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ABSTRACT—Measurement of blood volume (BV) may guide fluid and red blood cell management in critically ill patients
when capillary leak from shock and fluid resuscitation makes assessment of intravascular volume difficult. This is a
prospective randomized trial of critically ill surgical patients with septic shock, severe sepsis, severe respiratory failure,
and/or cardiovascular collapse. The control group received fluid management based on pulmonary artery catheter
parameters and red blood cell transfusions based on hematocrit values. The BV group received fluid and red blood cell
transfusions based on BV analyses in addition to pulmonary artery catheter parameters. Blood volume was measured
using the radioisotope tracer technique with iodine 131Ylabeled albumin. This allowed direct measurement of plasma
volume and calculation of the red blood cell volume. The control group was blinded to the BV results. There were
statistically significantly more times when the control group (compared with the BV group) demonstrated hypervolemia
(48% vs. 37%) and red blood cell deficiency (33% vs. 16%). There was a delay in red blood cell transfusions ad-
ministered to the control group by 1.5 T 2 days at which time the abnormality became clinically evident. Blood volume
analyses provided additional information to the clinicians resulting in a change in treatment in 44% of the time to patients
randomized to the BV group. The mortality rates were significantly different between the two groups (8% for the BV group
and 24% in the control group; P = 0.03). Blood volume measurements allowed the physicians to promptly treat physiologic
disturbances in both red blood cell volume and plasma volume, resulting in improved survival.
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INTRODUCTION

Achieving euvolemia or normovolemia is the first principle

of shock resuscitation irrespective of etiology. Although there

is agreement that survival is dependent on the timing of re-

suscitation (1Y4), the optimum end point of fluid titration

remains in question. One major problem is that surrogate

markers, rather than direct measurement of blood volume

(BV), is used to guide fluid and red blood cell therapy. Clinical

examination has limitations in predicting BV. Blood pressure

(BP) deterioration may be a late sign due to hormonal response

and compensation. Chest roentgenograph discrimination for

cardiac filling pressures may be poor. An Badequate[ urine

output (UO) depends on the concentrating ability of the kid-

neys and the amount of nitrogenous waste products, with oli-

guria being a late sign of renal failure. Previous studies have

shown that experienced cardiologists were unable to predict

volume status in 49% of their congestive heart failure (CHF)

patients including evaluation of S3 (5), and brain natriuretic

peptide levels (6). Resuscitation to treat shock states leads to

third spacing of fluid, edema, weight gain, and a positive fluid

balance, and it becomes difficult to estimate a patient’s intra-

vascular volume. Agreement among physicians regarding es-

timation of BV in patients may also be poor (7).

Central hemodynamic pressures such as central venous pres-

sure (CVP) and pulmonary artery occlusion pressure (PAOP)

are commonly used to guide fluid therapy. However, they may

not reflect intravascular volume status because CVP and PAOP

depend on the relationship between the volumes presented to

the heart, cardiac function, and compliance of the ventricles.

Previous studies have demonstrated little correlation between

CVP and circulating BV (8Y12). One study demonstrated a

weak relationship between PAOP and BV (12), but this was not

a consistent finding (8, 10, 13). A better correlation between

BV and either cardiac output (CO) or stroke volume has been

observed, when compared with CVP or PAOP values (11, 13).

Despite the inconsistencies in the literature, CVP of 8 mmHg

or greater (1, 2, 4) and up to 15 mmHg (14) has been advocated

as end points of fluid resuscitation with some success, but these

treatments are part of Bbundled care[ (i.e., standardized proto-

cols), which makes the contribution from individual compo-

nents difficult to assess (15). There may be better end points to

guide fluid resuscitation such as actual measurements of intra-

vascular volume.

Although clinicians inherently embrace the concept of direct

measurement of intravascular volume, the technology used to

conduct the testing was cumbersome and limited its use. With

the introduction of a semiautomated technique for measuring
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BV (BVA-100; Daxor Corporation, New York, NY), there has

been renewed interest in using this tool to guide fluid and

blood management. Using the BV analyzer (BVA), we demon-

strated that clinical parameters including information derived

from pulmonary artery catheters (PACs) were not reliable in

predicting BV in the surgical intensive care unit (SICU) patients

(16). Treatment changed 36% of the time based on BV values,

with 39% of the treatments resulting in improvement, and no

episode resulting in worsening of the parameters treated (16).

