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1. Introduction

This research program focuses on the resuscitation of traumatic casualties in hypovolemic shock.
The principal objectives are to determine:
e when it is necessary for a medic on the battlefield to resuscitate a trauma victim,
e how the effectiveness of the resuscitation effort can be measured objectively with outcome

predictors, and

e what is the desired end point of resuscitation: can it be defined empirically by the survivors’ values?
Human studies at a major Level I trauma center, Los Angeles County+USC Medical Center
(LAC+USCMC), serve to precisely define the pathophysiology of traumatic/hemorrhagic shock and test
the effectiveness of noninvasive (or minimally invasive) sensors of tissue perfusion failure. The
investigation entails the consolidation of three large existing trauma data sets at LAC+USCMC into a
new database containing existing medical record data without the possibility of patient identification.
Our use of the term “existing medical record, EMR” data in this report automatically carries the qualifier
“without the possibility of patient identification”. The current database tracks the trauma victim
beginning at the emergency department, then to the operating room, the radiology suite when indicated,
and the surgical intensive care unit (SICU). It provides an excellent reference source and testing facility
for the current state-of-the-art in U.S. resuscitative medicine. Our goal is to make the entire trauma
database accessible to the combat-casualty-care community in an easy-to-use, straightforward fashion.
Thus, each member of the community will be able to derive his or her own conclusions from a
comprehensive, objective, unbiased database. Taken as a whole, the new database will allow optimum
resuscitation strategies to be developed for the Army medic and will serve as a guide for implementing
new sensor strategies. The LAC+USCMC data is being “packaged” with a database management
program and augmented with a user-friendly, menu-driven program for standard analyses and data
manipulation. : '

2 Body of Report

During this first grant year, particular attention was paid to building the infrastructure for the
trauma database and populating the database with EMR patient case histories. In addition, outcome
predictors were investigated within the context of a mathematical “nearest neighbor” model as well as in
studies involving single parameter predictors.

2.1 Human Hemodynamic Data Processing, Analysis, and Interpretation

Despite the large number of existing trauma cases in the William C. Shoemaker (WCS) database
at LAC+USCMG, it became clear in the early stages of this study that more retrospective cases were
needed. In part, this is because the sensors and methods of noninvasive hemodynamic data acquisition
have improved with time. As a result, the more recent data sets obtained within the past five years are
substantially higher in quality than much of the data acquired prior to 1996. (Approximately 1500
trauma cases were documented at hospitals other than LAC+USCMC prior to 1996.) Thus, the recent
LAC+USCMC data allows us to address the questions of Section 1 in a more comprehensive fashion.
At the same time the latest data has proven very useful in studies of outcome predictors. Both the
stochastic prediction methodology [Ref 1] and the search for single parameter predictors yielded
significant results with the latest data sets. The acquisition of more data allows the phase space of the

~ mathematical model to be more fully populated and therefore improved. In addition, both areas of

inquiry greatly benefit from the existence of a large validation data set. In summary, there is a strong -
rationale for acquiring more data from existing medical records for inclusion in the trauma database.
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During the period September 29, 2001 through September 28, 2002, approximately 180 new
trauma cases were added to the WCS database. This is an increase of about 40% compared to the
previous year. Funds from the current Army grant were used for the processing, analysis, and
interpretation of the 2002 data as well as all other retrospective data acquired between 1996 and 2001.
Methods for noninvasive data acquisition are described below, and the results of year 1 efforts to
analyze and interpret the WCS database are discussed. This investigation was performed outside the
framework of the Main Project Database because the Database was concurrently constructed while the
hemodynamic research was being performed. A single-parameter predictor study was initiated after the

- Database was completed. This is discussed in Section 2.2.8.

2.1.1 General Methods for Noninvasive Hemodynamic Data Acquisition.

At Los Angeles County + USC Medical Center (LAC+USCMC), electrodes are attached to the
base of the neck and to the lower lateral chest wall for thoracic electrical impedance measurements of
cardiac output, and a finger probe is used for pulse oximetry (SapO;). Also monitored are arterial blood
pressure, heart rate, and ECG as general circulatory measures. In addition, physicians evaluate tissue
perfusion/oxygenation by transcutaneous oxygen/CO, sensors that have the same Clark polarographic

oxygen sensor used routinely in the standard blood gas analyzer. While the oxygen tension of heated
skin of the chest does not reflect the state of oxygenation of all tissues, it has been shown to be a
sensitive early warning of hypovolemic shock [Refs. 1-3]. All parameters are monitored and recorded
continuously after emergency department (ED) admission or following the onset of surgical operations.
In so far as is possible, LAC+USCMC specifically records these hemodynamic variables before and
after each therapy, beginning with admission to the ED, following the patient to the operating room
(OR) and intensive care unit (ICU). Each therapeutic intervention is noted in time, dose, duration of
infusion, and time after admission. Each therapy is given one-at-a-time, if possible (except for clinical
exigencies), with hemodynamic monitoring before, during and after its administration. Perioperatively,
noninvasive hemodynamic data in high-risk surgical patients is started in the OR or ICU prior to
anesthesia and maintained throughout the operation. Blood losses are estimated by vital signs,
hematocrits, urine output, sponge counts, amount of fluid in the suction bottles, number of transfusions
needed to maintain normal hematocrit values, and clinical observations. Estimated blood losses are
promptly replaced.

2.1.2 Analysis and Interpretation of the Database in Terms of Outcome Prediction

Over the past year, we confirmed that multiple noninvasive monitoring systems are feasible and
highly useful methods to acquire early information from patients with acute life-threatening trauma [Ref.
1]. These noninvasively monitored data:

e were sufficiently close to the information supplied by the PA catheter to be a useful surrogate for
invasive monitoring;

e could be used immediately after Emergency Department (ED) admission and throughout the hospital
(analogous to use in prehospital settings),
could be used to compare the time course of clinical and hemodynamic parameters;

‘e provided continuous, real time displays and data streams rather than traditional methods that provide

infrequent and intermittent ‘“snapshots”; _
e were utilized to describe the physiologic and pathologic patterns of patients with severe trauma and
_other emergencies during resuscitation immediately after admission to the ED;
o - revealed hemodynamic patterns of severe trauma that are related to outcome; and
most importantly, provided information to a user-friendly program that can be used effectively by
nurses and other paramedic personnel at the bedside of acutely ill patients.
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In addition to the conventional vital signs, hematocrit, urine output, blood gases, and other
clinical evaluations, we are currently evaluating noninvasive hemodynamic monitoring used with a new
mathematical analysis for application to acute high-risk critical illness, shock, and potentially lethal
organ failure beginning with ED admission. To evaluate the accuracy of the random (stochastic)
analysis, we are investigating various subsets of trauma including blunt or penetrating injury to chest,
abdomen, extremity, head, neck and spinal cord in various combinations.

We plan to employ hemodynamic patterns to develop outcome predictors using the new
mathematical analysis and data mining programs to elucidate underlying hemodynamic deficiencies, to
evaluate and compare the effectiveness of various therapies in previously recorded databases, and to
display possible optimal therapy in a real-time mode for each new individual patient at each stage of the

_patient’s hospital course. In addition we plan to utilize additional tools to evaluate their concordance

with established patterns of monitored data and physiologic patterns. Therapeutic policies based on
analyses of the databases, along with outcomes of other competing therapeutic and diagnostic
modalities, are also being investigated [Refs. 2-4].

~ As shown in Table 1, we have found markedly different misclassification rates in the same series
of trauma patients from single isolated values of vital signs, cardiac index, APACHE II, discriminant
analysis, and now by using the present version of the stochastic analysis program. Heart rate, mean
arterial pressure (MAP), and cardiac index values were the initial or lowest values as stated, APACHE II
values were calculated on a daily basis, discriminant analysis covered the resuscitation period, and the
probability analysis was calculated for each set of values; the first set of values are presented here. The
data show the limitations of these single values. By contrast, there are advantages of a computerized
database of multiple noninvasive variables organized over time.

Table 1 Misclassifications in QOutcome Prediction
by Evidence-based Analyses

Method Criteria Misclassification Rate
Initial Heart Rate S <95, NS>96 beat/min - (70/159) 45%

Initial MAP S >85, NS<70 mmHg (76/159) 47%
Lowest MAP S >50, NS< 50 mmHg (83/159) 52%

Initial Cardiac index S$>3.8, NS< 3.8 L/min/m2 (72/159) 43%
APACHE 11 S <27, NS >27 30/97) 31%
Discriminant Analysis (See Ref. 22) 1 (23/151) 15.2%
Probability Analysis, S>75%, NS <55% (16/165) 9.2%

Initial studies showed over 90% accuracy in predicting outcome in the first 12 hours after ED
admission using the new mathematical (nearest neighbor) analysis and display program that estimates
the probabilities of survival based on the primary diagnosis, selected relevant covariates, and
noninvasive hemodynamic monitoring of cardiac, respiratory, and tissue perfusion functions. We plan
to study approximately 150 severe high-risk patients during the coming year. They are drawn from a
pool of over 5000-trauma admissions/year to our Trauma/Critical Care Service. We plan to continue our
study of the most severely ill of these trauma patients. '

The monitoring and information system also displays a decision support system to provide the
physician at the bedside with a potentially useful method for optimizing the therapy by evaluating each
potential therapy based on responses of the nearest neighbors in terms of reduced mortality. The system
may be used to diagnose, evaluate, and suggest therapy for the early hemodynamic aspects of circulatory
dysfunction, shock, and critical illness anywhere in the hospital including the ED, operating room, post
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“anesthesia recovery room, intensive care unit (ICU), step-down units, hospital floors, pre-hospital areas,

and outpatient clinics. The major underlying challenge is to develop an information system based on a
sufficiently large noninvasive database with adequate numbers of nearest neighbors to predict outcome.
Ultimately this data base will support a therapeutic decision support system that will display the effects
of therapies that had been given to similar patients (nearest neighbors), and identify the therapies that
carry the greatest expectation of optimizing survival. Since the computational burden does not appear to
be intense, the system was designed to function in a real-time mode at the bedside. Alternative therapies
and the probability for reduced severity (mortality) will be displayed at each stage of acute life-

- threatening illness as well as before and after each therapy. These data along with all supporting

evidence will provide the physician with maximal information for selecting therapies to optimize
outcome. The quest for early diagnosis and therapy of circulatory shock is analogous to that of cancer,
where early therapy is far more effective and less costly. In fact the concept of the “Golden Hour”, the
major descriptor of the response to trauma, is largely based on the need to provide therapy in the earliest
stage of traumatic injury. In preliminary studies on a consecutively monitored group of severely
traumatized patients with 30% mortality, the stochastic analysis program correctly identified survivors
and nonsurvivors with over 90% accuracy in the first 12 to 24 hours after admission. There were 16/165
patients or 9.7% who were misclassified in this initial resuscitation period [Ref. 3]. Inspection of the
data revealed that accuracy might be limited by the number of patients that comprised the pool of
nearest neighbors for each etiologic category in the database. We will address this problem by
increasing the number of trauma subsets and other diagnostic categories studied.

2.2  Development of the Trauma Database With Emphasis on Hemodynamlcs Includmg Blood
Flow and Adequacy of Tissue Perfusion

As part of this project, we are assembling a large trauma database using data gathered at Los
Angeles County + USC Medical Center (LAC+USCMC), with the capacity for additional data
integration from other sources. The goal is to produce a comprehensive, objective, unbiased database
that can be independently mined by members of the combat-casualty-care community. The database is
expected to provide insight into the resuscitative outcome of combat casualties and civilian trauma
victims. One of the major goals of this project is to identify physiological parameters that are strong
predictors of outcome or reflect the need for further therapy.

Our original statement of work indicated that there were only two databases that needed to be
combined as part of this project. These were the William C. Shoemaker (WCS) database and the SICU
database. However, it quickly became apparent that the benefits of including a third database, the
trauma registry (TR), were very large. The TR contains the official LAC+USCMC summary of each
trauma case and includes admission and discharge data. (See Table 8 for a partial parameter list.) Its
role is to improve the efficiency of the trauma care system [Ref. 5]. TR records at LAC+USCMC are
collected into a relational database that is amenable to computer processing. As a result, The Main
Project Database currently consists of three dissimilar elements: the WCS database, the SICU database,
and the TR. The WCS database tracks patients using predominantly non-invasive measures beginning
with resuscitation in the emergency department (ED) through the RAD/OR and into the SICU. Patient
histories terminate at discharge or death. Approximately 20-30 physiological parameters are recorded
for ~689 individual patients from 1996 to present. Most measurements are non-invasive and the quality
of these data is very high. The catalog of WCS parameters has evolved because of the introduction of
new non-invasive sensors. However, the database is anchored by a set of common parameters. The
massive SICU database provides a comprehensive electronic record of all customary diagnostic
measurements, procedures, and therapies. Many are invasive in nature, and most are considered *“gold
standard” measurements. Supplemental data is supplied by the TR, including information obtained by




paramedics and ED personnel. The tools being developed to probe the database are flexible and are not
limited to specific methodologies or techniques.

2.2.1 Database Assembly

“As noted above, the database constructed as part of this project serves as a tool for assessing a
variety of interventions and is expected to provide insight into the resuscitative outcome of combat
casualties and civilian trauma victims. One of the major goals of this project is to identify physiological
parameters that are strong predictors of outcome or reflect the need for further or modification of
therapy. At this point, we don’t know whether or not a sensor system can fully replace a medic’s
judgment. It is most likely that new sensors or arrays of sensors will be identified that can enhance the
ability of the medic or other responder to asses the status of a casualty. Some predictors may require a
combination of sensor readings and a medic’s judgement. Other questions related to the most desirable
beginning and end points of the resuscitation process and what therapies produce the most survivors can
be explored with the existing database. Overall, the data mining process is quite general and is not
restricted to any single methodology. Many distinct mining strategies are expected to evolve with time.

2.2.2 The “Toy Database’

During the current grant year, a test data set referred to as the “toy database” was initially
constructed. It consists of small portions of the William C. Shoemaker (WCS) database, the SICU
database, and the LAC+USCMC trauma registry (TR). The toy database was assembled to test the
practicability of combining the three diverse databases. In the case of the SICU database, the number of
extracted parameters was limited to ~30. Approximately 24 parameters were extracted from the TR, and
all data from the WCS Heart Rate Variability (HRV) study (discussed below) were included. The WCS
database takes the form of entries in Microsoft Excel spreadsheets. Both the SICU and TR databases are
relational in nature and are hosted by two different database programs, Sybase (SICU) and Foxbase
(TR), respectively. The objective behind assembling the toy database was to identify problems involved
in the consolidation of these three data sets. The ICU database is by far the largest; it is 50 to 100 times
larger than the WCS database. The TR is in itself a very large database, but the amount of
data/information that is extracted for individual trauma patients is approximately equal to the
corresponding patient file sizes in the WCS database. Data dictionaries had to be developed for all three
data sets because they had never been used outside of their targeted application. Figure 1 below
illustrates the intersection of the three databases; the area with the star represents the data records that
became part of the toy database. A total of 53 patient histories were common to all three data sets
(WCS, SICU, and the TR). These were merged together into a single database using the Sybase
Anywhere 8.0 database program. A listing of toy database parameters is provided in the Table 2 below.
This new test database was probed and queried primarily with SQL commands to verify that it was
properly ordered and complete.

