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12.1 What Is Patient Monitoringz

Frequent measurement of patient parameters (such as heart rate, respiratory rate,
blood pressure, and blood-oxygen content) has become a central feature of the care
of critically ill patients. When timely and accurate decision making are crucial for
providing therapy, patient monitors frequently are used to collect and display
physiological data.

We usually think of a patient monitor as something that watches for—and warns
against—life-threatening events related to a critically ill patient. Patient monitoring
can be rigorously defined as: “Repeated or continuous observations or measurements
of the patient, his or her physiological function, and the function of life support equip-
ment, 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 not only should alert health-care professionals to potentially
life-threatening events, but also may control devices that maintain life.

In this chapter, we shall discuss the use of computers to aid health professionals
in the collection, storage, interpretation, and display of physiological data. Although
we shall deal primarily with patients who are in intensive-care units (ICUs), the
general principles and techniques also are applicable to other hospitalized patients.
For example, patient monitoring may be performed for diagnostic purposes in the
emergency room, or for therapeutic purposes in the operating room. Techniques that
just a few years ago were used only in the ICU are now used routinely on general
hospital wards; some even are used by patients at home.

12.1.1 A Case Report

A case report will give you 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 acci-
dent. He has multiple chest and head injuries. His condition is stabilized at the accident
scene by skilled paramedics, using a microcomputer-based 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 determine his heart rate,
rhythm, and blood pressure. Because of the head injury, the patient has trouble
breathing, so he is connected to a computer-supported ventilator. Later, he is trans-
ferred to the ICU. The results of clinical chemistry and blood-gas tests are soon
transmitted from the laboratory to the ICU via electronic computer networks. The
patient survives the early threats to his life and now begins the long recovery process.

Unfortunately, a few days later, the patient is beset with a problem common to
multiple trauma victims—he has a major infection and develops problems with several
vital organs. As a result, even more monitoring instruments are needed to acquire
data and to assist with the patient’s treatment; the detailed information required to
care for the young man has increased dramatically. The computer provides sugges-
tions about how to care for the specific problems, flags life-threatening situations,
and organizes and reports the mass of data so the physicians can make prompt and
reliable treatment decisions. Figure 12.1 is an example of a computer-generated ICU



LDS HOSPITAL ICU ROUNDS REPORT
DATA WITHIN LAST 24 HOURS

NAME: . STEVEN NoO. 10072 ROOM:

£609 DATE: JAN 29 14:17
DR, STINSON, JAMES B, SEX: M 3 HEIGHT: 178 WEIGHT: 75.40  BSA: 1.93 BEE: 1697 MOF:
ADMT DIAGNOSIS: FEVER UNK ORIGN, S/P KIDNEY TR  ADMIT DATE: 14 DEC 88
CARDIOVASCULAR: 0 EXAM:
-~ NO CARDIAC OUTPUT DATA AVAILABLE
P DP MP HR | LACT cPK CPK-MB LoKTT ToA-2
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RESPIRATORY: 0
pH Pco2 HCO3 BE HB  CO/MT P02 S02 02CT %02 AVO2 V02 C.0. A-a QS/QT PK/ PL/PP
29 06:21 A 7.43 27.3 18,0 -4, L0 2/ 1 80 9 13.2 30 66 0/ 0/ 5
SAMPLE # 74, TEMP 38.4, BREATHING STATUS : ASSIST/CONTROL
NORMAL ARTERIAL ACID-BASE CHEMISTRY
SEVERELY REDUCED 02 CONTENT (13.2) DUE TO ANEMIA (LOW HB)

....... machine settings -e--eee | ceeeeiiiaiiiiiiiiiiiiiiiaiis patlONt VAIUBS ceesceseeiieiniianiceeaaan
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2 U,
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29 14:15  5/14:16  INTERFACE: TRACH TUBE; ALARMS CHECKED; POSITION: SUPINE; THERAPIST: DAVIS, TERIANNE, CRTT

29 06:05 10/06:08  INTERFACE: TRACH TUBE; ALARMS CHECKED; POSITION: SEMI-FOWLER; PATIENT CONDITION: CALM; SUCTION
HEMOPTIC; THERAPIST: TARR, TED, RRT

DATE  TIME HR VR VI ve VE MIP MEP MVV PK FLOW THERAPIST EXAM:
01/29/89 07:15 109 20 600 12,0 -60 DAVIS, TERIANNE

NEURO AND PSYCH: 0

GLASCOW 6 (08:00) VERBAL EYELIDS MOTOR PUPILS SENSORY

DTR BABIN. Ice PSYCH
COAGULATION: 0

PT: 142 (05:15 ) PIT: 50 (05:15 ) PLATELETS: 89 (05:15 ) FIBRINOGEN:  0(00:00) EXAM:
FSP-CON: 0 (00:00 ) FSP-PT: 0 (00:00 ) 3P (00: 00 )

RENAL, FLUIDS, LYTES: 0
IN 3430 CRYST 1025 COLLOID 1035 BLOOD NG/PO 1340 | NA ( ) K ( ) CL
OUT 2689 URINE 800 NGOUT 500 DRAINS 25 OTHER 1364 | CO2 21.0 (05:15) BUN 51 (05:15) CRE
NET 741 WT 75.40 WT-CHG $.G 1.015 AGAP  16.7 uosM UNA

METABOLIC --- NUTRITION: 0
KCAL 2630 GLU 138  (05:15) ALB

2.9 (05:15) | CA
KCAL/N2 891  UUN .0 (00:00) N-BAL .0

7.7 (05:15) FE .0 (00:00) TIBC 0 (00:
PO4 1.9 (05:15)

MG 1.9 (05:15)  CHOL 228 (05:]

GI, LIVER, AND PANCREAS: 0
HCT 29.4 (05:15) TOTAL BILI 23,1 (05:15) SGOT 73 (05:15) ALKPO4 957 (05:15) GGT
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768 (05:15)
GUAIAC (") DIRECT BILI 17.4 (05:15) SGPT 99 (05:15) LDH

237 (05:15) AMYLASE 0 (00: 00

INFECTION: 0

WBC 5.2(05:15 ) TEMP 40.3 (28/06:00) DIFF 26 B, 70P, 3L, IM, E (05:15) GRAM STAIN: SPUTUM

SKIN AND EXTREMITIES:

PULSES RASH DECUBITI
TUBES:

VEN ART N NG FOLEY ET TRACH

CHEST RECTAL JEJUNAL DIALYSIS OTHER
MEDICATIONS:
MORPHINE, IN) MGM 1V 20 AMPHOJEL, LIQUID ML NG
MEPERIDINE (DEMEROL), INJ MGM IV 150 DIPHENHYDRAMINE (BENADRYL), INJ MGM IV
PHENYTOIN (DILANTIN), SUSPENSION MGM NG 300 HYDROCORT | SONE NA SUCCINATE (SOLU-CORTEF)MGM,
MIDAZOLAM (VERSED), INJ MGM IV 5 AMIN-AID FULL STRENGTH, LIQUID ML NG
AMPHOTERICIN B, INJ MeM IV 40 TAP WATER, LIQUID ML NG
CEFTAZIDIME (FORTAZ), INJ MGM IV 1000 MAGNES|UM SULFATE 50%, INJ GM v
SUCRALFATE (CARAFATE), TAB MGM NG 4000 POTASSIUM CHLORIDE, INJ MEQ IV
FAMOTIDINE (PEPCID), INJ MGM 1V 40 NOYOLIN REGULAR, INJ UNITS IV

FIGURE 12.1 Rounds report used at LDS Hospital in Salt Lake City for evaluation of pa-
tients 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.)

i in Chapter 7). This report sum-
ort produced by the HELP system (discussed in ( ) epor
I;Erizes 24 hours of patient data, and is used by physicians to review a patl'ent s status
during daily rounds (daily visits by physicians to their hospitalized patients).