In patients in whom BV results were not used, an element of

delay was recognized where, 1 to 2 days later, the volume status

of the patient became clinically manifest leading to the same

treatment had BV information been available. This delay in

treatment was recognized as a potential area for improvement.

Other researchers have reported similar findings in the inten-

sive care unit (ICU) patients: use of BV information may lead to

different fluid management 30% to 50% of the time (17).

In the last decade, the goals of resuscitation have evolved

from treatment to a single value of cardiac index (CI), oxygen

delivery (DO2), and mixed venous oxygen saturation (SvO2)

(18), to individual titration of DO2 to ensure adequate tissue

oxygenation (19) with improved mortality rates. Although the

merits of PACs have been questioned, the PAC provides a

reliable continuous method of monitoring CI, SvO2, PAOP, and

CVP, and its value is supported by prospective randomized trials

(18, 19) if interpreted and utilized properly (20). Our group has

been evaluating the utility of BVA in guiding fluid and red

blood cell management in the ICU since 2004 (12, 16, 21).

This report describes a prospective randomized trial using the

BVA in addition to PAC parameters and hematocrit (Hct) in

critically ill SICU patients. The aims of the study was to assess

(a) the number of times the BV data resulted in changed treat-

ment, (b) whether treatment resulted in favorable or unfavorable

response, (c) whether there were differences in resource con-

sumption (ventilator, SICU, hospital days), and (d) whether

there were differences in mortality rates.

MATERIALS AND METHODS
The institutional review board approved the study. All subjects (or surro-

gate decision makers) gave informed consent before study enrollment. The
patients were randomized to the control group (fluid management guided by
PAC parameters) or the BV group (fluid management guided by BV results in
addition to PAC parameters).

Patient selection
Patients with the following diagnoses were enrolled:

(1) Septic shock: Any two or more of the following signs in a patient with
known source of infection: (a) temperature of greater than 39-C or less than
35-C; (b) a white cell count of greater than 12,000 or less than 4,000 cells/2L
or 20% immature cells; (c) a heart rate of greater than 90 beats/min; (d) a
spontaneous respiratory rate of greater than 20 breaths/min: plus a systolic
BP (SBP) of less than 90 mmHg despite fluid resuscitation or greater than
40 mm from baseline in absence of other causes of hypotension.

(2) Severe sepsis: Sepsis associated with signs of perfusion abnormality after
a bolus of 30 mL/kg in increments of 1 L, such as lactic acidosis, oliguria of
less than 0.5 mL/kg per h, mental status alteration (or other signs of perfu-
sion abnormality), or oxygen challenge test (OCT) of less than 25 mmHg
(see below) (19).

(3) Cardiovascular collapse: any surgical patient in the ICU with hypotension
(SBP G90 mmHg, or 940-mmHg decrease from known baseline) after a
fluid bolus of 30 mL/kg and requiring vasopressors, with a history of car-
diac disease or concurrent myocardial dysfunction, and elevated troponin I
levels. History of cardiac disease is defined as prior myocardial infarction,
echocardiogram showing wall abnormality or low ejection fraction (G52%),

abnormal treadmill report, abnormal nuclear medicine studies or coronary
angiogram, and history of CHF and/or arrhythmia requiring treatment.

(4) Severe oxygenation failure: PaO2/FIO2 of less than 150 mmHg or intra-
pulmonary shunt 20% or greater while on positive end-expiratory pressure
(PEEP) of 12 cm H2O or greater, with PAOP of less than 18 mmHg, and
chest roentgenograph with infiltrates.

Exclusion criteria were having surrogates who were unable or unwilling to
give consent, being younger than 18 years, being pregnant, having brain injury
documented on computed tomography with a Glasgow Coma Scale of 12 or
less, quadriplegia, do-not-resuscitate status, height less than 122 cm or greater
than 218 cm, and weight less than 21.3 kg or greater than 379 kg in men and
greater than 351 kg in women.

Treatment protocol
The start time for resuscitation was defined as the time of PAC insertion

or the time of SICU arrival if the patients came with a PAC inserted in the
operating room. Goals of resuscitation for both groups were the same (Table 1)
and were the standard of care in our SICU and were intended to be achieved
within 24 h of PAC insertion (2, 3, 19) using hemodynamic guidelines as pre-
sented in Figure 1. All PAOPs were measured off PEEP if the PEEP settings
were 15 cm H2O or greater.

