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Patient-Monitoring Systems

REED M. GARDNER AND M. MICHAEL SHABOT

After reading this chapter,1 you should know the answers to these questions:

● What is patient monitoring, and why is it done?
● What are the primary applications of computerized patient-monitoring systems in the

intensive-care unit?
● How do computer-based patient monitors aid health professionals in collecting,

analyzing, and displaying data?
● What are the advantages of using microprocessors in bedside monitors?
● What are the important issues for collecting high-quality data either automatically or

manually in the intensive-care unit?
● Why is integration of data from many sources in the hospital necessary if a computer

is to assist in critical-care-management decisions?

17.1 What Is Patient Monitoring?

Continuous measurement of patient parameters such as heart rate and rhythm, respira-
tory rate, blood pressure, blood-oxygen saturation, and many other parameters have
become a common feature of the care of critically ill patients. When accurate and imme-
diate decision-making is crucial for effective patient care, electronic monitors frequently
are used to collect and display physiological data. Increasingly, such data are collected
using non-invasive sensors from less seriously ill patients in a hospital’s medical-surgical
units, labor and delivery suites, nursing homes, or patients’ own homes to detect unex-
pected life-threatening conditions or to record routine but required data efficiently.

We usually think of a patient monitor as something that watches for—and warns
against—serious or life-threatening events in patients, critically ill or otherwise. Patient
monitoring can be rigorously defined as “repeated or continuous observations or meas-
urements of the patient, his or her physiological function, and the function of life sup-
port equipment, for the purpose of guiding management decisions, including when to
make therapeutic interventions, and assessment of those interventions” (Hudson, 1985,
p. 630). A patient monitor may not only alert caregivers to potentially life-threatening
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events; many also provide physiologic input data used to control directly connected life-
support devices.

In this chapter, we discuss the use of computers to assist caregivers in the collection,
display, storage, and decision-making, including interpretation of clinical data, making
therapeutic recommendations, and alarming and alerting. In the past, most clinical data
were in the form of heart and respiratory rates, blood pressures, and flows, but today
they include integrating data from bedside instruments which measure blood gases,
chemistry, and hematology as well as integrating data from many sources outside the
intensive-care unit (ICU). Although we deal primarily with patients who are in ICUs,
the general principles and techniques are also applicable to other hospitalized patients.
For example, patient monitoring may be performed for diagnostic purposes in the emer-
gency room or for therapeutic purposes in the operating room. Techniques that just a
few years ago were used only in the ICU are now routinely used on general hospital
units and in some situations by patients at home.

17.1.1 A Case Report
We will use a case report to provide a perspective on the problems faced by the health-
care team caring for a critically ill patient: A young man is injured in an automobile
accident. He has multiple chest and head injuries. His condition is stabilized at the acci-
dent scene by skilled paramedics using a microcomputer-based electrocardiogram
(ECG) monitor, and he is quickly transported to a trauma center. Once in the trauma
center, the young man is connected via sensors to computer-based monitors that deter-
mine his heart rate and rhythm and his blood pressure. Because of the head injury, the
patient has difficulty breathing, so he is connected to a microprocessor-controlled ven-
tilator. Later, he is transferred to the ICU. A fiberoptic pressure-monitoring sensor is
inserted through a bolt drilled through his skull to continuously measure intracranial
pressure with another computer-controlled monitor. Clinical chemistry and blood-gas
tests are performed in two minutes at the bedside with a microcartridge inserted into the
physiologic monitor, and the results are transmitted to the laboratory computer system
and the ICU system using a Health Level 7 (HL7) interface over a standard Ethernet
network. With intensive treatment, the patient survives the initial threats to his life and
now begins the long recovery process.

Unfortunately, a few days later, he is beset with a problem common to multiple
trauma victims—he has a major nosocomial (hospital-acquired) infection and develops
sepsis, adult respiratory distress syndrome (ARDS), and multiple organ failure. As a
result, even more monitoring sensors are needed to acquire data and to assist with the
patient’s treatment; the quantity of information required to care for the patient has
increased dramatically.

The ICU computer system provides suggestions about how to care for the specific
problems, provides visual alerts for life-threatening situations, and organizes and
reports the mass of data so that caregivers can make prompt and reliable treatment deci-
sions. The patient’s physicians are automatically alerted to critical laboratory and blood
gas results as well as to complex physiological conditions by detailed alphanumeric
pager messages. His ARDS is managed with the assistance of a computer-monitored
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and controlled protocol. Figure 17.1 shows a nurse at the patient’s bedside surrounded
by a bedside monitor, infusion pumps and a microprocessor controlled ventilator. Figure
17.2 shows an example of a computer-generated ICU report produced by the HELP
system (HELP is discussed in Chapter 13). This report summarizes 24 hours of patient
data and is used by physicians to review a patient’s status during daily rounds (daily
visits by physicians to their hospitalized patients).

17.1.2 Patient Monitoring in Intensive-Care Units
There are at least five categories of patients who need physiological monitoring:

1. Patients with unstable physiological regulatory systems; for example, a patient whose
respiratory system is suppressed by a drug overdose or anesthesia

2. Patients with a suspected life-threatening condition; for example, a patient who has
findings indicating an acute myocardial infarction (heart attack)

3. Patients at high risk of developing a life-threatening condition; for example, patients
immediately after open-heart surgery or a premature infant whose heart and lungs are
not fully developed

4. Patients in a critical physiological state; for example, patients with multiple trauma or
septic shock.

5. Mother and baby during the labor and delivery process.
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Figure 17.1. A nurse at a patient’s ICU bedside. Above the nurse’s head is the bedside monitor
which measurse and displays key physiological data, above her left hand is an IV pump connected
to a Medical Information Bus (MIB), to her right are two screens of a patient ventilator and to the
far right is a bedside computer terminal used for data entry and data review. (Source: Courtesy of
Dr. Reed M. Gardner)
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Figure 17.2. Rounds report used at LDS Hospital in Salt Lake City for evaluation of patients each
day during teaching and decision-making rounds. The report abstracts data from diverse locations
and sources and organizes them to reflect the physiological systems of interest. Listed at the top of
the report is patient-identification and patient-characterization information. Next is information
about the cardiovascular system; data for other systems follow. (Source: Courtesy of LDS Hospital.) 



Care of the critically ill patient requires prompt and accurate decisions so that life-
protecting and life-saving therapy can be appropriately applied. Because of these
requirements, ICUs have become widely established in hospitals. Such units use
computers almost universally for the following purposes:

● To acquire physiological data frequently or continuously, such as blood pressure readings
● To communicate information from data-producing systems to remote locations (e.g.,

laboratory and radiology departments)
● To store, organize, and report data
● To integrate and correlate data from multiple sources
● To provide clinical alerts and advisories based on multiple sources of data
● To function as a decision-making tool that health professionals may use in planning

the care of critically ill patients
● To measure the severity of illness for patient classification purposes
● To analyze the outcomes of ICU care in terms of clinical effectiveness and cost

effectiveness

17.2 Historical Perspective

The earliest foundations for acquiring physiological data date to the end of the
Renaissance period.2 In 1625, Santorio, who lived in Venice at the time, published his
methods for measuring body temperature with the spirit thermometer and for timing
the pulse (heart) rate with a pendulum. The principles for both devices had been estab-
lished by Galileo, a close friend. Galileo worked out the uniform periodicity of the pen-
dulum by timing the period of the swinging chandelier in the Cathedral of Pisa, using
his own pulse rate as a timer. The results of this early biomedical-engineering collabo-
ration, however, were ignored. The first scientific report of the pulse rate did not appear
until Sir John Floyer published “Pulse-Watch” in 1707. The first published course of
fever for a patient was plotted by Ludwig Taube in 1852. With subsequent improve-
ments in the clock and the thermometer, the temperature, pulse rate, and respiratory
rate became the standard vital signs.

