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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: 
• when it is necessary for a medic on the battlefield to resuscitate a trauma victim, 
• how the effectiveness of the resuscitation effort can be measured objectively with outcome 

predictors, and 
• 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+USCMC, 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. 



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 (SapOa). Also monitored are arterial blood 
pressure, heart rate, and ECG as general circulatory measures. In addition, physicians evaluate tissue 
perfusion/oxygenation by transcutaneous oxygen/C02 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 [Reifs. 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: 
• were sufficiently close to the information supplied by the PA catheter to be a useful surrogate for 

invasive monitoring; 
• 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; 
• provided continuous, real time displays and data streams rather than traditional methods that provide 

infrequent and intermittent "snapshots"; 
• 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; 
• 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. 



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 n, 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 n 
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 Misclassiflcations in Outcome 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 II S<27,NS>27 (30/97)   31% 
Discriminant Analysis (See Ref. 22) (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 



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 Hemodynamics Including Blood 
Flow and Adequacy of Tissue Perfusion 

As part of this project, we are assembling a large trauma database using data gathered at Lx)s 
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 databiase, 
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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Toy Database 

W. C. Shoemaker Database 

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 - HRV Data (WCS) 
Column Name Format Description 

dt rimestamp Date/Time of measurement 
hrv_psn tinyint Pt number from HRV study 
hrv evt integer Event number from HRV study 
cotd numeric(4,2) Cardiac Output (Thermodilution) value 

Table: HRV_FRQ-H RV Data (WCS) 
Column Name Format Description 

dt Timestamp Date/Time of measurement 
hrv_psn tinyint Pt number from HRV study 
tuT 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 (V\ ̂ CS) 
Column Name Format Description 

dt rimestamp Date/Time of measurement 
hrv_psn tinyint Pt number from HRV study 
hrv evt integer Event number from HRV study 
q_admit_dt timestamp Admission Date/Time 
r double rime since admission, in hours & decimal fraction 

Table: HRV_0XY1 - HRV Data (W< CS) 
Column Name Format Description 

dt rimestamp Date/Time of measurement 
hrv_psn tinyint Pt number from HRV study 
hrv evt integer Event number from HRV study 
pao2 integer PaOa 
saow integer Sa02 
hct numeric(4,2) Hematocrit 

Table: HRV_OXY2 - HRV Data (W( CS) 
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 SVO2 
o2 delivered integer O2 Delivered 
o2 consumed integer O2 Consumed 
dt Timestamp Date/Time of measurement 
[irv_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,l) HRfromEKG 
map integer Mean Arterial Pressure 
ptc_02 integer ptco2 
ptc_C02 integer ptcco2 
FI02 double FI02 
ptc02_FI02 double ptco2/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, 0 = female 
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Column Name Format Description 
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 varchar(255) Notes about complications 
ARDS DATE timestamp Date/Time of ARDS, if any 
BSA numeric(2,l) ??? 
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 
Location varchar(8) Pt location 

Table: icu_bp2 - SICU Data (SICU) 
Column Name Format Description 

emtek id integer SICU ID number 
obj varchar(12) BP source (ART or BP) 
dia numeric(5,2) Diastolic BP 
sys iiumeric(5,2) Systolic BP 
mean numeric(5,2) Mean Arterial Pressure 
dt timestamp Date/Time of measurement 

Table: icu_cardiac - SI [CU Data (SICU) 
Column Name Format Description 

emtek_id integer SICU ID number 
svri jiumeric(5,l) Systemic Vascular Resistance, Indexed 
svr numeric(6,2) Systemic Vascular Resisitance 
CO numeric(5,2) Cardiac Output 
ci numeric(5,2) Cardiac Index 
dt timestamp Date/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 
emtekjd integer SICU ID number 
admit_dt timestamp Admission 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 iiumeric(5,2) Height 
gender char(l) Male = 'M', Female = 'F' 
survived char(l) Yes = 'Y', No = 'N' 

Table: icu_fluids - SICU Data (SICU) 
Column Name Format Description 

emtek id integer SICU ID number 
v_in numeric(8,l) Fluids in for day 
V out numeric(8,l) Huids out for day 
V net numeric(9,l) Net fluids for day 
dt_day date Date 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: icujabs - 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 
rr numeric(5,2) Respiration Rate 
dt timestamp Date/Time of measurement 

Table: icu_tempr - SICU Data (SICU) 
Column Name Format Description 

emtek_id integer SICU ID number 
tempr numeric(3,l) Temperature (degrees C) 
dt timestamp Date/Time of measurement 

Table:toy_psn (WCS, SICU, TR) 
Column Name Format Description 

psn smallint Patient Study Number for this study 

Pf numeric(7,0) Hospital assigned PF number 
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hrv 
Column Name 

tr 
icu 

Format 
tinyint 
numeric(lO.O) 
integer 

Description 
HRV study patient number 
Trauma Registry pt acct number 
ICU emtekjd pt number 

Table: tr_demo- TR Data (TR) 

PSN 
PF 
HRV_PSN 
acctno 
emtekjd 

Column Name 
numeric(7,0) 
numeric(7,0) 
tinyint 
decimal(20.5) Trauma Registry pt acct number 

er_enter_dt 
integer 

er_exit_dt 
er_Ios_calc 
er_los_rec 
[V_FLUIDS 
Penetrating 
surg_hrs_dt 

Format 
Patient Study Number for this study 
Hospital assigned PF number 
HRV study patient number 

numeric(5,l) 

Description 

CU emtekjd pt number 
timestamp       Date/Time ER entry 
timestamp       Date/Time ER exit 
numeric(6,2)   er_exit_dt - er_enter_dt in hours 
numeric(5,2)   ER length of stay as recorded in TR 

Total TV Fluids from ER 
varchar(l) 

iss 
ais_l_head 
ais_2_head 
ais_3_head 
ais_4_head 
ais_5 head 

numeric(15,2) 
Penetrating = P, Blunt = B 

tinyint 
tinyint 
tmyint 
tinyint 
tinyint 

ais_6_head 
tmyint 

sbp 
dbp 
mbp 
Age 
Sex 
Weight 
Survived 

Hours from ER admit to surgery 
[SS 
AIS Head Score 
AIS Face Score 
AIS Chest Score 
AIS Abdomen Score 

tmyint 
numeric(5,1)   Systolic BP 
numeric(5.1)    Diastolic BP 
numeric(5,1)   Mean BP 
numeric(5,2)    Age 
char(l) 
numeric(5,2)    Weight (kg) 
char(l) 

AIS Extremeties Score 
AIS External Score 

M/F 

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 5 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-RIOOO, Ansar Inc., 
Philadelphia, PA). This unit yields values for L(mean), R(mean), L/R(mean), and HR(mean) shown in 
Tables. 

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 (ZQ), 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 

CM 
25.2 

CIbi 
95.8 

HR 
95.8 

MAP 
94.3 

Sap02 
94.0 

Ptc02 
92.8 

PtcC02 
92.8 

FI02 
94.9 

Sa02 
59.2 

Sv02 
16.5 

HCT 
60.7 

D02I 
59.5 

V02I 
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 l\/leasurement 

COtd 
56.4 

COrb 
20.7 

STAR 
20.7 

CObi 
91.1 

CIbi 
91.1 

HR 
96.6 

MAP 
96.6 

Ptc02 
91.6 

PtcC02 
91.6 

no2 
96.6 

tc02/F 
91.6 

Sap02 
96.6 

L(mean) 
97.8 

R(mean) 
98.9 

L/R(mean)   I 
99.4             ] 

iR(mean) 
[00.0 

Pa02 
77.7 

Sa02 
77.7 

Sv02 
46.4 

HCT 
77.7 

D02I 
49.2 

V02I 
45.3 

Qs/Qt 
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 

COtd 
67.2 

COrb 
25.4 

VC02 
25.4 

ETC02 
25.4 

Pox 
25.4 

STAR     1 
25.4        f 

rv 
'5.2 

Rl 
4C .3 

CObi 
98.5 

CIbi 
98.5 

Zo 
3.0 

dZdT 
4.5 

HR 
100.0 

MAP 
100.0 

Ptc02 
92.5 

PtcC02 
92.5 

FI02 
100.0 

tc02/F 
100.0 

Sap02 
98.5 

L(mean) 
11.9 

R(mean) 
11.9 11. 

l(mean) 
9 

HR(mean) 
4.5 

Pa02 
76.1 

Sa02 
76.1 

Sv02 
52.2 

HCT 
76.6 

D02I 
55.2 

V02I 
52.2 

Qs/Qt 
52.2 

BE 
56.7 

PEEP 
50.7 

CVP 
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 

CIbi 
99.1 

HR 
100.0 

MAP 
100.0 

Sap02 
100.0 

tc02/F 
100.0 

Gild 
46.3 

COrb 
4.6 

FI02 
100.0 

Pa02 82.4 Sa02 
82.4 

Sv02 
49.1 

HCT 
83.3 

D02I 
50.0 

V02I 
50.9 

Qs/Qt 
50.0 

BE 
80.6 

L(mean) 
17.6 

R(mean) 
17.6 

L/R(mean) 
17.6 

PtcC02 
100.0 

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

(EMR patient data processed in 2002 require tiiat 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 IVIeasurement 

CIbi 
100.0 

HR 
100.0 

MAP 
100.0 

Sap02 
99.1 

PtcC02 
95.5 

tc02/F 
100.0 

CM 
47.3 

FI02 
100.0 

Pa02 
79.1 

Sa02 
79.1 

Sv02 
51.8 

HCT 
80.0 

D02I 
50.9 

V02I 
49.1 

Qs/Qt 
49.1 

BE 
75.5 

L(mean) 
4.5 

R(inean) 
4.5 

L/R(mean) 
4.5 

Study Name: Surgical ICU 5 (in Progress) 
Focus: Comparison of invasive and non-invasive measurements on a periodic 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 

CIbi 
100.0 

HR 
100.0 

MAP 
100.0 

Sap02 
100.0 

PtcC02 
100.0 

tc02/F 
100.0 

Cltd 
36.7 

FI02 
100.0 

Pa02 
73.3 

Sa02 
73.3 

Sv02 
40.0 

HCT 
73.3 

D02I 
40.0 

V02I 
40.0 

Qs/Qt 
40.0 

BE 
70.0 

L(mean) 
0.0 

R(mean) 
0.0 

L/R(mean) 
0.0 
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Table 5. Summary of WCS Physiological Parameters Versus Data Set and 
the Percentage of Patients Covered by Each Measurement 