12.1.2 Patient Monitoring in Intensive-Care Units

There are at least four categories of patients who need monitoring: _

1. Patients with unstable physiologic regulatory systems; for example, a patient whosp
respiratory-control system is suppressed as a result of a drug overdose or ar‘lesthesm

2. Patients with a suspected life-threatening condinjon;' for example, a patient who
has findings indicating an acute myocardial infarct{on (heart a@ck)

3. Patients with a high-risk status; for example, a patient who has just had open-
heart surgery, or a premature infant whose heart and lungs‘are n(?t fully (?eveloped

4. Patients in a critical physiological state; for example, a patient with multiple types

rauma N

OCfatt'e of the critically ill patient requires proxppt.and accur-ate_ decisions so that

Jife-protecting and lifesaving therapy can be ap'propr.lately apphed. Becapse of these

requirements, ICUs have become widely established in hospitals. Such units use com-

puters almost universally for the following purposes: ‘

To acquire physiological data, such as blood-pressure readings

To communicate data from distant laboratories to the ICU

. To store, organize, and report data ‘

. To integrate and correlate data from multiple sources ' .

To function as a decision-making tool that health professionals may use in the

care of critically ill patients

oA

12.2 Historical Perspective

The earliest foundations for acquiring physiological data d'ate back tq the end c_>f the
Renaissance period 2 In 1625, Santorio, who lived in Vem.cg at the time, published
his methods for measuring body temperature with the. sp}rlt thermometer_and fo(l;
timing the pulse (heart) rate with a pendulum. The principle for b.oth devp:;s1 -h‘a

been established by Galileo, a close friend. Galileo wgrked out thg um.form peri 1c1211
of the pendulum by timing the period of the swinging chandel}er in the.Cathe.d;l
of Pisa, using his own pulse rate as a timer. The results of th¥s e'flrly blomed;cth—
engineering collaboration, however, were ignored . The Elrst sc1ent1ﬁc’ ,r'epora’;) The
pulse rate did not appear until Sir John Floyer published Pulse-Wa}tch in 17 .1852e
first published course of fever for a patient was plotted by Ludwig Taube in !
With subsequent improvements in the clock and the thermometer, the temperature,

i issi 4 itoring in Patient Care” by D. H.
2Thi ion has been adapted, with permission, from Com;?uter Momtonng.ln t )
GT;:::ssessc;ﬁl L".lsJ. Thomar;, Jr., in the Annual Review of Biophysics and Bioengineering, Volume 4,
©1975 by Annual Reviews Inc.



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 th,
French physician Rene Laennec to allow the auscultatory measurement? of both systolig
and diastolic arterial pressure. Harvey Cushing, a famous U.S. neurosurgeon in the
early 1900s, predicted the need for and later insisted on routine arterial-pressure
monitoring. Cushing also raised two questions familiar even at the turn of the cen
tury: (I) Are we collecting too many data? (2) Are the instruments used in clinicg]
medicine too accurate? Would not approximated values be just as good? Cushi g
answered his own questions by stating that vital-sign measurement should be madg
routinely and that accuracy was important [Cushing, 1903].

Since the 1920s, the four vital signs—temperature, respiratory rate, heart rate.
and arterial blood pressure—have been recorded in all patient charts. In 1903 Willem
Einthoven devised the string galvanometer for measuring the ECG, for which he

At the same time that advances in monitoring were made, major changes in the
therapy of life-threatening disorders also were occurring. Prompt quantitative evalua-
tion of measured physiological and biochemical variables became essential in the
decision-making process as physicians applied new therapeutic interventions. For ex.
ample, 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 to
function, and intravenous (IV) nutritional and electrolyte (for example, potassium
and sodium) support when a patient is unable to eat or drink. '

12.2.1 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

the 1970s. The types of units include burn, coronary, general surgery, open-heart
surgery, pediatric, neonatal, respiratory, and multipurpose medical-surgical units.
By the mid-1980s, there were an estimated 75,000 adult, pediatric, and neonata
intensive-care beds in the United States. .

The development of transducers and instrumentation electronics during Worlz
War 11 dramatically increased the number of physiological variables that could be
monitored. Analog computer technology was widely available, as were oscilloscopes—

[

*In medicine, auscultation is the process of listening to the sounds made by structures within the body,
such as by the heart or by the blood moving within the vessels.

i i i es in electrical potential on a cathode-ray tube
f?lit;;rsl::cr::r‘: “f;‘:lsl:ss:?i:\:il:;n::r(;h::gn used in specializezd Zardiac-catheterization“
ek, idly found their way to the bedside. .
lab%;:::;zt ?:rd sgr)fg,usrizlr?ii}a;c arrhythmias (rhythm disturbances) aI.ld cardiac arre;:
(abrupt cessation of heartbeat)—major causes of death follow;ng tr;]ycl)icgr((}ilof
infarctions—became possible. As a result, there was a geed to monitor et' Sl

tients who had suffered heart attacks, so that these eplsodfas could be notic :
friated immediately. In 1963, Day reported that treatment in a coronary-care uni
of patients who had had a myocardial infarctiqn redu.ced mortality by 60 percle.;l;rgig,
1963]. As a consequence, coronary-care umts_—w.lth ECQ monltors—egro I;res sm-é
The addition of online blood-pressure momtormg qu1ckly followed. s
transducers, already used in the cardiac-catheterization laboratory, were easily

i i ICU.

adan\;?t?l :l(:eﬂ;Zv?:tn:forrnsolrr; ;l:l‘:omated instruments, the ICU nurse could spepd less
time measuring the traditional vital signs and more time obsejrvmg and can;%, vf:;
the critically ill patient. Simultaneously, a new trend emerged; some nthursleisC noved
away from the bedside to a central console where they cquld momtg: teh b
other vital-sign reports from many patients. Maloney p01_nted outd at : is e
inappropriate use of technology when it deprived tl.le patient of a equg e {)a rsonal
attention at the bedside. He also suggested that havmg the nurse :ech(')i;l vi 19% "
every few hours was “‘only to assure regular nurse-patient contact”” [Maloney, ;
> 6A0s61]r;onitoring capabilities expanded, physicians and nurses soon were confr;m::,ld
with a bewildering number of instruments; they were threa'.tened by ;laf:lz} over 1(‘), . s
Several investigators suggested that the dig.ital com'puter might be pe pful in solving
the problems associated with data collection, review, and reporting.

