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The Effects of Ventilation on the Accuracy of Automated

Monitoring Systems for the Measurement of

Pulmonary Artery and Wedge Pressures

Introduction

Since the advent of the Swan-Ganz catheter in the early 70's

(35), pulmonary artery and wedge pressures have commonly been used

in the treatment and evaluation of critical care patients. These

pressures provide valuable information for assessment of the ade

quacy of intravascular fluid volume, left ventricular function, and

resistance in both the pulmonary and systemic circulation (i.e.,

indication of workload for both ventricles) (4,11,12,17,26,37). It

is very important if these pressures are utilized for clinical deci

Sion making that the nurse is able to measure these pressures con

sistently and reliably, since inaccurate measurement could lead to

serious errors in patient management. One factor which may cause

measurement error is variation in the pulmonary artery and wedge

pressures that may occur due to the patient's ventilatory pattern

and not to hemodynamic changes. This thesis will look at whether

this type of error does occur on a regular basis in the clinical

Setting. The physiological and mechanical reason for its occur

rence will also be discussed as well as possible methods for eli

minating the error.



Chapter l

Problem and Theoretical Framework

Swan-Ganz catheters are used widely in the care of critically ill

patients. Due to the abundance of easy to use monitoring systems and

mini-computers, hemodynamic monitoring can be made available in a vari

ety of settings, from major university medical centers to small commu

nity hospitals. Advanced technology has made sophisticated monitoring

possible in almost any setting, but has also added some problems for

the nursing and medical staffs caring for critically ill patients.

Problem

Today, care of critically ill patients requires knowledge not only

of physiology, pathophysiology and physical assessment skills, but also

requires knowledge of the equipment used in caring for these patients

such as ventilators, monitors, transducers, EKG machines, and pacemak

ers, etc. Those caring for patients must understand how this equipment

works, its benefits and dangers to the patient, what can go wrong, and

how to troubleshoot and solve basic problems. In today's age of tech

nology, nursing and medical staffs must not only be able to cope with

the patient, his illness, and his family but also with his machines.

Otherwise, patients could be seriously harmed or mismanaged because of

faulty equipment or erroneous data. Swan-Ganz catheters used for the

measurement of pulmonary artery and wedge pressures are a big part of

this new technology.

It is important when measuring pulmonary artery and wedge pres

sures to understand the capabilities and limitations of the equipment



being used. For example, it is important to understand why the pressure

measurements are done, what information can be obtained from them, and

how to use that information in caring for the patient. It is also

important to understand how the monitoring system works. There are

several questions that need to be answered, such as: How are pressures

displayed and measured by the monitor? How is the monitor calibrated?

How can one tell if it is functioning properly? And finally, what can

cause measurement error?

One potential cause of measurement error when using a Swan-Ganz

catheter for monitoring pulmonary artery and wedge pressures is the

patient's ventilatory pattern. Many patients are intubated and on

mechanical ventilators, many require the use of positive end-expiratory

pressure (PEEP), many are dyspneic because of pain, pulmonary edema, or

pneumonia. All these factors may affect the measurement of pressures

in the chest. Questions need to be asked, such as: How often does this

type of error occur? Is it significant? And, how can the error, if

significant, be avoided? This thesis will attempt to answer these

questions.

In order to understand why pressure variation with ventilation is

a potential source of measurement error, it is important to review

transmural pressure, the effects of intrathoracic pressure on trans

mural pressure in the chest, and the way in which transducers and mon

itoring systems actually measure pressure. It is because of the

interrelationships between these factors that measurement error may

occur in the critical care settings.



TranSmural Pressure

Transmural pressure or effective intravascular pressure is the dif

ference in pressure between the inside and outside of a vessel (inside

minus outside). It is this pressure that is important when evaluating

filling pressures and blood flow. In the majority of vessels, the pres–

sure exerted on the outside of the vessel is atmospheric or zero; and

therefore, the intravascular pressure is the only determinant of blood

flow and is therefore equal to transmural pressure (12 mm Hg - 0 mm Hg =

12 mm Hg). If, however, the extravascular pressure becomes positive

due to edema or tumor, etc. , then both pressures are very important.

For example, if a vessel has an intravascular pressure of 12 mm Hg and

the extravascular pressure is 14 mm Hg, the vessel will collapse and

there will be no blood flow. If then, the extravascular pressure was

reduced to 8 mm Hg, the transmural pressure would be 4 mm Hg (12 - 8) and

there would be some blood flow through the vessel. If the extravascular

pressure was then to decrease to zero, the blood flow through the vessel

would increase considerably (transmural pressure now 12 mm Hg).

If the extravascular pressure was negative, the opposite would be

true. Negative extravascular pressure would act somewhat like a suc

tion, dilate the vessel, and increase blood flow. If the intravascular

pressure was still 12 mm Hg and now the extravascular pressure was -8 mm

Hg, the transmural pressure would now be 20 mm Hg [12 - (-8)]. In this

instance, flow would be limited by the amount of blood flow possible

through the vessel before collapse of the vessel occurred upstream.

This is analagous to Guyton's concept of cardiac input or venous return

being the determinant of cardiac output (18). Note that effective cir

culating pressure would appear to be the same in all of these examples



if extravascular pressure was not considered. This becomes an impor

tant factor in measuring pressures in vessels inside the thoracic cav

ity where extravascular pressure can vary considerably with ventilation.

Intrathoracic Pressure

Intrathoracic pressure is the pressure that surrounds the lung,

heart and thoracic blood vessels. It is normally slightly negative but

very close to atmospheric pressure when there is no ventilatory move

ment. However, intrathoracic pressure can become very negative or very

positive in relation to atmospheric pressure with different ventilatory

patterns and with certain disease states. It is important to understand

the changes in intrathoracic pressure that occur with the ventilatory

modes seen in the critical care setting and to understand their effect

on the measurement of intravascular pressure in the thorax.

Spontaneous ventilation. During inspiration in spontaneously

breathing patients, intrathoracic pressure becomes more negative in

relation to atmospheric pressure. This negative pressure is transmitted

to the intrathoracic blood vessels increasing their diameter and drop

ping their pressure. Intravascular pressure normally drops 3-6 mm Hg

with inspiration (2) but can fluctuate as much as 30 mm Hg with inspi

ration (25). Hamilton (19) in 1939 reported that inspiration lowers

pulmonary artery and pulmonary vein pressure but does not decrease the

effective or transmural pressures in these vessels (intravascular pres

sure minus intrathoracic pressure). The transmural pressures remain

the same or increase slightly during inspiration. Bloomfield et al. (3)

noted the same phenomenon in 1946 in humans and suggested that intratho

racic pressure would be a more appropriate reference point for measurig



the pressure in the thoracic vessels and in the heart than atmospheric

pressure. Since this time, the observation that intravascular pressure

in the chest falls during inspiration (in relation to atmospheric pres

sure), while transmural pressure in these structures, i.e., the chambers

of the heart and large thoracic blood vessels, does not fall has been

confirmed by several authors (3,21,23,29) including current studies

using modern pressure transducers and recording devices (5,30).

Positive pressure ventilation. With mechanical ventilation or

assisted positive pressure ventilation, intrathoracic pressure becomes

positive in relation to atmospheric pressure during inspiration (29).

This increase in pressure, transmitted to the intrathoracic blood ves

sels, causes an increase in the intravascular pressure during inspira

tion. Though pressure increases during inspiration, when related to

atmospheric pressure, when transmural pressure is measured there appears

to be no change with inspiration (19). PEEP has also been shown to have

no affect on transmural pressure even though it can raise intravascular

pressure in relation to atmospheric pressure (7).

It is felt by some that the increase in pressure seen during inspi

ration may reflect alveolar pressure rather than true vascular pressure

(24,26,33). This concept is usually discussed in relation to wedge

pressure measurements which are used as an indication of left atrial

ressure. If alveolar pressure is greater than intravascular pressure

during inspiration, then the small vessels and capillaries between the

wedged catheter and the left atrium will collapse and alveolar pressure

rather than left atrial pressure will be measured. This type of mea

surement problem can probably be avoided by appropriate catheter place

ment (36).



Intermittent mandatory ventilation. Intermittent mandatory venti

lation (IMW) is another form of positive pressure ventilation used in

the management of critically ill patients in respiratory failure. This

mode of ventilation is a combination of spontaneous and mechanical ven

tilatory patterns (10). Pressures measured in these patients will

increase during inspiration with each mechanical or positive pressure

breath and decrease during inspiration with each spontaneous breath.

The net effect of the pressure variation seen when the pressure is com

pared to atmospheric pressure will depend on the dominant ventilatory

mode. The effective intravascular pressure or transmural pressure,

however, should remain the same regardless of the ventilation mode.

Monitoring Equipment

The monitoring equipment used in the critical care setting mea

sures pressure by converting a pressure signal to an electrical signal

through the use of a transducer. Transducers have two compartments:

a fluid compartment which is directly connected to the patient's intra

vascular catheter, and an electrical circuit which is separated from

the fluid compartment by a metal diaphragm. This diaphragm is con

nected to the electrical circuit by way of a wire or wires which act

as a variable resistor. As the patient's pressure changes, it causes

pulsatile movement of the column of fluid in the catheter which is rest

ing on the diaphragm of the transducer. These pulsations cause slight

movement of the metal diaphragm.

The electrical circuit on the other side of the diaphragm has a

known current flow and voltage drop. As the diaphragm moves, it

stretches the wire attached to it changing its resistance. As the



resistance changes, a different voltage is required to pass the same

amount of current through the circuit. This change in voltage is sensed

and then interpreted as a pressure signal by the monitor. This concept

is similar to the relationship of flow, pressure, and resistance in the

circulatory system (flow = pressure/resistance). If flow (current) is

to remain the same, then pressure (voltage) must rise as resistance

increases and vice versa (8).

Pressure transducers are zeroed with atmospheric pressure and pres

sures are measured as variations from this pressure. There is no way

for the transducer to identify the cause of the pressure change. It

can only sense that a change has occurred. Therefore, if pressures are

varying due to changes in intrathoracic pressure rather than transmural

pressure, these variations in pressure will be incorporated into the

pressure measurement.

The monitor now takes the pressure signal coming from the trans

ducer and identifies peak pressures (systolic), the lowest pressures

(diastolic), and the mean pressure. Systolic pressure is calculated by

taking the mean peak pressures over a period of time (usually less than

60 seconds). Diastolic pressure is calculated by taking the mean of

the lowest pressure measured over a period of time. Mean pressure is a

true mean of all the pressures measured by the transducer for that same

period of time. These pressures are then seen on the digital display

of the monitor. Since the transducer does not have the capability of

identifying fluctuation in pressure which is due to respiratory varia

tion, this type of fluctuation is averaged into these pressures (13).

Prior to the introduction of the Swan-Ganz catheter, pulmonary

artery and wedge pressures were only measured in the cardiac



catheterization laboratory. In this setting, patients are relaxed, usu

ally sedated, and are not normally suffering from any acute medical

problem. They usually have slow, quiet ventilatory patterns. Changes

in intrapleural pressure during ventilation are very slight and should

cause little variation in intravascular pressure measurements. Auto

mated measurement of cardiac catheterization data has been utilized for

several years and has been felt to be accurate and efficient in this

setting (15,38).

In the critical care setting, pressures are being monitored in a

very different population. Patients are no longer normal but are seri

ously ill. Quiet, slow ventilatory patterns are the exception rather

than the rule. Many patients regardless of diagnosis, are dyspneic, in

pain, or on mechanical ventilators. Variations in pressure with inspi

ration could now be quite significant.

It is likely that in patients who have a large change in pressure

during inspiration, there could be considerable error in the measurement

of pulmonary artery and wedge pressure using an automated device. For

example, if a patient had a respiratory rate of 24 and a wedge pressure

that changed from 18 mm Hg to -2 mm Hg during inspiration, the monitor

would take a mean of this fluctuation in pressure and display the wedge

pressure as about 8 mm Hg. The more accurate pressure would be that

pressure at end-expiration or 18 mm Hg since that is more reflective of

the transmural pressure. Treatment of a patient with a wedge pressure

of 18 mm Hg would be very different from that given a patient with a

wedge pressure of 8 mm Hg.

The wedge pressure of the patient in the above example would now

be varied just by changing the amount of respiratory variation in the
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pressure without changing the transmural pressure at all. Let's say

that the large pressure variation with respiration is due to pain. By

giving morphine, it would be possible to decrease the amount of varia

tion in the pressure. After the morphine, the wedge pressure fluctuates

from 18 mm Hg at end-expiration to 10 mm Hg during inspiration. The

monitor would now display the pressure as about 14 mm Hg.

If the patient were now put on a mechanical ventilator, further

variation in pressure would occur. Now during inspiration, let's say

the pressure fluctuates from 18 mm Hg at expiration to 28 m Hg during

inspiration. The monitor will average this out to be about 21 mm Hg.

The wedge pressure has now gone from 8 mm Hg to 14 mm Hg to 21 mm Hg

with absolutely no change in the patient's hemodynamic status. If the

pressure had been measured at end-expiration, there would have been no

change in pressure in the three examples (see Figure 1).

In order to avoid the effects of ventilation on these pressures,

most investigators measure pulmonary artery and wedge pressure at end

expiration where intrathoracic pressure is closest to atmospheric pres

sure. At this phase of the respiratory cycle, ventilatory pattern has

the least effect on intravascular pressures. Therefore, if intravascu

lar pressures are related to atmospheric pressure during this phase of

the cycle, they should most accurately reflect transmural pressure.

End-expiration pressures are usually measured with the use of a cali

brated strip chart recorder. A tracing of the desired pressure(s) is

run, the expiratory phase of the ventilatory cycle is identified, and

pressures are then measured from this point off the strip recording.

