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ABSTRACT

The anatomy and physiology of the human heart, the
historical development of heart transplantation and
mechanical assistance, and total artificial heart and
ventricular assist device systems are discussed.

The focus

of the investigation is on the detection of waveform
indicators corresponding to full-filling of the artificial
heart and ventricular assist device chambers.

The

developed software monitors the drive pressure waveform
produced by the circulatory assist system until a full-fill
indicator is detected.

The event is verified by the

detection of a corresponding indication during the same
period within the flow waveform of the circulatory assist
system. The appropriate alarm (for the right or left
chamber) is updated each time a full-fill event is
verified.

When the user specified alarm limit is reached,

an entry describing the alarm event is entered into the
patient data file and a +5 volt analog signal is made
available for external alarm activation.
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CHAPTER 1.0

1.1

INTRODUCTION
Human heart donation and transplantation, mechanical

circulatory assistance, and artificial hearts were concepts
few people considered outside of science fiction novels
before the mid-1980's.

However, today, cardiovascular

disease contributes to fifty percent of all deaths in the
United States. [8]

Between two and three thousand human

hearts become available for donation consideration each
year.

Only seven to eight hundred hearts meet the donation

criteria and are accepted.

The National Heart

Transplantation Study of 1984 estimated by 1990, fifteen to
seventy-five thousand donor hearts would be needed. [15]
Estimates indicate twenty to forty percent of the
cardiac patients awaiting heart transplants die before
receiving a donor heart.

Common reasons for this tragedy

include the lack of acceptable donors, poor timing, wrong
location, incompatible blood groups, and incompatible
heart-patient sizes.

These clinical and logistical

problems have become stimuli for the development of
mechanical assistance technology as a permanent
replacement for the human donor heart and as a means to
support a patient until a suitable donor is found — a
"bridge to transplant." [15]
Knowledge of the human heart is critical for
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understanding the design and implementation concepts of the
mechanical assist devices.

Therefore, human cardiac

anatomy and physiology are diagrammed and discussed in
Chapter One.

Clinical and legal developments in

heart transplantation and mechanical assist technologies
are also presented within the introductory material.

To

familiarize the reader with the specific mechanical assist
devices of interest to this investigation, diagrams and
descriptions of the devices manufactured by Symbion, Inc.
(Tempe, AZ) are presented in Chapter Two.

All of this

introductory material provides an appreciation for the
complexity of supporting the failing human heart.
The focus of this investigation is the detection of an
unacceptable condition within the Symbion mechanical assist
devices.
and is

This condition is commonly known as full-filling,

characterized by complete filling of the device

chamber (or chambers) with blood.

Because the device is

not able to function adequately under this condition, the
patient's heart is not adequately supported.

Therefore,

the monitoring software developed during this investigation
is discussed (Chapter Three) and tested (Chapter Four) to
determine its reliability of detecting the full-fill event.
Finally, the conclusions drawn from this investigation are
presented.

12

1.2

CARDIAC SYSTEM
The text by Hole [12] provides a complete discussion

of the human cardiac system.

The following descriptions of

the human heart anatomy and physiology are derived from
this source.
1.2.1

Anatomy of the Heart

Figure 1 is a cross-sectional view of the anatomy of
the human heart.

The human heart is divided into four

chambers — two atria and two ventricles.

Additionally,

the heart is divided into left and right halves, each with
an atrium and a ventricle.

The atria act as holding

chambers for the blood, while the ventricles are composed
of strong cardiac muscle fibers responsible for pumping
blood through the heart and body.
Four uni-directional valves are found in the heart.
As the relative pressures within and between the heart
chambers change, the valves open and allow blood to flow.
For example, as an atrium fills with blood the pressure
within that chamber increases.

Contraction of the chamber

further increases the pressure, such that the atrial
pressure is greater than ventricular pressure.

The valve

then opens and allows blood to flow from the atrium into
the ventricle.

When corresponding circumstances occur

within the ventricle, the blood is prevented from flowing
back into the atrium by nature of the uni-directional
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valves.

Hence, the valves provide for uni-directional

blood flow through the heart and out through the major
blood vessels.
Blood flow through the heart chambers and valves
proceeds as follows.

The superior and inferior vena cava

are major blood vessels which supply venous, nonoxygenated, blood from the body to the right atrium.

The

blood flows through the tricuspid valve into the right
ventricle during the filling phase of the cardiac cycle —
diastole.

The blood exits the right side of the heart

through the pulmonic valve so the blood may be oxygenated
in the lungs.

This pumping phase of the cardiac cycle is

known as systole.

The oxygenated blood returns to the

heart via the pulmonary vein and enters the left atrium.
During the diastolic period, the blood flows from the left
atrium through the mitral valve and into the left
ventricle.

Finally, the blood is forced out of the heart

through the aortic valve into the aorta, a second major blood
vessel, for perfusion of the entire body.
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FIGURE 1:

Diagramatic Representation of Blood Flow
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1.2.2

Electro-Phvsiolocry of the Heart

Figure 2 is a pictorial representation of the
electro-chemical conduction system within the human heart
necessary to achieve the described blood flow.

The heart's

electro-chemical conduction system stimulates the cardiac
muscle fibers to contract the heart in a sequenced manner.
The stimulus is initiated by a bundle of nerve cells, known
as the sinoatrial (SA) node, located on the posterior wall
of the right atrium.

The electro-chemical stimulus travels

spreads out into the atria, causing them to contract and
empty their blood volumes into the ventricles.
Simultaneously, the stimulus travels to another nerve
cell bundle, the atrioventricular (AV) node, located at the
base of the right atrium.

The stimulus then travels down

into the ventricles via a group of conducting nerve fibers known
as the Bundle of His.

This bundle divides and become

individual fibers — Purkinje fibers — which extend into
the cardiac muscle within the ventricles.

As the stimulus

moves from the posterior to the frontal plane of the heart,
in a left to right direction, the ventricles contract and
force blood out into the pulmonary artery and the aorta.
[3]
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FIGURE 2:

The Electrical Conduction System of the Heart
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1.3

CARDIAC TRANSPLANTATION AND MECHANICAL ASSISTANCE
An excellent history of the clinical development of

cardiac transplantation and mechanical assistance is
presented by Drs. Levinson and Copeland. [15]

The

legislative development can be traced through the
individual congressional hearings related to the public
laws described within this section. [5, 6, 14, 18]
1.3.1

A Clinical Review

Cardiac transplantation and mechanical assistance are
relatively new technologies when observed from a historical
perspective.

In 1937, a Soviet cardiac surgeon named

Dr. Demikhov first attempted the complete replacement of an
animal's heart.

Not until the 1950's, however, were

standard cardiac transplantation techniques developed.
The 1950*s also brought advances in mechanical
assist technology.

In 1953, an artificial heart for

pharmacological studies and a centrifugal pump for
circulatory perfusion were developed for use during
animal studies.

The following year brought the

introduction of the cardiopulmonary bypass (heartlung machine) into clinical practice.