12.2.2 Development of Computer-Based Monitoring

Teams from several cities in the United States introduch .computers for phy:(;l'oglczl
monitoring in the ICU, beginning with Shubin and Weil in Los Angeles [Sal ul ig ng]
Weil, 1966], then Warner and colleagues in .Salt Lake City [.Wanl'n_er et : ,c i .
These investigators had several goals: (1) to increase the avallablhtid ar(x1 ) :Ctl (g);
of data, (2) to compute derived variables that cou‘ld not be measur (; : Z;iem
to increase patient-care efficacy, and (4) to allo_w display of the time trend o pstem
data. Each of these teams developed its applicatlor? on a mainframe computt:r sy. ra:
which required a large computer room and special staff to keep the sys glz gope()o()
tional 24 hours per day. The computers used by these dev'elopers cost over . m,o 5
each in 1965! Other researchers were attacking more specific problexp areas in nont
toring. For example, Cox and associates in St. Louis developed algorithms to analy

i i arte
“Cardiac catheterization is a procedure whereby a tube gca.ﬂleter) is p:jss«;d;:nnbt(;tsheu:lz%x;m thrt())ll(l’%l; as:m - ex;}:
or vein, allowing the cardiologist to measure pressure within the heart’s c s
to inject contrast dye for radiological procedures, and so on.



the ECG for rhythm disturbances in real time [Cox et al., 1972]. The arrhythmia-
monitoring system, which was installed in the coronary-care unit of Barnes Hospital
in 1969, ran on an inexpensive minicomputer.

As we described in Chapters 1 and 4, 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. Monitor=
ing applications developed by the pioneers using large central computers now became
possible using dedicated machines at the bedside.

The early bedside monitors were built around bouncing-ball or conventional
oscilloscopes and analog computer technology (Figure 12.2). 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 data-storage and decision-making capabilities of the compute;
monitoring systems came under the investigators’ scrutiny. Therefore, what was cor
sidered computer-based patient monitoring in the late 1960s and early 1970s (Figurg
12.3) is now built into bedside monitors and is considered simply patient monitor:
ing. Systems with database functions, report-generation capabilities, and some
decision-making capabilities are usually called computer-based patient monitors.

Waveform
display —
"bouncing ball”

Mo Digital
o nhalog display
Amplifier =1 processor (DVM)

O Leads

]

AN

Patient

FIGURE 12.2 Block diagram of a typical analog monitor. These systems were developed

in the early 1970s and are still in widespread use in hospitals today. [DVM = digital volt
meter.]

Leads
Analog-to-
digital = Computer
converter
Amplifier Storage
/ Terminal

Patient

-

i i i ini ter attached. The
FIGURE 12.3 Analog monitor (see Figure 12.2) with a minicompu
system configuration is much like that used more than 1 decade ago by the developers of

early computer-based monitoring systems.

12.3 Data Acquisition and Signal Processing

The use of microcomputers in bedside monitors has revolutionized _the acqu'xsmon,
display, and processing of physiological data® There are few bedside mfmltors or
ventilators marketed today that do not use at least one nucrocc?mputer: Figure 12.4
shows a block diagram of a patient connected to sensors and bedsnc.k: monitors. Sen§ors
convert biological signals (such as pressure, density, or mechanical movement) into
i ignals.

elegt(l).lrrc:eﬂbsiloglogical signals are already electrical, such as the curr_ents that traverse
the heart and are recorded on the ECG. Figure 12.5 shows a patxent.connected to
ECG electrodes and an accompanying amplifier. The ECG_ signal .denved from ‘the
electrodes at the body surface is small—only a few millivolts in amplitude. The.patler.xt
is isolated from the electrical current of the monitor, and thc? analog ECG 51g1.1a¥ is
amplified to a level sufficient for conversion to digital data using an analog-t(‘)—dlgltzl
converter (ADC). Digital data then can be processed, and the results displaye

(Figure 12.6).

SPortions of Sections 12.3 and 12.4 have been adapted with Pennission from Gardner, R. M. Computer-
ized management of intensive care patients. M.D. Computing, 3(1):36-51, 1986.
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FIGURE .12.4 Block diagram of a simple bedside monitor with sensors attached to the
patient. Signals are de_rlved from the patient’s physiological states and are communicated
as waveforms and derived parameters to a central station display system.

1012 bit
ECG Electrodes Isolation/amplifier (200/sec)
Patient Sensors Analog |—p] ADC | Computer

FIGURE 12.5 Front-end signal acquisition for a bedside monitor. The ECG signal is used
;sc an 9xample. Thg _sensors (ECG electrodes) are attached to the patient. The resulting
G signal is amplified by an electrically isolated analog amplifier, and is presented to an'

analog-to-digital converter (ADC). The signal is sam
oA okl g pled at a rate of 200 measurements p

tern analysis.

bit ADC; the resulting data are presented to the computer for pat-

As we discussed in Chapter 4, the sampling rate is an important factor that affects
th.e correspondence between an analog signal and that signal’s digital representation
Figure 12.7 shows an ECG that has been sampled at four different rates. At a rate
of 500 ‘measurements per second (part a), 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 QR’S complex

e

I l

t
PVC PVC

FIGURE 12.6 ECG (first [top] 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
is regular rhythm, a heart rate from 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 (the wide com-
plexes noted 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.

(ventricular depolarization) 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 distort. When
only 50 observations 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 measur-
ing intervals from R to R is problematic.

12.3.1 Advantages of Built-In Microcomputers

Today, the newest bedside monitors contain multiple microcomputers; they have much

more computing power and memory than were available in systems used by the

computer-monitoring pioneers (Figure 12.8). Bedside monitors with built-in micro-
computers have the following advantages over their analog predecessors:

* The digital computer’s ability to store patient waveform information such as the
ECG permits sophisticated pattern recognition and feature extraction. The
microcomputer uses waveform templates to identify abnormal waveform patterns,
then classifies ECG arrhythmias. Analog computer technology allowed only a tiny
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FIGURE 12.7 The sampling rate of the analog-to-digital converter determines the quality 0!
the ECG recording. All four panels show the same ECG signal, sampled at different rates: (&
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FIGURE 12.7 Continued.
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FIGURE 12.8 Block diagram of a microcomputer-based bedside monitor showing a digital
data stream derived from an analog-to-digital converter (ADC), and how parameters are
derived from the signal. First, the signal is calibrated, and unwanted signals are removed
(such as the 60-Hz signal from the power line). Next, software pattern-recognition
algorithms are applied. For ECG rhythm analysis, patient-specific waveform templates that
the microcomputer-based system has learned are compared with each patient waveform.
Once the signal characteristics are determined, derived parameters are generated and are
stored in time-trend buffers. When arrhythmia events are detected by the pattern- .
recognition algorithm, the digitized signals also are transferred to a storage area for ECG
recordings. Figure 12.9 shows an example of an ECG recording, or strip. The operator—

usually a nurse or a physician—interacts with the monitor via a control panel and display
screen.