Parameter 

Fluid 
Resus. 
Protocol 
07/96 - 03/99 

Heart Rate 
Variability 
Protocol 
08/99-10/00 

Surgical 
ICU2 
08/00 - 05/01 

Surgical 
ICU3 
03/01 -11/01 

Surgical 
ICU4 
11/01 -07/02 

Surgical 
ICU5 
07/02 - 09/02 
(In Progress) 

Cltd 25.2 56.4 67.2 46.3 47.3 36.7 
CIbi 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 
Ptc02 92.8 91.6 92.5 100.0 100.0 100.0 
PtcC02 92.8 91.6 92.5 100.0 95.5 100.0 
FI02 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 
Sv02 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 
D02I 59.5 49.2 55.2 50.0 50.9 40.0 
V02I 16.5 45.3 52.2 50.9 49.1 40.0 
tc02/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 25.4 
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 
VC02 25.4 
ETC02 25.4 
Pox 25.4 
TV 55.2 
RR 40.3 
Zo 3.0 
dZdT 4.5 
PEEP 50.7 
CVP 38.8 
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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 Oximetrv. Routine pulse oximetry (Nellcor, Pleasanton, CA) is used to continuously assess 
arterial oxygen saturation (Sap02). 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 
(PtcP02) 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 comeum and to avoid 
vasoconstriction in the local area of the skin being measured. 

Previous studies demonstrated the capacity of Ptc02 to mirror tissue oxygen tension [Ref. 14]. 
Ptc02 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 C02 (PtcC02) 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-RIOOO 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 Ptc02/FI02 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-RIOOO 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 l\/ledications, Blood Component Therapies, 
Resuscitation Fluids, and Procedures in the W. C. Shoemaker Data Sets 

Medications Blood Component Therapies 
and Resuscitation Fluids 

Procedures 

DOP (Dopamine) RBC (Packed Red Blood Cells) Intubation 
DOB (Dobutamine) Plates (Platelets) Entabation 
Morphine Cryo (Cryoprecipitated Anti- 

hemophilic Factor) 
Dialysis 

NaHC03 WBC (White Blood Cells) Surgery (start/closing/end 
times) 

Nitroprusside Colloids CPR 
T4 (Thyroxine) FFF (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 
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Table 8. Items from the Trauma Registry that are in the i\/lain Database 

Injury Date Abbreviated Injury Scale (AIS) 

Injury Time (l=Head, 2=Face, 3=Chest, 4=Abdomen, Pelvis, 

Mechanism of Injury Description 5=Extremities, 6=Extemal (e.g., skin)) 

Blunt/Penetrating Blood (Total blood/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 Bum 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 
Hcr 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 Pulmonary Embolus (PE) 

Pre-hospital Renal Failure 

ED IV Fluids Septicemia 

Blood Products Surgical Dehiscence/Evisceration 

Autotrans Surgical Wound Infection 
None 
Other 
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Definitions of Physiological Parameters in the 
W. C. Shoemalcer Data Sets 

BE 
Base Excess 
Blood Gas Lab results 
(dimensionless, pH) 

CIBI 
Cardiac Index Bio Impedance 
IQ machine 
l/min/m'^2 
Integration is 12 beats 

CITD 
Cardiac Index measured by Thermodilution 
Pulmonary Artery Catheter 
1 /min / m'^l 
5 minutes measurement time 

COB! 
Cardiac Output Bio Impedance 
IQ machine 
1/min 
Integration is 12 beats 

COrb 
Cardiac Output measured by C02 Rebreathing 
Non-Invasive Cardiac Output (NICO) 
1/min 

COtd 
Cardiac Output measured by Thermodilution 
Swan-Ganz TD Catheter 
1/min 
~ 5 minutes integration time 

CVP 
Central Venous Pressure 
Central Venous Line - average pressure from central line 
mmHg 
-5-10 minutes integration time 
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D02I 
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 

ETC02 
End Tidal C02 
NICO 
Ton- 
~ 1 minute integration time 

FI02 
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 ZO present, otherwise IQ machine 
Beats/Minute 
10-15 cardiac contractions averaged 

HR_mean 
Heart Rate 
HRV machine 
beats/min 
15 minutes integration time 
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L_mean 
LFA (Low Frequency Area) 
HR spectrum 0.04 - 0.10 Hz 
HRV 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 
mmHg 
10-20 seconds integration time 

PA02 
Arterial Blood Gas 02 tension 
Lab result 
Ton- 

PAP 
Pulmonary Arterial Pressure 
PA Swan Ganz Catheter 
mmHg 
-5-10 minutes integration time 

PEEP 
Positive End Expiratory Pressure 
Respirator 
mmHg 

Pox 
(Sap02 from NICO, compared with Sap02 from Colin) 
Pulse Oximetry 
NICO 
% 
5-10 seconds integration time 
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PtcC02 
s'* Transcutaneous C02 Tension 

Novametrics 
Torr 
30 seconds integration time 

Ptc02 
Transcutaneous Oxygen Tension 
Novametrics 
Torr 
30 seconds integration time 

Qs_Qt 
Physiological Shunt Pulmonary Venous Admixture 
amount of blood going through lungs w/o being oxygenated 
Calculated from Swan-Ganz 
% 
15 minutes measurement time 

R_mean 
HFA (High Frequency Area) 
HR spectral curve with a 0.10 Hz window around 
fundamental respiratory frequency 
HRV machine 
Hz 
15 minutes integration time 

RR 
Respiration Rate 
Respirator 
Breaths / Minute 
30 - 60 seconds average 

SA02 
Saturation of Arterial Hemoglobin 
Lab result 
% 

SAP02 
Pulse Ox 
Finger Cuff 
% 
5-10 seconds integration time 
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STAR 
Goodness of ETC02 measurement 
NICO 
1-5 stars 

SV02 
Saturation Venous Oxygen 
Lab Result 
% 

TC02/F 
Transcutaneous 02 / FI02 
Calculated from TC02/FI02 
Torr 
30 seconds integration time 

TV 
Tidal Volume 
Respirator 
liters 
30 - 60 seconds integration time 

V02I 
Oxygen Consumption Index 
Calculated from Swan-Ganz TD cath, ICU computer 
ml/minute/m^ 
15 minutes measurement time 

zo 
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 CO2 
monitoring system will be processed and added to the database. The sublingual approach for 
measuring CO2 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 Pcoo Proved to be a good estimator of severity of 
circulatory shock state [15]. It was found that when sublingual Pco2 exceeded a well-defined 
threshold of 70 nmi 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 Pco2 exceeded 70 mm Hg on admission, died in 
the hospital. It was concluded that noninvasive sublingual Pco2 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 CO2 and sublingual measurements of CO2. The potential use of sublingual CO2 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, DO2, VO2 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 the 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 (Sap02), and transcutaneous O2 tension divided by 
fractional inspired oxygen concentration (Ptc02/FI02) 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 Ptc02/FI02 in itself is a fairly 
good predictor of outcome, particularly at the earliest times after the trauma victim enters the 
hospital. The large Ptc02/FI02 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 
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Figure 3. Mean values and standard deviations of five iiemodynamic parameters in the 
Database. Blue designates survivors, whereas red represents non-survivors. Ptc02/FI02 
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 n 
score, predictions of discriminant analysis, probability analysis based on the "nearest neighbors" of 
a patient's "state vector," Ptc02/FI02, and the combination of Ptc02/FI02 and PtcC02. At present 
the mathematical "nearest neighbor" analysis appears to be the best technique for outcome 
prediction, whereas Ptc02/FI02 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 
= [(l-sensitivity)2 + (1- specificity)^] 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 t value of the double-ended 
Student's t 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 S 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 t value for the double 
ended Student's t 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. 

• Mining of the database provides insight into the resuscitative outcome of combat 
casualties and civilian trauma victims. 

• The database can be used to help determine when to resuscitate, how to resuscitate, 
and what the end point of resuscitation should be. 

2. 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 Ptc02/FI02 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 

2. 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 

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

4. Olinski M, Shoemaker WC, Reis E, Kerstein M: Current controversies in shock and 
resuscitation. Surg Clin North America 2001; 81:1217-12^2 

5. 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 

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

7. Shoemaker WC, Bayard DS, Wo CCJ, Botnan A, Chan L, Jelliffe RW, Djuth FT, Belzberg 
H: Noninvasive hemodynamic monitoring of emergency patients for outcome prediction by 
a stochastic control program. Crit Care Med 2002, Submitted 

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

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

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

4. 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. 

5. 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. 

6. 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. 

7. 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. 

8. 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. 

9. 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. 

10. Shoemaker WC, Belzberg H, Bayard DS, Wo CCJ, 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. 

11. 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. 

2. 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 

understanding 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 predictive 
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 clinical 
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> 
Co: "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 I 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 previously 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 Sen/ice (5.5.2656.59) 



Content-Type: multipart/alternative; 
boundary="—-_=_NextPart_003_01 C26A4D.5513C420" 

Dear Dr. Pranulis, 
In regard to our project (contract no. DAMD 17-01-2-0070) we plan 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. 



Development of a Hemodynamic Database in Severe Trauma Patients 
to Define Optimal Goals and Predict Outcome. 
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■ ■■   ' Abstract . .■/,". 

_Nonmvasive hemodynamr monitoring systems provide amtimioush monitored on-line 
displays of data from emergency department admission to the OR. and to tlie ICU fi,r earlv 
recognition of circulatory dysfimction in acute emergency conditions. 77.f net cumulative 
deficits of cardiac index are estimated by thoracic electric bioimpedance. arterial hxpoxemia 
IS measured by pulse oximeiry. and tissue perfusion is reflected bx transcuianeons p'(). Based 
on a large database, survival was satisfactorily predicted by discriminant andlvsis and bv a 
new stwhastic analysis and control program. 

