ALI swept-sine runs
(low lung compliance reduces Paw transmission to Ppl space): In the latter case if the
system is amplitude non-linear then the frequency response could charnge due to the
differing amplitudes of the applied oscillatory pressure rather than due to other changes in
Ppl-Pes transmission conditions. However, in our subjects the Ppl signal's amplitude was
continuously fed back to the oscillator's signal generator such that Paw amplitudes were
automatically adjusted to produce consistent Ppl amplitude power spectra befare and after
intervention. Thus the alterations in the Ppl-Pes tissue batrier frequency response seen
after induction of ALI are likely to be related to ALl changes in the respiratory system'’s
condition rather than due to amplitude non-linearity in the Ppl-Pes system itself. Perceived
changes in respiratory system conditibn can also result from partial or complete isolation
of the Ppl or Pes catheters. This is also unlikely since across subjects we inserted the Ppl

catheter into both the left or the right sides of the chest, in caudal or cranial directions, and
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the Ppl, Pes and Paw occlusion test results before and after ALl were similar (Table 6.1).
The generation of negative pressures in the airways during oscillation, which occurred
when mean Paw offset was 1 cmH,0, may have altered the Ppl-Pes tissue barrier
frequency responses, Inaccuracy of Pes measuremenis has been attributed to chest wall
distortion producing uneven pleural pressure distribution.'® This is an unlikely contributing
factor though, since from Figure 6.3 the Ppl-Pes tissue barrier frequency responses at Jow
frequencies did not depend on mean Paw (and thus on negative proximal Paw) in our
animals,

When Paw pressure offsets were switched from 1 to 10 cmH,0O the Ppi-Pes tissue
barrier frequency response changed, in CTRL and ALIG (though the 1 or 10 cmH,0 Paw
offsets at which the Ppl-Pes gain occured is different in ALIG versus CTRL). Such a
change is not seen when the Paw pressure offsets were switched from 10 to 20 cmH,0.
Additionally, increasing applied Ppl amplitude at a Paw offset of 10 cmH,0 did not
significantly change the Ppl-Pes amplitude (esponses within ALIG or CTRL. However, to
avoid the risk of Paw negative pressure trauma we did not test the effect of a larger Pp!
amplitude when the Paw offset was 1 cmH,0O. The amplitude dependence lies at lower
Paw pressures (1 to 10 cmH,0). These findings suggest that in conditions in which PEEP
or mean Paw are higher (such as occur during HFOV modes) it may be possible to correct
the Pes waveform output using an esophageal transfer function to compensaté for the
Ppl-Pes tissue barrier gain(found during ALl at 10 and 20 cmH,O Paw offsets) since the
Ppl-Pes frequency response exhibited a linear amplitude gain based on the 10 and 20

cmH,O Paw offsets.

Pes waveform EI-EE bandwidth Extensive literature exists on the bandwidth of

cardiovascular pressure waveforms'® but there is a paucity of literature pertaining to
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respiratory system pressura waveforms: Suggested minimum dynamic response
requirements for respiratory system pressure measurement apparatus vary from up to the
5'th or 10'th harmonic frequency of the pressure waveform,? to 6 Hz and 20 Hz for 3%
and 1% Paw errors respectively,® and up to 23 Hz.?' In healthy intubated adult humans,
FFT of Pes showed no significant harmonics above 5 Hz* but no criteria or methods ware
detailed for this paper's subsection and no waveform errors were quantified.

The bandwidth of respiratory system pressure waveforms is influenced by the
calculation methods applied such as the type of transform used for frequency content
analysis, characteristics of the filters implemented and the criteria for waveform error
chosen. A universal methodology to determine waveform bandwidth cannot be applied to
pressures of different origins since the clinical acquisition equipment and clinical
application of those waveforms differ,

We chose to analyse the waveform frequency contents of Pes waveforms
associated with ventilation parameters which resulted in adequate ventilation (normal
PaCQ2), in the healthy and ALl lungs. Additionally, to obtain “extreme case” Pes EI-EE
bandwidths,' we then elevated peak Paw by 50% (and doubled RR in the event that this
too affects energy transmission to the intra-esophageal space) above the physiological
ventilation parameters. Accordingly, our Pes EI-EE bandwidths represent the maximum
likely EI-EE bandwidths of a range of Pes waveforms encountered in ventilated heaitiy
and ALI monkeys.

The larger maximum EI-EE bandwidths (figure 6.8)noted in the supra-physiological
(elevated) PesB and PesA waveforms, compared to the physiological PesB and PesA
waveforms, are likely to be dug to increased energy content found at higher frequencies in
some of the elevated Pes waveforms, where the artificially elevated Paw resulis in sharper

inspiratory and expiratory limbs. The larger Pes EI-EE bandwidths noted following ALl
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(PesA) compared to healthy baseline lungs (PesB) may be due to increased energy
content found at higher frequencies in some of the PesA waveforms due to the higher
Paw values required for ALI (Table 6.2), or due tc the ALl condition itself aliering the
transmission of waveform frequency components to the esophageal space. The latter is
likely to play a lesser role since transmission of Paw to Pes was reduced in ALI, and the
frequency response of the pleuro-esophageal tissue barrier was uniform up to the
determined EI-EE bandwidths before and after ALL

In the frequency domain the continuous Fourier transform of a single transformed
Pes waveform is a continuous spectrum to which the pressure measurement system must
respond. A Fourier series of a waveform period T and an FFT of a waveform of finite
duration T both comprise harmonics at intervals of 1/T, Therefore the amplitude and
frequencies of the harmonics of a periodic waveform depend on T which can be arbitrarily
selected (if a train of waveforms is transformed the amplitude in between the harmonics of
the frequency domain approaches zero as the number of breaths selected increases).
Thus we expressed EI-EE bandwidth as the effective frequency cpan (in Hz) of the
relevant Pes waveform energy content, rather than as the number of harmonics above the
fundamental Pes frequency.'#%

In determining Pes bandwidth, options are {o truncate the original waveform’s
Fourier series terms above the desired cut-off frequency in the frequency-domain and re-
synthesise the waveforms (inverse FFT),”® or to operate on the original waveform with a
filter of known response.® The former is a more radical approach which completely
removes the waveform higher harmonics above the cut-off frequency and preserves all of
the energy below the cut-off frequericy, resuiting in a filter unrealisable in current clinical
practice which has undesirable time-domain characteristics. Thus we chose to apply to the

Pes waveforms a linear phase low-pass filter whose response (figure 6.5) approximates
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that of an appropriately low-pass filtered underdamped catheter manometer system
adjusted by an investigator to be critically damped with no resonance near to the
recommended bandwidth. This is the preferred pressure measurement system set-up for
routine clinical conditions.*®

We based Pes waveform error on the Pes amplitude differenice between
end-inspiration and end-expiration, since these are commonly used points of reference for
lung compliance calcuiations in clinical settings. However, end-inspiratory to end-
expiratory amplitude can be identified from the first points of zero flow following an
inspiratory and expiratory breath, or alternatively from the onset of expiration to the onset
of inspiration (easily identified from the Paw trace).?® With a suitable Pes manometer
these two techniques will make little difference to the resultant Pes end-inspiratory to end-
expiratory amplitude values. However, as the shape (sharp edges) of Pes waveforms is
eroded by the use of inappropriate (overdamped) catheter manometer systems, the Pes
waveform beg:ns to assume the shape of a pure sine wave at the Pes fundamental
harmonic frequency (see figure 6.6). The method of identification of end-inspiratory to
end-expiratory amplitude then affects estimates of Pes values. Thus we chose the onset
of expiratiori to the anset of inspiration as the criterion for wavefarm error since this
offered a “worst-case” scenario (largest waveform amplitude error and hence widest
waveform EI-EE bandwidth).

This technique also discloses the magnitude of error which could be introduced into
the end-inspiratory and end-expiratory tracus of dynamic lung pressure-volume loops: As
the end-inspiratory and end-expiratory Pes values are artefactually reduced and increased
tespectively by an inappropriately damped Pes catheter, the lung pressure-volume loop is
artefactually . .storted. Using peak amplitude, or end-inspiratory to end-expiratory

amplitude based on the first points of zero gas flow, as opposed the method we chose,
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reduces the calculated Pes waveform error and thus plays down the potential distorting
effect on dynamic lung compliance loops. Note that the actual effect of Pes waveform
errors on AaTPP, and thus on dynamic lung compliance, is also dependent on the Paw
value, since Cl = aV/a(Paw-Pes) and as Paw becomes larger the magnitude of the

dynamic Cl error introduced by the Pes waveform error may be altered.

Pes Occlusion test in monkeys

The mean catheter distance to optimum Pes position in our monkeys (14.9 cm from
canine, 3.9 kg subjects) is similar to that reported for healthy term infants (15.4 cm from
nose tip in 3.5 kg subjects).?* We used a modified form (for anesthetised paralysed
subjects)® of the occlusion test widely employed by clinicians'® to site the Pes catheter.
The test assumes that; pressure is distributed evenly between Paw, Ppl and Pes
compartments in an isovolumic chest; alveolar transmission of pressure to Paw is
instantaneous; the esophageal wall has an adequate frequency respunse, and that locally
measured Pes is similar to average Ppl.?

Where Ppl is not measured, the suggested optimal occlusion test value, based on
the slope of the plot of Pes versus Paw is 0.95 - 1.05."# This figure depends on the lung
condition and animal model' and is not always achieved, particularly in sick and preterm
infants where as few as 8% and 75%'® of Pes/Paw occlusion test ratios have been
reported to fall between 0.90 - 1.10, and only 33% fell within 0.95 - 1.05.%° On the othar
hand Pes/Paw was reported to lie between 0.9 - 1.1 in 100% of preterm subjects.?’ Direct
Ppl measurements in 4 rabbits yielded Pes to be 70 - 95% of Ppl during spontaniious
respiration.?®

We reported Pes/Paw AUC ratios rather than the slope of the line fitted ‘o the X-Y

plot of Paw anu Pes. The regression technique assumes that changes in Paw
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instantaneously affect Pes and the dynamics play no part at all. The AUC technique uses
only the low frequency components of the signal and is insensitive to the frequency
response of the Paw-Pes tissue barrier. Unless values are reported for the continuous X-Y
plots as opposed to the average slope of the X-Y plot (line of identity), both techniques will
average out pressure amplitude information and the X-Y technique is more complex to
perform. While our mean occlusion test AUC ratios across monkeys superficially appear
satisfactory (Table 6.1), approximately 756% and 50% of the individual monkeys' occiusion
test Pes/Paw AUC ratios were between 0.90 - 1.10 and 0.95 - 1.05 respectively at
baseline. These figures represent the optimal Pes/Paw occlusion test ratios achievabie in
the supine, intubated, anesthetised, and paralysed monkeys. The resuits are similar to
those for paralysed dogs in which 71% of subjects lay between 0.90 and 1.10.°

Since we directly measured Ppl, occlusion test AUC results are presented as the
ratios of Paw/Ppl and Pes/Ppl (Table 6.1), rather than as Pes/Paw, to show that if both
Paw and Pes are similarly lower than Ppl during the occlusion test (as is the case in our
subjects mean values), then the occlusicn test, which is ordinarily based on attaining a
Pes/Paw ratio of 1.0, can yield a false impression that Pes adequately reflects Ppl.

The occlusion test ratios did not change significantly with differing Paw oitsets or
after ALl despite the amplitude frequency responses doing so at the same Pes site. The
occlusion test is a relatively static procedure and does not necessarily test Pes/Paw over
all the amplitudes applier' ~+ 1g mechanical ventilation (the effect of differing Paw mean
offsets are however reported for our occlusion test ratios in Table 6.1). it is an isovolumic
test and in ariesthetised paralysed subjects the test pressure is applied in the reverse

direction to conventional ventitation.
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Conclusion

Direct simultaneous Ppl and Pes measurement reveals that the Ppl-Pes tissue
barrier has a uniferm amplitude frequency response within the EI-EE bandwidth of
conventional Pes waveforms in healthy and ALI lungs, and does not significantly attenuate
Ppl-Pes signal transmission between 1 - 40 Hz. At Pes frequencies higher than
conventionai clinical regions of interast the Ppl-Pes barrier resonates significantly, is
pressure amplitude dependent at low pressure offsets, and is significantly altered by ALI.

Allowing for < 5% Pes waveform stror, the maximum Pes EI-EE bandwidth during
conventional ventilation is
1.9 Hz and 3.4 Hz for physiological and exireme-case waveforms in healthy lungs, and 4.6
Hz and 8.5 Hz during acute lung injury. For a < 3% waveform error maximum Pes EI-EE
bandwidth is 8.5 Hz.