Unfortunately, this is rarely done in the clinical setting.
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Chapter II

Literature Review and Hypotheses

Relevant Literature

Considerable information is available in the literature on Swan

Ganz catheters. Much of it deals with describing the catheter and the

information available from its use in the critical care setting (4,11,

12,37). There is also a fair amount of literature dealing with the

validity of the pressure measurements, especially the pulmonary capil

lary wedge pressure as a reflection of left atrial pressure, in the

critical care setting. The majority of this literature deals with the

validity of the pulmonary artery and wedge pressure measurements in

patients who require mechanical ventilation and/or PEEP. It is the

validity or accuracy of pressure measurements that this paper is con

Cerned with.

Rice et al. (28) studied the validity of wedge pressure measure

ments in patients with chronic obstructive lung disease (COPD). Abso

lute wedge pressure (relative to atmospheric pressure) was compared to

effective wedge pressure (relative to intrathoracic pressure) in 19

patients with documented COPD. However, wedge pressure and intratho

racic pressure were only measured in 10 of these patients. In the other

nine patients, wedge pressure was extrapolated from the magnitude of the

mean intrathoracic pressure. It is unclear to this reader how that

could legitimately be done. They found that a mean of the absolute

pressure was within 3 mm Hg of the effective wedge pressure in 8 of the

10 patients in whom it was measured. In the two remaining patients, a

mean of absolute wedge pressure overestimated the effective wedge
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pressure by a considerable margin. No comparison was made between

effective wedge pressure and end-expiratory wedge pressure. The authors

felt that the error was due to very high intrathoracic pressures during

exhalation, and that to get accurate wedge pressures in COPD patients,

esophageal pressures should be measured.

It is unclear exactly how the measurements were done. It seems

that the authors had these patients hyperventilate while the wedge

pressures were being measured. Hyperventilation is discussed in four

patients though not as a routine procedure (routine procedure was not

discussed at all). The one figure showing pressure tracings is of a

patient who is first breathing quietly and then hyperventilated. It can

only be assumed that this maneuver was carried out on each patient. If

this is so, the reliability of this study is very low. Wedge pressure

is normally measured when the patient is as quiet and relaxed as possi

ble and under minimal stress. Pressures are not measured while patients

are attempting to hyperventilate. Also, in looking at the waveforms in

the same figure, it seems that during quiet breathing, end-expiration

pressure is much closer to the effective wedge pressure than the mean

pressure. Therefore, even if mean absolute wedge pressure is closer to

effective wedge pressure during hyperventilation, it does not seem to be

the case during tidal breathing when pressure measurements are usually

made. It is therefore very difficult to accept the findings of this

Study.

Lozman et al. (24) looked at the correlation between wedge pressure

and left atrial pressure in five post-operative, open-heart surgery

patients at levels of positive end-expiratory pressure (PEEP) varying

from 0-15 cm H20. In two patients, pleural pressure was also measured
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in order to measure effective left atrial pressure. Systolic and dias

tolic pulmonary artery pressures were measured at end-expiration in

order to avoid respiratory artifact. No mention is made of doing this

for any pressure reported only as a mean. To investigate the morphology

of Swan-Ganz catheters, two dog experiments were also carried out. One

used an isolated segment of a pulmonary artery and the other involved

passing a Swan-Ganz catheter to the wedge position and then sacrificing

the animal with the catheter still wedged.

The authors found good correlation between wedge pressure and left

atrial pressure at 0 and 5 cm H20 PEEP, but poor correlation at 10 and

l 5 cm H20 PEEP. In the dog experiment, they found that the balloon

preferentially inflated on one side in the majority of cases causing the

tip to occlude against the vessel wall. Thinning of the pulmonary

artery was observed at the site where the tip of the catheter impinged

against it. Three possible reasons were given for the discrepancy

between wedge and left atrial pressures. First, they did not allow

enough time for the catheter to float into the wedge position due to an

idiosyncrasy in their measurement technique. Second, that with higher

levels of PEEP alveolar pressure exceeds venous pressure as in West's

zone II (40) so that the catheter would actually be measuring alveolar

pressure rather than the intravascular pressure when in the wedge posi

tion. And, third, that at high airway pressures the balloon does not

inflate evenly causing the catheter tip to impinge against the vessel

wall.

It seems that if an error in measurement occurs because the cathe

ter is sitting in zone II where Pa > PA - Py, it could be easily remedied
by repositioning the catheter. Since not all of the lung would be in
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zone II, if the catheter were positioned in zone III where Pa > P, * PA
(see Figure 2) the wedge pressure would reflect intravascular pressure

and would no longer be influenced by alveolar pressure as suggested by

Tooker et al. (36). I also question whether the discrepancy would have

been as great or would have occurred at all if pressures had been com

pared at end-expiration.

If uneven inflation of the balloon occurs, it may have more to do

with the diameter of the vessel in which the catheter is sitting rather

than the elevated airway pressures. I have personally seen what was

thought to be uneven inflation of the catheter balloon when the catheter

was lying in a distal segment of the pulmonary artery. Wedge pressures

dropped considerably when the catheter was repositioned to a more cen

tral location. It seems that more investigation would have to be done

before wedge pressures are considered invalid on more than 5 cm H20
PEEP. Also, the sample size was small and this may bias the results.

Another study looking at the validity of wedge pressures during

mechanical ventilation was done by Davison et al. (9). They compared

end-expiration pressures on the ventilator with pressures measured off

the ventilator during apnea. This was done in order to avoid respira

tory artifact. Measurements were done on 29 patients, 13 of which were

on 5-10 cm H20 PEEP. They found very good correlation (r=. 98) between
pressures measured on and off the ventilator when pressures were mea

sured at end-expiration. They concluded it was unnecessary to remove

patients from the ventilator in order to measure wedge pressure.

This study has a good sample size for a clinical study and is

reported in a manner which would make it very easy to replicate. An

example is even included of their method of measuring pressures. It
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seems that if the author's procedure for measuring pressures in patients

who require mechanical ventilation were followed, that the results of

this study could be easily generalized to other clinical settings. In

my own experience, I have found that there is no difference between pul

monary artery and wedge pressures measured on and off the ventilator as

long as pressures are measured at end-expiration.

Tooker et al. (36) looked at the effect of the vertical height of

the Swan-Ganz catheter in the lung on the relationship between left

atrial pressure and wedge pressure. They placed two Swan-Ganz cathe

ters, a left atrial pressure line and a pleural catheter in 15 dogs, 9

with normal lungs and 6 with oleic acid-induced pulmonary edema. One

Swan-Ganz catheter was positioned higher than the left atrium and the

other was positioned lower than the left atrium. Wedge pressures were

verified at end-expiration. These dogs were then mechanically venti

lated with levels of PEEP from 0–30 cm H20 with wedge pressures from

both catheters being compared with the actual left atrial pressure at

each level of PEEP. They found good correlation between left atrial

pressure and the wedge pressure from the lower catheter in both the

normal and the edema group (r=. 96 and .97 respectively) and poor cor

relation between left atrial pressure and wedge pressure from the higher

catheter (r=.73 and .65).

The authors felt that the reason for the differences in wedge pres–

Sures measured with the two Swan-Ganz catheters was because they were

sitting in different zones of the lung (see Figure 2). The upper cathe

ter was in zone II where pulmonary artery pressure is greater than alve

olar pressure but alveolar pressure is greater than pulmonary venous

pressure, and the catheter was measuring alveolar pressure rather than
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left atrial pressure. The lower catheter was in zone III where pulmon

ary artery pressure is greater than pulmonary venous pressure which is

greater than alveolar pressure and therefore would measure true left

atrial pressure. They also noted that many clinical conditions could

decrease the proportion of the lung which occupied zone III, such as

hypovolemia, positive pressure ventilation, or a combination of both.

They felt that if the Swan-Ganz catheter was positioned below the level

of the left atrium, it could be safely assumed the catheter was in zone

III and wedge pressure would then accurately reflect left atrial

pressure.

This was a very well controlled study and although done in dogs has

considerable application in the clinical setting. Levels of PEEP were

used which run the gamut of levels commonly used in the clinical set

ting. It would be very difficult to carry out a study of this type in

humans, but it seems that the results could be fairly safely generalized

to the clinical setting. A similar study was done by Roy et al. (31)

which obtained similar results. This would also increase the reliabil

ity of this particular study. It seems that it may explain a lot of

the variance seen between clinical studies which look at the correlation

between left atrial pressure and wedge pressure in patients requiring

mechanical ventilation and PEEP. It must be remembered that the cathe

ter position in relation to the left atrium would be affected by a

change in the patient's position. This could affect the validity of

the measurement. However, this should not be a problem clinically since

measurements are usually done with the patient supine. If the catheter

was below the left atrium in this position, then measurements should be

valid. It is also important to note that pressures were compared at
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end-expiration and if this were not done clinically, generalizability

would be very poor.

Another study looking at the effect of mechanical ventilation on

pulmonary artery and wedge pressure measurements was done by Shinn et

al. (33). They looked at pulmonary artery and wedge pressures on and

off the ventilator in 18 critically ill patients who required mechanical

ventilation but no PEEP. Pulmonary artery, systolic, diastolic, and

mean pressures were averaged over one respiratory cycle and then com

pared to pressures measured off the ventilator. They found significant

differences in pulmonary artery pressures on and off the ventilator but

no difference in wedge pressure. They postulate three reasons for their

findings: (1) patients were hemodynamically stable, (2) patients had

relatively non-compliant lungs so pressure changes were not transmitted

to the pleural space, and (3) large tidal volumes increased pulmonary

vascular resistance which would increase pulmonary artery pressure but

would not affect wedge pressure.

The authors do not state the condition of the patients while off

the ventilator. , i.e., whether apneic or breathing spontaneously. This

may cause some discrepancy in pressure measurement and could explain the

variation in pressure on and off the ventilator. Also, they state that

considerable variation in pressure occurred due to ventilatory pattern

and it was best to average pressure rather than read individual wave

forms. No rationale was given for why this method of measuring pres

Sures is the most accurate. This is especially interesting since one

author, Dr. Huseby, was also an author on the study by Tooker in dogs

(36) where they felt it necessary to measure end-expiratory pressures

in order to avoid artifact caused by respiratory variation. It seems
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that if respiratory variation is important enough to control to assure

accurate measurements in an animal experiment, that it should be consid—

ered in the clinical setting where treatment decisions are made based

on the measurements. If the same factors do not apply in the clinical

setting, it seems that some rationale should at least be offered. In

addition, if considerable variation in pulmonary artery pressure (PAP)

occurred due to the ventilatory pattern, it is difficult to explain the

good correlation between wedge pressures on and off the ventilator. The

most likely explanation would seem to be that though PAP was averaged

over a respiratory cycle, that wedge pressure was mesaured at expira–

tion. If that is so (the authors do not state the method used for mea

suring wedge pressure), then one must again question the rationale for

advocating that pressures are most accurate when averaged over an entire

respiratory cycle.

Role of the Nurse

In the majority of settings where pulmonary artery and wedge pres

Sures are measured with the use of the Swan-Ganz catheter, the nurse is

the member of the medical team who is responsible for working with the

equipment and doing the pressure measurements. She/he is the one who

deals with the company sales representative and repairman. She/he is

the one who is using the equipment and must know how to troubleshoot

and calibrate the monitor in order to get accurate pressure measurements.

In a large university medical center, another aspect is added to

the role of the nurse. In this setting, there are many medical students

and housestaff, many of whom when they rotate through the critical care

area, have had little or no experience with hemodynamic monitoring
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procedures or equipment. It is therefore important that the nurse has

a good understanding of the monitoring equipment, its use, and its

problems for two reasons. One, so that accurate and reliable measure

ments can be made which can be used for making decisions about the

appropriate treatment of the patient, and two, so that she can help

teach the medical students and housestaff the appropriate use and care

of the equipment.

Unfortunately, most nurses and physicians have little understanding

of the monitors and other equipment used in caring for critically ill

patients. It is felt that if a device is automated, when a pressure or

other result is displayed it is automatically correct. This of course

is not always the case. If modern technology is to be used correctly,

its capabilities and its limitations must be understood by those using

the equipment.

Hypotheses

The purpose of this study is to determine whether disregard of the

fluctuation in pressure with ventilation does actually lead to signifi

cant error in the measurement of pulmonary artery and wedge pressures

in the critical care setting. I propose the following hypotheses:

1. Pulmonary artery and wedge pressures measured with an automated

monitoring device, which disregards ventilatory pattern, will be lower

than the same pressures measured at end-expiration with the use of a

two channel strip recorder in critical care patients who are breathing

Spontaneously.

2. Pulmonary artery and wedge pressures measured with an automated

monitoring device, which disregards ventilatory pattern, will be higher
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than the same pressures measured at end-expiration with the use of a

two channel strip recorder in critical care patients requiring mechani

cal ventilation.

3. Pulmonary artery and wedge pressures measured with an automated

monitoring device, which disregards respiratory variation, will be dif

ferent from pressures measured at end-expiration with the use of a two

channel strip recorder in critical care patients on IMV.

4. Pulmonary artery and wedge pressures measured with an automated

monitoring device will be no different from pressures measured at end

expiration with the use of a two channel strip recorder in patients

undergoing routine cardiac catheterization, in the cardiac catherization

laboratory.

In hypothesis three, it is difficult to predict the direction of

variation in the pulmonary artery and wedge pressures with IMW since it

will depend on the type of ventilation which predominates and the degree

of variation in the pressures with each type of ventilation. Therefore,

a difference is predicted but not the direction of that difference.
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Chapter III

Materials and Methods

Sample Selection

A sequential sample of 40 critical care patients who required hemo

dynamic monitoring with a Swan-Ganz catheter was obtained. Patients

were selected from the respiratory intensive care unit and the medical

surgical intensive care unit at the LDS Hospital in Salt Lake City. No

patient was excluded on the basis of admission diagnosis, age, or sex.

The only criteria for inclusion in the study was the presence of a func

tioning Swan-Ganz catheter.

An additional 20 patients were randomly selected from the files

of the cardiac catheterization laboratory at the LDS Hospital. All

patients selected had undergone a right heart catheterization from July

to December of 1978. A total of 155 right heart catherizations had been

done during this six month period. No patient was excluded because of

diagnosis. The only reasons for exclusion from the study were incom

plete information regarding the right heart catheterization in the

patient's file or if the catheterization was done on an emergency basis.