segment of waveforms to be processed at one time, thereby permitting only a nar=

row view of the entire patient waveform.
* Signal quality can now be monitored and maintained. For example, the computer
can watch for degradation of ECG skin-electrode contact resistance. If the cons
tact is poor, the monitor can alert the nurse and can specify which electrode needs
attention. '
The system can acquire physiological signals more efficiently by converting them
to digital form early in the processing cycle. The waveform processing (for €
ample, calibration and filtering, as described in Chapter 4) then can be done in
the microcomputer. The same principle simplifies the nurse’s task of setting Up
and operating the bedside monitor, because it eliminates the need for manual
calibration.
Transmission of digitized physiological waveform signals is easier and more
reliable. Digital transmission of data is inherently noise-free. As a result, newet
monitoring systems allow health-care professionals to review a patient’s waveforts
displays and derived parameters, such as heart rate and blood pressure, at a cefk
tral station as well as at the bedside in the ICU.

i
i

\

FIGURE 12.9 ECG strip showing a patient's ECG (upper trace? and arterial (ml;ldllle :irf:?e)
and pulmonary-artery (lower trace) pressure wavefqrms. .The patient has a po‘t:n |a.y o
threatening arrhythmia in which heart beats occur in pgurs—a pattern called lgelmnt'ri)én -
that, for the extra beats on the ECG pattern, the resulting pressure waveforhm ‘pu s:? oe
unusually small, indicating that the heart has not pump_ed much blood fo_rt al e:: I‘aeas X
The patient’s heart rate, as determined from the ECG, is 77. beats per mmutg, wﬁe .
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.

¢ Selected data can be retained easily if they are digitized. For c?xample, ECG strips
reflecting interesting physiological sequences, spch as periods 9f arrhythmias
(Figure 12.9), can be stored in the bedside monitor for later review.

» Measured variables, such as heart rate and blood pres§ure, can be f:harted over
prolonged periods to aid with detection of life-threatemn’g’ trends '(Flgure 12.1?).

® Alarms from bedside monitors are now much “sma.lrter and raise fe\.ave-r false
alarms. In the past, analog alarm systems used only high-low th.reshold hrmts and
were susceptible to signal artifacts. Now, computc?r-ba'sed bedsnd.e momtf)rs often
can distinguish between artifacts and real alarm situations by using the informa-
tion derived from one signal to verify that from another, and can conﬁde.ntly alert
physicians and nurses to real alarms. For example, heart. rate cz.m t?e derived from
either the ECG or the arterial blood pressure. If both signals indicate d.angerous
tachycardia (fast heart rate), the system sounds an alarm: If the two signals d:l
not agree, the monitor can notify the health-care professmnal. about a potenti
instrumentation or medical problem. The procedure is not unhl.(e that pt?rformed
by a human verifying possible problems by using redundant information from
simpler bedside monitor alarms.
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FIGURE 12.10 Two time-trend plots of systolic, mean, and diastolic pressure. The panel
in () is for 8 hours; that in (b) is for 24 hours. Indicated across the bottom are the time
day at 98(_=h of the tick marks. These plots show relatively stable blood-pressure trends
over the time period.
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» Systems can be upgraded easily. Only the software programs in read-only memory
(ROM) need to be changed; in older analog systems, replacement of hardware was
required.

12.3.2 Arrhythmia Monitoring—
Signal Acquisition and Processing

Although general-purpose computer-based physiological monitoring systems have not
yet been adopted widely, computer-based ECG arrhythmia-monitoring systems have
1een accepted quickly. ECG 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 expensive, unreliable, tedious, and
stressful to the observers. One early approach to overcoming these limitations was
1o purchase an arrhythmia-monitoring system operating on a time-shared central com-
puter. Such minicomputer-based systems usually monitor 8 to 16 patients and cost
at least $50,000. The newest bedside monitors, in contrast, have built-in arrhythmia-
monitoring systems. These computers generally use a 16-bit architecture, waveform
templates, and real-time cross-correlation techniques to classify rhythm abnormalities.
Figure 12.11 shows the output from a modern bedside monitor. There are four ECG
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noise PVC noise ] PVC

F'GURE 12.11 Four simultaneous lead tracings of ECG for a patient. The patient is hav-
ing premature ventricular contractions (PVCs) at a rate of 1 per minute. (Two PVCs occur—
one at the middle left and one at the right of the tracing.) The PVC is most apparent in
!ead Il (top trace); it is much less apparent in lead V (second trace). Multiple-lead record-
ing and computer access permit detection of a much wider variety of arrhythmias and also
Minimize the effect of artifacts (noise), which may occur in only one lead (as shown here
'n the bottom lead).




leads attached to the patient, and the computer has correctly classified a rhyth
abnormality—in this case, a premature ventricular contraction (PVC). The bedsig
monitor also retains an ECG tracing record in its memory, so that at a later tipg
a health professional can review the information. ‘

Modern computer algorithms for processing ECG rhythms take sampled data, syg
tion of the QRS complex [Larsen and Jenkins, 1987]. The system performs featy
extraction by searching the sampled data from beginning to end to locate the P wz
QRS complex, and T wave. A slope-detection strategy is often used to detect tly
quick upswing of the QRS complex—the rate of change in voltage (slope) is expressg
as the difference between the values of two consecutive ECG data points. The algorithg
compares the computed slope with a threshold value, and, if the threshold is exce
a trigger response signals the presence of a waveform edge. In some computer-

arrhythmia-monitoring systems, the user can adjust the threshold value, or QR
sensitivity.

limitations of computer-based arrhythmia monitors; the problem has not yet yield
to practical solution. Another major problem with automated waveform detectior
is attributable to noise in the signal. Movement of the patient frequently causes signal
artifacts, which are seen on the ECG as steep slopes or transient spikes, both of whi

cause false trigger responses.

Figures 12.6, 12.9, 12.10, and 12.11 were derived—samples four leads simultaneou
Before performing the QRS detection step, the computer-based monitor searches
high-frequency noise or artifact. If the system finds artifact, the monitor displays
the message “noise” on the screen and halts QRS detection for 2.5 seconds. Sucl
processing helps to prevent the generation of many false alarms due to noise. Wher
ECG monitoring begins, the computer-based bedside monitor initiates a learning pro
cess to determine which QRS waveform shape is seen most frequently. The learnin;
process requires 16 beats from which to determine R-R intervals (the times betweetl
successive R waves) and to calculate the average interval. Waveforms are classifiec
by shape. Of those waveforms with the most frequently occurring shape, the onl
having the longest R-R interval is designated the dominant shape. If at any time the
dominant beat fails to occur within an interval of four beats, then the system see ks
a new dominant beat by restarting the learning process. {
As the system detects each new QRS complex, it performs classification by
comparing the waveform with stored beats called femplates; the cross-correlation pro
cess seeks beats of a similar shape. The first template stored is the dominant beal
found in the learning process. Up to 15 template beats are stored and are used fof
cross-correlation. Series of beats are analyzed to classify rhythms. Once an abnor:
mal rhythm has been identified, the system generates one of four levels of alarm
depending on the severity of the detected arrhythmia.