In 1896, Scipione Riva-Rocci introduced the sphygmomanometer (blood pressure
cuff), which permitted the fourth vital sign, arterial blood pressure, to be measured.
A Russian physician, Nikolai Korotkoff, applied Riva-Rocci’s cuff with a stethoscope
developed by the French physician Rene Laennec to allow the auscultatory measure-
ment3 of both systolic and diastolic arterial pressure. Harvey Cushing, a preeminent
U.S. neurosurgeon of the early 1900s, predicted the need for and later insisted on rou-
tine arterial blood pressure monitoring in the operating room. Cushing also raised two
questions familiar even at the turn of the century: (1) Are we collecting too much data?
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(2) Are the instruments used in clinical medicine too accurate? Would not approximated
values be just as good? Cushing answered his own questions by stating that vital-
sign measurements should be made routinely and that accuracy was important
(Cushing, 1903).

Since the 1920s, the four vital signs—temperature, respiratory rate, heart rate, and
arterial blood pressures—have been recorded in all patient charts. In 1903, Willem
Einthoven devised the string galvanometer for measuring the electrocardiogram (ECG),
for which he was awarded the 1924 Nobel Prize in physiology. The ECG has become an
important adjunct to the clinician’s inventory of tests for both acutely and chronically
ill patients. Continuous measurement of physiological variables has become a routine
part of the monitoring of critically ill patients.

At the same time that advances in monitoring were made, major changes in the ther-
apy of life-threatening disorders were also occurring. Prompt quantitative evaluation of
measured physiological and biochemical variables became essential in the decision-
making process as physicians applied new therapeutic interventions. For example, it is
now possible—and in many cases essential—to use ventilators when a patient cannot
breathe independently, cardiopulmonary bypass equipment when a patient undergoes
open-heart surgery, hemodialysis when a patient’s kidneys fail, and intravenous (IV)
nutritional and electrolyte (e.g., potassium and sodium) support when a patient is
unable to eat or drink.

17.2.1 Development of Intensive-Care Units
To meet the increasing demands for more acute and intensive care required by patients
with complex disorders, new organizational units—the ICUs—were established in hos-
pitals beginning in the 1950s. The earliest units were simply postoperative recovery
rooms used for prolonged stays after open-heart surgery. Intensive-care units prolifer-
ated rapidly during the late 1960s and 1970s. The types of units include burn, coronary,
general surgery, open-heart surgery, pediatric, neonatal, respiratory, and multipurpose
medical-surgical units. Today there are an estimated 75,000 adult, pediatric, and
neonatal intensive care beds in the United States.

The development of transducers and electronic instrumentation during World War II
dramatically increased the number of physiological variables that could be monitored.
Analog-computer technology was widely available, as were oscilloscopes, electronic
devices used to depict changes in electrical potential on a cathode-ray tube (CRT)
screen. These devices were soon used in specialized cardiac-catheterization4 laborato-
ries, and they rapidly found their way to the bedside.

Treatment for serious cardiac arrhythmias (rhythm disturbances) and cardiac
arrest (abrupt cessation of heartbeat)—major causes of death after myocardial
infarctions—became possible. As a result, there was a need to monitor the ECGs of
patients who had suffered heart attacks so that these episodes could be noticed and
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treated immediately. In 1963, Day reported that treatment of postmyocardial-
infarction patients in a coronary-care unit reduced mortality by 60 percent. As a con-
sequence, coronary-care units—with ECG monitors—proliferated. The addition of
online blood-pressure monitoring quickly followed. Pressure transducers, already
used in the cardiac-catheterization laboratory, were easily adapted to the monitors
in the ICU.

With the advent of more automated instruments, the ICU nurse could spend less time
manually measuring the traditional vital signs and more time observing and caring for
the critically ill patient. Simultaneously, a new trend emerged; some nurses moved away
from the bedside to a central console where they could monitor the ECG and other
vital-sign reports from many patients. Maloney (1968) pointed out that this was an
inappropriate use of technology when it deprived the patient of adequate personal
attention at the bedside. He also suggested that having the nurse record vital signs every
few hours was “only to assure regular nurse–patient contact” (Maloney, 1968, p. 606).

As monitoring capabilities expanded, physicians and nurses soon were confronted
with a bewildering number of instruments; they were threatened by data overload.
Several investigators suggested that the digital computer might be helpful in solving the
problems associated with data collection, review, and reporting.

17.2.2 Development of Computer-Based Monitoring
Teams from several cities in the United States introduced computers for physiological
monitoring into the ICU, beginning with Shubin and Weil (1966) in Los Angeles and
then Warner and colleagues (1968) in Salt Lake City. These investigators had several
motives: (1) to increase the availability and accuracy of data, (2) to compute derived
variables that could not be measured directly, (3) to increase patient-care efficacy, (4) to
allow display of the time trend of patient data, and (5) to assist in computer-aided deci-
sion-making. Each of these teams developed its application on a mainframe computer
system, which required a large computer room and special staff to keep the system oper-
ational 24 hours per day. The computers used by these developers cost over $200,000
each in 1965 dollars! Other researchers were attacking more specific challenges in
patient monitoring. For example, Cox and associates (1972) in St. Louis developed algo-
rithms to analyze the ECG for heart rhythm disturbances in real-time. The arrhythmia-
monitoring system, which was installed in the coronary-care unit of Barnes Hospital in
1969, ran on a relatively inexpensive microcomputer.

As we described in Chapter 5, the advent of integrated circuits and other advances
allowed computing power per dollar to increase dramatically. As hardware became
smaller, more reliable, and less expensive, and as better software tools were developed,
simple analog processing gave way to digital signal processing. Monitoring applications
developed by the pioneers using large central computers now became possible using
dedicated microprocessor-based machines at the bedside.

The early bedside monitors were built around “bouncing-ball” or conventional
oscilloscopes and analog-computer technology. As computer technology has advanced,
the definition of computer-based monitoring has changed. The early developers spent
a major part of their time deriving data from analog physiological signals. Soon the
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data-storage and decision-making capabilities of the computer monitoring systems
came under the investigator’s scrutiny. Therefore, what was considered computer-based
patient monitoring in the late 1960s and early 1970s is now entirely built into bedside
monitors and is considered simply a “bedside monitor.” Systems with database func-
tions, report-generation systems, and some decision-making capabilities are usually
called computer-based patient monitors.

17.3 Data Acquisition and Signal Processing

The use of microcomputers in bedside monitors has revolutionized the acquisition, dis-
play, and processing of physiological data. There are virtually no bedside monitors or
ventilators marketed today that do not use at least one microcomputer. Figure 17.3
shows a block diagram of a bedside monitor. Physiological signals such as the ECG are
derived from sensors that convert biological signals (such as pressure, flow, or mechan-
ical movement) into electrical signals. In modern computerized monitors, these signals
are digitized as close to the patient as possible.
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Figure 17.3. Block diagram of a modern Bedside Monitor. Physiological signals from the patient
are acquired by transducers. These transducers convert the appropriate physiological signal into an
electrical signal that is then amplified and conditioned (usually an analog filter of some sort) and
then present the signal to an Analog to Digitial converter (ADC) . The ADC sends the data to a
microprocessor based signal processor which extracts features such as heart rate and blood pressure.
After processing, the physiological signals are displayed on a display device and usually sent to a
centralized ICU display system and frequently to a electronic patient record.



Some biological signals are already in electrical form, such as the currents that tra-
verse the heart and are recorded as the ECG. The ECG voltage signal derived from the
electrodes at the body surface is small—only a few millivolts in amplitude. The patient
is electrically isolated from the bedside monitor, and the analog ECG signal is amplified
to a level sufficient for conversion to digital data using an analog-to-digital converter
(ADC). Digital data then can be processed and the results displayed (Weinfurt, 1990,
p. 130) (Figure 17.4).