Equipment

Strip recorder. In the critical care units, two channel brush

recorders were utilized for pressure tracings. The recorders have a

fixed gain with only a zero adjustment which eliminates the need to

recalibrate prior to each measurement. Only a zero adjustment must be

done before measuring pressures. In the cardiac catheterization lab

oratory, the Irex Medical Systems Continue Trace was used. This is an
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optical photographic recorder with adjustable gain and zero. The

recorder is calibrated and zero adjustments are made prior to each

catheterization procedure. The calibrations and/or zero adjustments

are recorded routinely on every pressure tracing with both systems.

Automated monitoring device. In both critical care units and the

catheterization laboratory, a MEDLAB time sharing system developed for

the Control Data 3200 computer by Warner et al. (39), was used for

automated measurements of pulmonary artery and wedge pressure. In the

critical care units, this sytem identifies ten adequate sequential

pressure waveforms, using fairly sophisticated criteria, which throw out

beats that don't have clear dichrotic notches, and samples these pres–

sures at 200 times a second. Systolic, diastolic, and mean values are

then taken from the digitally determined values. In the catheterization

laboratory, the method for measuring pressures is essentially the same.

The QRS complex is used as a trigger and six successive heart cycles are

sampled and averaged. Waveforms are again sampled at 200 times per sec

ond and systolic, diastolic, and mean pressures are determined in the

same way as for the program in the critical care units (38).

In one critical care unit (med-surg), the Tektronix 414 monitor was

also used to measure pressures. This monitor converts and holds the

peak values for systolic and diastolic pressure. These pressures are

then filtered using a two pole filter which averages the more recent

Systolic or diastolic values more heavily than those occurring at a more

distant time. This circuit, after determining the peak and valley val

ues for the waveforms, converts these pressure signals to voltages read

by a digital display. The mean pressure filter is a four pole filter

and is designed to provide an accurate mean value of pressure while
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holding ripple to 1 mm Hg or less (13,35). Most manufacturers utilize

this basic technique in designing their monitoring systems (1,2, 13,22).

Transducers. Bentley tran-tec m300 and Stantham P-23 ID strain

gauge transducers were used in both the critical care units and the

catheterization laboratory. All transducers have a fixed gain which is

calibrated and checked for accuracy prior to sterilization between

patient use. The transducers as well as all other patient monitoring

equipment is checked and maintained every three months by the University

of Utah Department of Medical Biophysics and Computing which is based

at the LDS Hospital.

Study Design

The structural design of this study was a single group post-test

only design (6). The design is schematically shown below.

Single Group Post-test Only Experimental Design

In the critical care units, pressure measurements were done simultane

ousely with the automated monitoring device(s) and the strip recorder.

In this way, the majority of the extraneous variance could be controlled

because (1) each patient acted as his own control, and (2) since mea

surements were done at exactly the same time, variations in the pressure

measurements between the two systems could not be due to real changes in

the patient's pressures over time, or variations in the equipment used

to measure the pressures. Wentilatory mode was used to define different
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sections of the sample and to assign individuals to different phases of

the study.

In the cardiac catheterization laboratory, there were two varia

tions from this. Since the patients were chosen from the catheteriza

tion laboratory files, the sample selection could be random rather than

sequential. This would increase the reliability of the results. How

ever, since the data was retrospective, the simultaneous measurement of

pressure with both methods is not assured. It is routine in the cathe

terization laboratory to run a strip recording of each pressure while

it is being measured by the computer and note the time of the recording.

If the time recorded on the strip was different from that recorded with

the computer measurement of pressure, it could be inferred that any war

iation between the two measurements could be due to changes in the

patient's actual pressure. This could obviously decrease the reliabil

ity of the study. However, the time difference, if it does exist, should

be small (1–2 minutes). Also, the catheterization laboratory is a much

more controlled setting than the critical care unit and changes in the

patient's pressures during the catheterization procedure would be quite

unlikely.

Data Collection

Critical care unit. Prior to each pressure measurement, the

patient was placed in the supine position and the transducer was leveled

at the mid-axillary line. If the patient was agitated, poorly matched

to the ventilator, coughing, or unstable, pressure measurements were

postponed until the patient was in a steady state. The transducer was

then opened to air and zeroed with the strip recorder and the automated
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monitoring device(s). Dynamic response of the monitoring system was

then checked using the Sorensen Intraflo to produce a step function

change as described by Gardner et al. (14) and Glantz and Tyberg (16).

If the system was over dampened, the cause was found, i.e., air in the

system, a leak in the connections, etc., and was corrected prior to

measuring pressures. Pressures were measured with the automated device

and recorded. A strip recording was simultaneously run for hand calcu

lation of the pressures at end-expiration. At least three to four ven

tilatory cycles were recorded for each pressure (pulmonary artery

pressure, pulmonary artery mean pressure, and wedge pressure), for the

hand calculations.

Demographic data and information about the patient's clinical

State were also recorded. Age, sex, diagnosis, and the critical care

unit in which each patient was cared for were recorded in order to bet

ter identify sample characteristics. Wentilatory mode, blood pressure,

pulse, respiratory rate, compliance, positive end-expiratory pressure,

current therapy and problems were recorded in order to determine the

patient's clinical state when the pressure measurements were obtained.

The form used for data collection is shown in Figure 3. Data was col

lected on a daily basis, when possible, as long as the Swan-Ganz cathe

ter was in place.

Catheterization laboratory. All data was taken from the files of

patients who had a routine right heart catheterization, using standard

catherization laboratory procedures. Pulmonary artery systolic, dias

tolic, and mean pressures were recorded from the raw data computer

printout along with the time the pressure measurements were done. Pul

monary artery systolic, diastolic, mean and pulmonary capillary wedge
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Patient Name Hospital Number

Age Sex Date catheter inserted ICU

Diagnosis

Date Time BP HR

9th RR PEEP Wentilatory mode

Present Clinical State

Clinical Problems

Computer: PAP PAP PCW

Monitor: PAP PAP' PCW Zer0

Recorder: PAP PAP PCW

Comments:

Figure 3. Data Collection Form used in the critical care
units. The strip recording was attached to this
form with each measurement of pressure.
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pressures were calculated at end-expiration from the Strip recording

done at the time of the catheterization. The time recorded for each

pressure on this recording was also noted. Diagnosis, age, and Sex

were also recorded for each patient in order to better identify sample

characteristics.

Procedure for hand calculation of PA and PCW. Pulmonary artery

and wedge pressures were measured following a standard procedure. A

copy of the procedure used can be found in Appendix I. A Strip was

run of pulmonary artery pressure over at least three ventilatory cycles

and then a mean button on the strip recorder was depressed which fil

ters the waveform to a mean value. This mean pressure was recorded for

at least another three ventilatory cycles. Next, the baloon on the

catheter was then inflated to float the catheter into the wedge posi

tion. A strip was then run of the wedge pressure again over at least

three ventilatory cycles.

Expiration pressures were then identified on the strip recording

and pulmonary artery systolic and diastolic pressure were measured from

the phasic waveform. Pulmonary artery mean was measured from the elec

trically meaned pulmonary artery pressure strip again measuring at end

expiration. The wedge mean was read at end-expiration directly from

the phasic waveform. An example of this procedure is shown in Figure 4.

End-expiration pressure for all pressures measured were compared over

several ventilatory cycles to ensure a correct reading. After pressures

were measured by the investigator, they were again read by another qua

lified individual (the assistant director of the respiratory intensive

care unit) in order to decrease error and increase the reliability of

the measurement.
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Figure4.
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Chapter IV

Results

Sample Characteristics

Critical care group. Pulmonary artery and wedge pressures were

measured in forty patients from the respiratory and the medical

surgical intensive care units. Twelve patients (30%) were from the

respiratory intensive care unit and twenty-eight patients (70%) were

from the medical-surgical intensive care. Mean age for all patients

was 53.1 (s=18.9) with an age range from 15 to 89 years. Twenty-two

patients were female (55%) and eighteen were male (45%). Diagnosis

varied considerably and are listed for each patient in Table 1.

Pulmonary artery and wedge pressures were measured on a daily basis

for as long as the catheter was in place and the investigator's schedule

would allow. These pressure measurements were then divided into three

groups according to the patient's ventilatory mode at the time the pres

sure measurements were obtained (spontaneous ventilation, IMW, or

mechanically assisted or controlled ventilation [assist/control]). In

order to avoid sample bias, no more than two measurements were allowed

per patient in any of the three groups. If a patient had more than two

pressure measurements done in any one ventilation mode, only the first

two measurements were used and the remainder in that mode were dis

carded. Thirty-one patients (77.5%) had pressure measurements in only

one ventilatory mode or group. Seven patients (17.5%) had measurements

in two groups and two patients (5%) had pressure measurements in all

three groups. No patient had more than four pulmonary artery and wedge
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Table l

Demographic Data--Critical Care Patients

PATIENT | AGE | SEX | ICUk DIAGNOSIS

1 SU 45 M | M-S pleuritic chest pain, hypoxia
2 LC 51 || M | M-S skull and rib fractures, aspiration pneumonia
3 MS 70 M | M-S myocardial infarction (MI) abdominal abscess
4 BS 36 F R respiratory failure--? viral pneumonia
5 MG 67 F | M-S ileal cancer, pelvic abscess, bronchospasm
6 BW 57 | F R Sepsis, R/0 pulmonary embolus
7 GG 40 M | M-S chest pain, pulmonary embolus
8 PN 6] | F R COPD, possible sepsis, CNS disorder
9 MF 73 || F | M-S cancer colon, septic shock

10 MS 41 F | M-S respiratory failure, cardiovascular accident
11 MB 69 M | M-S myocardial infarction (MI)
12 CS 67 M R adult respiratory distress syndrome (ARDS)
13 MW 65 | F | M-S GI bleeding, hypertension
14 TB 19 F | M-S gunshot wound chest, ARDS
15 MP 65 M R pneumonia, sepsis, DIC
16 ES 64 M | M-S respiratory failure, CHF, GI bleeding
17 MT 72 | F | M-S fractures hip, ASHD with mitral stenosis, SBE
18 MS 49 || M R pneumonia, retroperitoneal abscess
19 WP 6] | M R pneumonia, pulmonary fibrosis
20 FN 58 || F | M-S | bowell abscess, cancer
2] CM 50 | F | M-S cancer, post-operative
22 DS 69 || M R pulmonary fibrosis, MI
23 JY 28 F | M-S hepatic coma
24 TG 15 F | M-S renal failure, sepsis
25 CB 6l | M | M-S s/p cholecystectomy
26 BK 19 || M R trauma, aspiration pneumonia
27 LN 59 F | M-S pneumonia, septic shock, GI bleeding
28 HO 65 M | M-S arterial insufficiency
29 DA 26 M | M-S sepsis, cellulitis, drug abuse
30 GW 44 F | M-S | ARDS, s/p radical mastectomy
31 IL 85 F | M-S cardiogenic shock, OHD
32 CH 56 M | M-S rheumatic heart disease, CHF
33 MA 56 | F | M-S abdominal mass
34 GB | 5 || M R trauma, ARDS
35 LD 69 || M | M-S necrotic bowel , abdominal aortic aneurysm, ARDS
36 WE 55 F | M-S gastro-colic fistula
37 WT 64 F | M-S cardiac tamonade, hemopercardium
38 GS 20 | F R ARDS, eclampsia, renal failure
39 WM 89 || F | M-S septic shock, bowel obstruction
40 RC 56 F R pulmonary contusion, rib fractures

* R = respiratory intensive care unit
medical-surgical intensive care unit
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pressure measurements in the entire study. Thirty-three patients

(82.5%) had one to two measurements included in the study (Table 2).

Catheterization laboratory patients. The twenty patients randomly

selected from the catheterization laboratory files had a mean age of

49.7 (s=12.9) with a range from 17 to 71 years. Thirteen (65%) of the

patients were male and seven (35%) were female. Their diagnoses are

listed in Table 3.

Data Analysis

Mean pulmonary artery and wedge pressures as measured by the

Control Data 3200 computer (computer) were compared with strip recorder

measurements of the same pressures using a paired Student t-test. Mean

pulmonary artery and wedge pressures measured by the Tektronix 414

monitor (monitor) were also compared to strip recorder measurements of

the same pressures using the paired Student t-test. This was done for

each ventilation mode (spontaneous, IMW, assist/control).

Two difficulties arose in the measurement of pulmonary artery sys

tolic and diastolic pressures. The first, was that in some patients

there was so much artifact on the strip recorder tracing of the pres

sure due to catheter whip that it was impossible to identify systolic

or diastolic pressure. An example can be seen in Figure 5. Therefore,

in these patients, though an automated measurement of systolic and dias

tolic pressure could be obtained (the automated system cannot differen

tiate between artifact and actual pressure) a hand measurement from the

strip recording could not be done. Secondly, in one intensive care

unit (medical-surgical), the computer program had eliminated the display

of systolic and diastolic pulmonary artery pressure and only displayed
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Table 2

Multiple Pressure Measurements Per Patient

Patient Pressure Measurements Total Measurements Per Patient

One Group Two Groups |Three Groups Four Three | Two One

N 3] 7 2 6 l 16 17

% 77.5 17.5 5 15 2.5 40 42.5
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Table 3

Demographic Data--Cardiac Catheterization Laboratory

PATIENT (#) SEX DIAGNOSIS

6462 59 M aortic regurgitation, coronary artery disease (CAD)
6568 48 F mitral stenosis, tricuspid regurgitation
6016 63 M aortic stenosis/regurgitation, LW dysfunction
6845 57 M mitral prolapse, regurgitation, CAD
6856 39 F | congestive heart failure (CHF)
6645 50 F | non-anginal chest pain
6659 7] M aortic regurgitation
6650 44 M CAD, MI, mitral regurgitation, LW dysfunction
67.17 5] M aortic stenosis, hypertension
6744 43 M CAD, angina, aortic regurgitation
674.1 58 M mitral regurgitation, CHF
6740 50 F mitral stenosis, CHF
6764 56 F | CHF

6796 33 M CHF, LW dysfunction
6746 69 M aortic stenosis/regurgitation
6771 40 F | unknown

6799 53 F | non-anginal chest pain, MI
6752 17 M pulmonary stenosis
6780 35 M mitral regurgitation
6766 58 M progressive angina
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Figure 5. Example of pulmonary artery pressure tracings in
which it is impossible to identify systolic and
diastolic pressure. Upper tracing, patient on
mechanical ventilator; lower tracing, patient on
IMW with a rapid respiratory rate.
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mean pulmonary artery and wedge pressure. These two factors decreased

the number of systolic and diastolic measurements available for com

parison in all three ventilation modes.