Commercial Development_ of
Computer-Based Monitoring T
- tient monitoring took place primarily in er-
ngelop?ilé(;i:rgﬁzt;g Ziiie(tihl::?r affiliated hossitals. Later, as excitemf:nt about
s _assisted care in the ICU increased, commercial vendors became interested
Cmnpultcertin the technology. Several large, capable, and reputable mar.lufacturers have
" mafe; ovgr 300 computer-based patient monitoring systems worldwide. T_hese com-
supPll include Hewlett-Packard (which in 1987 controlled almost two—tl.nrds of the
R 1\[;:/ith its Patient Data Management System (PDMS)), Mennen Medical, Roche,
e Siemens, Litton Datamedix, General Electric, Spacelab§, .a.nd EMTEK
Kor}tron, 1987] M,ost products have tended to emphasize the acquisition and pro-
[Bm'nm;)f hysiologic data, without meeting the need to integrate' relevant datz_x from
C(issmgourrc’es in the hospital—the clinical laboratories, the radxology depart’me.nt,
ottzletrh: pharmacy. Currently, only a handful of successful integrated patient-momitoring
i;stems is available commercially.

12.3.3

12.4 Information Management in the ICU

The goal of patient monitoring is to detect life-threatening events prom[::lly, Cso t:a;ftlltﬁi

can be treated before they cause irreversible organ damage. or death. Car -y

éritically ill patient requires considerable skill, and necessitates prompt,he;: -

treatment decisions. Health-care professionals collect numerous data ﬂu(?ug. equi

observations and testing, and more data are recorded by contmuc;lus-rr‘lontxstozsn%l :gs u{:

ici i licated therapy for such patients. ,
ment. Physicians generally prescribe comp ] atie
enormouz numbers of clinical data accumulate. Professionals can miss 1mp<1>1rtant eviezr::t(s1
i t presented in a compact, we -organ

and trends if the accumulated data are no . :

form. In addition, the problems of managing these patients have bec?n matiiec e:lg

more challenging by economic pressures to reduce the cost of diagnos

therapeutic interventions. . . ' ]
antinuity of care is especially important for critically ill pa:luerlxlts, w(tilomaroe ﬁiin::e

ici d therapists, and whose da

ally served by a team of physicians, nurses, an 0 X

transferred from one individual to another (for example, the }aboratory techr;n(:)l::ri :z:lhle

a ward clerk who reports the information to a nurse who in .turn passesins i oo

ici isi Each step in this transmission process
physician who makes a decision). n this tr . °
de{ay and error. The medical record is the principal instrument for ensuring the con

tinuity of care for patients.

12.4.1 Computer-Based Charting i
As we discussed in Chapters 2 and 6, the traditional me'dica! r-e.cord has selw(/erfal }l,msl::;i
tions. The problems of poor or inflexible organization, ﬂle%ilbﬂ;ty, atndallal\; ‘11(; gat)i'ents

ilabili i i dical records of critic ;
availability are especially pertinent to the me: r . :
due to thctay large number of data collected and the short time allowed for many treat

ment decisions.



"N oo Qs 20 Medical record wag demonstrated
conducted at Latter Day Saints (LDS) Ho i

: spital [Bradshaw etal., 1984]. Rcsearch
kept detailed records of 'the data used by physicians to make treatment decisiong
]a sgoct];—traur:z:, ]ICU (Figure 12.12). The investigators Were surprised to find

aboratory and blood-gas data were used most frequently (4 ive
that Physiological bedside i : Ao o il

monitors are always present in the modern ICU. Cljp

Effective computer-based charting in the ICU must sufpg’ort dr:ult'iple gg:;gff;l:z
ta is co!

i igure 12.12 shows, a large percentage' of the _
"'Ou.eﬁ;nﬁ:nsu:;gtzgks such as administering a medication or gusc;ult;tlngcl)fgesrt:x
i : instrument may present data in electroni )

unds. Furthermore, an ins 1 . .

o hea;tirS: that a person note these data and write them in the chart. Thus, co:ng:‘tferd
-y harting systems must be able to collect a wide variety of daﬁa from auto! 1
o ote sites, as well as from health-care providers at t.he bedside. Unfor;lulnatenly,
ne trilcl)lmputer-t,)ased charting systems have dealt with a limited subset (usually only

S
g:: D s i datla t!ltf;t I;eIeCdUtocl?:rtf:;n'Ie";le chart must document

i 12.13 illustrates the complexity o: - .

Flgtlilc:::s taken by the health-care staff, to meet both medical and legal rtiaqti;lremlelntrst

;l.l;;]cs 1 and 2 in Figure 12.13). In addition, many of th; ;igta Flf)gged 1;nm)e ;:4 a:;y
1 illi i 3 and 4 in Figure 12.13).
t and billing purposes (items - L
e b i ts and thus have unwittingly forced
stems have ignored these requiremen _

f}?mcl;?r:?:aiystaff to chart the same information in more than one place. Yet efficient
e .
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FIGURE 12.13 Block diagram showing the six major areas in whlchrZeI"::Ict)I:ec:::a g:‘tl);eand
sionals interact with computer-based ICU charting to mall(qe g:tr:teerg ::vailth e eaiom from
ici i f functions. (Source: Re . n
Zﬁlmem }Sqeiﬂtexéi:toi;egplia:.naaﬂr:); Tazdd, M. C. Computers in the'intenswe cacr’e L‘ljnlt. Match
Ora:i::,atclh? In Shoe,maker, W. C,, et al. (eds), Textbook of Critical Care, 2nd ed.
Philadelphia: W. B. Saunders, 1989, p. 249.)
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managerpent in hospitals is required, especially given the implementation of
p.rospectlve-payment strategies (see Chapter 19). Hospitals now have strong i ¥
tives to eva%luate and control the costs of procedures. As a result, it is ne i
@ow how ill the patient is, which in turn allows administrators to ;>ro'ect n(l:s'ssary ]
ing nc?eds aqd to account for the care of a patient by degree of illnes; Comrs: St'a :
tion (item 5 in Figure 12.13) with other departments within the hospitai is mandl:;c :

retrieve data from m: i i
el Capabilia:;ual patient charts for research purposes will recognize
‘ To meet the clinical management needs of critically ill patients, as well as to

vide an adequate legal record, most patient data-management syste;lls generate a ‘. H
?;ylof :ﬁport§. At the. LDS Hospital, in addition to the rounds report (shown in Fig ¢
for. ;, at:f,tls ;hya;;:ty of other reports. Figure 12.14 shows a nursing shift repo -.
e p - This -t.lour report documents the physiological data. The laboratory
data are summarized in the upper section. A record of each drug given and :
intravenous (IV) fluid administered is displayed in the lower section. The nurses ea
care for the patient are listed; the nurses place their initials next t-o their n 3
indicate that thejy have verified the data. Total fluid-intake data are derived f:(I)nes e
v data,.and fluid-output data are summarized as well, allowing the system to calm :
the net intake—output balance for the shift. ’ Y .

