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ABSTRACT

The resonant behavior of fluid-filled catheter manometers
can produce severe distortion in the monitored blood pressure
waveform. Although gradual improvements in components has
resulted in catheter systems having adequate frequency response
for human blood pressure measurement, these systems are fre-
quently compromised by the presence of occult air bubbles in
the fluid column. ‘

A general model was developed to predict the frequency
response of catheter systems in terms of a limited number of
lumped second-order sections. This model was experimentally
verified by direct frequency response measurement and by inde-
pendent measurement of component characteristics. This model
also successfully predicts the effect of bubble size and loca-
tion on the frequency response.

A previously-proposed technique of measuring the frequency
response of a fluid-filled catheter system in vivo was described
and theoretically justified in terms of the lumped element system
model. This technique is believed to have significant clinical
application in dynamic in situ testing of catheter systems.
Utilization of this technique may result in higher user confi-
dence in the catheter system.

Thesis Supervisor: Dr. Roger G. Mark, M.D., Ph.D.

Title: Matsushita Associate Professor of Electrical Engineering
in Medicine
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CHAPTER 1

INTRODUCTION

Present-day 1invasive pressure monitoring is typically
accomplished using a fluid-filled <catheter 1leading ffom the
measurement site to an externally located transducer. This
measurement system has nonideal fraquency response
characteristics, often represented as second-order, with the
existence of one or more resonant peaks and nonlinear phase
shift. With properl& assembled modern equipment, the reéonance
will usually occué at a frequency well Seyohd. the highest
frequency components of the pressure signal, perﬁitting simple
low-pass filtering to yield satisfactory waveform reproduction
while suppressing high-frequency artifact. However, a number ‘Qf
factors, most often trapped air in the fluid line, contribute to
a low resonant frequency and subsequent distortion of the
waveform that cannot be corrected by low-pass filtering. This
distortion may have serious consequences, since various features
of the waveform are used in clinical diagnosis. Measurement of
satisfactory frequency response before catheter insertion can
lead to the erroneous and even dangerous assumption that the
frequency response remains satisfactory-while the system 1s in
use. There is strong evidence to suggest that dynamic changes 1in
the system - clotting at the catheter tip, movement and
coalescence of microbubbles, etc. - czn seriously alter the

frequency response.



The primary objective of this study is to examine techniques
of determining the zpproximate fraquency response of a catheter
system in vivo (while attached to the patient). We will examine

two direct time-domain techniques for doing-this:
(1) The fast-flush technique proposed by Gardner (1970);

(2) A flow 1impulse producad by tapping the catheter or

extension tubing.

We will compare these two excitations with a method (pressure
step at the catheter tip) that cannot be performed in vivo»but is
an established technique for measuring frequency response;
Because the theoretical model we choose to represent the
system has a considerable influence on our interpretation of the
above stimuli, the other major objective of this study will be to
examine transmission-line and 1lumped-slement models of the
catheter system. Using independent evidence, we will determine
which model is the more accurate repreéentation and nhow the two
models may be reconciled. This analysis will aid considerably in
our understanding of how bubble size and position affect the
frequency response of the system and the time response to the

proposed excitations.

1.1 Brief History of Invasive Monitoring

Invasive blood pressure monitoring of the critical-care and
post-surgical patient has become almost commonplace in modern

medical practice. The visual display of the blood pressure



waveform often yields to the clinician valuable 1information on
tne dynamic state of the cardiovascular system. The ability to
monitor pressure at a number of 1important sites in the
vasculature, such as in the great vessels and chambers of 'the
heart, 1s often an 1invaluable diagnostic tool. Long=-term
monitoring has led to the incorporation of high- and low-pressure
alarms into monitoring systems, resulting in faster response of

nospital personnel to potentially life-threatening conditions.

There are at present two methods in common use for invasive
blood pressure wmonitoring. The catheter-tip manometer is a
relatively new device, promptedAby advances in microeledtronics
and semiconductor technology, which consists of a very small
strain-gauge transducer located on the tip of a catheter. These
manometers have excellent frequency response characteristics, but
suffer the disadvantages of high-cost, extreme fragility, and
high temperature sensitivity. The older and more common method
consists of an external sérain-gauge transducer coupled to the
recording site via a hollow fluid-filled catheter, first reported
in its modern form by Lambert and Wood (1947). The catheter 1is
generally constructed of polyethylene, PVC, woven dacron, or
nylon, and is filled with a saline solution. This recording
system, while having a significant cost advantage over ths
catheter-tip manometer, suffers from relatively poor frequency
response, which at times makes it inadequate for high-fidelity

measurement of the blood pressure waveform.



1.2 Requirements for Accurate Waveform Reproduction
g

A number of studies have been published which recommend a
certain minimum bandwidth for faithful reproduction of the blood
pressure waveform. Geddes (1970) provides a summary of these

reports, in which it is apparent that "adaquate frequency
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degree of ac
standardized. Bruner (1981) has correctly observed that thzre 1is
still little consensus og'the miniaum rrequency requiremants of
these systems, and he offers an excellent analysis _of the
practical difficulties which have prevénted such a consensﬁs from
being reachéd. The pressure waveform has also been subjected to
foufier analysis to determine the number of harmonics neccessary
to achieve a certain fidelity in a reconstructad waveform. These
analyses all show the magnitude of the fourier components
drdpping off rapidly with the harmonic number: Hansen (1949)
showed that the amplitude of the components of an arterial
wavéform had fallen to 11.8%7 by the sixth harmonic; McDonald
(1960) found the amplitude of the fifth harmonic from s number of
pressure recordings to be less than 20% of the fundamental. These
findings tend to support.the view that the higher harmonics do
not contribute significantly to thz arterial pressure wave, but
it should be stressed that reconstruction of a Wave from a
limited number of harmonics 1is not equivalent to passing it
through a distorting measurement system, since the underdamped

nature of the system causes nonlinear gain and phase shift within

the passband.



Hone of these studies directly analyzed the effect of an
underdampsd second-order system on the pressure waverorm. Gardner
(1981) has done this, specifying an approximate range, in the
form of a chart, of resonant frequencies ard damping coefficients
which yield acceptable reproduction of '"demanding" pressure
waveforms. This represents a practical if incomplete effort at
defining an acceptable frequency response in terms of preserving
the important features of a waveform (particularly systolic and
diastolic values). This type of analysis is clearly needed, along
with a clear definition of the waveform featurss to be preserved,
if an objective evaluation of the adequacy of a given,transducing

system with known frequency response is to be made.

1.3 The Fluid-Filled Catheter

1.3.1 Models

The mechanical pfoperties of fluid-filled catheter systems
which lead to inadequate frequency response have undergone a
great deal of study. Hansen and Warburg (1949) modeled the system
as a harmonic coscillator (system with one degree of freedom),
generally extending the work of Frank (1903). The coefficients of
the second-order equation governing the frequency responsa of
this model could be shown to be related to the compliance of the
elements of the system, the physical dimensions of the catheter,
and the mass of fluid filling the system. This is analogous to 3
mechanical lumped-element system consisting of a mass, spring,

and dashpot in series, or an electrical system composed of zan



inductance, capacitance, and resistance.

Tnis =2arly worg in mcdeling was extended by ths experimental
work of a number of researchers. These include Yanof et cal
(1963), Shapiro and Krovetz (1970), Falsetti et al (1974),
Krovetz et al (1974), Fox et al (1978), and Shinozaki et al
(1980), who evaluated the frequency response in more detail but
retained the second-order system as the fundamental model for
their analysis. Another group of workers, including Vierhout
(1966), Latimer (1968), and Li et al (1978), started from the
basic equations of fluid flow in tubes, derived originally to
study pulse wave transmission in the arterial system, and
developed a transmission line model for the catheter §ystém. This
model has bean shown to be more accurate than the simple
second-order model in determining the location of the first
resonant freduency from the physical constants of the systam and
in predicting the presence of higher order resonances. However,

since the primary goal of many workers has besen to fit the

observed frequency response in the lower frequency range with a
model, and not to determine the response a priori, the

second-order system has been the more commonly cited model.

1.3.2 Distortion

An ideal pressure measurement system is one which has flat
frequency response to well beyond the highest harmonic of
interest, and either zero or linear phase shift (linear phese
shift corresponds to a pure time delay). This guarantees an

output which is at worst a time-delayed but otherwiss undistorte



version of the input. The physical 1lzus governing prassure
ransmission in a long rlexible fluid column make this extramely
difficult to achieve.

The magnitude and phase response of a typical catheter
system is shown in Figure 1-1. There is present a large resonant
peak which will amplify harmonies that 1lie close to the
resonance, and a subs=quent falling off of the frequency response
following the resonance which will attenuate' higher harmonics.
Moreover, the phase shift is highly nonlinear, with a sudden 180
degree phase shift nsar the resonant frequency. This typs of
frequency response is typical of underdamped second-order
systems.

Figure 1-2 illustrates the effect this type of distortion
has on a simulated arterial pressure waveform. Figure 1-2(a)
shows the input to the catheter, while Figure 1-2(b) shows the
output from tne system. The output signal exhibits serious
distortion resulting from the nonideal <characteristics of the
recording system, particularly the appearance of spurious
oscillations and large error in systolic pressure.