The method of measuring systolic and diastolic pressures is very

similar for the monitor and the computer, and the error expected with

both systems and the direction of that error would be the same. An

analysis of variance was done on wedge pressure measurements in the

spontaneous ventilation group comparing monitor, computer, and strip
recorder measurements. This showed no difference between the monitor

and computer measurements of pressure though both were different from

the strip recorder measurement (p=<.05). Therefore, in order to

increase the number of pulmonary artery systolic and diastolic pres–

Sures available for statistical analysis, the computer and monitor

measurements were combined into a single automated measurement group.

They were then compared with their respective strip recorder measure

ments using the paired Student t-test. Statistical analysis for all

groups can be seen in Tables 4-7. Raw data for all groups is shown in

Appendix II.

Critical care spontaneous group. Twenty-five paired measurements

of mean pulmonary artery and wedge pressures were obtained with the com

puter and recorder. There was a statistically significant difference

in the mean pulmonary artery presssure measured with both devices

(p=. 005). The computer measurement was consistently lower with a mean

difference between groups of 2.5 mm Hg (s=3.45). Six measurements (165)

had a 4 mm Hg or greater variation in the two measurements. Wedge pres–

sure difference between devices was statistically significant, the

computer measurement again being consistently lower (p=. 001) with a mean
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measurements.

Table
6

Statisticsforpulmonaryarterysystolic(PAsys)anddiastolic

range
=
rangeof
variation

betweenautomatedandStriprecordermeasurements,
A=
meandifferencebetweenmeasurements *2(9%)210

mmHg,*ll(50%)210
mmHg,"3(23%)210
mmHg,67(54%)210
mmHg,e3(14%)210
mmHg, *6(27%)210

mmHg

Spontaneous
IMW
Assist/Control

PASysPAdiaPASysPAdiaPASVSPAdia
ARARARARARAR

IIlean40.9
40.212.322.545.440.610.422.843.539.217.523.6 S

15.312.
1
8.17.014.211.611.27.6
1
1.912.59.68.4 n222213132222 W.63-10.24.77-12.44.32–6.18

pNS<.001
<.05<
.001
<
.005
<
.001 range0–140-260-222-310-231-19

24mmHg13*19°5T12611e15°
%598638925068
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Table 7

Cardiac catheterization laboratory group.
-

monary artery systolic (PAsys), diastolic (PAdia), and mean (PA)
pressures and wedge (PCW) pressure, computer (C) vs. strip
recorder (R) measurements.

Statistics for pull

A = mean difference between measure
ments, range = range of variation between automated device and
Strip recorder, 2.4 mm Hg = number of measurements having 4 mm Hg
or greater variation

PASys PAdia PA PCW

C R C R C R C R

mean 32.5 || 34.9 || 15.0 | 18.7 || 23.6 || 24.0 | 1.4.1 | 15.9

S 12.8 | 12.2 | 8.7 | 9. 1 || 10.3 | 10.2 | 8.5 | 8.8

n 20 20 20 20

W –2.7 -1.75 0.35 -1.75

p < .001 < .001 NS <. 001

range 0–1 l 0–15 0-6 0-4

: 4 mm Hg 5 9 4 2

% 25 45 20 10
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difference between groups of 3.7 mm Hg (s=2.8). Eleven (44%) of these

measurements had a 4 mm Hg or greater variation in the two measurements.

Twenty-four paired measurements of mean pulmonary artery and wedge

pressure were obtained with the monitor and recorder. There was a

statistically significant difference in the mean pulmonary artery pres

sure with both devices, (p=. 01) monitor measurements lower, with a mean

difference between groups of 2.21 mm Hg (s=3.82). Seven (29%) of the

measurements had a 4 mm Hg or greater variation in pressure. Wedge

pressure in this group was also statistically significant (p=. 001) with

a mean difference of 3.33 mm Hg (s=2.43). Ten (42%) of the measurements

had a 4 mm Hg or greater variation in pressure. There was no correla

tion in either group (monitor vs. recorder or computer vs. recorder)

between the amount of variation in wedge pressure and the respiratory

rate.

Twenty-two paired measurements of pulmonary artery systolic and

diastolic pressure were obtained with the automated device and the strip

recorder. There was no significant difference in pulmonary artery sys

tolic pressure between the two methods of measurement. Pulmonary artery

diastolic pressure did show a statistically significant difference in

pressure between the two methods, (p=. 001) the automated measurements

underestimating the pressure. The mean difference was 10.2 mm Hg

(s=7.3) with eleven measurements (50%) having a 10 mm Hg or greater

variation in pressure between the automated and recorder groups.

Critical care IMW group. Twenty paired measurements of mean pull

monary artery and wedge pressure were obtained in the IMW group of

patients with the computer and recorder. There was a statistically sig

nificant difference in the mean pulmonary artery pressure (p=.05) when
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measured with both devices, computer measurements lower. Mean differ

ence between devices was .95 mm Hg (s=1.7) with one measurement (5%)

having a 4 mm Hg variation in pressure. Wedge pressure was signifi.

cantly different (p=. 001), computer measurements again lower, with a

mean difference of 3.1 mm Hg (s=2.45). Seven (35%) of the measurements

had a 4 mm Hg or greater variation in pressure between the two devices.

Nine paired measurements of mean pulmonary artery and wedge pres

sure were obtained with the monitor and recorder. Mean pulmonary artery

pressure was not significantly different between the two measurement

devices but there was a significant different in the wedge pressure

(p=. 005), computer measurement lower. Mean difference was 1.89 (s=l. 27)

with one measurement (11%) having a 4 mm Hg variation. There was no

correlation between the amount of variation in the wedge pressure and

the spontaneous respiratory rate, the assisted respiratory rate, tho

racic compliance or level of positive end-expiratory pressure in either

the computer-recorder group or the monitor-recorder group (Figures 6-13).

Thirteen paired measurements of pulmonary artery systolic and

diastolic pressure were obtained with the automated devices and the

recorder. There was a significant difference in the systolic pressure

(p=. 05) between the two measurement methods (computer measurements were

higher). The mean difference was 4.77 mm Hg (s=6.24) with five (38%)

of the measurements having a 4 mm Hg or greater variation in pressure.

Three (23%) of the measurements had a 10 mm Hg or greater variation in

pressure between the two measurement methods. Pulmonary artery dias

tolic pressure was also significantly different (p=. 001), computer mea

surement was lower, with a mean difference of 12.4 mm Hg (s=9.5) between

the two methods. Twelve (92%) of the measurements had a 4 mm Hg or
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greater variation with seven (54%) having a 10 mm Hg or greater varia

tion in pressure.

Critical care assist/control group. Twenty-seven paired measure

ments of mean pulmonary artery and wedge pressure were obtained with

the computer and recorder. There was no significant difference in

either pulmonary artery or wedge pressure measurements between the two

devices. However, two measurements had considerable spontaneous ven

tilatory effort prior to each ventilator assisted breath. If these two

measurements are excluded, mean pulmonary artery pressure is still not

Significantly different but wedge pressure does show a significant

difference (p=.001), with computer measurements slightly higher. The

mean difference is .64 mm Hg (s=.76) and two (7%) of the measurements

have 4 mm Hg or greater variation.

Thirteen measurements of mean pulmonary artery and wedge pressure

were obtained with the monitor and recorder. There was no significant

difference in either mean pulmonary artery or wedge pressure measure

ments with both devices. Again, however, two measurements had con

siderable spontaneous ventilatory effort and if these were excluded

both the mean pulmonary artery and wedge pressures were significantly

different (p=.05 and .0l respectively). Again, computer measurements

were slightly higher. The mean difference in pulmonary artery mean

pressure was l. l mm Hg (s=1.37) with no measurement having a 4 mm Hg

variation in pressure. Mean difference in wedge pressure was 1.7 mm

Hg (S=1.79) with one (8%) measurement having a 4 mm Hg or greater war

iation in pressure. There was no correlation between the variation in

wedge pressure and the assisted respiratory rate, thoracic compliance

or amount of positive end-expiratory pressure applied (Figures 8-13).
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Figure 6. Difference in wedge pressure as measured by the
computer and strip recorder in relation to spon
taneous respiratory rate. There was no correla
tion between respiratory rate and wedge difference
in either the spontaneous group (r=. 132) or the
IMW group (r=.005)
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Figure 7. Difference in wedge pressure as measured by the
monitor and strip recorder in relation to spon
taneous respiratory rate. There was no correl a
tion between rate and wedge difference in either
the spontaneous group (r=. 145) or the IMW group
(r=. 162).
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Figure 8. Difference in wedge pressure as measured by the
computer and strip recorder in relation to
assisted respiratory rate. There was no corre
lation between assisted rate and wedge difference
in either the IMW group (r=. 122) or the assist/
control group (r=.221).
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Figure 9. Difference in wedge pressure as measured by the
monitor and strip recorder in relation to
assisted respiratory rate. There was no corre
lation between assisted rate and wedge difference
in either the IMW group (r=. 391) or the assist/
control group (r=. 127).
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Figure 10. Difference in wedge pressure as measured by the
computer and strip recorder in relation to tho
racic compliance. There was no correlation be
tween compliance and wedge difference in either
the IMW group (r=.193) or the assist/control
group (r=. 090).
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Figure ll. Difference in wedge pressure as measured by the
monitor and strip recorder in relation to tho
racic compliance. There was no correlation be
tween compliance and wedge difference in either
the IMW group (r=. 159) or the assist/control
group (r=.532).
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Figure 12. Difference in wedge pressure as measured by the
monitor and strip recorder in relation to level
of positive end-expiratory pressure (PEEP).
There was no correlation between level of PEEP
and wedge difference in either the IMW group
(r=. 018) or the assist/control group (r-. 305).
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Figure 13. Difference in wedge pressure as measured by the
computer and strip recorder in relation to level
of positive end-expiratory pressure (PEEP).
There was no correlation between level of PEEP
and wedge difference in either the IMW group
(r=. 287) or the assist/control group (r=.316).
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Twenty-two paired measurements of pulmonary artery systolic and

diastolic pressure were obtained with the automated devices and the

recorder. Pulmonary artery systolic pressure was significantly differ

ent with the two types of pressure measurement (p=.005), with automated

pressures being higher. The mean difference was 4.3 mm Hg (s=6.24)

with eleven (50%) of the measurements having a 4 mm Hg or greater vari

ation and three (14%) having a 10 mm Hg or greater variation in pres

sure. There was also a significant difference in the pulmonary artery

diastolic pressure with the two types of pressure measurement (p=. 001),

automated measurements being lower. Mean difference was 6.2 mm Hg

(s=7.4) with fifteen (68%) of the measurements having a 4 mm Hg or

greater variation in pressure and six (27%) having a 10 mm Hg or greater

variation.

Catheterization laboratory group. Twenty paired measurements were

obtained of pulmonary artery systolic, diastolic, and mean pressure and

wedge pressure with the computer and recorder. Pulmonary artery sys

tolic pressure was significantly different (p=. 001) between the two

devices. The mean difference was 2.7 mm Hg (s=3.25) with five (25%) of

the measurements having a 4 mm Hg or greater variation in pressure and

one (5%) having a 10 m Hg or greater variation. Pulmonary artery

diastolic pressure was significantly different (p=. 001) with the two

devices. Mean difference was 1.8 mm Hg (s=1.58) with nine (45%) of

the measurements having a 4 mm Hg or greater variation and one (5%)

having a 10 mm Hg or greater variation in pressure. There was no sig

nificant difference in the mean pulmonary artery pressure measured

with both devices. There was a significant difference in wedge pres

sure (p=. 001) between the two measurement devices. The mean difference
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was 1.8 mm Hg (s=1.58) with two (10%) of the measurements having a 4 mm

Hg or greater variation in the pressure measurements. In all cases,

computer measurements were consistently lower than recorder measure

ments. Correlation between monitor-recorder and computer-recorder

measurements for all groups can be seen in Figures 14–21.
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Chapter W

Discussion, Recommendations, and Conclusions

Critical Care Groups

Mean pulmonary artery pressure. Mean pulmonary artery pressure

showed little variation between the strip recorder method of measuring

pressure and either automated device (computer or monitor). This was

true with all ventilation modes. In both the IMW and assist/control

groups, the mean variation was less than 1 mm Hg. The spontaneous

group had a larger variation (2.5 mm Hg) and in a few cases (16%), the

automated system underestimated the pressure by several mm Hg. For the

most part, the automated and strip recorder methods of measuring pres–

sure were very close. It seems that for the measurement of mean pull

monary artery pressure, the automated systems work very well.

Wedge pressure. Wedge pressure had considerably more variation

between the automated device and the strip recorder. The spontaneous

group had the largest variation in pressure (mean difference of 3.7 mm

Hg). This is especially significant since the variation in intravas

cular pressures due to ventilation is felt to be unimportant in this

group and is overlooked in the majority of clinical settings. It seems

that more attention needs to be paid to patients who are breathing

Spontaneously since the automated system underestimated Wedge pressure

by 4 mm Hg or more in over 40% of the patients in this group. The

clinical implications of this finding are given added importance in the

light of recent findings on effects of respiration on cardiac perfor

mance (5,30).
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It is important to note that this group of patients had a variety

of diagnoses. The fact that there was no correlation between the

patients' respiratory rates and the amount of variation in their wedge

pressures points out the difficulty in predicting those patients who

will have considerable variation in their wedge pressure and those who

won't. It was difficult to predict using clinical parameters, which

patients would demonstrate considerable variation in automated and Strip

recorder measurements of wedge pressure, prior to obtaining the pres

sure measurements. No patient, who was conscious when measurements

were done, complained of dyspnea or significant respiratory distress

when each was asked, and very few patients appeared to the investigator

to be in any obvious respiratory distress.