1.  Introduction 

Wc siuUicd scqucmial hcnuuJynainic paiicnis ol" .survivin!- and nonsurvivinL' postopcraiivc 
paiicms. and used ihc icmp.ral circulaiorv paiicms ol" survivors in ihc ilrsi 1^ hours 
posujpcrairvcly alkr severe ctuunia as a lirst approxiniaiii.n to define optimal aoals oi iherapv 
and ibe paltems o| nonsurvivors as early warnins: signs oi poieniial disasters | T^j 

Goal-direeied therapy his been used as a straicuy |\,r hisrh-risk suruervaiid acute illness 
such as trauma Il-7|. AlUiouyh most sluvk studies have demonstrated that earlv dia-nosis and 
vigiTO therapeutic inicrveniions were keys to success, earlv diaiinosis'or drculatorv 
clysluncuon is dillicull. because traditionally sh»K-k has been rccoL'ni/ed bv imprecise sians 
and observer-deijendani subjeeiivc symptoms. Shock is easy to rcan:nize in its later stai!e>rbv 
hypiHcnsion. ohguria. and collapse, but by that iimL\ thcrapv is often^nellMivc 

Noninvasivc hemodynamic iiionitorinj. technology has'now become available Uinm-hout 
the hospital including the emergency deparimeni (ED), operaiim: rwm (OR), posi-ahcsthcsia 
rccovcfy n)om. ICU, step down units, hospital lluirs. prchospital areas, and Uoeiors' olllccs 
Nonmvasivc moniionng is easier, faster, safer, cheajxr and equally sensitive 18-14| 

The major lesson learned from earlier studies is that effective rcsu.scitaiion of" acute life- 
tnrcatcmng emergencies requires achieving optimal physioloizical uoals as early as pt)ssiblc- if 
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circulatory .iKJchanisnis can be idcniir.ed earlier and ircalcd nK)rc vigomusiy u, .s,x:cir.cd 
ohvsiologic criicria, oulcomcs should be improved. ,        • •.   • 

We have developed a large database of invasive and noninvasive hcniodynani.c "Hxmonng 
of acutely ill trauma and surgical emergencies beginning in die emergency department (ED : a) 
to describe early survivor and nonsurvivor patterns of cn^rgency patients in teniis of cardiac 
pulmonary, and tissue perfusion deficiencies; b) to measure quant.tauvey U,e net cumulauve 
amount oTdeficit or ex^s of the nx,nitored functions that correlate w.th survival or de^. 
and c) to use discriminant analysis to predict outcome and evaluate the biological sign.litancc 

of monitored deficits (13). 

2. Melhods 

2.1 Development of databases 

Databases for acute injury patients (N=316). elective high risk surgery, noninvasivcly 
nK)Srpatients (N=374) and invasively nH)niton:d patients (N=8()9). scpl.c slux:k patienLs 
SysraSd heniorrhage only patients (N= 87, have been devclo,x:d to describe the pniiiary 

injurias or illnesses, the heiiKxlynamic patterns by invasive and noninvasive "'CUUHJS, and the.r 
>utcomcs   including survival/nonsurvival. organ failure, oUicr coinphcaiions, III.K: ol ED 
admSS, hospital days. IGU days and estimated hc.pita. coMs. N-'-a-siv^^^^^^^^^ 
begun in die ED and followed to the OR. radiology dcpaitii«:.u and ICU, invasive pulnx nary 
3 caUi^rizalion (PAC) was instituted when clinically indicated after arrival in tie ICU. 

We h've rrped a large database with over 10,0()0 time lines describing die dirncal and 
hemodynamic  patterns  of 30 clinical sub.seLs  wid.  s,x:cil.ed co-iiiorbid condm >ns     » 
hcniodynamic variables, and over 2500 dierapeutic interventions with values obtained belorc. 
durinE and after each therapy given one-at-a-time. except for clinical exigencies. 

Te's^uenSal patterns weri described in time elap.sed from onset of illness or ."time Iron 
EDadmS. Weighting criteria to specify the nearest neighbor, were based "1-'"^ '-;;^^"; 
Sag.losis coMiwrbiLonditions, aiid heniodynamic paticnis ol survivors vs. non.surv vors. 11 c 
p va^S of difLences in the temporal patterns of survivor." and nonsurv.vors values wore 
Ld L we ghling criteria in each subset, for example, lor .subsets of Rtienls w.th and without 
r^d!^jS blunt vs. ,x:netrating trauma, truncal and nonu^ncal trauma, age strati hcations, 
nri.>r cardiac resDiratory, hepatic, and renal dysluiKtion or organlailurc. etc. ,   ,, 
"^M^^^n^Jrespon^ to standardized test do.ses of whole bUxxl or packed red 
celfSstusTen over a s^cified period of time (asually l-hour, provide quantitative 
r«s of e^eh patient's cardiac reserve capacity. This is ex,xes.sed as changes in cardiac 
rx^aUve'o corresponding change in PA .Kclusion (wedge, pre.ssure or central venous 

nSsu^ (Ta^ling?my(^^^ curve, before and alter a bloixl iranslusion given 
o^THne Wperiod Criteria for .satisfactory vs. limited cardiac functional reserve capacity 
have been developed for each clinical subset and each time ijenod. 

2.2 Noninvasive Heinodynaniic Monitoring Systems 

The monitoring systems are an improved noninvasive thoracic electric bioini|)edancc 
cardiac oXTdevc^, a pulse oximeter to measure arterial lK:nH,glob.n saturation, a 
nSLSLi pressure de^^^ and transcutanecxis O. and CO. .sensors to relect tjssu 
Susimi/oxvEenation. Tliese condnuoasly monitored noninvasive measurements were used to 
Cf^a^cS^Sa e circulatory patterns in 151 consecutively «K,«ito.cd severely injured 
iliS Sning with admission to die emergency departn^nt .n a un.vers.ty run county 
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hospital. TIJC ncl cumulative deficit or excess of each monitored parameter was calculated as 
ihc cuiiiulalivc dif!crcncc from tlic nonnal value versus the tinic-integrated monitored curve 
for cacli patient. Tlic deficits of cardiac, pulmonary, and tissue perfusion functions were 
analyzed in relation to outcome by discriminant analysis and crossvalidated. 

Noninvasive nroniloring compared favorably with invasive thermodilulion catheter 
njoniioring in high risk patients with surgery, blunt u-auma, gunshot wounds, head injuries, 
sepsis, su-okes, drug overdo.se, myocardial infarction, and acute gastrointestinal bleeding. 
Dirierences between impedance and thennodilution cardiac output estimations were more than 
ollset by tlie continuous on-line display of data that allowed instant recognition of changes in 
the course of a patient's illness, calculation of the deficit of each monitored variable, and 
evaluation of therapeutic responses. 

3.  Results 

3.1 Therapeutic Goals 

Ihc specific nK)nilored goals of therapy based m empirical findings of survivors were: 
cardiac index > 4.5 L/min/m^ .systolic blotxl pressure > 120 mmHg; pulse oximciry > 96'7r: 
iraiiscutancous oxygen PtcOz/FiQz ratio >200; heart rale < l(X) bcats/miii (1,3). 

3.2 Survivor and Noiisurvivor Ilemodynantic Palterns in High-risk Surgery, Trauma, 
and Sepsis 

in nonsiirvivors, the initial hemodynamic changes consisted of reduced cardiac index, 
oxygen delivery, and oxygen consumption. Shortly after .surgery, the survivors hail 
hcmixlynamic and oxygen transport values greater than normal, and greater than those in the 
nonsurvivors. Similarly, in severely traumatized patients and in both medical and surgical 
septic shock patients, survivors also had increased hemodynamic and oxygen transport valuas. 
suggesting that these responses were conipensaling for prior inadequacies of li.ssuc perfusion 
and oxygcnation. 

3.3 Quaiilitative Asscssnicnt of Continuously Monitored Noninvasive Variables as Net 
CuniulatiVc Amount of Excess or Ucncit 

Many recordings show considerable variability which may obscure the undcriying paltenj. 
To overcome this problem we evaluated the net cumulative deficit or excess in cardiad 
pulmonary, and ti.ssue jjcrfusion function data by integrating over time the area between the 
monitored curve and tljc normal or optimal values. In nonsurviving patienLs, ihc mean valuer 
as well as the net cumulative deficits were significantly greater for cardiac index, li.ssuc: 
jierlusion, and arterial saturadon than in survivors, even tlwugh the survivors' and 
nonsurvivors'MAP values were not significantly different. 

3.4 Outcome Prediction by Uiscriiuiiiant Analysis 

The data were analyzed by discriminant function (15). The following variables were .selcclcd 
by the .stcpwi.sc discriminaiil analysis (PROC STEPDISC): a) cumulauvc PicOz/FiOz, b) 
Glasgow coma scott, c) cuniulaiivc SapCb values and d) cumulative cardiac index. Based on 
the classification function generated for each of these four variables in PRCX: DISCRIM. 
discriminant function, Z, was derived for an individual patient: Z = 0.001 la + 0.33001- 
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+ 0 0656c + 0 0423d- where "a" represents cumulalivc PlcO^FiO^ value, "b" rcprcsenLs 
G."; ofco:."-^^^^^^^^ represents cLu.aUve SapO. vaiue andru" repre^^^^ —jve 
cardiac index value. Classification of the survivors was: Z>2.36. Half of the cases were 
r^domli selecS"o serve as the calibration data set; the other half was used ^ the val.dai.on 
Tu ^t^ sS in Rgure 1. above, there were 14/76 (18.4%) ,„isclass.ncauons .n the 
c^!vaMon s^udy. compared wid, 23/151 (15.2%) of the series as a whole. Th.s wa^ 
cridTredTbe in reasonably saUsfactory agreement (14). Using slepw.se cl.>scn'n..,anl 
anS;srs?95% of die survivors and 62% of die nonsurvivors were correcdy class.fied .n the 
early period alter the initial resuscitation. 