Then in 1957,

Drs. Akutsu and Kolff of the Cleveland Clinic
attempted the first complete heart replacement in an
animal within the United States.
The next decade of advances began in 1960, when
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the basic cardiac transplantation techniques were
published.

In 1964, Dr. J. D. Hardy performed the first

cardiac transplantation in a human.

However, because a

donor heart was not available and the recipient was near
death, Dr. Hardy transplanted the heart of a 98 pound
chimpanzee into the 68 year old man.

While the patient's

cardiac function was initially restored, the chimpanzee
heart was too small to support the human load.
died about

The patient

one hour after being removed from

cardiopulmonary bypass.
Three years later, Dr. Christian Bernard (Cape Town,
South Africa) performed the first human donor cardiac
transplantation.

The 58 year old patient survived 18 days.

That same year, the intra-aortic counterpulsation balloon
pump (IABP) was introduced into limited clinical practice.
The IABP consists of a long catheter with a tiny balloon at
the tip.

The catheter is typically inserted at the groin

into a major vein.

The tip is then guided up to the heart,

where the balloon is then inflated in a rhythm such that
the heart muscles are relieved of some of the work required
to pump the blood.
Immunosuppressive drug therapy and endomyocardial
biopsy techniques were introduced in 1969.

These

advancements increased patient survival periods to one year
for 70% of transplant cases by 1976.

Additionally, Dr.

Denton Cooley of the Texas Heart Institute attempted the
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first "bridge to transplant" in 1969, using mechanical
support technology developed at the Heart Institute.

The

patient was supported for 63 hours, but died of infection
after transplantation. [10]
By 1979, thirty-six cardiac transplantation procedures
were performed annually.

As it became clinically possible

to successfully transplant more patients, more attention
was given to development of mechanical assistance
technology.

A means of permanently supporting patients or

temporarily supporting patients until viable donors were
located was of increasing importance.

Robert Jarvik, a

mechanical engineer under the direction of Dr. Kolff,
invented the Jarvik-7 total artificial heart at the
University of Utah, Salt Lake City.

This device was the

seventh in a series of total artificial hearts developed at
the University of Utah. At the same time, other less famous
total artificial hearts were developed at the Texas Heart
Institute and Pennsylvania State University.
Between 1982 and 1985, Dr. William DeVries performed
three Jarvik-7 total artificial heart implants in human
patients.

In all three cases, the Jarvik-7 was used as a

permanent replacement of the patient's failing heart.

The

first and most famous of the cases was that of Dr. Barney
Clark, who survived 112 days. [9]
Then in 1985, Dr. Jack Copeland (University Medical
Center, Tucson, AZ) performed the first successful "bridge
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to transplant" using the Jarvik-7.

The 25 year old male

patient was supported for nine days, after which he was
successfully transplanted with a human donor heart.
As of March 1988, 92 Jarvik-7 implants were performed in
the U.S.

Of those, two-thirds received human donor

transplants with a fifty to sixty percent survival rate.
[7]

Survival rate is defined, in this case, as the

percentage of patients surviving the cardiac transplant
surgical procedure.

1.3.2

A Legislative Review
Donation and transplantation of human organs was not a

new legislative issue.

The British Tissue Act of 1832

created an environment hostile to organ donation. [6]

It

declared the bodies of deceased individuals as the property
of their next-of-kin.

While this was not a binding law

within the United States, it set a strong precedent and was
upheld in most cases.
Not until the second half of the twentieth century was
the British precedent overturned.

In 1968, the Uniform

Anatomical Gift Act called for the body of a dead person to
be considered the property of that same person. [5]
Therefore, the person^ wishes concerning organ donation,
made known prior to death, were to be honored.

This

legislation was weak, as actual statutes varied amongst the
states and were loosely enforced.

In many cases, no one
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sought the potential donor1s wishes or the next-of-kin were
allowed to determine the question of organ donation.
Technological development of equipment to support
patients awaiting transplants, along with other patient
care equipment, was increasing dramatically during this
same time period.

However, formal regulation of medical

equipment was non-existent until 1976.

The 1976 Medical

Device Amendments to the Federal Food, Drug, and Cosmetic
Act divided medical equipment into three classes, based on
the level of risk posed by each device. [14]

Specifically

defined categories were established within each class,
including one for investigational devices.

The total

artificial hearts and other mechanical assist technologies
under development were given special approval for human
subject testing as Class III (high risk) investigational
devices.
Then in 1983, the Reagan administration initiated the
American Council on Transplantation. [5]

The committee

worked through the U.S. Surgeon General's office, and its
purpose was to study the issues and problems surrounding
human organ transplantation.

Ultimately, the committee

made recommendations to the White House as to what, if any,
action should be taken.
From those recommendations, numerous congressional
hearings, and the efforts of several Congress members, the
National Organ Transplant Act of 1984 was written and
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passed. [18]

This legislation provided financial and

administrative resources on a national level to promote
efficient and effective organ transplant programs.

It also

set up national registries of transplant recipients and
developing transplantation technology.

The office of the

U.S. Surgeon General was made responsible for administering
and coordinating all the provisions of the legislation.
While this legislation did not solve all the problems
facing organ transplantation, it provided coordination and
stimulation to the existing private sector efforts.
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CHAPTER 2.0

2.1

THE SYMBION SYSTEM
The circulatory assist and support system manufactured

by Symbion, Inc. (Tempe, AZ) has several components.

Two

implantable devices are available — the total artificial
heart and the ventricular assist device.

To power either

of these devices, the model IIIE circulatory support system
provides pulses of compressed air.

Waveforms and patient

statistics are calculated and displayed by the cardiac
output monitor and diagnostic unit (COMDU) computer
program.

Each of these system components is described in

more detail to establish a foundation of knowledge about
the system used in this investigation.
2.1.1

The Total Artificial Heart

Figure 3 is a cross-sectional diagram and Figure 4 is
a photograph of the Jarvik-7 total artificial heart.

The

Jarvik-7 total artificial heart (TAH), invented by Robert
Jarvik and marketed by Symbion, Inc., is available with a
100 cc or 70 cc maximum stroke volume. The devices are
otherwise identical. The nearly spherical chambers intended
to replace the natural ventricles are DACRON (trade mark)
meshes covered with BIOMER (trade name).

Four, uni

directional, titanium valves replace the heart's natural
valves.

A diaphragm composed of four layers of BIOMER
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(trade name), a segmented polymer, separates each chamber
into an air space and a blood space.

Connecting devices

which snap together, "Quick Connects", are used at the
heart suture site and at the connecting points on the TAH.
Therefore, the TAH may be snapped into or out of place
during surgery. [1]

FIGURE 3:

The Jarvik-7 Total Artificial Heart
Cross-Section
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The Jarvik-7 Total Artificial Heart Photograph
(Courtesy of the Artificial Heart Department,
University Medical Center. Tucson, Arizona)
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Given the variety of cardiac support devices
available, general guidelines exist to match the best
device with the given medical situation.

For the TAH to be

a viable choice, the patient must be an acceptable
transplant candidate.

This is because the TAH completely

replaces the patient's natural ventricles, so there is no
possibility of cardiac recovery.

