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emodynamic Patterns of
lunt and Penetrating Injuries

evin Jun-Qiang Lu, MD, Li-Chien Chien, MD, Charles CJ Wo, BS,
emetrios Demetriades, MD, PhD, FACS, William C Shoemaker, MD

BACKGROUND: The aims of this prospective observational study were to describe early hemodynamic patterns of
blunt and penetrating truncal injury and to evaluate outcomes prediction using noninvasive hemo-
dynamic monitoring with a mathematical model tested against actual in-hospital outcomes. The
hypothesis was that traumatic shock is a circulatory disorder that can be monitored by noninvasive
hemodynamic parameters that reflect cardiac, pulmonary, and tissue perfusion functions.

STUDY DESIGN: The cardiac index (CI), heart rate (HR), mean arterial pressure (MAP), pulse oximetry (SapO2),
transcutaneous oxygen tension indexed to FiO2 (PtcO2/FiO2), and carbon dioxide (PtcCO2)
tensions were monitored beginning shortly after emergency department admission in 657
emergency patients with severe blunt and penetrating chest, abdominal, and extremity trauma.
Of these, 113 patients had associated head injury, and these patients also were analyzed sepa-
rately. A search and display mathematical model, with a decision support program, was based on
continuous online, real-time, noninvasive hemodynamic monitoring.

RESULTS: There were similar patterns in the blunt and penetrating injuries; the cardiac index, mean
arterial pressure, pulse oximetry, transcutaneous oxygen tension indexed to FiO2, and survival
probability values of the survivors were significantly higher (p � 0.01) than the corresponding
values of those who died, although heart rate and carbon dioxide tension were higher in the
nonsurvivors during the first 24 hours after their emergency department admission. These
patterns occurred more rapidly in patients with penetrating injuries. After initial resuscitation in
the emergency department, results were correlated with actual outcomes at hospital discharge
and found to be 88% correct.

CONCLUSIONS: Early noninvasive hemodynamic monitoring with a computerized information system provided
a feasible pattern recognition program for outcomes prediction and therapeutic decision

support. ( J Am Coll Surg 2006;203:899–907. © 2006 by the American College of Surgeons)
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cute life-threatening circulatory disorders have the dis-
inct advantage that their sequential circulatory patterns
an be visually displayed by continuous, online, real-
ime, noninvasive hemodynamic monitoring systems.1-4

nvasive pulmonary artery thermodilution (Swan-Ganz)
atheters provide the maximum circulatory data but re-
uire intensive care unit conditions. Because of this re-
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uirement, goal-directed therapy may be delayed until
he patient has been transferred to an ICU.5-9 But non-
nvasive hemodynamic monitoring, which can be used
nywhere in the hospital, may identify the early circula-
ory deficiencies that subsequently lead to shock, organ
ailure, and death.1 In addition, the survival probability
SP) may be predicted by an information system that
nalyzes early clinical-hemodynamic patterns in patients
ith the same diagnostic criteria and covariants.4,6-9 Ill-
ess severity may be quantitatively evaluated by the SP,
he most severely ill patients having the lowest SP values
nd the least seriously ill patients having the highest
alues.

When invasive monitoring is started late in the course
f illness or after onset of an organ failure, there is no
utcomes improvement with goal-directed therapy and

ulmonary artery catheters.6-19 By contrast, early nonin-
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900 Lu et al Noninvasive Hemodynamic Monitoring of Injuries J Am Coll Surg
asive monitoring identifies hemodynamic deficits as
oon as the patient enters the emergency department
ED).1,2,20,21 Time is an important factor in the resusci-
ation and expeditious management of acute emergency
atients because delays in correcting circulatory defi-
iencies of shock and trauma lead to organ failures and
eath.5-8 Similar to early diagnosis and therapy for cancer,
arly diagnosis and therapy for severe circulatory problems
ay be more cost-effective than therapy delayed until late

tages, when the diagnosis is more certain. The hemody-
amic patterns of severe head injury patients (Glasgow
oma Score � 8) and patients with brain death must be

nalyzed separately because they have high cardiac index
CI) with increased tissue oxygenation, attributed to the
oss of central vasoconstrictive mechanisms with unop-
osed peripheral vasodilatation.22,23

Recently, Bayard and colleagues4 and Shoemaker and
ssociates20,21 developed a mathematical model that used
large database of noninvasively monitored hemody-

amic variables to predict outcomes for acute emergency
atients. This article analyzes the survival probability of
atients with severe injuries, separate from those with
evere head injury and brain death.