In Vervet monkeys the Ppl-Pes tissue barrier has a frequency response suitable for
Ppl estimation during low frequency mechanical ventilation, and Pes manometers should
have a uniform frequency response up to 8.5 Hz. However, the Ppl-Pes tissue barrier
adversely affects the accurate estimation of dynamic Ppl at high frequencies with varied
airway pressure amplitudes and offsets, such as the Ppl encountered during HFOV.
These findings may fagilitate improving the accuracy of pulmonary function studies in high

frequency respiratory mechanics.
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7 THESIS CONCLUSION

7.1 Recap of Rationale and Objectives

Inappropriate mechanical ventilation adversely affects gas exchange, haeimodynamics,
and lung barotrauma. For clinicians to select optimal mechanical ventitator settings,
adequate quantitative information about the respiratory system is required on which to
base sound clinical judgements. Puimonary function measurements in sick patients
include the determination of dynamic respiratory system compliance: measuring dynamic
intra-esophageal pressure (Pes) to estimate pleural pressure (Ppl) is gaining nopularity
amongst researchers and clinicians as part of the pulmonary function work-up of infants,
particularly for the calculation of the elastic and resistive elements of the respiratory

system.

For reasons outliried in Chapter One, traditional fluid-filled (liquid or gas) catheter
manometer systems are likely to continue to be made use of extensively to estimate Ppl in
clinical practice during high frequency respiratory mechanics, such as occurs during
conventional infant ventilation and high frequency ventilation modes. The use of micro-tip
pressure transducer catheters i» estimate Ppl is not yet validated. Polyvinyl chioride infant
feeding catheters, liquid-filled or air-balloon tipped, are easily inserted and well tolerated,
and are readily available to clinicians and researchers as disposable and inexpensive

alternatives to transducer-tip catheters.
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High-fidelity non-invasive estimation of dynamic Ppl by using Pes measurements requires
that the Ppl waveform be transmitted unchanged across the tissues between the intra-
pleural and intra-esophageal spaces, and that thc Pes waveform be transmitted
unchanged ac:oss the Pes catheter manometer systems. These twn requirements wers

the subjects of inves ation in this thesis.

In this thesis: the suitability of Pes catheter manometer systems used in clinical practice to
transmit dynamic pressure waveforms accurately was characterised quantitatively; the
validity of the assumption that fluid-filled catheter frequency responses fit a second-order
system was tested; a new species model of non-human primate acute respiratory distress
syndrome was developed; the transmissior properties of the in vivo pleuro-esophageal
tissue barrier were investigated in health and lung disease at low and high frequencies;
and the relevant bandwidth of dynamic physiological intra-esophageal pressure

waveforms was determined.

7.2 Conclusions From the Data

When employed in catheter manometer systems, liquid-filled Polyvinyl chioride feeding
catheters are underdamped, resonate and exhibit a uniform mean frequency respense up
to 11 Hz. The maximum respiratory rate within which they have the potential to measure
dynamic intra-esophageal pressure within a 5% error limit (Fp) is 82 breaths/min.
Significant accuracy differences exist between catheter French Gauge sizes and between
catheters of similar diameters but differing brands. Correlation (r*)between catheter inner
diameter and Fgq is 0.66 across brands. Fqg values for differing catheter FG sizes and

brands are presented. It is concluded that liquid-filled feeding catheaters are suitable for
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estimating pleural pressures in subjects mechanically ventilated without sharp inspiratory
waveforms or high respiratory rates. However, judging the suitability of individual feeding
catheters to measure dynamic intra-esophageal pressure accurately based on FG size
alone is inappropriate: The multi factorial determination of amplitude and phase frequency
responses necessitates quantitative assessment of differing catheter brands and

diameters prior to their utilisation.

Infant air-balloon catheters greater than FG size 5 exhibit underdamped resonant
properties, while smaller FG size air-balloon catheters exhibit near-critical darmping or
overdamping. Assuming a second order system, air-balloon catheters maintain uniform
amplitude fraquency responses up to 25 Hz, demonstrating the ability to measure Fyg up
to 148 breaths/min. The frequency response performance of FG size 6 air-balloon
catheters is similar to that of larger air-balloon catheters. It is concluded that, compared to
matching liquid-filled catheters, air-balioon catheters made to infant-appropriate
specifications have significantly superior frequency response characteristics, lowar
frequency response variability within catheter samples, and are more suitable for accurate
dynamic intra-esophageal pressure measurements during high-frequency respiratory

mechanics.

The frequenc:y responses of fluid-filled Polyvinyt chioride catheters in catheter manometer
systems do not adequately fit second order systems. Deviations of fit are significantly
larger in liquid-filled than in air-balloon catheters, in large FG-sized catheters, and at the
early departures from uniformity in the amplitude-frequency response tracing rather than
at .1e resonance frequency point, These findings cast doubt on the validity of defining and

applying secend order mathematical models to predict such catheler-manometers’
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frequency responses, and therefore applying fast-flush or burst-balloon step-response
techniques is inappropriate. It is concluded that the system order of differing fluid-filled
catheter-manometers should be verified experimentally prior to predicting such catheters'
frequency responses. It is recommended that the sine-wave generator technique, rather
than the square-wave step-response technigues, be used to measure the frequency

resnonses of compliant fluid-filled catheters in vitro.

Controlled central venous administration of Oleic-acid into monkeys breathing pure
oxygen on positive pressure ventilation rapidly resuits in stable Acute Lung Injury
characterised by decreased static and dynamic lung compliance, markedly reduced
alveolar gas exchange and increased diffuse alveolar capillary ieak accompanied by
alveolar edema, polymorphonuclear infiltration and fibrin deposition. These changes are
similar to those found in other animal models of Oleic-acid lung injury, but advantageously
the healthy and sick monkey lung compliance values recorded are similar to comparabie
healthy and sick humans. it is concluded that the modet is suitable for the
pathophysiological evaluation of pulmonary mechanics and gas exchange in acute lung

injury.

Direct simultaneous Ppt and Pes measurement reveals that the Ppl-Pes tissue barrier has
a uniform amplitude frequency response within the bandwidth of conventional Pes
waveforms in healihy and diseased lungs, and does not significantly attenuate Ppl-Pes
signal transmission between 1 - 40 Hz. However, at Pes frequencies higher than
coenventional clinical regions of interest the Ppl-Pes barrier resonates significantly, is
pressure amplitude dependent at low pressure offsets, and is significantly altered by lung

disease.

Chapter 7, Page 255.



Allowirig for < 5% Pes waveform error, the maximum relevant Pes waveform bandwidth
during conventional ventilation is 1.9 Hz and 3.4 Hz for physiological and exireme-case

waveforms in healthy lungs, and 4.6 Hz and 8.5 Hz during acute lung injury.

Thus in non-human primates the Ppi-Pes tissue barrier has a frequency response suitable
for Ppl estimation during low frequency mechanical ventilation, and Pes manometers
should have a uniform frequency response up to 8.5 Hz. However, the Ppl-Pes tissue
barrier, in health and acute lung injury, adversely affects the accurate estimation of
dynamic Ppl at high frequencies with varied alrway pressure amplitudes and offsets: Ppl is
estimated under such conditions during conventional infant mechanical ventilation and

during High Frequency Ventilation.
These findings advance the accuracy of puimonary function studies in high frequency

respiratory mechanics, such as conventional infant mechanical ventilation or High

Frequency Ventilation,
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7.3  Explanation of Potential Study Limitations

There are, of course, potential limitations and assumptions inherent to the studies of this
thesis. Individual assumptions and limitations of the studies have been presented under

the relevant Chapters’ Discussion and Appendix sections.

Linearity

The findings in Chapters Two and Three are constrained by the assumption that the
systems under test are amplitude linear, and the fact that the measurements were
performed in vitro, which excludes potential altera. s due to the effect of the esophageal
wall and surrounding liquid media on the catheter tips themselves. it should be noted,
however, that a technique for in vivo frequency response characterisation of air-balloon
catheters does not exist in any event, and that the in vivo fast-flush tests applicable to
liquid-filled catheters are also constrained by the second order system assumption, whick
assumption was invalidated in Chapter Four. Further, the maximum working respiratory
rate values presented in Chapters Two and Three assume that the significant energy of
oesophageal pressure waveforms is located within the first ten harmonics of the
waveforms: this assumption was validated in this thesis for non-human primates in

Chapter Six.

Animal models of human disease

Extrapolating the conclusions made in Chapters Five and Six to humans would require the
assumption that non-human primate anatomy, physiology, pathophysiology and
respiratory mechanics are similar to those found in humans: consideration of the similarity

between non-human and human primates is given in Chapter Five's Discussion section.
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Intra-thoracic pressure distribution

In Chapter Six the characterisation of the pleuro-esophageal tissue barrier's transmission
properties could be dependent on the anatomical situation of the pressure measurement
catheters, and it is assumed that the intra-pleural and intra-esophageal catheters are
measuring and estimating respectively the mean intra-pleural pressure across the entire
intra-pleural space. Note however that the intra-esophageal catheter's position was
therefore deliberately chosen according to the occlusion test criteria accepted in clinical
practice, and the results obtained are thus from sites relevant to clinical practice.
Additionally, the Ppl manometer was inserted in a variety of directions and chiest-sides to

allow as broad a coverage of Ppl in relation to Pes as possible.

Potential for airways collapse with negative Paw oscillation

In the discussion section of Chapter Six the potential for negative Paw to cause airways
collapse during the swept-sine wave runs, and thereby the potential to contribute to the
resonance observed at Paw offset of 1 cmH,0, is acknowledged. However, this is
asserted to be an unlikely cause of the observed resonance. Further comment justifying

the latter conclusion is appropriate here:

During the swept-sine wave runs Ppl was the reference pressure monitored and
controlled. To this end Paw was also monitored and controlled, but only in order to
generate a1 cmH,O Ppl (the Ppl signal amplitude was monitored in real-time and the
proximal Paw adjusted accordingly via a feedback setup to the High Frequency

Ventilator's amplifier). Thus proximal Paw was varied to control Ppl.
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At 1 cmH,0O proximal Paw offset, Paw did fall below atmospheric pressure during the
swepi-sine frequency runs. At 10 emH,0O proximal Paw offset accompanied by the High
Ppl sétting (generating large Ppl ampiitudes) proximal Paw also went negative during the
swept-sine frequency runs. Thus in these two cases there was potential for airways

collapse.

However, at 10 emH,0 proximal Paw offset accompanied by the Low Ppl setting Paw did
not go negative during the swept sine frequency runs. Additionally, at 20 emH,O proximal
Paw oifset accompanied by the Low Ppl setting, Paw did not go negative during the swept

sine frequency runs. Thus in these two cases there was no potential for airways collapse.

In all recordings the mean proximal Paw was always positive, but it is possible that the
negative components of the oscillatory pressures generated in the chest may have
produced afterations in the Ppi-Pes barrier in the recordings made at 1 cmH,O proximal
Paw offset, or at 10 cmH,O proximal Paw offset accompanied by the High Ppl setting
(large Paw offset but with large applied Ppl amplitudes). The following points have bearing

on this possibility:-

1. The magnitude of the negative pressures generated in the upper airways distal to the 4.5mm oral
endotracheat tube in the animals cannot be ascertained {since distal tracheal pressure was not
monitored in this experiment). However, a large proportion of the negative proximat Paw is normaily
lost across the endotracheal tube in vitro, and is therefore dissipated above the collapsible airways.
The ratio of distal trachea! pressure to proximal Paw during high frequency ventilation is dependent
on the appYied frequency, size and fength of the endotracheal tube. Distal tracheal

 pressure/proximal Paw Is < 0.1 from 15 Hz upwards in humans; and thus at high frequencles
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concomitant with an applied Paw offset nn negative pressure is transmitted to the airways in

humans.

in those swept-sine runs in which the proximal Paw troughs were negative, the Paw and Pp!
tracings themselves do not demonsirate distortion of the sine waves with increasing Paw
sinusoidal amptlitude, Increasing cistertion of the Paw or Ppl tracings would be expected if the
airways were collapsing with increasingly applied negative pressures {proximal airway pressure
would not be transmiitted to the smaller airways beyond the points of collapse), Note that the
frequency response analyser employed evaluates cnly the fundamental component of the Ppl and

Pes waveforms in this thesis’ studies.