Once the TAH is

implanted, the patient must be transplanted with a human
heart or remain tethered to the TAH and the Symbion system
for the remainder of his or her life. [15]
Medical conditions leading to the TAH as the device of
choice are many and varied.

In many cases, the patient has

acutely deteriorating cardiac function and a transplant
donor is not immediately available.

Some cardiothoracic

patients fail to wean from the cardiopulmonary bypass or
have persistently low cardiac output after surgery.

If a

donor heart is not available for immediate transplantation
these post-surgical patients often need to be supported.
Additionally, transplant patients sometimes acutely reject
the donor heart and must be supported until another donor
organ becomes available. [15]
Patient thoracic cavity size is also a factor.

As the

TAH is internally implanted, the patient's chest must be of
sufficient size to accommodate the device.

If the chest

cavity is too small, inflow obstruction and/or impaired
pulmonary function may result due to compression of the TAH
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tubing or the patient's lungs. [4]
The implantation of the TAH is a complicated surgical
procedure in which the patient is placed on cardiopulmonary
bypass and the natural ventricles are removed.

The TAH

chambers are then sutured to the natural atria, the
pulmonary artery, and the aorta. [4]

Figure 5 illustrates

the patient-TAH interface.
Once the patient is removed from cardiopulmonary
bypass and is completely supported by the TAH system, there
are two waveforms of particular diagnostic interest — the
drive pressure and the flow volume.

The drive pressure

waveform is a measure of the air pressure delivered by the
Symbion system, as detected by transducers within the TAH
air lines.

The flow waveform, generated by COMDU, is a

measure of blood flow as a function of the air exhausted
from the system during diastole.
Figure 6 is an example of the right and left drive
pressure waveform. The right and left drive pressure
waveforms are generally of the same shape, but the right
side typically has a lower amplitude.

Point 1 indicates

the end of diastole — the filling phase.

Segment 2 is the

systolic portion of the cardiac cycle, during which
compressed air is pulsed into the TAH air space to force
the blood out of the TAH blood space.

Point 3 is commonly

referred to as the complete eject flag.

Segment 4

completes the cycle by indicating the diastolic portion of
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the waveform. [20]
Figure 7 shows the right and left flow waveforms.
Point 1 is the depressurization spike, indicating the end
of systole.
segment.

Segment 2, therefore, is the diastolic

Point 3 is the pressurization spike signaling

the beginning of systole.

Segment 4 then completes the

cardiac cycle with the systolic segment. [20]

FIGURE 5:

TAH-Patient Interface
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FIGURE 6:

Drive Pressure Waveforms
(Systole occurs between points 1 and
3 — Diastole occurs between point
3 and subsequent point 1)
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FIGURE 7: COMDU Flow Waveforms
(Systole occurs between points 1 and
3 — Diastole occurs between point
3 and subsequent point 1)
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2.1.2

The Ventricular Assist Devices

Figure 8 is a cross-sectional diagram and figure 9 is
a photograph of the ventricular assist device.

The Symbion

ventricular assist devices (VAD) are similar to the TAH.
The materials are the same and the 70 cc maximum stroke
volume design is utilized.

The VAD, however, does not

replace any portion of the natural heart.

Rather, it

assumes some portion of the workload seen by the natural
heart; thereby, it reduces the stress on the natural
heart.

FIGURE 8:

The Symbion Ventricular Assist Device
Cross-Section
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The Symbion Ventricular Assist Device Photograph
(Courtesy of the Artificial Heart Department,
University Medical Center. Tucson, Arizona)

32

As with the TAH, specific medical situations call for
the use of the VAD.

A failing, but recoverable, ventricle

chamber is the most common reason for choosing a right
(RVAD) or left (LVAD) ventricular assist device.

In such

cases, the failing ventricle needs assistance in pumping
blood out of the heart.

By using an RVAD or LVAD, the

stress and workload on the corresponding ventricle is
reduced.

Patients with temporary or reversible damage to

one or both ventricles may be supported by an RVAD, LVAD,
or BiVAD (two ventricular assist devices) for the same
purpose. [15]
BiVADs are also used as an alternative to the TAH when
the patient thoracic cavity is too small for the TAH
because the VADs are external to the body. [15]

Cannulae are

sutured to the right and left atria, the pulmonary artery,
and the aorta.

The VAD cannulae enter the patients abdomen

and connect to the sutured cannulae via metal rings.

If

only one side of the natural heart is to be supported only
the two corresponding suture sites are used, and the VAD is
known as an RVAD or LVAD. [4]

Figures 10 and 11 illustrate

the LVAD- and RVAD-patient interfaces, respectively.
Figure 12 illustrates the BiVAD-patient interface.
The waveforms of interest when monitoring VAD patients
are the same as those for the TAH patient.

The drive

pressure and flow waveforms are the same for individual
VADs as for each side of the TAH.

However, the VAD patient
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still produces an electrocardiogram (ECG) because his or
her heart is still functioning to some degree.

Therefore,

the ECG will also be monitored for increased heart function
as an indicator of patient recovery.

In some cases, the

ECG will be used as the trigger for the delivery of VAD
pulses.

During this mode of operation, the VAD "beat" may

be set to occur 180 degrees out of phase with that of the
natural heart; or the VAD may "beat" asynchronously with
the natural heart.

FIGURE 10:
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FIGURE 11:

RVAD-Patient Interface
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FIGURE 12:

BiVAD-Patient Interface
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2.1.3

The Circulatory Support System

The Symbion model HIE circulatory support system (the
driver) in Figure 13, provides the pneumatic pressure
required to operate the TAH and VAD.

The article by

Berstein [1] and the Total Artificial Heart Training Manual
[20] provide good descriptions of the Symbion circulatory
assist system.

The driver has three main components — 1)

the controller, 2) the vacuum control, and 3) the alarm
panel.

The controller provides the regulated pulses of

compressed air to force blood out of the device during
systole.

Operator controls on the front panel establish

the right and left drive pressures, the heart rate, and the
systolic percentage of the entire cycle.

A second,

identical, controller is positioned directly below the
first.

This second controller acts as the backup in the

event the first controller fails.
The vacuum controller is used to reduce pressure on
the device diaphragm by creating a pressure in the air
space which is negative with respect to the blood space
pressure.

This decreases the time required to fill the

device blood space by actively drawing blood into the
device.

Without this exaggerated pressure difference,

created by the vacuum, the device fills passively much like
the natural ventricles.
Finally, the alarm panel provides visual and audible
alarms for low drive pressure, low cardiac output, low
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compressed air tank pressure, and computer system (COMDU)
faults.

The pressure alarms are activated when transducers

within the driver air lines detect insufficient pressures.
The cardiac output and COMDU alarms are activated bysignals from the computer system.
2.1.4

COMDU

The cardiac output monitor and diagnostic unit (COMDU)
is software loaded into a COMPAQ (Houston, TX) portable
computer, which sits on top of the driver console.

COMDU

monitors the filling of the device, then graphically
represents the data as a flow waveform.
display the drive pressure waveforms.