It was found that a considerable effort is involved in sorting and bringing large quantities of
diverse data from the SICU database into the main Sybase database. In addition, there is a strong
preference for data obtained at the earliest times following patient admission at LAC+USCMC. The
SICU data typically begins 6 to 24 hours after admission, whereas the WCS data typically begins at
admission. As a result, our initial efforts focused on merging the WCS database and the TR database
into a single project database. This allowed the early time hemodynamics of trauma patients to be
examined in detail during the first grant year. At the request of the Government, all relevant comments
(i.e. character strings) in the WCS data sets were parsed so that they could be readily interpreted as part
of the Main Project Database. This was a significant task involving the parsing of more than 50,000
comments. This task required two and a half months to complete.
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Figure 1. Data for the Toy Database was extracted from the intersection of three
large data sets. :

Table 2. Parameters Used in the Toy Database

“Table: HRV_COTD - HRYV Data (WCS)

Column Name Format Description
dt Timestamp = |[Date/Time of measurement
hrv_psn tinyint Pt number from HRV study
hrv_evt ’ integer Event number from HRV study
cotd - Inumeric(4,2) Cardiac Output (Thermodilution) value

" Table: HRV_FRQ — HRV Data (WCS)

Column Name Format Description
dt - Timestamp [Date/Time of measurement
‘hrv_psn tinyint Pt number from HRV study
hrv_evt integer Event number from HRV study
Ifa double Low Frequency Area
rfa double Respiratory Frequency Area
fract double __LFA/RFA '

mhr double mean HR




< Table: HRV_INTEG — HRV Data (WCS)

] Column Name Format Description
dt Timestamp |Date/Time of measurement
hrv_psn tinyint Pt number from HRV study
hrv_evt integer Event number from HRV study
q_admit_dt timestamp IAdmission Date/Time
T double Time since admission, in hours & decimal fraction

Table: HRV_OXY1 - HRV Data (WCS)

Column Name Format Description
dt Timestamp [Date/Time of measurement
hrv_psn tinyint Pt number from HRV study
hrv_evt integer Event number from HRV study

a02 integer PaO,
sa0w integer Sa0,
hct ' numeric(4,2) [Hematocrit
Table: HRV_OXY?2 — HRV Data (WCS)

Column Name Format Description
dt Timestamp [Date/Time of measurement
hrv_psn tinyint Pt number from HRV study
hrv_evt integer Event number from HRV study
svo2 integer SVO,
02_delivered integer O, Delivered
02_consumed integer 0, Consumed
dt Timestamp |Date/Time of measurement
hrv_psn tinyint Pt number from HRV study
hrv_evt integer Event number from HRV study
cobi integer Cardiac Output Bioimpedance
cibi double Cardiac Index Bioimpedance
hr_ekg numeric(4,1) HR from EKG
map : integer Mean Arterial Pressure

tc_02 integer tco2

tc_CO2 integer tcco2
F102 double FIO2

tcO2_FIO2 double tc02/FI02
sap02 integer sapo2
Table: HRV_PT_LIST — HRV Data (WCS)

Column Name Format Description
PSN numeric(7,0) [Patient Study Number (assigned for this study)
HRV_PSN tinyint Patient number from HRV study
PF double Hospital assigned PF number
SURVIVED bit 1 = pt survived, 0 = pt died
AGE tinyint Age in years
MALE bit 1 = male, O = female

10




A Column Name Format Description
iz HEIGHT tinyint Height

WEIGHT smallint Weight

DX varchar(255) Diagnosis & notes

ADMIT_DT timestamp  [Date/Time of admission
OPERATE_DT timestamp  [Date/Time of operation (if any)
DISCHARGE_DT  timestamp  [Date/Time of discharge
BLOOD_LOSS_EST smallint Blood Loss Estimate
COMPLICATION  archar(255) Notes about complications

ARDS_DATE timestamp  [Date/Time of ARDS, if any
BSA numeric(2,1) 77?
SCORE_GCS tinyint GCS score
Location varchar(40) [Patient location
Notes varchar(40) [Notes
Table: HRV_PT_LOCATION — HRV Data (WCS)

Column Name Format Description
dt timestamp  [Date/Time
hrv_psn tinyint Pt number from HRV study
[ocation varchar(8) Pt location

Table: icu_bp2 — SICU Data (SICU)

Column Name Format Description
emtek_id integer SICU ID number
obj wvarchar(12) |BP source (ART or BP)
dia numeric(5,2) Diastolic BP
Sys : numeric(5,2) Systolic BP
mean numeric(5,2) [Mean Arterial Pressure
dt timestamp  |Date/Time of measurement

Table: icu_cardiac — SICU Data (SICU)

Column Name Format Description
emtek_id integer SICU ID number
svri numeric(5,1) Systemic Vascular Resistance, Indexed
Svr numeric(6,2) [Systemic Vascular Resisitance
cO numeric(5,2) ICardiac Output
ci numeric(5,2) Cardiac Index
dt timestamp ate/Time of measurement

Table: icu_demo — SICU Data (SICU)

~ Column Name Format Description
PSN numeric(7,0) Patient Study Number (assigned for this study)
HRV_PSN tinyint Patient number from HRV study
PF numeric(8,0) Hospital assigned PF number
emtek_id integer SICU ID number
admit_dt timestamp dmission Date/Time
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Column Name Format Description
icu_dt timestamp  [SICU Admission Date/Time
ageadm smallint Age at admission
bdate datetime Date of Birth
weight numeric(5,2) [Weight
height numeric(5,2) [Height
gender char(1) Male = 'M', Female = 'F'
survived char(1) Yes="Y',No="N

Table: icu_fluids — SICU Data (SICU)

Column Name Format Description
emtek_id integer SICU ID number
v_in numeric(8,1) [Fluids in for day
v_out numeric(8,1) [Fluids out for day
v_net numeric(9,1) Net fluids for day
dt_day date ate for measurement
Table: icu_hr — SICU Data (SICU)
Column Name Format Description
emtek_id integer SICU ID number
hr numeric(5,2) Heart Rate
dt timestamp  |[Date/Time of measurement

Table: icu_labs — SICU Data (SICU)

Column Name Format Description
emtek_id integer SICU ID number
object varchar(12) [Lab test abbreviation
value flloat Lab results
dt timestamp  Date/Time of measurement

Table: icu_rr — SICU Data (SICU)

Column Name Format Description
emtek_id integer SICU ID number
vy numeric(5,2) [Respiration Rate
t timestamp ate/Time of measurement

Table: icu_tempr — SICU Data (SICU)

Column Name Format Description
emtek_id integer SICU ID number
tempr numeric(3,1) [Temperature (degrees C)
dt timestamp ate/Time of measurement
Table:toy_psn (WCS, SICU, TR)
Column Name Format Description
sn smallint Patient Study Number for this study

f

numeric(7,0)

Hospital assigned PF number
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5 Column Name Format Description
© hrv tinyint HRYV study patient number
tr numeric(10,0) Trauma Registry pt acct number
icu integer ICU emtek_id pt number
- Table: tr_demo— TR Data (TR)

Column Name Format Description
PSN numeric(7,0) |Patient Study Number for this study
PF numeric(7,0) [Hospital assigned PF number
HRV_PSN tinyint HRYV study patient number
acctno decimal(20,5) [Trauma Registry pt acct number
emtek_id integer ICU emtek_id pt number
er_enter_dt timestamp Date/Time ER entry
er_exit_dt timestamp Date/Time ER exit
er_los_calc numeric(6,2) er_exit_dt —er_enter_dt in hours
er_los_rec numeric(5,2) [ER length of stay as recorded in TR
IV_FLUIDS numeric(5,1) [Total IV Fluids from ER
Penetrating varchar(1) Penetrating = P, Blunt =B
surg_hrs_dt numeric(15,2) Hours from ER admit to surgery
iss tinyint ISS
ais_1_head tinyint AIS Head Score
ais_2_head tinyint IAIS Face Score
ais_3_head tinyint AIS Chest Score
ais_4_head tinyint AIS Abdomen Score
ais_5_head tinyint AIS Extremeties Score
ais_6_head tinyint AIS External Score

bp numeric(5,1) Systolic BP
dbp numeric(5,1) [Diastolic BP
mbp numeric(5,1) [Mean BP
Age numeric(5,2) |Age
Sex char(1) M/F
Weight numeric(5,2) [Weight (kg)
Survived char(1) Y/N

2.2.3 Main Project Database

The Main Project Database contains existing medical record (EMR) data and currently consists of
689 trauma patients from the WCS data sets and corresponding patient data from the TR. As of
September 28, 2002, the SICU database has been sorted and pre-processed for inclusion in the Main
Database but had not yet been formally included. The patients studied were monitored with state-of-the-
~ art non-invasive sensors as well as with invasive techniques and procedures. Overall, the Database is
considered to be very high in quality and useful in prediction because the diagnostic measurements are
comprehensive, and the prevalence of non-survivors is high. The Main Project Database includes
temporal records of medications, blood component therapies, resuscitation fluids, and procedures. In
addition, the location of the patient in the hospital is provided as a function of time. The temporal point
of reference in the Database is the time of admission. ‘
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Both the WCS and TR database involve significant numbers of keyed entries without the benefit
of a supervising program to prevent unintended characters/values from entering the database. A Visual
Basic program was written to examine each cell of the WCS Excel sheet for correctness of data format
- and to determine whether data values were in range. This procedure helped identify errors and made the
transformation of the Excel Sheets to database tables easier. Ultimately, SQL queries of the data sets
within the Sybase program were used to determine whether unreasonable or inconsistent information
was contained in the WCS and TR data sets. In the case of the WCS data set, the records of W. C.
Shoemaker were used to verify the data, whereas archived patient charts were examined to correct the
TR. Correcting the TR is a time consuming endeavor.

In Table 3, we characterize the data from the WCS and TR data sets that currently reside in the
Main Project Database. The WCS data are organized into several individual data sets. These datasets
have been used in several focused studies conducted in the past at LAC+USCMC [e.g., Refs. 6-11]. The
percentage of patients covered by various physiological parameters is presented in Table 3 to help
characterize the sensor coverage. Abbreviated notations for the physiological variables are used in the
tables below; detailed definitions of the parameters are provided at the end of this subsection (pages 21-
25).

Table 4 summarizes EMR patient data processed in 2002. These results require that the TR be
updated by hospital personnel before the new data can be fully incorporated into the Main Project
- Database. The TR updates typically lag the WCS data acquisition by ~6-12 months. During the current
grant year, approximately 180 new EMR patient histories were processed, which represents an increase
of ~40% in the number of trauma patients studied compared to the previous year. At present, the
outcomes of some of the patients in the Surgical ICU S data set are not known, and as a result the exact
number of non-survivors is not known.

A summary of physiological parameters versus WCS data set is provided in Table 5 along with the
percentage of patients covered by each measurement. The first 17 parameters in the table have become
standard quantities within the WCS database for assessing blood flow and tissue perfusion. Several
other non-invasive parameters are associated with the heart rate variability study. The standard non-
invasive diagnostics of hemodynamics include electrical bioimpedance measurements of cardiac output,
pulse oximetry, and transcutaneous measurements of oxygen and carbon dioxide tension. A brief
description of the each these diagnostics is provided below; greater detail may found in Refs. 6 and 12.
The Heart Rate Variability Protocol and the Surgical ICU 2, 3, and 4 studies made use of a special
purpose - instrument that measures heart rate variability parameters (ANS-R1000, Ansar Inc.,
Philadelphia, PA). This unit yields values for L(mean), R(mean), L/R(mean), and HR(mean) shown in
Table 5. '

Bioimpedance Measurements. A thoracic bioelectric impedance device (Yantagh, Inc., Bristol, PA)
is usually applied shortly after arrival of the patient in the emergency department. Noninvasive
disposable pre-wired hydrogen electrodes are positioned on the skin, and three EKG leads are placed
across the precordium and left shoulder. A 100 kHz, 4 mA alternating current is passed through the
patient’s thorax by the outer pairs of electrodes. The voltage is sensed by the inner pairs of electrodes,
which capture the baseline impedance (Z,), the first derivative of the impedance waveform (dZ/dt), and

the EKG. The EKG and bioimpedance signals are filtered with an all-integer-coefficient technology to
decrease computation and signal processing time. The signal processing algorithm uses a time-
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Table 3. W. C. Shoemaker Data Currently in the Main Database

Study Name: Fluid Resuscitation Protocol '

Focus: Effectiveness of resuscitative fluids on tissue perfusion.

Number of Patients: 333, 78 non-survivors, 23.4% non-survivors

Earliest Admission Date: 7/27/96 (patient 1)

Last Admission Date: 3/25/99 (patient 333)

Recorded Parameters and Percentage of Patients Covered by Measurement

Cltd Clbi HR | MAP | SapO2 | PtcO2 | PtcCO2 | FIO2 | SaO2
25.2 95.8 1 958 | 943 94.0 92.8 92.8 94.9 59.2

SvO2 | HCT | DO2I | VO2I
16.5 60.7 | 59.5 16.5

- Study Name: Heart Rate Variability Protocol

Focus: Non-invasive measurements of autonomic nervous system. Heart rate variability and
respirator activity. , ,

Number of Patients: 179, 43 non-survivors, 24.0% non-survivors

Earliest Admission Date: 8/18/99 (patient 2)

Last Admission Date: 10/14/00 (patient 179) .

Recorded Parameters and Percentage of Patients Covered by Measurement

COtd |COrb |STAR |CObi CIbi HR MAP [PtcO2

56.4 20.7 [20.7 |91.1 91.1 96.6 96.6 [91.6

PtcCO2 |[FIO2 |[tcO2/F [SapO2 |L(mean)(R(mean) |[L/R(mean) [HR(mean) [PaO2 |SaO2
91.6 96.6 [91.6 [96.6 97.8 98.9 99.4 100.0 777 777
SvO2 |[HCT |DO2I [VO2I [Qs/Qt

464 1777 1492 [45.3 43.0

Study Name: Surgical ICU 2

Focus: Comparison of invasive and non-invasive measurements on a periodic basis.
Number of Patients: 67, 16 non-survivors, 23.9% non-survivors

Earliest Admission Date: 8/9/00 (patient 16)

Last Admission Date: 5/31/01 (patient 67)

Recorded Parameters and Percentage of Patients Covered by Measurement

COd [COrb [VCO2 [ETCO2 [Pox STAR |TV RR

672 [254 |254 254 254 25.4 55.2 40.3 : )
CObi |CIbi Zo dZdT HR MAP PtcO2 PtcCO2 |FIO2

98.5 [98.5 3.0 4.5 100.0 1000 [92.5 92.5 100.0
tcO2/F |SapO2 |[L(mean)|R(mean) [L/R(mean) |HR(mean) |[PaO2 Sa02 [SvO2 HCT
1000 |98.5 |[11.9 11.9 11.9 4.5 76.1 76.1 52.2 76.6
DO2I |VO2I {Qs/Qt [BE PEEP CVP

552 1522 |52.2 56.7 50.7 38.8
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Study Name: Surgical ICU 3

Focus: Comparison of invasive and non-invasive measurements on a periodic basis.
Number of Patients: 108, 21 non-survivors, 19.4% non-survivors

Earliest Admission Date: 3/11/01 (patient 1)

Last Admission Date: 11/24/01 (patient 108)

Recorded Parameters and Percentage of Patients Covered by Measurement

Clbi [HR MAP |[SapO2 |tcO2/F |Cild [COrb [FIO2 |PaO2 82.4 |SaO2
99.1 1100.0 [100.0 [100.0 |100.0 463 ]4.6 100.0 82.4
SvO2 |[HCT |DO2I [VO2I |[Qs/Qt |BE |L(mean){R(mean)(L/R(mean) |PtcCO2
49.1 |83.3 |50.0 [50.9 50.0 80.6 |17.6 17.6 17.6 100.0

Table 4. W. C. Shoemaker Data Processed in Calendar Year 2002

(EMR patient data processed in 2002 require that the TR be updated before the
new results can be fully incorporated into the Main Project Database.)