■Total (N) 

aUve<l(N) 

■ Died(N) 

98 

B B 
B ■ 18 

B 

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

4. Conclusion 

Hcmodvnamic data obtained by puhuonary artery (PA) ihemiodilution (Swan-Ga.r/.) 
catSaveTow^^ii^n anUy high^ he..iodyna.nic and oxygen transport values .n surv.vo« 
Sn^S'lsurSlo. (U.4'12). Classicany. ^^-^'-^-^J^.J^tSJ 
hvDOiension. and collapse in the late stage, when therapy .s least effective. However.^ .n.i.ay 
T^:^ shock b^ subjectively evaluated signs a.id '^V-P^o-.-^ ^.^^^^ ^^ 
icmocraiure mental status, weak thready pulse, and v.tal signs. Tlic a>nvcntio..al »'cra|x:ulic 
^;;S^I:L S to correct dKse superllcial manifastatio..s as sc«n as Qiey are recog,ii/.d. but 
uiidcrlvinEhcnxxlynainic mechanisms are often not corrected (13,14). ..„„..«,■„, 

Tte dftHu^^^^ dial multiple noninvasivc moniiori.,g systems are lca.s.blc .ncthod to 
supply intmS preLsly Available only in d,e catheterization lab under stenle operaung 
SSSil or by L PA (Sw..G^z) cajj^er u^ 
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early |icriixl iiiiincdiaicly after emergency dcparlmcnt admission. Thfcy provide conimuous on- 
line displays ralhcrllian "snapshols" al infrcqucni intervals. 

Mosl im|X)rtanlly, in Uic period during and immediately after rcsuscilation. noninvasivc 
hcnKxJynamic patlcnis of patients with severe trauma arc closely related to outcome. We have 
used these patterns to develop outcome predictors by di.scriminate analy.sis to elucidate 
underlying mechaiiisms (13). ALso wc now propose to supplement or replace discriminate 
analysis vi/ith a stochastic control prt)gram. which is a more powerful research tool applicable 
to iiKMC extensive u.se of iiKMiitorcd variables in a wider variety of acutely ill paticnus, 

Ihc data show that the initial licmbdynamic nndings are low How or unevenly di.siribuicd 
iiiicnicirculaiory llow wiili p()or tissue pcrfasion/oxygcnation; these arc initially precipitated 
by many factors including hypoxcinia,hypovolemia, acidosis, and the adrcnoniedullary stress 
rcs|X)nsc. Tlic |xx)rly ix:rlu.sed, acidolic capillary endothelial wall activates macrophagcs. 
stimulates the systemic immune response syndrome (SIRS), and produces reactive oxygen 
substaiK-cs (ROS), that may contribute to llie development of ARDS and other organ failures. 

Our liy|X)tiicsis is that early idcniillcation of the initiating heiiHxIynamicmechanisiiis allow^s 
their correction with concomitant reversal of shtKk and improved outcome. PrcUminary data 
dcnu)nstratcd that the sttx:hasiic control pmgram pa)vides objective, quantitative infonnaiion 
iin iliclikelilKxxl ol survival or death before and after each Uicrapy. In cs.scncc. the stochastic 
conu-ol program provides early warning of initiating mechanisms at limes when diey can be 
reversed, evaluates the relative efficacy of .specific therapy to reverse early dclcierious 
iiicchanisiiis. and thereby provides the basis lor understanding of the conU-ibulory role of ihcsc 
liciiKHlynainic mechanisms. 

This analysis is ba.scd on the assumption that it may be easier and more efficacious to 
identify initiating hciiKxlynamic mechanisms of sluxrk and lethal organ failure by evaluation of 
early hcnuxJynamic patterns and their transitions alter lhera|x;utic interventions. Transitional 
stales alter ihcra|x:Utic iiitcrventions al.so may be evaluated in terms of possible mcchanisuis; 
lor example, cardiac reserve capacity may be inferred from changes in myocardial 
|x:rlorniance after a standardized transfusion of I unit of whole blood given over a 1-hour 
ix:riml or a standardized lest dose of dt)bulaiiiinc. A distinction is made between iniualing 
heiiK)dynainic iiicchanisms and later iminunochcniical or tuher biochemical liicdialors ofDrgan 

failure. . 
OultiMiic predictors will be used lo line tune evolving henKxlynamic patterns and to observe 

Ihc ctlccis of iiKxlilying |X)lenlially lethal mechanisms by therapy early in the course of acuic 
illness. The a.ssumption is that Uierc are different lyixjs and degrees of hemodynamic 
dysfunction that need objective measures to track their presence and inten.sity. An objccuve 
ouicomc measure representing the probability of survival should be a useful means to evaluate 
the evolution of acute illnesses that lead to organ failures. Trauma and high-risk .surgical 
patients were selected because of their varying hemodynamic patterns, severity of illness, and 
a.ssiKiatcd co-morbid conditions. 
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stochastic Analysis of Therapeutic Modalities Using a Database of 
Patient Responses 

D S Bayard. A Botncn, W C Shoemaker. R Jclliffc 

iMboratory of Applied Pharmacokinetkx. USC School of Medicine. Lo.s Angeles CA 

Abstract 

a nUrrTT" " "''''"''•'>''''/''''•'''■''^■^'iranalym and nmnol ^vhirl, doe. no, reauire 

'"l'lt-l''"''>»'''l>r>du,f,hnamwproKrammh,Kfor^UHho.,^^^^ 

1. Concept or State 

fenLrdc . ^;^T        K"- "'""^ ^"^"'- P"''**^ •«""*=">•• >n«nscu.anc.,us a and CO 

A-(/J = 

" '     »' ' . 

2. ImpUcit Dirnamlc model 
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l"or sinipliciiy, p is assumed lo be drawn from a lujilc set Ibrmcd by enumerating all useful 
oonibinations of covariaics. 

/7 6{p,,...,p„} (3) 

Both the parameter vectorp of covariaics and process noise w liclp lo explain the variability of 
ics|7t>nscs seen in the daiaba-sc. SpcciHcally. the covariatcs help lo distinguish gross differences in 
responses due lo major categories of complications (e.g., with vs'. wiihoui head injuries, blunt vs. 
|x:nctruting Lruumu, iruncal vs. noniruncal trauma, age stratiITcations, etc.) On the otiicr hand, 
process noise helps lo explain smaller differences bciwccn paiietits with idcniicul covariatcs but 
wiih different res|>onscs to Uic same therapy. 

3. Control Inputs 

It will be assumed that llicrc is only a finite set of M control inputs in (2) that can be applied 
lo the system. Specifically, the control u\t^) at limc^j^ is assumed lo be drawn Ihnn tl>c llniiesci, 

«(rje {/£,,...,!/„} , (4) 

where H, arc controls (therapeutic nifxlalitics) such as lluid therapy U'ilh crysialloid.s, wiili 
colloids, with whole bliHxJ or packed RBCs, or various va.s«activc drugs such as dobuiaminc, 
dopaniinc, and other jTOSsiblc nK>daUiics. 

4. Nearest Neighbors 

Once the slate vector and covariaics are dcllncd, inc key concept of a "ncai'cst jjeighbor" caji 
be pui forth. Given ihe state -v^ and a ceriain covarialc p, ibe A' nearest-neighbor stales 
(dcn<.ned as n^j j._, as i>n^.ij,;:;;) arc defined as ihc slates .v thai arc clo.scsi to A\ in ihc database 
and which share the .same covariate vector p , Here, a measure of "clo.scnc,ss" is conveniently 
defined in icmis of ihc quadratic di.siance beiwccn the state and its neighbors, 

cl{x,.K,)^{.x;-.xYwU,-x) (5) 

where w is an appropriately chosen weighting malrix. 

5. Petfonnaiice Measure 

The pcrfonnancc measure is ihc pnobabilily of survival. For a patient in a given state x with 
covariate vector p, the survival probability is denoted by S(x,p). U is evaluated simply,.by 
extracting the N neanssl neighbor stales lo .r of patients with ihc sanic covariate vector pitnd 
by Jioiing the fraction of ihem that survived. For example, if A, of the N nearest-neighbor 
Slates to X survived, then the survival probability i.s given as, 

S{x,p) = -^~ (6) 
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6. Applications 

6.1 DatB mining 

One can now trace through individual paiicnt hisiorics in ttic database and compute the 
associated probability of survival 6'U,/)jas a function of time. A large cliangc, citiicr up or 
down, indicates a potentially signincani roic of the a.ssociatcd Uicrapcutic fnodaliiy. and its 
underlying pliysioiogic niedianisins. 'Ilic entire database can be mined for therapeutic modalities 
having the most efficacy or liann under specific conditions using diis lechniguc. 

6.2. Real-Time Diagnostic Tool 

The siocljastic analysis is not rcsiriclcd to subjects contained within the database. It can also be 
used on any real patient during his/her clinical care. In this case, the survival probability S{.\,n) 
i!r computed by tracking the subject's nearest neighbors in the database and providing u> Hic 
clinician a rcal-iimc feedback signal which indicates U)e condition of the patient as a lunctlon ol 
linjc, and the cflicacy of any thcraixrutic modalities administered, or to be considered at lluil lime 

6.3.Stochastic Control Optimal Therapy 

By classifying a subject's nearest neighbtirs by the therapeutic mtxlalitics employed, tliv 
survival probabilities f{u,,.\\,p) can be computed separately for each nn^dality i/.,. A useful 
mclh(xl for stochastic control then follows by adminisicring the therapy associated with the 
highest value of t'[u,,.x^,pi. Iniuiiivcly, this therapeutic modality is optimal (and a worthwhile 
choice in practice) in Uic sense dial it has the highest survival probabilily among the patient's 
nearest neighbors in the database. 

The stochastic analysis and control approach is summarized in Figure I. Examples ol the 
second application ab^ivc (i.e., use as a real-time diagnostic tool) will be given in the next section. 

DATABASE OF RESPONSES 
 • ^  

State ^k 

1 

kt. k.",j;., 
i 
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Extract N 
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Figurel. Slochasllc analysis and conlrot synthesized using a database of responses. 
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7. Exaniples 

In ihis section, wo examples arc given dcnionsiraiing Uic use of the slocliastic analysis tool for 
rbal-iiiiie diagnosis. For this purpose, a hcmodynaniic database of responses is devcloj[5cd Ironi 
fhc records of 316 acutely ill patients [51. 