It will also

Tabular data is also

available on cardiac output and fill volumes over time. [1]
Transducers within the driver air lines measure the
pressures delivered to the TAH or VAD.

The drive pressure

is correlated to the emptying of blood from the device,
while the exhausted air pressure is correlated to the
filling of the device with blood.

The transducer values

are passed to the COMDU via a DT2801 data translation board
(Data Translation, Inc. - Marlboro, MA) to calculate the
patient statistics — cardiac output and fill volumes.

Symbion UTAHDRIVE IIIE and Compaq Portable
Computer
(Courtesy of the Artificial Heart Department,
University Medical Center. Tucson, Arizona)
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2.2

CLINICAL ENGINEERING
Total reliance on sophisticated equipment requires

constant interaction between the medical staff responsible
for the patient's care and the clinical engineers
responsible for the Symbion system equipment.

The article

by Cleavinger and her colleagues [4] describes the
clinical engineering involvement with TAH and VAD
patients.
During the initial 48 to 72 hours, the clinical
engineers monitor the patient and the support system from
within the hospital.

Typically, the engineers rotate

through twelve hour shifts to provide constant monitoring.
After the patient is stabilized, the clinical engineering
staff converts to twenty-four hour shifts.

During the day,

the patient and support system are monitored in-house.

At

night, the "on call" clinical engineer monitors from his or
her home via a portable GRID (Mountain View, CA) Case III
computer and modem connection to the hospital based support
system.

Regardless of the monitoring site, the clinical

engineers watch for indications of equipment malfunctions
and patient problems.

The engineers then offer suggestions

and solutions to correct the unacceptable situations.

The

knowledge and experience of the engineering and medical
staffs are therefore integrated to provide the TAH or VAD
patient with the best care possible.
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2.3

FULL-FILLING OF THE DEVICE
The system monitoring by the medical and clinical

engineering staffs includes detection of two important
events.

The first event to be considered, and the focus of

this investigation, is full-filling of the device.

The

Total Artificial Heart Training Manual [20] describes how
the full-fill event is identified.

Full-filling is

characterized by the device blood space being completely
filled during diastole.

Such a circumstance leaves no

residual volume within the blood space for increasing blood
volumes to improve the patient's cardiac output.

Cardiac

output (CO) is calculated from the stroke volume (SV) (that
is, the volume of blood forced out of the blood space) and
the heart rate (HR).

It is a measure of the blood flow

rate out of the heart.
CO (1/min)

=

SV (1/min)

*

HR (beats/min)

The ideal filling volume, or stroke volume, is considered
to be approximately 75% of the device's complete filling
volume.

Thereby achieving only 75% of the maximum cardiac

output for the given heart rate.

Sufficient cardiac output

is necessary to ensure perfusion of the patient's entire
body.

The unused 25% of the filling volume acts as a

buffer against backing up blood into the patient's lungs.
The drive pressure and flow waveforms have specific
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characteristics for indicating full-fill events.

Figure 14

is an example of full-filling as indicated by the drive
pressure and flow waveforms.

The arrows mark the points

within each waveform where the two full-fill events
occurred.

The drive pressure waveform normally maintains a

stable baseline during diastole.

However, it will

momentarily drop below this baseline value as a result of a
mechanical phenomena involving the device valves and
diaphragm and the stop of blood flow into the device.
Blood flow into the device stops because the device blood
space is filled to its maximum volume— the full-fill
event.
The flow waveform establishes a stable baseline during
systole. When a full-fill event occurs, the waveform drops
below the baseline value during diastole.

This is not

reverse flow of the blood, but rather a drop to zero flow
rate — no more blood is flowing into the device blood
space.

Normally the flow rate is consistent during

diastole? however, full-filling causes the flow rate to
drop dramatically as the residual volume is filled. [20]

FIGURE 14:

The Full-Fill Event
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2.4

COMPLETE EJECTION FROM THE DEVICE
The second event of particular interest is complete

ejection of blood from the device.

Unlike full-filling,

complete ejection is a desirable event.

When the device

blood space is completely emptied during systole and the
diaphragm is maximally extended, complete ejection is
achieved.

This maximizes the ability to achieve the

desired cardiac output.
Only the drive pressure waveform provides an indicator
of complete ejection.

Figure 15 is an example of complete

ejection as indicated by the drive pressure waveform.

The

arrows mark the point within the waveform when the complete
eject event occurred.

At the end of systole, the air

pressure provided by the driver increases rapidly to
further expand the diaphragm and force the residual blood
volume out of the device.

The detection of the complete

eject event is not included within this investigation.

FIGURE 15:
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I
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CHAPTER 3.0

3.1

MATERIALS AND METHODS
Figure 16 is a block diagram of the complete system

used in program development and testing.

The objective of

this project is to automate the detection of full-fill
events in a Symbion TAH, RVAD, or LVAD.

Therefore, a TAH

and a VAD, the driver, and COMDU are required.

To simulate

the "patient response", the Donovan mock circulation is
used.

Figure 16:

Equipment Setup Block Diagram

Mock
Circulation

TAE
or
VAD

COMDU

UTAHDRIYE HIE
Circulatory Support

DT2801
Data Translation Board

Alarm

System

Hewlett-Packard
ASYST 10 Software

PC

Floppy Disk File
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3.1.1

The Donovan Mock Circulation

Figure 17 show the Donovan mock circulation with the
Symbion support devices connected.

The mock circulation is

a large fluid filled tank, divided into four chambers to
simulate pressures within the human heart and vessels. [4]
The largest chamber simulates right atrial pressure (RAP).
The three smaller chambers provide aortic (AoP), pulmonary
artery (PAP), and left atrial (LAP) pressures.

By varying

the fluid levels of the individual chambers, the inflow and
outflow pressures seen by the support device are changed.
Additionally, the systemic and pulmonary vascular
resistances are modeled by bellow driven flow restrictors
positioned between the RAP and AoP chambers and the PAP and
LAP chambers.

By varying the fluid levels in the chambers

and/or the amount of flow restriction, various cardiac conditions
may be simulated.

Therefore, the mock circulation is

extremely useful for establishing test conditions which
simulate clinical conditions.

FIGURE 17:

The Donovan Mock Circulation
(Courtesy of the Artificial Heart
Department, University Medical Center.
Tucson, Arizona)
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3.1.2

The Electronic Hardware System

To provide a communication link between the Symbion
system and a personal computer, a DT2801 Series data
translation board (Data Translation, Inc. - Marlboro, MA)
is used.

This board provides analog-to-digital (A/D) and

digital-to-analog (D/A) capability, with differential
inputs.

The present configuration provides for eight A/D

channels and two D/A channels, both having a digital value
range of 0 to 4095.

The Hewlett-Packard (HP) computer

utilizing the DT2801 has an 80286 processor with a 12 MHz
CPU speed.

An IBM Personal System/2 color display and a

Hewlett-Packard LaserJet printer complete the hardware
system.
3.1.3

The Software System
The ASYST 3.0 software (Adaptable Laboratory

Software - Rochester, NY) is used to develop programs to
automate full-fill detection.