The IMW group of patients also had a considerable variation in

wedge pressure (mean difference of 3.1 mm Hg) between the automated

system and the strip recorder. The automated system consistently under

estimated the wedge pressure. Thirty-five percent of this group had a

variation of 4 mm Hg or larger. One might predict that the variation

caused by the spontaneous and mechanical ventilation would tend to

balance out resulting in less overall variation in this group. However,

all the variations observed were due to the spontaneous breaths and not

the ventilator breaths. This was true in spite of considerable varia

tion in the IMW rate and the spontaneous respiratory rate among patients

in this group.

It is possible that the variation in pressure in the IMW group

could be due to the decreased lung compliance requiring them to exert

a larger than normal change in pleural pressure for any given tidal

volume when breathing spontaneously. Although this is probably the
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mechanism for the fluctuation in Wedge pressure during spontaneous ven

tilation, the amount of variation seen in any given patient did not

correlate with the patient's compliance as one would have expected (see

Figures 10 & 11), nor does it explain why no variation was seen due to

the mechanical breaths in this group. There was also no correlation

between spontaneous respiratory rate and the amount of variation in

wedge pressure (see Figures 6 & 7). Again, this makes it very diffi

cult to predict which patients will have a significant variation in

their wedge pressure with ventilation.

The assist/control group of patients proved a surprise for the

lack of variation in wedge pressure. The mean difference between the

automated and strip recorder measurements of wedge pressure was less

than 1 mm Hg though some patients had a thoracic compliance as low as

10 cc/cm H20 and PEEP as high as 25 cm H20 (mean compliance for the

group was 35 cc/cm H20 and mean PEEP was 8 cm H20). This is of par

ticular interest since it is this group of patients where the most

concern has been shown in regards to the effects of ventilation on the

accuracy of wedge pressure measurements. It seems, that in the assist/

control group, ventilation has the least effect, on the accuracy of

Wedge pressures measured with automated monitoring systems.

An example of the difference between the variation in wedge pres

Sure seen in a patient breathing spontaneously and a patient on a ven

tilator can be seen in Figure 22. It is obvious that there is much less

variation seen in the patient on a mechanical ventilator. It seems that

there is either a smaller change in pleural pressure when a patient is

being mechanically ventilated than when he attempts to breathe sponta

neously, or that the change in pleural pressure is not transmitted as
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Example of respiratory variation seen in a
patient breathing spontaneously (upper trac
ing) and a patient on a mechanical ventilator
(lower tracing). Arrows mark inspiration in
each tracing. Paper speed in upper tracing
was 10 mm/sec, in lower tracing was 25 mm/sec.
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well as to the intrathoracic vessels. The former theory is probably

the most likely explanation.

One could estimate the expected change in pleural pressure with

mechanical and spontaneous ventilation by using the formula for compli

ance (C = AV/AP). For example, an imaginary patient has a thoracic

compliance (ºth) of 30 cc/cm H20 and is on a mechanical ventilator with

10 cm H20 PEEP, a 900 cc tidal volume (VT) and an end-expiratory plateau

of 40 cm H20. We will assume that pleural pressurelat) 2

) is zero and that the compliance of the
pressure (Pp
during inspiration "pi-exp
chest Wall ("cw) is normal or 200 cc/cm H20.

In order to determine the change in pleural pressure with inspira

tion "bi-insp). one must first know the compliance of the lung (CL).
Remember that

l l
− = − 4 -

°th CL "cw
Therefore, + = + - - -

CL 30 200

# = .028
L

CL = 35.7 cc/cm H20
It is now possible to determine the change in pleural pressure with

mechanical ventilation by using the formula for compliance of the lung

and solving pleural pressure.

C change in volume
L = change in transpulmonary pressure

Or, *L = VT
("plat

-

"pi-insp) - (PEEP - "pi-exp)
35.7 = 900

(40 - P ) - (IO - 0)pl -insp



Therefore, P
-

= -900
pl-insp # * 30

"pi-insp = 4.8 cm H20
If this patient were now placed on 10 cm H20 continuous positive

airway pressure (CPAP) and allowed to breathe spontaneously, what would

the change in pleural pressure be with inspiration? Assume tidal vol

ume and compliance remain unchanged. Using the same formula,

*L = WT
(CPAP - "pilinsp) - (CPAP - "pºexp)

35.7 900

(10 – "pi-insp) - (TOT-TO)
P

-
_ -900

pl.-insp = 35.7

P
- -

pl -insp –25.2 cm H20
One can see that there would be a much smaller change in pleural

pressure during inspiration in patients being mechanically ventilated

and that the change would be in the opposite direction (4.8 vs. -25.2).

Therefore, little change in intravascular pressure would be expected

during inspiration in these patients. However, in a patient who is

breathing spontaneously, inspiration could have a significant effect on

intravascular pressure. It would be of interest to carry out a study

looking at changes in airway, pleural, and intravascular pressures in

patients or animals with varying degrees of pulmonary impairment in

order to document this theory.

Although there was little variation between automated and recorder

measurements of wedge pressure in the assist/control group, 7-8% of the

measurements did have a 4 mm Hg or greater variation. Since there

seems to be so little change in pleural pressure in patients requiring
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mechanical ventilation, another explanation must be found for the vari

ation seen in the wedge pressure measurements. A plausible cause of

this variation could be the direct effects of alveolar pressure on the

pulmonary capillary bed when the catheter is not positioned properly.

If the catheter was in zone III (Pa > Pyx PA) of the lung, as it should

be, alveolar pressure would have no effect on intravascular pressure

Since alveolar pressure would be lower than pulmonary arterial and

venous pressures.

The presence of variation in the wedge pressure in patients on

mechanical ventilators could be indicative of a catheter which is posi

tioned in zone I (PA - Pa > Pv) or zone II (Pa = PA - Py) of the lung
rather than zone III as described by Tooker et al. (36). If this was

proved to be the case, it would be a useful and simple way of clinically

determining appropriate catheter placement (in regards to zones of

the lung). This would be quite beneficial since lateral chest x-rays

are not routinely obtained on critical care patients. Also, catheters

Sometimes change their position spontaneously. This would be a simple

way to detect, at the bedside, a catheter that had moved to zone I or

II after initial placement in zone III.

Systolic and diastolic pressure. Systolic pressure was usually

much higher with the automated systems than with the strip recorder,

regardless of the ventilation mode. The diastolic pressure was consis

tently lower with the automated system than with the strip recorder

again regardless of ventilation mode. This error is due to the method

the automated systems use to measure systolic and diastolic pressure

rather than the ventilatory pattern.
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Both automated systems identify peaks and valleys as systolic and

diastolic pressure. Unfortunately, the peaks and valleys are fre

quently due to artifact or catheter whip rather than actual changes in

pressure. The automated system has no means of differentiating between

artifact and actual pressure fluctuations and so records artifact as

Systolic and diastolic pressure. This problem is unique to pulmonary

artery pressures since the catheter must pass through two valves which

are closing on the catheter with every heartbeat. It is also impor

tant to note that artifact is markedly increased in an under-damped

System.

Clinical significance. How much of variation in wedge pressure

is significant? Obviously, l or 2 mm Hg are insignificant. However,

this author believes a 4 mm Hg or larger variation in a pressure with

Such a Small normal range could prove to be quite significant. Mea

Suring the wedge pressure as 4 mm Hg when it is actually 8 mm Hg would

make little difference, since both measurements are within the normal

range. However, if you measure the wedge pressure as 16 mm Hg when

it was actually 20 mm Hg or more, could make a big difference since a

wedge of 20 mm Hg or greater is indicative of imminent pulmonary edema.

A variation in pressure that was larger than 4 mm Hg would make the

error even more significant.

For example, one patient admitted with a myocardial infarction

required major surgery for a bowel abscess. He returned from the oper

ating room still intubated, and sedated, but breathing spontaneously.

His Wedge pressure on the computer was 4 mm Hg, on the monitor it was

8 mm Hg, and on the strip recorder it was 22 mm Hg. He had a marked

decrease in Wedge pressure during inspiration with a respiratory rate
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of 40. His rapid respiratory rate was apparently not recognized as

respiratory distress, but as post-operative discomfort. That he was

probably in early pulmonary edema is evidenced by the fact that the

following day, the patient was on a ventilator having developed frank

pulmonary edema during the night. It seems that his treatment may have

been affected by the erroneous underestimation of his wedge pressure

while breathing spontaneously.

Besides the obvious errors that can occur in assessing the filling

pressures of the left heart, automated measurement of wedge pressure

also leads to errors when a ventricular function curve is used to assess

cardiac performance and guide therapy. In one patient, determination

of cardiac output was done at the time pulmonary artery and wedge pres–

Sures were measured making it possible to calculate left ventricular

Stroke work index using both measurements of wedge pressure. Left

ventricular stroke work index and wedge pressure were then plotted on

a left ventricular function curve which is used frequently in some

critical care units to evaluate cardiac performance. Figure 23 shows

the change in position of the patient in relation to a normal curve by

merely changing the wedge pressure. Notice that a 4 mm Hg error in

pressure makes the difference between mild left ventricular dysfunc

tion and moderate failure. Obviously, this degree of error can make a

significant difference in the treatment of the patient.

Pulmonary artery systolic and diastolic pressures are infrequently

used in the clinical Setting Since most information that is needed can

be obtained from the mean pulmonary artery pressure and wedge pressure.

However, pulmonary artery diastolic pressure is sometimes used as a

substitute for wedge pressure when a catheter will no longer wedge.
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This could cause serious errors in the evaluation of a patient's hemo

dynamic status. The author has personally seen nurses and house

officers, who were unaware of this limitation in the atuomated device,

use this "artificial" diastolic pressure as an estimation of left

atrial pressure when the true diastolic pressure was 15 to 20 mm Hg

higher than the previous wedge pressure. This type of error is espe

cially important since the amount of artifact changes with the degree

of damping within the system, changes in heart rate, and other changes

in the patient (see Figure 24).

This problem could be partially solved by adding a filter which

would not pass this higher frequency artifact. This would make the

pulmonary artery pressure waveform look much like the arterial waveform

seen by the automated systems. However, this filter would make it

impossible to check the dynamic response of the system (i.e., whether

the system is over damped) to determine whether the system was accu

rately measuring the pressure. Thus, one would have a clear waveform

but would still be unable to tell if it was a good representation of

the actual pressure one wanted to measure. The ideal solution to this

problem would be a filter which could be added to the system to measure

pressures but which could be taken out or bypassed in order to check

the dynamic response of the system. Unfortunately, at present, no such

System exists though the author is aware of one that is being developed

(13).

Catheterization Laboratory Group

All pressures in the catheterization laboratory were underestimated

by the automated system though to a much smaller degree than in the
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Figure 24. Example of the effect of heart rate on the amount
of artifact in pulmonary artery pressure tracings.
Upper tracing was obtained when the patient's
heart rate was 95. Lower tracing was obtained
the following day in the same patient when his
heart rate was 150.
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Critical care unit. Only one pressure had a mean difference of more

than 2 mm Hg (pulmonary artery systolic). It is of note that in this

Setting there was considerably less variation in systolic and diastolic

pressure than was found in the critical care unit. This is probably

due to two factors. First, patients seen in the critical care unit are

very different from patients undergoing an elective cardiac catheteri

zation, and probably have much larger changes in pleural pressure with

ventilation. Secondly, Swan-Ganz catheters are very soft and flexible

where the catheters normally used in the catheterization laboratory are

much stiffer and non-compliant. This reduces the amount of artifact

caused by the valves closing around the catheter each time the heart

beats. This difference is quite obvious to anyone who has looked at

pulmonary artery waveforms measured in the catheterization laboratory

and the critical care unit.

There is another important difference in the catheterization lab

oratory procedure and the critical care unit. Before the copy of the

automated measurements of pressure are put in the final catheterization

report, they are checked against a strip recording for accuracy. If

there is a discrepancy, the automated measurements are corrected before

the report is sent out -- the ultimate standard of accuracy being the

measurements done with the strip recorder. This is not what occurs in

the critical care area. In the critical care units where automated

Systems are used to measure pulmonary artery and wedge pressure, they

are rarely double checked against a strip recorder. Therefore, though

Some variation in pressure does occur in the cardiac catheterization

laboratory, it is not clinically significant since all pressures are

double checked prior to being put in the final report.
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Recommendations

If pulmonary artery and wedge pressures are to be measured accu

rately in the clinical setting, errors caused by respiratory variation

and artifact must be avoided. This error does not occur in all

patients monitored with a Swan-Ganz catheter, but in enough, as this

study proves, to pose a real problem. The digital display of pressure

from an automated monitoring system does not provide an accurate

representation of these pressures. A method of measuring pulmonary

artery and wedge pressures must be used which will enable the nurses

and physicians caring for these patients to measure end-expiration

pressures. This is especially important in patients breathing spon

taneously. There are four possible solutions to this problem.

First solution. Monitors not only have a digital display of pull

monary artery and wedge pressures but also display the waveforms on a

scope or screen. If the transducer were calibrated to the scope instead

of the digital display, pressures could be read directly from the end

expiration waveforms on the scope. It would be necessary to mark off

the face of the scope with the appropriate calibration, but that could

be done with little difficulty or expense. The nurse could then mea

sure the pressures directly from the scope. This would take little

additional effort on the part of the nurse and would avoid the use of

any additional equipment.