Study Name: Surgical ICU 4

Focus: Comparison of invasive and non-invasive measurements on a periodic basis.
Number of Patients: 110, 28 non-survivors, 25.5% non-survivors (Preliminary)
Earliest Admission Date: 11/26/01 (patient 1)

Last Admission Date: 7/22/02 (patient 110)

Recorded Parameters and Percentage of Patients Covered by Measurement

|CIbi  |[HR MAP [SapO2 |PtcCO2 |tcO2/F |CItd |FIO2 [PaO2 Sa02

100.0 [100.0 ]100.0 {99.1 95.5 100.0 1473 100.0 - 179.1 79.1

SvO2 HCT |DO2I (VO2I |Qs/Qt BE L(mean) [R(mean)|L/R(mean)
51.8 |80.0 |50.9 [49.1 49.1 75.5 4.5 4.5 4.5

Study Name: Surgical ICU 5 (in Progress)

Focus: Comparison of invasive and non-invasive measurements on a penodlc basis.

Number of Patients: 55, at least 9 non-survivors. The exact number of non-survivors cannot
be determined as of 10/09/02. The final status of 10 patients is not known at present.
Earliest Admission Date: 7/21/02 (patient 1)

Lastest Admission Date: 9/28/02 (patient 55).

Recorded Parameters and Percentage of Patients Covered by Measurement

Chbi [HR MAP ([SapO2 |PtcCO2 |tcO2/F |Cltd |FIO2 [PaO2 Sa02
100.0 |100.0 }100.0 ]100.0 |100.0 100.0 [36.7 {1000 {73.3 73.3

SvO2 [HCT |DO2I [VO2I [Qs/Qt BE L(mean) [R(mean)(L/R(mean)
400 [73.3 400 [40.0 ]40.0 70.0 0.0 0.0 0.0




Table 5. Summary of WCS Physiological Parameters Versus Data Set and
the Percentage of Patients Covered by Each Measurement

Fluid Heart Rate - Surgical

Resus. | Variability | Surgical |Surgical |Surgical |jcus5
Parameter | protocol | Protocol | ICU 2 ICU3 ICU 4 07/02 - 09/02

, 07/96 - 03/99 | 08/99 - 10/00 | 08/00 - 05/01 | 03/01 - 11/01 | 11/01 - 07/02 | (In Progress)
Chd 25.2 56.4 67.2 46.3 47.3 36.7
Clbi 95.8 91.1 98.5 99.1 100.0 100.0
HR 95.8 96.6 100.0 100.0 100.0 100.0
MAP 94.3 96.6 100.0 100.0 100.0 100.0
Sap02 94.0 96.6 98.5 100.0 99.1 100.0
PtcO2 92.8 91.6 92.5 100.0 100.0 100.0
PtcCO2 92.8 91.6 92.5 100.0 95.5 100.0
FIO2 94.9 96.6 100.0 100.0 100.0 100.0
Sa02 59.2 77.7 76.1 82.4 79.1 73.3
SvO2 16.5 46.4 52.2 49.1 51.8 40.0
HCT 60.7 77.7 76.6 83.3 80.0 73.3
DO2I 59.5 49.2 55.2 50.0 50.9 40.0
VO2I 16.5 45.3 52.2 50.9 49.1 40.0
tcO2/F 92.8 91.6 100.0 100.0 100.0 100.0
Pa02 77.7 76.1 82.4 79.1 73.3
Qs/Qt 43.0 52.2 50.0 49.1 40.0
BE 56.7 80.6 75.5 70.0
COrb 20.7 25.4 4.6
STAR 20.7 254
CObi 91.1 98.5
L(mean) 97.8 11.9 17.6 4.5
R(mean) 98.9 11.9 17.6 4.5
L/R(mean) 99.4 11.9 17.6 4.5
HR(mean) 100.0 4.5
VCO2 25.4
ETCO2 254
Pox 254
TV 55.2
RR 40.3
Zo 3.0
dZdT 4.5
PEEP 50.7
38.8

CVP
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frequency distribution (modified Wigner Distribution) analysis that increases the signal-to-noise ratio.
Previous studies have documented satisfactory correlation between thermodilution and bioimpedance
cardiac output values in trauma patients [Ref. 13].

Pulse Oximetry. Routine pulse oximetry (Nellcor, Pleasanton, CA) is used to continuously assess
arterial oxygen saturation (SapO,). Values are observed and recorded at the exact time of cardiac index

measurements. Appreciable or sudden changes in these values are noted and confirmed by in vitro
arterial oxygen saturation obtained via standard blood gas analysis [Ref. 13].

Transcutaneous oxygen and carbon dioxide tensions. Standard transcutaneous oxygen tension
(PtcPO,) measurements (Novametrix Medical Systems, Inc; Wallingford, CT) are made continuously
throughout the observation period. Values are noted and recorded at the exact times of cardiac output
measurements. The measurement system uses the same Clark polarographic oxygen electrode routinely
used in standard blood gas analyses. The oxygen tensions are determined in a representative area of the
skin surface heated to 44 C to increase diffusion of oxygen across the stratum corneum and to avoid
vasoconstriction in the local area of the skin being measured.

Previous studies demonstrated the capacity of PtcO, to mirror tissue oxygen tension [Ref. 14].
PtcO, has been shown to reflect the delivery of oxygen to the local area of skin; it also parallels the
mixed venous oxygen tension except under late or terminal conditions where peripheral shunting leads
to high mixed venous hemoglobin saturation values [Ref. 14]. Although oxygen tension of a segment of
the skin does not replicate the state of oxygenation of all tissues and organs, it has the advantage of
being the most sensitive early warning tissue of the adrenomedullary stress response and the adequacy
of oxygen delivery to the tissue. Vasoconstriction of the skin is an early stress response to hypovolemia
and other shock syndromes.

Transcutaneous CO2 (PtcCO,) monitoring of the skin surface is performed with the standard

Stowe-Severinghaus electrode (Novametrix Medical Systems, Inc; Wallingford, CT).

Heart rate variability measurements. Heart rate (HR) variability and respiratory rate (RR)
variability are measured by spectral analysis techniques with the ANS-R1000 instrument. These
parameters are indicative of autonomic nervous activity. The spectral areas of variability are divided
into low frequency areas, L(mean), and high frequency areas, R(mean). The L(mean) area extends from
0.04 to 0.10 Hz. This area reflects primarily the tone of the sympathetic nervous system as mediated by

‘the cardiac nerve. R(mean), also referred to as the respiratory area, corresponds to a 0.12 Hz-wide

frequency interval centered on the fundamental respiratory frequency. It is indicative of vagal outflow
reflecting parasympathetic nervous system activity. The L/R ratio reflects the balance between the
sympathetic and parasympathetic nervous systems. A recent study [Ref. 8] indicates that a consistently
positive relationship exists between HR variability and L(mean) during sudden surges in autonomic
activity. This relationship holds to a lesser degree with R(mean). Heart rate variability that reflects
autonomic activity is associated with increased MAP, CI, and HR, but decreased tissue perfusion as

indicated by the PtcO,/FIO, ratio.

The decrease in the heart rate variability data in the year 2002 (Surgical ICU 4 and 5 data sets) is
due to the fact that the ANS-R1000 instrument is currently undergoing hardware and firmware upgrades
at Ansar Inc. The future role of this instrument in WCS studies has yet to be determined.
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Table 6 lists medications, blood component therapies, resuscitation fluids, and procedures included
in the WCS database. Patient location versus time can also be determined with the WCS database.
Possible patient locations at LAC+USCMC are presented in Table 7 below. Finally, the TR database
parameters selected for use in the Main Project Database are listed in Table 8. As noted earlier, these
parameters provide an important complement to the WCS and SICU databases.

Table 6. Listing of Medications, Blood Component Therapies,
Resuscitation Fluids, and Procedures in the W. C. Shoemaker Data Sets

Medications Blood Component Therapies | Procedures
and Resuscitation Fluids
DOP (Dopamine) RBC (Packed Red Blood Cells) Intubation
DOB (Dobutamine) Plates (Platelets) Entabation
Morphine Cryo (Cryoprecipitated Anti- | Dialysis
hemophilic Factor)
NaHCO3 WBC (White Blood Cells) Surgery (start/closing/end
' times)
Nitroprusside Colloids CPR
T4 (Thyroxine) FFP (Fresh Frozen Plasma) CT
Nitroglycerin 5%/25% Albumin X-Ray
Lasix : Hespan Swan-Ganz Catheter
' ' | Insertion
Atropine Crystalloids .| bagging for respirator
25% Mannitol Normal Saline Chest tube insertion
Pentobarbiturate Lactated Ringer’s Solution Angio (Angiography)
' Suction

Table 7. The Location of Patients Versus Time is Included in the
W. C. Shoemaker Data Sets

Locations

Emergency Department (ED)
Operating Room (OR)
Radiology
Surgical Intensive Care Unit (SICU)
Continuously Monitored Area (CMA) — Step-Down ICU
Ward




Table 8. Items from the Trauma Registry that are in the Main Database

Injury Date Abbreviated Injury Scale (AIS) ‘ , '
Injury Time (1=Head, .2.=Face, 3=Chest, 4=Abd9men, Pelvis,
Mechanism of Injury Description S=Extremities, 6=Extema.1 (8- sl.cm)) )
Blunt/Penetrating Blood (Total l?lood/products received during hospital stay,
) including Emergency Department)
Field GCS Blood/Products ‘
Field Airway Type Autotransfuser
Initial Vital Signs Total
. Time Discharge
‘BP Discharge Date

RR ' Discharge Time

Assisted? Y/N Prior Phase

HR Lived/Died

Temp Organ Donation Y/N

Weight Discharge to:
GCS Home

Eye Other Hospital

Motor Trauma Center

Verbal Burn Center
Labs/Xray Rehab Center

C-Spine Skilled Nursing Facility

CT Head Morgue

CXR Jail :

Pelvis : AMA (Patient departed Against Medical

Ultra Sound Advice)

CT Abdomen Other

CT Spine Discharge Diagnoses

Facial Series Complications (Y/N)

Other ARDS

HCT Cardiac Arrest

ETOH Colonic Anastomotic Leak

Toxicology Serum Deep Vein Thrombosis (DVT)

Toxicology Urine DVT Lower Extremity
Procedure _ Disseminated Intravascular Coagulation (DIC)

ETT/CRIC/Trach Empyema

ED Thoracotomy Intra-abdominal abscess

DPL (Peritoneal Lavage) Jaundice or Hepatic Failure

Chest Tube: Lt/Rt Pancreatic Fistula

CPR Duration Pneumonia
IV Fluids ’ Pulmona_ry Embolus (PE)

Pre-hospital Renal Failure

ED IV Fluids Septicemia o

Blood Products Surgical Dehiscence/Evisceration

Autotrans Surgical Wound Infection

None
Other
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Definitions of Physiological Parameters in the
W. C. Shoemaker Data Sets

BE

Base Excess
Blood Gas Lab results
(dimensiqnless, pH)

CiBi

Cardiac Index Bio Impedance
IQ machine

Vmin/m*2

Integration is 12 beats

CITD

Cardiac Index measured by Thermodilution
Pulmonary Artery Catheter

1 /min / m"2

5 minutes measurement time

COBI

Cardiac Output Bio Impedance
IQ machine ‘

Vmin

Integration is 12 beats

COrb

Cardiac Output measured by CO2 Rebreathing
Non-Invasive Cardiac Output (NICO)
I/min

COtd

Cardiac Output measured by Thermodilution
Swan-Ganz TD Catheter

V/min

~ 5 minutes integration time

CvP

Central Venous Pressure

Central Venous Line — average pressure from central line
mm Hg

~ 5 - 10 minutes integration time




DO2i

Oxygen Delivery Index .
Calculated from non-invasive systems, ICU computer
‘ml/minute/m"2

15 minutes measurement time

dZdt

change in baseline
IQ machine
Ohms/sec

12 - 15 beat average

ETCO2

End Tidal CO2

NICO

Torr

~ 1 minute integration time

FIO2

Fractional Inspired Oxygen Concentration
Respirator

. Fraction (1.00 = 100% 0.10 = 10%)
Machine setting, not a measurement

HCT

Hematocrit
Lab
%

HR

Heart Rate ‘

Bedside EKG if no dZdt or Z0 present, otherwise IQ machine
- Beats / Minute

10 — 15 cardiac contractions averaged

HR_mean

Heart Rate

HRYV machine

beats/min

15 minutes integration time




L_mean

LFA (Low Frequency Area)
HR spectrum 0.04 — 0.10 Hz
HRYV machine

Hz .

15 minutes integration time

LR_mean

Ratio of L/R
Unitless
15 minutes integration time

MAP

Mean Arterial Pressure

Bedside monitor, most use A-line, some use cuff (only a very few).
Not indicated in data set which was used

mm Hg

10 — 20 seconds integration time

PAO2

Arterial Blood Gas O2 tehsion
Lab result
Torr

PAP

Pulmonary Arterial Pressure

PA Swan Ganz Catheter

mm Hg ;
~ 5 - 10 minutes integration time

PEEP

Positive End Expiratory Pressure
Respirator
mm Hg

Pox

(SapO2 from NICO, compared with SapO2 from Colin)
Pulse Oximetry -

NICO

%

5 — 10 seconds integration time




PtcCO2

Transcutaneous CO2 Tension
Novametrics

Torr :

30 seconds integration time

PtcO2

Transcutaneous Oxygen Tension
Novametrics

Torr

30 seconds integration time

Qs_Ot
Physiological Shunt Pulmonary Venous Admixture

- amount of blood going through lungs w/o being oxygenated

Calculated from Swan-Ganz
% N
15 minutes measurement time

R_mean

HFA (High Frequency Area)

HR spectral curve with a 0.10 Hz window around
fundamental respiratory frequency

HRYV machine

Hz

15 minutes integration time

'RR

Respiration Rate
Respirator

Breaths / Minute

30 - 60 seconds average

SAO2

Saturation of Arterial Hemoglobin
Lab result

%

SAPO2

Pulse Ox

- Finger Cuff

%
5 - 10 seconds integration time




STAR

Goodness of ETCO2 measurement
NICO
1-5 stars

SvO2

Saturation Venous Oxygen
Lab Result
%

TCO2/F

Transcutaneous 02 / FIO2
Calculated from TCO2/FIO2
Torr

30 seconds integration time

TV

Tidal Volume

Respirator

liters

30 — 60 seconds integration time

Vo2l |
Oxygen Consumption Index
Calculated from Swan-Ganz TD cath, ICU computer

ml/minute/m?2
15 minutes measurement time

Z0

‘Baseline Bioimpedance
IQ machine
Ohms
12 - 15 beat integration
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2.2.4 New Sensor Data

In year 2 of this program, EMR measurements made with the CapnoProbe sublingual CO,
monitoring system will be processed and added to the database. The sublingual approach for
measuring CO, was pioneered by Max Harry Weil (Institute of Critical Medicine, Palm Springs,

- CA). Subsequently, Optical Sensors Inc. (Minneapolis, MN) transformed the sublingual probe into

an FDA-approved prototype (Model 2000) and then to a more economical handheld instrument
(M80). This latter unit is marketed and sold by Nellcor Puritan Bennet, Inc. (Pleasanton, CA).

In a recent clinical study involving five normal human volunteers and 46 patients with acute
life-threatening illnesses or injuries, sublingual Pcq, proved to be a good estimator of severity of
circulatory shock state [15]. It was found that when sublingual Pcq, exceeded a well-defined
threshold of 70 mm Hg, its positive predictive value for the presence of physical signs of circulatory
shock was 1.00. When it was less than 70 mm Hg, it predicted survival with a predictive value of
0.93. A majority of patients in whom sublingual Pc, exceeded 70 mm Hg on admission, died in
the hospital. It was concluded that noninvasive sublingual Pco, measurements may serve as a
technically simple method for diagnosing and estimating the severity of circulatory shock states.