As discussed in Chapter 5, the sampling rate is an important factor that affects the
correspondence between an analog signal and that signal’s digital representation. Figure
17.5 shows an ECG that has been sampled at four different rates. At a rate of 500 meas-
urements per second (Figure 17.5a), the digitized representation of the ECG looks like
an analog recording of the ECG. All the features of the ECG, including the shape of
the P wave (atrial depolarization), the amplitude of the QRS complex (ventricular depo-
larization), and the shape of the T wave (ventricular recovery), are reproduced faithfully.
When the sampling rate is decreased to 100 measurements per second, however, the
amplitude and shape of the QRS complex begin to be distorted. When only 50 obser-
vations per second are recorded, the QRS complex is grossly distorted, and the other
features also begin to distort. At a recording rate of only 25 measurements per second,
gross signal distortion occurs, and even estimating heart rate by measuring intervals
from R to R is problematic.
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Figure 17.4. Electrocardiogram (first and second traces), arterial pressure (third trace), and
pulmonary-artery pressure (fourth trace) recorded from a patient’s bedside. Annotated on the
recording are the bed number (E702), date (8 Jul 1989), and time (9:17:25). Also noted are a regu-
lar rhythm, a heart rate from the ECG (V) of 96 beats per minute, a systolic arterial pressure of 121,
a diastolic pressure of 60, a mean pressure of 88 mm Hg, and a heart rate from pressure (PR) of 96.
The patient is having premature ventricular contractions (PVCs) at a rate of three per minute; two
PVCs can be seen in this tracing (at the beginning and near the end). The pulmonary-artery pressure
is 29/11, with a mean of 19 mm Hg, and the blood temperature is 37.44˚C. The self-contained
monitoring system has determined the values and generated the calibrated graphical plot.
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Figure 17.5. The sampling rate of the analog-to-digital converter determines the quality of the
ECG. All four panels show the same ECG, sampled at different rates. Note the degradation of the
quality of the signal as one proceeds from a to d. The ECG is sampled at 500 (a), 100 (b), 50 (c),
and 25 (d) measurements per second.
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Figure 17.5. (Continued)



17.3.1 Advantages of Built-In Microcomputers
Today, bedside monitors contain multiple microcomputers, with much more computing
power and memory than was available in the systems used by the computer monitoring
pioneers. Bedside monitors with built-in microcomputers have the following advantages
over their analog predecessors (Weinfurt, 1990):

● The digital computer’s ability to store patient waveform information such as the ECG
permits sophisticated pattern recognition and physiological signal feature extraction.
Modern microcomputer-based bedside monitors use multiple ECG channels and pat-
tern recognition schemes to identify abnormal waveform patterns and then to classify
ECG arrhythmias.

● Signal quality from multiple ECG leads can now be monitored and interference noise
minimized. For example, the computer can watch for degradation of ECG skin–elec-
trode contact resistance. If the contact is poor, the monitor can alert the nurse to
change the specified problematic electrode.

● Physiological signals can be acquired more efficiently by converting them to digital
form early in the processing cycle. The waveform processing (e.g., calibration and fil-
tering, as described in Chapter 5) then can be done in the microcomputer. The same
process simplifies the nurse’s task of setting up and operating the bedside monitor by
eliminating the manual calibration step.

● Transmission of digitized physiological waveform signals is easier and more reliable.
Digital transmission of data is inherently noise-free. As a result, newer monitoring
systems allow health-care professionals to review a patient’s waveform displays and
derived parameters, such as heart rate and blood pressure, at the bedside, at a central
station in the ICU, or at home via modem on a laptop computer. Figure 17.6 is a
closeup of the signals and values from a typical bedside patient monitor.

● Selected data can be retained easily if they are digitized. For example, ECG strips of
interesting physiological sequences, such as periods of arrhythmias (Figure 17.7), can
be stored in the bedside monitor for later review. Today’s monitors typically store all
of the waveform data from multiple leads of ECG and blood pressure transducers for
at least 24 hours and sometimes for even longer.

● Measured variables, such as heart rate and blood pressure, can be graphed over
prolonged periods to aid with detection of life-threatening trends.

● Alarms from bedside monitors are now much “smarter”and raise fewer false alarms. In
the past, analog alarm systems used only high–low threshold limits and were suscepti-
ble to signal artifacts (Gardner, 1997). Now, computer-based bedside monitors often
can distinguish between artifacts and real alarm situations by using the information
derived from one signal to verify that from another and can confidently alert physicians
and nurses to real alarms. For example, heart rate can be derived from either the ECG
or the arterial blood pressure. If both signals indicate dangerous tachycardia (fast heart
rate), the system sounds an alarm. If the two signals do not agree, the monitor can
notify the health-care professional about a potential instrumentation or medical prob-
lem. The procedure is not unlike that performed by a human verifying possible problems
by using redundant information from simpler bedside monitor alarms. Despite these
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Figure 17.6. Close-up display of the screen of a modern bedside monitor showing physiological
waveforms and numerical values derived from processing the diaplayed physiological data.

Figure 17.7. A strip showing a patient’s ECG (upper trace) and arterial (middle trace) and
pulmonary-artery (lower trace) pressure waveforms. The patient has a potentially life-threatening
arrhythmia in which heart beats occur in pairs—a pattern called bigeminy. Note that, for two extra
beats on the ECG pattern, the resulting pressure waveform pulsation is unusually small, indicating
that the heart has not pumped much blood for that extra beat. The patient’s heart rate, as deter-
mined from the ECG, is 77 beats per minute, whereas that determined from blood pressure is only
41 beats per minute. The heart is effectively beating at a very slow rate of 41 beats per minute.



advancements in bedside monitors, however, false alarms are still very prevalent (Tsien
& Fackler, 1997, Koski et al 1995, Goldstein B 2003).

● Systems can be upgraded easily. Only the software programs in read-only memory
(ROM) need to be changed; older analog systems required hardware replacement.

17.3.2 Arrhythmia Monitoring—Signal Acquisition and
Processing
Although general-purpose computer-based physiological monitoring systems are now
being more widely adopted, computer-based ECG arrhythmia-monitoring systems were
accepted quickly (Weinfurt, 1990). Electrocardiographic arrhythmia analysis is one of
the most sophisticated and difficult of the bedside monitoring tasks. Conventional
arrhythmia monitoring, which depends on people observing displayed signals, is expen-
sive, unreliable, tedious, and stressful to the observers. One early approach to overcom-
ing these limitations was to purchase an arrhythmia-monitoring system operating on a
time-shared central computer. Such minicomputer-based systems usually monitored
8 to 17 patients and cost at least $50,000.

The newest bedside monitors, in contrast, have built-in arrhythmia-monitoring sys-
tems. These computers generally use a 32-bit architecture, waveform templates, and real-
time feature extraction in which the computer measures such features as the R-R
interval and QRS complex width; and template correlation, in which incoming wave-
forms are compared point by point with already classified waveforms (Weinfurt, 1990).
Figure 17.8 shows the output from a commercial bedside monitor. Using signals from
four ECG leads the computer has correctly classified a rhythm abnormality—in this
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Figure 17.8. Two time-trend plots of systolic, mean, and diastolic pressure: a, 8 hours; b, 24 hours.
Indicated across the bottom are the time of day at each of the tick marks. These plots show rela-
tively stable blood-pressure trends over the 24-hour period.



case, a premature ventricular contraction (PVC). The bedside monitor also retains an
ECG tracing record in its memory so that at a later time a health professional can review
the information.

Wave Form Classification

Computer algorithms for processing ECG rhythms take sampled data, such as those
shown in Figure 17.5, and extract features, such as the amplitude and duration of the
QRS complex (Weinfurt, 1990). In most schemes, each time the QRS detector is tripped,
it signals a beat classification subprogram, which receives four channels of ECG data at
the same time. Such a beat-classification scheme compares the waveform of each incom-
ing beat with that of one or more clinically relevant waveform classes already estab-
lished for the patient. If the new waveform matches any of those already classified, the
“template” of that waveform class is updated to reflect any minor evolutionary changes
in the shape. Most beat-classification schemes have the capacity to store up to 30 tem-
plates. The performance of these multilead monitors has been dramatic; however, such
arrhythmia monitors are still not perfect.

Detecting and identifying pacemaker signals poses special problems for digital
computer-based monitoring systems. Pacemaker signals do not reliably traverse the
analog acquisition circuitry, and the pacemaker “spikes” are very narrow such that they
can occur between data samples and be missed entirely. As a result, special analog
“injection” methods are used to enhance the pacemaker “spike” so that it can be more
easily detected (Weinfurt, 1990).