The feasibility of this would depend on the possible measurement

ranges of the monitor being used. Most monitors have one scale for

measuring systemic blood pressure (0-150, 0-200, or 0–300 mm Hg) and

one for measuring venous or pulmonary artery pressures (0–25, 0-40, or

0-60 mm Hg). It would be important to make sure the venous scale was
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able to measure the majority of possible pulmonary artery and wedge

pressures. For example, if the venous scale went from 0–40 mm Hg and

you were measuring pressures that exceeded 40 mm Hg, it would be

necessary to change to the scale normally used for measuring arterial

pressures. This would make the waveform much Smaller and more diffi

cult to measure from the scope with any accuracy (see Figure 25).

Another factor to consider with this method of measuring pres

sures is the problem of parallax. There is a difference in the way a

pressure is read from a screen depending upon whether the screen is

above, below, or at eye level. This is due in part, to the fact that

the scale used to measure the pressure and the pressure waveform are

not in the same plane. The scale is sitting in front of the waveform

(8).

If the screen is above eye level, there is a tendency to under

estimate pressures; if it is below eye level, there is a tendency to

overestimate the pressures. This is similar to what occurs when read

ing the level of fluid in a beaker or measuring cup. For example, if

a tall person calibrated the monitor to their line of vision and read

the pressure, it would be accurate. But if a tall person calibrated

the monitor and then for some reason a short person read the pressure,

it would be lower than it actually was. To insure accuracy with this

method, calibration would have to be checked religiously by each person

doing a pressure measurement. In my experience with this sytem, when

people are in a hurry or very busy, calibration is rarely checked. This

problem could be solved by placing the waveform and the measurement

scale in the same plane, but at present, the author is unaware of a

monitoring system which has this feature.
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Figure 25. Two pulmonary artery pressure tracings taken
from the same patient with a change in the
scale or gain of the transducer. Upper trac
ing scale is 0–50 mm Hg. Lower tracing scale
is 0-200 mm Hg. Notice the dramatic change
in the appearance of the wave form even though
the pressures in both tracings are quite simi
lar (50/32 upper tracing, 50/36 lower tracing).
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Second Solution. Since respiratory variation does not cause mea

Surement error in every patient, another solution is to measure end

expiration pressures only when significant respiratory variation occurs.

This could be determined by running a strip recording of pulmonary

artery and wedge pressure as the catheter is placed. Pressures could

then be measured from the strip recording and from the monitor. If

they are the same, the digital display from the monitor could be used

in that patient. If they were different, the nurse could continue to

use the strip recorder in that patient and measure pressures at end

expiration. The main advantage of this alternative is that measuring

pressures from the digital display takes less time than measuring

pressures from a strip recorder and is much more convenient. However,

it does mean that two methods of measuring pressures would have to be

used in the critical care unit. This could cause problems for the

staff as far as remembering which method of measurement was required

for each patient and errors could still occur.

Another problem with this type of measurement is that though

there may be no difference between end-expiratory pressures and pres

sures read from the digital display when the catheter is initially

positioned, this relationship may change during the course of the

patient's stay in the critical care unit. One patient in the assist/

control group had measurements done for several consecutive days even

though only the first two measurements were included in the study.

For the first four days, there was no difference between the automated

and strip recorder measurements of wedge pressure. On the fifth and

sixth days, there was a 4 mm Hg variation in pressure. The catheter

had not been changed during this time. The reason for the sudden
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discrepancy may be due to the catheter changing position, which often

occurs during the course of the patient's stay in the critical care

unit (they often change from the right to the left pulmonary artery or

move to a more distal segment). This could possibly be avoided if the

measurements were checked for error on a daily basis rather than just

When the catheter is inserted.

This alternative which involves using both the automated system

and a strip recorder for pressure measurement is still quite cumber

some and inconvenient. It would, however, provide for accurate mea

surements if it were used properly. Unfortunately, in this author's

clinical experience with this double method, it turns out that the

easiest method for measuring pressures is the one consistently used

and that subsequent checks for accuracy are seldom done with any regu

larity. In addition, when reading a digital display, it is quite easy

to miss damped pressure waveforms because there is no need to scrutin

ize the waveform in order to obtain a reading. For the above reasons,

this double alternative does not promise to insure any greater consis

tency in method of measurement of pulmonary artery pressures and would

probably lead to considerable error. Also, only mean pressures could

be utilized with this method.

Third solution. Another possible solution is to do all measure

ments of pulmonary artery and wedge pressures with a strip recorder

and record end-expiration pressures. The main disadvantage of this

method is that pressures must be read by hand and would take slightly

longer (5 minutes or less). It may also prove cumbersome in some cri

tical care units where the strip recorder available is not conveniently

located or would need to be adjusted in order to record pressure
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tracings. However, it is usually quite simple and inexpensive to

adjust an EKG strip recorder to also record pressures.

The major advantage of this method is that the measurements would

be accurate regardless of the changes in the patients' respiratory

pattern or the amount of artifact in the tracing and, a consistent

method could be used to measure pressures in all patients. In addi

tion, a much sharper waveform is obtained which is much easier to read

than a waveform from the scope of the monitor. It is also easier to

identify subtle changes in the waveform and in the dynamic response of

the monitoring system which helps identify potential problems and trou–

bleshoot them before they become serious (such as a leak of air in the

system). It does require the nurse to have a much more in-depth under

standing of the waveforms and the monitoring system in order to measure

these pressures by hand. There is considerable skill involved in iden

tifying ventilatory pattern and accurately measuring end-expiratory

pressure waveforms. Thus, more time would be needed to prepare nurses

for this method of measurement.

It might be argued that hand measurements of pressure could be

just as inaccurate as the automated method if the nurses doing the

measurements did them incorrectly. However, in my experience with this

method, the accuracy and reliability of the pressure measurements are

excellent with a well-prepared nursing staff. Also, with this method

of measurement, the pressure tracing can be saved and checked by another

person if there is any question of accuracy. This is impossible with

either of the other methods of measuring pressure.

The nurses in the critical care units in which a strip recorder

is used to measure pulmonary artery and wedge pressures have a higher
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level of expertise and knowledge in the measurement of these pressures

and their significance than is the case in units where one or the other

methods is used. This method would not only increase the accuracy of

the pressure measurements, but could also have an impact on the stan

dard of care in the critical care unit. The author feels that these

advantages far outweigh the slight increase in the length of time pres

sure measurement with a strip recorder would take to collect, the pos

Sible inconveninece, and the increased nurse education time.

Fourth solution. The final possible solution to this problem

would be the development of a monitoring system which could measure

end-expiration pressures. This could be done by sensing a patient's

respiratory rate, perhaps from the EKG electrodes, and then programming

the monitor to measure pulmonary artery and wedge pressure only during

expiration. If the monitor displayed both the respiratory rate and the

pulmonary artery or wedge pressure, errors due to using artifact (any

muscle movement) rather than true respiratory rate to determine when

pressures are measured could be avoided. For example, if a patient had

a respiratory rate of 12, but the respiratory rate displayed on the

monitor was 40, pressure measurements would obviously be suspect. The

problem with the monitoring system could then be corrected and pressures

measured again.

As previously mentioned, it would also be necessary to add a filter

to the monitoring system to eliminate the artifact problems in the mea

surement of pulmonary artery systolic and diastolic pressures. If this

could be done, it would provide an ideal method for measuring these

pressures. This system would be efficient, accurate, easy to use, and

save considerable time. However, until such a system is developed, the
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best alternative solution to the problem is to measure pulmonary artery

and wedge pressures at end-expiration from a strip recording.

Conclusions.

In the critical care setting, respiratory variation can cause

significant error in the measurement of pulmonary artery and wedge pres

sures when an automated monitoring device is used. The largest error

was found in the wedge pressures of patients who were either breathing

spontaneously or being supported with IMW. The automated monitoring

device consistently underestimated wedge pressure in both groups when

pressures were compared with strip recorder measurements of the same

pressures at end-expiration. Very little variation was found between

automated and strip recorder measurements of wedge pressure in patients

on mechanical ventilators.

Artifact can also cause considerable error in the measurement of

pulmonary artery Systolic and diastolic pressures with an automated

monitory device in the critical care setting. Systolic pressure was

consistently overestimated, and diastolic pressure underestimated with

the automated device, regardless of the patient's ventilation mode.

These errors occurred because automated systems are presently unable to

differentiate between true fluctuations in the pressure being measured

and extraneous variation in pressure. To insure accurate and reliable

measurements of pulmonary artery and wedge pressures in this setting,

they should be measured at end-expiration from a strip recording rather

than from the digital display on a automated monitoring device. This

is slightly more time consuming than using an automated system but, at

present, is the best way to avoid measurement error.
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In the cardiac catheterization laboratory, there was also some

discrepancy between automated and strip recorder measurements of pul

monary artery and wedge pressures. The automated system underestimated

all pressures by a small amount. However, in this group, the error in

measurement is not significant for two reasons. First, in most cases,

the measurement error was very small (less than 2 mm Hg), and so would

not be clinically significant. Second, when these pressures are mea

sured with an automated device in the catheterization laboratory, they

are checked against a strip recorder measurement of pressure prior to

being reported.

It is important to emphasize that the errors found when using

automated monitoring systems in the critical care area are not unique

to the two monitoring systems used for comparison in this study. The

method which the majority of automated monitoring systems use to mea

sure pressure are very similar and would probably cause the same

errors. The author has seen the same type of error with one other

monitoring system in another hospital (Hewlett-Packard monitor used

at San Francisco General Hospital) and has been told by a colleague

of an additional monitoring system (Electronics for Medicine monitor

used at Moffitt Hospital, San Francisco) in which respiration varia

tion caused significant error in wedge pressure measurements.

If pulmonary artery and wedge pressures are to be used in the

clinical setting to aid in the diagnosis and/or treatment of patients,

it is the responsibility of those caring for these patients to make

sure the measurements are as accurate and reliable as possible. In

this age of advanced tehcnology, we tend to believe that any automated

device produces faster and more accurate results, especially when they
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are displayed so beautifully. However, it is important, if we are to

use these devices, that we understand how they work, their advantages,

and their limitations before we unconditionally accept the information

we obtain from them. In the future, these problems with automated

monitoring systems will hopefully be corrected, making them an effi

cient and reliable tool for measuring pulmonary artery and wedge pres

sures. For the present, however, a strip recorder must be available

for the hand measurements of these pressures if they are to be used

properly in caring for patients in the critical care setting.
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Intermountain Respiratory ICU

PURPOSE :

LDS Hospital – October 1979

PRESSURE MEASUREMENTS
UTILIZING THE SWAN GANZ CATHETER

To provide consistently reliable data which can be used
in assessing the atate of hydration and the hemodynamic
status of the critically ill patient.

MATERIALS NEEDED :

l. Patient monitor

2. Two channel strip recorder

3. Syringe to inflate balloon in Swan-Ganz catheter

H. Heparinized Blood Gas syringe

5. Heparinized 20 cc. syringe

METHOD :

Pulmonary Artery and Wedge Pressure

l.

2.

Place the patient in supine position.

Check to see that the transducer is at the patients
midaxillary line (level of right atrium). Just
because the transducer is taped to the patients arm
does not mean that it is in the correct position.
The transducers are heavy and often slip down the
side of the patients arm and are no longer mid-axillary.
This must be checked every time a measurement is
taken and the transducers should be adjusted if they
have slipped.

Turn the 3-way stopcock on the pulmonary artery
port of the catheter towards the catheter opening
and remove the cap form the 3rd port. This opens
the transducer to air so it can be zeroed.

Zero the transducer to the strip recorder paper
so that the pen line is two small boxes above
the zero point on the paper. The purpose for this
is to make sure the recorder pen is not "pegged" -
For example: if the zero point on the paper is
as low as the pen will go then the transducer could
be turned much lower than that and it would not
show on the paper (paper might show zero when it
should show -10 mm Hg. but pen can't go that far).
By using a zero point that is higher than the lowest
point that is possible for the pen to reach this
error can be avoided. It is not mandatory that the
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zero point be 2 boxes as long as you know what that
zero point is and you feel secure the pen is not
pegged. Remember that the patients bed # on the
computer must be selected in order to run a strip
on that patient.

Example:
--- - -------

5. Note which transducer is being used. A blue box
gives a scale of 0-200 mm Hg. on the top channel
of the strip recorder and 0-100 mm Hg. on the
bottom channel. A white box gives a 0-50 scale on
the top channel and 0-25 on the bottom.

6. Turn the stopcock back so that the catheter is
open to the transducer and replace the cap on the
3rd port.

7. Run a strip of pulmonary artery pressure. While
the recorder is running flush the catheter three
times. It should "ring" well if it is not damped.
A good "ring" or dynamic response of the catheter
can be identified by:

a. Two or three rapid oscillations from top to
bottom of tracing,

l BRUSH ACCUCHART

-------

= <- ADEQUATE FLUSH —-
--- ----- - -

---- --

IRICU-LDSH
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b. Does not "stick" on the bottom of tracing
after flusher is released.

c. Goes directly back into waveform after
oscillation.

d. When intraflow is in open position pressure
of greater than 200 should be displayed on
tracing.

-

Intraflow open \,

Bad FlushGood Flush

Oscillates well

2es directly into waveform

Sticks on Bottom

*-

Intraflow Open

= Bad Flush H ++---

- -

Doesn't go directly into waveform Low pressure in Pressure Bag
>

after flush
-

8. If the catheter does not ring well or the
waveform looks damped.

a. Flush catheter with intraflow for 15-20
seconds.

b. Check for àeaksi around-the stopcock, transducer,
etc. – tighten connections.

IRICU-LDSH
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c. Check for air bubbles in the dome or the
intraflow and remove them if present.

d. Flush the catheter manually with a syringe.

e. Check pressure bag for adequate pressure
and fluid.

f. Look at , the waveform between above steps
to see if it looks improved. It must ring
well.

Catheter flushed with intraflow

40 :--

30 º

. #H#H º
20 H=H. H

--- -
º

---
- -

H Fiº — ---- - º

'10 Air bubbles in ºne E =Air Bubbles removed FT
-

H=HTHE
-

--- - ---H
-
=H

-- --- —---------- –31 lº
-H----T-i-H-0 if—

INADEQUATE
FLUSH

IRICU-LDSH
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9. Run a long enough strip of the pulmonary artery
Pressure (PAP) so that end expiration can be found
easily (3 or 4 respiratory cycles).