Erh;t Zummarlze the data for .each of the past seven 24-hour periods (Figure 12.15)
e data already are stored in the computer, so no additional data entry is require ;
to bgienerate the repo'rt. A program abstracts and formats the data. Figure 12 lgghlo S
:lh t());)d-gfis report mdlcgting the acid-base status of the patient’s blood z;s well as
e blood’s oxygen-carrying capacity. Note that, in addition to the numer,ical |
eters for the blood, the patient’s breathing status is indicated. Based on all these Ic’;llrmacnall;
data, the computer provides an interpretation. For life-threatening situations, the com-
g:;e; ;;raoszlr;;trsn t;::t sitagf_ tottakteh the tEecessary action. For example, if the level (;f a blood-
ndicates that the patient i i '

p.romptl).' notifies the laboratory sta?f, who ;rr;oizgtertltllcrii;rtﬁzaglﬁ (t)l)l(z ?;:’;lfi, v sylsltel'n
cian caring for the patient and to record whom they notified. TPV

12.4.2 Calculation of Derived Variables

Ec;}rleaszgdsophistication of hemodynamic, renal, and pulmonary monitoring resulted

num;e) :r ) :t) (f:-alc:ﬂate dl:anveti parameters; for the first time, ICU staff had to crunch
A irst, pocket calculators were used, with each ste

L erformed by a

zzreful nurse. Then programmable calculators took over this IzaSk, making )tlh:

mputation simpler, faster, and more accurate. Soon these devices were replaced

in turn by portable computers. i i
Swuse A puters. Some of these systems provide graphical plots and
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FIGURE 12.15 Two portions of a weekly (7-day) ICU report produced by the HELP (b)
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 12.15 Continued.
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INTERPRETATION -- BASED ONLY ON BLOOD GAS DATA,

ing staff have shown that nurses favor the prospect of using computers throughout

the hospital.
Physli)cian members of the LDS staff are also heavy users of the computer system.

The information in the computer is more current and more readily available than infor-

KEY: CO=CARBOXY HB, MT=MET HB, 02CT=02 CONTENT, AVO2=ART VENOUS CONTENT DIFFERENCE CALCULATED WITH AVERA B“
V02=0XYGEN CONSUMPTION, C.O0. =CARDIAC OUTPUT, 'A~I-AL'JEOLAR arterial 02 DIFFERENCE, : ulig AL

arts ici i d other
ion i . Now, when physicians want to review laboratory an
MR=MACHINE RATE, SR=SPONTANEOUS RATE. mation in the paper ch phy:

data, they use a computer terminal, rather than searching for the paper record.

'KEEP FULL PAGE FOR RECORDS
(END)

12.5 Current Issues in Patient Monitoring

The future of computer-based ICU monitoring systems is !Jrig.h't. Develop'ments in
bedside monitors have recently accelerated because of the aval.lablhty o_f th; microcom-
puter. Nonetheless, some important areas of research in patient monitoring have not

yet been addressed effectively.

FIGURE 12.16 A blood-gas report produced by the HELP system at LDS Hospital. The
report shows the patient’s predicted values, as well as the measured values. The computé
provides a decision-making interpretation and alerting facility. Note that this report sum-
marizes, in reverse chronological order, the Patient’s blood-gas status over the course of 1
week. (Source: Courtesy of LDS Hospital.) ‘




1£.9.1 bData validation

A major problem is how to ensure that the data entered into ICU data-managemeny
systems are valid representations of patient state, and are not the product of noig;
or errors in data collection or data processing. A system must provide feedback g
various levels to verify correct operation, to carry out quality control, and to presen;
intermediate and final results. As we discussed earlier, some cross-validation e
tween signals is possible, but this process is performed by few of the bedside monitop
used today. Some of the newer patient-monitoring devices, such as pulse oximetep,
that attach to the ear or finger and direct pressure-measuring systems, have built iy
noise-rejection algorithms to improve the quality of the data presented [Gardner g
al., 1986]. Data validation, however, is one area of patient monitoring that still offap
much opportunity for technological development and improvement.

12.5.2 Invasive Versus Noninvasive Monitoring

Physiological and biochemical parameters commonly used in monitoring can by
measured by instruments and devices that are either invasive (require breaking
skin or entering the body) or noninvasive. After several decades of development o
invasive techniques, the recent trend has been to design noninvasive methods, Much
of the development of noninvasive technology can be attributed to the availability
of microcomputers and solid-state Sensors.

The development of inexpensive light-emitting diodes (LEDs), small solid-state
light detectors, and new computer methods, for example, made possible the develop.
ment of the pulse oximeter, an exciting example of noninvasive monitoring technology,
By alternately shining red and infrared light from the LEDs through a finger or an
ear, the device can detect the pulsations of blood and determine arterial oxygen saturas
tion and heart rate [Severinghaus and Astrup, 1986]. Pulse oximetry is one of the
most significant technological advances ever made in monitoring. The technology
is reliable yet inexpensive; also, because it is noninvasive, it does not subject the

patient to the discomfort, expense, and risks of invasive techniques (infection and
blood loss, for example).

12.5.3 Continuous Versus Intermittent Monitoring

One of the persistent questions facing people who monitor patients is ‘“‘Should
measure a parameter continuously, or is intermittent sampling enough?” A related
question is, “‘How often do I make the measurement?”” These questions have no sim-
ple answer. If we want to display an ECG signal 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 4). For an ECG, the sampling rate
should be at least 200 measurements per second. ‘

When intermittent monitoring (periodic measurement of blood pH value, for
example) must be performed, the overriding concerns in determining sampling rate
are how rapidly the parameter can change, and how long before a dangerous change
will result in irreversible damage. Sudden heart stoppage or severe dysrhythmias are

e most frequent causes of sudden death. Therefore, heart—ra}te.and heazu(')t-rhyth(rir;
the must function continuously and should sound alarms within 15 to‘ secon
momtor: ting a problem. Other physiological parameters are not as labile and can
- de'f(fredgless frequently. For the most part, medical measurements a}re made
b mofltltently and even continuously measured parameters are displayed at mterve}ls.
f ten;uample ,heart rate can change with each beat (by 0.35 to 1 second). T:O pr.ov11de
h:O;I(ihat a hu’man can interpret, however, a bedside monitor usually updates its display
(a

of the rate every 3 seconds.