ETHODS
linical series
e studied 657 consecutive noninvasively monitored

lunt and penetrating trauma patients. Of these, 221
atients had chest injuries, 266 had abdominal trauma,
75 had both chest and abdominal trauma, 57 had ex-
remity injuries, and 113 had head injuries associated
ith their truncal trauma. Patients with severe head in-

ury and those with brain death were evaluated sepa-
ately because they had different hemodynamic pat-
erns.22,23 In addition, hemodynamic patterns of this
eries were calculated with and without associated head

Abbreviations and Acronyms

CI � cardiac index
ED � emergency department
HR � heart rate
MAP � mean arterial pressure
OR � operating room
PtCO2/FiO2 � transcutaneous oxygen tension indexed to

the fractional inspired oxygen concentration
SapO2 � pulse oximetry
SP � survival probability
njury. s
There were 570 survivors and 87 nonsurvivors; hospital
ortality was 13.2%. Noninvasive monitoring was begun

n the ED shortly after admission and the patients were
ollowed to the radiology suite, operating room (OR), and
CU at frequent periods until stable or unresponsive to
herapy (Fig. 1). The pulmonary artery was catheterized
hen indicated after the patient arrived in the OR or ICU.
he time of monitoring, time of operation, time of ICU

dmission, and discharge or death were recorded relative to
ime elapsed after ED admission. We also included in the
atabase age; gender; presence of sepsis; Glasgow Coma
core (GCS); Injury Severity Score (ISS); primary bodily
njuries; covariates such as sepsis, diabetes, and earlier car-
iac problems; hemodynamic patterns by invasive and
oninvasive methods; complications; organ failures; hospi-
al days; ICU days; and hospital outcomes. Table 1 lists the
alient clinical features.The Institutional Review Board ap-
roved the protocol.

oninvasive hemodynamic monitoring
e evaluated the patterns of hemodynamic values after

bserving and recording the continuous displays of non-
nvasively monitored cardiac, respiratory, and tissue per-
usion functions. Data were downloaded every 30 sec-
nds, averaged over 5-minute intervals, and entered into
he database. When consistent hemodynamic patterns
ere demonstrated, they were averaged over various pe-

iods for presentation.

ardiac output, cardiac index (CI)
thoracicbioelectric impedancedevice (NoninvasiveMedical
echnology)20,21,24-26 or PhysioFlow (VasoCOMand Manatec
iomedical)27 was applied shortly after arrival in the ED.
he noninvasive, disposable, prewired hydrogel elec-

rodes were positioned on the skin, and electrocardio-
ram leads were placed on the precordium and shoul-
ers. A 100-kHz, 4-mA alternating current was passed
hrough the patient’s thorax by the outer pairs of elec-
rodes, and the voltage was sensed by the inner pairs of
lectrodes, which captured the baseline impedance (Zo),
nd the first derivative of the impedance waveform (dZ/
t). Previous studies have documented satisfactory cor-
elations between thermodilution and bioimpedance
ardiac output values for trauma patients in the ED,
R, and ICU.1 Correlations between the noninvasive

ioimpedance and thermodilution estimates of cardiac
utput were r � 0.85; 2 � 0.73; precision and bias mea-

urements, –0.124 � 0.75 L/min/m2.1,2
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Figure 1. Hemodynamic patterns and the effects of resuscitation therapy on hemodynamic patterns
and survival probability of a 24-year-old man who sustained gunshot wounds to the abdomen and left
thigh, with lacerations of the right iliac artery and vein, colon, small bowel, stomach, and spleen and an
estimated blood loss of 20,000 mL. During a 5.5-hour operation, this was replaced with rapid
transfusions of 46 U of packed red cells, 16 U of fresh frozen plasma (FFP), 4,000 mL starch, and
16,000 mL Ringer’s lactate solution. Upper row: cardiac index (CI); second row: mean arterial pressure
(MAP); third row: pulse oximetry (SapO2); fourth row: transcutaneous oxygen tension indexed to the
fractional inspired oxygen concentration (PtcO2/FiO2); bottom row: survival probability. Time, in hours
from emergency department admission, is noted below the bottom horizontal line. The patient devel-