While it is theoretically possible to fecover the 1input
signal given the output waveform and the frequency response of
the system, the latter is generally unknown. Therefore, a great
deal of work has gone into measuring the frequency response of
catheter systems, either to perform this reconstruction or simply

to evaluate the adequacy of the system.
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Figure 1-1. Magnitude and phase response of a typical
catheter system



input blood pressure waveform

(a)

output of catheter-transducer siéteﬁ

(b)

Figure 1-2. Waveform distortion due to nonideal frequency response
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1.4 Frequency Response Measuremant Techniques

A number of techniques ncve Deen used to dsduce  the
frequency response of catheter systems. These techniques c¢can ba
separated into two classes: (1) direct techniques, which 1invclve
analyzing the system response to a known external input; and (2)
indirect techniques, which assume a particular model for the
catheter (typically second-order) and wmake additional assumptions
about the frequency content of the input signal. Within each
class, the techniques can be further divided into time,
frequency, and correlation-domain approaches. We will examine how

each of these technigues has been used.
1.4.1 Direct Techniques

Frequency-domain techniques all require input of a signal
having a known spectrum. If the System is linear and
time-invariant, the energy at each frequency in the output signal
1s uniquely associated with the energy in the 1input signal at
that frequency, so an input which is flat in frequency and phase
will produce an output which is a scaled version of the transfer
function. The impulse function and white noise both are flat in
frequency and phase, but practical considerations make white
noise the better choice for frequency-domain measurement. There
is no evidence of white-noise excitation having been wused for
direct frequency-response measurement in cathneter systems,

possibly because other methods exist whiech do not r quire the

(0]

data to be analyzed directly in the frequency domain, tharefore

raquiring less sophisticated instrumentation.
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An example of one such altarnate metnod is to measure the
gain and phase shift at a number of discrete frequancies. This
technique was used quite successfully by Latimer and Latimer
(1968). Swept frequency measurement 1is a standard engineefing
technique which has been recently been used by Rothe and Kim
(1980), and Gardner (1981). Unfortunately, all of the
measurements described thus far require that <the system be
removed from the patien£ and an appropriately driven pressure
source substituted for the artery at the catheter tip. This
requirement is difficult to meet in the <c¢linical -environment.
Therefore it is not surprising that these methods have primarily

been used in experimental work.

Direct time-domain techniques for measuring the frequency
response all consist of -exciting the system with a simple
Wwell-described time signal, usually a step function of pressure
("pop" excitation). The pressure step is achieved by pressurizing
a closed system and then suddenly relieving the pressure at the
catheter tip, typically by bursting a rubber membrane. The
response observed at the output of the system can then be
analyzed. In order to make the analysis of the response waveform
straightforward, the system order is generally described a

priori. While most researchers have assumed a second-order

system, some (Melbin and Spohr, 1969; Gabe, 1972; Krovetz et al,
1974) have demonstrated systems which exhibit higher-order
respenses to the pressure step, although only Krovetz
specifically suggests that reflections from impedance mismatches

(i.e. transmission-line phenomena) may be responsible. One source
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(Attinger, 1969) reports that 30% of a large number of systems
tested exhibited higher than second-order bshavior. However, ths

second-order approximation 1is often - satisfactory, and t

=2

is
assumption makes the waveform analysis particularly simple (see
Appendix A). |

Evén.if a satisfactory model for the system is chosen, the
‘Mpop" technique remains unsuitable for dynamic analysis of the
catheter in vivo, since it requires that the catheter <t¢ip be
available. Because catheter systems can collect bubbles, become
clotted, or otherwise be degraded in wuse, a satisfactory test
result from a pop test performad prior to insertion may give a
. false sense of security. This concern raises the duestion of
whether excitations applied elsewhere in the system may elicit &
response from whichkthe appropriate transfer function may be
deduced. The}e have bean no studies done to answer this quéstion,
although Gardner (1981) has described a technique which is
claimed to be an acceptable excitation: a flow step created by
opening and then releasing the flush valve present in most
monitoring setups, where the flush source is 1located at the

transducer end of the fluid column.

1.4.2 Indirect Techniques

A number of indirect distortion-measuring techrniques have
been described. These all assume a second-order model and attempt
to determine, from the patient pressure signal itself, the
loéation and magnitude of the resonance. Browsr et 2zl (1975)

examined the magnitude of the signal spectrum after
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preconditioning (bandpass filtering and differentiation). The
presence of a peak in the preconditionsd spectra was associated
with distortion, and approximate formulae given for determining
the degree of damping. Doherty (1981) determined the Fourier
components of the 1incoming pressure signal, and applied the
normalized magnitude and phase in a regression equation whose
coefficients were optimizasd to detect resonance witnin a certain
critical range. Jackson et al (1978) wused linear predictive-
analysis (a correlation technique) to model the spectrum of <the
input signal: the presence of a complex polz pair witain =&
certain range of frequencies was taksn to indieczte <tne prasence
of resonance.

These indirect techniques all evolved because of the ﬁeed to
perform dynamic analysis on the catheter system and to eliminate
the need for manual intervention by hospitai personnel, either in
testing the system or 1in compensating the response. These
advantages over direct methods make indirect techniques extremely
desirable. On the other hand, the validity of these indirect
techniques rely heavily on both the assumed catheter system model
and on the assumed spectrum of the patient waveform. If the blood
pressure power spectrum appears "resonant" in the sense of having
a local maximum, as may happen in recordings from the smaller
arteries (the arterial system itself behaves as an assemblage of
branched transmission lines), then these techniques can give
erroneous results. An additional problem, althnough one that has
grown smaller as the cost of computation has decreased, 1is the

computational complexity of indirect analysis. Altaough 1initial
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experiments using these techniques appear promiéing, they have
not yet been subjected to extensive testing using ths full rance

of clinically observed waveforms.

1.5 Compensation Techniques

Various approaches have been taken to compensate the
frequency response of catheter systems. These czn be divided into
two classes, mechanical and electrical. Mechanical compensation
may be considered a problem in impedance matching, although some
researchers regard it as merely inecreasing the damping
coefficient. Electrical compensation involQes active filieking of
" the signal. We will now examine each of these methods in more

detail.
1.5.1 Mechanical Compensation

By adding additional damping to the hydraulics, & <catheter
system which previously produced highly distorted waveforms can
be made to have a much wider useful bandwidth. Damping by =&adding
a constriction at the patient end of the catheter has been used
for many years. A set of experiments by LaPointe and Roberge
(1974), using needle valves as resistance elements, has confirmed
the utility of the technique, and Latimer (1968) has justified it
in ﬁerms of matching the source and line impedance of an acoustic
transmission line. Unfortunétely, the .large amount of
constriction neccessary to achieve appreciable damping makes this
technique unsuitable for use with flush devices, and it is rather

sensitive as well. A more promising technique 1is parallel
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damping, reported by van der Twsel (1957) and Crul (19%2). This
can Dbe described as another form of impedance matching, this time
matching the load (transducer) impedance to the 1line impedance.
_ There are commercial devices now available to perform parailel
damping. One.which we have observed is the Sorenson Accunamic,
which 1s placed in parallel with the fluid 1line at the
transducer, Gafdner (1981) has described this device, in which a
fixed compliance (bubble) is placed in series with a variable
resistance (needle valve) 1in order to create an ad justabile
parallel impedance. The impedance match obtained by empirically
adjusting this device to minimize step response overshoot is
crude but nonetheless fairly effective,

An advantage of these mechanical compensation.techniQQas is
that, by effectively increasing the damping to flattan out the
resonant peak, they tend to extend the useful range of the system
out to approximately the resonant frequency. This can zmount to
twice the usable bandwidth of the uncompensated system. Moreover,
no exotic electronics or processing techniques are required. The
chief disadvantage of mechanical compensation is that it requires
an external step input to observe when critical damping 1is
achieved. Relying on the patient waveform to adjust the damping

is a dubious procedure at best.

1.5.2 Electrical Compensation

If an approximate transfer function for the cathater system
is known, inverse filtering (convolving the output signal with a

network having the inverse transfer function) can greatly extend



the bandwidth. Melbin and Spohr (1969) describe an analog circuit
Lo perform inverse filtering. More recently, Brower et al (1975)
and Ciccolella (1976) have described digital filtering to perfgrm
the same function.

If the transfer function is not known, the most common
approach is to 1low-pass filter the signal, with a  cut-off
frequency lower than the assumed resonance but high enough to
retain the significant harmonics of the pressure signal. This 1is
the method most manufacturers include in the monitors at present.
Frequently, however, these conditions cannot be met
simultaneously - the resonant peak overlaps an appreciable
portion of the signal spectrum. Aggressive low-pass filtering (12
Hz cutoff and below) has been practiced by some manufacturers in
an attempt to prevent resonances occuring at higher frequencies
from causingisystolic overshoot, but at the cost of extremely
limited bandwidth. Low-pass filtering can be useful in preventing
high-frequency artifact from appearing in the output signal, but
it is extremely limited in its ability to compensate systems

having low resonant frequencies.
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CHAPTER 2

MODELING OF THE CATHETER SYSTEM

A theoretical understanding of the blood pressure
transducing system is an important step towards being able o
predict the changes in system charactéristics underv various
conditions (e.g. altering of component stiffness, tubing lengtn,
the presence of occult bubbles or leaks). Under an approprizte
systam model, it is possible to specify <the most desirable
characteristics.for catneter, tubing, and transducer in terms of
producing a faithful reproduction of the pressure wavefofm. in
addition, an accurate model for the syétem may suggast methods of
compensation of the frequency response involving additional
components, such as impedance matching devices. This section will
develop a general model for the transducing system wusing the
well-established theory of wave propagation in transmission
lines, and then proceed to establish conditions under which tha
model may be simplified to a lower order lumped-parameter system

with little loss in accuracy and large gain in ease of analysis.

2.1 General Model - Mechanicsl/Electrical Analogies

There <can be 1little doubt as to the wvalidity of a
transmission line model for the fluid-filled pressure tubing. The

presence of phase delay, attenuation, ‘and acoustic impedance have
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b2en experimentally demonstrated by many researchaers, but pernaps
most elegantly by Letimer and Latimer (1969), who determined
values for wave speed and attanuation at s number of rasonant and
antiresonant frzaquencies. It is 1interesting to note that the
tneory of acoustic wave transmission in elastic tubes .was
originally developad not for catheter systems but rather for
pulse wave transmission in the arterial tree. The principles are
largely the same but the catheter systam is in fact easier to
analyze due to ths limited number of reflecting sites, consistent
internal diameters and better-understood wall properties.

Figure 2-1(a) shows a2 physical model for the simplest type
of transducer system, represented by a 1liquid-fillad Cube of
coristant internal diameter coupled to a transducer through a
fluid-filled dome. An increase in.pressure initiated at thé left
causes liquid to flow to the right through the tubing and dome,
which in turn causes a deflection of the transducer dizaphragm.
This deflection is sensed by a strain gauge and ths resulting
electrical signal iS amplifiad and processed to produce a
pressure recording.