Two measurements of tissue ischemia were used: lactic acid level and the
OCT. The OCT is based on the principle that skin is the first tissue bed to
vasoconstrict in shock and the last to reperfuse. A well-perfused skin implies
adequate blood flow to vital organs. A noninvasive probe measuring trans-
cutaneous pressure of oxygen (PtcO2) is placed on the skin of the upper chest
wall. Studies have shown that PtcO2 correlates with PaO2 (and therefore FIO2)
during normal perfusion. In shock states, PtcO2 changes with CO but fails to
increase in response to FIO2 of 1.0 because of vasoconstriction of the skin. The
PtcO2 response to FIO2 of 1.0, called the OCT, is a marker of tissue perfusion,
and a rise of 25 mmHg or greater in PtcO2 (the dividing value between survi-
vors and nonsurvivors) has been used as an end point of resuscitation (19).

Blood volume analysis
After obtaining a baseline sample of 5 mL of blood and a simultaneous

blood Hct, a tracer consisting of human serum albumin tagged with iodine
131 (131I) (5Y30 microcuries) is injected intravenously over 1 min and allowed
to mix completely throughout the circulation for 12 min. To correct for albu-
min transudation, serial blood measurements of 5 mL were collected at 12, 18,
24, 30, and 36 min after albumin 131I injection and extrapolated to time zero
to calculate the plasma volume (PV). Radioactivity was measured in duplicate
in a semiautomated counter, and a minimum of three samples with an SD of
less than 3.9% were used to calculate PV. The red blood cell volume (RBCV)
was then derived based on the calculation: Hct = (RBCV)/(RBCV + PV).
Whole (total) BV = PV + RBCV.

To interpret the volume results, the RBCV, PV, and BV were compared
with the patient’s ideal or normal volumes to account for size differences.
Blood volume abnormalities were categorized and presented as percent devi-
ation from the individual’s normal/ideal BV (Table 2).

Treatment goals for BV values and the rationale for
determination of the BV goals

The optimum PV and RBCV associated with survival in critically ill patients
may differ from the optimum BV in a normal population. Shoemaker and col-
leagues (22) suggested that the optimum blood and PV in the critically ill patient
should contain approximately 500 mL PV in excess of predicted norms and a
normal red blood cell mass. Because of expanded vasculature in shock states
(23), our study design aimed for a total BV that was 0% to 16% in excess of the
predicted normal/ideal BV for a healthy individual (Figs. 2 and 3).

One area of controversy is the appropriate end point for red blood cell
transfusion. Two problems currently exist in transfusion medicine: (a) using
surrogate markers such as hemoglobin (Hb) or Hct to estimate RBCV and to
serve as transfusion triggers and (b) absence of tissue oxygenation monitoring
to determine the end point and benefit of red blood cell transfusion. A 30% to

TABLE 1. Goals of resuscitation for both control and BV groups

SBP 9100 mmHg or within 40 mmHg from known baseline

Heart rate G100 beats/min

Urine output 90.5 mL/kg per h

Lactate to normal values within 24 h of resuscitation

Oxygen delivery adequate to achieve SvO2 Q70% and OCT Q25 mmHg

For definition of OCT, refer to Materials and Methods (19).
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40% deficit in RBCV is possible with an Hct of greater than 30% if low RBCV
and low PV coexist in the classically Bhemoconcentrated[ patients (21, 24Y26),
and this study was designed to keep the RBCV between 0% to j20% to avoid
the consequences of anemic hypoxia. For the control group in which BV mea-
surements were not used, an Hct between 25% and 35% (22) was used as the
RBCV target to allow for wide variation in Hct goals, depending on whether the
therapeutic end points as outlined in Table 1 had been reached.

Timing of BV measurements
The BV measurements were obtained after the initial resuscitation had been

completed because large amounts of fluid and blood infusion would not allow
steady state to occur during the BV measurements. The following four time
points were selected based on our previous experience (16):

& BV 1: Performed 12 to 36 h after resuscitation. This allowed time for
resuscitation to be Bcomplete[ and to reach a steady state in which large
amounts of fluid or blood were not being infused.

& BV 2: Performed 24 to 36 h after BV 1. This represented the period when
further fluid equilibration between body compartments may be occurring
with possible early fluid mobilization.

& BV 3: Performed 24 to 36 h after BV 2. This represented the period when
fluid mobilization should be occurring.

& BV 4: Between days 5 and 7 after study enrollment. This represented the
period when secondary events may occur for patients remaining in the SICU.