PAP

10. Every waveform looks different due to differences
in scales (0-200 vs 0-50) and patients (Q.e., HR, RR).
It is important that you identify a good #AP and
and Wedge waveform.

Rapid Heart rate r Slow Heart rate

ll. Press mean button on the monitor and run an
adequate strip of mean pressure.

IRICU-LDSH
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PA MEAN

12. Inflate the balloon on the catheter with the
amount of air specified for the particular
catheter (5 fr. catheter . 8cc, 7fr. 133 cc.).
Never Put more than the maximum amount specified.
The TILTSãthe FerTWRICFTWeTUSUETIyTUSETSome STWIEF
its own lºg cc. syringe. Use this for inflating
the balloon. Flush the catheter three times
in wedged position. Check for adequate "ring".

l l; O -

l 0 O

6 0 H
—

2 0 :

l3. Common difficulties encountered with wedge:

a. Over inflated balloon. The pressure will
increase instead of decrease when the balloon
is inflated and the waveform will be damped.
When you inflate the balloon you will also
meet a lot of resistance.
Solution I Put in only enough air to wedge
the catheter. If it only takes 33 the usual
amount the catheter is probably too far distal
and needs to be repositioned. A catheter that
is too far out not only can make the wedge
pressure inaccurate but also will affect the
the Qt and P902. Let someone know so it can be
taken care of .

IRICU-LDSH



Permanently wedged catheter (catheter in
wedged position with balloon deflated).
This catheter should be repositioned ASAP.

Partially wedged catheter. If the balloon
is inflated just until there is a change in
the waveform the catheter may be only partially
wedged and the pressure you read will be
higher than the actual wedge pressure. In
order to avoid this inject the entire amount
of air in the balloon unless you have difficulties
with over inflation. Sometimes even with the
maximal amount of air in the balloon you
may get a "partial wedge". This can usually
be identified by sustolic and diastolic changes
being picked up on the waveform.

GB 13M LDSH#328392 10 July 1978 2300 HRS WT= 0.76 P= 76/72/25
END EXPIRATION

BALLOON WOLUME (CC)
0.75 1.0 1.25

IRICU-LDSH
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d. Catheter won't wedge.
l. The balloon may be broken so be careful.

Inject air into the balloon; if you can
feel resistance injecting the air or
the air comes back in the barrel the balloon
is probably not broken. If you are not
sure get a glass syringe and try again.
You can also try to gently withdraw on
the balloon port and see if you get any
blood return. This is very unusual even
if the balloon is broken.

2. Another problem is that sometimes the luer
lock connection from the catheter to the
balloon will leak and you will not actually
be inflating the balloon. Take a regular
syringe and inject the air and see if you
can get it to wedge.

3. Sometimes it takes a while for the catheter
to float out to wedge position if it is
in a fairly central position or if there
has been a decrease in the patients Qt.
Inflate the balloon quickly and keep
it inflated for a couple of minutes
and see if it will float into wedge position.
If you have tried this several times
and you still can't get it to wedge, the
catheter needs to be repositioned. Let
someone know so it can be taken care of .

When the catheter is initially inserted, or when
ever there is some question about the wedge pressure
measurement, a capillary blood should be drawn.

a. Wedge the catheter by following above steps.

b. With the catheter wedged, aspirate in a heparinized
20cc syringe 15cc 's of blood from the PA port
or the catheter. Aspirate lºcc of blood in a
heparinized blood gas syringe. Reinject lSco
into patient.

c. Check to see that catheter is still wedged.
Flush adequately.

d. The pH and P02, should be significantly higher
that the arterial blood. (P202 at least 10mm. Hg.
higher than Pao.2) and the Pcö2 significantly
lower. If a capillary blood is not obtained
you cannot be sure of a true wedge measurement.

IRICU-LDSH
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Partial Wedge = 34 Actual Wedge = 18 ‘.

Documented with
= Capillary Blood

20: 15 V 7.35 57. 1 30.6 5.2 13.7 l. 4 31 72 13.8 50 IATH BJ .5

20: 15 A 7.37 46.6 26.6 1. 7 13.6 l.9 43 83 16.8 50 DBL PUR
MILD ACID-BASE DISJRDER
HY P() VENTILATIJN I lip RJVED
RIGHT-TV)—LEFT SHU’NT 4.9%
A-V OXYGEN CJNTENT DIFFERE''CE 2.97
SEVERE HYPOXE ...IA () is OXYGE's
(A–A GRADIE,T 204 R.HS, A/A 17- )
DECREASED ()2 EXTRACTI.) N RATI) ( 1.7% )

20: 20 A 7.61 23.4 23.7 1.6 13.9 2.2 172 97 19. 3 30 7 CCV, ASTE

Documented wedge using Capillary Blood Gas.

15. Run a strip of wedge pressure (3-4 respiratory cycles).

IRICU-LDSH
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RW or RA PRESSURES:

l. Change transducer plugged into monitor from PA to RA/RW and wait
2-3 minutes.

2. Follow steps 1-10 as for Pa pressures, getting a long enough
strip to identify end expiration pressures.

-

3. If doing an RA pressure also press mean button and run an
adequate strip of mean pressure.

READING THE PRESSURES:

Pulmonary Artery Pressures:

l. Identify end expiration on each strip.
When a patient is breathing spontaneously there is an
increase in negative pressure during inspiration and
during expiration intrathoracic pressure become closer
to atmosphere. When the patient is on a respirator
during inspiration intrathoracic pressure increases and
during expiration the pressures become close to atmosphere.
By measuring pressures at end expiration we can avoid any
descrepancy in pressure which is caused by the respiratory
pattern. The values we obtain will be consistant on each
patient regardless of the kind of respiratory support
they require.
Example: Mrs. E. was on ventilator for 3 days is now on
heated mist. If end expiration pressures are read there ,
will be no difference in the pressures due to change from
ventilator to spontaneous breathing.

- - -
:

E PAP on Respiratoriº
—T-

==H †EEE:----

{ESPIRATOR BREATH H====HE IT. HE EXPERATION = RESPIRATOR BREATH =
- I

I :-----------------t---------------
—I M -- F-------------

--------- - - - - - - - - --------

:-EFIEEEE--- ----F:--a -----

I

-- ------- - -

I r I

|
-

| mmHg

tº
—F-
-I-

IRICU-LDSH
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PAF ON RESPIRATOR
BRUSH ACCUC

INSPIRATION
EXPIRATION

EXPIRATION

=-180

– 1140

–--------T-I
--

º
- -

* – 20
——— --

- - ---- - ---- -----

-- - --- -T I – I- -º-º-º-º-º-º-º-º: mmH
sespirator BREATE *::::::::* ExPIRATION RESPIRATOR sº

*IRATION RESPIRATOR BREATH BREATH N
-

-
:==E=-

------, ==E===H---.
--

–1 ––.

====EEE. :
PAP OFF RESP. Hi-----

-i-
-

== H -E == #= ---------------

== INSPIRATIONEXPIRATION # Expiration IRATION ==# ExPRATION
-

IRICU - LDSH
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2, Identify systolic and dyastolic pressure on tracing.
Because of the sensitivity of the transducer used
and the fact that the catheter goes through the
heart valves which continually"flip" the sides
of the catheter, there is often a great deal ofartifact which makes reading pressures very
difficult. If you have trouble identifying wave
forms, follow the QRS from the ECG down to the
pressure tracing. The QRS falls at end diastole
therefore between QRS complexes you will find one
pressure waveform.

Jieveland, Ohio | Printed in U.S.A. D

: SYSTOLE E

When reading pressures measured with 0-50 mmHg transducer
the most extreme waveform deflections are artifact and should
not be read as systolic and diastolic pressures: The
actual waveform would look much like an arterial pressure
if the artifact could be removed. Look for this when deter
mining systolic and diastolic pressures. Another key is
that there will not be sudden precipitous drops in the
measured response of the monitoring system. The actual
pressure will gradually drop just iike the arterial
pressure waveform.

º

IRICU-LDSH



RET13 FT29 DEC 78 0020 HRS
..T. LDSH+3465218 0-200 MMHG

VT-64 P-66/59/15 CTH-15.

-

Division r - Zero= 2 PA 28/15
I

EEE==E::::1
--

--It-Itti FF---

FxpIRATION F-Fºr-i-ii-i-ti-it- O
— — — - " --- -

ExPIRATION mmHg
IRICU-LDSH
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& . Take measured pressure and subtract your zero point.

! in U.S.A. []

| | EXPIRATION mmHg

PA 52/24 - 8 mm (2 boxes) = 44/16 mmHg
MEAN PULMONARY ARTERY PRESSURE:

1. Identify Expiration

2. Measure pressure and subtract zero. Record.

INSPIRATIONEXPIRATION

IRICU –LDSH
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zero of 2 boxes) = 17 mm.

###PA = 17mmHg
|| 0

-

20

WEDGE :

l. Identify expiration. Draw a mean through end expiration
of waveform, measure pressure, subtract zero and record.

RESPIRATOR BREATH EXPIRATION | RESPIRATOR BREATH

º
*Hºn.He ExFIRATION

g SPONTANEOUS BREATH SPONTANEOUS BREATH SPONTANEOUS BREATH

IRICU-LDSH
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YRA : -

1. Read from mean tracing.

2. Identify expiration, measure Pressure • subtract
zero, record.

l. Identify end expiration.

2. Identify systole

3. Identify end - diastole.
Wentricular pressure tracings have a negative deflection
at the beginning of diastole which gradually rises until the
onset of systole. This deflection is due to the sucking action
of the ventricle as it relaxes. The ventrical actively becomes
larger which creates a negative pressure in the ventricle
in relation to the atrium. End diastole pressure is the pressure
just before systole begins.

i RV

END DIASTOLE

IRICU-LDSH
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4. Measure pressures, subtract zero and record. There is not
as much artifact on RV tracings so identifying waveforms
is not a problem.

RW = 38/20-2 (zero)=36/18

RROBLEMS ENCOUNTERED:

1. Sometimes patients with a rapid heart rate will have so much
artifact in their pulmonary artery pressure tracings that it
is impossible to read. If this occurs read only mean PA
and make a note on the flowsheet about the artifact.

H Too Much ARTIFACT to REA). His

IRICU-LDSH
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2. Patients who have a rapid respiratory rate can
make pressures very difficult to read. This is
especially important when trying to measure wedge
Pressure. If this occurs, measure the pressure
as you normally would but make a note of the problem.
This common problem is why we don't measure the
wedge pressure from the electrical mean.

E OFF RESPIRATOR EH
EIHE”

HMEAN WEDGE #

Mean of above wedge tracing.

TRICU-T.T)SH
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Another problem with rapid respiratory rates is that it may
be impossible to identify end expiration at all. This occurs
most frequently when the patient is on IMW or is on a ventilator
and is trying to breathe inbetween respirator breaths. For
ventilator patients the problem is solved if you adjust the
ventilator to the patients needs, then the pressures can be
measured. When a patient is on IMW it is a little more diffi
cult to solve, though patients will often slow down their
rate if you work with them. If this does not work then
record on the flow sheet that the rate was to rapid. Let the
doctor know the problem. If it is really important to get
the pressure measurements he may want to sedate the patient
or manipulate the respirator in order to measure the pressures.

- - -------------------------

---

SPONT RESP BREATH /

IRICU-LDSH



---=H vexpirATION
INSPIRATION

-

INSPIRATION EHEE--EHE = inspiration =
| --

4. When the catheter is up against a vessel wall the pressure
waveform will often look bizarre. If this occurs the catheter
needs to be repositioned and the waveform will return to normal.

----------------------------

CANNOT SAMPLE FROM PA
|CR_LDSH 29.1040

27 Sept 76 6720 HRs

tºº
: 40

is0
20

ii)

IRICU-LDSH
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5. There are times when a patients PAP will be greater than
50 mmHg and the pressure tracing will be off scale. If it
is the end expiration pressures that are off scale, the pressure
should not be read until the transducer is changed to a
0-200 scale.

PAP OFF RESP

PAP off scale. Cannot be read. Mean will be

6.

falsely low.

Arrhythmias can also cause difficulty in reading PAP tracings.
The most common problems occur with irregular atrial arrhythmias
like atrial fibrillation and with frequent PWC's. If this
occurs read only a mean pressure and note the problem on the
flow sheet.

E.

H=H----

---, --,-71 T rºcº 1-1
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== Cºnnor READH:

7. Fluctuations in total blood flow through the pulmonary
circulation will dramatically change the pressure waveforms.
In patients who have a low cardiac output, it is difficult to
tell the difference between PAP and PCW. The only discernable
difference may be a subtle drop in the pressure with very little
change in waveform. The best example of this, is ECMO where
the blood flow through the patients heart and lungs changes
according to adjustments in pump flow. Watch carefully for "
changes in pressure when the catheter is wedged and if there -

is no recognizable waveform in the PA tracing record only mean
pressure.

IRICU-LDSH
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PAP | | WEDGE.-
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50MMHG

■ ECM0----0.5

|-

Qe=

3.6|
-----
--

DA24JULY19760625HRS

-LDSH#256094

50MMHG

QECMO
=2.5

PULMONARYARTERYWAVEFORMWITHVARIATION
INECMOBLOODFLOw(■ ECMO)ANDPULMONARYBLOODFLOW(Úc)

(LITERS/MINUT■ )

IRICU-LDSH
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DA 25 JULY 1976 1415 HRS
LDSH #256094

(ECMO = 0.5 L/MIN
-

(ECMO = 6.0 L/MIN

IRICU-LDSH
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50MM HG

= . PAP
-

. "WEDGE , I-H -

= QECMO = 6 L/MIN .5 L/MINIE

: DA 25 July 1976 1315 HRs
-

LDSH #256094

Any pressures recorded on the flow sheet which may be suspect to
error should be starred (*) and an explanation written at the bottom
of the flow sheet. Save any strips you have questions about with patient
name, date and time so they can be read by someone else.