oped ARDS, cardiac failure, and renal failure the next day, and subsequently died.
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902 Lu et al Noninvasive Hemodynamic Monitoring of Injuries J Am Coll Surg
ulse oximetry
outine pulse oximetry (Nellcor) was used to contin-
ously assess arterial hemoglobin oxygen satura-
ion (SapO2). Values were recorded at the time of
he cardiac index measurements. Sudden changes in
hese values were confirmed by in vitro arterial oxy-
en saturation obtained by conventional blood gas
nalysis.1,2

ranscutaneous oxygen tension
onventional transcutaneous oxygen tension measure-
ents were indexed to the fractional inspired oxygen con-

entration (PaO2/FiO2) continuously monitored through-
ut the observation period. This technology uses the Clark
olarographic oxygen electrode routinely used in standard
lood gas measurements.26,31 Oxygen tensions were mea-
ured in a representative area of the skin surface heated to
4°C to increase diffusion of oxygen across the stratum
orneum and to avoid vasoconstriction in the local area of
he skin being measured.28 Transcutaneous oxygen tension
as indexed to the FiO2 to give a PtcO2/FiO2 ratio, be-

ause changes of the inspired oxygen produce marked
tcO2 changes.29 The electrode must be changed to a
earby site and be recalibrated at 4-hour intervals to avoid
kin erythema.

atient database
database for acute abdominal and chest trauma emer-

able 1. Clinical Features of the Penetrating and Blunt Trau
Penetrating trau

Survivors
(n � 280)

ge, y 28 � 10
ender, n
Male 259
Female 21

odily injury, n
Chest 187
Abdomen 190
Spinal cord injury 5
Fractures 17
Extremity 53

stimated blood loss, mL 2,904 � 2,784 6
njury Severity Score 20 � 12
lascow Coma Score 14 � 2
PACHE II 21 � 8

alues are expressed as mean � SD.
p � 0.01 comparing survivors’ values with their corresponding nonsurvivor
encies was developed to organize demographic, clinical, e
nd hemodynamic data, including age; gender; specific
iagnostic categories for the primary injury or illness;
ovariates such as sepsis, diabetes, and earlier cardiac
roblems; hemodynamic patterns by invasive and non-
nvasive methods; outcomes, including survival or
eath; complications; organ failures; hospital days; and
CU days. The database also included the presence of
epsis, APACHE II scores, Glasgow Coma Scores, and
njury Severity Scores.3,20

athematical search and display program
ayard and colleagues4,32 and Shoemaker and associates20,21

eveloped a mathematical (probability) analysis and con-
rol program to determine individual patient’s survival
robability (SP), from a database of 1,150 patients with
imilar clinical-hemodynamic “states,” which are defined in
erms of the primary diagnosis, covariates, and hemody-
amic variables. “Similar” means a group of patients, re-
erred to as “nearest neighbors,” with the same diagnosis,
ho share the same or similar covariates and have very close
emodynamic patterns to those of the newly admitted
tudy patient. They are used as surrogates or substitutes in
lace of the newly admitted study patient.20,21

Both clinical covariates and process noise help to ex-
lain the variability of patient responses seen in the da-
abase. The covariates help to distinguish gross differ-
nces in responses of patients with major differences in
heir disorders. Process noise may explain small differ-

Series
Blunt trauma

urvivors
� 35)

Survivors
(n � 291)

Nonsurvivors
(n � 51)