Full-Disclosure and Multilead ECG Monitoring

Contemporary central monitors combine the advantages of digital waveform analysis as
described above with high-capacity disk drives to store one or more days worth of con-
tinuous waveform data, including ECG. Some of these monitors can support recording
full disclosure or synthesis of the entire 12-lead ECG on a second by second basis.
Figure 17.9 shows a run of ventricular tachycardia in a portion of a 24-hour full disclo-
sure ECG display. Figure 17.10 shows a bedside physiologic monitor displaying a Web
page view of a full 12-lead ECG with computerized interpretations.

ST segment analysis of the ECG has also become very important because ST segment
displacement is indicative of ischemic episodes of the heart muscle. Changes in open-heart
procedure and administration of thrombolytic therapy are predicated on ST segment
analysis. Multilead monitors now offer the opportunity to monitor ST segment changes.

17.3.3 Bedside Point of Care Laboratory Testing
Over the past decade, laboratory chemical, hematologic, and blood gas testing processes
have progressed from “wet” methods in which specific liquid reagents were mixed with
blood or serum to perform analyses to a more or less “dry” phase in which analyses
are performed by bringing a blood sample in contact with a reagent pack. Additional
development has miniaturized both the blood-analysis cartridge and the blood-analysis
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Figure 17.9. “Full disclosure” ECG display. This system stores continuous waveforms for 48 hours
along with arrhythmia information. Waveforms may be displayed in a highly compressed format
similar to Holter displays. (Source: Courtesy of Philips Medical Systems.)

Figure 17.10. Web view of a “Full disclosure” 12-lead ECG with computerized ECG interpretations
viewed on a bedside physiologic monitor. (Source: Courtesy of Dr. M. Michael Shabot)



machine to the point that the entire analysis system consists of a small plug-in module
to a bedside physiological monitor (Figure 17.11).

Many laboratory tests, including pH, PO2, PCO2, HCO3, electrolytes, glucose, ionized
calcium, other chemistries, hemoglobin, and hematocrit, can be performed in 2 minutes
using two or three drops of blood. Results are displayed on the bedside physiological
monitor and are stored in the monitor’s database for comparison with previous results
(Figure 17.12). These laboratory results obtained at the bedside are also automatically
transmitted through the monitoring network and hospital’s backbone network to the
laboratory computer system, and other systems as required, so that the results can be
integrated into the patient’s long-term records.

17.3.4 Commercial Development of Computer-Based
Monitoring and Intensive-Care-Unit Information Systems
The development of central stations and integrated arrhythmia systems based on stan-
dard microcomputer-based server hardware and software platforms has led to wide-
scale distribution in the clinical environment. These systems possess database and
analysis functions previously reserved for larger systems, and well over 2000 such
systems are in use in ICUs worldwide.
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Figure 17.11. Blood analysis point of care device and a bedside physiological monitor. (Source:
Courtesy of Philips Medical Systems.)



In recent years, the bedside monitor has become a focal point for data entry and
presentation. In fact, most bedside monitoring systems sold today can also acquire and
display data from clinical laboratories, bedside laboratory devices such as blood chem-
istry machines, and a host of other devices such as ventilators. Unfortunately each of
these monitors has its own proprietary communications protocol and data acquisition
scheme. As a result, the user community is faced with bedside monitors that function
like “mini” patient-data-management systems. Furthermore, the desire to capture and
manage all clinical data for patients in a critical care setting (not just patient monitor-
ing data) has resulted in development of specialized ICU information systems (see
Section 17.4). It is common for hospitals to acquire computer-based bedside monitors,
which must be interfaced to an ICU information system, which in turn may be inter-
faced with a hospital’s clinical information system. Several large, capable, and rep-
utable manufacturers have supplied over 350 computer-based ICU information
systems worldwide. Three of the major companies involved in the development of such
computer-based charting and monitoring systems are Philips Medical Systems with its
CareVue system (Shabot, 1997b), GE Medical Systems formerly Marqueette
Electronics with its Centricity Clinical Information system, and Eclipsys (formerly
EMTEK) with its Continuum 2000 computerized charting application (Brimm, 1987;
Cooke & Barie, 1998).
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Figure 17.12. Philips Medical Systems IntelliVue Monitoring System physiological monitor display
of bedside blood gas test results. Previous measurements are stored in the monitor and displayed
with the current results. (Source: Courtesy of Philips Medical Systems.)



During the time that commercially available physiological monitoring systems were
being developed, imaging systems – x-ray, computed tomagraphy (CT) and magnetic res-
onance imaging (MRI) were also undergoing major developments and transformations
(See Chapter 18). Medical imaging plays a major role in the diagnosis and treatment of
the critically ill. With most medical images now available in digital format it is now con-
venient for care providers to have fast and convenient access to medical images via the
web. Figure 17.13 shows an abdominal CT scan from a patient at Cedars-Sinai Medical
Center’s ICU.

17.4 Information Management in the Intensive-care Unit

One of the goals of bedside patient monitoring is to detect life-threatening events
promptly so that they can be treated before they cause irreversible organ damage or
death. Care of the critically ill patient requires considerable skill and necessitates
prompt, accurate treatment decisions. Healthcare professionals collect numerous data
through frequent observations and testing, and more data are recorded by continuous-
monitoring equipment. Physicians generally prescribe complicated therapy for such
patients. As a result, enormous numbers of clinical data accumulate (Buchman, 1995;
Kahn, 1994; Sailors & East, 1997; Shabot, 1995;Morris 2003). Professionals can miss
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Figure 17.13. Abdominal CT image shown on a bedside physiologic monitor at Cedars-Sinai
Medical Center (Source: Courtesy of Dr. M. Michael Shabot.)



important events and trends if the accumulated data are not presented in a compact,
well-organized form. In addition, the problems of managing these patients have been
made even more challenging by economic pressures to reduce the cost of diagnostic and
therapeutic interventions.

Continuity of care is especially important for critically ill patients. Such patients are
generally served by teams of physicians, nurses, and therapists. Data often are trans-
ferred from one individual to another (e.g., the laboratory technician calls a unit clerk
who reports the information to a nurse who in turn passes it on to the physician who
makes a decision). Each step in this transmission process is subject to delay and error.
The medical record is the principal instrument for ensuring the continuity of care for
patients.

17.4.1 Computer-Based Charting
As discussed in Chapters 2 and 12, the traditional medical record has several limitations.
The problems of poor or inflexible organization, illegibility, and lack of physical avail-
ability are especially pertinent to the medical records of critically ill patients due to the
large number of data collected and the short time allowed for many treatment decisions.

The importance of having a unified medical record was demonstrated by a study con-
ducted at LDS Hospital in the mid-1980s (Bradshaw et al., 1984). Investigators kept
detailed records of the data used by physicians to make treatment decisions in a
shock–trauma ICU (Figure 17.14). The investigators were surprised to find that labo-
ratory and blood-gas data were used most frequently (42 percent total), given that phys-
iological bedside monitors are always present in the ICU. Clinicians’ observations (21
percent) and drug and fluid-balance data (22 percent) also were used frequently. The
bedside physiological monitor accounted for only 13 percent of the data used in mak-
ing therapeutic decisions. These findings clearly indicate that data from several sources,
not just from the traditional physiological monitoring devices, must be communicated
to and integrated into a unified medical record to permit effective decision-making and
treatment in the ICU. More recent studies by investigators at Stanford University
and Cedars-Sinai Medical Center further support the need for integrated records and
methods to assist in the “communal reasoning” required by the ICU team
(Reddy, 2002).