An electrical model for this mechanical system is shown in
Figure 2-1(b). The tubing and transducer dome/diaphragm will each
be examined in turn. In each infinitesimally long segment of the
tubing, fluid motion has associated with it friction due to shear
stresses in the fluid and inertia due to the mass and velocity of
the fluid. There are also compliances associated with the tubing
wall and (to a lesser extent) in the fluid itself, leading to

storage of potential =senergy. Finally, the wall axhibits
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viscoelasticity which causss ensrgy lossaes due to machanical
hysteresis effects. These physical "line constants" are replaced
by the znalogous electrical symbols in Figure 2-1(b), whareas:

R' = resistance/unit length due to viscosity of the fluid;

LI

.inertance/unit length due to ths mass of the fluid{

C'

compliance/unit length due to compressibility of the
. fluid and stretch of the tubs walls;

G' = conductance/unit length due to energy loss in the
tube walls;

dx = incremental length.
These so-called "line constants" are in fact all frequancy
dependent to some extent as the theoretical development of the
next section will show. The transducer dome and diaparagm also
exhibit similar-,resistive, inertial, wall 1loss, and elastic
effects, but the short length of the transducer relative 'io tha

wavelengths we will be considering justifies treating these as

lumped elements.

In summary, thén, we have inertial and resistive effeéts
associated with the fluid. These present a longitudinal impedance
to flow and thus are represented as series elements. The
compliance and wall‘loss are properties of the plastic materials
used, present a transverse impedance to flow, and <thus are
represented as parallel -elements. An infinite sum of these
infinitesimal sections then produces a transmission line
chéracterized oy the telegraph  =aquations of elactrical
engineering theory. Prior to determining the frequency response
of this model, however, we will need to develop the squations to

calculate values for the line constants.
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Figure 2-1. Modeling the catheter system
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Czlculation of Linz Constants
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Impedance (R and L)

The development of theory describing laminar oscillatory
fluid flow through narrow tubss has been made by Lambossy (1955)
and Womersley (1956). The most significant result of this theory
is the prediction of a "skin effect'" phenomenon, which causes an
increase in‘ rasistance and decrease in inertance at hign
frequency due to alteration of the fluid velocity profile. across
the tubing cross-section. If the tubing is assumed to be rigid,

straight, and of circular cross-section Womersley shows that

Q=12 A |1 . _23:{0] 7} | JJut ' (1
Jw gjs/zJo{cjm}
where
Q = volume flow
A = amplitude
) = circular frequency = 2rf
Aed¥t . pressure gradient = - dp/dx
P = fluid density
g = r/efu = Womersley coefficient (dimensionless)

v = u/p = Kinematic viscosity

Jo and J; are the zero and first-order Bessel functions of

cr
joy
W

complex argument

cj”z i J = /<T = phase shift of g/4 radians

Although the requirements of rigid and straigzht tubing ars
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not strictly met by <catheter systems, many =zuthors (Latimer,
Jager) nave applied these =quations to calculate the loagitudinal
]

impedance per unit length Zl witn gcod results. Following ths

analysis of Jager et zl (1965):

. -1
. dp/dx _ 3 1. 23, {0 ¥2} (2a)
Lo 03 ¥234{0j ¥}
if we write this as
ZL = j L'"(w) +# R'(w) (2b)

where L' and R' denote resistance/unit length and inertance/unit

length, respectively, taen

' _ COSE] . _ - sinel, -
L (m) = TTrZM]',oO'Z y R'((u) = ﬂ_quio (_Sa,b)
M, = modulusgl - -—gil—g; €10= phase (1 - ——Zii—}
ch/ZJ0 o.jS/ZJo

For the case of steady flow these equations reduce %to the

familiar Poiseuille equations for R' and L':

R' = _8u ; L' = o (4)
w Tt w43 Tr?

The significance of the Womersley calculations for R' and L'
is that as the frequency of oscillation is increased, the
effective 1inertance decreases and ths effective resistance
increases. In the limit of 1infinite frequency, the inertance

drops to 75% of its d.c. wvalue, and the resistance becomes
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infinite. A plot of R'(w) =znd L'(y) vs.  for the tubing
dimensions used in this study is shown in Figure 2-2. Th=
viscosity and density of saline have been taken as 0.01 poiss zan
C.998 gm/cm respactively (approximate valuss at 20 degrees

centigrade).

2.2.2 Transverse Impedance (C and G)

A calculation of compliance and wall loss requires detailed
«nowledge both of the physical properties of the plastic used for
the pressure tubing and the mode(s) of wave propagation 1in the
fluid and in the wall. These are generally quite difficult to
specify precisely. Equations exist which specify the compliance
of a tube of uniform cross-section as a function of the intearnsl
and external radii, Young's modulus and the Poisson ratio for the
tubing material. These assume a linear, isotropic medium with no
losses, but may be applied to plastics so long as the rasults afe
not expected to be quantitatively precise. Using the'equation for

the compliance of a thick-walled tube (see reference 25) we have:

2 2
'2wri l+x;i/re

2 /.2
E 1 ri/re

(@]
"
[}

(5)

internal diameter;

2]
"

external diameter;

H
]

]
1]

Young's modulus;

s = Poisson's ratio.

o such simple equation is known describing the wall loss G, s&nd
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Figure 2-2, R' and L' as a function of frequency
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in any case tha properti=s of a given sample of plastic are
generally not so well specified as to allow dirsct calculation of
compliance and wall loss. In other studies similar o this one,
experimental measurements are invariably substituted for thaory
in the calculation of transverse impedance. Hansen (1949) has
found that G' is proportional to frequency; implying a machanical
nysteresis loss per cycle, but it is not known whether thié is
generally true for plastic materials. More research in this area
is clearly need=d but is beyond tﬁe scope of the present study.
We will use experimentally determined values for C' in our
models, and assuma '=0. As 1long as G'/wC' is small, this
assumption should cause nsgligible error in predicted location of

resonant frequency.
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2.3 Transmission Line Formulation

2.3.1 Telegrapn Equations and Propagation Constant

Wwe Wwill take the following circuit representation to be an

adequate model of the transducing system:

o3
[o]

Transmission Line

=propagation constant e Rtransducer=o
Ps Z=characteristic '——'Ctr L =0
impedance transducer
< Q

where the parameters R., and Ly, have Dbeen set to zero. This is
justified when the transducer dome radius (or effective radius in
the case of a non-cylindrical dome) 1is much 1larger than the
tubing radius, éue to the strong inverse dependence of both R and
L on the radius. This condition is nearly always met in catheter

systems. The telegraph equations governing this line are:

. dP/dx
Q

-(R'+jwl")Q (6a)

-(G'+jwC")P (6b)
where P represents pressure and Q 1is flow. If wWe assume a2
solution which is the sum of forward and backward travaling

waves:
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P(x,8) = 4P, K% + p_oti¥jedut -

thien we can solve for k:

K = a + jB = Y(R™+jwL") (G'+jwC’)
= w/L'C’ Y (V+3) (W+3)
= Bo v/ (V+]) (W+3) (3)
where
o = attenuation constant
B = phase constant
BO=NVL C
V = R'"/wL'
W = G'/wC'

squaring the above equation:

k? =q? - B2 +2jaB = B3/(VW-L)+3 (VFW) (9)

separating real and imaginary terms and solving, we have:

a = 0.5FB$V+W) (10)
B = Bo/F (11)
where
F 2
B VTS (IF5) FL-VWT (12)

F is the correction factor, important primarily at very 1low
frequancies, in the form derived by Latimer and Latimer (1968).
This correction factor will rarely need to be used in this study,
since by the first resonant frequency F will nearly always have
reached its hnigh-frequency 1limit of 1. It 1is, however, of

theoretical interest because if the condition V = W occurs (i.e.
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R'/L':G’/C')Q then F = 1 and a Heaviside "distortionless line"

is

obtained, with constant attenuation and phase shift proportional

to frequency. This condition, unfortunately, is never 2anccuntersad

in practice except at isolated frequencies, because k', L',

and C' are all frequency depsndent to some extent.

2.3.2 Characteristic impedance

The characteristic impedance Z of the transmission line

definad as

Z = Q
dP/dx

G',

is

whare Q is the volume rate of flow and dP/dx the pressure

differential. Z can be expressed in terms of V and W as follows:

2= Y(R'+juL") (G'+juC") (13)

DT = [2]e3° ()
1Z0= Z  {(V2HL) /(W2H1) )" 28 (15)
® = 0.5(cot™V - cot™lw) (16)
Z, = vLTJCT

alternatively, Z may be expressed in terms of resistance

reactance:

Z = {Zi(cos® + jsine ) (17)

2.3.3 Boundary Conditions and Reflection Coefficient

The solution for P(x,t) and Q(x,t) can be expressed as

and
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P(x) = P+e-a§e-jsx + P-e+axe+j8x (13a2)
Q(x) = _l{P+e~axe-JBx - P~e+axe+38x} (18b)_
Z
where we have dropped the time dependence ert from the

2quations. The parameters & and B denote the attenuation per unit
length and phase shift per wunit 1length respectively of the

transmission line.

To solve equation (18) wWe need to specify the boundar
conditions at each end of the transmission line. We have assumed
a zero-impedance pressure source and a load (the transducer)

represented as a pure compliance. The boundary conditioas are

therefore
P(x=0) = §_+ P = B (19a)
1y - s -kt +k2 - +k g .
Qx=1) = juC_ {P e™""+P_e khy - %{P+e kg—P_e } (19b)
Defining the reflection <coefficient T =P+/P and solving

équation (19):

1+Te”

and
| Py -kx -2k% kx
P(x) = l+Fe-2E£' (e + Te e ) (20)
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where
l-ijtrZ

Iz ——— (21)
l+ijtrZ

At the transducer, the pressure is

Poerkl

P(g) = (1+7) (22)

4

a relaticn walcan describes the attenuation and phase shift of the

pressure wave from input to output as a function of frequency.