12.5.4 Integration of Patient-Monitoring Devices

iost bedside patient-support devices, such as IV pump§, ventilators, and phyilltl)l:ogrlnc:
onitors, are microcomputer-based. Each has its own display and, beca}lse ea 5
N a different manufacturer, each is designed as a standalone unit. As a result,
fr?;n common for a nurse or therapist to read a computer disPlay from one of the}sle
;jLeI\rices and then to enter the data through a t.erm_inal into a _dxfferent con;};:uf;.s;;cz
need to integrate the outputs of the myriad deches in the ICp is apparentt:cl :and s
of standards for medical-device communications has stymied the afc:;:p 1 nce v
cess of automated clinical data-management systems. Because of the a:gis Ty
and variety of medical devices available, ‘and the. peculiar data formatt)s, i]ldin X ;; e
tical to attach the growing number of begs1de devices to cI(;Srré};xt:;rsnbmyittze (p1%r7 g) ol
d hardware interfaces. For these reasons, an :
S)Zfetx‘:l ?)rr;:r?ized to write standards fo§3 ;hesl::lc;:)itcaigl;gf;)matmn Bus (MIB) [Gard-
ley, 1984; Franklin, 1988; Shabot, :

nerP?lI:)(: 53:;’( lfnderway at LDS Hospital [Hawle)'/ et al., 1988] ha§ showr} that :l:}el
use of a common bus system facilitates data acquisition from bc?ds1de dev1c(e»s( S .
as pulse oximeters, ventilators, infusion pumps$ pH mete?rs, ?md mixed venotuf1 atyEDS
saturation monitoring systems. The MIB data—fzommunlcatlons system tglsl :, e
Hospital permits connection of up to 255 devices on a network, and wi eications
communicate with each of these devices every few second's. The corr.lgluc;; s
technology being developed will allow the copnectlon Of'fl variety of beds1t 'e e
the computer, and the recording of these dev1c'es’ data will be almost. corll. inu 9 da%a
ure 12.17). The potential for improvements in the vscc;;zlllcii :cnl:is su;l: 1\1/;1Iel;sin i
acquisiti as for labor savings, is enticing. We s he M :
:ec:l ;z)s,lt»l\?l?énaiv?::l(l)nsider major issuges that affect the future of medical informatics.

12.5.5 Closed-Loop Control Systems

Closed-loop control devices use a computer to sense and .control a phys:;')lo%l::; r:flarll‘;
able; they alter therapy directly without human intervention. A nonme 122111 tinuouls)]y
of a closed-loop control system is the thermostat on a heater. A s;nior c;h ——r
measures the temperature of the air. When the temperature drops below point,

i i s to maintain
“An infusion pump is a device used to control the rate of delivery of intravenous drug so a:
a constant level of drug in the body.
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2.5.6 Open-Loop Treatment Protocols
12.5-

: —in the treatment
tocols—standardized plans for patient management—in lica-
N ;?za?fyp;ﬁ patients is not new. Protpcols have been us:,d 2(‘),2 rztnéizzu:eigﬂons,
uide therapeutic dosing so as to prevent a ical patients
tions, -y as‘(;o ; nagement, to improve cardiac management of surgical pa g
w0 SuggeStg:el:t tllll;?"ap)% based, on hemodynamic information. If ’the;sga glzrrllil Zrl;zoemn-
and to’su i uter, the computer can analyze the Patwn =
Code:;n ;l:zgﬁig;;(:f:az?rﬁ. In a closed-loop system, as we dlfi;i:::i;igf i(l)on:vil\l'frr
Sjignnilr)les the appropriate 2.1ct10n and acts d1.rect1)(1) ;omu:geﬁzgical docisions, the in.
—en the complexity and inherent uncertainty ! i
given lved problem of data validation, and the dire conseq o
compleEy S(;) irable or impossible to relinquish complete contr01. t.o the computer.
L s should not ignore the superior computational ability and memory
Nonetheless, tZ . Consequently, there is growing interest in the use of computers 13
D n?rol systems, in which the computer collects .afld analyzes datahan
e mmendations or instructions, but human de01§10n makers—'suc fits
genefz{tes r:: g nurses—evaluate the appropriateness of the advice before actl{lg og 1t c.)
phy;;f;a\l;:ntilator Manager (VM) program was an expeqme'zntal systf:m (:Eilil;ie -
§ t quantitative data collected in the ICU and to ald_ in managing st
——. tients who were receiving mechanical ventilatory assistance [Fag &
p;)stopt’;;i,ltlve 'piliied Al techniques to detect possible errors in data n‘leasure(:lmenlt a;n
tl(?zlsxgg.gest agﬁlitments to therapy based on the Patient’s status over ‘t;nlcle ;25 I(:(f)lt Ss fd
- tic goals. Developed as an experimental prototype, DS Hosoital
term therapeu 1 patients in the ICU. More recently, researchers at L Osp
(oL IS s age the therapy of patients who havet acute respiratory
implemented a program to manag d in a controlled clinical trial [Sittig,
lis drome (ARDS) and who are enrolled in .a : : e
e i i nerates therapeutic instructions to health-c B
1987]. The system automatically ge bysicians, utses, s respitainty
viders from data input by the laboratory and ftl)l)l’lp tz]) manag,e the care of several pa-
e hE}IIS befl? u'Sse(iis Stl;z:etslfe sy};tem can reduce the time required
i archers’ hypothesi . L .
::e ?;Siii;:ecgisreect therapyflr;nd can assist in managing the clinical trial.
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12.,5.7 Demonstration of the Efl_‘icacy of Care
in the Intensive-Care Unit

- n,

ICU care is expensive. Given the current pressures to control bea}ils SC':l)rfeS lslgﬁrglreg'
(see Chapter 19), there is growing concern about the COSt-CffCCIlVi W
In a 1984 study prepared for the Office of Technol(?gy Ascslesim::r ai]most g
cstimated that 15 to 20 percent of the nation’s hospital budge ,1984] iy
of the gross national product, was spent for ICU care [B?re;so?éu are. Skt
the problems of assessing the benefit of each el'emc'ant in the <l .
N0 definitive studies have been performed: It is, difficult t((i) i fcom)é F et
the factors in the ICU setting that affect patient recovery anc ogha ter. e
48 we mention in our discussion of technology assessment in p A



implications of withholding potentially beneficial care from patients in the contro]
group of a randomized clinical trial make such studies difficult to perform. For thg
moment, we do not know what incremental benefit even the bedside monitor hag
for a patient. The value of a computer-based data-management system used in con
junction with monitoring devices is even more difficult to assess. One study fromi |
LDS Hospital reported that the implementation of a computer-based record-keeping
system resulted in a 15-percent increase in the productivity of respiratory therapists
[Andrews et al., 1985]; often, however, medical and nursing staff acceptance is '
only clear indicator of value we have.

Another study that evaluated how nurses spend their time in caring for patients
who have undergone open-heart surgery provided insight about how the compute;
may assist in improving nursing efficiency [Tolbert and Pertuz, 1977]. The authors
concluded that automated patient monitoring should relieve nurses of some routing
tasks, such as checking and charting vital signs. The extra time then could be useg
to provide more direct patient care, if necessary, or could be channeled into othe
productive tasks. A striking finding of both this study and an unpublished study con:
ducted at LDS Hospital (Figure 12.18) was that nurses spend less than one-half of
their time performing direct patient care.