If negativ. pressure was causing any airways collapse, this would havie occurred predominantly at
the lower applied frequencies since (i) the transmission of any pressure fluctuations from the
proximal airway down o collapsible airways should be strongly attenuated at higher frequencies
{because of the distributed compliance and inertance of the airways), and (ii) airway walls have
inertla and therefore resist transient collapse better at high frequenciés than at low, From Figure 3
of Chapter 6 (the Baseline Ppl-Pes frequency response) it is seen that Ppi-Pes tisstie barrier
frequency responses at low frequencies did NOT depend on mean Paw (and thus not on negative

Paw) in this study.

The proximal Paw amplitude (RMS) does not significantly correlate with the resulting Ppl-Pes

- ampliudp frequency response curves.

if airwaysﬂcmlapse‘was plaving a major role in causing the resonance recorded in the CTRL group
&t 1.am HyQ Paw offset (where aliways collapse could have occurred with negative Paw
pressures), it does not explain why the ALIG groip did not similarly resonate at 1 emH,0 Paw
offset following ALl (whare there was egi'al potential for negative proximal Paw and alrways
cullapse) or further why the ALIG group did demonsirate resonance at 10 craH,Q Paw offset

following AL! {in spite of there being no potential for alrways collapse during these recordings), or
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why the ALIG group also exhibited resonance at 20 cmH,0 Paw offset following AL! (where again

there was no potential for afrways collapse).

6. The CTRL animals did not show signs of damage from repeated airways collapse, which, given the
number of swept sine runs we performed on each subject, would be likely if the airways were

significantly collapsing regularly during the applied negative oscillatory Paw.

The potential for cyclical negative pressure in the upper airways to aiter the transmission of
pressure between the intra-pleural and intra-oesophgeal spaces is not known. if there is such &n
effect, it still represents a form of amplitude dependence, Note also that large negative intra-
thoracic pressures are found in exercising and acute respiratory distress syndrome patients,

although the pressures here are applied to the outside of the airways.

Thus, in the experiments of Chapter 6, and only in those instances in which oscillatory
proximal Paw was negative, it is highly unlikely that short intervals of negative proximal

Paw pressure influenced the observed Ppl-Pes tissue barrier behaviour.

7.4 Suggestions For Future Research

Suggestions for continuing research, beyond the undertakings of this thesis, are:-

® Evaluate pressure amplitude-linearity, and the effect of temperature and catheter
radius of curvature on the frequency responses of compliant fluid-filled catheters,
since the softer PVG compound and latex could be affected by these factors.

® Formally assess whether intra-arterial pressure measurement catheters’ frequency

responses adequately fit a second order system, since published literature on this
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topic is sparse and conflicting (see Chapter Four). This may become less important
if liquid-filled intra-arterial catheters are replaced by micro-tip transducer catheters

in clinical practice.

Cardiac pressure waveforrns superimposed on intra-esophageal pressure traces
are frequently referred to in published literature as “cardiac motion artefact’, and
are largely ignored or filtered out. The direct pleural pressure waveforms recorded
in Chapter Six suggest that this notion should be challenged by determining the
relative contribution of cardiac motion to intra-pleural pressure, and thus to the
continuous lung compiiance values derivable from dynamic lung volume-pressure

tracings.

Using the methodology described in this thesis, bandwidth analysis should be
extended to human intra-esophageal waveforms acquired during mechanical
ventilation for clinical disease and recovery from disease, to corroborate human

waveform bandwidths with the non-human primate findings presented in this thesis.

In recent years the application of alternative methods for estimating the power
spectrail density of signals (including Wavelet transforms applied to biological
signals) is increasing in popularity. Certain of these transforms can be applied to
assess the bandwidths of intra-esophageal pressure waveforms and the results
contrasted with the bandwidths determined using the conventional fast Fourier

transform analysis presented in this thesis.
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9  APPENDICES

Paper Reprint Copy From Thesis Chapter 2
C.G. Hartford, G.G. Rogers, M.J. Turner

Correctly selecting a fluid-filled nasogastric infant feeding catheter to measure intra-

esophageal pressure. Pediatric Pulmonology. 1997;23:362-9.
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Paper Reprint Copy From Thesis Chapter 3
C.G. Hartford, G.G. Rogers, Jv Schalkwyk, M.J. Turner

Frequency responses of infant air-balloon versus liquid-filled catheters for intra-

esophageal pressure measurement. Pediairic Pulmonology. 1997,Nov;24:353-363.
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Paper Reprint Caopy From Thesis Chapter 4

C.G. Hartford, Jv Schalkwyk, GG Rogers, M.J. Turner
Predicting air-balloon and liquid-filled catheter frequency responses. Testing the
validity of the assumption that fluid-filled catheters fit a second-order systeri. IEEE

Engineering in Medicine and Biology. 1997;May/June:27-33.
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9.4 Paper Arising From Thesis Chapter 5

Thesis Chapter Five's paper is under review: The manuscript under review is identical in

content to the text presented in Thesis Chapter Five.

C.G. Hartford, Jv Schalkwyk, GG Rogers, M.J. Turner

Stable diffuse acute lung injury model in vervet monkeys ((Cercopithecus aephiops).

Under review in 2000.
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9.5 Paper Reprint Copy From Thesis Chapter 6

For publication purposes, Thesis Chapter Six was shortened following review at the request
of the journal's editor. The shorter version was accepted for publication and is presented
here. [Figures 1, 2, 3, 4 and 5 of the shortened published version presented in this appendix

are Figures 3, 4, 6, 7 and 8 presented in Chapter Six],

C.G. Hartford, Jv Schalkwyk, GG Rogers, M.J. Turer
Primate pleuro-esophageal tissue barrier frequency response and esophageal
pressure waveform bandwidth in health and acute lung-injury. Anesthesiology.

2000;Feb;92(2):550-558.
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9.6

Scholar Prizes Attained in Relation to Research Presented From Thesis

CHAPTERS 2-4
Institute of Electrical and Electronic Engineers (IEEF:) Engineering in Medicine and
Biology Society (EMBS) Student Whitaker Competition First Place Prize Winner,

Amsterdam, 1996.

CHAPTERS 5-6;
Institute of Electrical and Electronic Engineers Engineering in Medicine and Biology
Society IEEE Region 8 Finalist (student represented Europe, Africa and the Middle

East in the finals), Hong Kong, 1998.

Appendices, Page 294.



tition Finalist

mpe

ion

dat

5

g =
od

@

efit

ion

mp

o




IOLOGY SOCIEFY | | riaedt: i |

i {

ENGINEERING IN MEDICINE
! anp,

“
B

AN
D

{

IS HONORED TO RECOGNIZE

. Whitaker Foundation

dent




S ’ M.w}ﬁj\

1on

1998

EMBS

inthe

n‘fPaper Competit

de

o SN
R

. Wright, Chair
Committer

Studen? Activitios




* Pediatric Pulmonology 23:362-369 (1997)

Diagnostic and Therapeutic Methods —

Correctly Selecting a Liquid-Filied Nasogastric Infant
Feeding Catheter to Measure Intraesophageal Pressure

C.G. Hartford, vs, Bch, MSc,’* G.G. Rogers, rho," and M.J. Turnet, pho?

Summary. Polyvinyl chloride (PYC) nasogastric feeding cathelers are used clinically to measure
intragsophageal pressure as an estimate of pleural pressure for calculating lung compliance in
infants. The accuracy of pressure measurement of 4 French gauge (FG) catheter sizes and
three brands of tiquid-filled catheter manometer systems (CMS) was evaluated by determining
thelr resonance-frequency amplitude and phase propertles. All CMS were underdamped and
resonated, No CMS exhibited a uniiorm mean frequency response above 11 Hz. The maximum
resplratory rate (F,) within which CMS could potentially measure dynamic intraesophageal
pressure within a 5% error imit was determined (F,): the highest mean F,, recorded reliably in
large-diameter cafieters was 82 breaths/min, Significant CMS differences in accuracy existed
between catheter FG slzes and betwaen catheters of similar diamaters but differing brands.
Correlation (r2) between catheter inner diameter and CMS F,, was 0,66 across brands, In
conclusion, intraesophageal PVC liquid-filled feeding catheters are sultable for estimating pleu-
ral pressures in subjects mechanically ventilated without sharp inspiratoty waveforms or high
resplratory rates. Quantitative frequency response characterization of different nasogastric cath-
eter brands and different diametets is mandatory prior to thalr utllization. Pediatr. Pulmonaol.
1997; 23:362-369.  © 1897 Wiley-Llss, Inc,

Key words: fung compliance; pleural pressure; esophageal manometry; respiratory me-

chanlcs; feedlng catheters; mechanicai ventilation.

INTRODUCTION

Measurements of dynamic intraesophageal-pressure-to -~

estimate pleural pressure are used by researchers and
clinicians to evaluate pulmonary function of infants, par-
ticularly for the calculation of the elastic and resistive
elements of the respiratory system,'* Commercial naso-
gastric liquid-filled feeding catheters are easily inserted
and well tolerated® and are readily available to clini-
cians as disposable and inexpensive alternatives to bal-
foon?%7 or transducer-tip® catheters. In addition, liquid-
filled feeding catheters are advantageous for intracsoph-
ageal pressure nieasurements it mechanically ventilated
infants because the catheters are normally in situ for
long-term nasogastric feeding, Moreover, liquid-filled
PVC cathieters are nontraumatic on insertion, in compari-
. son with the larger balloon-tip or the relatively inflexible
transducer-tip catheters.®

Although there is extensive documented frequency re-
sponse characterization of liquid-filled catheters used for
intra-arterial pressure measurement,’~"! there are insuf-
ficient data for liquid-filled infant feeding catheters™! 13
since they were not manufaclured for incorporation into

© 1997 Wiley-Liss, Inc.

pressure measurement devices: the high vespiratory rates-

and wide dynamic pressure wayeforms encountered dur-
ing mechanical infant ventilation may require flat cath-
eter frequency responses up to 23 Hz, yet it is often
necessary to introduce small FG size catheters in neo-
nates.o

Department of Physiology. University of the Witwatersrand, Johan-
nesburg, South Africa.

*Department of Electrical Engincering, University of the Witwa-
tersrand, Johannesburg, South Africa,
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town, Johannesburg, 2193, Suwth Africa,
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TABLE 1—Infant Feeding Catheter Specifications®

OD : Tol ID # Tol L
Feeding catheter FG (mm) (mm) (cm)
Portex 10 33x01 ~ 23x0.1 60
(Portex, Kent, UX)
Adcock Ingram 10 33008 2201 50
(Sabax Division, SA) >,
Ven 10 33%0.1 23+0.1 50
(Ven Products, SA)
Portex 8 2.6+0,08 1.8 +0.08 50
Adcock Ingram 8 2.6:+0.08 1.7£0.1 50
Ven 8 2.60.1 1.8 0.1 50
Portex 6 2.0 +0.08 1.4 £ 0.08 50
Adcock Ingram 6  2.0£008 1101 50
Ven 6 2.0+0.1 1.2£0,1 50
Adcock Ingram 3 1.7£008 0801 50
Ven 5 1.9+0.1 0801 50
Portex 4 13008 0.6x0.08 50

Tol, manufacturer-specified tolerance; L, length,

This study aims to quantify the suitability of commer-
cially available PVC infant nasogastric feeding catheters
to measure dynamic intraesophageal pressure. By assess-
ing the in vitro resonance fre¢uency characteristics (am-
plitude and phase) of a range of catheter brands and FG
sizes, we have provided values for the maximum respi-
ratory rate up to which differing FG size feeding cath-
eters may be utilized to measu e intraesophageal pressure
accurately.

MATERIALS AND METHODS

Infant CMSs clinically employed to measure intra-
esophageal pressure were subjected to in vitro sinusoi-
dally oscillafing préssures of varying frequency, CMSs
frequency responses were determined by comparison

with a reference manometer system. The CMS included -

12 types of medical grade PVC catheters (three brands
and four FG sizes; Table 1), chosen for their similar

Abbreviations

A A Resonance amplitude tatio

Ade Adcack Ingram catheter |
CMS Catheter manometer system ;
D, Damping coefficient .
B Frequency at Ag + 5% :
R, Undamped natural resonant frequency ‘
R, Dumped resonant frequency |
B Maximum working respiratory rate ;
FG French gauge

11v] Inside dinmeter

Mag Lincar magnitude gain

MANOVA  Multivariute analysis of varinnee

oD Outside diameter

Ps Phase dillerence at Fyg

Por Portex eatlieter
pve Polyvinyl chloride
Root meun square Watls

WRMS
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lengths, coupled to two pressure transducer-dome com-
binations. A Gould PI0EZ pressure transducer (6.4 mm
pressure sensor area), with a disposable diaphragm-dome
and luer lock fittings (Viggo-Spectramed Gould TA1019,
Oxnard, CA), and a Gould P23XL transducer (14 mm
pressure sensor area), with a disposable diaphragm-dome
and luer lock fittings (TA1016ND), were used in con-
junction with the various catheters, The dome ports were
fitted in-series to four-way stopcocks (Adcack Ingram,
South Africa) yielding transducer-dome-stopcock vol-
umes of 0.6 and 0.9 ml for the transducer combinations,
respectively, The space between the transducer dia-
phragm and the disposable dome diaphragm was water
filled according to the manufacturer’s instructions and
positioned at the catheter-tip level.