The covariaie associated with truncal injury is chosen. Tlic state is chosen as a vector whose 
dements ate composed of the lime t elapsed since admission, and observations y,J - I, 7 
9id their first and second derivatives' y,,y,, and Hrsl integral j y,ai for each of llic following 
©bscrvaiions: Cl (cardiac index); HR (heart rate), MAP (mean arterial pressure), pulse oxtmctcy 
arterial oxygen saturation  SapOj), uranscuiancous oxygen  PtcQ^; u^nscuiacncous carbon 

,Jioxidc FtcCO^; and HCT (hematocrit). The resulting slate has 29 dimensions. 
Data sets of two patients were removed fron) the database and treated as new patients. Tlie 

probability of survival (bottom uraccs) is calculated using the stochastic analysis approach and 
plotted as a function of dmc in Figure 2 for patient 1 and in Figure 3 for patient 2. 

n     rt 

iTjifri or i 

lijiVU'l- •- 

"1—ii ■ ■ li   \—**••• ■',  «"r*—f^"' '    «■   I • >    '' 
5S    J?    !S   $   )B"IB: fft    5    in    3 S^    Pi    5^ i 0    St 

i   i   ri!*!^—,j 1     i 
1              !       ;       !    !l«<MKBr.jj j   i !            5 

 .: .i    f ("FJsD   
Ijft'aicraiij I 

■It's Bl.'"j    »" I   * -trp'an- 

flgure2. Patient 1 Data - Upper rovi/: Cardiac output (Cl); Second Row: Mean arterial pressure 
(/WAP); Third row: Pulse oximelry (Sap02): Fourth row: Transcutaneous FI02 ratio; Lowest row: 
iun/ival Probability computed lor this patient by the stochastic analysis and control program. 
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Figure 3 Patient 2 Data - Upper row; Cardiac output (Cl); Second Row: Mean arterial pressure 
(MAP); Third row: Pulse oximetry (Sap02); Fourth row: Transcutaneous FI02 ratio; Lowest row: 
Survival Probability computed for this patient by the stochastic analysis and control program} 

In cadi ligurc, the dark ureas arc regions oC dcllcil. wlicrc ihc paiicms' incasurcincins 'Icll 
below SCI ihrcsliolds into non-ideal territory. The more lime spent in such regions (i.e., buiklinii 
up an "integrated dclicii"), tlic more reason lor concern I'or the well-being ol" tiic patient. Tliis 
integrated dcllcil statistic has been studied separately and has emerged as a strong indicator ol' 
patient survivabiliiy in earlier studies |6). It is u.sed here to compare with the new survival 
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probabiliiy slaiisiic. In cacii Ilgurc, dnic in luiurs from ED admission arc noted on ihc dark 
lu)ri/.oiual line below die survival probability TOW. 'Ihc start and end ol' ilic surgical operation 
(OP) arc noted. Each therapy is noted in the obUjng boxes, and tiitics of the beginning and end of 
cacli therapy arc noted by die vertical dotted lines. 

hi the data of patient 1, (Figure 2) continuing deficits in Cl and the iranscuiancous OVFIO^ 
ratio resulted in a progre.s.srvc lowering of this patient's survival prt)babiliiy bcginiiiiig 5 hours 
after admission. The patient .subscqucnUy died on the 9'" postop day. The .survival probability 
con-cclly indicates Uiis degrading trend, becoming .smaller with time and ending wjih a survival 
probability of lcs.s than 50%. 

In the data of patient 2 (Figure 3) there arc relatively .small deficits in Cl values, which were 
usually above the normal value of 3 Lymin/nr, but not at the optimal values of 4 Uimn/m^. Tlicrc 
was also slight hypotension, despite a relatively normal Cl and the relatively low ti.ssuc pcrfusion 
mdicaied by the Ptc07FI0^ Despite thc^ic nnld to moderate dcr.cicncics. diis patient survived. 
The survival probability correctly predicts this optimistic trend, l-ollowing un initial low it 
remained above 75% toward the middle and at the end. 

In IxHh examples, it in seen that the survival prt)bability has provided a reliable real-time 
diagnostic .signal to indicate the condition of die patient, 
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clinical iiiifestigations In critical care 
Outcome Prediction of Emergency 
Patients by Noninvasive Hemodynamic 
Monitoring* 
wmam. C. Shoemaker, MD; Charku C. J. Wo, BS, Linda Chan, PhD; 
Emily Bamicone, MS; Emm S. Kamel, MD; George C. Yelmahos, MD, PhD; and 
Howard Belzherg, MD, FCCF 

Qlijectkieei We used noninvasive hemodynamk! mcntitOTNg in Ae initia! rosuscttitton beginning in the 
emergency dcpnrtnient (ED) for die followin); reosoniti (1) to Awicnbe enrly survivor and nwisorvivor 
paHemn of cmei^em^ pabenti! in terms of cardlne, puhnonaty, and tissue pcrftMlon deRcicncies; (2) to 
mBajiure qnanfitaUvely the net cumnlittive mnonnt of deficit or e^ces!) of me monitored rimcHons l-hnt 
con«Inte witlj swrvi^or dendi; and (3) to explore the n« of discriminairH. analysis to predict milconiB and 
evaluate Sie biological significance of monitored deficits. 
Methodai This is n descriptive study of the feainhillty of noninvKsive monitorinj; of patients with aentc 
cm«i%eney conditinns in die ED to evaluate dnd quantify hemodynawiie deficits as early as possible. The 
noninVAsive monitoring systems consisted of a biK^mpedance method tor estimating cardiac output 
togetlier with pwlse oidmetry to reflect pnhnonary ftmction, tmnscutanecnis oxj^en tension to reflect lissitc 
perfesioti, and BP to reflect tfie overall dradatory status. These eontinuowsly mwiitored noninyasrivo 
measuxemenb! were used to prbspecBvely evaluate circulatory patterns in 151 cowsecuttvcfy monitonsd 
severely injured patients beginning with admission to the ED in a university^nm county hospital. The net 
cumnlativc deficit or excess of each monitored poramcter was calculated as the cumulktive difforertce from 
the normnl value vs the tiine-integrate<l monitored curve for each patienb The deficits of cardiac, 
puimnnaiy, and tissue periiision functions were analyzed in relation to outcome by discriminant analysis 
and were cross'VaKdnted. 
Besubs: The mean (* SEM) net cinnulativc excesses (+) or dcficti^ (-) £pom normal In surviving vs 
nonsurvlving patients, respectively, were as follows: cardiac Index (Ct), +«l ± 52 vs -232 * 138 L/m^ 
(p = 0.037);art«rial hemoglnbin sahtmtion, -1 ± 0.3 v« -8 ± 2.6%/h (p = 0.006); and tissue pcrfuslon, 
+.113 * 88 vs -793 a: 175, mm H^ (p = O.OOl). The cumulative mean artertnl UP deficit for survivors was 
-10 * 13 mm Hg/h, and tor nonsurvivors it was -.57 ± 24 wm Hg/h (p = 0.078). 
Cimeluaiom! Noninvasive monitoring systems provided contlnnnuAly monitored on-Kne disp1;iys of data in 
the early postadmission period from the ED to t1>e operating room and to dtc ICU for early recognition of 
circulatory dysfimction in short-term emergency conditions. Survival was predicted by discriminant 
analysis models based on the rpiantitative 'assessment of tlie net cumulative deficits of Cl, arterial 
hypoxemia, and tissue perfiision, which were signiRcanlty greater in the nonsun^ors. 

(CIIEST 2001; 1201528-337) 

Key words: hemndynamic monttajingi mIIlHcomponl^ll^ noninvosiVe ciT-culBtoty monitoring! oiitcomc prertlction; pilse 
oximetry, rmn'port] herhod^amic piittems; tmnscwfaTiconS OS^'gen tension 
Abbreviations: CI = cardiac indcxi ED = emergency dapartmenti FlOj - fronflon of irtsplrftd axy^; OC:S = Glasgow 
com? scale; MAP = mean arterial UP; OR = operating room; VKC "= pnlmnniuy anery catlieterj SaO;, =* arterial ojygeo 
BRturdHoii! tdPOji -* tmiiseiitancotiS Oxygon tensiun 

'From the Depaitmcr^ts of Anesthesift (Dr. ShoGmaker) and Sur- 
gery (Drs, Shoemalccr, Wo, Kamcl, Velmahos, and Bel?bsrg). 
Los Angalcs Coonly/OSG Medical Center, Division of Biosta- 
tisties and Outcome Assessment (Dr. C^han wid Ms, Ramlconc), 
TJravoisity of Southern California, Los Angeles, CA. 
Manijsrript received July 7, 20t.K); revision' accepred Januajy 21., 
aooi. 
Correnponde/K-e if: WlUiam C, Rhoarrwker. MD, lAC+USC M(W' 
iail Gfmter. Deporimmt of Surgfirtj, Honm 9600, X200 N State Si, 
Lvi: Angdes, CA, 900.1'i; n-madi xvCshr)XiriakarOO®hatnMiLmm 

Heniodynamic bediide monjtoring by pulmonary 
artery catheters (PACs) has boon considerfid by 

many as d)e "gold stanclftvd" for crilically ill patients, 
but its iLsefuIness ha.<! been challenged,^''' particu- 
larly in the late stages of jllne.ss after the onset of 

For editorial comment 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 sep,sis had occuiTed, but there was 
•significantly improved outcome ro six other random- 
ized studies, plus two more recent studies.^.io when 
PAC-directed therapy was given earjy or prophylac- 
ticaUy. Since time may be important in the initial 
resuscitation and management of emergency pa- 
tients, noninvasjve monitoring is proposed as an 
alternative approach to identify and correct hemo- 
dynauiic 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 
(OB), and the ICU, The mean (± SEM) bias and 
precision in the ED were -0.a58 X 0.78 I/min/m^" 

In the present study, we monitored severely in- 
jiu^d emeigency patients, beginning in the ED and 
continuing in the radiology department, the OR, and 
then in the TCU. Acrjte injury was studied because 
time factors are important and the time coiuse of 
circulatory events could be monitored fiom the time 
of hospital admission, "iz Continuous visual displays 
of monitored data were used to evaluate rapidly 
changing pattera.s during unstable emergency con- 
ditions. Second, we time-integrated the differences 
between die 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."-^^ We then calculated the 
net cumulative esicesses or deficits of each monitored 
variable for each patient and for the survivors and 
nonsurvivors. Finally, we explored the use of di.s- 
criminant analysis to predict outcome based on the.se 
calculated cumulative deficits. 