2.3.4 Natural Frequencies

The transmissicn line equations (18a,b) may also be solved
for the natural resonant frequencies of the system by setting

P(x=0) = 0. Equation (19) then becomes

™~

Z-tankg = -1/juC (23)

a transcendental equation in complex Z and k which cannot b=
solved in closad form. However, we can find approximate values
for the natural frequencies by making ths assumption @ >>R'/L' and
w>>G'/C' (generally valid at and above thé first resonant
frequency), allowing us to make the approximations k3 jw/L'C" ,

Z = JLJC in which case equation (23) becomes

wC . /ET7C" fanh(ws/T T = 1 (24)

which can be solved graphically or numerically for ths natural

frequencies W,



2.4 Lumped Model Approximation

dhile the transmission line model in theory is probably ths
most accurate repressntation of the catheter system, there are
several practical reesons wiry lumped-parameter models are more
commonly invoked to explain the resonancs phenomenon. First among
these is the fact that higher-order (i.e. three-quarter-wave 2and
above) resonances almost invariably occur at a frequency beyond
the range of significant blocod pressurs harmonics, making their
presence inconsequential. A second factor tending to miniﬁize the
importance of the higher resonances 1is the ‘Womersley effect,
which causes the resistance (and therefpre dzmping) to increase
markedly with frequency, +thus minimizing the height of the
resonant peaks. Thirdly, the presence of trapped air bubﬁies (a
common circumstance) introduces large lumped compliances into the
system, tending to make a lumped <circuit representation more

tractable than the corresponding transmission line model.

A simple way to approximate the transmission line model with
lumped-elements is to take the circuit representation of Figure
2-1(b) but let eaﬁh section represent a finite length of tubing,
rather than taking the 1limit dx->0. Li, Vaﬁ Brummelen, and
Noordergraaf (1978) have performed this analysis for H=1,2, and
infinity, where N is the number of lumped sections. These authors
also considered the effect of different element configurations
( m vs. inverted-L) on the calculated frequency response. Their
findings indicate that sizable errors in the location of the

first resonant frequency are introduced for'N=1, but that as the
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length of each section becomes small relative to the shortest

wavelength (nighest frequency) of interest, th2 zpproximation

W
o2

¥

omas vary good. They also found the cenfiguraticon, wnich
involves slightly less lumping per section, to be more accurate

for a given N than the inverted-L model.

A2 will adopt a slightly different tack in this study. First, we
will examine the two limiting cases Ctu<<Ctr and Cry?>Ceyyr and
demonstrate how each can be representad by a second-order circuit
with appropriéte correction factors. Then, a simples esquation will
De constructed which 1is precise for the 1limiting cases and
introduces only a small calculable error 1in resonant frequency

for intermediate cases where neither compliance dominates.

Ctu <K Ctr

In this case the tubing 1is rigid compared with the
transducer, and the wavespeed is so high that propagation effects

may be ignored. A second-order equation is therefore valid, with

we = l/x/LCtr (25)

Ctu >> Ctr

In this case the transducer looks like an open circuit, and

we may solve 2quation (24) for Ctr=0:

We = W/ZVLCtu _ (26)
Ctu = Ctr

Let us construct the following equation which will satisfy
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cotil limiting cases:

W = 1 (272)
/LT(ZTT 7CFC )
o) R Lo
L = &y 71 (27b)
Z Ceq
. = wo/I-D7 (27¢)
.where r

Ceq = Ctr + (2/7)2Cey

wo = 1//IC,

and for Ctu>>Ctr

A . ™
W =2 —m—
2/LCtu
as desired.
de can separately solve -equations (24) eand - (27) for

intermediate values of Ctr. If we define

K = Ctr/Ctu

then we can plot the relative error in ‘predictad natural

frequency (1 - Wo )Mo as a function of k. This 1is shown in
Figure 2-3. The maximum error is only 2.44%, so the approximation
introduced by equation (27(a)) seems acceptable. If the precise
valhes of Gy and Gy are known, Figure 2-3 can be wusad to

determine a correction factor for equation (27(a)).

Thus we have succeeded in reducing the transmission line to
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a simple second-order circuit in terms of preserviang the location
of thes first rssonant frequency. Equation (27 implies an
equivalent lumped compliance where a fraction 4&/m times the

total tubing compliance shunts the transducer:

Rtu tu
—° AN ,L%:Jq _J- ot
2 - = _ 4
Fs © (4/17)Cey Cer Ceq™ 72Ctut Cir
o o=

Wi.n craanstfer function

HOjw) = ZoUw) o 1/(LCeq) (28)
P, (Juw) -w2+(R/L)jw+(l/LCeq)

If the resonant frequsncy of a catheter system is calculated
using this lumped model, a useful check on the legitimacy of <the
assumptions used in constructing the model is to calculate the

loss term

R"(w ) /L' (w,)

to verify the assumption mr>>R'/L' (wa still assume G'=0).

Dividing equation (3b) by (3a):

L' (w) or?
SO the inequality
w.. >> 2 52tane!, (30)

pr?

becomes our check on the model assumptions.



2.5 Effect of Trapped Air EBubbles

It-has previously been noted thaet the presence of air in tha
fluid line remains the2 singl: most common <czuse of low-guality
pressure monitoring. This 1is due to the high compressibility - of
air relative to water, causing even very small bubbles to greatly
increase thes total compliance of the system and thereby reduce
the resonant frasquency. The problem of including air Subbles in
our modgls is exacerbated by the unpredictability of bubble size
and location in the clinical setup, and by the strong dependence
of bubble compliance on temperature and pressure. The alteration
of the nprmal fluid velocity profile in the vicinity of a bubble
may also violate the plane-wave assumption of our model.
Nevertheless, we «can examine specific situations which are
amenable to straightforward analysis and thereby pdssibly develop

some intuition towards the more general situation.

2.5.1 Comp;iance of Air Bubbles

The compressibility of air depends on temperature, pressure,

and molar quantity. The compliance of an air bubble may therefore

be expected to vary as pressure waves are propagated in the fluid

‘line. To specify the variation precisely, we need to know the
thermodynamic state of the bubble at all times (e.g. isothermal
vs. adiabatic compression cycle). We also nz2ed to know the
temperature variation of air solubility in water and &ssociated
time constants to know whether pumping of air into and out of

solution with pressure variation is significant. In this study,
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we Will be content to note the primary effect of static pressure
on compliance and ignore all higher-order effacts.

If air is assumed to be a ideal gas, then

PV = nRT.

For a bubble, we will assume n and T are constant. Then

- V. K
PV = K or PGl

If the pressure changes by an infinitesimal amount dP, then the

(31)

volume changes by an amount dV, with the relation

PV = K = (P+dP)(V+dV) = PV + V4P + PdV + dPdV
Cancelling like terms and ignoring the higher-order term dP4dV, we

have

dv/dp= -V/P : (32)
Using the definition of compliance:
C = -(dv/dp)

and using equations (31) and (32), this becomes

C = K/P? (33)
SO we see that the compliance is a strong nonlinear function of
pressure. If the pressure excursions 1inside the fluid column
range from 700 mmHg to 1100 mmHg (-60 to +340 mmHg relative to
atmospheric pressure), then the bubble <compliance may vary
oetween 46% and 113% of its value at atmospheric pressure.

There are several lessons to be learned from this analysis.
First, the inclusion of bubbles in the fluid column may cause
significant nonlinearities in the frequency response when large

pressure excursions are present. Second, at higher -static
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pressures the effective bubble compliancs becomes smaller =znd
tharetore the resonant frequency wmay 1increase as the static
pressure 1is increased. Henry et al (1987), noting this
phenomenon, have even suggested cnecking the frequency response
of the system at nigh and low static pressures as a means of
detecting bubbles in the fluid column. Third, if <ths pressure
excursions are kept small, we may assume a constant complizance
for the bubble, considerably simplifying analysis. It is <tais
third approach which we will <take in «:cnalyzing systems with
bubbles in Chapter 4.

Published values of air compressibility at various

temperatures and pressures exist. At twenty degrees centigrade

and 760 mmHg: )

dv/dp = 1.0126x107° Pa~t

and

C = v dv/dp (m®/Pa) (34)

This is the equation we shall use to calculate bubble compliance.

2.5.2 Relationship between Bubble Location and Resonant

Frequency

We will now consider how to include a bubble of known volume

and location in our lumped element model. The inertance and
resistance of the bubble will be taken as negligible, and we will
assume therefore that the bubble may ~be modeled as a lumped
compliance shunting the transmission line (we do not make any

distinction between bubbles clinging to the wall of the ‘tubing
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and bubbles completely occluding ths lumen, althcough thsre may be
reason to do so). We may now view the system as consisting of two
transmission lines in series: the first terminating in a lumpead
compliance (the bubble) and the second in another lumped
compliance (the transducer). The analysis of section 2.4 may - how

be applied, yielding the following model:

L'x R'(2%x) L'(2-%)
a0

R'x
A 2 ’Dﬂ—j— M o
PSG%> (4/n2)xctu_{. =Cuy Cir (4/w2)(£rx)Ctu
1L_ -

where x=distance from source to bubble and £ is the total length

of the system. The transfer function governing this circuit is

H(jw) = 1 (35)
Aw*-jBw?-Cw2+jDu+l

a fourth-order equation in w, where

=
]

= x(z-x)clczl_2

o]
"

ZX(Q-X)RLCICZ

(@]
n

2

o
]

R(XC1+ Cz)

Clz (Q/TrZ)XCtu‘i-Cbu

Co= (4/w2)(&rx)ctu+Ctr
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If we assume that Cpy is much larger than Cgy or Ctr, than Cl>>Cé
aad the two second-order circuits tend to be dscouplszd, i.=. thzy
resonate independently. The resonant frequency <f th: firsc
section is approximately esqual to l//ifﬁz y SO wWe ses that'.as
the bubble is advanced in the tubing towards the transducer
(increasing x) the primary resonant frequency decreases. The
importance of this result 1is the recognition that a bubble
located in the catheter will nof degrade the system performance
as much as a bubble located farther wup in the system. As a
practical aside, we note that when there is suspicion of a bubble
causing a low resonant frequgncy, the search should generally
begin at the transducer dome and then proceed Dbackwards toward

the catheter.
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CHAPTER 2

MATERIALS

All experiments carried out in the <course of tthis study

utilized a single brand of pressure extension tubing ~and  two

iy
L

-y

&o)

v
<0

o

S 01 prassure Transducer. These elements were chosen partly
on tne basis of availzsbility and partly because they repressnt
typical high-quality components as wused by many nospital
cathesterization Llaboratories and intesnsive care units. In
addition to these componants, a number of additional elements
were required in the experimesntal setup. Hydraulic valves (three
and four-way stopcocks) from several manufacturars weke usead
interchangeably. Because of the relative stiffness of the
plastics used in these valves, their wide bore, and thzir small
contribution %to the overall system lengtnh, they were not
considered to significantly affect <the system rasponse. A
pressurized IV bag and standard fluid were used to flush and fill
the hydraulic systsm. Several different pressure sources and flow
sources were used as test ' inputs. A pressure amplifier, CRT™
display, tape and strip char§ recorders, spectrum analyzer, D/A
converter, and computer facilities were wused to analyze the
system dynamics. All of thase materials and componeants are

described in more detail below.
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3.1 Extension Tubing