Six samples each of the 12 different catheter types
were assessed by randomly attaching their proximal fe-
male luer fittings directly to the two transducers’ stop-
cock male luer fittings. To minimize bubble formation,
each catheter was flushed with carbon dioxide followed
by deionized, degassed (by boiling) water cooled under
vacuum to between 36° and 38°C.'¢ The distal 20 cm of
the catheter was inserted into a laboratory-designed leak-
proof water chamber kept at 36°~38°C. Sinusoidal pres-
sure waveforms between 5.5 and +10 cmH,0 (mean,
2.3 cmH,0) were generated in the chamber by means of
a loudspeaker (Bose 4.5" 802, Bose Corporation, MA),
powered by an 80 WRMS DC-coupled amplifier linked
to a sine wave generator (Hewlett Packard 3562A, USA).
A swept sine frequency response of the CMS was re-
corded (Fig. 1) using a calibrated domeless piezoresistive
differential pressure transducer as a reference (Honey-
well Microswitch 170PC, USA), positioned inside the

chiamber adjacent to”the CMS catlieter tip.” Unfiltered - - =+ -

elcctrical outputs from the CMS and reference pressure
transducer were identically preamplified (Hellige Ser-
vomed, Freiburg, Germany), and analyzed for phase and
amplitude differences by averaging three repeat measure-
ments over 10 seconds at each 1 Hz interval (Hewlett
Packard Dynamic Signal Analyzer 3562A). Apparatus
reproducibility over the experiment was confirmed by
repeating a CMS frequency response measurement of the
sample of Portex FG size 6 catheters at the start and end
of the experiment,

Frequency Response Measurements

Amplitude-frequency response variables relate to
CMS gain or altenuition of applied pressure compared
with the reference transducer over a range of applied
pressure frequencies (Fig. 1), Variables extracted from
amplitude-{requency responses were:

B, damped resonant frequency (frequency at maxi-
mum amplitude);
AJA,  resonance amplitude ratio (maxium amplitede,

A, divided by amplitude at 1 Hzo Ay
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Fig. 1. Sample Portex FG size 4 catheter ampiitude and phase
frequency response traces. First marker circle on amplitude
plot represents baseline amplitude (Y-axis, Y, = A = 1.0 Mag)
and basefine frequency (X-axis, X, = 1 Hz). Second marker clrcle
represents damped resonant frequency (X-axis, F, = 20 Hz) and

maximum amplitude galn (Y-axis, A, = 1.8 Mag). Mag, llnear .

magnitude gain over relerence transducer; Hz, Hertz,

Fus frequency at Ay + 5% (frequency at which the

amplitude ratio = 1.05).

Phase-frequency response variables characterize the
CMS temporal advancement or retardation of the applied
pressure waveform over a range of frequencies; the
phase-frequency response yariable extracted from the re-
corded CMS phase-frequency response tracings was:

puﬁ

Calculated variables derived from the CMS frequency
responses wetes

phase difference at Fg,

D, damping coefficient (Appendix formuta 1);

F, undamped natural resonant frequency (Appen-
dix formula 2);

| CMS maximinm warking respiratory rate (Ap-

pendix formula 3),

D, describes CMS resistance to oscillation. B, repre-
sents the number of oscillations per unit time that the
CMS would undergo il teft 10 oscillste undisturbed, .,

predicts the maximum respiratory rate up to which an
intraesophageal CMS of measured F,, and D, will poten-
tially measure an applied pressure to within 5% of the
reference transducer.”'3

Statistical Analysis

Between-groups multiway multivariate (7 dependent
measured frequency response variables, from above),
analysis of variance was performed (MANOVA E-test,
Statistica® software, Statsoft, OK) and Tukey’s Signifi-
cant Difference post-test correction applied to P-values
< 0.05.'6 The multiway ANOVA design considers pos-
sible statistical interactions due ‘o testing the effects of
multiple catheter types (3 brands and 4 FG sizes) in
addition to the effects of two different wansducer types
on the measured frequency response variables. Coeffi-
cient of determination (+*) between F,, and catheter di-
ameter was calculated from the Pearson product-moment
correlation. Displayed values are mean + SD.

RESULTS

No significant frequency response differences were
found between the two transducer-dome combinations,
and no significant statistical interaction between the cath-
eters and transducers was noted, The means of 12 mea-
sured values (n = 6 catheters x two transducers) are
therefore presented for each sample’s variables.

The effect of catheter brand and FG on mean ampli-
tude anJ phase frequency responses is illustrated in Fig-
ures 2 and 3; the effect of catheter brand and FG on the
maximum working respiratory rate is depicted in Figure-
4, Variables F,, A, F,s, P,s, and F,,, which were signifi-
cantly different (P < 0.05) between catheter FG sizes and
brands, are displayed in Table 2. There was a trend for
mean F,, A,, F;5, and F, to decrease, and for D, and P,
to increase with decreasing catheter FG size. Mean D,
ranged from 0,19 to 0.30.

No CMS exhibited a uniform mean (requency re-
sponse abave 11 Hz (Fs; Fig. 2). Within catheter brands
the R, (Fig. 4) of Portex and Adcock FG sizes 10 and §
were not significantly different, The F,, of the Portex FG
sizes 6 and 4 and of the Adcock FG size 5 were signifi-
cantly lower than their same-brand larger FG sizes.
Within the Ven catheter brand there was a significant
decrease in F,, with decreasing Ven FG sizes 10, 8, and
6. The F,, was significantly lower for the Portex FG size
4 versus 6, and for the Adcock FG size 5 versus 6, but the
Ven PG size 5 versus 6 way similar.

Between catheter brands there was no significant dif-
ference in F,, for the Portex FG sizes 10, 8, and 6 versus
the corresponding Adcock cathoters. but the Ven FG
sizes 8 and 6 had a significantly lower F,, than the cor-
responding Portex and Adeock FG sizes, The . of Por-
tex FQ size 4 ways signilicuntly lower than all other FG
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TABLE 2—Infant Feeding Cathetar Statistical Summary Table'
Porl0 ©  AdclO Venl0 Por8 Adcl Veng Por6 Adc6 Ven6 Ades Vens
Porl() ab
Veull) abde be -
Por§ d bde abde
Adel be be adef be
Vend abdef abdel af abdef abdel “
Por6 abdef abdef f abdef adl -
Adet abef - be abdefl adl abe be
Ven6 abedef abedef aedf abedefl adef adf adl abdel
Adcs abedef abedef acdf abedef abedefl acdl acdef abedel acl
Vens abcdef abedef af’ abedef adf be af adef - abedel
Pord abcdefl abredef abedef abedel abedel abedef abedef abedef abedel acel abedef

"Variables a~f indicated are P < 0.05 between sny two cathetets. a, damped resonant frequency (F); b, maximum amplitude gain (A,); ¢, phase
difference at F, (P} d, frequency at Ag + 5% (F,s); ¢, damping coefficient (D,); f, working respiratory rute (F,,): ~, no significant difference;

Par, Adc, Ven: Portex, Adcock, and Ven catheter brands and FG size.

size catheters. The Ven FG size 5 catheter displayed a
significantly greater F,. than the Adcock FG size 5.

The coefficient of determination (r2) for mean F,, ver-
sus catheter ID or OD across all brands was 0.66 and
0.67, respectively. The within-brand > for mean F,,. ver-
sus ID of Portex, Adcock, and Ven catheters was 0,90,
0.55, and 0.81, respectively, The range of F,, was largest
within the Ven 6 FG catheters (31.2~60.2 breaths/min)
and lowest within the Adcock 8 FG catheters (79.5-84.4
breaths/min).

DISCUSSION
In Vitro Technique

Catheter whip and impact with the esaphageal wall may
affect in vivo frequency responses of in situ catheters. How-
ever, we performed in vitro frequency response analysis
because use of fast flush in vivo.tests has been shown to
overestimate the CMS F,, possibly due to the high mass
inertia of external flushing liquid, thereby artifactually rais-
ing in vivo CMS working respiratory rates beyond their true
values »'%7 Moreover, accurate interpretation of CMS
frequency respouses calculated from in vivo applied fast
flush waveforms is interfered with by non-pleural pres-
sure-related superimposed esophageal waveforms such
as in vivo cardiac and peristaltic waveforms.'®

In quantifying the frequency responses, we employed
the swept frequency forced oscillation technique as op-
posed to the step response (free oscillation burst-balloon)
technique. The latter, like the fast flush in vivo technique,
is practically limited to underdamped CMS,'™** may
miss subtle differcaces in F,' and is open to potential
measurement inaceuracies in the determination of the
petiod and amplitude of the response.'® On the other
hand, the swept frequency technique employed by us is
suitable for o distributed parameter System such as ligs
yid-lilled CMS8 and allows the system under test (o be
stimulated at equal amplitude over all frequencies,
whereas the siep response approach results in reducing
ampliticles with increasing frequency. ' VW

We used a mean pressure offset of +2.3 cmH,0, simi-
lar to mean intracsophageal pressures accompanying me-
chanical ventilation, because this method allowed for any
effects of nonlinearities (amplitude dependent) related to
dynamic CMS compliance or catheter wall hysteresis to
be included in the CMS frequency response measure-
ments,'!

Reported effects of physiological temperatures on fre-
quency responses in liquid-filled catheters vary from no
effect!® to significant effects caused by altered catheter
wall compliance.'!? The compliance and compliance
hysteresis of nasogastric catheter PVC are likely to be
more temperature dependent than. for example, nylon or
braided-polyurethane catheters used for intra-arterial
pressure measurement; therefore, we measured the fre-
quency responses at primate physiological temperatures.

Catheter Frequency Responses

To our knowledge there is no formal documentation
comparing the pressure measurement frequency response
characteristics of a range of differing FG sizes and brands
of standard liquid-filled PYC infant nusogastric feeding
catheters of matching catheter tengths: informal mea-
surements on liquid-filled intracsophuageal catheters (usu-
ally performed with differing catheter lengths. brands.
and FG sizes between the researchers and of single
sample number) have demonstrated uniform {requency
responses in an § FG 2 mm 1D 38 cm long saline-filled
catheter up to 10 Hz'2 and in a similar catheter to > {0
Hz:™ a5 FG 1 mm ID catheter and a 6 MG catheler were
atso noted to be flat to 10 Hz5¥ [deally CMSs should
have a high F,, but a high F, by itself may be associated
with overdamping and consequent reduced CMSs sensi-
tivity at raised frequencics. Introducing damping systems
lo compensate for resonance in underdimped CMSs is
nol usuatly practical, nor necessarily ellective; thesefore
optimal damping (D, = .71} accompunying u high F, is
desirable in CMSs.?