All patients who remained in the SICU for 5 or more days received four BV
tests regardless of their treatment group. The rounding team recorded param-
eters requiring treatment and estimated the patients’ BV, RBCV, and PV as
high, low, or normal and then developed a treatment plan. This allowed the
team to assess whether its estimate of the patient’s BV was accurate and
whether the treatment changed significantly based on the BV results. For the
control group, the results of BV analyses were blinded, and treatment was
carried out using the available clinical parameters as outlined in Figure 1.

For the BV group, results of the BV measurements were used to guide fluid
treatment as outlined in Figure 2. All hemodynamic data were collected si-
multaneously while the BV analyses were being done. Net fluid balance was
calculated daily.

The rounding team documented response to treatment in both groups. The
definition of a significant response consisted of (a) achieving the goals as
presented in Table 1 if those were the parameters that needed treatment and/or
a change of greater than (b) 10 mmHg in BP, (c) 10 beats/min in heart rate, (d)
15% in CI or stroke volume index, (e) 25% in dosage of vasoactive agents, ( f )
20 points in PaO2/FIO2 ratio, and (g) 25% in blood urea nitrogen or creatinine
levels. There was no attempt to categorize a response as being attributed to the
treatment or to the natural progression of the illness. Response was categorized
as favorable or unfavorable, depending on how the parameters changed as
defined above. If the parameter did not change significantly as defined above,
the response was determined to be neutral.

To simulate the anticipated normal utilization of BV measurements, patients
randomized to the BV group were permitted to have additional BV analyses
during the SICU course whenever the rounding team deemed it necessary (16).
Removal of PACs occurred when the patient was off vasoactive agents for more
than 24 h and if the PAC values such as PAOP, CI, and SvO2 did not change
management in the preceding 24 h. Fluid management protocol for both groups
without PAC is presented in Figure 3.

SICU bundle for shock resuscitation
In addition to the hemodynamic goals, all SICU patients received the fol-

lowing care as part of our routine (27): (a) early enteral feedings (within 24 h
of shock resuscitation) to promote mesenteric flow and decrease enteric source
of cytokine release; (b) glutamine 10 mg three times a day for enterocyte fuel
source and immune-enhancing activity; (c) antioxidants vitamin A 10,000 U,
vitamin E 800 U, or selenium 200 2g + ascorbic acid 3 g in 0.9% NaCl at
20 mL/h; (d) steroids for septic shock based on adrenal function; (e) activated
protein C for those with tissue hypoxia based on OCT value of less than
25 mmHg and with the diagnosis of septic shock or severe sepsis (28); and ( f )
glycemic control with blood sugar 80 to 110 mg/dL.

Statistical analyses and data studied
To address the goals of the study, which were (a) to assess the number of

times the BV data resulted in changed treatment, (b) whether treatment re-
sulted in favorable or unfavorable response, (c) whether there were differ-
ences in resource consumption (ventilator, SICU, hospital days), and (d)
whether there were differences in mortality rates, the following parameters
were analyzed: BP; HR; UO; lactic acid; CVP; PAOP; CI; stroke volume;
DO2; SvO2; PaO2; SaO2; FIO2; requirement and dosages of vasoactive agents;
fluid balance; the SICU team’s estimate of RBCV, PV, total BV, and treat-
ment plan before obtaining BV; types of treatment (including red blood cells)

TABLE 2. A method of categorizing deviations from
the ideal or normal BV

Whole BV RBCV Plasma volume

Normal T8% T10% T8%

Mild deviation T9%Y16% T11%Y20% T9%Y16%

Moderate deviation T17%Y24% T21%Y30% T17%Y24%

Severe deviation T25%Y32% T31%Y40% T25%Y32%

Extreme deviation 932% 941% 932%

FIG. 1. Treatment protocol for patients ran-
domized to the control group. The goals are
presented in Table 1. Treatment was administered
in the following sequence as necessary to reach
the goals: (1) crystalloid/colloid infusion of 250 to
500 mL or blood infusion if Hct was less than 35%
(Hct goal was 25%Y35%). (2) Inotropes initiated
with milrinone at 0.375 2g/kg per min or dobut-
amine at 2 to 5 2g/kg per min, titrated to desired CI
to achieve the perfusion goal. (3) Norepinephrine or
epinephrine initiated at 1 2g/min titrated to desired
BP if hypotensive despite adequate preload. All
PAOPs (in mmHg) are measured off-PEEP if on
PEEP Q15 cm H2O. SBP values are in mmHg;
heart rate (HR) values are in beats/min.
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administered; response to treatment; ventilator, ICU, and hospital days; and
hospital mortality.