MATERIALS AND METHODS 

clinical Series 

We .i.iHs,feotoriiy studied 15.1 of 155 consecutively tnonitored 
major traurtia pjitients with noninvasive cireuktory monitorinfr 
begimiing .portly aft^r their admission to the ED and continuing 
into the radiology department, the OR, through the postanesihe- 
sia recovery are^ and to the ICU. Four p.,ttents wei« e-^Iuded 
because of in.^ifficient data due to trehnical csriwpment failure or 
commumca«on issues with pBTsonnel; the present report de- 
scnhes the data of 151 p,,tients. Table 1 lists the saKcntdinioal 
features of the series. Patients with major blunt tiamna or 
penetrating trauma and .significant risk of moitaliiy or morbidity 
were selected for monitoring prior to possible cmeroency ^,r. 
geiy. Tlie criteria for re.st,sdtation WW empirtcaUy detemiincd 
by the previous series of survivors' value.s and by the be-it pM.-iiblp 
injaal rc-^nses of the cardiac index (Cl) and the other hpuio^ 
dynamic variaUes."-" Monitoring WM continued until a plateau 
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Table l-^UnicatFeizturen* 

Vaiiahles 
.Survivors 
(n = 103) 

Nonsurvtvors 
(n = AS) 

Age, yr 
Ccnder 

Male 
Fem.ile 

Mechanlim of 
injiuy 
Ouiishot wound 
Blunt (rauma 
Scib woinjd 

Bodily injury 
Head 
Chest 
Abdomen 

GCS 
Injuiy severity .icow! 

p Value t 
35 + 4 

90 (S7) 
13 (13) 

42/6i (dQ) 
41/68 (60) 
8022(91) 

24/41 (59) 
50/68 (73) 
54/!54(64) 
13.3 ± 0.3 
21.8 a; 4.7 

4023 

4V48 (85) 
7/4S (15) 

19/61 (31) 
27/68 (40) 
2/22(9) 

0.25 

0.937 
0.937 

0.001 
0.03 
OOOl 

.17/41(41) '■        0.\r,9 
18/68 (26) 0,001 
.30/84 (.3(3) 0.001 
9.4 X 0.7 o.Ooi 

 30.5 ± 4.6 0.24 
♦Values given US No. (%) of mean ± SD! ' "^  
tp Values for differences between the numljer and perceataKo. of 
Survivors vs nonsurvivors. 

wa.s reached aft^r vigorous fluid and inotropic therapy resi.sclca- 
tion or nnta 24 h had elapsed. OptI«ia] heroodynamic goals WPTT- 
sought, in so far as possible, but the adequacy of initial resusci- 
tahonii may have been limited in part by clinical exigencies at tlie 
time. The calculation of cumulative execssRs or dafinu and 
aiscnminant analysis were performed after monitoring was com- 
pleted. The institutional nsview board .approved the protcaeol. 

Mean Artnrial BP 

Continuous mean arterial B)P (MAP) was mca.sured noninv.i- 
sively (Dynamap system; Critieon; Tampa, FL) or was calculated 
electronically from tran.sducers in Une with intr.i-arterial cathe- 
ters when the latter were u.-icd. 

Cardiac Output 

A thoracic bioelectric impedance device (IQ system; Wantagh 
.inoi Bnstol. JPA) was .ipplied shortly after the arrival of the 
patient in the E.D. Paii^ of noninvastve, dispo.«ibIe. prewired 
Iiyttoi^n electrodas were positioned with one pair placed on 
each side of the ba.se of the neclc and two other pairs placed one 
on each side of the chest at the level of the zyphistemal'junction 
opposite the lateral Mtillaty Une. Three ECG leads wp.re placed 
across the prEcordlum and left shouIder.aM^ A lOO-KHz 4-mA 
alternating current was passed throu^i the patient's thor.w by die 
outer paus of electrodes, and the voltage was sensed by die inner 
pairs of electrodes; the voltage .sensed by tlie inner'electrodes 
captaired the baseline impedance, the first derivative of the 
impedance waveform, and the ECG. The ECG and bioimped- 
ance signals were hltered with an an-integer-coefficient technol- 
o^ to decrease computation and signd-processing times The 
signal-pro«ssing a^rithm used a time-frequency distribution 
(modified Wigner distribution) analysis that mcKoscd .sienal-to- 
noise ratios.'^-o Tlie data were .iutomatic.ally acquired and 
downlaided to a floppy disk. When indicated by clinical criteria, 
PACs were inserted into the patient in the OB or the ICU and 
CI estimations were made at least houriy in imstable patient.^ and 
every 4 h m stable patients. The optimal goal tor CI in v.iriou. 
etiologic diagnostic groups was deBned by survivor:' values'=-'■' 
and was tested in subsequent studies.'■"-^i 
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Llmifrations of the impadance TTicdtod jnclude fwJty electrode 
placement, mation artifaets, restlessness, shivering, pdmonary 
edema, pleursl eflfiision, valvular heart disease, dysrhythmias. and 
electrical leaks froni Other mstruHients using the same ciTOuit, 
These are usually apparent Erom inspection of the impedance 
waveform and hy the following previously described criteria: 
baseline hnpedance > 15 ohms and impedance signal > 0.3 ohm, 
which usually indicate pulmonary edema due to cardiac failure or 
late-stage ARDS." These Hmlta-tions were excluded during the 
tone of monitoring i.n the present study. 

FuUe Oximetry 

Arterial oxygen saturation (SaOa) was assessed continuously by 
pwlse ojdmetiy (Nellcori Fleasanton, CA) as a reflection of 
puhnonaTV gas exchange. Values were observed and recorded at 
die time of the CI measurements. Appreciable or sudden 
changes in dicse values also were noted, and changes to < 94% 
were confirmed by SaOj measuTRment obtained by standard 
blood gas an&lysis.ii-*-* 

Trsn-scutencotM Oxygen Tension 

Standard transcutaneous oxygen tension (tcFOs) measure- 
ments -were contiouoii.'dy monitored throughout the observation 
pEriod. This technology uses the same Clark pnlarographic 
oiwgen electrode rdiitinely employed in standard blood gas 
mcasi.irembnts,'*^-'"' The oxy^n tensions were measured in a 
representative area of the skin surface heated to 4''C to increase 
diffii-tion of oxygen across the stratiun oorneum and to avoid 
vMOConstriction in die local area of die skin being measured-^^ 
Proviow studies demonrtrated die capacity of transcutaneous 
oxygen tensions to reflect ti.<Bue oxygen tension.ii-i'^'==.^ tcPo^ 
h»s been shown to reflect die deliveiy of oxygen to die local area 
of skin,' it also parallels the mixed venous oxygen tension except 
under kte or terminal conditions in which peripheral shunting 
leads to high mixed venous hemoglobin saturation vahies.*^ While 
oxygen tension of a segment of die skin does not rcflect.die strte 
of oxygenation of all tissues and organs, die skin has the 
advantage of being die most senritive early warning tissue of die 
fldrennmedullary stress response; vasoconstriction of the skin K 
an eajdy stress rei^nse to hypovolemla and other shock .<yn- 
dromes."'"-'* tcPOz Values were indexed to die fraction of 
inspired OTcygea (FiOg) concentration to give a toPOa/FlOa ratio 
beiui->^G of marked tcPo^. changes produced by charges m die 
level of inspired oxygen. The diermal envimnment was maintained 
at reasonably constant levels, and roarkEd changes in room temper- 
ature torn drafts or open Windows were avoided to maintain the 
nceoraCT of die transcutaneous methods. In addition, die electrode 
must be moved to a nearby thoracic or shoulder site every 4 h and 
lEoalibratEd to avoid first-degree skin buinsi 

Level of Consci^isnes! 

At the time of the patient's admission to the ED. die clinical 
team evaluated and recorded die degree of unconsdousness by 
the Glasgow coma scale (GCS), which uses aye movement, verbal 
losponsfls, and motor responses to verbal and painfiil stimuli. The 
clinical service also noted changes hi the GCS throughout die 
patient's hospital course. 

Estimated Blood toxs at iht} Time of Sur^ry 

Blood lo."iS was estimated by die surgeon and anesthesiologist 
intraoperativBly in a routine manner oy counting lap tapes and 
spongeii and by measuring die contents of suction botdes. 
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Method for Cdaihttmg the Total Cvmulatim Exoesn or Deficit 
of Each Monitored Variable 

The patterns of each patient were ex,imined for motion artifact, 
notie, effects of fluid and vasopressor therapy. manipulatiOTi of 
tubing, and otiier extraneous factors. The total overall deficit or 
excess of each noninvaidvely monitored variable was evaluated by 
eompaiing its normal or optimal VHITIC widi its temporal pattern 
during die obsexvation period. This was done by madiematicaly 
integrating over time the area between the continuous dwpky of 
each fluctualSng variable and either die nomal values for BP, 
S.102, and tcPo^/FlOj or the optimal goal, as defined by the CI 
values of survivors during die first 24 h after hospital admis- 

The net curouktive deficits or excesses were calculated for 
each individual patient and for both .survivor and nonsurvivor 
groups as time-integrated areas between the curve produced by 
continuously monitored variables and dicir norm>J or reference 
values. For example, given a normal MAP of 8G mm Hg. in a 
patient «*iose MAP averaged 60 mm Hg for 2 h before resusci- 
tation, the calculated iieficit is -SO mm Hg/h ([85-60] >: 2). 

Flow calculations. mea.'Sured as volume per unit of time, are in 
Uters per minute per square meter. When multipliod by the 
monitored time in minutes, this gives, as units, liters per square 
meter for CI or liters for cardiac output. The imlts for MAP, SaOu, 
and tcPOij/FlOa are mJUimetcrs of merouiy per hour, percent per 
hour, and millimeters of mercury per hovw, respectively. 

When the mean MAP deficits were caloukted using all values, 
a large number of normal high values obscured die deficits; die 
patients with cardiac arrest and zero MAP, for example, showed 
no net MAP deficit, because the many normal and high values 
overshadowed the kter short b\it Icdial hypotenirivc episode. For 
MAP, dierefnrtt, we calculated cumuktive deficits from de- 
creases below the normal range. 