Since both D, and F, cun independently influence
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Fig. 2. Catheter amplitude and phase frequency response characteristics, F,, damped resonant frequency; £, undamped resonant
frequency; A, maximum amplitude gain; F4, irequency at A, + 5%; Catheter, catheter brand and French gauge size,
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Fig. 3. Catheter frequency response characteristics. D,, dampl
catheter brand and French gauge size,

CMS performance and facilitate interpretation of the fre-
quency response data obtained in our experiment, we
used calculated F,, as a variable that meaningfully pre-
dicts the potential of a CMS to measure intraesophageal
pressure within a 5% ervor limit up to ¢ maximum cal-
culated respiratory rate. Although mean F, did increase
with larger FG catheters, it represents the accuracy with
which applied pressure will be recorded, agsuming all of
the applicd pressure waveform energy is located within
ten hirmonics of the Tundamental frequency.” This as-
sumption ay be incorrest when pressure eyeled infant
ventilators penerating square pleural pressure waveiorms
are in use; the P, under such conditions would be re-
duced,

The corrclation between mean ., and caweler 1D or
QD was similur, Thetelore, ¢hoosing a catheter based on
cither 1D or OD would be sinilarly effective in predict-
ing the I, 1 should, however, be noted that FG, u term

Veng
CATHETER™"

Ven 6 Ven s
Adcack 5 Portex4

Pottex &
Adcock 6

.

ing coetficlent; P,s, phase difference at Ay + 5% or F 4 Cathef

particularly applied to medical grade catheters, refers
the Charrigre French scale, whete | FG utiit = cathe
OD of 0.33 mm, and does not necessarity veflect the t
which also depends on catheter wall thickness, Tt
catheters of the same FG size can have differing [Ds}

example, see the ID of Portex FG size 6 versus Adec
FG size 6 in Table 1. The Ven PG size 5 has a larger €
but the sume {D compared with the corresponding £
cock FQ size 5; the Ven catheter wall iy thus thicker ¢
legs compliant, which may explain its superior freques
responge. In addition, manafacturing toleranees on su
versus large FG size catheters are similar (Table

therefore, small FG catheters may have relatively lar
OD tolerances. This can lead to lurther variability in o
measured frequency response, characteristios. 1 i, the
fore, advisable to base catheter selection on 1D rat
than on O or FG alone, althouph ideally values (or
and OL (or RG) should be sought, For the same cully
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Fig. 4. Catheter maximum working respiratoty rate. F,,, maximum working respiratory rate; Catheter, catheter brand and French

gauge size,

wall composition, a larger ID and greater wall thickness
is likely to produce a higher F,.

The correlation between F,. and [D was different for
various catheter brands; thus for a particular ID or FG
size catheter there is frequency response discrepancy be-
tween different catheter makes—Resonancé characiéris-
tics are dependent on CMS compliance, inertance (liquid
mass), viscous resistance, and caticter wall hysteresis. In
practice, factors that affect CMS volume displacement
coefficiznts are gas bubbles (transparency of PVC cath-
eters is advantageous here), which increase D, but lower
B 11830 catheter wall compliance.!! leaky connections,
and arrangement of stopcocks and transducer domes.'?
Manufacturing tolerances on the cathcter ID or length
affect F, via catheter radius and length, which may puetly
explain the range of frequency responses found within
samples from the same catheter brand and FG size noted
in our experiment."! These variations concur with those
recorded from frequency responses of liquid-fitled intra-
vaseular cathelers.!” 12! Discrepancics between munu-
fucturer-claimed and experimentally observed resonant
frequencies of liquid-filled catheters have also been
documented.' The quality of pressure transducers em-
ployed in the CMS directly affects resohance propertics:
however, transducer dome size, which potentinlly altees
the fiquid miass inertin and compliance of the CMS, did
ot affeet the observed frequency responses in our ex-
periment,

e eonchusion. e vitro Jrequency response analysis

demonstrates that, although large FG cowmmercinlly
available PYC liquid-filled nasogastric feeding catheters
are underdamped and resonate. they cati potentiaily mea-
sure transmitled intraesophageal pressures up to 8 maxi-
mum of 82 breaths/min within a 5% error Jimit. How-
ever, judging the suitability of individual feeding cath-
sters to measure dynamic intracsophageal pressure
accurately based on FG size alone is inappropriate: the
multifactorial determination of CMS amplitude and
phase frequency responses necessitates quantitative as-
sessment of different cathefer brands and diny eters prioy
to their utifization,

APPENDIX: EQUATIONS FOR
CALCULATED VARIABLES

Daunping coefficient! (Dey:

-V 0-(%))
- A,
D= \ - , (h

2

Undamped natucal fregueney!™ (13,3

-



Maximum s rking respiratary rate®'s (R, ).

__(_If“sXGO)
(1 10

"I1

(3

where Fg is the frequency at which AJAy = 1.05: 10
tefers to the Fourier series 10th hormonic.

In the authors® experimesit the frequency response trace
wus divided through by the amplitude ratio at | Hz (re-
garded as the DC response) and therefore AYA, = VA,

Equations used for undamped natural frequency (F,)
and damping coefficient (D) assame that the system is
second order and linear,!
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Frequency Responses of Infant Air-Balloon Versus
Liquid-Filled Catheters for Intra-Esophageal
Pressure Measurement

Craig G. Hartford, ms, 8ch, Msc Med,** Martin J. Turner, msc Eng, PhD,?
Johan M. van Schalkwyk, ms, Boh, For(sa),® and Geoffrey G. Rogers, Msc, Php?

Summary. Amplitiide and phase frequancy response characteristics of infant alr-balioon cath-
eters {|ABC) of differing French gauge (FG) sizes and brands ware quantified to determine thelr
suitabllity for measuting dynamlc intra-esophageal pressure (P,,) accurately. Frequency ra-
sponse performances of matching IABC and water-filled catheters (WFC) were also compared
uslng the swept sine wave technique, The maximum respiratory rate within which IABCs could
pateptially measure £, within a 5% error (imit was calcutated (Fgg).

Fraquency responses of 1ABCs greater than FG size 5 exhibled underdamped resonant
properties, while smaller FG size JABCs exhibited near-tritical damping or overdamping. lABCs
maintalned uniform amplitude frequency respanses up ta 25 Hz, demoanstrating the abliity to
measure Py, potentially up to 148 breaths/min within a 5% errot limit, The frequency response
performance of FG size 6 1ABCs was simifar to that of FG size 10 IABCs., Compared with
matching WFCs, the irequency response performance of 1ABCs was significantly superlor, the
frequency response variability within JABC samples was lowet, and IABC correlation betwean
FG size and Fag was advantageously lower than for WECs, Fay values for differing 1ABC brands
and FG sizes are presented. We conclude that IABCs manufactured to infant-appropriate bal-
loon spacifications exhibit significantly superior frequency response characteristics compared
with matching WFCs. Measurement accuragy is not improved using IABCs greater than FG slze,_.
6. Inexpensive intra-esophageal IABCs are lecdhnically suiable for the accurale measurament of
dynamic P,, during high-frequency raspiratory machanics encauntered duting infant artificial
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ventllation, Pedtatr. Pulmonal, 1987;.24:353-363,
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INTRODUCTION

Pleural pressure of artificially ventilated infants is es-
timated by measuring dynamic P, to facilitate calcula-
tion of the clastic and resistive elements of the respiratory
system, 2 PVC infant feeding catheters, Hquid-filled ot
air-balloon tipped.A~5 are easily inserted and well toler-
ated® and ave readiiy available to clinicians and research-
ets as disposable and inexpensive alternatives fo trans-
ducer-tip catheters.”* However, the high-frequency re-
spiratory mechanics encountered during artificial infant
ventilation may require uniform catheter frequency re-
sponses up to 20 or 23 Hz, 89 which few, if any, PVC
WFCs demonstrate.'?

Liguid-filled catheters are commonly used for intra-
arterial pressure mensurement; therefore extensive fre-
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quency response characterization of these cathsters ex-
ists, However, data pertaining to JABCs used for P,
measurement are sparse™* and are limited by measure-
ments confined to one catheter FG size or to single (n =
1) catheter samples of unequal lengths or brands. Studies
employing IABCs have concentrated on validating the in
vivo reflection of pleural pressute by P> and do not
present quantitative data on the dynamic accuracy of dif-
fering IABC FG sizes and brands used for measuring 2,
Moreaver, controvers  exists in the literature as to the
frequency responses oi IABCs relative to WFCs: WEFCs
were gualitatively considered to have better frequency
responses than IABCs,” yet in another study IABCs were
reported to have better phase and amplitude characteris-
tics than most WFCs.4 In the latter study catheters of FG
size 6 (unspecified length) only were tested: to our
knowledge a valid direct comparison of the frequency
responses of matching IABCs and WI*Cs has not been
published.

In vive fast flush test frequency response analysis is
not applicable to IABCs; therefore this study aims to
determine the in vitro frequency response characteristics
(amplitude and phase) of a range of IABCs of differing
FG sizes and catheter brands, to quantify their suitability
for accurate dynamic £, measurements in infants and to
compare IABC frequency response performances with
those of matching WFCs.

MATERIALS AND METHODS
1ABC Laboratory Manufacture

Glass rods of 8.3 mm OD, attached to a rotating de-

vice, were dipped-twice-1 h-apart into-a-bath-containing ™

liquid latex compound (Latex Surgical Products, South
Africa) which was vacuumed to remove surface air
bubbles. The latex was dried at 25°C in air of 50% rela-
tive humidity and manually rolled off tle rods following

Abbreviations
L Damping coefficient
AJAg Resanance amplitude ratia

CMs Catheter Manometer System

Sas Frequency at A, % 5%

o Undamped (natural) resonant frequency
i LABC or WFC working respiratory rate
A Damiped resonant frequency
FG Brench flauge

IABC Infant dir-batloon catheter

Mag Linear magritude gain
MANOVA Multivarinte analysis of variance
Prs Phase difference at /4

Py, Intrasesophugenl pressure
Por Portex cutheter

pvC Polyviay! chiloride

SA South Afrien

WFC Water-filled catheter
WRMS Root mean square Watts

TABLE 1—Infant Air-Balloan and Water-Filied
Catheter Specifications?

OD = Tol  ID % Tal

Feeding catheter FG (mm) (num) L {cm)
Portex (Portex, Kent, UK) 10 33+0.4 23x0.1 60
Ven {Ven Products, SA) 10 3301 23201 50
Portex 8 26x008 1.8+008 50
Ven 8 26x01 1.8 0.1 50
Portex 6 202008 14£008 50
Ven 6 20£0) 12201 50
Adcock Ingram (Sabax

Division, SA) 5 17x008 080! 50
Ven 5 1,901 0800 50
Portex 4 13x008 0064008 50
Vygon Nutrisafe (Vygon

Laboratories, France) 4 15+D08 0.8x008 50
Erich Jacger

(Etich Jaeger, GE) 8 2.7 1.5 50

‘D, internal dismeter; OD, externaf dismeter; Tol, manhufacturer
specified tolerance; L, length; UK, United Kingdom; SA, South Af-
rica; GE, Germany.

powdering. Balloons were s¢lected on the criteria of
single wall thicknesses between 0.06 and 0.09 mm and
<25% difference between the thickest and thinnest part
of tlie air-balloon, as determined by a micrometer screw
gauge at three points along the balioon’s length,? Air-
balloons were mounted on PVC feeding catheters with
silicon glue and sitk ties at a point 5.5 ¢m proximal to the
catheter tip and the IABCs leak-tested for | min. Pres-
sure-volume curves for ten samples each of FG size 10
and FG size 5 TABCs of the same catheier brand were
determined as follows: Each air-balloon was evacuated
by submersing it in water to the level of its silk tie, after

which the-FABC-was attached" toa three=way stopcoek

and pressure transducer combination (Honeywell Micro-
switch 170PC, USA). Air was incrementally injected into
the horizontally positioned (as in the case of supine in-
fants) IABC using a calibrated 0,1 mL graduated syringe
and the pressure recorded.™'?

Catheter-Manomeler Testing

Five different FG size catheters (Table 1), and two
different brands (the same (wo brands if available) for
each FG size catheter, chosen for their similar lengths,
were coupled to a Gould PIOEZ (Viggo-Spectramed
Statham Gould, Oxnard, CA) pressuse transducer (din-
phragm area 6.4 mm; sensitivity 5 uV/V/mmHg; volume
displacement 9.04 mm¥100 mmig) and disposable dia-
piv -dome with Luer Jock fittings (Viggo-Spectramed
Gould TAID19, Oxnard, CA), The dome poets were {it-
ted in series to a four-way stopeock of minimum orifice
1D 2.0 mm (Adcock Ingram, South Africa) yielding a
trunsducer-dome-stoprock volume of 0.6 mb. The space
between the transducer diaphragm and disposuble dome
diaphragm was water-filled aecording to the manufaetur-
e’y instructions and positioned at entheter<tip level,



Matching IABCs (n = 8) and WFCs (n = 8) of dif-
fering FG sizes were assessed by randomly attaching
their proximal female Luer fittings directly to the trans-
ducer stopcock male Luer fitting. A commiercially avail-
able adult ajr-balloon catheter (11 cm air-balloon length;
Erich Jaeger, Germany) was included in the study (Table
1), All IABCs were operated within theic determined
volume optimal working range (balloon air volume = [
mi). To minimize bubble formaticn ecach WFC was
flushed with CO, followed by deionized and degassed
(by boiling) water cooled under vacuum to 36-38°C.'3
The catheter’s distal 20 cm was inserted under water into
a laboratory designed leak-proof water chamber kept at
36-38°C, Sinusoidal pressure waveforms between ~5.5
and +10 emH;0 (mean 2,3 cmH,0) were generated in
the chamber by means of an 8 Ohm loudspeaker (Bose
4.5" 802; Bose Corporation, USA) powered by an 80
WRMS DC-coupled amplifier linked to a sine wave gen-
erator (Hewlett Packard 35624, USA). The amplifier and
loudspeaker heat sinks were water-ceoled and the driver
diaphragm silicone-coated for water resistance. A swept-
sine frequency response of the catheter samples was re-
corded using a calibrated domeless piezoresistive differ-
ential pressure transducer as a reference (Honeywell
Microswitch 170PC, USA), positioned inside the cham-
ber adjacent to the IABC and WEFC catheter-tips, Unfil-
tered electrical outputs from the catheters and reference
pressure transducer were identically pre-amplified (Hel-
lige Servomed, Freiburg, Germany), displayed oscillo-
scopically, and analyzed for phase and amplitude differ-
ences by averaging three repeat measurements over 10 s
at each 1 Hz interval (Hewlett Packard Dynamic Sigual
Analyzer 35624, USA), Apparatus reproducibility over
the experiment was checked and confirmed by repeating
frequency response measurements of the sample of Por-
tex FG size 6 IABCs and WFCs.