ASYST is configured

according to the described computer system and loaded in
the HP hard-disk drive.

The developed programs are stored

on an HP high-density 5 1/4" floppy disk.
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3.2

THE FULL-FILL DETECTION SOFTWARE
A full-fill detection routine was developed for each

of the modes of support provided by the Symbion system —
right side only, left side only, and bi-lateral support.
Right side only detection is utilized with the RVAD; left
side only detection is used with the LVAD.

The Bi-VAD and

TAH utilize bi-lateral detection, since they provide bi
lateral cardiac support.

However, either single side

monitoring routine may be utilized with the Bi-VAD or TAH
if the user prefers.

A prompting program is used to

provide the three options to the user, and then load the
appropriate full-fill detection routine.
3.2.1

The User Input Program

After a detection routine is chosen, the user is
prompted for the following information:
1) patient's name
2) size of alarm observation window (minutes)
3) maximum number of full-fill events within the
window
4) time between parameter update (minutes)
Input of the patient's name is optional, but the remaining
parameters are necessary for the proper operation of the
detection routine.

Therefore, default values are provided

so the user has the choice of selecting those values or
entering their own.
This program is customized for each monitoring mode.
The single side detection routines prompt the user for
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information applicable to the side of concern.

The bi

lateral detection routine prompts the user for entries for
both sides.

The time between parameter updates refers to

how often the routine recalculates the heart rate, percent
systole and diastole, and other parameters necessary for
the proper operation of the full-fill detection routine.
The general operation of the individual programs, however,
is the same.
3.2.2

The Setup Program

The detection routine then automatically begins
calculation of the heart rate, percent systole, percent
diastole, and markers to identify the systolic and
diastolic portions of the drive pressure and flow
waveforms.

The heart rate is calculated from ten cycles of

the synchronization (SYNC) signal — a square wave produced
by the driver.

The percent systole and diastole are also

calculated from ten cycles of the SYNC signal.

The percent

diastole is determined first; and the percent systole is
the remaining difference.

The markers partitioning the

diastolic and systolic portions are set using the
calculated heart rate and percentages of systole and
diastole.
3.2.3

The Alarm Program
The alarm program is accessed only under two

circumstances — 1) to initialize the patient data file and
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write the user defined information into it or 2) to enter
the relative time of a full-fill event.

When the detection

routine is first loaded and started, the patient file is
created and information obtained in the user input and
setup programs is entered into it.

The alarm program is

not accessed again until a full-fill event occurs or an
update of the operational parameters (heart rate, percent
systole, alarm limits, etc.) are required.
The alarm limits are user defined.

That is, the user

determines the maximum number of full-fill events within a
given period of time.

The user is prompted for all this

information during the execution of the user input program.
When utilizing the single side detection routines the user
is prompted for only a single maximum number of full-fill
events.

However, the bi-lateral detection routine prompts

the user for separate maximum values for the right and left
sides.

All routines prompt the user for a single period of

time during which the limit applies.
The user defined limits are used to define arrays
which hold the relative times of each full-fill event.
When an event is detected, the time elapsed since beginning
acquisition and analysis is noted as the alarm time.

These

values are entered in successive element positions within
the appropriate array.

If the array is filled within the

observation time period defined by the user, an entry is
made to the patient file and the array is cleared of
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entries.

If the time period elapses before the array is

filled, the array is rotated one position to the left until
all entries are within the defined time frame.

Figure 18

is an example of a patient file which has been initialized
with the user input and setup program information, and has
subsequently recorded full-fill alarm conditions on each
side.

Figure 18:

An Example of Patient Data File Alarm Entries

05/21/90
11:26:45.87
Patient's Name:
Alarm observation window (minutes): 10.0000
Maximum allowable full-fill events
Right side:
10.0000
Left side:
5.0000
Parameter update period (minutes): 30.0000
Calculated heart rate (BPM): 109.6892
05/21/90
05/21/90
05/21/90
05/21/90

11:28:36.27
11:32:27.01
11:32:38.33
11:32:43.16

Full-Fill
Full-Fill
Full-Fill
Full-Fill

Alarm
Alarm
Alarm
Alarm

Left Side
Left Side
Right Side
Left Side
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3.2.4

The Analysis Program
Within the analysis program, acquisition and analysis

of the drive pressure and flow waveforms occur.

The period

corresponding to the heart rate was chosen as the major
determining factor in the calculation of the acquisition
buffer size.

A small fraction of the heart period is added

to allow analysis of all regions where a full-fill event
might occur.
acquired.

That is, a small portion of the next cycle is

This buffer size is then used in the acquisition

of the drive pressure and flow waveforms until it is
updated with new heart rate information.
Acquisition of the drive pressure and flow waveforms
begins by setting the sampling rate.

To provide the

fastest sampling rate allowed by the ASYST software, a 2
msec/sample period is used with the single side detection
routines, and a 4 msec/sample rate is used with the bi
lateral detection routine.

Limitations on the sampling

rate are due to the time required by ASYST to accomplish
all the necessary tasks within the given period.

The

chosen periods also conveniently provide for two complete
cycles within each acquisition buffer.
Prior to beginning analysis of the drive pressure and
flow waveforms, the baseline values of each are determined.
Ten cycles of each are acquired and the minimum value of
each cycle is determined.

The ten values are then averaged

to obtain the overall baseline average value for each
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waveform.

These baseline values are used to indicate

whether a possible full-fill event has occurred.
Analysis of the drive pressure and flow waveforms
begins once the baseline values are set and continues
until the program enters an update cycle or is terminated.
Analysis consists of the actual detection of the full-fill
events as illustrated in Figure 19.

First, a complete

acquisition buffer of data is acquired for each waveform.
The systolic and diastolic markers defined in the setup
program are used to delineate the portions of the waveforms
to be analyzed for full-fill indicators — the diastolic
portion.

These indicators, as previously discussed, are

momentary excursions below the baseline of both waveforms.
To increase the speed of the analysis, only the drive
pressure waveform is analyzed until a full-fill indicator
is noted by determining the minimum value within each
diastolic segment.

This minimum value must be equal to 95%

or less of the left drive pressure baseline value to
indicate a possible full-fill event.

The right drive

pressure waveform is more difficult to detect because the
excursion below the baseline is not as great as seen on the
left side.

Therefore, a minimum value equal to or less

than the baseline value is considered a possible indication
of full-filling.

Once a drive pressure indicator is noted,

the corresponding flow waveform is analyzed.

Again, the
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diastolic minimum value is determined and compared to the
baseline value.

If the diastolic minimum on the left or

right side is less than the flow waveform baseline value of
the corresponding side, then a full-fill event is assumed
to have occurred.

The alarm program is accessed and the

appropriate entries are made.

Control then returns to the

analysis program and analysis continues until another fullfill event is detected or an update of the operational
parameters is requested.

Figure 19:

Verification of a Full-Fill Event, as
Indicated by the Drive Pressure and Flow
Waveforms
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3.2.5

The Coordination Program

To coordinate the interactions of the user input,
setup, alarm, and analysis programs a simple control
program is used.