Statuttical Andysis 

The survivors' andnonsurvivors' deficits of MAP, CI, Sao,,, and 
tcPOo/FlOj were calculated for ttie periods of monitoring- Each 
of die categoric vari-ihles was tested for die difference in 
distributions between die tvwn outcome groups, diose ^.o .sur- 
vived and diose who died during die wurent ht)Spitalization. 
using die x* test or bw)-tailed Fisher's Exact Test. The t test with 
Bonferroni correction was applied to each of the continuous 
variables to compare the means of the two outcome groups. 
V.iTiabIes .considered for dLscriminant analysis were Cl, GCS, 
SaOz, teFOa/.FTOa, MAP, heart rate, PaOj, hematoerit, transcuta- 
neous COa tension (PtcCOg), injury severity score.^.age. and 
gender. The first four met die criteria (p < 0.20),   -^' 

The variables that were significant at the p < 0.2 level by die 
aforementioned \^ tests or the t tests were fed into a .stcpwise 
dtseriminant analysis (PBOC STEPdisk) to identify the variables 
diat collectively contribute to differentiate the two outcome 
groups. Thus, the variables selected dien were entered Into a 
model in PROC DISCRIM to derive die discriminant function 
by generall7.ed squared distance, taking into account the prior 
probabilities of the groups. This prooedu-re evaluated the dis- 
criminant fimetion by calculating the error rate estimates or die 
probabilities of misclassifioation. 

Cross-validation of die re.sults was performed by the jackloiife 
method. The data were split into two Independent samples by 
taking the data of every other patient. One group was used for 

' calibration to generate another series of classification fiinctions, 
and the remaining group was used to calculate results based on 
die new dassification functions. The sta.tistical analyses were 
performed with a computer program (SAS forWindow.s, Release 
e.lZj SAS Insti.t«te; Gary. NC). 
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"~ Nonsurvivors 

FlGUHE 1. The temporal patterns of survivors (solid line) and 
nopsurvivoTs (dashed UnfiJ for MAP, Cl, SaO^ (SapO»), and 
tePOa (PtcOa) ind<sced to the tcPOj/FlOj ratio Al) Values are- 
kcv^d to the time of admission to the ED. Dot; represent mean 
vaJ«es, and vcrticar lines represent SEM. Cnjs-Eatchcd a^os 
mcfacate thc5 normal range fer MAP, Saoj, and tcPoa/Fro, ratio 
and ophirial goals for Cl, Note that the Cl, MAPrSao! and 
tcPo/FlOg values of survivors ware generally higher than those 
of the nonsurvivors. 

RESULTS 

Noninvasive Monitoring Vrom the Time of 
Admission 

_ The use of noninvasivc monitoring systems was 
foiind to be feasible in patients experiencing .short- 
term emergency conditians for the early descripti.on 
of te^nporal hemodynamic patterns and to provide 
quantitative calculatioiis of the total amount of def- 

icit or e>rcess accumulated by each monitored vari- 
able. There were 103 survivors and 4S nonsurvivors 
(mortality rate, 32%), 131 patients were men, 20 
patients were women, and the average (± SEM/ace 
was 35 ± 1.4 yeans- Of 61 patients with gunshot 
wounds, 42 survived and 19 died (mortality rate, 
31%). Of 68 patients with blunt tranma. 41 survived 
and 27 died (mortality rate, 40%). Of 22 patients who 
su5tai.ned stab wounds, 20 .survived and 2 died 
(mortality rate, 9%). Of 41 patients who had head 
injuries, 24 survived and 17 died (mortahty rate, 
41%). Of 68 patients who sustained chest injuries, 5() 
survived and 18 died (mortality rate, 26%). Of 84 
patients who sustained abdominal injuries; 54 sur- 
vived and 30 died (mortality rate, 36%). Surty-ei<^ht 
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 resuscitation (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 ,1.8.7 ± 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 simultaneous tliermodibjtion 
and bioimpedance cardiac output measurements in 
the present series was r = 0.91 and i^ =0.83, and 
bias and precision were -0.30 ± 1.10 L/min/m^. 
Table 2 lists the mean ± SEM of Cl, MAP, SaOa, 
and tcPOg/FlOa for survivors and nonsurvivors aver- 
aged throughout the observation period. The Cl, 
Saoa, and tcPoa/FlOa values of patients who survived 
were significantly greater than for those who .died, 
MAP values of stuvivors tended to be higher than 
those for nonsurvivors (p = 0.066) (Table 2). 

The body tempcrabires of survivors and nonsurvi- 
vors al hospital admission averaged 36.7 ± C^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 die OR where conditions 
were more controllable. 

Variable 

Table 2—iVbnm,vzw»e BBmodynamic Volwes/w^ Surviixm, and Non»urvivorfi* 

Cl. L/min/m' 
MAP, mm Hg 
Saoi, % 
toPOjj/FlOj,, mm Ug 

Nonnal or 
Optimal Value 

■SurvivDis 
(n = 103) 

Nonsurvivors 
(n='48) 

4.0 
85 

SOO 

♦Values given aa mear> * SEM, unless otherwise indlcjiited ~~" 
fp Vduos for dfffijrtsnces between survivors' and nonsnivivnrs' values. 

4.14 ± 0.02 
88 ± 0.37 
99 ± 0.015 

20(; £ 2,9 

3.87 ± 0,03 
80 a 0.69 
9S ± 0.26 
03 ±2.6 

p Voluet 

< 0.001 
0,066 

< 0.001 
< 0.001 
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Table 3—Time to Reach Goal m FatienU Who Attained Coal* 

Survjvow Konstirvivors 

vanable Houis 
Uo/% Goals' 
Not Reached   ' Hours 

No,/% Goals 
Not Reached 

 —' r""- 
Cl 

Sao2 

1.99 ± 5,10 
1,34 ± 2.80 
0.48 X 1.66 
3.14 + 4.61 

6/6 
0/0 
0/0 
7/7 

2.64 ± 3.69 
2.03 ± 3.69 
1.86 ± 4.44 
4.48 ± 4.56 

13ffiS 
16/34 
9/19 

39/83 

•Values given as mean ± SD, \ialess otherwise indicated. 

The mean (± SD) estimated blood loss, which re- 
flects preoperative an4 intraoperative heinorrhaging, 
me»5ured 2,970 ±3,856 xaL in stirvivors and 
6,263 ± 5,540 mL in the nonsurvivors at the end of 
surgery. In the present series, there were 22 patients 
wb.0 had massive blood loss (ie, > 5,000 raL). Vigorous 
attempts were made to replace these losses at the time 
of ^urgeiy and in the immediate postoperative period. 

Temporal Circulatory Patterns in Survivors and 
T^c^n$mvivors 

figure 1 shows the temporal patterns of noninva- 
sive circulatory variables of the survivors and non- 
survivors beginning with the initial measurements 
ait«r admission to the ED. Cl values were initially 
higher in the survivors. The Sa02 values of noDisur- 
vivors were significantly lower than the those of 
survivors, but these differences were not clinically 
important; when SaOg reductions occurred, they 
wesre rapidly corrected by intubation, mechanical 
ventilation, or increased FlOg. The values for the 
tcPOa/FlOg ratios of nonsurvivors were markedly 
lower than those of survivors and were lower than 
normal throughout tibe observation period. Table 3 
lists the time taken to achieve goals of therapy for 
ea<h variable that reached the desired end point as 
well as the number and percentage of those who did 
nc»t reach the goals, "nie deaths of nonsurvivors 
occurred an average of 8.7 ± 2.8 days after hospital 
admission. However, there was a bimodal distribu- 

tion with 17 deatibs in the first 8 h and 14 deaths 
occurring S: 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 Cl and 
tissue perfusion deficiencies were corrected at 19 
and 23 h postadmission, respectively. Figure 3 shows 
the data of a patient whose Cl and tissue perfusion 
deficiencies persisted for >24 h. He developed 
lethal ARDS. 

Outcome Prediction 

There were significantly greater calculated deficits 
of Cl, piJse oxiroetry, and transcutaneous O2 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 signif- 
icance with outcome, were selected for the stepwise 
discriminant analysis (PROC STEPdisk). Based on 
the classification • fimction generated for each of 
these Your variables in PROC DISCRIM, the dis- 
criminant function, Z, was derived:        ^ ^. 

Z = O-OOlla-i- 0.3300b + 0.0656c + 0.0423d 

where a represents cumulative tcPpa/FlOa values, h 

Table 4—Hean Net Cumulative Deficits or Eicc»«c« of Monitored Values of Survivort and Nonmrvitxurs 
Throughout the Period of Ob«ervation 

Survivors Nonsurvivort 

Variable Mean SEM Mean SEM' p Value* 

CE, Uxo? 
M-AJP, mm Hg'h 
Saoj, %/)x 
tcK'Oz'FiOj, mm Hg/h 

+ 81 
-10 
-1 

"  +313 

52 
13 
0.3 

87 

-232 
-57 
-8 
-793 

138 
24 

2.6 
175 

< 0.007 
0.078 

< 0.006 
< 0.001 

•{> Values are for differences between survivors' and nonsurvivow' values. 
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UftS,?" vft^v ^'^f^^ T? "^° ^ H^J^y,* '=^'" ""* sustained frncHires of th(S pdvi,. open 
^ ™n^.^ ^u'"^Y?^"^u^'^ dislocation of the knee. He was given 6 U packed RBcVand S.tOO 
fr«lfEf^ " *•* 5?'„S,*^? angiographic suite,!,« was given 6 mo,^ Tjaits of packed RBCs. 5 U 
{?h ^f?-^4!:C^/2:°*'^*°?° "LcnwSlolds. HL, CI values becanieoptitnal (te. 4 Urm^m'^) by about 
Figure 1 for abbreviations not used in the tract. ^   • ■•«<; rci,i.uu or 

represents the GCS, c represents cuanuJative SaOg 
values, and d represents cumulative Ct values. Table 
5 summarizes tlie relative influence of each variable 
with re-spect to outeoTne, Ninety-fwe percent of the 
survivors and 62% of the nonsurvivors were correctly 
classified in the first 24 h postadmission (Table 6), Of 
151 patients, 23 (15.2%) were misciassified. Five of 
the .35 patients predicted to die in the first 24 h 
subsequently improved and lived. 

Besulis of Cross-Vdidation 

Cross-vahdation of the discriminant analysis by the 
jackknife method demonstrated results that were 
similar to the initial calculation for the series as a 
whole.  The  results  of the ealtbration  data set 

(N - 75) are shown tn Table 7, and the resulH from 
the validation data set (N = 76) are shown in Table 
8. The cross'validated discriminant analysis was 

Z + 0.0018a + 0.3138b + 0.0786c + 0.0022d 
where a, b, e, ajid d are defined as above. The 
classification of die surviyors was Z > 1.91. Miscal- 
culations occiurred in 12 of 76 patients (16%). This 
was considered to be in satisfactoryr agreement with 
me initial calculation and suggests consistency of the 
data by this analysis. 