Frequency Responise Determination

"The amplisde and phase responses were anatyzed by
fitting second-order curves (two poles, no zetos) w the
recorded frequeney e.sponse traces™ !5 using the curve
fit function of the HP3552A analyzer. Curves were fitted
hetween 1 Hz and the frequency at which the amplitude
was 1 dB dwwn from the maximum recorded amplitude,
The pole values tuvs obtained for the system function
tAppesdix Eg. 1) were converted to cocfficients of the
second-o.Jder Laplace transter function describing the
curye, allowing calculation of the following variables:

L damped resonant frequency (fiequency at
maximom amplitude; Appendix, Eq. 4);
resonance amplitude ratio (maximum
amplitude, A, divided by amplitude at  Hz,
Ags Appendix, Eq, 8);

AJAg
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fas

frequency at Ay % 5% (frequency at which
the amplitude ratio = 105 or 0.95),

Amplitude frequeucy response variabl=s describe JABC
gain or attenuation of applied pressure compared with the
veference transducer over a range of applied pressure
irequencies. Phase-frequency response variables charac-
terize the IABC CMS temporal advancement or retarda-
tion of the applied pressure waveform over a range of
frequencies; the phase-frequency response variable ex-
tracted from the recorded CMS phase-frequency re-
sponse tracings was:

Pas

Calculated variables derived from the frequency re-
sponse recardings were:

phase difference at fas (Appendix, Eq. 6).

Jo undamped (natural) resonant frequency
(Appendix, Eq. 2);

4 damping coefficient (Appendix, Eq. 3);

Frr 1ABC or WFC working respiratory rate
(Appendix, Eq. 7).

J, represents the number of oscillations per unit time that

the JABC exhibits if left to oscillate undisturbed. { de-
scribes IABC resistance to oscillation. Fgy predicts the
maximum respiratory rale up to which an intra-esoph-
ageal TABC of given f, and { can potentially measure an
applied pressure to within +5% of the reference trans-
ducer, 16

Statistical Analysis

Between-groups one-way (independent variables;
IABC or WFC types) multivariate (seven dependent
measured frequency response variables, from above)
analysis of variance was perforimed (MANOVA F-test,
Statistica™ software, Statsoft, USA) and a post-analysis
Tukey significant difference test-correction applied to
significant differences.!” Coefficient of determination
(r®) between Fry and catheter FG size was calculated
from the Pearson product-moment correlation, All dis-
played values are mean % SD, and P values <0.05 are
regarded as statistically significant,

RESULTS
Air-Balloon Pressure-Volume Curves

The static pressure-volume relationships of the com-
bined two FG sizes of catheters (n = 20) and for each FG
size separate (each group, n = [0) of Portex FG sizes 10
and 5 [ABC samples are illustrated in Figure 1. The
Y-ukis zero pressure mark represents the point at which
the pressure in the air-balloon first became equal to at-
v wospheric pressure with incremental nir-volume addi-
tions. There was no signilicant difference (Student’s t-
test; two-tailed P > 0.05) between the working range
(region of high complinnee} of wir-balloons attached to
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Flg. 1. Static pressure-valume curves of Infant air-balloon catheters, Upper graph js mean of combinad {n = 20} FG sizes 10 and
5 catheters. Bottom traces, £G size 10 (feft) and FG size 5 (right) catheters demonstrating no significnt ditference in thelr working

ranges.

Portex FG size 10 versus those attached to ¥G size 5
catheters (Fig, 1, bottom traces), All our IABCs exhibited
a volume working range that exceeded the required
IABC specifications of <0.4 cm H,0 pressuce change
across the working range.®

Frequency Responses

Figure 2 illustrates typical frequency response curves
recorded from a Portex FG size 6 IABC and WFC.

IABCs f, {, and A, and WECs f£, are demonstrated in
Figure 3. Values of { and A, for WFCs have been pre-
viously published'® and are therefore not presented here.
Within the IABC Ven and Portex brands, f, increased

significuntly with increasing catheler G size, The £, of

all IABC FG sizes 26 was significantly greater than the
- of matching FG sized WEFCs (Fig, 3, top graph), The
viriation about the mean f, was less in IABCs than in the
WFCs (see f, SDs of TABCs vs. WFCs in Rig, 3, top
graph),

IABC ¢ significantly increased with decreasing FG
size (Big. 3, middle araph); Al LABC brands of FG sive

=6 were underdamped (¢ < 0.7} and resonated. The
Ven 5 FG IABCs exhibited near optimal (critical) damp-
ing (¢ = 0.71). The Adcock FG size 5, Portex, and
Vygon FG size 4 TABCs were overdamped (¢ > 0,71);
hence their £, values (Fig. 3, top graph) are not presented
[for these overdamped IABC frequency response teaces,
damping coefficient ({) and attenuation of the pressurc
signal (A,) at natural frequency were calculated from the
curves' poles obtained with the second-order curve-fit
applied to the traces].

TABC A, (Fig. 3, bottom graph) way propottional to f:
The underdamped [ABCs exhibited significant increases
in gain (4, > 1.0) with increasing FG size, while the
overdamped smaller [ABCs attenuated the applied pres-
sure signals (A, < 1.0), In contragl, all the FG sizes of
WHCs were resonant and amplified the applicd pressure
signals (A, > 1.0},

Unlike IABC f,, the IABC fu4 (Fig. 4, top graph) did
not significantly increase wilh increasing catheter FG
stze 26, fs was >18 Mz for all IABCs =FG size 6,
1ABC phase lng at f« is illustated in Figure 4, bottom
graph,
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Fig. 2. Comparison of Partex G size 6 IABC (solid line) versus WFC (dashed line) catheter amplitude-frequency response trace.
Flrst marker circle on [ABC and WFC represents baseline amplitude (Y-axis, Y, = 4, = 1.0) and baseline frequency (X-axls, X, = 1
Hz), Second marker circle on IABC represents damped rasonant frequency (X-axis, f, = 68 Hz) and maximum amplitude gain (Y-axis,
A, = 1.7 Mag), WFC £ = 43 Hz and A, = 2.6 Mag. Mag, linear gain over reference transducer.

Working Respiratory Rate

Fyp values for differing brands and FG sizes of IABCs
are depicted in Figure 5, top graph: Across brands and
FG sizes mean Frp minimum and maximum caleulated
values were 20,4 = 0.7 (Portex FG size 4) and 244.5 =
69.8 (Ven FG size 5) brenths/min, respectively. There
was no significant Fry difference between FG sizes 6, 8,
and 10 within the same brand of Portex or Ven IABCs,
nor was there aiy significant Fry difference between
these two brands for the same FG sizes 6, 8, or 10, The
maxkitwum mean Fpy recorded in IABCs =FG size 6 was
{48 breaths/min (Ven FG size 10). The overdamped
[ABCs (Adcock FG size S, Portex, and Vygon FG sizes
4) exhibited a significantly lower Fyp than all IABC FG
sizes =6, The Ven FG size 5 catheter Fr, was signifi-
contly greater than any other FG size catheter dug (o the
near critical g, but it manifested the largest variation
about nean Fpp due to both under- and overdamped
frequency responses recorded within the catheter sample.

TABC Fry was significantly higher than matching FG
size WECs for all G sizes 26, and for the Ven FG size
5 and Vygon FG size 4 catheters (Fig. 5, bottom graph).
In addition, the Portex and Ven FG size 6 IABCs exhib-
itedd a significantly higher Fiy than the Pertex and Ven
FG size 10 WECs. The Adcock FG size 5 and Portex FG
size 4 Frgr was similar between TABC and WFCs,

Correlation (r?) between IABC Fpp and FG size, ID,
or OD was 0.12, 0.10, and 0.18, respectively, whereas it
was 0.75, 0.82, and 0.76, respectively, for the WFCs,

IABC frequency response variables Fp, 4, A, and f,
that were significantly differen: (P < 0.05) between the
various JABC FG sizes and brands are summatized in
Table 2.

DISCUSSION

By virtue of their construction, IABCs offer cectain
advantages over transducer micro-tip and WFCs.! Trans-
ducer micro-tip catheters can exhibit absolute pressure
measurement inaccuracies with changes in the tempera-
ture or fluid nature of the surrounding intra-esophageal
medium,” and they are markedly more sensitive to intra-
esophageal cardiac artifucts than balloen catheters.®
WEC absolute pressure measurements are altered when
the vertical distance between catheter-tip and transducer
is changed, and WFCs are also sensitive to motion arti-
facts.y The long IABC balloon measures mean intra-
esophageal pressure over a larger portion ol the lower
esophagus than do WFCs or single micro-tip transducer
cathetery, making it more likely that the mean value of an
unevenly distributed intra-thoracic pleural pressure!®-29
is recorded. IABCs are subject neither to measurenient
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errors related to the dissipation of liquid volume around
WEC tips?! nor to worsened dynamic performance from
the introduction of gas microbubbles into WFCs., The
recent advent of cheap disposable pressure transducers??
make IABCs comparatively inexpensive® for neonatal
intensive care, and they are relatively atraumatic*® on
insertion by virtus of balloon-latex and catheter PVC
flexibility.

Frequency Responses

The commonly performed in vivo airway occlusion
test'7+1823 helps to position intra-csophageal IABCs op-
timally by assessing the in situ intra-esophageal cath-
cter's reflection of pleural pressure, However, this pro-
cedure does not assess the ability of IABCs to respond
accurately to dynamic P, changes during artificial ven-

tilation, Researchers employing air-balloon catheters to
measure P, have noted adequate frequency responses to
10,>5 20,'824 and 22 Hz?S in a FG size 6 catheter and to
52627 and 15 Hz?® in an FG size 8 catheter, However,
these studies were not aimed at formally assessing IABC
frequency responses or at comparing IABCs with WFCs,
and the frequency responses were reported for catheters
(usually n 1) of just one FG size and brand. Thus
effects due to manufacturing tolerances within a catheter
and balloon sumple, and effects related to differing cath-
eter tolerances between manufacturers for the same FG
size (Table 1) were excluded. Details of catheter length,
wall thickness, composition, brand, balloon length, bal-
loon diameter and latex thickness, the definition of ad-
equale frequency response used, and the method of fre-
quency response analysis were also not provided in most
of the above trports; hence the large frequency response
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TABLE 2—Infant Alr-Balloon Catheter Statistical Summary Table!

Vend AdeS Ven§ Potd Vygd Jng8

Port0 VenlQ Por8 Yen8 Por6

Porld

Vet l0 d

Por8 c cd .

Vend be bed c

Por6 bed abed bed bed

Ven6 bed bed bed bed bed
Ades abe abe abe abe abe
Ven5 abed abed abed abed abed
Por4 abe abe abe abe abe
Vygd abe abe abe abe abe
Jag8 be bed [ - bed

abe

abd abe

abe b abe

abe ab abe ab

bed abc abed abe ab

Warlable  a-d indicated are P < 0.05 between any two catheters, a, working respiratory rate (Fye); b, damping coefficient (£); ¢, amplitude gain
or utte .wution (4,); d, darped resonant frequency (£); Por, Adc, Ven, and Jag, Portex, Adcock, Yen, Erich-Jaeger catheter brands and FG sizes

- no significant difference,

data discrepancies for the sume FG sizes noted between
researchers here.