This program moves control between the

various programs as appropriate, utilizes the user input
information to determine when an automatic parameter update
is required, and returns control to the initial prompting
program for user requested parameter updates or termination
of the full-fill detection routine.

A customized

coordination program exists for each of the three modes of
full-fill detection.
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CHAPTER 4.0

4.1

RESULTS & DISCUSSION

4.1.1

Test Conditions

To verify the precision of the program calculations
and sampling of beats, the system configuration of Figure
Each of the full-fill detection routines is

16 is used.

tested under conditions simulated by the Donovan mock
circulation.

Testing addresses the following four areas of

specific concern:
(1) Calculation of the heart rate
(2) Calculation of the percent systole and
percent diastole
(3) Calculation of the waveform average
baseline values
(4) Number and percentage of beats sampled
Calculation of the heart rate is performed during the
Setup program, and uses the SYNC pulse generated by the
UTAHDRIVE.

For test #1, the heart rate calculation routine

is run ten times for each of the heart rates(60 - 120 bpm)
set on the UTAHDRIVE.

The heart rate calculation routine

determines the period of ten individual cycles of the SYNC
pulse, then averages them for the overall period and rate.
The ten calculated rates, shown as "Readings" in Table 1,
are used to determine the mean value calculated during
the test.
Calculation of the systolic and diastolic periods is
also performed within the Setup program and the SYNC pulse
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is used.

Again, the UTAHDRIVE is used to set the test

value (systolic percentages 30 - 60) and ten "Readings"
are made by running the particular routine ten times.

In

each case, the calculated systolic and diastolic percentages
are recorded.

The mean values for test #2 are calculated

for each setting and group of "Readings" and recorded in
Tables 2 and 3.
The average baseline values are calculated within the
analysis program.

Values for the right and left sides are

calculated by the same routine.

The routine determines the

minimum value within the diastolic segment of the drive
pressure waveform and the systolic segment of the flow
waveform.

These minimums are collected for ten cycles of

the waveforms, then averaged for overall baseline values.
Test #3 runs the routine ten times, collecting the
individual minimum values for each run.

The "Readings" and

mean values are recorded within Tables 4 and 5 as digital
values.
Finally, the number and percentage of beats sampled is
analyzed under the following conditions.

Each of the

detection routines is run for sixty minutes, with parameter
updates performed every five minutes.

In the first case,

the detection routines are provided with waveforms
containing no full-fill events.
all full-fill events.

The second case provides

During the analysis program the

software maintains a count of the total number of beats
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acquired and analyzed.

This number and the percentage of

the overall number of beats occurring during the
sixty minutes is presented in Table 6.
Within the statistical analysis of each test, the
sample mean and sample standard deviation are calculated
because less than thirty data points (n<30) are collected
for each test. [19].

The range of the population mean is

calculated using t scores.

The t score, chosen from a

table of values, is the area under the t curve, as
determined by the degree of freedom (df) and the level of
certainty.

The degree of freedom is a function of the

sample number [19]:
df = n - 1
The level of certainty is a percentage prediction of the
certainty of finding the population mean value in the
calculated range. [19] A level of certainty of 95% is used
to provide a high level of reliability to the predicted
population range.

The t score (t), the sample number (n),

the sample standard deviation (sx), and the sample mean (x)
are then used to predict the population mean range (u):
u = x ± [sx / (n)0,5 ] t
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4.1.2

Test Results

Tables 1 through 6 provide the tabulated results of
the tests in each area of the four areas of interest.

TABLE 1:

1
1
1
1
1
1
1
1
1
1

100
99.668
99.668
99.668
99.668
99.668
99.668
99.668
99.668
99.668
99.668

110
109.689
109.689
109.489
109.489
109.489
109.689
109.489
109.489
109.489
109.489

120
119.284
119.284
119.522
119.761
119.761
119.522
119.761
119.522
119.522
119.522

sample
MEAN

1 5? .833 1 69.822 1 79.787 1 89.740 1 99.668

109.549

119.546

0.000

0.097

0.176

1 59 .833 | 69.822 | 79.787 | 89.740 | 99.668
l ± o . 0 6 6 | ± 0 . 1 9 6 j± 0 . 0 0 0 | + 0 . 0 4 9 | + 0 . 0 0 0

109.549
+ 0.069

119.546
+ 0.126

Popul.
MEAN

0.092 1

70
70.175
69.606
69.525
70.012
69.767
69.525
70.175
70.094
70.175
69.767

1
|
|
j
|
|
|
j
j
|
1

HEART RATE
80
1
90
79.787 | 89.686
79.787 | 89.686
79.787 j 89.686
79.787 | 89.820
79.787 j 89.820
79.787 j 89.686
79.787 j 89.820
79.787 j 89.686
79.787 j 89.686
79.787 1 89.820

READING
1
2
3
4
5
6
7
8
9
10

Sample
STD DEV 1

60
1
59 .761 |
59 .761 j
59 .761 |
59.940 |
59.940 |
59 .761 |
59.761 |
59 .940 j
59.761 |
5?.940 1

Test #1 — Heart Rate Calculations
Performed within the Setup Program

0.274 1

0.000 1

1
|
j
j
j
j
j
j
j
|
1

0.069 1
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TABLE 2:

Test #2 — Percent systole Calculations
Performed within the Setup Program

60
6 1 .1 3 1
6 1 .1 3 1
6 1 .1 3 1
6 1 .1 3 1
60. 949
60. 949
61.131
60. 949
6 1 .1 3 1
61.131

1
|
j
j
|
j
|
|
|
|
1

55
5 6 . 204
5 6 . 204
56. 204
56. 022
5 6 . 022
5 6 . 204
5 6 . 204
5 6 . 204
5 6 . 022
5 6 . 204

1
1
|
|
j
|
j
j
|
j
1

PERCENT SYSTOLE
1
40
1
45
50
51. 095 | 46.168 | 41.241
5 0 . 912 | 4 6 . 1 6 8 j 4 1 . 2 4 1
5 1 . 0 9 5 | 4 6 .1 6 8 | 4 1 . 2 4 1
5 0 . 912 j 4 6 . 1 6 8 j 4 1 . 2 4 1
5 1 . 0 9 5 | 4 6 .1 6 8 j 4 1 . 0 5 8
5 1 . 095 | 4 6 .168 | 4 1 . 2 4 1
51. 277 | 46.168 j 41.241
51. 095 j 45.985 | 41.241
50. 912 | 45. 985 | 41.241
50. 912 1 46.168 1 41.058

1
|
j
|
j
|
|
j
j
|
1

35
36. 314
3 6 .1 3 1
3 6 .1 3 1
36. 314
3 6 .1 3 1
3 6 .1 3 1
36. 314
36. 314
36. 314
3 6 .1 3 1

1
|
|
|
j
|
|
|
|
|
1

30
3 1 . 204
3 1 . 204
3 1 . 204
3 1 . 204
3 1 . 204
3 1 . 022
3 1 . 204
3 1 . 204
3 1 . 204
3 1 . 204