� 17* 43 � 19 52 � 22*

33 207 35
2 84 16

21 136 29
21 154 33

0 7 1
1 147 19
8 94 8

� 6,678* 1,607 � 1,790 2,910 � 3,217*
� 15* 20 � 11 35 � 14*
� 5* 13 � 4 10 � 5*
�14 * 22 � 10 27 � 12*

es.
ma
ma
Nons

(n

33

,750
31
10
28
nces between patients with the same covariates but dif-



f
u
c

S
A
e
b
h
t
m
o
s
l
w
t
i
d
u
t

S
T
v
n
W
a
v
d
v
s

R
C
f
T
f
H
P
P
c
d
n
F
s
a

H
a
T
s
p
b
P
i
w
d
p
t

S
w
S
t
t
c
a
f
t
T
2
6
p

R
F
f
a

T
F

V

C
M
H
S
P
P
S
H
D

V
C
M
F
b

903Vol. 203, No. 6, December 2006 Lu et al Noninvasive Hemodynamic Monitoring of Injuries
erent responses to the same therapy. It is a measure of
nmodeled dynamics, or intraindividual variability, be-
ause of other sources of variability in the system.4,32

urvival probability
patient’s SP for a given state was calculated by first

xtracting from the database 40 or more nearest neigh-
or states of patients having diagnosis, covariates, and
emodynamic values that are closest to the study pa-
ient’s values. Each time a set of hemodynamic measure-
ents was made, the SP was computed as the percentage

f these nearest neighbors that survived. Figure 1 repre-
ents the data of an illustrative patient who sustained a
ethal gunshot to the abdomen. Survival probabilities
ere continuously calculated and displayed throughout

he first 48 hours after ED admission, including the
nitial resuscitation. The SP serves as an outcomes pre-
ictor and a measure of severity of illness that can be
sed to track changes in the patient’s overall status
hroughout the hospital course.

tatistical analyses
he mean � SD or SEM of the survivors’ and nonsurvi-
ors’ MAP, cardiac output or index, SapO2, and transcuta-
eous O2 were calculated for the periods of monitoring.
e used the unpaired, two-tailed Student’s t-test to evalu-

te differences between the survivors’ and nonsurvivors’
alues at comparable time periods. For categorical variables,
ifferences in proportions between survivors and nonsurvi-
ors were tested using the chi-square test. GraphPad Prism
tatistical software was used for computations.

ESULTS
ontinuous noninvasive hemodynamic patterns

rom the time of ED admission
able 2 summarizes the mean hemodynamic values � SD

or all trauma survivors compared with all nonsurvivors.
emodynamic values included CI, HR, MAP, SapO2,

tcO2/FiO2, and the calculated SP. The CI, MAP, SapO2,
tcO2/FiO2, and SP values of the survivors were signifi-
antly higher than the corresponding values of those who
ied, although the HR and PtcCO2 were higher in the
onsurvivors during the first 24 hours after ED admission.
igure 2 illustrates the time course of survivors’ and non-
urvivors’ hemodynamic patterns of the trauma series aver-

ged over intervals during the first 48-hour period. a
emodynamic patterns in blunt
nd penetrating injuries
able 3 lists the mean hemodynamic values � SEM for
urviving and nonsurviving patients with blunt and with
enetrating trauma. There were similar patterns in these
lunt and penetrating injuries; the CI, MAP, SapO2,
tcO2/FiO2, and SP values of the survivors were signif-

cantly higher than the corresponding values of those
ho died, although HR was higher in the nonsurvivors
uring the first 24 hours after their ED admission. These
atterns occurred more rapidly in penetrating injuries
han in blunt trauma.

urvival probability calculation compared
ith actual hospital outcomes
P values after the initial resuscitation in the prospec-
ively monitored trauma patients were compared with
he actual hospital outcomes at the time of their dis-
harge from the hospital a week or more later (Tables 2
nd 3). For comparison of the initial SP values with their
inal hospital outcomes, we used half the difference be-
ween survivors and nonsurvivors as the SP cut-point.
he mean SP � SD of survivors during the first
4 hours was 86 � 13%, and for nonsurvivors, it was
9 � 15%. There were 12.1% misclassifications for
enetrating and blunt trauma emergencies (Table 4).

eceiver operating characteristic curves
igure 3 shows receiver operating characteristic curves
or data collected during the first 4-hour period after ED
dmission. The areas under the receiver operating char-

able 2. Hemodynamic and Survival Probability Values in
irst 24 Hours (n � 657)

ariable
Optimal
value

Survivors
(n � 570)