By fixing transducer type, cathieter length, FG size,
composition, and brands between the IABC and WFC
groups, the data in this report directly assess and compare
the dynamic frequency response characteristics of match-
ing IABCs and WFCs of various FG sizes and brands.
Our data suggest that IABCs, manufactured to the ap-
propriate specifications for infants® offer significantly su~
perior frequency response characteristics compared with
matching WECs, We measured f,, 5 and caleulated Fpp, as
clinically meaningful variables to evaluate the measure-
ment fidelity of IABCs: The lowest f 5 (Fig. 4) recorded
in IABC =FG size 6 was 19 Hz. Infants are commonly
ventilated at high respiratory rates, and the pediatric ven-
tilators employed may generate very steep inspiratocy
waveforms with high-frequéncy harmonic contents, or be
of the high-frequency-oscillatory type. Therefore, pro-
vided that the esophageal pressure waveform’s energy is
located within the first ten harnwonics of the ventilator’s
fundamental frequency,*® an IABC =FG size 6 can be
expected to produce a minimum Fgy, (which predicts the
potential of an IABC to measure P,, within a 5% error
limit up to a calculated respiratory rate) of 112 breaths/
min. However, under conditions of an esophageal pres-
sure waveform's energy being located within the first 5
harmonics' of the fundamental frequency, our findings
indicate that [ABCs =FG size 6 may record (to within
5% accuracy) such a waveform administered at up to 224
breaths/min, :

High correlations between Fyy, and FG size, OD, orID
in the WECs imply that choosing a larger FG size WEC
extends the Fri. On the other hand, the poor correlations
calculated for Fy versus PG size, OD, or ID in [ABCs
can be seen as advantageous to clinicians: For the same
-atheter brand, FG size 6 IABCs exhibit an Fy, compa-
able to FG size § and 10 IABCs, and yet also exhibit a
significantly better Fp, than FG size 10 WFCs, Thus an
FG size 6 IABC offers clinicians and researchers a rela-
tively attaumatically sized calheter with pressure meu-

surement fidelity similar to much targer IABCs and also
exceeds the measurement fidelity of equivalent FG size
10 WECs,

The variation of f, within IABC catheter samples is
fortunately lower than that found within matching WFC
groups. Variation differences may be attributed to micro-
bubbles of trapped gas in the WFCs,?°-3' despite the
WFC CO, flushing and water-degassing procedures. We
noticed that WFC female Luer fittings tend to trap gas
bubbles at the junction of the catheter's body and Luer
fitting, which in certain cases proved difficult to remove
even with reverse flushing, These adverse characteristics
are intensified in clinical settings in which CO, flushing,
degassing of water, and reverse liquid flushing of WFCs
are not possible.

We demonstrated that [ABCs of FG sizes =6 are un-

derdamped and resonate, yet TABCs of FG size 4 and 5
can be overdamped and attenuate the esophageal wave-
form pressure signal. The overdamped properties of
small FG size [ABCs are not likely to be due to occlusion
af the catheter-tip eyelets by the latex balloons, nor to
partial luminal occlusion of the IABC small FG size by
balloon ties, since we were able to demonstrate the over-
damping effect using eguivalent air-filled catheters with-
out latex balloons attached (data not shown here). The
pressure-volume coefficient (or elastance) of {ABCs is
determined mainly by the compressibility of the air con-
tained in TABCs, whereas it is primarily govarned by the
clagtic properties of the catheters and transducer-come
diaphiragm combination in WFCs. The overdamping may
thus be explained by the combination of a low radius,
soft PVC, and high compressibility of the uir. 1n spite of
the overdamped frequency characteristics of small FG
size {ABCs, they still possessed un Fy, similar to match-
ing small FG WFCs.,

Validity of Methods

We perforimed in vitro frequency response analysis
beeause in vivoe ust Mush tests are not applicable o
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IABCs. An advantage of the in vitro technique is the
dbsence of superimposed in vivo peristaltic and cardiac
waveform artifacts.?® We used the swept frequency
forced oscillation technique as opposed to the step re-
sponse techniques (free osciltation burst-batloon, or fast
flush tests) because the latter is practically limited to
underdamped systems,?*3! This would not be suitable for
the overdamped small FG size IABCs. In addition, step
response techniques may miss subtle differences in f,'9
and are open to measurement inaceuracies in the deter-
mination of the period and amplitude of the response.??
The swept frequency technique is suitable for a distrib-
 uted parameter system,2®3! such as that encountered with
IABCs, and allows IABC stimulation at equal amplitude
over all frequencies, whereas the step response approach
results in diminishing amplitudes with increasing fre-
quency.

To incorporate possible effects due to non-linearities
(amplitude dependency) rclated to dynamic IABC com-
pliance and catheter wall hysteresis,®! we applied an in-
put pressure of ~5 to +10 cmH,0 similar to mean P,
accompanying artificial ventilation. Temperature fluctua-
tion influences frequency responses!*3h32 through alter-
ing compliance or compliance hysteresis of PVC and
closed-tip latex balloons; therefore the IABC and WFC
frequency responses were measured at infant physiologi-
cal temperatures.

We noted similar compliance curves for our labera-
tory-produced balloons attached to either FG size 10 or
FG size 5 catheters (Fig, 1), This suggests that, to manu-
facture IABCs, one size (ID 8.3 mm, length 5.5 cm) of

.infant latex-balloon may be adequate for attachment to
differing ‘FGsized catheters. =

We conclude that frequency responses of [ABCs
greater than FG size 5 exhibit underdamped resonant
traces, wherens smaller FG size JABCs may be over-
damped. FG size 6 IABCs offer similar measurement
accuracies to those of larger IABCs, IABCs, manufac-
tured to infant-appropriate balloon specifications, can po-
tentially measure P, up 10 148 breaths/min within a 5%
errar limit. Compared with matching WFCs, IABCs have
significantly superior frequency response charactevistics
and lower frequency response variability within catheter
samples and are therefore more suitable for accurate dy-
namic P, measurements during the high-ftequency re-
spiratory mechanics commonly encountered in artifi-
cially ventilated infants.

APPENDIX
Equations for Amplitude and Phase Calculations
Poles (roots of the denominator) of the system func-

tion G(s), located from the second-arder curve fitted to
the frequency tesponse traces, are converted to coefli-

cients of the standard second-order Laplace transform
function given by33-3

G(s) = cl(sta)® + 24(s/b) + ¢ 0
thus

Undamped natural frequency 4533

fo = (sla)' @
Damping coefficient!!533
L = (s/6)02fy @)
Damped resonant frequency 4533
fo=foll =203 @)

Maximum amplitude ratio'¢
A= (L= QE+ 1 (5)
Phase at Aq + 5%
Pas = tan (L2 fuslft = Gaslfe)  (6)
Waorking respiratory rate'%
Frr = (fas % 60)/10 0

where fus is the frequency at which the amplitude ratio
= 1.05 or 0.95 and 10 refers to the Fourier series 10th
harmonic.

Appendix Note

In this experiment the frequency response trace was
divided through by the amplitude ratio at | Hz (regarded
as the DC response) and therefore A JA, = /A, The
CMS frequency response calculations assume that the
system is second order and linear, '
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Predicting Air-Balloon and Water-Filled
Infant Catheter Frequency Responses

Testing the Validity of the Assumption
that Fluid-Filled Catheters Fit o Second-Order System

atheter microtip pressure-transducer

technology is replacing the use of -

fluid-filled catheters for in vivo pressure
measurements. However, dynamic intra-
csophageal pressure measurement, em-
ployed to estimate pleural pressure when
calculating infant dynamic lung compli-
ance, continues to be
performed using
fluid-filled catheters
{1, 2]. Nasogastric
water-filled catheters
(W-FC) and air-
balloon catheters
(A-BC), by virtue of
their flexibility, reduce
the risk of esophageal
trauma in newborns [3.4].
W-FCs in situ are well toler-
ated by infants (4] and are
commonly in use for nasogas-
tric feeding and thus-are acces-
sible to clinicians. On the other
hand. transducer microtip catheters may
drift witl changes in the temperature or the
fluid nature of the surrounding intra-
esophageal medium {5}, They are mark-
edly wmore sensitive to intra-esophageul
cardiac artifacts than A-BCs [6] and may
overcstimate dynamic pleural pressures in
infants [7}, The A-BC balloon length is ad-
vantageous for measuring intra-
esophageal pressure over a large portion of
the tower esophagus, while current avail-
ability of disposuble pressure transducers
{8) makes the robust (9] W-FCs and A-BCs
affordable manometer options.

The presence of high-frequency respi-
ratory mechanics in newborns makes for-
mal frequency response asscssment of
fluid-fiflzd catheters a necessity {10, 111,
This assessiment may be performed using
the in vitro swept sine-wave generator
technique, or the in vitra (burst-balfoon)
or in vivo (fast-flush) square-wave re-
sponse lechniques, Square-wave response
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techniques usually invoke equations that
assume catheter frequency responses are a
second-order system, thereby onabling
prediction of the catheters® frequency re-
sponse curves and the frequency up to
which the catheters exhibit a near uniform
response (12, 131, The theory of
typical equations used (6 ana-
lyze squarg-wave re-
m  sponses and to
predict under-
damped liguid-
filled catheter fre-
quency responses is
extensively published
[14-20). However, ex-
perimental evidence to
support the assump-
- tion of an adequate
second-order fit, in-
herent to mast of these
gquations, is sparse and
only found for certain intra-
arterial Tiquid-fifled catheters [9,
21, 22). The validity of assuming a
second-order system frequency tesponse
for liquid- and gas-filled polyvinyl chlo-
ride (PVC) nasogastric feeding catheters
(NGC) used to measure infant dynamic
intra-esophageal pressure is untested.
Nevertheless, the squarc-wave response
technique, typically reliant upon this as-
sumption, is used to obtain the frequency
responses of these fluid-filled NGCs {23],
In this article, we discuss our study that
quantitatively tests the validity of the as-
sumption that fluid-filfed NGC frequency
responses adequately fit a second-order
system, This assumption is inherent to
equations commonly used to predict fre-
quency responses from square-wave re-
sponse technigues, We review our
experiment in which we determined the
frequeacy response of different catheter
brands with a sine-wave generator, and
we present the results,

{EEE ENGIHEERING 10 MEDICINE AND BIOLOGY

Materials and Methods

Catheters and Frequency
Response Measurements

Data presented in this study were ob-
tained from experiments performed by the
authors to determine the frequency re-
spanses of infant air-balloon versus
equivalent liquid-filled PVC feeding
catheters as used to measure dynamic
intra-esophageal pressure in infants (data
not yet published). Infant A-BCs viere
lnboratory manufactured by attaching
suitable latex balloons [24] to PVC
NGCs. A commecially available aduit
A-BC (Brich Jaeger, Germnany) was aiso
included in the expetiment (Table 1),

Eight samples each of diffeting brands
and FG (French Gauge) size A-BCs and
W-FCs of similar lengths (Table t}, con-
nected to a Gould PIOEZ pressure trans-
ducer and disposable diaphragm dome
(Viggo-Spectramed Gould TA1019, Ox-
nard, CA) and 4-way stopcocks, were in-
serted into a water-filled chamber kept at
37°C. W-FCs were flushed with carbon
dioxide followed by degassed water at
37°C prior to testing [25). A-BCs were
operated within their determined optimal
volume waorking range [24]. A sine-wave
generator (Hewlett Packard 3562A, USA)
linked to a DC-coupled amplifier and
loudspenker (Bose 4.5" 802, Bose Corpo-
ration, MA) generated sinusoidal pressure
waveforms inside the chamber between
-5.5 and +10 cmH;0 pressure from 1-100

Craig 6. Hartford’, Johan M. van
Schalkwyk?, Geoffrey G. Rogers" and
Martin J, Turner?
Depariments of Physiology!, Anaesthetics? and
Electricat Enginsering®
Iohonnesburg Hospital, University of the
Witwatersrand Medicol School

0739-5175/91/510.000©19%7 u



T Table 1. Catheter types.