To be effective, computer charting in the ICU must support multiple types of data
collection. As Figure 17.14 shows, a large percentage of the data collected comes from
what are typically manual tasks, such as administering a medication or auscultating
breath or heart sounds. Furthermore, many instruments that present data in electronic
form require their data to be observed by a person and entered into the patient chart.
Thus, computer charting systems must be able to collect a wide variety of data from
automated and remote sites, as well as from health-care providers at the bedside.
Dictated and transcribed reports (e.g., history, physical, and X-ray reports) still repre-
sent a large and important source of computer readable but uncoded information for
the clinical staff in an ICU. Unfortunately, most computer-charting systems have dealt
with a limited set of the data that need to be charted (usually only the bedside
monitoring data).
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Figure 17.15 illustrates the complexity of ICU charting. Modern computerized ICU
flowsheet and medication administration record (MAR) displays are shown in Figures
17.16 and 17.17. The chart must document the actions taken by the medical staff to
meet both medical and legal requirements (items 1 and 2 in Figure 17.15).

In addition, many of the data logged in the chart are used for management and billing
purposes (items 3 and 4 in Figure 17.15). Many computer systems have ignored these
requirements and thus have unwittingly forced the clinical staff to chart the same infor-
mation in more than one place. Efficient management in hospitals is required, especially
given the implementation of managed care strategies (see Chapter 23). Hospitals now
have strong incentives to know the cost of procedures and to control these costs. As a
result, it is necessary to know how sick the patient is, which in turn allows administra-
tors to project nurse staffing needs and to account for the care of a patient by degree of
illness. Communications (item 5 in Figure 17.15) to other departments within the
hospital is mandatory. Access from office or home to clinical and administrative
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Figure 17.14. Pie chart indicating the variety of data physicians use when making treatment deci-
sions in a shock–trauma intensive care unit. I/O5input–output; IV5intravenous.



Figure 17.15. Block diagram showing the six major areas in which healthcare professionals interact
with computer-based ICU charting to make patient care more effective and efficient. See text for
explanations of functions. (Source: Reprinted with permission from Gardner R.M., Sittig D.F,
Budd, M.C. [1989]. Computers in the intensive care unit: match or mismatch? In Shoemaker W.C.,
et al. (Eds.), Textbook of Critical Care (2nd ed, (p. 249). Philadelphia: W.B. Saunders.

Figure 17.16. CareVue QuickLook Summary Display. The Quicklook display contains a summary
of important data from different parts of the flowsheet. The content and appearance of the
QuickLook display can be configured for each clinical area. (Source: M. Michael Shabot.)



information is a great convenience to physicians. Such communication is easier with a
computer-based record. Because the computer-based ICU record is stored in the
system, it is readily available for research purposes (item 6 in Figure 17.15). Anyone
who has tried to retrieve data from manual patient charts for research purposes will
recognize the value of the computer’s capability.

To meet the clinical management needs required by critically ill patients as well as to
provide an adequate legal record, most patient data-management systems generate a
variety of reports. At the LDS Hospital, in addition to the rounds report shown in
Figure 17.2, there are a variety of other reports. Figure 17.18 show a nursing shift
report. The 12-hour report documents the physiological data and summarizes the labo-
ratory data in its upper section. In the lower section, it displays a record of each drug
given and each IV fluid administered. It lists the nurses who care for the patient; the
nurses place their initials next to their names to indicate that they have verified the data.
Total fluid-intake data are derived from the IV data, and fluid-output data are summa-
rized as well. This allows a calculation of the net intake–output balance for the shift.

For the patient who is in the ICU for several days, a broader view of the course of the
recovery process is essential. Thus, the system at LDS Hospital prepares weekly reports
that summarize the data for each of the past seven 24-hour periods (Figure 17.19). The
data already are stored in the computer, so no additional data entry is required to
generate the report. A program abstracts and formats the data.
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Figure 17.17. CareVue medication administration record (MAR) display. All medications are
charted dose by dose in this system. (Source: M. Michael Shabot.)
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Figure 17.18. Shift report for 12-hour ICU nursing shift at LDS Hospital. (Source: Courtesy of
LDS Hospital.)
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Figure 17.19. Two portions (a, b) of a weekly (7-day) ICU report, produced by the HELP system
at LDS Hospital. The report provides a daily weight, fluid-balance, drug, and physiological-data
summary for an individual patient. (Source: HELP System, LDS Hospital.)

Figure 17.20 shows a blood-gas report indicating the acid–base status of the patient’s
blood, as well as the blood’s oxygen-carrying capacity. Note that, in addition to the
numerical parameters for the blood, the patient’s breathing status is indicated. Based on
all these clinical data, the computer provides an interpretation. For life-threatening
situations, the computer prompts the staff to take the necessary action

17.4.2 Calculation of Derived Variables
Increased sophistication of hemodynamic, renal, and pulmonary monitoring resulted in
the need to calculate derived parameters; for the first time, ICU staff had to crunch num-
bers. At first, pocket calculators were used, with each step performed by a careful nurse.
Then programmable calculators took over this task, making the computation simpler,
faster, and more accurate (Shabot, 1982; Shabot et al., 1977). Soon these devices were
replaced by portable computers. Some of these systems also provided graphical plots
and interpretations.

17.4.3 Decision-Making Assistance
One mark of a good physician is having the ability to make sound clinical judgments.
Medical decision-making traditionally has been considered an intuitive, as well as a
scientific, process. More recently, however, formal methods for decision-making have



been applied to medical problem-solving (see Chapter 3), and computer-assisted
medical decision-making has gained wider acceptance (see the discussions of decision-
support systems in Chapter 20). We now have the opportunity to use the computer to
assist staff in the complex task of medical decision-making in the ICU. For example, the

610 R. M. Gardner and M. M. Shabot

Figure 17.19. (Continued )
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Figure 17.20. Blood-gas report showing the patient’s predicted values, as well as the measured val-
ues. The computer provides a decision-making interpretation and alerting facility. Note that this
report summarizes, in reverse chronological order, the patient’s blood-gas status over the course of
8 days. (Source: Courtesy of LDS Hospital.)



HELP computer system at the LDS Hospital in Salt Lake City has been used effectively
to assist in ICU antibiotic use decision-making (Evans et al., 1998; Garibaldi, 1998).
The so called “antibiotic assistant” provides recommendations as to the specific antibi-
otic recommended for a specific patient and further recommends the dose to be given
and the mode of delivery (for example IV) also based on the patient’s size and renal
function (Figure 17.21). The system collects and integrates data for the ICU patient
from a wide variety of sources. The data are processed automatically by the HELP deci-
sion-making system to determine whether the new information, by itself or in combi-
nation with other data in the patient record (such as a laboratory result or a previously
generated decision), leads to a new medical decision. These computer-generated med-
ical decisions are based on predefined criteria stored in the system’s knowledge base.

The HELP decision-making system has been used in the following areas:

● Interpretation of data; for example, interpretation of breathing status based on
blood-gas reports and hemodynamic parameters

● Alerts; for example, notification that a drug is contraindicated at the time the drug is
being ordered
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4700XXXX PUBLIC, JOHN Q. E799 58yr M Dx: CAD
_Max 24hr WBC= 9.4 Ø(14.3) Admit: 07/15/03.01:30Max 24hr Temp=38.1 ↓ (38.2)
_RENAL FUNCTION: Impaired, CrCl = 35, Max 24hr Cr= 1.7 ≠ ( 1.6) IBWeight: 70kg 
_ANTIBIOTIC ALLERGIES: Penicillins,
_CURRENT ANTIBIOTICS:
1. 07/30/03 13days FLUCONAZOLE IN NS (DIFLUCAN), IVPB 200. Q 24 hrs
2. 08/02/03 13days IMIPENEM/CILASTATIN (PRIMAXIN), VIAL 500. Q 12 hrs
3. 08/08/03 4days LEVOFLOXACIN/D5W(LEVAQUIN), PIGGYBACK 250. Q 24 hrs
_IDENTIFIED PATHOGENS SITE COLLECTED
p Enteric bacilli Sputum 08/07/03.11:13 
_ANTIBIOTIC SUGGESTION DOSAGE ROUTE INTERVAL
Imipenem 500mg IV *q12h (infuse over 1hr)
Suggested Antibiotic Duration: 10 days
* Adjusted based on patient’s renal function.
p=Susceptibilities based on antibiogram or same pathogen w/ susceptibilities.
NOTE: Cephalosporins, imipenem and penicillins can cross react if allergy
includes urticaria or bronchial spasms or laryngeal spasms. Alternate choice:
Levofloxacin *250mg IV q24h (500mg initial dose) 
<1>Micro, <2>OrganismSuscept, <3>Drug Info, <4>ExplainLogic, <5>Empiric Abx,
<6>Abx Hx, <7>ID Rnds, <8>Lab/Abx Levels, <9>Xray, <10>Data Input Screen,
<Esc>EXIT, <F1>Help, <0>UserInput, <.>OutpatientModels, <+orF12>ChangePatient,
ORDER:<*>Suggested Abx, <Enter>Other Abx, </>D/C Abx, <−>Modify Abx,

Figure 17.21. Display of a screen from the Antibiotic Assistant at LDS Hospital. Screen shows
important patient information such as maximum temperature, microbiology data and then makes
recommendations for medicatiion with its dose, route of administration and recommended duration
(Source: Courtesy of Dr. R. Scott Evans at LDS Hospital).