Nonsurvivors
(n � 87)

p
Value

I, L/min/m2 4.0 3.96 � 0.96 3.60 � 0.96 � 0.01
AP, mmHg 85 89 � 13 76 � 19 � 0.01
R, beat/min � 100 105 � 19 114 � 18 � 0.01

apO2, % � 98 99 � 2 95 � 7 � 0.01
tcCO2, torr � 50 47 � 15 61 � 55 � 0.01
tcO2/FiO2 � 200 223 � 109 100 � 70 � 0.01
P, % � 80 86 � 13 69 � 15 � 0.01
ematocrit, % � 33 34 � 5 30 � 7 � 0.01
O2, mL/min/m2 � 600 610 � 172 513 � 171 � 0.01

alues are expressed as mean � SD.
I, cardiac index; DO2, oxygen delivery; Hct, hematocrit; HR, heart rate;
AP, mean arterial pressure; PtcCO2, transcutaneous CO2 tension; PtcO2/

iO2, transcutaneous O2 tension indexed to FiO2; SapO2, arterial hemoglo-
in saturation by pulse oximetry; SP, survival probability.
cteristic curves were: SP, 0.87; PtcO2/FiO2, 0.81;
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Figure 2. Survivors’ (n � 571, solid line) and nonsurvivors’ (n � 86, dashed line) temporal
patterns are shown for the first 48 hours of the entire series beginning with their emergency
department admission. Mean values � SEM are shown for cardiac index (CI), heart rate (HR),
mean arterial pressure (MAP), pulse oximetry (SapO2), transcutaneous carbon dioxide tension
(PtcCO2), transcutaneous oxygen tension indexed to the fractional inspired oxygen concentration
(PtcO2/FiO2), and survival probability (SP). All values are keyed to the time of admission to the
emergency department. Note the survivors’ cardiac index, MAP, SapO2, PtcO2/FiO2, and SP
values were generally higher than those of the nonsurvivors. The mean survivors’ SP values were

significantly higher than the mean nonsurvivors’ SP values.
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apO2, 0.64; MAP, 0.63; and CI, 0.62. But the receiver
perating characteristic curves may vary with different
imes after admission, with different etiologic events
nd, possibly, with differing degrees of injury.

omparison of various predictors by
isclassification rates
isclassifications were 12.1% overall. Table 5 shows
isclassification rates of single initial or lowest values of
AP, CI, APACHE II score, and the present SP analysis.

PACHE II values were calculated on a daily basis; dis-
riminant analysis produced one value that covered the
ntire observation period. The SP was calculated pro-
pectively online in real time with each set of observed
emodynamic values throughout the observation pe-
iod. Single values of commonly used shock-related pa-
ameters were less related to outcomes compared with
P, a computerized composite of multiple variables.

ISCUSSION
he proposed mathematical representation of circula-

ory status defines the patient’s clinical-circulatory state
y specific diagnostic categories; clinical covariates; and
he patterns of hemodynamic variables, their first and
econd derivatives, and their integrals. Simply stated, the
rogram picks out the patterns of patients in the data-
ase who have the closest clinical and hemodynamic
atterns to the newly admitted study patient. These are
tatistically referred to as “nearest neighbors” and are

able 3. Hemodynamic and Survival Probability in Penetrati

ariable

Penetrating trauma
Survivors
(n � 280)

No

P, % 89 � 1
I, L/min/m2 4.05 � 0.05 3.
AP, mmHg 89 � 1
R, beat/min 107 � 1 1

apO2, % 99 � 1
tcCO2, torr 46 � 1
tcO2/FiO2 233 � 6
ematocrit, % 34 � 1
O2, mL/min/m2 637 � 13 4

alues are expressed as mean � SEM.
p value � 0.05.
p value � 0.01 versus corresponding survivor groups.
I, cardiac index; DO2, oxygen delivery; HR, heart rate; MAP, mean arteria

ension indexed to FiO2; SapO2, arterial hemoglobin saturation by pulse oxi
sed as surrogates for the study patient. The accuracy M
nd reliability of this approach depends on the size
nd comparability of the database needed to provide
n adequate number of nearest neighbors. This data-
ase contains more than 1,100 high-risk patients with
ore than 40,000 time lines, each of which represents
patient’s clinical-hemodynamic state that poten-

ially may be used as a nearest neighbor. The average
ifference between patients’ variables and their near-
st neighbors’ was less than 0.3 standard deviation for
he database variables. Preliminary evaluation sug-
ests the need for a database of at least 200 patients
ith about 10,000 time lines for each etiologic cate-
ory to be evaluated.