DISCUSSION 

The limitations of noninvasive bioimpedancs car- 
diac output monitoring inchide motion artifacts, 
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ICU 

FlCXmE 3. Data from a 26-yfiar-old man vrfio siwtained imiltiple stab vwijiinAs of the abdomen with 
laceratioTis nf ihc stomacb, duoderniTn, and superior weseTitErie vdn. He hod markEd icduccioa of cs»r<3iac 
output smd tissiiB perfbsion despite the adminL*atiofi of 48 U packed RBC^. 5 U whole blood, 12,500 xnL 
lactatcd BIngei's solution, 10 U platelets, 13 U freish-ftozen pJosma, and 1,000 inL hetastaioh, in addition 
to dobiitainiac and dqpaTninQ intusions Sot an estimated lS,ObO<iiiL btood lo<». The patient dienJ of ABCS 
and niuMpk or^ faihixe. See the legend of Figure 1 for abbreviations not vned in tbc text   . 

arrhythraj.a5, pulmonary edetna, pleural efifusions, 
and expansion of interstitial 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 each 

variable, from the time-integrated area under the 
curve. The area under the curve provides an arith- 
metic solution to replace the subjective evdii^tion of 
ixregJilar ctnves and provides estimates bf cardiac, 
pulinonary, and tissue perfusion functions. 

Table S—Steptpve Dittcrimiiumt Analysis* 

Step Entered Partial B!^  Frob > P  Cumulative R''t 

1. Cumulative tcP02/r.TOa 0.210 0.0001 0.2099 
2. CCS 0.188 O-OOOl 0.3581 
.■3. Cumulative; Sao^ 0.0S3 0.0047 0,.3921 
4. Cumulative CI 0.031 0.O.T35 0.4107 

♦Cla-wlfllcation of snivivors, Z > 2.,3C; whore Z = O.OOH (tnunulative 
tcPOa/FtOz) + 0.3300 (GCS) + 0.0656 (eiimularivB SaOj,) + 0.0423 
(cumulative CI). 

tPIlla]'.<! trace/(No. of groups - 1). 

Table 6—Clamfication Summary for the Serieti 
(n = ISl)* 

Actual 

Predicted 
to Die 

Predicted 
to Live Total 

Outoome Nn. Row% No.        F.ow% 'NO.       CO1%' 

Pleti 
Lived 
Total. % 

30 
5 

35 

62.5 
4.9 

23.2 

IB         37.5 
98         95.1 

116         76,8 

48         .^1.8 
103         68,2 
ISI        100,0 

*Misclas5ifieatioa; 23/1.5J. (1SJ2%). Row^ = tfio percentage of pafients 
In Ihat row; CoI% = the percentage of padents in Uiat cotumn. 
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Table 7—Clas.nficatitm From the Calihratinn Datmet 
(n = 75;* 

Actual 

Prfidicted 
toDtR 

PrcdictBd 
to Live Totid 

Outcome No. Row% No. Bow% No. Col% 

Died 
Livfld 
Total % 

IS 
3 

(32,5 
5.9 

24,0 

9 
IS 
57 

37.,T 
94,1 
76.0 

S4 
SI 
75 

32.0 
68.0 

100.0 

•MiselassificatiDn: 12/75 (!«.()%), ,5ee Table 6 for abbrflvirirtons oot 
nand in text. 

Table 8—CIa,<(,«/2CflnHon From the Validation Dateaet 
(n = 76)* 

Predicted 
CO Dfe 

Frfidicled 
to Live Actual 

Outcoine No.     RDW56 NO.     RC>W%' 

DioJ I.? 
Lived 5 
Total, % 20 

62.5 
9.6 

26,3 

9 

56 

.'?7.5 
90,4 
73.7 

Total 

No. Col% 

24 31.fi 
'■52 65.4 
76 100.0 

*Mi.-!cI.TS.5inootJ.Oil; 14/^6 (18%). ,See ToWe 6 for abbreviations not 
used in te.^. 

The net cumu.ladvc deficits of flow and tissue 
perfij,?ioTi measured during tlie initial resuscitation 
period we.re greater in oonsurvivors than survivors; 
these differences were correlated with outccjme. For 
example, during the monitoring period, the CI val- 
ues of survivors averaged 3,1 L/tn^ more than the 
optimal 4.0 L/min/m^, which was determined empir- 
ically from the plateau of high valuB,s of survivors 
within the first 24 h of ho,spital adtmssion,i>- ^i TliLs 
was equivalent to 140 L of cardiac output per patient 
over the monitored period. During the monitoring 
period oftho.se who died, the CI averaged 232 L/m^ 
less tlian optimal, and the cardiac output averaged 
402 h per patient less than optimal. The difference 
between siirvivors and nonsurvjvors was 542 L. We 
used 4.0 Tymin/m^ as the dicrapeutic goal because 
tbis was the mean value for the first 24-h period, on 

which this study was f(K:u.sed. This goal admittedly i.s 
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 hypovolernia and/or better 
physiologic compensations. Thi.s concept is rein- 
forced by tlie greater tcPOg/FlOg net cumulative 
exce.sse,s, which suggest belter tis-sue perfusioji/o?^- 
genation for survivors in the initial stages. These 
prelimioary studies need to be evaluated indepen- 
dently in larger series with different types of acute 
illnesses and emergency conditions. Furtliennore, 
additional studies are needed to evaluate the effects 
of .s-pecifi.o trunk and extremity traumas, head inju- 
ries, pelvic and long Inme fractures, prior organ 
dysfunctions, and other comorbid ,states on the 
validity of this oarly predictive mfxiel. 

CI,L/m2 
400 -t 

200 

1000 -I 

SOO 

-200 - 

-400 

-500 

-1000 J SURVIVORS 

NONSUfiVtVORS 

FiGUHt 4 c:iiini.ilative exeessas- and deficits iii smvivorj! and nonsuivivors for CT and tePoo/Fio, 
caluulatGd for the Qiomtonsd psriod. Sec tLe legGnd of Figure 1 ibr ahbre>nations not used in .tliR text 
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• f ^yP°^^^s underl)dng this approach is diat 
arculatory defidencies thatlUtiitiatelylead to shock 
organ faJure, and death may be identified earlyby 
cnZlnrT^ "lo^itonng even in the extenuating^^ 
cumstances of severely traumatized emergency pa- 
bents in a large inner ciiy public hospital. Earlier 
diagnosis of a circulatoiy deficiency aUo^ thei^py ^ 
be initiated sooner in the hope that earlier therapy 
rnay miprove outcome in emexgencies where time is 

More importantly, noninvasiVe monitoring, which 
has been reported to be easy, cheap, fast, stfe, and 
sensifave.! a. ^lows estimates of tf,e amourlt of 
deficits calculated feom die difference in the areas 
between normal values or survivor values and the 
contmuously monitored variables. Multiple noninva- 
sive hemodynamic moiiitoring systems provide sim- 
ilar mformation to that of the PAC, except for 

?i°"^*f^'^^'^"'^°° P'^^'^^^- DiscriLiant 
analysis of these data provides a mathematical basis 
tor outcome prediction. Future prospective clinical 
tnais at other institutions are needed to validate the 
present approach. 

tt?^ \    rt*° f'^^^P "^ organized coherent 
therapeutic plan based on physiologic criteria for the 
emergency patient as he/she pn,ceeds from the ED 
to the OR, the radiology department, and the ICU 
Lmear discriminant fiinction predicted outcome cor- 
rectly m 95% of the survivors and in 62% of the 
nonsi^r^ozt. in the early period after hospital admis- 
sion, ms was probably as much as should be 
expected for nonsurvivors since many patients devel- 
oped lethal complications unrelated to their injuries 
late m dieu- hospital course. 

Since the essence of tissue perfusion Ls an ade- 
quate .supply of o^enated blood to the tissues 
perfusion Ts inferred lk.m the direct measurement of 
mitl^n^^''''^*'™ ""^5 the Clark pokrogiaphtc 
method for oxygon tension.^-£« Although the sldn is 
not representative of all tissues, it is the largest or^i 

uUaiy stress response, tcPo^ provides early wamins 
in acutely ill emergency patJents^', it tr^ks oxygen 
uptake in acute clinical shock episodesii and indie 
SSTWT"' of e-^erJental hemorxha^: 
S^ZZ ^ ""^ r^ respiratory faili^e. 
cardiac arrest and cardiopuhnonary resustdtation in 
acute stngical condiilons.^.3o^ X, shown in the 

to SStlST^ ^^r^ di^-'cmninant analysis 
to analy7« the data of variables with p values < 0 2 in 
J^:^l^'' *^" "^r^"^ of variaSes for an^^ ™ 
Sm^nn 1 "" P°°u^ <='''?ditioned variables havij a 
common teim, such as the cobbination of CT aid 

oi^gen deliveiy. were avoided to minimize statistical 
problems of discnminant analysis. This does not 
mean  that the more conventional variables like 
^ycarxia, hypotension, acidosis, skin color, lactate 
Wels, mental status, etc. are not usefi;] at times 
when diey occ,^. Obviously, when they are abnor- 
mal, they are extremely usefol and important. Plow- 
ever, the criteria of the present .sti.idy focused on 
ZI- r°":T^ hemodynamic variables in die im- 
s^™SL^''''^'''*°''r^°^ ^^ "^'^^^f consistently separated survivors and nonsmvivons. ^ 

The concept diat hypovolemia is an early priman; 
problem that pkys an important role i. low flCS 
poor fa.s,sue perfusion states is supported by die 
following: (1) direct observation of massive hemor- 
ZT^: ^^^f*^"^^t^d blood loss of hemoperitonenm 
and hemothorax at the time of surgery in patients 
who underwent surgical e^cploration; and (.3) prior 

S±' ?A' ^*"^*^^ *^^* documented bUd 
ni^*c 1 '^u'" P^^*^^"^^^'' «°d postoperative 
Ld Aed"^?" ^'"bsequently developed .5rgan &Jures 
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