The tubing used in this study was obtainea from 2 pressure
monitoring it (HP lo. 14233A) markatsd by Hewlett-Packard. The
tubing is constructed of translucent, high-density polyethylene,
with an internal diameter of 1.18 mm, outer diameter of 1.9% um,
and length of four feet (1.22 meter). The ends are supplied with
one male and one female luer fitting. No manufacturer technical
spécifications are- available for this tubing, but the
cnaracteristic compliénce is measured in section 4.1.3. This
tubing is relatively stiff compared to similar brands on the
markat. A previous study by Gardner (1981) of static compliances
for commercial pressure tubing lists a range of 1.6 to 17.1
mm3 /100 mm Hg for six feet of tubing, with an average compliance
of 7.4 mm3/100 mm Hg/6 ft. In comparison, ths measured combliance
of the H-P tubing in these units is 2.72 mm3/100 mm Hg/6 ft under

static conditions and 0.34 mm3/100 mnHz/6 ft at high freqcency.

3.2 Transducers

Two transducers were used in these experiments. Ths first, a
Bentley Trantec Model 800, was generally used as the primary test
element in the transducing system because it could be modeled as
a pure compliance over a wide range of static pressures. The
second, a Hewlett-Packard 12904, exhibited a fluid leakage
phenomenon at lower static pressures which was probably due to
movement of fluid trapped between the plastic diaphragm and the

quartz transducing element. Since this phenomenon manifasts
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its2lf as & frequency-dependsnt complicnce (larger apparsant

)

compliance zt low fraquencizs), the 12604 proved undesirable as a
primary transducer for thasz experimesnts. Instead, ths 12900 was
used as a reference transducer to monitor the pressure at the
input to the extension tubing. In this application, whsre the
transducer effectively shunts the pressure source, compliance is
not an important issue. Specifications for the Bentley and H-P
transducers list maximum compliances of 0.04 and 0.15 mmS /100

mmHg, respectively.

3.3 Flush Bag and Fluid

As in a typical hospital setup, tna monitoring sysiem was
equipped with a means of filling and flushing with fluid. A
standard IV bag was filled with a standard fluid (described
below) and pressurized to bestween 200 and 300 mmHg by means of an
inflatable bag holder. A length of large-diameter oplastic tubs
and three-way valve connects the flush bag to the rest of ihe
syséem.

The standard solution consisted of debubbled water, prepared
by vigorous boiling. A small quantity of soap solution was added
as a wetting agent and all excess air was purged from the bag
befores pressurizing, thus ensuring a minimum of dissolved air in
the fluid. These precautions, coupled with slow, careful filling
of‘ the hydraulic system, were found to be of the utmost
importance in excluding air from the system. Lack of care in the
preparation of fluid or in filling the system invariably

resulted in high values of compliance. This solution, develcped
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after noting that it was wvirtually impossible to completely
eliminate trapped air from the system after filling with saline,
was not believed to differ significantly from the physiological
saline normally used in terms of 1its inertial and viscous

properties.

3.4 Slow/Fast Flush Unit

A Sorenson Intraflo flush element was included for the
experiment involving the system response to a fast flush. The
Intraflo and similar units provide a high impedance channel
between the flush bag and the catheter, in an attempt to keep the
catheter tip free from blood clots. A parallel low-impedance
channel can be opened manually to provide a large bolus of fluid
for the same purpose (fast flush). The damped oscillations
resulting froﬁ the release (closure) of this valve were of

interest in this study.

3.5 Bench Equipment

Two H-P pressure amplifiers (model’ 78503C) provided the
excitation to and processed the resultant signals from the
transducers. The amplifiers were modified for this experiment to
provide a flat bandwidth out to 100 Hz, allowing frequency
measurements to be made beyond the normal 12 Hz bandwidth of
these amplifiers. The reference input excitation to the pressure
tubing was provided by a blood pressu%e simulator (Biotek Model
601). This simulator features a square-wave output for step

response measurements, nine selectable pressure waveforms (stored
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in read-only memory), manual systolic and diastolic level
controls, and provision for an external electrical input. The
simulator dome has two ports which connect to the fluid column
via luer fittings.

Frequency measurements were made by applying a white noise
source to the external input jack of the Biotek simulatot. The
white noise was amplitude 1limited to 10 mmHg RMS to
approximate small-signal excitation. The pressure transfer
function (hagnitude and phase measurement) between the reference
and test transducers was determined wusing an H-P Model 3582A
Spectrum Analyzer. If desired, the amplifier outputs could be
stored on an H-P Model 3960 Instrumentation Recorder and/or a
visual record produced on a H-P Model 781724 Chart Recorder. A
diagram of the setup is shown in Figure 4-3.

Computational facilities (for modeling purposes) consisted
primarily of an H-P Model 85 desktop computer, which has
hardwired BASIC as a programming language. The H-P 85 also has an
inﬁerface bus which allowed it to be used (in conjunction with a
digital plotter) to accept spectral and time data from the
spectrum analyzer and to produce high-quality 'graphics on a
digital X-X pldtter.‘ For transient analysis, the circuit

simulation program SPICE was run on an H-P 3000 series computer.

3.6 Flow Source

For direct measurements of tubing compliance as a function

of frequency, a specially designed sinusoidal flow generator was

used. The flow source consisted of a commercial microliter
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syringe (Hamilton model 7001H#) which utilizes =z tungsten wire as
plunger and is accurate to 0.01 microliter. A custom-made luser
dapter allowad the syringe to be tightly coupled %o the sSysien
under test.
The syringe barrel was rigidly mounted in an aluminumn bldck.
The plunger was coupled to a dc servo motor through a mechanical
linkage, bearing, and eccentric cam. This arrangement produced a
sinusoidal motion of the plungser. The strok2 of tae syringes could
be altered betwesn O and 0.8 microliter by 'varying the
eccentricity of the cam with a linear feed screaw, znd o fraguency
range of 0.1-14 Hz could be obtained by varying the motor spezd.
The maximum frequency was conservatively set to 1limit friction
between the plunger needle and barrel, but this range was

adequate for our purposes.

3.7 Tap Generator

In order to tést the system response to a manually applied
impulse, a crude form of a "mousetrap" tapper was designed and
built. A schematic representation of the tapper is shown in
Figure 3-1. The tapper consists of a platform on which the
pressure tubing is secured by two clamps into a milled channel. A
tubular steel spring is manually retrécted and released. The
spring arm passes through 1its resting position, deforms the
tubing (causing a flow impulse as fluid is displaced) and than
returns to rest. Because tubing failure from repeated taps was
considered a potential problem, the cylindrical spring arm was

wrapped with plastic tape to provide a small amount of shock
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CHAPTER 4

METHODS AKD RESULTS

4,1, Determination of Line Parameters

In order to determine the most appropriate model for the
transducing system, it is first neccessary to determine the
physical parameters which best characterize the Separatce
components of the system. The measured or .calculated values of
these parameters can <then be inserted 1into ths model under
examination, allowing comparison between the frequency response
of the model and of the experimental system. In some cases 2.g.
fluid inertance L) there was no convenient technique available
for direct measurement, and-some theoretical calculations were of
neccessity substituted for direct observation. In other cases
(e.g. flow resistance R) the value at zero frequency (steady
flow) could be measured but the a.c. value could only be
estimated by reference to pulsatile flow theory. The theoretical
and experimental values for each parameter are compared whenaver
possible. Clearly, the wuse of a flow tranSducer, whichh was
unavailab;e, would have been of considerable benefit in this
study, since it would have allowed simultaneous a.c. measuremants
of - pressure and flow. Nevertheless, the d.c. measurements
obtained represent a positive step towards quantitative analysis
and verification of ~the theoretical models for the pressure

monitoring system.
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4,1.1 Resistznce

Theoretical

Calculating a theoretical value for Rtu actually requires
specifying the frequency of interest, since Womerslay (1956)
has shown the flow resistance to be a function of - frequency
(see Fig. 2-2). However, at zero fraquency Poisesuille's Law

applies, and one can write

Taking: n =0.001 Pa-sec (approximate for water at 20 degraes C)
2.=21.22 meter
r=0.59 mm

We calculate vRtu.z 2.SGXI010 Pa-s/m3.

Exparimental

To measure R, a calibrated pressure source was attached
to one end of the column. The rate of flow through the column
was measured by collecting the effluent in a graduatad flask
and noting the quantity of fluid collected in a given period of

time. Invoking the hydraulic equivalent of Ohm's Law, we sea

that

R = P/Q

where P represents the source pressure and Q ths rate of volume
flow. Because there is a source resistance associated with the

flush bag and tubing, the resistance measured by this method
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represents the sum of the source znd load (tubing) resistances.

To correct for this, the source resistence (measured by ne

o

-~

same tachnique without the fluid column attachied) WES

these measuremants are snown in Table 4-1. The value for Rtu
measured in this way is very close to the theoreticsa value

bassd on Poiseuille's Law.
1.2 Insrtance

The calculation of fluid inertaonce is  also dopendant  on
whether a parabolic flow profile (the Poissuille zssumption) is
valid or not. The equation for inertance of a cylindrical tube

of constant cross-section, derived in section 2.2, is

fluid mass/(cross-sectional area)?

r
"

pl/mr?

where a multiplying factor of #4/3 must be included at 1low
frequency to account for a parabolic flow profile. Inserting
values for fluid volume, density of water, tubing radius and

langth, we find that
L, ° 1.088x10° Pa-sec?/m?