READING
1
2
3
4
5
6
7
8
9
10

1
|
|
|
|
|
j
|
|
j
1

Sample
MEAN

1 6 1 . 076 1 5 6 .1 4 9 1 5 1 . 058 1 4 6 .1 3 1 1 4 1 . 2 0 4 1 3 6 . 223 1 3 1 .1 8 6

Sample
STD DEV 1

0. 083 1

0. 088 1

0.116 1

0. 077 1

0.077 1

0. 096 1

0 058

| 61. 076 | 56.149 | 51. 058 | 46.131 | 41.204 | 36. 223 1 31 186
1+ o . 059 | + 0 . 0 6 3 | + 0 . 0 8 3 | ± 0 . 0 5 5 | + 0 . 0 5 5 1+ o . 0 6 9 | + 0 . 0 4 1

Popul.
MEAN

TABLE 3:

Test #2 — Percent Diastole Calculations
Performed within the Setup Program
PERCENT DIASTOLE
50
55
60
48.905 1 53 .832 | 58 .759
49 . 0 8 8 1 5 3 . 8 3 2 | 5 8 . 7 5 9
48 . 9 0 5 1 5 3 . 8 3 2 1 5 8 . 7 5 9
49 . 0 8 8 1 5 3 . 8 3 2 I 5 8 . 7 5 9
48.905 1 53.832 | 58 .942
48.905 1 53.832 j 58 .759
48.723 1 53 .832 1 58 .759
48 . 9 0 5 | 5 4 . 0 1 5 | 5 8 . 7 5 9
49 . 0 8 8 | 5 4 . 0 1 5 j 5 8 . 7 5 9
49 . 0 8 8 1 5 3 . 8 3 2 1 5 8 . 9 4 2

READING
1
2
3
4
5
6
7
8
9
10

|
|
|
1
|
j
j
|
|
1

Sample
MEAN

1 3 8 . 9 2 4 1 4 3 . 8 5 1 1 4 8 . 9 6 0 1 5 3 . 8 P 9 1 5 8 . 7 9 6 1 6 3 . 7 7 8 1 68 814

Sample
STD DEV 1
Popul.
MEAN

40
38 . 8 6 9
38.869
38 .869
38 .869
39 .051
39 .051
38 .869
39 .051
38 .869
38 .869

I
1
1
1
1
1
1
1
1
1
1

0 .088 1

45
43.796
43 .796
43 .796
43 .978
43 .978
43.796
43.796
43 .796
43 .978
43 .796

1
I
|
j
|
I
j
|
|
|
1

0 088 1

0 123 1

0 077 1

1
j
|
j
1
j
I
1
|
1

0 077 1

65
63 .686
63 . 8 6 9
63 .869
63 .686
63 .869
63 .869
63 .686
63 .686
63 .686
63 .869

1
|
|
|
|
|
|
|
|
|
1

0 096 1

70
68 . 7 9 6
68 . 7 9 6
68 . 7 9 6
68 . 7 9 6
68 . 7 9 6
68 . 9 7 8
68 . 7 9 6
68 . 7 9 6
68.796
68 . 7 9 6

0 058

| 3 8 924 1 4 3 8 5 1 | 4 8 9 6 0 1 5 3 8 6 9 1 5 8 7 9 6 1 6 3 7 7 8 | 68 814
l ± o 063 l ± o 0 6 3 l ± 0 0 8 8 l ± o 0 5 5 l ± o 0 5 5 | + 0 069 l ± o 0 4 1

60

TABLE 4:

Test #3 — Single Beat Average Baseline Value
Calculations Performed within the Analysis
Program
READING
1
2
3
4

5
6
7
8
9
10
Sample
MEAN

|
1
|
|
|
|
|
|
|
j
j
1

SINGLE
LDP
773.000
773.000
773.000
772.000
774.000
772.000
775.000
774.000
771.000
771.000

1 772.800

Sample
STD DEV 1
Popul.
MEAN

TABLE 5:

1.317

| 772.800
|+ 0.942

BEAT AVERAGE BASELINE VALUE
RFLOW
RDP
1
1
LFLOW 1
| 167.000 | 757.000 | 163.000
j 167.000 | 758.000 | 164.000
| 167.000 | 758.000 | 163.000
| 167.000 j 757.000 j 164.000
j 167.000 | 758.000 j 163.000
| 167.000 | 759.000 | 164.000
| 168.000 | 757.000 | 163.000
| 167.000 j 757.000 j 164.000
j 168.000 j 758.000 j 163.000
1 167.000 1 759.000 1 164.000
1
1
1
1
1
1 167.200 1 757.800 1 163.500
1
1
1
1
1
1
0.527
1
0.422 1
0.789 1
1
1
1
| 167.200 | 757.800 | 163.500
|+ 0.302 |+ 0.564 |+ 0.377

Test #3 — Overall Average Baseline Value
Calculations Performed within the Analysis
Program
OVERALL AVERAGE BASELINE VALUE
LDP
LFLOW
1
RFLOW
1
RDP
769.600
166.200 | 756.700 | 163 .400
769.900
166.300 | 756.600 | 163.700
770.200
166.400 | 757.900 | 163.500
769.800
166.200 | 757.700 | 163.700
768.500
166.600 | 758.200 | 163.900
769.100
167.200 | 757.600 | 163.900
769.200
167.400 | 758.000 j 163.300
768.800
167.600 I 757.100 | 163.500
768.600
166.700 j 757.000 | 164 .000
769.000
166.700 1 756.700 1 163.700
1
Sample
1
MEAN
1 769.270
166.730 1 757.350 1 163. 660
1
Sample
1
STD DEV 1
0.579
0.506 1
0.599 1
0 .232
1
Popul. | 769.270
166.730 | 757.350 | 163.660
MEAN
|± 0.414 + 0.362 |+ 0.428 l± o.166
READING
1
2
3
4
5
6
7
8
9
10

|
1
|
|
j
j
|
|
|
|
j
1
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TABLE 6:

Test #4 — Number and Percentage of Beats
Sampled within the Analysis Program
(Parameters updated at 5 minute intervals)
STD DEV

Poo. MEAN

378 .000

0 .000

378 .000
± o .000

69 .081

0 .051

MEAN
Right s i d e (no f u l l - f i l l s )
# of Beats Sampled

% of

Beats Sampled

69 .081

± o .034
Right Side ( a l l f u l l - f i l l s )
# of Beats Sampled

128 .909

3 .390

126 .909
± 2 .277

% of Beats Sampled

23 .566

0 .620

23 .566
+ 0 .416

Left Side (no f u l l - f i l l s )
# of Beats Sampled

378 000

0 .000

378 .000
+ 0 000

Beats Sampled

69 058

0 064

69 058
± o 043

Left Side ( a l l f u l l - f i l l s )
# of Beats Sampled

122 545

1 809

122 545
± 1 215

Beats Sampled

22 392

0 330

22 392
+ 0 222

Right & Left Sides
(no f u l l - f i l l s )
# of Beats sampled

373 455

0 934

373 455
± o 627

Beats Sampled

68. 040

0. 181

68. 040
± 0. 122

Right & Left Sides
(all full-fills)
# of Beats Sampled

211. 273

11. 875

% of

% of

% of

211. 273

± 7.977
% of

Beats Sampled

38. 586

2. 174

38. 586
± 1.461
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4.1.3

Discussion of the Results

The first of the four test areas considers the
precision of the heart rate calculation.