As part of the current project, comparisons will be made between transcutaneous measurements
of CO, and sublingual measurements of CO,. The potential use of sublingual CO, as an outcome
predictor will be closely examined. '

2.2.5 Improvements in Data Exchange at LAC+USCMC

~ During the current grant year, the automated patient monitoring system of the SICU was
enhanced through the implementation of bi-directional communications with the hospital pharmacy
and laboratory. This allows the complete history of patient medications, fluids, and laboratory
results to be recalled as part of the SICU database. Thus, a computerized listing is now available
beginning at the time of patient admission, and this information can readily be incorporated into the
project database. '

2.2.6 Database Organization

At the beginning of this project Geospace Research, Inc. (GRI) developed a custom PC
computer architecture, and two identical PCs were designed and constructed. One was placed at
GRI and the other was located at LAC+USCMC. These computers are used as database servers for
workstations. Because the two computers are identical, the mobile database disks from one
machine can be cloned and installed on the other. Thus, updating the two computer systems for the
latest data additions is a simple process.

GRI evaluated two database programs (Oracle 9i and Sybase SQL Anywhere 8.0) before finally
selecting the Sybase product for the current project. There are many reasons why Sybase is
preferable. Sybase has a much better tool set and supports a publishable database; that is, it allows
portions of the database to be transferred to a PDA, a laptop, or to a full server. Moreover, Sybase
requires far fewer system resources than Oracle 9i. It is simple to administer and provides all of the
functions necessary for the project. Sybase 8.0 is a workgroup version of the more comprehensive
Sybase Enterprise program. The advantage of Sybase 8.0 is that the server operates peer-to-peer,
and a server operating system is not required. If necessary, one could easily upgrade to Sybase
Enterprise because the database formats are identical. However, this does not appear necessary on
the basis of our first year results. In the current situation, Windows 2000 is used as the database
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server operating system as well as the workstation operating system. This simplifies computer
operations. Oracle 9i (like Sybase Enterprise) requires a server operating system. For our particular
application, Oracle 9i is excessive and requires a steep learning curve. For comparison, Oracle 9i is
distributed on 14 CD’s, whereas Sybase 8.0 is contained on a single CD. Finally, we note that the
SICU database discussed above is administered with Sybase Enterprise. As a result, the SICU data
transfer is particularly easy. A schematic illustration of the medical database currently set up at
GRI is shown in Figure 2 below.

As a matter of policy, ad hoc editing of data in the database is not permitted. All raw data
table inputs are maintained in their original form. When necessary, new tables containing
transformed and edited data are produced in addition to the original databases. These tables are
created by executing SQL scripts. Desired data items are then consolidated into a single database
using another set of SQL scripts. This policy allows our working database to be recreated at any
time, with all editing and transformation steps clearly documented in the scripts. Only minor
changes in the SQL scripts are necessary to run them under another database engine.

We found that running the mining and analysis tools on the same computer was problematic.
(All computers discussed here have a Pentium IV, 2-GHz CPU with 1-GB memory; the operating
system is Windows 2000 Professional.) The latest MATLAB software (version 13.0) now has a
Java user interface. The MATLAB Database Toolbox interfaces with Sybase via Microsoft's
ODBC drivers. Running Sybase, Java, MATLAB, and the ODBC on the same machine led to
unacceptable processing delays. We obtained much better results by hosting MATLAB on a second
machine and connecting it to the database via 100 MBPS Ethernet.

At present, we have not implemented the MATLAB Web Server illustrated in Figure 2.
Doing so in the future would allow GRI mining library routines to be accessed by web forms.
Results would be served up to remote users either as plots or data files. Currently, all data mining is
done at the local system console using either a sequence of MATLAB commands or MATLAB

- scripts (i.e., m-files).

2.2.7 Quality Control

In principle, the construction of a large database is a simple matter, but in practice it is not.
The reason for this is that errors and inconsistencies in the incoming data must be isolated and
corrected. As the database becomes very large, this becomes a significant problem. The two
databases that are most susceptible to keying errors are the TR and WCS database. The SICU data
is less problematic because the data acquisition is highly automated, a review is required for data
sign off, and supervisory software is used to prevent erroneously keyed entries from being inserted
into the database.

Because the WCS database is in the form of Microsoft Excel spreadsheets, a series of data

set transformations must be performed to convert it to Sybase format. To facilitate this process and

to trap errors, each cell of the WCS spreadsheet is initially examined with the aid of a Visual Basic
program. The program identifies cells that are improperly formatted (i.e. as a text string instead of a
numeric value) and examines all data to make sure that parameter values fall within reasonable
limits. If a data value is suspect, the problem is addressed using the original data records of W. C.
Shoemaker to resolve the issue. Formatting errors prevent the translation of the Excel spreadsheet

_into Sybase, and it is much easier to identify them in Excel rather than through terminating errors in

the translation programs. Excel formatting errors are often subtle; a text string of “10” is
indistinguishable from the numerical value of 10 when viewed in the spreadsheet.
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Figure 2. Database setup for the LAC+USCMC Medical Trauma Project.
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The TR and the SICU databases are supplied as relational databases, so formatting is not an
issue. However, the TR database structure does change with time. Both the TR database and the
corrected WCS database are imported into the database program in the form of tables. Data in these
“source tables” are never changed or edited. Instead, SQL macros are used in conjunction with the
tables to create intermediate data tables. When new TR and/or WCS and/or SICU data is added to
the system, new data sets are generated, and analyses are performed to determine whether parameter
values are reasonable and whether overlapping data are consistent. For example, parameter
distribution functions are examined, survivor/non-survivor values are cross referenced, and hard
filtering limits are placed on some parameter values (e.g., blood alcohol level). It is also worth
noting that a patient may show up as a survivor in the WCS database, and a non-survivor in the TR.
In this case, the patient may have been followed for two weeks for the WCS database and

- determined to be survivor. However, on occasion patients subsequently undergo sudden downturns

and do not survive. When an inconsistency is identified, an investigation must be launched to
resolve the problem. This may involve locating a patient’s archived medical chart, which can
involve a search lasting several days.

- Intermediate databases are necessary to correct errors identified in the original databases and
to normalize certain parameter values. For example, because of a Y2K problem in the TR, one
patient’s age showed up as 137. The Y2K algorithm error was identified and corrected as part of
the macro that created an intermediate database. The original data remains unchanged, and the
macro serves as documentation of the changes made. The macros can be quite long because they
contain information about specific data values that have been corrected, data transformations that
have been performed, and data normalization procedures that have been implemented. In the latter
case, values for cardiac output, DO,, VO, etc. may have to be indexed prior to inclusion in the main

database. Once again these corrections show up in lines of SQL code in a macro.

When all corrections are made and verified, the new data is finally incorporated in the Main
Project Database. Although the words “seamlessly add new patient data to the database” were used
in the original statement of work, it is clear that theé necessary quality control measures prevent this
activity from being truly seamless during the entry process. However, the final Project Database
itself is seamless.

2.2.8 Outcome Prediction With the Main Project Database

Many different data items and relationships can be extracted from the current database.
Figure 3 shows a plot of the average Cardiac Index (CI), Heart Rate (HR), Mean Arterial Pressure
(MAP), percentage oxyhemoglobin saturation (SapO;), and transcutaneous O, tension divided by

fractional inspired oxygen concentration (PtcO,/FIO;) versus time after admission to the

LAC+USCMC emergency department. Patients with head trauma are not included in the sample
population because of the unique type of hemodynamic pattern associated with head injury.
Standard deviations are estimated from the data used to calculate mean values; they represent the
spread in the distribution of data values about the mean. Results are shown in Figure 3 for survivors
(blue) and non-survivors (red). A good predictor yields a large separation between the parameter
distribution functions of survivors and non-survivors. It is clear that PtcO,/FIO; in itself is a fairly
good predictor of outcome, particularly at the earliest times after the trauma victim enters the
hospital. The large PtcO,/FIO, standard deviation for non-survivors near 10 hours is caused by a
low patient count at this time. Other parameters shown in Figure 3 are not good predictors because
they fail to produce large separations in survivor/non-survivor distribution functions. As noted in
Section 2.1.2 many outcome predictors are currently being assessed as part of a more generalized




Time (hr)

Figure 3. Mean values and standard deviations of five hemodynamic parameters in the
Database. Blue designates survivors, whereas red represents non-survivors. PtcO2/FIO2
exhibits the greatest population separation and is therefore the best outcome predictor.
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study. These include initial heart rate, initial MAP, lowest MAP, initial cardiac index, APACHE II
score, predictions of discriminant analysis, probability analysis based on the “nearest neighbors” of
a patient’s “state vector,” PtcO,/FIO,, and the combination of PtcO,/FIO, and PtcCO,. At present
the mathematical “nearest neighbor” analysis appears to be the best technique for outcome
prediction, whereas PtcO,/FIO, has emerged as the best single parameter predictor.

Our search for optimum predictors of survival/non-survival is centered on finding

- physiological parameters that yield the maximum possible separation in distribution functions of
- survivors and non-survivors. In this regard, one examines positive (non-survival) and negative

(survival) predictability. To measure the effectiveness of the predictor, one uses indices such as
sensitivity (number who are positive and test positive/number who are positive) and specificity

- (number who are both negative and test negative/number who are negative). Initially the quantity S

= [(1-sensitivity)2 + (1- specificity)2] is minimized to establish a nominal parameter threshold and

- two-sided tests are used to determine the most promising predictors. Subsequently, trade-offs

between sensitivity and specificity are made to arrive at the optimum parameter threshold. This
methodology is not unlike that employed to interpret laboratory tests or to diagnose disease with
clinical data. In our case, sensitivity measures how well the physiological quantity identifies those
who do not survive, that is, how sensitive it is. If a test has a high sensitivity, it will pick up nearly .
everyone who does not survive. Specificity measures how well the test excludes those who survive,
that is, how specific it is. If a test has a very high specificity, it won’t misclassify many survivors as
non-survivors. Typically, one analyzes curves of sensitivity versus (1-specificity) to establish an
optimum cutoff value.

The disadvantage of the sensitivity and specificity parameters is that they do not assess the

‘accuracy of the test in a clinically useful way. However, they do have the advantage that they are

not affected by the proportion of the trauma victims that do not survive, which is called prevalence.
The effect of lower prevalence is much as one would expect: the lower the number of non-
survivors in the study, the more certain we can be that a negative test indicates survival of a trauma
patient, and the less sure that a positive result really indicates that the trauma victim did not survive.
In the current investigation, predictive uncertainty is reflected in the ¢ value of the double-ended
Student’s ¢ distribution and in the fitting errors of sensitivity and specificity obtained when the
quantity S is minimized. Because the prevalence of non-survivors is high in our study (20-25%),
the uncertainty of the predictions is relatively low.

Software has been written to automatically examine the predictive values of a large number
of parameters. The predictor analysis involves least-squares fitting to minimize § and yields
sensitivity and error in sensitivity, specificity and error in specificity, optimum parameter threshold,
mean of parameter value in non-survivors, mean of parameter value in survivors, standard
deviations for the non-survivor and survivor distribution functions, and the ¢ value for the double
ended Student’s ¢ Distribution. The main W. C. Shoemaker database consisting of 689 patients is
used as a derivation data set to search for predictors. A separate validation data set is being
developed to confirm the predictors. The derivation data set is always subject to bias because the
same data used to derive a predictor is also used to test its effectiveness. Consequently, there is a
large program emphasis on securing more patient case histories. This is evidenced by the 40%
increase in total number of EMR trauma patients processed during the current grant year.
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3 Key Research Accomplishments

1.

The stage 1 development of a large national trauma database for studying hemodyanamics
including blood flow and tissue perfusion failure was completed.

. The database is unbiased, high in quality, well and clearly defined, and can be
independently mined by members of the combat-casualty-care community.
J Mining of the database provides insight into the resuscitative outcome of combat

casualties and civilian trauma victims.

e The database can be used to help determine when to resuscitate, how to resuscitate,

and what the end point of resuscitation should be.

An evaluation of outcome predictors indicates that a mathematical “nearest neighbor”
analysis is the best technique identified and applied to the database for predicting
survival/non-survival, whereas PtcO,/FIO; has emerged as the best single parameter
predictor.

. Outcome predictors greatly facilitate the triage process for combat casualties and
measure the effectiveness of the resuscitation effort. ' ’
. Outcome predictors together with the analyses of hemodynamic patterns allow

hospitals to identify patients who are at risk in the earliest stage of the therapeutic
process, adjust therapies to improve outcomes, and promptly determine whether the
new therapy will lead to survival.

4 Reportable Outcomes
4.1 Publications

1.

Shoemaker WC, Wo CCJ, Botnan A, Bayard DS, Jelliffe RW: Development of a
hemodynamic database in severe trauma patients to define optimal goals and predict
outcome. IEEE Transactions on Automatic Control 2001; 36: No. 9, 231-236

Bayard DS, Botnan A, Shoemaker WC, Jelliffe RW: Stochastic analysis of therapeutic

modalities using a database of patient responses. IEEE Transactions on Automatic Control
2001; 36:No. 9, 439-444

'Shoemaker, WC, Wo CCJ, Chan L, Ramicone E, et al: Outcome prediction of emergency
- patients by noninvasive hemodynamic monitoring. Chest 2001; 120:528-537

Olinski M, Shoemaker WC, Reis E, Kerstein M: Current controversies in shock and
resuscitation. Surg Clin North America 2001; 81: 1217-1282
é

‘Shoemaker WC: New approaches to trauma management using severity of illness and
~ outcome prediction based on noninvasive hemodynamic monitoring. Surg Clin N Am 2002;

82:245-255

Kern J, Shoemaker WC: Meta-analysis of hemodynamic optimization in hxgh risk patients.
Crit Care Med 2002; 30:1686-1692

~ Shoemaker WC, Bayard DS, Wo CCJ, Botnan A, Chan L, Jelliffe RW, Djuth FT, Belzberg

H: Noninvasive hemodynamic monitoring of emergency patients for outcome predlctlon by
a stochastic control program. Crit Care Med 2002, Submitted

Fathizedeh P, Shoemaker WC, Wo CCJ, Colombo J: Autonomic activity in trauma patients
based on variability of heart rate and respiratory rate. Crit Care Med 2002, Submitted
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4.2 Presentations

1.

10.

11.

Shoemaker WC: Noninvasive monitoring of high risk patients using a new stochastic
analysis and control system. Aukland, New Zealand April 8, 2002.

Shoemaker WC: Noninvasive monitoring of high risk patients using a new stochastic
analysis and control system. Christchurch, New Zealand. April 10, 2002.

Shoemaker WC: Noninvasive monitoring of high risk patients using a new stochastic
analysis and control system. Wellington, New Zealand, April 12, 2002.

Shoemaker WC: Noninvasive monitoring of high risk trauma patients using a new outcome
predictor, stochastic analysis and therapeutic decision support programs. Sacramento County
Trauma Service, Roseland Hospital, Sacramento CA. May 30, 2002.

Shoemaker WC: Noninvasive monitoring of high risk patients using a new stochastic
analysis and control system for outcome prediction and therapeutic decision support system.
Frankfort, Germany, June 6, 2002.

Shoemaker WC: Outcome prediction and decision support program in high risk trauma and
surgical patients using a new stochastic analysis with a control system and a therapeutic
decision support program. Berlin University, Germany, June 10, 2002.

Shoemaker WC: Noninvasive hemodynamic monitoring of high risk patients using a new
stochastic analysis for outcome prediction therapeutic decisions. Mexican Pediatric Society,

. International Conference, Mexico City, Mexico, June 20, 2002.

Djuth FT, Belzberg H, Shoemaker WC, Elder JH, Zhu J, Wo CCJ: An open trauma database
for studying hemodynamics including blood Flow and tissue perfusion failure, ATACCC
Meeting, St. Pete Beach, FL, September 9-13, 2002.

Belzberg H, Elder JH, Djuth FT, Oder D, Shoemaker WC: The developing of a Trauma
Outcome Data Analysis (TODA) tool: answering old questions with new techniques:
ATACCC Meeting, St. Pete Beach, FL, September 9-13, 2002.