The value of Ltu at resonance will, in general, 1lie somewhere
between this value and the zero-frequency value. Since we are
interested in linearizing our model by choosing values for the

line parameters that match the true values at re sonance, we
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3 3 ) 3
measurement P(mmHg) T(seac) Q(mm ) Q(mm /sec) R(mmHg-s2c/am
bag
flush beg T
only 77 10 7850 785 .09¢81
|
bag and 150 10 5500 550 2727
tubing
a5 10 2250 225 .2923
90 10 3570 357 .2521
avarage 2724 +/- .0201
i
R = R(bag+tubing)-R(bag cnly)

e}

L1743 +/- 0201 mmbg-sec/mm

10 3
= (2.32 +/- 0.26) *10 Pa-sec/n

aquivalent circuit:

Rb
ﬁ&ag

“bag tu

Table 4-1. Tubing resistance measurements
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223 TO know tu2 locztion of the natural freguency of our model

bdetore we czn specify a wvelue for L using =quation (3a).

Howaver, in this wvarus will determine a2

(]
[V

wn

frequency in 2guation (27), we nesd to resort to

n2w naturel

iterative

techniqus to determine a value for Ltuf that satisfies both

equations (3a) and (27). So 1long as convergence of the

iterative procedure occurs (unproven in theory), there are no

anticipated difficulties.

1.3 Compliance

Theoretical

Letermining a theoretical value for tha compliance of

plastic pressure tubing is quite difficult, since

the tubing

exhibits viscoelasticity (wall loss) and creap (plastipv flow)

whicn makes the compliance complex and frequency depandent. The

classical formula for compliance of a thick-walled tube,

equation (5) may be cautiously applied and expected to be

reasonably valid at higher frequencies, where creep

wall loss) may be neglected. Substituting in these

values:

1.72x10°% Pa
0.59 mm
0.40 mm
1.19 m

0.46

B~ m
LU LI TR TR ] ]

W e in g
e can estinmate Ctu as

c = 3.25x10° %4

3
u m*/Pa

(but not

approximate



Experimental

To directly measure Stu(as wall as Gtﬁ as a function of
frequency, the flow generator dascribed in section 3.6 ~wWas
used. Ths system wés assembled as depictad in Figure U-1,
taking extreme care to exclude air from the system and tighten
all couplings, since even microbubbles in thz filling soluticn
will <cause large errors 1in compliance measureament. Tha
transducer compliancs was directly measured by calculating ths
ratio of applied volume increment to observed change in
pressure (see Table 4-2). The compliance was relatively
indépendent of frequency over the frequency range tested, with

an average value of 2.68XIO-15

m®*/Pa , well within  the
manufacturer specifications for this transducer. This rasult
gave some degree of confidences that extraneous sourcas of
compliance had been eliminated.

The total compliance of the parallel combination of

transducer and extension tubing was then measured betwezn 0.12

and 13.2 Hz, and Ctu calculated as

Ceu® Ctotal ~ Cer
where Ctuis taken to be independent of frequency. A strong
frequency dependence was noted (see Figure 4-2) with the tubing
becoming increasingly stiff as the frequency was increased. By
curve-fitting and extrapolation, Ctufor very low and very high

frequencies could be estimated. A high frequency compliance of

1.95 x10”1% m3/Pa (the curve has apparasntly reached a limiting
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valus by 13.2 Hz) was usa2d for all subsequsnt models, since

[ &)
@
3

this represents the wvealue 1in the frequency rzange around
rzsonance, and for ths purposes of this study ws can tolerate
inaccuracies in component values at low fraquency.

One assumption which snould be justified at this point»‘is
that the frequency range over which these wmeasurements were
made is well below the resonant frequency of the systen.
assumption is critical because the affect of tudbing i.psz. no:
and reflections near resonsnce rsasults in  a change in tae
effective compliance (i.e. the tubing can no longer be treated:
as a lumped elemsnt). Fortuitously, the compliance of this
tubing reached a limiting value well below the assumed natural
frequancy of the system (fn>50 Hz), so treating the tubipg as a

lumped compliance in this measurement appears to be justified.
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Figure 4-1. Setup for direct compliance measurement
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Stroke Frequency P 3 C
Test (av) (Hz) (mmHg) (mm° /100mmHg)
3
transducer 0.04 mm 0.20 112 0.0357
only .
1.25 115 0.0348
1.60 115 0.0348
2.75 115 0.0348
4.50 17 0.0342
3 .
transducer 0.20 mm 0.12 11.6 1.724
+ tubing .
0.92 16.4 1.219
1.20 18.4 1.087
1.83 © 22.0 0.909
3.00 30.0 0.667
4,05 37.4 0.535
5.25 44,0 0.455
13.20 70.0 0.290

Table 4-2., Tubing compliance measurements
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4,2 Determination of Resonant Frequency for <the Bubble-free

System

4.2.1 Experimental

To test the validity of the lumped-parameter model in terms
of predicting the resonant frequency.of the monitoring = systemn,
the experimental frequency response was compared with theory-
using the measured or inferred values of the line parameters. Ths
system shown in Figure 4-3 was assembled, and the frequency
response measured using the white noise source and spectrum
analyzer at a static pressure of 50 mmHg. The system was verified
as being bubble-free by remeasuring the frequency response at a
static pressure of 150 mmHg and noting no apparent change in the
frequency response. Because the compliance of an air bubble 1is
strongly dependent on the applied pressure, the effect of
increasing the static pressure on a system with bubbles will be a
decrease in the effective compliance and thus a snift in
resonance to a higher frequency, as has beesn snown by Henry et al
(1967). The gain and phase of the transfer function at both values
of static pressure is shown in Figure U4-4, ﬁe note that an
artifact is present at about 56 Hz. This artifact, which is seen
in all sbectra presented in this work, is the result of carrier
noise gener;ted within the pressure amplifiers. This noise 1is
unavoidable since the amplifiers are being used far beyond tﬁeir
design bandwidth, but fortunately did not occur at a frequency

which was of major importance in our study.
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L —white noise
source

2 ext. input
BIOTEK 601 ™, ! T
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Figure 4-3. Diagram of laboratory setup for testing
of catheter system
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4.2.2 Theoretical

1

To loczte the resonant frequency of tne second-order modal,
we need to siaultansously sclve zaqusztions (3) and (27) for Rtu
and Ltu (Ctu and C(Ctr are assumed constant at 19.5  and
2.68><10"15 m3/Pa y respectively). Starting with an initisal gueés
at the resonant frequency of the model allows calculaticn of R
and L, and the two sets of -equations can than be solved
iteratively until R and L (and w,) converge. Convergence has not
beén shown to be guaranteesd, but we experienced no difficulties
in computing a convergent solution. The values for R, L, fn, and

D (damping co=fficient) found by this method are:
fn= 45.78 Hz

Ry 5-561 XIolo Pa-sec/m3

9

L..= 1.265 x10 Pa—seczlm3

tu

D = 0.0761
The frequency responsé of the second-order system with this
natural frequency and damping coefficiant is shown in Figure U4-5
with the experimental curve superimposed. The agreement is fairly
good considering the many approximations involved in constructing
the model and the possible errors in measuring the compliance of
the tubing (extraneous sources of compliance tend to make our
measurements high). Our check on the assumption of 1low 1loss,

aquation (30), becomes

W > - s2tane!,
pr?
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287.6 rad/sesc >> 43.9 rad/sec

wnich is not & oad approximation.
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4.3 Air DBubble Experiments

4.3.1 Resonant Frequancy as a Function of Bubble Location

The development of section 2.5 has suggested that .the
presence of a bubble in the pressure tubing may be represented by
a parallel lumped compliance introduced at the appropriatea point
in the transmission line model of the ‘'system. A 'desirable
simplification Wwas then to theoretically separate the
transmission line into two sections, pre- and post-bubble, and
model each section as a second-order circuit. This 1leads to a
cascade of two R,L,C circuits .hscse craansfer funetion 1is =
fourth-crder =squation in y (ss= equatibn (28)). The fréquency
response of this fourth-order system exhibits two resonant. peaks,
a dominant (primary) peak at a lower frequency and a secondary
peak at a higher frequency. Since from a practical point of view
it is the primary r2sonance which is of interest the main .result
of this theory is that, for a bubble of given size, the primafy
resonant frequency decreases as the bubble is advanced 1in the
tubing towards the load (transducer) end.

To test this theory, we measured the frequency response of
our standard system as a bubble of known volume was advanced in
the tubing by means of controlled flushing. The response function
of the system was measured using the 35824 Spectrum Analyzer and
noise source as in the previous experiment. First, the system was
carefully filled with the‘ standard solution. The frequency
response was then measursd at static pressures of 50 and 150 mmHg

and compared to verify the absence of any bubbles. Next, a bubble
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of known volume at atmospheric pressure (29.0 nm§) was intreoduced
at tne Biotek dome and advanced through the fluid column by slow
flushing. The frequency response of the system was measured with
the bubble located at various points (20, 40, 60, 80, and 122 cm)
along the fluid column. The response functions are shown in
Figure 4-6(a)-(f). To compare these results with the thesory of
section 2.5.2, the theoretical response functions are also
plotted in Figure U4-6. Note that the higher-than-predicted
damping at higher frequencies tends to obscure the sacond
resonant peak in the magnitude plot, but the phase plot clearly
shows the 180 degrea phase shift around the natural frequency.
For the tubing line constants, Rtu and Ltu were allowed to
vary with the excitation frequsncy according to equation (3) and
the bubble compliance was calculated using equation (34); llote
that the model tends to overestimate the high fraquency resonance
and underestimate the damping. There is no obvious explanation
for the former result. The 1latter 1is most likely due to
nonnegligible wall loss (viscoelastieity) in the tubing, which
our model 1ignores. The qualitative agreement, however, is
encouraging, for it supports the view of the oubble as
"decoupling” the fluid line into two sections, éach of which may

be approximated by a lumped second-order circuit.
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4.4 Tap and Flush Experiment

The theoretical developmant of Chapter 2 has suggested that
most catheter systems may be approximated by a limited number of
lumped sections, the number of sections neccessary depending .on
bubble distribution within the system but perhaps practically
limited to two or three. This lumped model has had the feature of
simplifying system analysis at the expense of absolute accuracy.
In terms of deducing the system response function H(w) from the
time response to a known input (typically =z pressure step at the
patient end of the catheter), many researchers have shown the
lumped second-order model to be adequate. This is because, in
most cases, even a rough knowledge of the location of tne first
resonant freq&ency and damping coefficient may be sufficient to
judge the adequacy’of the system or even to attempt frequency
compensatioﬁA via 1impedance matching. Often, discovery of a
lower-than-expected resonant frequency may result in a search for
occult air bubbles rather than inverse filtering of the prassure
waveform or other electrical technique which requires fairly

precise knowledge of the transfer function.