Precise (+/- 1

bpm) calculation of the heart rate is critical to the proper
operation of the full-fill detection routines.

Other

parameter calculations, such as the acquisition buffer size
and the systolic and diastolic markers, depend upon an
accurate heart rate.

The results of Table 1 are within the

acceptable +/~ 1 bpm criterion and, more importantly,
consistently predictable.

In all cases, the resultant

acquisition buffer is of sufficient size to store all the
necessary data.

The acquisition buffer size is based upon

the number of data points necessary to hold two complete
cycles of the monitored waveform.

The markers are also

reliably established such that full-fill events are
reliably detected.

That is, markers are set to define the

starting and ending points of each segment to be analyzed.
These points are based upon the calculated systolic and
diastolic segments.
The results of Tables 2 and 3 are likewise important
in the establishment of the systolic and diastolic segment
markers.

The second test considers the systolic and

diastolic percentages of a complete cycle.

The percent

systole and diastole calculated values are consistent even
though not exact.

Because of noise regularly seen in the

waveforms, the systolic and diastolic values do not need to
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be as accurate as the heart rate.

The markers they

influence need to be positioned away from the noise such
that it will not be mistaken as a possible full-fill
event.

The calculated values provide for accurate

partitioning of the waveform cycle when combined with
the results of Table 1.
The third test considers the calculation of the
average waveform baseline values for a single beat and the
overall average for ten beats.

The flow waveform baseline

is very stable (left side - 167, right side = 163), while
the drive pressure waveform is slightly less stable (left
side between 771 and 775, right side between 757 and 759).
Single beat calculations are fairly consistent (largest standard
deviation of only 1.317), however, the averaging of ten
beats provides significantly improved reliability and
consistency.

The averaging process will discount the

affects of an excessively noisy waveform when combined with
the other "typical" waveform cycles.

General observation

of the waveform implies stability of the baselines with
regards to changes in the drive pressure and/or systolicdiastolic durations.

The results of Table 5 confirm the

assumed stability of the waveform baselines.

While not

indicated within Table 4 or 5, changes in the drive
pressure on either side does not affect the baseline.
Pressure changes only affect the amplitude above the
established baseline.

Therefore, accurate predictions of
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full-fill events are possible regardless of the drive
pressure settings.
Finally, test four considers the number and percentage
of beats the analysis program actually samples.

The

condition of "no full-fills" predicts the "best case" in
which the program acquires waveform data and performs
minimal analysis.

At no time is the acquisition-analysis

routine suspended to update the alarm arrays or make an
entry into the patient data alarm file.
extreme condition is "all full-fills".

The opposite
Under this

condition, the program suspends acquisition and analysis of
each acquisition buffer while the alarm arrays and patient
data file are updated with alarm information from each
waveform cycle.

Depending upon the limits set by the user,

the reduction in sampled beats will vary.

For example, a

low limit on the number of full-fill events allowed within
the specified time window combined with frequent full-fill
events will cause the program to suspend acquisition and
analysis frequently.

If the patient and support system

experience full-fill events infrequently, then the effects
of the low limit are minimized.

Another user established

parameter which reduces the number of beats sampled is the
time between parameter updates.

As the operational

parameters (heart rate, systolic and diastolic percentages,
baseline values) are stable during steady-state operation
of the Symbion system, it is not necessary to frequently
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interrupt the acquisition-analysis routine.

The User Input

program provides a default parameter update value of thirty
minutes.

This in fact may be too often for the very stable

patient, who requires infrequent, if any, parameter
changes.

However, a shorter duration may be necessary for

the patient requiring frequent or numerous changes in the
parameter settings.

Clinical experience with the full-fill

detection routines will provide information for
establishing the full-fill event and parameter update
limits such that the software provides the most realistic
measure of full-fill events.
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CHAPTER 5.0

5.1

FUTURE POINTS OF CONSIDERATION
Many areas of investigation still remain within the

Symbion system.

Along with improvement of the full-fill

detection routines (increased number of beats sampled via
increased sampling speed or reduction of time required to
update alarms and/or output disk file), the development of
complete eject detection software and an external alarm
system are points of future consideration related to this
investigation.
5.1.1

The Complete Eject Detection Software

An automated method to detect complete eject is one
point of future consideration.

One method considered early

in this investigation uses a piece-wise linear model of the
drive pressure waveform. [2, 16, 17]

Figure 20 shows the

linearization considered.

Figure 20:

Piece-wise Linear Modeling of the Drive
Pressure Waveform

A
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The analysis routine first calculates the slope of
each segment.

A series of conditional statements are used

to test for a complete eject event:
(1) slope 1
(2) slope 2
(3) slope 4

>
<
<

slope 2
slope 3
0

If all of these conditions are met, then a complete eject
event is indicated.
Several problems with this method exist.

The first of

these problems is the inability to accurately partition the
waveform into the four linear segments.

Each segment does

not constitute a fixed percentage of the overall waveform.
As driver settings are changed, changes in the waveform
also occur.

Figure 21 illustrates some possible variations

to the linear model.
feasible.

A simple linear model may not be

Additional segments may be necessary, and may

increase the usefulness of the linear model.

Figure 21:

Variations on the Drive Pressure Linear Model
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Another problem involves the slope analysis.

Changes

in driver settings and/or patient conditions require
different pressure levels to achieve complete eject.

As

there are no standards, present human analysis requires
consideration of information beyond that available in the
drive pressure waveform to determine whether a sufficient
pressure level is reached.
5.1.2

The External Alarm System

The program developed in this project provides a +5
volt analog output signal; however, its application is not
yet defined.

Because the signal is available for only a

short time, it might be used as a trigger signal.

Some

possible applications include sounding an alarm at the
nursing station, transmitting a visual and/or audible alarm
to the GRID portable computer during off-site monitoring,
or notifying the on-call clinical engineer via the hospital
paging system.
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CHAPTER 6.0

6.1

CONCLUSION
The focus of this investigation was to automate the

detection of full-fill events while using the Symbion Inc.
cardiac assist system.

The ASYST software was successfully

used to developed full-fill detection routines for the
total artificial heart and ventricular assist devices.

Bi

lateral detection is available for use with the total
artificial heart or Bi-VAD applications of the ventricular
assist devices.

Single side (right or left side) detection

is available for use with any of the Symbion devices.

The

number of beats sampled by the analysis program is limited
by the serial nature of ASYST; yet, the automated detection
routines provide potential for significant improvements in
the monitoring of patients and the Symbion cardiac assist
system.

The Artificial Heart department of University

Medical Center (Tucson, AZ) plans to utilize the full-fill
detection routines as the patient population provides
opportunities.

The experience and knowledge gained through

clinical applications will maximize the efficiency and
effectiveness of the developed full-fill detection
routines.
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