● Diagnoses; for example, detection of hospital-acquired infections
● Treatment suggestions; for example, suggestions about the most effective antibiotics

to order

The ICU component of HELP is one of the most mature of the system’s clinical
applications. The basic requirements for data acquisition, decision support, and infor-
mation reporting are similar for patients in the ICU and on the general patient-care
units of the LDS Hospital. The number of variables and the volume of observations
that must be integrated, however, are much greater for patients in the ICU.

At Cedars-Sinai Medical Center, all laboratory and flowsheet data are continuously
analyzed for critical laboratory results and adverse combinations of clinical (nonlabo-
ratory) events. When such events are detected, they are transmitted to the responsible
physician via an encrypted alphanumeric pager. Figure 17.22 shows a low Serum
Potassium laboratory alert (K+ 2.8), and Figure 17.23 warns of a critical Penicillan
allergy sent by an encrypted transmission to a BlackBerry™ device.

17.4.4 Response by Nurses and Physicians
Currently, bedside terminals are functioning in all ICUs at LDS Hospital, and nurses
use a computer-based system to create nursing care plans and to chart ICU data. The
goals of automation were (1) to facilitate the acquisition of clinical data, (2) to improve
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Figure 17.22. A Blackberry™ alphanumeric pager displays a real-time alert message for a serum
potassium level of 2.8 mg/dl. All laboratory data coming into CareVue is transferred to another
computer system where it is run through a rules engine, which generates the pager alert messages at
Cedars-Siani Medical Center (Source: Courtesy of Dr. M. Michael Shabot).



the content and legibility of medical documentation, and (3) to increase the efficiency
of the charting process so that nurses could devote more time to direct patient care.
Studies have shown wide acceptance by nurses and physicians of the HELP system and
its decision-support capabilities (Gardner & Lundsgaarde, 1994). Also, the content and
quality of nursing charts has improved markedly (Bradshaw et al., 1988). To date, how-
ever, the studies have not shown improvements in the efficiency of information man-
agement by ICU nurses (time savings) that could be credited to use of the system.

The lack of demonstrable time savings may be due to several factors. First, the new
system affected only selected aspects of the nursing process. For example, physiological
and laboratory data were already acquired automatically, so the effects of these
computer-based systems were not included in the analyses. Second, the computer-based
charting system is not yet comprehensive; nurses still hand write some data in the
patient chart. Third, nurses do not always take advantage of the capabilities of the
charting system. For example, they sometimes reenter vital signs that have already been
stored in the computer. Fourth, the intervals of time saved may have been too small to
be measured using the work-sampling methods employed in the studies. Fifth, these
small savings in time are easily absorbed into other activities. Despite the lack of wide-
spread improvement in efficiency, the clinical staff at LDS Hospital are enthusiastic
about using computers (Gardner & Lundsgaarde, 1994).
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Figure 17.23. A Blackberry™ alphanumeric pager displays an alert for a potentially serious drug
allergy at Cedars-Siani Medical Center (Source: Courtesy of Dr. M. Michael Shabot).



At Cedars-Sinai Medical Center, a national healthcare consulting firm was employed
in 1989 to measure time savings associated with the computerized system in the surgical
ICUs compared with the standard paper charting system in noncomputerized ICUs.
The consultants drew their conclusions from observations of caregiver activities in both
kinds of ICUs, as well as from detailed interviews. They concluded that the system saved
about 20 percent of the nurses time spent in charting, about 25 percent of surgical res-
idents’ time reviewing data, and about 33 percent of attending surgeons’ time reviewing
data (Dorenfest and Associates, 1989, Chicago, IL, unpublished report). In addition a
“vision” of what technology can do for nursing has recently been presented by
Dr. Shabot (Shabot 2003).

17.5 Current Issues in Patient Monitoring

As more health services are shifted to outpatient settings, the acuity of hospitalized
patients continues to increase; thus, the future of computer-based ICU monitoring sys-
tems is bright. Developments in bedside monitors have accelerated because of the avail-
ability of more powerful and affordable microcomputers. Nonetheless, some important
areas of research in patient monitoring have not yet been addressed effectively.

17.5.1 Data Quality and Data Validation
There are still major problems with acquiring ICU data either automatically or manu-
ally (Gardner, 1997, p. 126). A system must provide feedback at various levels to verify
correct operation, to carry out quality control, and to present intermediate and final
results. As discussed earlier, some cross validation between signals is possible, but this
process is performed by very few of the bedside monitors in use today. An ICU study of
early, standalone pulse oximetry monitors revealed that up to 46.5 percent of low satu-
ration alarms were neither observed nor responded to by any caregiver in large part due
to constant false alarms associated with such devices (Bentt et al., 1990). Some newer
patient-monitoring devices, such as integrated pulse oximeters and direct pressure
measuring systems, have built in noise-rejection algorithms to improve the quality of the
data presented (Gardner et al., 1986). Data validation, however, is one area of patient
monitoring that still offers much opportunity for technological development and
improvement (Dalto et al., 1997; Strong et al., 1997; Young et al., 1997). Figure 17.24
illustrates a problem with manual charting of data from bedside devices. During an
implementation of IV pumps with the Medical Information Bus (MIB) at one our our
hospitals, we had nurses chart “manually” and also logged IV drip rate changes with the
MIB. Shown in Figure 17.24 are the “time delays” between the time an IV drip rate was
“changed” and when the data were logged into the electronic medical record. Note that
only about 1/3 of the drip rate changes were logged within 10 minutes of the change.
Also note it took over 190 minutes to have 90% of the rate changes charted. Then, even
at 300 minutes only 95% of the changes were charted. Physicians and nurses will recog-
nize such a charting practices as waiting until the “end of shift” to log ALL the results.
Such a manual charting process not only makes it impossible to follow what is going on
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with the patient – for example, if a vasoactive drug caused the blood pressure to stabi-
lize, but can also lead to major treatment errors. Suprisingly, these same types of delays
were seen with simple IV fluid infusions such as normal saline, but were also seen with
important, short vasoactive medication agents.

17.5.2 Continuous Versus Intermittent Monitoring
One of the persistent questions facing people who monitor patients is: Should I meas-
ure a parameter continuously, or is intermittent sampling enough? A related question is:
How often do I make the measurement? These questions have no simple answer. If we
are measuring the ECG and want to display it continuously, we must sample the signal
at a rate of at least twice the rate of the maximum frequency of interest in the signal
(the Nyquist frequency; see Chapter 5). Thus, for an ECG, the sampling rate should be
at least 200 measurements per second.