Shoemaker WC, Belzberg H, Bayard DS, Wo CCIJ, Botnen A, Djuth FT, Choi A, Jelliffe,
RW: Noninvasive hemodynamic monitoring of trauma patients for outcome prediction and

decision support by a stochastic control analysis and display, ATACCC Meeting, St. Pete
Beach, FL, September 9-13, 2002.

Shoemaker W.C: Outcome prediction in high-risk patients using noninvasive monitoring

and a new stochastic analysis. USC Pharmacology workshop, Sept 30 —Oct 2, 2002.

4.3 Databases

1.

EMR test (Toy) database consisting of 53 trauma patients common to the WCS database
(Heart Rate Variability data set), the Surgical Intensive Care Unit database, and the Trauma
Registry database. ‘

EMR Main Project Database consisting of 689 trauma patients from the WCS data sets and
corresponding patient data from the Trauma Registry. The patients were monitored with
state-of-the-art non-invasive sensors as well as with invasive techniques and procedures.
This database is considered to be very high in quality because the diagnostic measurements
are comprehensive, and the prevalence of non-survivors is high.
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5 Conclusions

The evolving trauma database developed as part of this project serves as a tool for
understandmg the resuscitation process. The further development of appropriate methodologies and
tools for mining the database will greatly improve the quality of trauma care for both the combat
casualty and the civilian trauma victim. The organized database supports analyses, evaluations, and
data mining by diagnostic and covariate categories, as well as by temporal patterns of hemodynamic
patterns in survivors and nonsurvivors. Our preliminary results indicate that the new outcome
predictor(s) are greater than 90% correct within the first 12 to 24 hours after emergency department
admission. On the basis of such measurements, a therapeutic decision support and predlctlve
modeling system is being developed that relies primarily on the hemodynamic patterns of survivors

and their response to therapy. :

5.1 Suggested Changes

During the first year of work, it became clear that more existing medical record (EMR)
patient data will greatly enhance the trauma database and support complex methodologies used to
mine the database. In response to this need, additional EMR data were processed during the first
grant year. The concept of prospective data acquisition suggested in the Year 2 statement of work
will not generate the large number of trauma cases necessary to meet the emerging needs of the
program. However, the processing of an ever increasing supply of EMR patient data will.
Therefore, we suggest that paragraph two of the Year 2 statement of work be replaced by the
following:

“During the second grant year, additional, newly acquired, existing medical record patient
data will be processed, analyzed, interpreted, and incorporated into the Main Project Database
without the possibility of patient identification.”

A related e-mail communication from Dr. Maryann F. Pranulis, AMEX/AMEDD, is
included as an attachment to this annual report.

5.2 Importance

The development of the current trauma database is expected to greatly improve the quality
of trauma care for both the combat casualty and the civilian trauma victim. Taken as a whole, this
new database and associated mining tools allow optimum resuscitation approaches to be developed
and provide a means for measuring, validating and implementing new physiological sensor
strategies. At present, it also appears that a new therapeutic decision support system for trauma
physicians will be an important spin-off of this project. The Main Project Database is open to other
investigators, contains an ever increasing number of high-quality well-documented trauma cases,
and accommodates new state-of-the-art, FDA-approved sensors and techniques. As a result, the
time line required to develop more effective therapies and translate this research into chmcal
practice will be much shorter than in previous studies of this nature.
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7 Appendices

1. Recent e-mail communication from Dr. Maryann F. Pranulis, human subjects protection
scientist, AMEX/AMEDD, concerning the approval of exempt status and the elimination of a

_prospective study.

2. Copies of eight publications listed in Section 4 above.
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Date: Wed, 02 Oct 2002 15:53:09 -0400

From: "Pranulis, Maryann F Dr AMDEX" <Maryann.Pranulis@DET.AMEDD.ARMY .MIL>
Subject: RE: A-10847, DAMD17-01-2-0823, proposal 00089002,

Studies of Tissue Perfusion Failure at LAC & USCM...

To: 'Howard Belzberg' <belzberg@usc.edu>

Cc: "Stotler, Karen S Ms USAMRAA" <Karen.Stotler@ DET.AMEDD.ARMY .MIL>,
"Vandre, Robert H COL USAMRMC" <Robert.Vandre @ DET.AMEDD.ARMY .MIL>,
"Zadinsky, Julie K COL USAMRMC" <Julie.Zadinsky@DET.AMEDD.ARMY .MIL>,
"Pranulis, Maryann F Dr AMDEX" <Maryann.Pranulis@ DET.AMEDD.ARMY .MIL>
X-Mailer: Internet Mail Service (5.5.2656.59)

Importance: high

Dr. Belzberg:

It was a pleasure to talk with you today and to learn that the retrospective component of
this award has yielded sufficient data to delay or outright drop doing a prospective study.

As | understand from our discussion, you have made no changes to the retrospective
component that was approved as exempt on 29 September 2001. So long as there are no
changes in venue, investigators, procedures, or data base that will be used, and you are
still using de-identified, existing medical record data, the previous approval of exempt
status is still valid. However, it should be noted that the cited approval restricted you from
recruiting and/or enrolling any human subjects or using any prospectively collected human
subjects data. The approval was also only for use of the trauma data base at the Los
Angeles County and University of Southern California Medical Center Surgical Intensive
Care Unit. These restrictions are still in effect.

If there are any modifications in the previous!y approved-as-exempt protocol, then you are
required to either submit, for HSRRB review and approval, a new protocol or a request for

~an amendment to the approved version prior to implementing the change. If the USC- IRB

changes the designation from exempt to non-exempt, please notify this office and you will
be advised of the procedures that need to be followed.

Best wishes for continued success in this important endeavor. If you have any questions or
concerns about the human subjects aspects of this project, please let me know.

Maryann F. Pranulis, RN, DNSc
Human Subjects Protection Scientist
AMDEX

maryann.pranulis @det.amedd.army.mil
(301) 619-6240

FAX (301) 619-7803

Message-ID: <5.0.2.1.1.20021002104711.00ab7140 @email.usc.edu>
From: Howard Belzberg <belzberg@usc.edu>
To: maryann.pranulis @ det.amedd.army.mil

. Subject:

Date: Wed, 2 Oct 2002 14:06:58 -0400
MIME-Version: 1.0
X-Mailer: Internet Mail Service (5.5.2656.59)




Content-Type: multipart/alternative;
boundary="----_=_NextPart_003_01C26A4D.5513C420"

Dear Dr. Pranulis,

In regard to our project (contract no. DAMD 17-01-2-0070) we pIan to modify our plans for
year 2. After review of our first year's acquisition of patients using retrospective de-
identified data, and discussions with our sponsor, we do not plan to persue the prospective
component of the project at the present time. These changes will be outlined in our annual
report to be submitted by October 28, 2002. In light of these changes we would request
that the previously granted exemption be continued.

Thank you,
Howard Belzberg, M.D.
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- Abstract

- Noninvasive hemodynamic monitoring systens provide. continuously monitored on-line -
displays of data from emergency department admission 1o the OR. and 10 the ICU for early
recognition of circulatory - dvsfunction -in acute -emergency conditions. The net -cumulative
deficits of cardiac index are estimated by thoracic electric bivimpedance, anerial hypoxemia
is measured by pulse oximetry, and tissue perfusion is reflected by transeutaneons pQ).. Based

'*()_n a large daiabase. survival was .&ali.s;fh('::)riL\" predicted by discriminant analvsis and bva

new stochastic analysis and control program.

3

l..v lri'l»r.odu.c_tion A

" We studied sequential hemodynaniic patterns of surviving and nonsurviving postoperative
paticnts, and used _lhé temporal circulatory pattems ol survivors in the first 12 hours
postoperatively after severe trauma as a first-approximation o define optimal goals of the
and the pattcrns of nonsurvivors as carly warning signs ol potential disasters | 1.2). ‘
* Gual-dirceted therapy s been used as a strategy Tor high-risk_surgery-and acute ‘illness
such as traumia 1-7]. Although most shock studies huve demonstrated-that carly diagnosis and
vigorous therapeutic interventions were’ Keys 10 suceess, early’ diagnosis ol “circulatory.
dysfunction is dilficult. because traditionally shock has been recognized: by imprecise’ signs
and observer-dependant subjective symptoms. Shock is casy to recognize in dts later stages by -

rapy

*

hypotension. oliguria. and collapse, but by that time, therapy is ofien ineffective. .
- Noninvasive hemodynamic monitoring technology has now. become available throughout
- the hospital including the emergency depirtment (ED), operating room (OR), post-ancsthesia
recovery room. ICU, step down units, hospital Noors, prehospital arcas, and doctors” offices.
Noninvasive monitoring is casicr, faster, safer. cheaper and equally sensitive. [8-14]; -
The major lesson learned from carlier studics is that effective resuscitation of acute life-
thrcatening emergencies requires achicving optimal physiological goals as carly as possible: if
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circulatory mechanisms can be identified earlicr and treated more vigorously to speciticd

physiologic critcria, outcomes should be improved.
We have developed a large database of invasive and noninvasive hemodynamic monitoring

of acutely ill trauma and surgical emergencies beginning in the emergency department (ED): a)
to describe early survivor and nonsurvivor patterns of cmergency paticnts in termns of cardiac,
pulmonary, and tissue perfusion deficiencies; b) to measure quantitatively the net cumulative
amount of deficit or excess of the monitored functions that corrclate with survival or death;
and c) to use discriminant analysis (o predict outcome and cvaluate the biological significance

of monitored deficits (13).
- 2. Methods
2.1 Development of databases

Databascs for acutc injury paticnis (N=316), clective lﬁgl) sk surgery, noninvasively
monitored patients (N=374) and invasively monitored paticnts (N=809), septic shock paticnts
(N=378), and hemorrhage only paticnts (N= 87) have been developed to describe the primary

-~ injurics or ilincsses, the hemodynamic patterns by invasive and noninvasive methods, and their
rvival, organ failure, other complications, tme of ED

yutcomies, including survival/nonsu
admission, hospital days, 1CU days and cstimatcd hospital costs. Noninvasive monitoring was
R, radiology department and ICU; invasive pulmonary

~ begun in the ED and followed to the (o)
~ artery catheterization (PAC) was instituted when clinically indicated alier arrival inthe ICU.
We have developed a large database with over 10,000 time lincs describing the clinical and

' hemodynainic patierns of 30 clinical subscts with specilicd co-morbid conditions, 18
- hemodynamic variables, and over 2500 therapeutic intcrventions with valucs obtained before,
during, and after each thierapy given onc-al-a-lime, except for clinical cxigencics.
~ The sequential patterns were described in time clapsed from onsct of illness or in time {rom
ED admission. Weighting crileria (o specily the nearest neighbors werc bascd upon the clinical
diagnosis, co-morbid conditions, and hemodynamic pattcrns of survivors vs. nonsurvivors. The
p valucs of differences in the temporal patterns of survivors’ and nonsurvivors® valucs were
used as weighting criteria in each subset, for example, for subscts of paticnts with and without
~ hicad injurics, blunt vs. penetrating trauma, truncal and nontruncal trauma, age stratilications,
prior cardiac, rcspiraldry. hepatic, and renal dysfunction or organ Tailure, cle. ’ .
Finally, the hemodynamic responscs (o standardized test doses of whole blood or packed red
cell wansfusions given over a specificd period of time (usually [-hour) provide guantitative
measures of cach paticnt’s cardiac reserve capacity. This is cxpressed as changes in cardiac
~index relative to corresponding change in PA occlusion (wedge) pressurc or central venous
. pressure (Starling’s myocardial performance curve) before and alter a blood transfusion given
~ over a one-hour period. Criteria for satisfactory vs. limited cardiac functional rescrve capacity
" have been developed for each clinical subset and cach timic period.

2.2 aninva.;ive Hemodynmnic Monitoring Systems

The monitoring sysicms arc an improved noninvasive thoracic clectric bivimpedance
 cardiac output device, a pulsc oximeler (0 micasurc arterial hemoglobin - saturation, 2
~noninvasive blood pressure device,

perfusion/oxygenation. Thesc continuously monitorcd noninvasive measurcments were uscd to
| prospectively evaluate circulatory patterns in 151 conscculively monitored scverely injurcd
| paticnts beginning with adinission to the cmergency department in a university run county

and transcutancous O, and CO; scnsors 1o rellect tissuc
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hospual The nct cumulalwc dcﬁclt or excess of cach momlorcd paramclcr was calculalcd as
the cumulative difference from the normal value versus the time-integrated monitored curve

for cach paticnt. The deficits of cardiac, pulmonary, and tissue perfusion functions wcrc-

analyzed in relation Lo outcome by discriminant analysis and crossvalidated.
Noninvasive monitoring compared favorably with invasive thermodilution cathetér
monitoring in high risk paticnts with surgery, blunt trauma, gunshot wounds, head injurics.

sepsis, strokes, drug overdosc, myocardnal infarction, and acute gastromtcsunal bleeding.

Differences between impedance and lhcm'uodllullon cardiac output cstimations were more than
offset by the continuous on-line display of data that allowed instant recognition of changes in
the course of a paticnt's illness, calculation of the deficit of cach monitorcd van.nblc. and

cvaluauon ol lhcrapcuuc TCSPONSCS.

3. Results
3.1 'i‘herapeutic Goals

The spcuhc nmmwrcd ;,oale of lhcrapy ‘based on cmpmcal hi ndmgs of survivors werc:
cardiac index > 4.5 L/min/m? systolic blood pressurc > 120 mmHg, pulsc oximetry > 96%:
Lransculancous oxygen PlcOz/FIOz ratio >20() heart ratc < 100 bcalshmn (1,3).

3.2 Survivorand Nonsurwvor llemodynamlc Patterns in Hligh-risk Surgery, Trauma,
and Sepsns . >

In m)murvwors, the "initial hcmodynalmc changcs consisted of rcduccd cardiac index.
~ oxygen “delivery, and- oxygen consumplion. Shortly after surgery, the: survivors had

hemodynamic and oxygen transport values greater than normal, and greater than those in-the .

. NONSUIVivors. Smularly. in scverely traumatized paticnts and in both mcdical and surgical

septic shock patients, survivors also had increascd hemodynamic and oxygen transport valucs.
suggesting that these responscs wcrc compcnsaunz, for prior. madcquacncs of tissuc perlusion -

- and nxy;,cmuon

3. Quanlnhuve Assessnient of Continuously Monitored Noninvasive Variables as Net
(.umul.llm. Amount of Lxcess or Deﬁcll : '

M.my rccordmgs show considerable vanablhly which may obscure the undcrlymg pauem,
To overcome this problein we cvaluated the net cumulative deficit: or excess in cardiad.
pulmonary, and tissuc perfusion function data by integrating over time the arca between the

monitored curve and the normal or optimal valucs.. In nonsurviving patients, the mean values

as well as the net cumulative deficits were significantly greater for cardiac index, lissuc
perfusion, and arterial - saturation than in survivors, even though the survivors' and
noRsurvivors’ MAP valucs were not signilicantly dilfcrent.

-3 4 Outcome Prediction by Dlscrumnanl Analysns

“The data were analy7cd by d:scnmmam function (15) The following vanablcs were sclcclcd
by the siepwise discriminant analysls (PROC STEPDISC): a) cumulative PicO,/F i0,, b
‘Glasgow coma scorg, ¢) cumulative SapO,. valuc% and d) cumulative cardiac index. Bascd on
the classification function generated for each of these four variables in PROC DISCRIM.
dnscnmmanl function, Z, was derived for an individual patient: Z= 00()lla + 0.33000
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+ 0.0656c + 0.0423d; wherc “a” represcnts cumulative ‘P1cOy/FiO, value, “b” represents
Glasgow coma score, “c” represents cumulative SapQ; valuc and “d” rcpresents cumulative
cardiac index value. Classification of the survivors was: .Z>2.36. Half of the cascs werc.
" randomly selected to serve as the calibration data set; the other half was used as the validation

* data set. As shown in Figure 1, above, there were 14776 (18.4%) misclassifications in the
cross-validation study, compared with 23/151 (15.2%) of the serics as a whole. This was
considered 10 be in reasonably satisfactory agreemcnt (14). Using stepwise discriminant
analysis; 95 % of the survivors and 62% of the nonsurvivors were correctly classified in the
early period after the initial _resuscilalion.