The clinical unsuitability of the "pop" technique and other-
inputs which require access to the catheter tip led us to examine
two alternate methods of exciting the natural frequencies of the
system which do not require withdrawal of the catheter. The first
method, tapping the extension tubing with a- small mechanical
device, represents an attempt to provide an impulse of pressure

Lo the system. The other, approximating a pressure step, 1s the
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"flush" technique recommended by Gardner (1970,1981). This
technique is quite 'convenient in that the flush device 1is
normally present as part of the monitoring setup. We tested both
of these excitations on debubbled systems as well as thoSe

containing a bubble to determine two things:

(1) Is the time or frequency response independent of the
location of the input?

(2) Is the primary resonance of the system, as seen from the
normal pressure source (the catheter tip), sufficiently

excited by the input to be detected?

4.4.1 Experiment

The experimental system set up to answer these questions 1is
depicted in Figure 4.7. Two sections of the H-P pressure tubing
were connected in series with a three-way valve, allowing a
bubble to be introduced into the side port of the three-way
valve. This was done because the side port is a typical site of
bubble entrapment and also to prevent the bubble from being swept
out of the tubing during the "fast-flush". A Sofenson Intraflo
flush unit was connected between the transducer and tubing (the
normal clinical location), and the Biotek pressure simulator
connected to the other end of the tubing.

The system was filled with the standard solution in the
usual manner, and the transfer function measured at Pstatric = 90
mmHg and again at 150 mmHg to verify the absence of trapped air

(see Figure 4-8(a)). The response of the system to the following



72

four excitations was tnzsn tested:

(1) Biotek square wave (the model excitation)
(2) Tap at x=20 em

(3) Tap at x=224 cm (1l-x=20 cm)

(4) Flush

Typical response waveforms are shown in Figure 4-9(a)-(d).

The lack of accurate calibration of the force delivered by
the tap device, possible motion artifact of the tubing during the
tap and flush procedures, and other problems ser&e to make
rigorous analysis of these responses exceedingly difficult.

llonetheless, the following qualitative analysis may be useful:

(1) The Biotek step response was consistently the most
artifact free. Determination of resonant frequency and damping
from the peaks of the time response was relatively easy and

matchesd the Spectrum analysis determined previously;

(2) The fast-flush response was relatively artifact-free,
although care had to be taken to avoid disturbing the tubing
during the maneuver. The initial "spike" artifact in the response

could not be used for analysis;

(3) The tap response invariably produced some high-frequency
oscillation which made determination of fn and D much more
difficult. It is not known whether this is due to motion artifact
of the tubing, phase cancellation resulting from a secondary

wavefront (the impulse can propagate in both directions away from

the tap), or perhaps even another mode of wave propagation in the
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Figure 4-7. Diagram of setup for tap and flush experiments
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tube wall itself. We also observed that the tap response became
greater in amplitude as the tap site was moved closer to the
transducer, possibly because of the attenuation produced by wall

loss in the 1line.

A considerable change in the responses to these excitations
occurred when a bubble was inserted into the side porﬁ of the
three-way stopcock connecting the two lengths of tubing. The
transfer function of the system with bubble (Figure 4-8(b))
exhibits <the predicted decrease in resonant frequency and
appearance of a second frequency peak. The' Biotek continued to
produce a response from which the lower resonant frequenéy' and
damping were easy to deduce (Figure 4-10(a)). The tap responses
(Figure U4-10(b)=-(c)) unfortunately are dominated by oscillation
at the higher resonance, leading to the tentative conclusion‘that
the tap is an inadequate excitation for the primary resonance.

The flush response has components at both the secondary and
primary frequency, as is seen in Figure 4-10(d). However, further
experimentation revealed that the high frequency response is not
due to the flush itself. Rather, it is due to the manner in which
the flush valve in the Intraflo closes. The release of the
"pigtail"® which.opens the valve actually produces a flow impulse
in the tubing as the rubber membrane which valves the flow
reseats. This can be shown by repeating the flush experiment with
equal pressures in the flush bag and tubing. Upon release of the
flush valve, the piston-like action of the rubber membrane

produces the high-frequency response shown in Figure 4-10(e).
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Comparing Figures 4-10(d) and (e), it app=ears that most, if not
all, of the high-frequency oscillation produced by the fast-flush
is due to the mechanics of valve closure in the Sorenson unit and
not from the initial conditions set up by steady-state flow.
Unfortunately, other makes of flush device were not tested ' to

determine if they were more suitable for this purpose.



[ (D o)

78

Square wave

208

—
UL LBLIR! L]
I | I

tap @ x=20 cm

tap @ x=224 cm

(e)

Figure 4-10. Square-wave, tap, and flush responses with




[ (D Preshald

79

S8 — 500
mmHg | _ mmHg
408F 400
308F 300
200 200
109F 108
E— W - 8
-108f -109
"Zg:LL -1|1|-nl--l L -
A3 46 8. Lo

B flush wvalve closure

E

L

[

E

E

C

i 1 1 l 1 I & 1 l ] 1 ' £ [ 1 l A S 1

g .2 .4 .8 .8 1.8

(e)



80

CHAPTER 5

DISCyUsSsIal

We have gone to considerable 1lengths in this study to
develob a lumped-element model for the catheter system that is a
good approximation to the more accurate transmission line
approaca through the first resonant frequency, and then to
experimentally demonstrate its validity. It may be argued that
this analysis was not really neccessary to achieve our purported
Objective of finding an in vivo method of measuring frequency
rasponse. We feel, however, that the effort put into modeling hes
at least paid off in developing a rationale for understanding the
relative importance of tubing, transducer, and bubble compliances
in determining the primary resonant frequency of a system of
given dimenéions. The analysis has also served to suggest the
range of component (R, L, and C) values for which the lumped
approximation is a godd one.

Having justified the use of a lumped second-order vmodel to
represent the catheter system tested 1in this study, we then
proceeded to demonstrate how an occult bubble éauses decoupling
of the fluid column into pre- and post-bubble sections, with the
result that the column may have significant resonances at more
than one frequency. This result is crucial to our understanding
of the role that location and energy distribution play 1in the
response to tap and flush inputs. We <can now examine these

results in more detail.
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5.1 Tap and Flush Responses

The results of section 4.4 strongly suggest that the tap
excitation leads to response artifacts. This 1is not entirély
surprising for two reasons: first, the impulse has to be
- transmitted through the tubing wall, which may cause longitudinal
wave propagation in tne wszll, temporary nzrrowing of ths 1lumen
dué to relaxation effects, and other wall related phenouenz;
second, the impulse is a signal which requires very large forces
to transfer significant energy to the system - the large pressure
variations in the tubing make transmission nonlinearities more
likely to be evident in the response. Even though we discoVered
an alternate flow impul;e source - the flush valve - which may
eliminaté some of the problems of the "mouéetrap" method (tubing
effects) it still seems impossible to circumvent the nonlinearity
problems.

Another problem ‘with the tap excitation is location
sensitivity. As we have seen, pre- and post-bubble excitations
give qualitati@eiy different responses. ThiS may possibly be the
result‘of reflection from the impedance mismatch existing at the
bubble and high-frequency attenuation in the  tubing. The
impedance mismatch will tend to 1limit the amount of energy
transferred through the bubble and thus isolate the two halves of
the system. The attenuation makes it difficult to achieve an

appreciable response  without wusing extremely high forces.

Moreover, the energy 1is very 1localized within the tubing,

intuitively making the lumped-element model seem unsuitable. All

of these cansideratinne AAamhina +A malba +ha +fanm an timakbumand {oa
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mathod of zxcitation.

Cn the other hand, we have found evidence to éuggesz that
the flush excitation (although perhaps not the particular tlush
devicas tested) may give results similar enough to the “pop"
technique to justify its use in the <clinical setting. We can
Justify the similarity of the flush and pop responses using the
lumped model and energy considerations. First, consider the
circuit shown below, which represents *a d.c. model of our

previous catheter system containing 2 bubble mid-tubing

(component values typical of our experimental system):

A R L V _ _13
] ) ,\1‘ JIF"li Vl "\2"_[& | 2 ‘:\C‘ , Cl—3 . l » 10
= I I jumm— —_—
v, T T . b=Fe 21 J—“Cz Vs
S T ‘ Ibu _ £ _ T
i o —o

where we have substituted V and I for P and Q respectively to
avoid confusion between electrical charge and hydraulic flow.

de can consider the pop and flush excitations as setting up
certain initial conditions in the 1line and then allowing the
system to decay. This corresponds to the homogensous (unforced)
solution to the coupled differential equations governing the

fourth order circuit:

(Llclsz + Rlcls -l)Vl + (LlCZSZ + RlCZS)VZ = O

2 =
'Vl + (LZCZS + RQCZS +1)V2 O
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5.1.1 Initial conditions

The initial conditions set up by tha pop excitation ar

(£

L 2D =hygler = O
Y1=V2: Vé

which means that all the energy is stored in the compliances. For

the flush, we have

vV

I.=I,= s = I ; L =zI._=0

17727 s’ hd “tr
R1+R2

~ 5

Vzz 2f vix2dx = V2/12

1 o S S

V2= 2f'5v2 x2dx = 7V%/12

2= b S s

where we have represented the pressure as a linear function of
the distance x along the fluid column and computed the average
square of the pressure within each section. The reason for this
will be evident shortly.

Now, we can determine the approximate distribution of energy
within the system under each set of initial conditions. The total
energy stored in each section is

- l 2 l T2 s
‘For the pop excitation, there is no flow, and the pressure is

independent of location. Since C; >> C, (commonly the case aven
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witn small bubbles), the majority of thz2 znergy in ths system 1is
Stored 1in the bubble. Therefcre the response is primarily thae
dacay of tne left-hand RLC circuit. Since the 1lowest rasonanca
tends to be associated with the bubble, this means thatv the

response will in most cases be approximately second order.