To perform intermittent monitoring—periodic measurement of blood pH, for exam-
ple—the overriding concerns in determining sampling rate are how rapidly the param-
eter can change, and how long before a dangerous change will result in irreversible
damage. Sudden heart stoppage or severe dysrhythmias are the most frequent causes of
sudden death. Therefore, heart-rate and rhythm monitors must function continuously
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Figure 17.24. IV Charting comparison – Delay time between when an IV drip rate actually occurred
and it was manually charted by a nurse in the ICU. Horizonatl axis is the time in minutes and the
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and should sound alarms within 15 to 20 seconds after detecting a problem. Other phys-
iological parameters are not as labile and can be monitored less frequently. For the most
part, medical measurements are made intermittently, and even continuously measured
parameters are displayed at intervals. For example, heart rate can change with each beat
(by 0.35 to 1 second). To provide data that a human can interpret, however, a bedside
monitor usually updates its display every 3 seconds.

17.5.3 Data Recording: Frequency and Quantity
In the past, because analog and early digital bedside monitors and central stations could
not store continuous waveforms from all patients, it was acceptable for nurses to archive
periodic strip chart recordings (“snapshots”) in the patient’s ICU chart. Most ICUs
have policies and procedures for pasting waveform recordings during the nursing shift
and for critical events. The newer central stations, however, record digitized waveforms
to hard disk on a continuous basis, and theoretically these data could be archived with
the patient’s electronic chart or printed out for a paper chart. But must second-by-
second waveform data be archived permanently? Will it improve the quality of patient
care? Or will it simply increase the cost of care in the form of increased magnetic or
optical storage media, paper usage, and material for lawyers to haggle over for years to
come?

There is a worrisome precedent with fetal monitoring recordings (See Figure 17.25):
When it became possible to make a continuous record—first on paper and more
recently in electronic form — it became mandatory for hospitals to do so. The fate of
continuous recordings of routine ICU waveforms remains to be decided.

17.5.4 Invasive Versus Noninvasive Monitoring
Physiological and biochemical parameters commonly used in monitoring can be
measured by instruments and devices that are either invasive (require breaking the skin
or entering the body) or noninvasive. After several decades of development of invasive
techniques, the recent trend has been to design noninvasive methods. Much of the
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Figure 17.25. Stork-bytes. (Source: Courtesy of LDS Hospital.)



development of noninvasive technology can be attributed to the availability of
microcomputers and solid-state sensors.

The development of inexpensive light-emitting diodes (LED), small solid-state light
detectors, and new computer methods made possible, for example, the development of
the pulse oximeter, an exciting example of noninvasive monitoring technology. When
alternately red and then infrared light is shined from the LEDs through a finger or an
ear, the device can detect the pulsations of blood and determine arterial oxygen satura-
tion and heart rate (Severinghaus & Astrup, 1986). Pulse oximetry is one of the most
significant technological advances ever made in monitoring. The technology is quite
reliable, yet inexpensive, and, because it is noninvasive, it does not subject the patient to
the costs and risks of invasive techniques (e.g., infection and blood loss). Recently sev-
eral manufacturers have produced “next-generation oximeters” (Health Devices 2003).
These newer pulse oximeters use advanced signal-processing algorithms that allow the
devices to eliminate motion artifact and detect poor perfusion. As a consequence of
these improvements, the quality of the derived signals and the number of false alarms
have been dramatically reduced.

17.5.5 Integration of Patient-Monitoring Devices
Most bedside patient-support devices, such as IV pumps, ventilators, and physiological
monitors, are microcomputer based. Each has its own display and, because each comes
from a different manufacturer, each is designed as a standalone unit. As a result, it is
common for a nurse or therapist to read a computer display from one of these devices
and then to enter the data through a workstation into a different computer. The need to
integrate the outputs of the myriad devices in the ICU is apparent. The absence of stan-
dards for medical-device communications has stymied the acceptance and success of
automated clinical data management systems. Due to the large number and variety of
medical devices available and to the peculiar data formats, it is impractical to interface
the growing number of bedside devices to computers by building special software and
hardware interfaces. For these reasons, an Institute of Electrical and Electronic
Engineers (IEEE) Medical Information Bus (MIB) standards committee 1073 was estab-
lished (Dalto et al., 1997; Kennelly & Gardner, 1997; Shabot, 1989; Wittenber &
Shabot, 1990; Young et al., 1997). Automated data capture from bedside medical
devices is now possible using the IEEE 1073 communications standards.5 With these
standards in place, it is possible for vendors and hospitals to implement “plug and play”
interfaces to a wide variety of bedside medical devices such as bedside monitors, IV
pumps, and ventilators.

Work at LDS Hospital (Gardner et al., 1992) and many other medical centers using
the MIB has demonstrated that the use of a common bus system facilitates timely and
accurate data acquisition from bedside devices such as pulse oximeters, ventilators, infu-
sion pumps, pH meters, and mixed venous oxygen saturation monitoring systems. As a
result of the standardization of MIB, it is much easier to establish communications with
these devices in the ICU (Figure 17.26). The larger information challenges in the ICU
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now include integration of patient-monitoring data and observations charted by clini-
cians within ICU management systems and subsequent integration of the critical-care
records with the overall computerized patient record (Chapter 12).

17.5.6 Closed-Loop Therapy
The natural outcome from the remarkable developments noted above would seem to be
closed-loop control of physiological processes. It can be argued that pacemakers and
implantable defibrillators are such devices. In the ICU, however, precisely controlled
intravenous pumps are available for drug infusions, and there is no shortage of digitized
physiological signals available at the bedside and on the monitoring network. Despite
Sheppard (Sheppard 1968) and colleagues’ pioneering work in automated blood infu-
sion therapy after open-heart surgery 35 years ago, however, very few examples exist of
successful similar work. Although a closed-loop nitroprusside pump was marketed
briefly a few years ago, no commercial products are available at this time. The major
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Figure 17.26. Block diagram of a distributed-database ICU system with networking. The database
has been distributed to improve response time and reliability; the communications network has been
implemented to enhance the integration function needed to care for the critically ill patient.
MIB5medical information bus; HIS5hospital information system; IV5intravenous.



impediments include the difficulty of creating closed-loop systems with tolerance for the
kind of artifacts and measurement errors seen in ICU patients and the difficult
medicolegal environment in many industrialized countries.

17.5.7 Treatment Protocols
As in other areas of medical practice, there is considerable interest in developing stan-
dard treatment protocols to improve the consistency, quality, and cost effectiveness of
critical-care settings. Two different examples will demonstrate the value of treatment
protocols in the ICU. The first is an expert system for management of mechanical ven-
tilation, and the second is a computer-assisted management program for antibiotics.
Researchers at LDS Hospital initially implemented a program to manage the therapy of
patients who have Adult Respiratory Distress Syncrome (ARDS) and who were enrolled
in a controlled clinical trial (Sittig, 1987). More recently a broader set of protocols has
been developed (East et al., 1992). These computerized protocols were developed to
standardize therapy, ensure uniformity of care, provide equal intensity and frequency of
monitoring, improve the consistency of decision-making strategies, and achieve com-
mon therapeutic goals. The HELP system automatically generates therapeutic instruc-
tions regarding ventilator management to healthcare providers based on data input by
the laboratory and by physicians, nurses, and respiratory therapists. The system has
been used successfully to manage complex patient trials with great success (Henderson
et al., 1991, Morris 2001, Morris 2003).

In contrast, the antibiotic-assistant program developed by Evans and colleagues
(1998) (also at LDS Hospital) acquires data from the rich coded database of the HELP
system and provides “consultation” to physicians ordering antibiotics for patients who
have or who are suspected of having an infection. The program is designed to fit into
the work flow pattern of practitioners. It provides physicians with the latest pertinent
information about individual patients. The computer provides decision support to sug-
gest the appropriate antibiotic for the patient or even to indicate the lack of a need for
such a medication. The program uses the patient’s admission diagnosis, white-blood cell
count, temperature, surgical-procedure data, chest radiograph interpretation (free text),
and information from the pathology and microbiology laboratories to make its recom-
mendations. The knowledge base used to drive the clinical recommendations was cre-
ated from analysis of historical “antibiograms” and the knowledge of clinical and
infectious disease experts. Physicians have been enthusiastic users of the system because
it provides the relevant data in about 5 seconds, whereas it may take 15 minutes or more
to acquire the same data from patient records. In addition, the system was shown to
improve the quality of patient care and reduce costs (Evans et al., 1998).