®Total (N)
. leVQd N) .
140 | _ . _ | woieam

160 151

120

100 1

Number of patients

Predicied to live

Actual ouicome " Predicted to die

Figure 1. Classification Summary for the Series (N=151)

4. Conclusion

, Hemodynamic data obtaincd by pulmonary artery (PA) thermodilution (Swan-Ganz)

catheter have shown significantly higher hemodynamic and oxygen transport values in survivors
compared ‘with nonsurvivors (1,2,4-12). Classically, shock is often diagnosed by oliguria,
hypotension, and collapse in the late stage, when therapy is least effective. However, initially -

we recognized shock by subjectively evaluated signs and symploms such as skin color, skin-
tcmperature, mental status, weak thready ‘pulse, and vital signs. The conventional therapeutic
ognized, but

approach has been to ‘correct these superficial manifcstations as soon as they arc rec
underlying hemodynamic mechanisms arc often not corrected (13,14).

The data suggest that multiple noninvasive monitoring sysicms arc feasiblc mcthods o
supply information previously available only-in the catheterization lab under sterile operating
room (OR) conditions or by the PA (Swan-Ganz) catheter under critical carc conditions. The
data are sufficiently close:to the information supplied by the PA catheter 0 be a uscful
surrogate for invasive monitoring. Morcover, they can be uscd throughout the hospital in the
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carly period inuncdiately alter cmcrgcl'lcy:dcpar:uilpn_l: admission. Th
line displays rather than "snapshots™ at infrcquent intcrvals.

Most importantly, in the period during and -i_mmedial(:ly.é[lcp »:psuscil‘z_l_tion,'frio'ninv;mi\‘rc
ith severe trauma are closely related to.outcome. We have

hemodynamic pattems of patients w 1 ¢ outcome. '\
uscd these paucrns to develop -outcome predictors by discriminaic analysis to clucidatc

underlying incchasiisms (13). Also we now: propose to_supplement_or replace discriminate -
analysis with a stochastic control program, which is a more.powerful research tool applicable
(o more extensive usc of monitorcd variables in a wider varicty of acutcly ill paticnts. ‘
Thie daty show that the initial hemodynamic findings arc low flow or uncvenly distributed
microcirculatory flow with poor tissuc perfusion/oxygenation; these -are initially. precipitated
by many factors including hypoxcmia, hypovolcinia, acidosis, and the adrecnomedullary stress
responsc. The poorly perfused, acidotic capillary endothelial wall activates macrophages, -
stinlates the sysiemic immunc response syndrome (SIRS), and produces reactive oxygen
substances (ROS), that may contributc to the development of ARDS and other organ failurcs. ..
Our hypothesis is that carly identification of the initiating hemodynamic mechanisms allows
their corscction with concomitant reversal. of shock and improved outcome. P;dlill)inary data
demonstrated that the stochastic control program provides objective, quantitative information
on (e likelihood of survival or death before and alter cach therapy. In essence, the stochastic
conrol program provides carly waming of initiating mechanisms at times when they. can be
reversed, ‘evaluates the relative cfficacy of specific therapy to reverse carly deleterious
‘mechanisms, and thereby provides the basis for understanding of the contributory role of thesc

- ‘licmodynamic mechanisms. . ~ _ - - ,

~This analysis is bascd on the assumption that it may be easier and more cfficacious to
_identify initiating hemodynamic mechanisms of shock and lcthal organ failure by evaluation of
carly hemodynamic patierns ‘and their transitions alter therapeutic interventions. Transitional
~ §tates after therapeutic interventions also may be cvaluated in terms of possible mechanisms;
for example, - cardiac reserve capacity may be inferred from changes in myocardial
pcrl'ur’manc@ after a standardized lransfmiuh of 1 unit of whole blood given over a 1-hour
period or a standardized test dose of dobutamine. A distinction is made between initiating
hemodynamic mechanisims and later immunochemical or other biochemical mcdiators of organ

ey provide continuous on-

failure. - : . . _ . .
‘Outcome predictors will-be used to line une cvolving hemodynamic patterns and Lo obscrve
the clfects of modilying potentiatly lethal mechanisms by therapy carly inthe course of acute
illncss, The assumption is. that there arc different types and degrees of “hemodynamic
dystunction that nced objective measurcs o track their presence -and intensity. An objective
outcome measure representing the probability of survival should be a uscful means to cvaluate
the cvolution of acute illncsses that lead 1o organ ‘failurcs. Trauina and high-risk surgical
~ paticnts werg selected because of their varying hemodynaiic:paticrs, severity of illness, and
associated co-morbid conditions. L S ' '
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 Stochastic Analysis of Therapeutic Modalities Using a Database of
o Patient Responses ’

D S Bayard, A Botnen, W C Shocmaker, R Jelliff | ' o
Laboratory of Applied Pharmacokinetics. USC School of Medicine. Los Angeles CA ' . : S

Abstract

This paper proposes a new method Jor si
-a model, but whicki is constructed directly
Roughly speaking, the basic idea is 1o eval

wchastic analysis aind control which does not require . : - ‘
Jrom a raw database of patient responses o therapy.
wate a control (a therapeutic policy or modality) which

has. on the average, proved 10 work well for similar patients in the database. By “similar” is
' meant patierits who have the same covariates and who are in similar dvnamical states.

These Coe e,
- concepts will be made more precise in the paper. The proposed stochastic analysis and control . '
approach for databases is new, althou

gh it is motivated by methods of machine learning put Jorth

in [ 1]{2] and methods of dvnamic programming Jor stochastic control givenin [3]]4]. B _ _ -
1. Concept of State ‘ ' '

The first key siep is to develop the definition of a “siate™ for a given patient in the dutahase aa
given stage of tremment, Many definitions of state are possible. Since we are working with g
database of measurements, it is useful 1o define the state veetor dircetly in tens of the availabie A
measuremcent information. Assume there are [ different types of measurements obtained on'a o
given paticnt (c.g.. cardiac index. blood pressure. pulse oximetry. transcutancous 0, and €O.
tensions. cte.). Then for cach measurement type. denoted as vy, define the state vector as a
concatenation of the value ¥, itsclf, with its first and second time derivatives ¥,. v, . and with its

first integral J X as Tollows,

xr,)=

."n(ﬂ ) A (A )'-";(’k lJ‘ vy, (e, )~‘r () ». (0 )-J.."l.‘h “h
o o .
2. l"“]i'lil:it Dynamic modeli : L ' '

k_ is convenient 10 think-of the propagation of the patient's state X, attime ¢, . w his state
at tme 1, as obeying the followin
Parameter vector -p , and control u ie

X e
g nonlincar dynamical ‘system with process noise w,, - ’ .

N = f5y,, pow,) e
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For sinplicity, p is assumed 1o be drawn from a finite set formed by enumerating all usetul
combinations of covariaics, ' '

PE {Pl ’“'vp.v} (3)

Both the parameter veetor p of covariates and process noise s help o explain the variabitity ol
responses seen in the database. Specifically., the covariates help to distinguish gross diflerences in
responses duc to major calegories of complications (c.g., with vs. without head injurics, blunt vs,
penetrating traumg, truncal vs. nontruncal rauma, age stratiflications, cie.) On (he other hand,
process noise helps to explain smaller diffcrences between patients with identical covariates but
with dilTerent responses to the same therapy.

3. Control Inputs

it will be assumed that there is only a finite sct of M control inputs in (2) that can be applicd
o the system. Specilically, the control #\r, ) at timcet, is assumed o be drawn Irom the linite sct,

wlt,)e fe vty } ) )

where u, arc controls (therapeutic mwdalities) such as fluid therapy with crystatloids, with
colloids, with whole bloxxxd or packed RBC's, or various vasouctive drugs such as dobutamine,
dopantine, and other possible modalitics.

4. Nearest Neighbors

Once the state vecior and covariates arc delined, tne key concept ol a “'nearcst peighbor” can
be put forth. Given the stale x, and a certain covarialc p, the N ncarest-neighbor siatcs
(denoted as g g, = 1v(y,, p)) arce defined as the states X that arc closest o X, in the databasce

and which share’the saiie covariate vector 2. Here, a measurc of “closeness™ is convenicntly
defined in terms of the quadratic distance between the state and is neighbors,

d(v,x )=, —x) Wy, —-x) ' %
where W is an appropriately chosen weighting matcix.

5. Performance Measure

The perfonmance measure is the probability of sucvival. For a paticnt in a given stale x with
covariate vector p, the survival probability is denoted by Stx, p). It is cvalualed simply, by
extracting the N nearest neighbor states (0 x of patients with the same covariate vector p and
by noting the fraction of them that survived., For example, if /v, of the N ncarest-ncighbor
statcs to x survived, then the survival probability is given as,

N
S(x’ p) = -;V!— (6)
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6. Applications

6.1 Data mining

One can now trace through individual paticnt historics in the database and compute the
associaled probability of survival S{x, p)as a function of time. A large change, cither up or
down, indicalcs a potentially significant rolc of the associatcd therapeutic modality, and its
underlying physiologic mechanisms. The entirc database can be wined for therapeutic modalitics
having thc most efficacy or harm under specific conditions using this techniquc.

6.2. Real-Time Diagnostic Tool

The stochastic analysis is not restricled to subjects contained within the databasc. Tt can also be
used on any rcal patient during his/her clinical care. In this casc, the survival probability S{x)
is computed by Lracking the subjeel’s ncarcst neighbors in the database and providing o the
clinician a real-tinie fecdbuack signal which indicates the condition of the patient as a-function ol ™’
time, and the cfficacy of any therapeutic modalities administered, or 1o be considered at that time.

6.3.Stochastic Control Optimal Therapy

By classilying a subjects nearcst neighbors by the theraputic modalitics cmployed, the
survival probabitities P,.x,.p) can be compulcd scparately for each modality «;. A useful
method for stochastic control then follows by administering the therapy associated with the
highest value of P, ,X,, p). Intilively, this therapeutic modality is optimal (and a worthwhile

" choice in practice) in the scnse thal it has the bighest survivat probability among the palient’s

nearest neighbors in the databasc.
The stochastic analysis and control approach is sunwmarized in Figurc 1. Examplcs of the
sccond application above (i.c., usc a5 a real-lime diagnostic ol) will be given in the next scetion,

[ ' DATABASE OF RESPONSES ]
1 - ;
i
Kate Xy 1 W . }” y {X" o v
] Extracty |E% $ym1 | Sortby lxk ] j=t | Fropagete kel yat Calgylote
Covarigte p | Neerast > Control —| Stale - » Syrvival
=¥ Neighbors | intervention {2 =1lw.,m | Respense |E=k..,m | Probobsity
- Condiliened on
Intervention
. . :
Calculate Plu. . x,.
SUI‘VWG' ( iR p)
Probetitity =10
I;S l’ N r
' Calcylate
) Stachastic Contred
S(xk'P) arg min P(“pzuP)
u,
®, { "
u (% p)

Figure1. Stochaslic analysis and control synthesized using a database of responses.
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7. Examples

In this scction, Lwo cxamples are given demonstrating the usc of the stochastic analysis ool for
feal-time diagnosis. For this purpose, a hemodynamic database of responses is developed Jrom
¢he records of 316 acutely ill patients [5]. :

The covariate associated with truncal injury is chosen. The state is choscn as a vector whose
~ elcments are composed of the time ¢ clapsed since admission, and observations y, ./ = L....7

and their first and second derivalives v,.y,, and lirst integral | v,ae for cach of the following

obscevations: Cl (cardiac index); HR (heart rate), MAP (mean drtcrial pressure), pulse oximely
artcrial oxygen saturation SapQ,), tansculancous oxygen Pic(Q),; wanscutacncous carbon
dioxide PtcCQ, ; and HCT (hematocrit). The resulling state has 29 dimensions.

Data seis of (wo patients were removed from the dalabase and Lrcaied as new patients. The
probability of survival (boltom traces) is calculated using the stochastic analysis approach and
plotted as a function of time in Figure 2 for patient 1 and in Figure 3 for patient 2.

cl

MAP
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Sap

P1eG2iFIO2
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Sursival Prabability

R o i e,
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gure2. Patient 1 Data - Upper row: Cardiac output (Cl); Second Row: Mean arterial pressure
MAP); Third row: Pulse oximetry (Sap0O2); Fourth row: Transcutaneous FIO2 ratio; Lowest row:
Survival Probabitity computed for this patient by the stochastic analysis and control program.
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probability statistic. In cach figure, tinic in bours from ED admission are noted on the dark
horizontal line below the survival probability row. The start and end of the surgical operation
(OP) are noted. Each therapy is noted in the oblong boxes, and times of the beginning and end of
cach therapy are noted by the vertical dotted lincs. : )

In the data of patient 1, (Figure 2) continuing deficits in C1 and the transcutancous OY/FIO?
ratio resulted in a progressive lowering of this paticnt’s survival probability beginning 5 bours
after admission. The patient subscquently dicd on the 9™ poswop day. The survival probability
correcily indicates this degrading rend, becoming smaller with time and ending witl a survival
probability of less than 50%.

ln the data of patient 2 (Figure 3) there are relatively small deficits in Cl valucs, which were
usually above the nonnal value of 3 L/min/m?, but not at the optimal values ol 4 L/min/in’. There
was also slight hypolension, despite a relatively normal ClI and the relativel y low tissue perfusion
indicated by the PtcOFIO”. Despite these mild to moderate deficiencies, this paticnt survived.
The survival probability correcily predicts this oplimistic trend, Pollowing an jnitial low jt
remained above 75% toward the middle and at the end.

In both examples, it is scen that the survival probability has provided a reliable real-time -
diagnostic signal 10 indicate (he condition of the patient,
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clinical investigations in critical care

Outcome Prediction of Emergency
Patients by Noninvasive Hemodynamic
Monitoring*

William C. Shoemaker, MD; Charles C. ]. Wo, BS; Linda Chan, PhD;
Emily Ramicone, MS; Eman. S. Kamel, MD; George C. Velmahos, MD, PhD; and,
Howard Belzberg, MD, FCCP o

Objectives: We used noninvasive hamodynamic monitoring in the jnitial resuscitation beginning in the
emergency department (ED) for the following reasons: (1) to describe early survivor and nonsarvivor
patterns of cmergency patients in terms of cardine, pulmonary, snd tissue perfusion deficiencies; (2) to
measure quantitatively the net cumulstive amount of deficit or excess of the monitored functions that
cotrelnte with survwai“ or denth; and (3) to explore the use of discriminant analysis to predict outcome and
evaluate the biological sipnificance of monitored deficits. ‘ : ,
Methods: This is o descriptive study of the feasibility of noninvasive monitoring of patients with acute
cmergency conditions in the ED to evaluate and quantify hemidynamie deficits as early as passible. The
noninvasive monitoring systems consisted of u biolmpedamoe method for estimating cardiac ontput
together with pulse oxintetry to reflect pulmomary fanction, tramscutaneous axygen tension to reflect tissue
perfusion, and BP to reflect the overall circulatory statns. These continuously monitored nouninvasive
measurements were used to prospectively evaluate circulatory patterns in 151 consecutivecly monitored
severely injurcd patients beginning with admission ta the ED i a university-run county hospital. The net
cumulative deRicit or excess of cach monitored paramcter was caleulated as the cumlative difference from
the noymal value vs the titme-integrated monitored curve for each patient. The deficits of cardiac,
pulmonary, and tissuc perfusion fonctions were enalyzed in relation to ontcome hy diseriminant analysis
and weve cross-validated. . : '
Results: The mean (+ SEM) not cumulative excesses (+) or deficits (—) from normal in surviving vs
nonsusviving, patients, respectively, were as fallows: cardiac index (CI), +81 & 52 vs —232 = 138 L/m®
(p = 0.037); arterial hemoglobin saturntion, —1 %= 0.3 vs =8 & 2.6%/h (p = 0.006); and tissne perfusion, |-
+313 & 88 vs —793 = 175, mm Hg/h (p = 0.001). The cumulative mean arterial BP deRcit for survivors was
~10 13 mm Hg/h, and for nonsurvivors it was =57 & 24 mm H‘%/h (p = 0.078).
Crmclusions: Noninvasive monitoring systems provided continuously monitored on-line displays of data in-
the early postadmission period from the ED to the operating room and to the ICU for early recognition of
circulatory dysfunction in short-term cmergency conditions, Survival was predicted by discriminant
analysis modcls based on the fuantitative asgessment of the nct cumulative deficits of CI, arterial
hypoxernis, and tissuc perfusion, which were significantly greater in the nongurvivors.