For the flush, there is kinetic energy in the fluid wmotion
and potential energy in the compliances. Using the component

values shown,

V3L
2 __i ; ’13 2
1 2 R
E__ = 0.50,V% = (1/24)C.V2 = 1.3x10"L4yz
poti R R | 1l's ) s
E__ = 0.5C,V2 = (7/24)C.V? = 1.8x10"12v2
poté U272 2s : S

#e see tnat for the component values chosen (typical for the
system we have studied) the majority of the energy is stored 1in

the fluid motion and not in the compliances. Therefore thse

initial energy stored within each section is approximately equal.

5.1.2 Transient solution

Given these 1initial conditions, we can determine the
trénsient solution to the ideal pop and flush 1inputs. However,
this will require recomputing the line parametars R and L, since
these are frequency dependent. These were estimated from the

observed location znd height of the resonant p2aks in the
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led

experimental data (Figure 4.7(b)) as:

Rl: 1.SXl010Pa-sec/m3
Rzz 2.8><1010Pa-sec/m3
le 7.0x108 Pa-secZm?

L2= 6.3x108 Pa-sec?/m?

A transient solution with these paramester values ani tas
initial conditions determined from the d.c. equivalent circuit
was determinad using the SPICE circuit simulztion program. The
transient solution from 0 to 400 milliseconds for the pop test
initizl conditions is snown in Figure 5-1 and for the flgsh test
in Figure 5-2. As expectad, the pop Fest causes almost an
antirely low-frequency resonating response, while the flush test
yields =a fesponse that 1s a mixture of” the low- and
high-frequency resonances. The low=-frequency response, however,
is easy to distinguish, particularly since the high-frequency
oscillations are quickly damped. This is to be =expected, both
because the damping increases with frequency and Dbecause the
damping is defined as 1loss/cycle, not 1loss/time. The higher
damping and faster oscillation of the high-freguency resonance’
guarantees that it will decay faster than the 1low-frequency
oscillations, so WwWe may reasonably expect the low-frequency
response to dominate. This lends some support to cur assertion
that the flush excitation is a satisfactory input for determining

the low=frequency resonance. Rothe and Kim (1930) have observed
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tnit tne flush waveform prcduced by the snap of the Screnson
Intrarlo valve excited primarily tne cxtension-tube-

¢ antire

e

to-transducer part of <their catheter system, not ¢t
system including catheter. Wnile we have not tasted entire
systems containing long catheters, it seems likely, in view of
our test résults and analysis, that it is tha flow impulse causs=d
by the snap of the Intraflo valve that preduces thne
high-frequency oscillations noted in this study and in ths work
of Rothe and Kim. The flush methnod itself appears to be otherwiss

sound.

L B P,
L SL24Z.10n08

n

How may these results be extended to more gener

(different component values, more bubblss in thes tuting)? w2 nava

W

outlined a general ﬁethod for attacking this problem although we
have‘only computed a solution for one particular system. It
should not prove too difficult to model any specified system 1in
terms of lumped sections in a similar manner. Aan inte%esting
extension of this work would be to <determine a "worst-casé“
respoanse - one that contains resonances close enough together to

make the deéoupling assumption poor.
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Figure 5-1. Simulated response to pressure step at input
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decoupled circuit
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Figure 5-2. Simulated response to fast-flush
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5.2 Extraction of Resonznt Freguency aad Damping from Fast-flush

™

Ifnere 1s some reason tc believe that a good flush s

O
C
3
O
(£}

(i.e. one without valve closure artifact) exists or o

&)
3
o
w

designed. What seems to be raquired is a valve that does 'not
force a bolus of fluid 1into the fluid column as it closes.
Howéver, even if such a device is made available, there are still
a number of practical considerations to be considered in
attempting to calculate resonant frequency and damping from the
flush response.

‘ Foremost among the anticipated difficulties in clinical use
of the Tfast-flush for determining resonant frequency is
Separating the flush response from the blood pressure waveform.
Gardner (1981) has demonstrated the use of the Sorenson in the

clinic. The flush valve is released during the diastolic portion

-~

of the cardiac cycle where the pressure 1is changing th

(1

most
slowly. A recording of the response is then examined. The
determination of resonant frequency is relatively easy, but
damping requires a careful separation of the superimposed flusn
and patient waveforms.

We believe that the flush response analysis may be performed
by digital computer with high reliability, relieving the hospital
personnel of most of the burden of analysis. What is required 1is
some method of patient pressure waveform prediction. This would
allow subtraction of the predicted waveform from the superimposed
patient and flush waveforms, resulting in a time-domain filtering

of the flush response from the combined signal. Statistica]
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methods of waveform prediction exist, so there is no r=2zson  to
balieve that this computation <could not be performed. Other
zlgorithmic devices would have to be designed in order to aake
CLhe computer calculation reject artifacts, particularly the
high-frequency oscillation that we have shown may occur even'Qith

an ideal flusna source.

5.3 Anticipated Usage and Clinical Acceptability

The 1issue of «clinical acceptance of catheter system
Asasurement/correction devices that require user intervention has
been raised (Doherty, 1981). Distortion analysis systems that
require no user iﬁtervention at all havg been descfibed by
Doherty and by others (Brower 1975, Jackson et al 1980). The idea
of determining and correcting waveform distortion automatically
is Obviously extremely attractive, but none of the methods
described ha&e been shown to reliably estimate distortion over
the entire range of catheter systems in use and patient pressure
waveforms. Moreover, .the central assumption underl&ing these
methods, that the pressure waveform 'spectrum does not contain
local maxima simulating a resonance, is open to. some criticism.
Whether a method which requires user interaction is acceptable
depends ih part on how and when the method 1is intended to be
used.

Certainly the calculation of dp/dt is an important part of
many catheterization procedures that requires an extremely
high-fidelity system. However, a catheter system with poor

fraquency response will not be suitabie for accurate dp/dt
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measurements even if it is compensated. Mechanical compensation
can only extend the frequency range a limited amount, and inverse
filtering methods (Ciccolella 1976) cannot be expected to perform
well far beyond resonance where the deviation from second-order
response becomes large. Therefore, determination of resonant
frequency and damping is probably more important to the physician
or technician than elaborate compensation methods when measuring
dp/dt. Presently, catheter-tip manometers are the preferred
instruments for this measurement, and until fluid-filled systems
can reliably achieve flat frequency response to 100 Hz and
b;yond, this will probably remain the case. Even 1if _debubbled
systems become the norm, this will be difficult to achieve given
the physics of the fluid column and the need for flexible tubing
of reasonable length.

Simple pressure monitoring does not ‘require the large
bandwidths of dp/dt measurements, making fluid-filled systems
much.more attractive. The most common and noticeable effect of
low resonant frequency and low damping on the pressure signal 1is
systolic overshoot. If the measurement is being made in a central
artery or in the heart, systolic overshoot may falsely indicate a
valvular lesion or disease, or high peripheral resistance. In a
peripheral artery, the overshoot may falsely trigger pressure
alarms. It is with these "suspect" systems that a direét method
of determining the system resonant frequency and damping is most
needed. In the busy clinical environment, a catheter system that

seems to be reproducing the pressure waveform accurately will

probably not be tested for adeauate freauencv resnoanse nsine tha



92

y

fast-flush or any other technique. However, given & suspicious
pressure waveform (damped or resonant-looking), <the fast-flush
should be able to differentiate Dbetween real blood-pressurs
abnormalities and catheter-induced distortion with high
reliability. An'occasional flush test does not seem 00 higﬁ a

price to pay for higher confidence 1in the displayed blood

pressure waveform.
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APPEIDIX A

Table of Analogous Electrical and Hydraulic Units
, Electrical Hydraulic
' Voltage Pressure
! v P=F/A
1) (N/m? or Pa)
Charge Fluid Displacement
q Y=AX
(coulcmbs) (m3)
Current Fluid Velocity
I=dqg/dt Q=dX/dt=Ax"
(A) (m3/sec)
Power Power
VI PQ
(W) (J/sec)
Resistance Resistance )
R=V/I R=P/Q 3
(ohm) (Pa-sec/m")
Inductance Inertance
L=v/(dI/dt) L=m/A 2 3
(H) ' (Pa=secc/m")
Capacitance Compliancea
C=I1/(dV/dt)=q/V C=X/P
(F) (n3/Pa)
Kinetic Energy Kinetic Energy
1/2L1I 1/2LQ
(J) (J)
Potential Energy Potential Energy
1/2CV 1/2CP
(J) (J)
Resistance/m Resistance/m
R'=R/1 R'=R/1
(ohm/m) (Pa-sec/m3)
Inductance/m Inertance/m
L'=L/1 L'=L/1
(H/m) (Pa-sec?/m3)
Capacitance/m Compliance/m
C'=C/1 C'=C/1
(F/m) (m3/Pa)

A=cross-sactional area of the tube in me

l=length of tubing
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APPENDIX B

Calculation of fn and D From the Step Response

A system is said to be second order if its dynamic response
can be described by a second-order differential equation. The
second-order equation used to zprproximate th2 frequency response

of the catheter system is

.
S, 4288 g0 p(t) =P (b)
“n “n : o) i

where
w, = undamped natural frequency (rad/sec)
D = damping ratio (dimensionless)

The step response for an underdamped system (D < 1) is
( .e-Dwnt )
P (t) = 1 - p/A— sin(/T-D%w?t + @)
0 /I=D7 n
¢ = arcsin(/I-D?%)
W
A n
We can determine D and w, (or fn= 75 ) from the step response

by measuring the time between peaks and the ratio of the 'heights

of adjacent peaks. For the typical step response shown below:
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the response reaches a maximum when the sine argument equals
(2n+1)/2m . Solving for. tn and the ratio yn/yn+1, where y_ is the

output pressure at time t=tp, we have

(2n+1)§ - %

n

In - e(2nD/]I-D’)
Tn+1

If we define

Y
V = lOg n
€V n+1
then
-V
D= yrmewve

to solve for %1, we note the time period between maxima. This

yields

f 1/T

where ﬁr is the resonant frequency of the system. The natural

frequency is simply

£ = f_//T°D%