These methods were tested in a public hospital ED,
here the survival probability was found to track clinical

hanges throughout the initial observation period. Dur-
ng and just after the initial resuscitation, the program
orrectly predicted subsequent hospital outcomes in
8% of the series. The program was developed to aid less

nd Blunt Trauma
Blunt trauma

vivors
35)

Survivors
(n � 291)

Nonsurvivors
(n � 51)

2* 83 � 1 68 � 2*
0.16* 3.87 � 0.06 3.56 � 0.13†

3* 89 � 1 78 � 3*
3* 103 � 1 110 � 3†

1* 98 � 1 95 � 1*
13* 47 � 1 55 � 4*
12* 213 � 7 107 � 10*
1* 33 � 1 31 � 1*
33* 584 � 14 528 � 29†

ure; PtcCO2, transcutaneous CO2 tension; PtcO2/FiO2, transcutaneous O2

; SP, survival probability.

able 4. Summary of Classifications of Emergency Trauma
atients Exclusive of Severe Head Injury and Brain Death (n

603)
Predicted

to die
Predicted to

live Total
n % n % n %

ctual outcome
Died 53 63.9 30 36.1 83 13.8
Lived 43 8.3 477 91.7 520 86.2
Total, % 96 15.9 507 84.1 603 100.0
ng a

nsur
(n �

70 �

64 �

74 �

20 �

96 �

70 �

90 �

29 �

94 �
isclassification 73/603�12.1%
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906 Lu et al Noninvasive Hemodynamic Monitoring of Injuries J Am Coll Surg
xperienced clinicians who may not have been widely
xposed to trauma patients.

Early diagnosis, prognosis, and assessment of phys-
ologic alterations are essential because this allows
herapy to be initiated sooner in the hope that earlier
herapy may improve outcomes in emergency condi-
ions when time is crucial.6-12 The probability analysis
nd decision support program are based on noninva-
ive hemodynamic monitoring, which is safe, inex-
ensive, available throughout the hospital and pre-
ospital areas, and is comparable in accuracy to

able 5. Misclassifications in Outcomes Prediction by Vario

ethod Cri

nitial heart rate S � 95, NS �

nitial MAP S � 85, NS �

owest MAP S � 50, NS �

nitial cardiac index S � 3.8, NS �
m2

PACHE II S � 27, NS �

iscriminate analysis Multiple
urvival probability, this study S � 75%, NS

Figure 3. Receiver operating characteristic (R
period after emergency department admissio
areas under the ROC curves were: survival pro
indexed to the fractional inspired oxygen c
(SapO2), 0.64; mean arterial pressure (MAP),
ROC curves was significant at p � 0.01.
AP, mean arterial pressure; NS, nonsurvivors; S, survivors.
nvasive monitoring.1-4 They provide independent
athematical tools to evaluate therapeutic responses

bjectively. If confirmed by further studies, these in-
ormation systems may provide objective methods to
anage critically ill emergency patients.

uthor Contributions
tudy conception and design: Lu, Shoemaker, Demetriades
cquisition of data: Lu, Chien
nalysis and interpretation of data: Lu, Wo
rafting of manuscript: Shoemaker, Wo

nalyses
Misclassification rate

n %

beat/min 70/159 44
mmHg 76/159 48
mmHg 83/159 52

L/min/ 72/159 45

30/97 31
23/151 15

5% 73/603 12

urves for data collected during the first 4-hour
agonal segments are produced by ties. The
ty (SP), 0.87; transcutaneous oxygen tension
tration (PtcO2/FiO2), 0.81; pulse oximetry
; and cardiac index (CI), 0.62. Each of these
us A

teria
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70
50
3.8
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� 7
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