Mt\;;s—;é;;—t;c Catheater FG 1D, mm Length, cm
Portex W-FG + A-BC (Portex, Kent, UK) 10 23 60
Ven W-FC + A-BC {Ven Products, SA) 10 2.3 50
Portex W-FC + A-BC 8 1.8 50

.Ven W-FC + A-BC 8 1.8 50
Portex W-FC + A-8C 6 1.4 50
Ven W-FC + A-BC 6 1.2 50
Adcock Ingram W-FC (Sabax Division, SA) 5 0.8 50
Ven W-FC 5 0.8 50
Portex W-FC 4 0.6 50
Vygon Nutrisate W-FC (Vygorni 4 0.8 50
Laboratories, France)

Erich Jaeger A-BC (Erich Jaeger, GE) 8 1.5 50
F@G, French gauge; ID, internal diameter; W-FC, water-filled catheter; A-BC, alr-balloon
catheter; UK, United Kingdom; SA, South Africa; GE, Germany.

Hz, averaged for 10 s at each 1 Hz inter-
val, Catheter amplitude and phase-
frequeiicy responses were determined
(Hewlett Packard Dynamic Signal Ana-
lyser 3562A, USA) by comparison with
the output from a temperature-
compensated reference pressure trans-
ducer (Honeywell Microswitch 170PC,
USA) located bove the catheter tip.

Frequency Response Ratios
and Variables

The original recorded curves (ORC) of
amplitude and phase-frequency responses
obtained from the sine-wave generator
technique were further analyzed by fitting
second-order system curves (2 poles, no
zeros) to the ORC traces, using the curve-
fit function of the HP3562A analyzer.
Curves were fitted between | Hz and the
frequency at which the amplitude was 1
dB down from the maximum recorded
amplitudé. The ORCs and second-order
fitted curves (SOFC) were then divided
through by their amplitudes at | Hz (re-
garded as the DC response).

The values of five variables (com-
monly quoted by researchers to describe
the frequency responses of their catheter-
manometer systems) were obtained from
each SOFC and ORC tracing (Fig, 1), The
SOFC:0ORC ratio (for amplitude-
frequency responses) and the SOFC-ORC
difference (for phase-frequency re-
sponses) were determined for each vari-
able as follows:

SOFC:0ORC ratios from the
amplitude-frequency response tracings:

i

« SOFC:ORC of fas: Ratio of the
SOFC and ORC tracings’ frequency
values at which A = 1.05 (A refers to
the linear amplitude gain of the
catheter-manometer under test over
that of the reference transducer. fas is
thus the frequency up to which the
catheter has a near uniform
amplitude-frequency response [12,
17) (Fig. 1),

« SOFC:ORC of f;: Ratio of the SOFC
and ORC tracings’ damped reso-
nance frequency values (frequency at
maximum amplitude gain)

« SOFC:ORC of A;: Ratio of the SOFC
and ORC tracings' maximum ampli-
tude gain values (linear gain auff)

SOFC-ORC phase-shift differences

from the phase-frequency response trac-
ings:

« SOFC-ORC of Pas: Difference be-
tween the SOFC and ORC tracings’
phase-shift values at fas

» SOFC-ORC of Pfy: Difference be-
tween the SOFC and ORC tracings'
phase-shift values at f;

Statistical Analysis

For amplitude-frequency response
variables, confidence intervals (95%) for
SOFC:ORC ratios were calculated [26].
SOFC:ORC ratios with confidence inter-
vals that excluded the ideal ratio of 1.0
and that additionally had mean ratios less
than or equal to 0.95 or greater than or
equal to 1,05 were regarded as signifi-
cantly different. SOFC-ORC phase-shift
vasiables were compared using the Stu-
dent two-tailed paired t-test,

Significant differences between sam-
ples of A-BC anid W-FC FG sizes and
brands were determined by one-way (in-
dependent variables: A-BC or W-FC

X=1Hz
Y=10

M: Fraq Resp
M: Curve Fit

Ax = 6,25 Hz
AY =48,27m

3.0
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1. Sample plot of second-order fitted curve (SOXFC, dashed line) versus original ve-
corded curve (ORC, solid tine) for Ven FG-size 8 water-filled catheter (W-FC)
amplitude-frequency respouse trace, First mavker circle vepresents baseline ampli-
tude (Y-axis, Ya = 1.0 Mag) and baseline frequency (X-axis, X = 1 Hz). Second
marker circle shows frequency at which A = 1.05 Mag on the ORC trace (X-axis, fas
=X + AX = 7.4 Hz). The SOFC’s fas is extended upwards relative to the ORC's fus,
yielding a SOFC:ORC s ratio of 1.5. Mag: linear gain over reference transducer;

Hz: hertz.
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catheter types) multivariate (5 dependent
SOFC:0ORC amplitude or phase-
frcqucm.y response variables) analysis of
variance (MANOVA F-test, StatisticaTM
software, Statsoft, OK) and a post-
anplysis Tukey Significant Difference
test-correction applied to significant dif-
ferences [27]. All displayed values are
mean £SD, and P-values Jess than 0.05 are
regarded as statistically significant,

Results

SOFC:ORC ratios for the amplitude-
frequency response variables are depicted
in Fig. 2, SOFCs of bath the A-BC and
W-FC groups significantly overvatued
the frequency at which the amplitude gain
was 1.05 (or fas), as evidenced from the
mean SOFC:ORC ratioy of fas being sig-
nificantly greater than §.0 for all but one
{wPord) catheter sample (Fig. 2, top
graph), Between the A-BC and W-FC
catheter groups, for the same FG size and
Lrand of catheter, the SOFC of the W-FC
aroup’s samples overvatued fas to a sig-
nificantly greater degree than did the
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(e.g., compare the ratios of wVen!Q and

aVenl0). Within the W-FC group there Cathater

was a significant decrease in the mean
SOFCIORC ratio of fas (toward the ideal
ratic of 1.0) with decreasing catheter FG
size, but this decrease was less noticeable
withinn the A-BC group. Within both
A-BC and W-FC groups, far the same
sumple FG sizes, the SOFCIORC vatio of
Fas was unaffected by the brand of cathe-
ter tested {e.z., compare the ratio of
wPor10 with wVen!0).

in contrastio the SOFC:ORC ratios of
Sasubove, the SOFC:ORC rativ of £ {Fig.
2, wmiddle graph) was not significantly
different fronithe ideal ratio of 1.0 in all
af the A-BC group’s samples, ‘while
SOFCs of caly a tew of the W-FC
group’s swaples significantly overval-
wed thae fe (0 2 small degree). However,
SOFCs of mast W FC and A-BC group’s
samples aigmdicamly undetvilued the
amplitude magpitude av rexcpance fre-
quenay {Ar), us wvvidenced by the
SGECIORC of Acheing signilicantly Ioss
thun 1.0 (Fig, 2, botom graph). This
SOFC underyvaluation of Ay was similar
between the A-BC and W-FC groups,
and in several catheter samples the mag-
niwde of undervaluation significantly
decreased with decreastng catheter FG-
size inboth groups, Within the A-BC and
the W-FC groups, for the same FG-size
samples, the SORC:CRC ratio of Ay was
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2. Sceand-avder fitted curvesoviginal ‘ceorded curve (SOFCIORCY) ratios (mean 25D)
for amplivude-frequency response teace variables. Horizontal dashed line depicts ideat
SOI‘C ORC ratio of 10. X-scale break separafes cammeveial Jaeger ndulé from
aharatory-made sir-ballopn catheters, SOFC:ORC of fas: SOFC:ORC ratio at the
fre:;hency aut whichi A = 1,03; SOFC:ORC of fr: SOFC:ORC ratio at damped reso-
nence frequencyy SOFCIORT of Ay SOFC:ORC ratio at maximum amp:litude gain,
Catlirter; eatheter brand snd Fiench Gauge size; aPor or wPer: air-balloon or

water-itled Portex cathiter,

not significantly alfected by the brand of

cathetsr tssted. Caly ane (wPard) cutlic-
ter's SOFC;ORC did not differ siguifi-
cantly from ideal across all three
amplitude-frequency response variables,
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*: SOFCORC ratio significantly different from ldeal 1.0
(sec crileria in methods), -+ I < 0.05 for A-BC vs,

W-I'C of same FG-size and brand.

SOFC-ORC differences for phase-
{requency response variables are depicied
in Fig, 3 {a negative phase-shift difference
tmplies that the SOFC phase-shift is
greater than the corresponding ORC
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Tabie 2. SOFC:0RC ratios; statistical summary table,
Catheter M (@ 1@ 1@ (@ (e (o e @ [doyjun a2 [a3) (a4 [us) [ae) | (n
wPor10 (1)
aPori0 (2) ade :
wVen10 (3) abde | abde .
aVen1g{4) ade |- abde
wPor8 (5) ] de |abdeje ‘
aPar8 (6) ade |-~ Jabde|- |de ;
wVen8 (7) |- bde |- |bde |- |bde :
aVen8 (8) ade |- abde | - de |- abde
wPor6 (9) oo bde |ad bde |- de - de
aPor6 (10) acde | ¢ abde | ¢ acde | ¢ adbd | - bde
wVens$ (11) ac [bede{ad |[bde |- de |- de |- tde
aVens {12} acd {ace |abcd|acde|acde|ac |acde|ac |acdel|- ade
wAdcS (13) acde | abve |ad  jaboe|ac jboe jad |be jad |be )d de
wVen5(14) jac |bcdelad jbce | bede | a bde |- bde |- de |-
wPor4 (15) acd | acde | acde | acde |acd {acde |acd |ace {acd |ae {ad |- de jad
wVyg4 (16) acd (ace [ad {ece {ac {ace {fad |e ad e ad [de |- - d ;
alag8{17) |ade |- labde|- |de |- |abde|~ |bde |c¢ |bde |ce |bce |beds|abce | bee E
SOFC, Second Order Fitted Curve; ORC, Original Recorded Curve; a, SOFC:ORC ratio of fa5; b, SOFC:ORC ratio of f; ¢, SOFC:ORC
ratio of Ar;-d,-SOFGC:-- ORC phase-shift difference of Pas; e, SOFC-ORC phase-shift differerica. of-Pf;-w/aPor-Ado-Ven Jag, -~ v -
water-filled/air-balioon Portex Adcock Ven Erich-Jaeger catheter brands and FG size; Varlablas a-e indicated are P < 0.05 belween any
two catheters; -, no significant difference,

phase-shift), SOFCs of the A-BC and
W-FC groups overvalued the phase-shift
at fas (= Pas), as evidenced by the SOFC-
ORC phase-shift difference of Pas being
significant for most catheter samples (Fig.
3, top graph), Between the A-BC and
W-FC catheter groups, for the saine FG-
size and brand of catheter, the SOFC of all
the W-FC group's samples overvalued
Pas to a significantly greater degree than
did SOFCs of the A-BC group’s samples
(e.g., compare the SOFC-ORC phase-
shift difference of wPor8 with aPar8).
There was a trend, significant in sev-
eral samples, for the magnitude of the
phase-shift difference overvaluation by
SOFCs to decrease with decreasing FG
size in the W-FC group, Within the A-BC
group, for the same FG size, the SOFC-
ORC phase-shift difference of Pas was
unaffected by the brand of catheter tested
{e.g., compare the phase-shift difference
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of aPor8 with aVen8). However, catheler
brand signiticantly affected the W-FC
group's samples (¢.g,, compare wPorl0
with wVen10). SOFCs significantly over-
valued the phase-shift difference at f; (=
Pf) in the W-FC group, but significantly
undervalued Pfy in the A-BC group (Fig.
3, bottom graph).

SOFC:ORC ratios and SOFC-ORC
phase-shift differences for the commer-
cially available Erich-Jneger A-BC did
not differ significantly from those of our
simitar  FG-sized laboratory-
manufactured A-BCs. The variance of
SOFC:ORC ratios and of the SOFC-ORC
phase-shift differences within most cathe-
ter samples were generally large (see stan-
dard deviation bars in Figs, 2 and 3). Table
2 summarizes the SOFC:ORC ratios’ and
the SOFC-ORC phase-shift differences’
significant differcnces between differing
A-BC and W-FC FG sizes and brands,
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Discussion

The assumption that fluid-filled
catheter-manometer systems adequately
approximate second-order systems is mo-
tivated by the advantages thereof, suchi as
the derivation of relatively simple mathe-
matical equations that allow prediction of
catheter frequency responses from
square-wave response measurement tech-
niques. Additionally, the elecirical cor-
rection of incorrect information from an
imperfect catheter-manometer system
may be accomplished using second-order
system models, The square-wave re-
sponse technique is used by clinicians to
assess in vive the frequency response of
underdamped catheter-manometer sys-
tems in situ, as well as by researchers who
do not have ready access to suitable sine-
wave pressure getierators.,

‘The construction of an appropriate
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