44. 4. &c.,
Alan H. Morris, M.D.
Medical Director

£4,44&º
Radene Holt, RN
Head Nurse

IRICU-LDSH
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Appendix II

Raw Data--Critical Care Spontaneous Group
Computer and Recorder Measurements of Mean Pulmonary

Artery and Wedge Pressures

Patient computer P recorder computer P ºrder RR

3 MS 17 25 4 15 40

3 MS 16 18 6 10 38

4 BS 39 40 14 | 6 24

4 BS 36 40 l] 14 19

5 MG 42 45 20 22 30

5 MG 27 30 10 12
--

6 BW 2] 24 ll 14 22

7 GG 17 19 6 ll 32

11 MB 15 24 7 18 24

13 MW 24 27 13 16 20

13 MW 2] 23 9 12 24

16 ES 39 34 19 23 24

16 ES 47 50 18 24 24

20 FN 30 30 9 10 28

20 FN 26 27 10 12 24

21 CM 12 19 2 6
- -

24 TG 3] 32 13 15 20

24 TG 27 26 20 2] 24

25 CB 34 37 15 22 28

29 DA 10 12 0 2 16

29 DA 20 22 | ] 15 24

32 CH 40 38 14 16 24

36 WE 24 23 11 10 28

37 WT 23 24 12 16 28

39 WM 15 26 8 24

IIlean
-

23.6 TO, 7. T4.4 25.6T

S + 10.20 9.05 5.43 5. 4.1 5.57





Raw Data--Critical Care Spontaneous Group
Monitor and Recorder Measurements of Mean Pulmomary

Artery and Wedge Pressure

PA
Patient monitor recorder monitor P “recorder RR

3 MS 20 25 8 15 40

3 MS 17 18 7 10 38

5 MG 28 30 10 12
--

5 MG 43 45 2] 22 30

7 GG 17 19 7 | ] 32

ll MB 12 24 8 18 24

13 MW 23 23 10 12 24

13 MW 24 27 10 16 20

16 ES 46 50 20 24 28

16 ES 4] 34 20 23 24

20 FN 28 27 ll 12 24

20 FN 30 30 10 10 28

21 CM 13 19 l 6
--

24 TG 22 26 15 2] 24

24 TG 30 32 14 15 20

25 CB 36 37 16 22 28

29 DA 10 12 l 2 16

29 DA 20 22 12 15 24

32 CH 30 30 16 18 32

32 CH 40 38 14 16 24

36 W0 22 23 10 10 28

37 WT 23 24 12 16 28

39 WM 15 26 4 8 24

39 WM 23 25 7 10 24

mean 25.54 27.75 TIO 14.33 26. 55

S +9.99 . 55 5. 39 5. 64 5.56



Raw Data--Critical Care Spontaneous Group
Automated and Recorder Measurements of Pulmonary

Artery Systolic and Diastolic Pressures

Patient automated PAS recorder automated PAd recorder

3 MS 43 38 2 28

4 BS 56 52 22 28

4 BS 59 60 16 32

5 MG 43 45 13 25

6 BW 3] 36 12 17

11 MB 25 34 5 20

13 MW 43 36 –4 20

13 MW 47 40 l 18

16 ES 52 54 20 32

20 FN 37 37 20 23

20 FN 42 40 23 25

21 CM 19 25 4 15

24 TG 28 33 14 23

24 TG 42 40 18 25

25 CB 69 55 17 35

29 DA 30 30 8 18

29 DA 19 19 2 7

32 CH 53 40 17 22

32 CH 75 68 23 32

37 WT 30 30 20 14

39 WM 25 25 7 14

39 WM 3] 38 ll 22

I■ led in 40.86 40.23 12. 32 22.5

S +15.29 12. 07 8.08 7.01



Raw Data--Critical Care IMW Group
Computer and Recorder Measurements of Mean Pulmonary Artery and

Wedge Pressure with Respiratory Rate, Compliance, and Level
of Positive End-Expiratory Pressure At Time of Measurements

Patient Hº-Hº-K g-º-º-Fº"||. Geº) tºo,
| SU 29 27 | 18 18 || 24 || 2 34 5

4 BS 38 || 40 || || 2 || || 4 || || 5 || 3 39 7

12 CS 28 28 9 || || 0 || 26 || 4 99 13

12 CS 30 || 31 6 || || 2 | 20 || || 0 50 13

14 TB | 38 || 36 || || 5 || 15 8 || 15 15 16

17 MT | 39 42 24 || 25 | 18 || 13 33 3

17 MT || 48 || 48 27 | 28 20 20 23 3

18 MS 33 || 32 9 || || 2 || || 2 || 5 42 5

18 MS 31 || 34 9 || ||6 || || 2 | 15 36 10

22 DS | 31 || 32 | 12 | 18 || 24 | 12 26 12

22 DS 33 || 33 || 19 22 || 36 10 29 12

23 JK 15 16 3 || 6 || || 5 || || 0 55 0

25 CB | 32 || 34 || || 6 || 20 || || 3 || 12 30 5

27 LN 27 27 | | 3 || || 7 || || 5 || || 0 26 0

3] IL | 43 || 44 22 || 26 || 31 || 7 35 0

35 LD 25 26 || || 0 || || 0 || 27 | 15 42 5

38 GS 24 || 23 || || 0 || || 3 || 21 | 12 25 10

38 GS 29 || 34 || || 4 || 23 28 12 18 15

40 RC | 17 | 18 8 || || 0 || 34 || 6 39 5

40 RC 28 30 9 || || 2 || 34 || || 37 5

mean 30.9 || 31.75 | 13.25 | 16.35 | 21.65 | 9.7 36.65 7.2

# 7.89 || 8.05 || 6.20 | 6.08 || 8.26 5.02 17.7] 5.06



Raw Data--Critical Care IMW Group
Monitor and Recorder Measurements of Mean Pulmonary Artery and

Wedge Pressure with Respiratory Rate, Compliance, and Level
of Positive End-Expiratory Pressure at Time of Measurements

Patient | a \ . g-º-º-º:"|. (º) (º)
| SH | 29 || 27 | 18 18 24 2 34 5

14 TB | 36 || 36 || || 3 || || 5 || 8 || 15 15 16

17 MT || 4 || || 42 24 25 | 18 13 33 3

17 MT || 47 || 48 || 25 | 28 20 | 20 23 3

23 JY | | 4 || || 6 4 || 6 || || 5 || 10 55

25 CB | 34 || 34 || || 6 || 20 | 13 | 12 30 5

27 LN | 27 | 27 | 16 || || 7 | 15 10 26 0

31 IL || 45 44 || 23 26 || 31 || 7 35 0

35 LD 25 26 9 || || 0 || 27 | 15 42 5

mean | 33. TT | 33.33 | 16.44 | 18.33| 19.0 |ll. 56 || 32.56 4. 11

s | #10.55 | 10.28 || 7.06 || 7.37 || 7.28 5.17 | 11.46 4.96



Raw Data--Critical Care IMW Group
Automated and Recorder Measurements of Pulmonary

Artery Systolic and Diastolic Pressure

Patient automated PAS recorder automated PAd recorder

l SJ 52 40 ll 24

4 BS 58 60 9 28

9 MF 48 45 17 22

12 CS 44 40 17 22

18 MS 66 44 –3 28

22 DS 14 16 4 8

23 JY 30 30 2 20

25 CB 54 48 16 30

27 LN 41 37 18 22

31 IL 60 57 36 38

35 LD 49 40 –7 22

40 RC 30 28 2 12

40 RC 44 43 13 20

mean 15. 33. 40.62 10.38 22.77

+14. 19 11. 64 11.2 7.6



Raw Data--Critical Care Assist/Control Group
Computer and Recorder Measurements of Mean Pulmonary Artery and

Wedge Pressure with Respiratory Rate, Compliance and Level of
Positive End-Expiratory Pressure at Time of Measurements

Patient aºrGºr RR Geº) (†.9)
2 LC 17 16 4 4 15 49 0

2 LC 16 16 5 5 15 54 0

3 MS 21 20 9 8 12 36 0

* 3 MS | 6 20 4 9 26 47 0

4 BS 26 28 9 8 10 38 13

8 PN 19 20 6 5 10 5] 0

9 MF 2] 2] 7 6 10 46 0

10 MS 23 24 8 8 2] 4] 7

10 MS 22 23 8 8 16 24 0

12 CS 39 40 20 20 24 17 15

12 CS 35 35 18 18 25 32 15

14 TB 38 40 13 ll 29 2] 16

15 MP 27 23 7 5 30 32 0

16 ES 44 45 20 20 10 47 7

18 MS 34 32 12 12 18 27 12

18 MS 42 40 3] 30 36 19 15

19 WP 39 40 16 16 20 42 10

19 WP 48 50 17 16 14 48 10

26 BK
-- --

14 14 18 33 6

* 28 HO 19 23 3 7 14 52 5

29 DA 36 37 14 13 22 59 15

30 GW 25 24 12 12 20 4] 12

33 MA 30 28 14 12 24 25 10

34 GB 36 37 13 13 20 10 25

34 GB 35 36 13 13 20 10 28

38 GS 29 28 ll 10 25 17 ll

38 GS 32 33 10 8 23 22 4

mean 29.58 29.96 11.78 11.52 || 9.5] 34.8] 8. 74

S £9.29 9.38 6. 14 5.84 || 6.72 14. 16 7. 73

* marked spontaneous effort precedes each ventilator breath



Raw Data--Critical Care Assist/Control Group
Monitor and Recorder Measurements of Mean Pulmonary Artery and
Wedge Pressure with Respiratory Rate, Compliance, and Level of
Positive End-Expiratory Pressure At the Time of Measurements

PA
Patient monitor recorder ºrder RR Cth PEEP

2 LC 17 16 6 4 15 49 0

2 LC 17 16 6 5 15 54 0

3 MS 22 20 10 8 12 36 0

3 MS 18 20 6 9 26 47 0

9 MF 2] 21 5 6 10 46 0

10 MS 26 24 ll 8 2] 4] 7

10 MS 25 23 10 8 16 24 0

14 TB 38 40 ll | ] 29 2] 10

16 ES 46 45 2] 20 10 47 7

28 HO 22 23 4 7 14 52 5

29 DA
-- - -

19 13 22 59 15

30 GW 27 24 14 12 20 41 12

33 MA 29 28 13 12 24 25 10

IIlean 25.67 25.0 10.46 9.46 18 41.69 5.08

S +8.72 8.90 5. 29 4. 22 6. 14 | 12.04 || 5.45



Raw Data--Critical Care Assist/Control Group
Automated and Recorder Measurements of Pulmonary

Artery Systolic and Diastolic Pressures

Patient automated PAS recorder automated PAd recorder

2 LC 26 22 10 ll

2 LC 24 22 9 ll

3 MS 31 26 15 14

4 BS 40 40 15 20

8 PN 32 25 l 15

9 MF 3] 30 13 14

10 MS 3] 28 17 18

12 CS 47 48 27 26

15 MP 42 3] 17 2]

16 ES 6] 54 34 40

18 MS 65 42 12 28

18 MS 56 56 33 32

19 WP 45 45 37 32

19 WP 67 68 26 40

28 HO 45 28 l 20

29 DA 57 56 19 28

30 GW 34 30 20 18

33 MA 46 42 16 22

34 GB 47 46 22 30

34 GB 49 4] 7 30

38 GS 42 40 16 25

38 GS 45 42 17 25

mean A3.5 39. 18 17.45 23.63

#11.94 12.45 9.6 8. 40



Raw Data--Cardiac Catheterization Laboratory Group
Computer and Recorder Measurements of Pulmonary Artery

Systolic, Diastolic, and Mean Pressures with
Time Each Measurement Was Obtained

Computer Recorder
Patient | Time PAS PAd PAV Time PAS PAd PA

6462 0832 20 7 15 0831 23 10 14

6568 121 l 55 33 42 12] ] 57 38 44

6016 1404 62 30 45 1402 63 38 46

6845 1218 27 13 19 + 35 20 25

6856 1215 18 4 9 1211 22 6 11

6645 0956 30 14 22 0957 30 15 20

6659 1409 46 23 33 1410 57 28 38

6650 0832 33 19 26 0829 33 17 23

6717 0828 34 4 26 0826 4] 19 26

6744 | 100 25 12 17 1058 28 13 18

674] 1055 52 30 42 1054 50 30 37

6740 0854 23 12 16 0852 26 13 17

6764 0942 28 | ] 18 0839 28 13 18

6796 1238 4] 2] 30 1235 4] 26 3]

6746 0826 27 14 20 0825 28 17 2]

677] 0835 19 4 13 083] 22 10 14

6799 | 128 28 17 24 1125 34 2] 25

6752 0850 20 | 0 15 0849 22 12 15

6780 0903 23 8 15 0859 26 11 16

6766 0938 38 13 25 + 37 17 20

32.45 T4. G5 23.6 34.85 | 18.7 23.95

#12.76 | 8.70 || 10.25 12. 17 9.05 10.2]



Raw Data--Cardiac Catheterization Laboratory Group
Computer and Recorder Measurements of Wedge Pressure

With the Time Each Measurement Was Done

Patient Hººt PCW Time Recorder PCW

6462 0833 5 0833 6

6568 1216 29 1217 32

6016 1406 29 1410 33

6845 1233 | 2 1239 12

6856 1217 5 1225 5

6645 1022 9 1020 12

6659 1413 26 1415 29

6650 0833 20 0834 18

67.17 083] 12 0829 14

6744 110] 9 1059 11

674] 1058 32 1056 32

6740 0856 8 0855 ll

6764 0945 14 0852 14

6796 1241 18 1238 2]

6746 0828 8 0827

677] 0836 8 0832

6799 | 132 10 | 130 14

6752 0852 8 0850 10

6780 0904 9 0900 ll

6766 094] ll 0937 14

14. 10 15.85

8.53 8.82
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