In one attempt to assess the differences in patient outcome among major medical
centers and with different treatment modalities, Knaus and associates developed ar
Acute Physiology and Chronic Health Evaluation (APACHE) scoring system [Kna
et al., 1986]. Scores assigned to patients are intended to stratify them prognosticall
by risk, so that different treatment programs can be compared more accurately. For:
tunately, the data needed to derive the APACHE score are already available from
computer-based monitoring systems [Shabot et al., 1987]. By using such systems tg
simplify data acquisition, we may be able to analyze variations in care and to deter
mine optimal treatment strategies for critically ill patients.

12.5.8 Consensus Conference
on Critical-Care Medicine

We can gain a perspective on what should be done to improve data management in
critical-care medicine from a 1983 consensus conference organized by the Nationa

Institutes of Health (NIH) [Ayers et al., 1983]. Conclusions of the conference pointed
out areas in treatment of critically ill patients that needed improvement. Many o0}
these problems are amenable to computer assistance. Technical difficulties, errors
in data interpretation, and increased interventions caused by continuous monitoring
are potential nosocomial’ hazards for ICU patients. Based on the findings of the con

ference, we identify eight areas in which computers can assist in the practice of critical:
care medicine.

"Nosocomial hazards are dangers related to hospital care itself. A nosocomial infection, for example, i
caused by exposure to infectious agents in the hospital environment.
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FIGURE 12.18 Pie chart indicating how nurses ina sun:;ucgl ICU ?tgjrﬁis;:s.
allocate their time among patient care, charting, gomn)unncatuqn, tanare e e i
Nurses spend only one-half of their time performing direct patll\:ncc Co;“pmers in il
with permission from Gardner, R. M., Sittig, D. F., and Budd, ! s d.s) e o el
sive care unit: Match or mismatch? In Shoemaker, W. C., et al. (eds),

Care, 2nd ed. Philadelphia: W. B. Saunders, 1989, p. 256.)

1. All ICUs should be capable of arrhythmia monitoring. B;d;i;dne. pg?';il(i)tl:rgil:l:;l
. i i i ide excellent arrhythmia :
monitors using microcomputers NOW provi e

i itori formed safely. Computer-stored on !
% ek o al cath);ter, analyzed in combination with

events such as the insertion of an arteri lyz: . : .
data from the microbiology laboratory, can help to avoid infection (a major com:

lication of invasive monitoring).
3. l()Eenerated data should be correct. The computer can check data as they are entered

ication and
to verify that they are reasonable. Also, computer-based data cobmnt:uﬁztfeings
calculation are less subject to error than is work performed by hu



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,
For example, note in Figure 12.16 that oxygen consumption (VO,) is calculateg
and displayed when data on arterial and venous blood gases and cardiac outpy
are available (oxygen consumption was 353 ml/minute on 4JAN89 at 04:19),

5. Therapy should be employed safely. The computer can assist physicians by su
gesting therapy, calculating appropriate drug doses, and flagging combinationg
of interacting drugs.

6. Access to laboratory data should be rapid and comprehensive. Computer network:
ing provides fast access to all laboratory data, and can even interpret the res
and provide alerts.

7. Enteral (tube-feeding) and parenteral (IV) nutritional support should be available
There are interactive computer programs that help physicians to prescribe car
by assisting with the complex task of determining the appropriate volume an
content of nutritional supplements.

8. Titrated® therapeutic interventions that use infusion pumps should be available
Closed-loop systems for controlling the administration of fluids and intravenou
drugs can facilitate patient care and can provide an accurate record of the therapy

The availability of microcomputers has greatly enhanced the ability to generate

and process the physiological data used in patient monitoring. The use of computer:

in the ICU is still in its infancy, however. Many challenges remain in the exploratioj
of ways with which the computer can be used effectively to integrate, evaluate, and
simplify the complex data used in caring for critically ill patients.

Suggested Readings

Ginzton, L. E. and Laks, M. M. Computer aided ECG interpretation. M.D. Cont

puting, 1:36, 1984,
This article summarizes the development of computer-based ECG interpretation systems,
discusses their advantages and disadvantages, and describes the process by which a typical
system obtains and processes ECG data.

Shoemaker, W. C., et al. (eds). Textbook of Critical Care, 2nd ed. Philadelphi

W. B. Saunders, 1989. ‘
This handbook will be of interest to the medical computer scientist who is exploring thé
use of computers in critical-care settings. It includes a chapter that summarizes the cu
rent status of medical practice in the ICU.

Westenskow, D. R. Automating patient care with closed-loop control. M.D. Cont

puting, 3:14, 1986.
This article provides an understandable discussion of closed-loop control theory and a brief
summary of the medical applications of closed-loop systems.

®Titration is a method for adjusting the concentration of a dissolved substance by observing a resulting
effect. It is'used as a method for adjusting the concentration of a drug to achieve the desired effect; for
example, a nitroprusside infusion may be adjusted to control blood pressure within prespecified limits

wiederhold, G and Clayton, P. D. Processing biological data in real time. M.D.
i , G.
Computing, 2:16, 1985.

This article summarizes the logical elements of real-time data acquisition and an;zlyszs.
It contains a detailed discussion of signal acquisition, sampling frequency, and analog-to-

digital conversion.

Questions for Discussion

| Describe how the integration of information from mgltiple bedside mqn}t9rs, th(ei
pharmacy, and the clinical laboratoeiiy'catr;l h‘;lg l;o improve the sensitivity an
ifici the alarm systems used 1n the .
Sgies(cz:luf:?tt}lllr(::fe factors yoxsly must consider when dt?ciding when and how Zfiten g
physiological, biochemical, or observational variable should be measured an
i ’s database. -
3 SYt:)):el?a\l;; ;e(;(l)lnzllls’ﬁtefir fociiaesign part of an electronic exercise bicycle. .SenSf)rs in
' the handgrips of the bicycle will be used to pick up transmltted electrfzal ,s1%1nalrst
reflecting the rider’s heart activity.taYlo:ll‘r s;llstel(rlld t(ljlg; will display the rider’s heal
i on a liquid crystal display : .
;z.ueDl:;z:r::ecihney steps yo(ilr sys:Zm must take in converting .the heart’s elecltj:(l:c]gl
signals (essentially a single ECG lead) to the heart rate d‘1splayed on tl}e I
b. The resistance of the pedals can be controlled electrqmcally t?y a micropro-
cessor. Design a simple closed-loop system that dynamically adjusts (mcrealllserst
or decreases) the work for the cyclist based on heart rate. Draw a ﬂ(?wc a
for how you might use the calculated heart rate t9 contro} the pedal fesx§mnce.
c. How is the accuracy of your data affected by a rider’s f'fulure to malptam con-
stant contact with the handgrips? What would happen if your algorithm werle
used with these inaccurate data? Suggest a second type of data you could col-
lect to verify the accuracy of the handgrip heart-rate data.
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