. ' (CHEST 2001; 120:528-537)

Key words: hemodynamic monitoring mulicomponent noninvasive circulatory maonitoring; ontcome [.wetlk:t:cm;v plse
aximetry; tamporal hemadynamic patterns; trnseutaneons oxygen tension :

Abbrcvintions: CI = cardlac indey FI) = emergency department; F10, = fraction of inspived oxygen; GCS = Glasgow

coma scale; MAP = mean arterial BP; OR = operating room; PAC = pulmonary avtery catheter; 5a0, = erterial oxygen
saturation; tePo, = transcutancous oxygen tension _

*From the Departments of Anesthesin (Dr. Shoemaker) and Sur- H emodynamic bedside moni toﬁng by p})]monary
D . e e gt oo o ooty panents
?ﬁgﬁ;‘,’; %Zﬁ'tfb:n“é:ﬁ?:;ginﬂof ’}\‘;;;,‘:g Py Ramiconc) g gts useﬂﬂiess has been clmaﬁeﬁgec{” IJpartiCu:
%%Tmnript recei.ved July 7. 2000; revision nceepted Janvary 21, laly in the latc stages of illness after the onset of
Lo Angsles, CA, 90033; a-mail: weshoemakor(0@hotmailoom or editorial cornment see page 339
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organ failures. A meta-analysis by Boyd and Hayes$
showed no outcome improvements in seven random-
ized studies of patients who entered the ICU after
organ failure or sepsis had occurred, but there was
significantly improved ontcome iv six other random.-
ized studies, pls two more recent studics, %10 when
PAG-directed therapy was given early or prophylac-
tically. Since time may be important in the initial
resuscitation and management of emergency pa-
Hents, noninvasive monitoring is proposed as an
alternative approach to identify and correct hemo-
dynamic deficiencies at the earliest possible time.
Previous studies have documented satisfactory cor-
relation. between thermodilution and bioimpedance
cardiac output values for trauma patients in the
emergency department (ED), the operating room
(OR), and the ICU. The mean (= SEM) bias and
precision in the ED were ~0.058 + 0.78 L/min/m2 1!

In the present study, we monitored severely in-
jured emergency patients, beginning in the ED and
continuing in the radiology department, the OR, and
then in the ICU. Acute injury was studied because
time factors are important and the time course of
circulatory everits could be monitored from the time
of hospital admission.}142 Continuous visual displays
of monitored data were used to evaluate rapidly
changing patterns during unstable emergency con-
ditions. Second, we time-integrated the differences
between the monitored curve and normal values or
reference values reflecting “optimal” goals derived
from the patterns observed throughout the time
course of previous series of survivors of acute severe
illnesses or operations. 1321 We then calculated the
net cumpulative excesses or deficits of each monitored
variable for each patient and for the survivors and
nonsuyvivors. Finally, we explored the use of dis-
criminant analysis to predict outcome based on these
caleulated cumulative deficits.

MATERIALS AND METHODS

Clinical Saries

We satisfactorily studied 151 of 155 consecutively monitored
major trauma patients with noninvasive cireulatory monitoring
beginning shortly afer their admission to the ED and continuing
into the radiclngy department, the OR, through the postanesthe-
sia recovery area, and to the ICU. Four patients ware excluded
because of insfficient data due to technical equipment failure or
communication issuas with personnel; the present report de-
scrihes the data of 151 patients. Table 1 Lists the salient clinical
features of the scries. Patients with major blunt trauma or
penatrating trauma and significant risk of mortality or morbidity
ware selected for monitoring prior to possible omergency sur.
gery. The criteria for resuscitation were empirically determined
by the previaus serics of survivors’ values and by the hest possible
initlal responses of the cardiac index (CI) and the other hemo-
dynamic variables,'2~4 Monitoring was continned unt] a platean
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Table 1—Clinical . Baturex*t

Survivors Nonsywivors
Variables (n = 103) (n=43) p Valuct

Age, yr 35+ 4 03 0.25
Gender !

Male 90 (87) 41/48 (85) 0.937

Female 13 (13) 7748 (15) 0.937
Mechanism of

injury .

Gunshot wound 42/61 (69) 19/61 (31) 0.001

Blunt trauma 41/68 (60) 27/68 (40) 0.03

Stab woimd 20/22 (91) 2/22 (9) 0.001
Bodily injury

Head 24/41. (59) X7/41 (41) - 0159

Chest 50/68 (73) 18783 (26) 0.003

Abdomen 54/94.{64) 30/84 (36) 0,001
GCs 133+03 8407 0.001
Injury severity score 21.8 %47 305+ 16 0.24

_*Values given as No. (%) or mean =+ §D.

tp. Values for diffcrences botween the number snd percentages of
Survivars v§ nonsurvivors.

was reached after vigorous fuid and inotrupic therapy resuscita-
tion or until 24 b had elapscd. Optimal hemodynamic goals were
sought, in so far as possible, but the adequacy of initial resusci-
tations may have been limited in part by clinical exigencies at the
time, The caleulation of cumulative excosses or deficits and
Yiscriminant anulysis were performed after monitoring was com-
pleted. The institutional review board approved the protucnl.

Mean Arterial BP

Continuous mean arterial BP (MAP) was messured noninva-
sively (Dynamap system; Criticon; Tampa, FL) or was calenlated
clectronically from transducers in line with intra-arterial cathe-

-ters when the latter were used.

Cardinc Output

A thoracic bioelectric impedance davice (IQ system; Wantagh
Ine: Bristl, PA) was applied shortly after the arrival of the
patient in the ED, Pairs of noninvasive, disposable, prewirad
hydrogen electrodes were positioned with one pair placed on
each side of the base of the neck and two other pairs placed one
on each side of the chest at the level of the zyphisternal junction
oppusite the lateral axillary line. Threc ECG leads wers placed
across the precordium and left shoulder,2% A 100-KHz, 4-mA
alternating current was passed through the patient's thorax by the
outer pairs of clectrodes, and the voltage was sensed by the inner
pairs of clectrodes; the voltage sensed by the inner electrodes
captured the haseline impedance, the first derivative of the
impedance waveform, and the ECG. The ECG and bioimped-
ance signals were filtered with an all-integer-cocfBcient technol-
ogy to decrease computation and signal-processing times, The
signal-processing algorithm used a time-frequency distribution
(moditied Wigner distribution) analysis that increased signal-to-
noise ratios ™M The data were antomatically acquired and
downloaded to x floppy disk. When indicated by clinical criterie,
PACs were insexted into the patient in the OR or the ICU, and
CI estimations were made at least hourly in unstable patients and
cvery 4 b in stable putients, The optimal goal for CI in varlous
etiologic dingnostic groups was defined by survivors’ values 214
and was tested in subseqnent studies, M4 <31
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Limitations of the Impedance method include faulty electrode
placement, motion artifacts, restlessness, shivering, pulmonary
edéma, pleural effusion, valvular heart disease, dyschythmias, and
electrical leaks. from other instruments using the same circuit,
These are usmally apparent from inspection of the impedance
waveform and by the following previously described criteria:
baseline impedance > 15 ohms and impedance signal > 0.3 ohm,
which usnally indicate pulmanary edema due to cardiac failure or
lte-stage. ARDS.*! These limitations were excluded during the
time of movjtoring in the present study.

Pulse Oximetry

Asterial oxygen saturation (§a0,) was assessed continausly by
_pulse oximetry (Nellcor; Fleasanton, CA) as a reflection of
pulmonary gas exchange. Values were observed and recorded at
the time of the CI measurements. Appreciable or sudden
changes in these values also were noted, and changes to < 84%
were confirmed by Sao, measurement obtained by standard
blood gas analysis 13-

Transcutaneons Oxygen Tension

Standard transcutanecus oxygen tension (tcPog) measure-
ments were continuonsly monitored throughout the observation
period. This technology uses the same Clark polarographic
owygen electrode rontinely employed in standard blood gos
méssurements.-® The oxygen tensions were measured in &
representative arca of the skin surface heated to 4°C to inerense
diftusion of oxygen across the stratum cormenm and to avoid
vasoconstriction in the local area of the skin being measnred.2”
Provious studies demonstrated the capacity of transcutaneous
oxygen tensions to reflect tissue oxygen tension.11122528 (cPO,
has been shown to reflect the delivery of oxygen to the Jocal area
of skin; it also parallels the mixed venous oxygen tension except
under late or torminal conditions In which peripheral shunting
Jeads to high mixed venous hemoglobin satnration. values.# While
otygen tension of a segment of the skin does not reflect the state
of oxygenation of all tismes and organs, the skin has the

advantage of being the most sensitive early warning tissue of the

adrencmedullary stress response; vasoconstriction of the skin is
an early stress response to hypovalemia and other shock syn-
dromes MA23% toPO, Values were indexed to the fraction of
inspired oxygen (Fiog) concentration to give & tcPO,/FI0g ratio
becanse of marked toPo, changes produced by changes in the
level of inspired oxygen. The thermal environment was maintained
at reasonably constant levels, and marked changes in yoom temper-
atre from drafts or open windows were avoided to maintain the
accuracy of the transcutanecus methods, In addition, the electrnde
st be moved to a nearby thoracic or shoulder site every 4 h and
recalibrated to avaid Sxst-degree skin burs.

Level of Consclousness

At the time of the patient’s adwmission to the ED, the clinical
team cvalvated and recorded the degree of unconsciousness by
the Glasgow coma soale (GCS), which uses aye movement, verbal
respomses, and mator respanses to verbal and painful stimuli, The
dinicsl service also noted changes in the GCS throughout the
patient’s hospital course.

Estimated Blood Loss at the Time of Surgsry

Blood loss was estimated by the surgeon and anesthesiolnpist
intricoperatively in a mutine manner ‘by counting lap tapes and
sponges and by measuring the contents of suction botdes.
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Method for Calculating the Total Cumalative Exvass or Daficit
of Each Monitored Variable

The patteras of each patient were examined for motion artifact,
noise, effects of Auid and vasopressor therapy. manipulation of
tubing, and other extraneous factors. The total overall deficit or
excess of each noninvasively monitored variable was cvaluated by
comparing its normal or optimal value with its temporal pattern
during the observation period. This was dane by mathematically
integrating over time the ares between the continuous display of-
each fluctuating variable und either the normal values for BP,
$n0,, and tcPO,/FI0, or the optimal goal, as defined by the CI
values of survivors during the first 24 h after hospital admis-
siou'll-!l

The net cumnlative deficits or excesses were caleulated for
each individual patient and for both survivor and nonsurvivor
groups as time-integrated areas between the curve produced by
continuously monitored variables and their normal or reference
values. For example, given a normal MAP of 85 mm Hg, in a
patient whose MAP averaged 60 mm Hg for 2 h before resusct-
tation, the caleulated deficit is —50 mm Hgh ([85-60] X 2).

Flow caloulations, measured as volume per unit of time, are in
Jiters per minute per square meter. When multiplied by the
monltared time in minutes, this gives, as units, liters per square
metar for CI or liters for cardiac output. The units for MAP, 5a0,,
and tcPO/FI0, are millimeters of mercury per honr, percent per
houz, and millimeters of mercury per hour, respectively.

When the mean MAP deficits were caleulated using all values,
a large number of normal high values obscured the deficits; the
patients with cardiac arrest and zero MAP, for example, showed
To net MAP deficit, because the many normal and high values
avershadowed the later short but lethal hypotensive episode. For
MAP, therefore, we calculated comulatve deficits from de-
creuses below the normal range.

" Statistical Analysts

The survivors' and nonsurvivors' deficits of MAP, CI, a0y, and
tcP0y/F10, were caloulated for the periods of monituring. Each
of the categoric variables was tested for the difference in
distributions between the two outcome groups, those who sur-
vived and those who died .during the current hospitalization,
using the ¥? test or two-tuiled Fisher’s Exact Test. The ¢ test with
Bonferroni correction was applied to each of the continnous
variables to compare the means of the two outcome groups.
Varisbles .considered for diseriminant analysis were CL GCS,
500y, tePOL/F10,, MAP, heart rate, Pa0,, hematocrit, transeuta-
nenus GO, tension (PtcCOp), injury severity score, age, and
gender. The first four met the criterla (p < 0.20). £¢

The variables that were significant at the p < 0.2 level by the
aforementioned x2 tests or the ¢ tests were fed into a stepwise
diseriminant analysis (PROC STEPdisk) to identify the variables
that collectivaly contribute to differentiate the two outcome
gronps. Thus, the variables selected then ware entered into a
model in PROC DISCRIM to derive the discriminant function
by generalized squared distance, taking into accouat the prior
probabilities of the groups. This procedure evaluated the dlis-
criminant function by calculating the error rate estimates or the
prohabilities of misclassification.

Cross-validation of the results was performed by the jackknife
methad. The data were split into two ipdependent samples by

 tuking the data of every other patient. One group was used for

ealibration to generate another series of classification functions,
and the remaining group was used to calculate resulrs based on
the new classification functions, The statistical analyses woere
performed with a computer program (SAS for Windows, Release
6.12; SAS Instirute; Cary, NC). :

Clinical Investigations In Critical Care




o

0 4 8 12 16 20 24
. TIME (hours)

—— Survivors
=== Nonsurvivors

FI1oURE 1. The temporal patterns of survivors (solid line) and
nonsurvivors (dashe: line:}-1 for MAP, CI, Sa0, (SapQ,), and
tePo, (PtcO,) indexed to the tcPo,/F10, ratio. All values are
=d to the time of admission to the ED, Dots represent mean
ues, and vertical lines represent SEM. Cross-hatched aress
indicate the normal range for MAP, Sao,, and tcPo,/F10, ratio
and optimal goals for CI. Note that the CI, MAP. Sao,, and
tcPo/Fo, wﬁues of survivors ware generally higher than those
of the nonsurvivors.