17.5.8 Demonstrating the Efficacy of Care in the 
Intensive-Care Unit
Intensive-care-unit care is expensive. Given the current pressures to control healthcare
spending (see Chapter 23), there is growing concern about the cost effectiveness of such
care. In a 1984 study prepared for the Office of Technology Assessment, one researcher
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estimated that 15 to 20 percent of the nation’s hospital budget, or almost 1 percent of
the gross national product, was spent for ICU care (Berenson, 1984). Unfortunately,
the problems of assessing the benefit of each element in the ICU are many; to date, no
definitive studies have been performed. It is difficult to identify and isolate all the fac-
tors in the ICU setting that affect patient recovery and outcome. To this end, a
Coalition of Critical Care Excellence of the Society of Critical Care Medicine recently
reviewed the issues related to developing evidence about the safety and effectiveness of
critical care monitoring devices and related interventions (Bone, 1995). Furthermore,
the ethical implications of withholding potentially beneficial care from patients in the
control group of a randomized clinical trial make such studies almost impossible to
perform. As discussed in Section 17.4.3 and 17.5.7, a computer-assisted program for
management of antibiotics at LDS Hospital was found to improve the quality of
patient care while reducing associated costs (Evans et al., 1998). Recently work by
Clemmer and colleagues has shown important improvements in quality of care and
outcomes using collaborative methods supported by computer technology. (Clemmer
1999). Also, work by Adhikari and Lapinsky gives an outline of technology assessment
techniques (Adhikari 2003). Further, several intensivists have projected the current and
future value of critical care computing (Seiver 2000, Seiver 2003, McIntosh 2002,
Varon 2002).

At Cedar-Sinai Medical Center, physiological data, ICU utilization data, and meas-
urable outcomes for specific subsets of ICU patients have been analyzed to determine
which patients require care or observation that can only be performed in an ICU. Using
these results, the medical center has developed guidelines and pathways for use of the
ICU by similar patients. These guidelines have been approved by the various divisions
of surgery. Intensive-care unit pathways, including guidelines for nonadmission to the
ICU in some cases, are in place for elective craniotomy, thoracotomy, carotid
endarterectomy, infrainguinal arterial surgery, ovarian cancer surgery, kidney trans-
plantation, and liver transplantation. Use of these pathways and guidelines has reduced
the average ICU cost of caring for these groups of patients, with no adverse changes in
outcome (Amir et al., 1997; Chandra et al., 1995; Cunneen et al., 1998; McGrath et al.,
1996; Shabot, 1997a). Figure 17.27 shows part of the pathway for infrainguinal arterial
surgery, and Figure 17.28 shows the pop-up guideline for ICU admission for these
patients.

17.5.9 Responsible Use of Medical Software
Use of medical software has become ubiquitous, especially in the ICU. There is a grow-
ing literature documenting how computerized systems improve health-care delivery
(Garibaldi, 1998). There are also concerns, however, about patient safety that must still
be addressed. The Food and Drug Administration (FDA) has called for discussions
about further regulating of such software (Miller & Gardner, 1997a). The American
Medical Informatics Association and others have made recommendations about how
such software should be monitored and evaluated (Miller & Gardner, 1997b). See
Chapter 10 for a discussion of legal issues in healthcare informatics and Chapter 11 for
a detailed discussion of software evaluation.
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Figure 17.27. Cedars-Sinai Medical Center pathway for managing infrainguinal bypass graft
patient. Note the embedded guideline for ICU versus floor care after the Recovery Room (Pathway
Day 1). (Source: Courtesy of Cedars-Sinai Medical Center.)

Figure 17.28. Pop-up guideline for admission to ICU versus floor care after infrainguinal bypass
graft. The evidence-based criteria were derived from the actual ICU courses of hundreds of patients
undergoing this operation at Cedars-Sinai Medical Center. (Source: Courtesy of Cedars-Sinai
Medical Center.)



17.5.10 Integration of Bioinformatics and Genomics with
Critical Care
Critically ill patients are monitored extensively and intensively with methods discussed
in this Chapter. However, up to now the goal of monitoring has been to measure the
degree of injury and to prevent further injury, rather than to measure “repair.” In the
future we may be able to monitor the progress of “repair” by using genomic and pro-
teomic markers (Hopf 2003). These types of monitors would enable clinicians to con-
trol the healing environment using these biomarkers. For example, diagnosis of
infection in the critically ill patient requires that cultures of pathogens be made.
Culturing and subsequent determination of the sensitivity of an appropriate antibiotic
can take days. With the ability to detect bacterial DNA we should be able to detect and
identify the active bacteria using genetic markers. These new techniques will require the
use of computierized patient records and tools developed by our Bioinformatics
colleagues.

17.5.11 Consensus Conference on Critical-Care Medicine
A global perspective on what should be done to improve critical-care patient-data man-
agement can be gained from a 1983 consensus conference organized by the National
Institutes of Health (Ayers, 1983). Although formulated in the mid-1980s, the conclu-
sions of this conference concerning areas of improvement in treatment of critically ill
patients remain pertinent today. Many of these problems are amenable to computer
assistance. Technical difficulties, errors in data interpretation, and increasing interven-
tions caused by continuous monitoring are potential nosocomial hazards for ICU
patients. Based on the findings of the original conference, we identify eight areas in
which computers can assist in the practice of critical-care medicine.

1. All ICUs should be capable of arrhythmia monitoring. Bedside physiological
monitors with microcomputers now provide excellent arrhythmia monitoring.

2. Invasive monitoring should be performed safely. Computer-based charting of
invasive events such as the insertion of an arterial catheter, analyzed in combination
with data from the microbiology laboratory, can help to avoid infection (a major
complication of invasive monitoring).

3. Generated data should be correct. The computer can check data as they are entered
to verify that they are reasonable. In addition, data communications and calculation
errors can be reduced or eliminated by letting the computer do the work.

4. Derived data should be interpreted properly. The computer can assist in the integra-
tion of data from multiple sources. In addition, the computer can derive parameters
and also can provide prompt, accurate, and consistent interpretations and alerts.

5. Therapy should be employed safely. The computer can assist physicians by suggest-
ing therapy, calculating appropriate drug doses, and flagging combinations of inter-
acting drugs.

6. Access to laboratory data should be rapid and comprehensive. Computer networking
provides quick access to all laboratory data and can even interpret the results and
provide alerts.
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7. Enteral (tube-feeding) and parenteral (IV) nutritional-support services should be
available. There are interactive computer programs that help physicians to prescribe
care by assisting with the complex task of determining the appropriate volume and
content of nutritional supplements.

8. Titrated6 therapeutic interventions with infusion pumps should be available. In the-
ory, closed-loop systems for controlling the administration of fluids and intravenous
drugs could facilitate patient care. In reality, however, work to date in this area has
proved unsuccessful.

The availability of microcomputers has greatly enhanced the ability to generate and
process the physiological data used in patient monitoring. The use of computers in the
ICU is still an area of growth, however. Although advances in signal processing and
ICU information systems have been significant, many challenges remain in the explo-
ration of ways with which the computer can be used effectively to integrate, display
results, evaluate, and simplify the complex data used in caring for critically ill patients.
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Questions for Discussion

1. Describe how the integration of information from multiple bedside monitors, the
pharmacy, and the clinical laboratory can help to improve the sensitivity and speci-
ficity of the alarm systems used in the ICU.

2. What factors must you consider when deciding when and how often a physiological,
biochemical, or observational variable should be measured and stored in a com-
puter’s database?

3. You have been asked to design part of an electronic exercise bicycle. Sensors in the
hand grips of the bicycle will be used to pick up transmitted electrical signals reflect-
ing the rider’s heart activity. Your system then will display the rider’s heart rate
numerically in a liquid crystal display (LCD).
a. Describe the steps your system must take in converting the heart’s electrical signals

(essentially a single ECG lead) into the heart rate displayed on the LCD.
b. Describe how computerized data acquisition can be more efficient and accurate

than manual methods of data acquisition.
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