RESULTS °

Noninvasive Monitoring From the Time of
Admission '

The use of noninvasive monitoring Systems was
found to be feasible in patients experiencing short-
term emergency conditions for the early description
of temporal hemodynamic patterns and to provide

- quantitative calculations of the total amount of def-

fcit or excess accumulated by each monitored vari-
able. There were 103 survivors and 48 nonsurvivors
(mortality rate, 32%), 131 patients were men, 20
patients were wormnen, and the average (+ SEM) age
was 35 * 1.4 years. Of 6] patients with gunshot
wounds, 42 survived and 19 died (mortality rate,
31%). Of 68 patients with blunt trauma, 41 survived
and 27 died (mortality rate, 40%). Of 22 patients who
sustained stab wounds, 20 survived and 2 died
(mortality rate, 9%). Of 41 patients who had head
Injuries, 24 survived and 17 died (mortality rate,
41%). Of 68 patients who sustained chest injuries, 50
survived and 18 died (mortality rate, 26%). Of 84
patients who sustained abdominal injuries; 54 sur-
vived and 30 died (mortality rate, 36%). Sixty-eight
patients had injuries involving more than one bodily
area. The injury severity score (+ SEM) was
21.8 £ 4.7 for survivors and 30.5 * 4.6 for nonsur-
vivors (p = 0.24), ’

Monitoring was performed for 7.9 £ 2.6 h during

the initial resuseitation (survivors, 7.8 h; nonsurvi.
vors, 8.3 h). Subsequently, survivors were monitored
intermittently to 15.6 = 7.1 h after hospital admis-
sion, and nonsurvivors were monitored to 18.7 =+ 8.4
h after hospital admission.
. The data of emergency patients from the time of
their ED admission are shown in Figure 1. The
correlation between simultaneons thermodilution
and bioimpedance' cardiac output measurements in
the present series was r = (.91 and * = 0,83, and
bias and precision were —0.30 = 1.10 L/min/m?
Table 2 lists the mean = SEM of CI, MAP, Sa0,,
and tcPOy/F10, for survivors and nonsurvivors aver.
aged throughout the observation period. The CI,
Sa0,, and tcPo,/F10, values of patients who survived
were significantly greater than for those who died,
MAP values of survivors tended to be higher than
those for nonsurvivors (p = 0.066) (Table 2).

The body temperatures of survivors and nonsurvi-
vors at hospital admission averaged 36.7 + 0,0°C to
7°C and 36.3 = 0.0°C to 9°C, respectively. ' We took
aggressive precautions to correct hypothermia when
it occurred, especially in the OR where conditions
were more controllable.

Table 2—Noninnasive Hemodynamic Values for Survivors and Nonsurvivors*

Normal or Suyvivors Nonsurvivors
Variable Optimal Value (n = 103) (n = 48) p Valuet
CI, L/min/m? 4.0 414 = 0.02 3.87 £ 0,03 < 0.001
MAP, oim Hg 85 88 + 0,37 80 = 0.69 0.068
Saoq, % 98 99 = 0.05 96 * 0.26 <0.001
toPOY/FIog, mm Hg 200 206 = 2,9 93268 < 0.00),

*Values given as mean = SEM, unlcss otherwisc indigated,

tp Valucs for differences between survivors’ and nonsurvivars' values.
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Table 3—Time to Reach Goal in Patients Who Attained Goal*

Survivors Nonsurvivors
' No/% Goals ' No./% Gosls
Vaviable Hours Not Reached - - Hours - Not Reached
c1 ‘ 199 £ 510 66 2.64 = 3.60 1328
MAP 1.34 = 2.80 070 203 = 3.69 16734
$305. 048 = 1.66 - o0 1.86  4.44 99
tePOy/F105 3.4 + 461 , i 448 + 456 39/83

*Values given as mean * SD, unless otherwise indicated.

The mean (% SD) estimated blood Joss, which re-
flects preoperative and intraoperative hemorrhaging,
measured 2,970 +3,856 mL in survivors and
6,263 + 5540 mL in the nonsurvivors at the end of
surgery. In the present series, there were 22 patients
wh.o had massive blood loss (ie, > 5,000 mL). Vigorous
atternpts were made to replace these losses at the time
of surgery and in the immediate postoperative period.

Temporal Circulatory Patterns in Survivors and
Nonsurvivors

Figure 1 shows the temporal patterns of noninva-
sive circulatory variables of the survivors and non-
survivors beginning with the initial measurements
after admission to the ED. CI values were initially
higher in the survivors. The Sao, values of nonsur-
vivors were significantly lower than the those of
suxvivors, but these differences were not clinically
important; when Saoy reductions occurred, they
were rapidly corrected by intubation, mechanical
vemtilation, or increased F10,. The values for the
tclP0,/FIO, ratios of nonsurvivors were markedly
lower than those of survivors and were lower than
normal throughout the observation period. Table 3
lists the time taken to achieve goals of therapy for
each variable that reached the desired end point ss
well as the number and percentage of those who did
not reach the goals. The deaths of nonsurvivors
oc curred an average of 8.7 = 2.8 days after hospital
ad mission. However, there was a bimodal distribu-

Table 4—Mean Net Cumulative

tion with 17 deaths in the first 8 h and 14 deaths
occurring = 10 days after hospital admission.

Net Cumulative Amount of Deficit or Excess in
Monitored Variables

Table 4 shows the net cumulative deficit or excess
of monitored variables used to evaluate cardiac,
pulmonary, and tissue perfusion functions. Figure 2
is an illustrative example of a survivor whose CI and
tissue perfusion deficiencies were corrected at 19
and 23 h postadmission, respectively. Figure 3 shows

_the data of a patient whose CI and tissue perfusion

deficiencies persisted for >24 h. He developed
lethal ARDS.

Outcome Prediction

. There were significantly greater calculated deficits
of CI, pulse oximetry, and transcutaneous O in
nonsurvivors than in survivors during the period of
monitoring (Fig 4 and Table 4). These three vari-
ables and the GCS, having moderate levels of signit-
icance with outcome, were selected for the stepwise
discriminant analysis (PROC STEPdisk). Based on
the classification - function generated for each of
these four variables in PROC DISCRIM, the dis-
criminapt function, Z, was derived: ¢

Z = 0.0011a+ 0.3300b + 0.0656c + 0.0423d

where a represents cumulative tcPO,/F10, values, b

Deficits or Excesses of Monitored Values of Survivors and Nonsurvivors
Throughout the Period of Observation

Survivors Nonsurvivors
Variable Mean SEM ‘Mean SEM p Value*
CL, L/m? + 81 52 —- 232 138 < 0.007
M.AP, mm Hgh - 10 -3 - 57 24 0.078
Saoy, %/h o -1 0.3 -8 2.6 < 0.006
tcX0,/F10,, mm Hg/h + 313 87 -~ 793 175 < 0.001

*p Values are for differences between survivors” and ponsurvivors’ values.
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FIGURE 2. Data of a 64-year-old man who was hit
left femnur, left tibia, and fibula, and dislocation of the knee. He was given 6 U packed RBCs and 5
mL alloids in the EYD, In the angiogrs Phic suite, he was given 6 more nuits of packed RBCs, 5 U

ﬁ-c‘nds. His CIvalues became nptimal (e, 4 L/min/m?) by about

fresh frozen plasma, and 2,000 mL

by a car and sustained fractures of the pelvis, oggn
000

"

13 h, and his tcPOY/Fi10, values reach the normal range in 24 b. The padent lived. See the legend of

Figure 1 for ahbreviations not used in the text.

represents the GCS, ¢ represents curulative Sao,
values, and d represents curulative CY values. Table
5 summarizes the relative influence of each variable
with respect to outcome. Ninety-five percent of the
sutvivors and 62% of the nonsurvivors were correctl
classified in the first 24 h postadmission (Table 6), Of
151 patients, 23 (15.2%) were misclassified. Five of
the 35 patients predicted to dic in the first 24 h
subsequently improved and lived.

Results of Cross-Validation

Cross-validation of the discriminant analysis by the
jac i
similar to the initial calculation for the series as a
whole. The results of the calbration: data set

BEST AVAILABLE COPY

e method demoustrated vesults that were -

(N = T7%) are shown in Table 7, and the resultd from
the validation data set (N = 76) are shown in Table
8. The cross-validated discriminant analysis was

Z + 0.0018a + 0.3138b + 0.0786¢ + 0.0022d

where a, b, ¢, and d are defined as above. The
classification of the survivors was Z > 1.91. Miscal-
culations occurred in 12 of 76 patients (16%). This
was considered to be in satisfactory agrecment with

- the initial caloulation and suggests consistency of the

data by this analysis.

" DiscussioN

The limitations of noninvasive bioimpedance car-
diac output monitoring include motion artifacts,
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FIGURE 3. Data from a 26-yrar-old man who sustained multiple stab wminds of the abdomen with
lacerations of the stomach, duodenum, and superior mesenterie vein, He had marked reduction of cardiac

1t and tissae

the administration of 48 U packed RBCs. 5 U whole blood, 12,500 ml.

lactated Ringer's solution, 10 U platelets, 13 U fresh-frozen plasma, and 1,000 mL hetastarch, in addition

to dobutamine and dopamine in

fons for an estirnated 18,000-mL blood loss. The patient died of ARDS

and multiple organ failure, See the legend of Figure 1 for abbreviations not nsed in the text. |

arrhythwias, pulmonary edema, pleural effusions,
and expansion of intcrstitial fluid from massive crys-
talloid infusions. The advantages of this noninvasive
monitoring system include technical convenience
and the continuous display of data allowing the
calculation of the amount of deficit or excess of ecach

Table 5—Stepwise Discriminant Analysis*

Step Entered Partial B2 Prob > F Cumulative R*
J. Cumulative tcPog/Frog ~ 0.210 00001 0.2099
2. GCS 0188 0.0001 0.3581
3. Cumulative 5a0, 0.053  0.0047 0.3921
4. Cumulative CI 0.031  0.0338 04107

*Classification of survivors, 7. > 2.3G; where Z = 0.0011 (cumulative
wePoe/F10,) + 0.3300 (GCS) + 0.0656 (cumulative Sa,) + 0.0423
(cumulative CI). R

tPillal’s trace/(No. of groups — 1).

534 .
BEST AVAILABLE COPY

variable, from the time-integrated area under the
curve. The area under the curve provides an arith-
metic solution to replace the subjective evalpation of
irregnlar curves and provides estimates of cardiac,
pulmonary, and tissue perfusion functions.

Table 6—Classification Summary for the Series

(n=151)"
Predicted , Predicted
Actal to Die to Live Total
1 1 [ —1 | 1
Outcome Nbn. Row% No., Row% No. Col%
Died 20 62.5 18 415 43 318
Lived 5 49 98 951 103 68.2
Tota, % 35 23.2 16 768 181 100.0

*Misclassifications 23/151, (15.2%). Raw% = the percentage of patients
in that row; Col% = the percentage of patlents in that column,

. Clinical Investigations in G}iﬂcal Care



Table 7—Classification From the Calibration Dataset

Table 8-—Classification From the Validation Dataset

{n = 75)* (n = 76)*
Predicted Predicted Predicted Pradicled _
to Die i Tot, Die Live
Actual ' m‘ ‘ . to Live - ‘otul ; Actual o Die . . to Liva | | Totti] _
Ourcome No. Row%® No. Row% No. Col% Ontcome No.  Row% No,  Row% No. . Col%
Died 15 62,5 9 373 24 320 Dicd 15 62.5 9 375 24 316
Lived 3 59 45 41 . 51 68.0 Lived 5 9.6 47 90.4 52 68.4

Totul, % 18 24.0 57 76.0 75 100.0

Total, % 20 26,3 56 3.7 76 100.0

*Misclassification: 12/75 (16.0%), See Table 6 for shbreviaHons not
nsed in text,

The net cumulative deficits of flow and Hssue
perfusion measured during the initial resuscitation
period were greater in nonsurvivors than survivors;
these differences were correlated with outcome. For
example, during the monitoring period, the CI val-
ues of survivors averaged 81 L/m? more than the
optimal 4.0 L/min/m®, which was determined empir-
ically from the platean of high values of survivors
within the first 24 h of hospital admission.1* 2! This
was cquivalent to 140 L of cardiac output per patient
over the monitored period. During the monitorin
period of those who died. the CI averaged 232 L/m’
less than optimal, and the cardiac output averaged
402 L. per patient less than optimal. The diffcrence
between survivors and nonsurvivors was 542 L. We
used 4.0 T/min/m?® as the therapeutic goal because
this was the mean value for the first 24-h period, on

ClLL/m?
400 =~
200 4
:
757
O \\\§
\\
-200 - &
~400 4

PeOg/FIO,, torrh
100

*Misclnssification: 14/76 (18%). See Toble 6 for abbreviations not
used in text.

which this study was focused. This goal admittedly is
arbitrary and points to the need for additional re-
search in this area. .

The high early CI values in survivors suggest that
there may have been less hypovolemia and/or better
physiologic compensations. This concept is rein-
forced by the greater toPoy/F10, net cumulative
excesses, which suggest better tissue perfusion/oxy-
genation for survivors in the initia]l stages. These
prelimioary studies need to be evaluated indepen-
dently in larger series with different types of acute
llncsses and emergency conditions. Furthermore,
additional studies are nesded to evaluate the effects
of specific trunk and extremity traumas, head inju- -
ries, pelvic and long bone fractures, prior organ
dysfunctions, and other comorbid states on the
validity of this carly predictive madel.
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FIGURE 4. Cumnlative excesses and deficits in survivors and nonsurvivors for I and tPOy/F10,
waleulated for the monitored period, See the legend of Figure 1 for abbreviations not used in the texr,
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The hypothesis underlying this approach is that
circulatory deficiencies that ultimately lead to shock,
organ fajlure, and death may be identified early by
noninvasive monitoring even in the extenuating cir-
cumstances of severely traumatized emergency pa-
tents in 2 large inner city public hospital, Earlier
diagnosis of a circulatory deficiency allows therapy to
be initiated sooner in the hope that earlier therapy
may improve outcome in emergencies where time is
crucial, '

More importantly, noninvasive monitoring, which
has been reported to be easy, cheap, fast, safe, and
sensitive, 112 allows estimates of the amount of
deficits caleulated from the difference in the areas
between normal values or survivor values and the
continuously monitored variables, Multiple noninva-
sive hemodynamic monitoring systems provide sjm-
ilar information to that of the PAC, except for
pulmonary artery occlusion pressures. Discriminant
analysis of these data provides a mathematical basis
for outeome prediction. Future prospective clinical
trials at other institutions are needed to validate the
present approach. .

Noninvasive monitoring also provides an approach
that may be used to develop an organized coherent
therapeutic plan based on physiologic critera for the
emergency patient as he/she proceeds from the ED
to the OR, the radiology department, and the ICU.
Linear discriminant function predicted outcome cor-
rectly in 95% of the survivors and in 62% of the
nonsurvivors in the early period after hospital admyjs-
sion. This was probably as much as should be
expected for nonsurvivors since many patients devel-
oped Jethal complications unrelated to thejr injuries
late in their hospital course, .

Since the essence of tissue perfusion is an ade-
quate supply of oxygenated blood to the tissues,
perfusion is inferred from the direct measurement of
skin  oxygenation using the Clark polarographic
method for oxygen tension,24-2v Although the skin s
Dot representative of all tissues, it is the largest organ
and the first organ to be affected by the adrenomed.-
ullary stress response, tcPo, provides early warning
in acutely ill emergency patients™; it tracks oxygen
uptake in acute clinical shock episodes'! and in the
physiologic course of experimental hemorrhagic
shock® as well as cardiac and respiratory failure,
cardiac arrest, and cardiopulmonary resuscitation in
acute ‘surgical conditions.%306 As shown in the

'present study, this measure of tissue perfusion was

related to outcome,

In the present study, we used discriminant analysis
to analyze the data of variables with p values < 0.2 in
order to limit the number of variables for andlysis,

Interrelated or poorly conditioned variables having u

common term, such as the combination of CIT and
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oxygen delivery, were avoided to minimize statistical
problems of diseriminant apalysis. This does not
mean that the more conventional variables like
tachycardia, bypotension, acidosis, skin color, lactate
levels, mental status, etc, are not useful at times
when they ocenr. Obviously, when they are abnos-
mal, they are extremely usefil and important. How-
ever, the ctiteria of the present study focused on
early noninvasive hemodynamic variables in the im-
mediate postadmission period that most consistently
separated survivors and nonsurvivors,

The concept that hypovolemia is an early primary
problem that plays an important role in low flow and
poor tissue perfusion states is supported by the
following: (1) direct observation of massive hemor-
rhage; (2) estimated blood loss of hemoperitonenm
and hemothorax at the time of surgery in patients
who underwent surgical exploration; and (3) prior
studies in the literature that documented blood

volume deficits in posttraumatic and postoperative

patients who subsequently developed organ failures
and died.37 :
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