Independent-samples t tests and chi-square or Fisher exact test were used to
analyze continuous and nominal data, respectively. For all analyses, the level
of significance was set to 0.05. Analyzed were patient demographics, hemo-
dynamic parameters, whether and how the BV measurements changed treat-
ment in the BV group or would have changed treatment in the control group,
the response to treatment, blood transfusions, fluid balance, and outcome.

RESULTS

Patient demographics and comorbidities are presented in

Table 3. There were no significant differences between the two

groups in their baseline characteristics. The average age was

60 years, with 40% having elevated troponin I levels at the

time of study entry. Approximately 70% of patients had septic

shock/severe sepsis. There were no differences in the number

of patients who received vasoactive agents (37/50 control

group vs. 36/50 BV groups; P = 0.82), steroids (40/50 control

group vs. 38/50 BV group; P = 0.81), and activated protein

C (11/50 control group vs. 16/50 BV group; P = 0.37).

Table 4 displays the hemodynamic data, Hct, fluid balance,

and BV results after the initial resuscitation and at the time of

BV 1. This first data set represents values before using the BV

information for treatment, and no differences existed between

the control and BV groups.

FIG. 2. Treatment protocol for patients ran-
domized to theBVgroup. The goals are presented in
Table 1. Treatment was administered in the following
sequence as necessary to reach the goals: (1) crys-
talloid/colloid infusion of 250 to 500 mL and blood
transfusion to reach RBCV of 0 to j20% of ideal/
norm, and BV goal of 0% to 16% of ideal/norm. (2)
Inotropes initiated with milrinone at 0.375 2g/kg per
min or dobutamine at 2 to 5 2g/kg per min, titrated to
desired CI to achieve the perfusion goal. (3) Nor-
epinephrine or epinephrine initiated at 1 2g/min
titrated to desired BP if hypotensive despite ade-
quate preload. BVs are presented as % deviation
from the patient’s normal/ideal BV; RBCVs are pre-
sented as % deviation from the patient’s normal/
ideal RBCV. SBP values are in mmHg; heart rate
(HR) values are in beats/min.

FIG. 3. Fluid management without PAC. The
standard clinical parameters and laboratory values
were used to guide fluid and red blood cell man-
agement in instances when BV analysis was not
available, or if the patients were in the control
group. BV presented as % deviation from the
patient’s normal/ideal BV; RBCVs are presented as
% deviation from the patient’s normal/ideal RBCV.
SBP values are in mmHg; heart rate (HR) values
are in beats/min.
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Table 5 presents the average values of hemodynamic vari-

ables, Hct, fluid balance, and the BV results at BV 2, BV 3,

and BV 4, which occurred from days 2 to 7 after the initial

resuscitation. The control group demonstrated significantly

lower Hct and higher deviation from the ideal PV and ideal BV

values compared with the BV group.

During the first 7 days, the control group underwent 198 BV

analyses, whereas the BV group received 254 BV analyses.

The numbers of BV tests that resulted in management change

in the BV group, or that would have changed treatment in the

control group if the results had been available, are presented in

Table 6. The control group demonstrated significantly more

times when treatment would have changed with BV information

and more times when patients would have been diuresed and

given red blood cell transfusions compared with the BV group.

Table 7 compares the frequency of significant deviations in

BV measurements in the control vs. BV groups, the number of

red blood cell transfusions administered, and the response to

treatment throughout the first 7 days. There were significantly

more times when the control group exhibited significant red

blood cell deficit, PV excess, and BV excess relative to the BV

group (Table 7). Patients in the BV group were transfused with

a greater amount of red blood cells than patients in the control

group, and there was an average delay of 1.5 T 2 days in ad-

ministering red blood cell transfusions to patients in the con-

trol group had the BV results been available. The BV group

demonstrated a significantly higher rate of favorable response

to treatment compared with the control group (Table 7).

After day 7, 282 additional BV analyses were performed in

the 31 patients who remained in the SICU in the BV group.

There was a treatment change based on 150 (53%) of 282 BV

results relative to the treatment chosen based on clinical data

alone. Red blood cell transfusions changed based on RBCV

results in 87 incidences, in which 65 cases received more and

22 received fewer red blood cells. Fluid management changed

based on PV results in 129 incidences, in which 37 cases re-

ceived more fluids and 92 received less fluids or were diuresed.

Of the total of 150 treatment changes resulting from BV anal-

yses, 83 (55%) resulted in favorable responses, 24 (16%) led to

TABLE 3. Patient demographics at time of study entry

Control group
(n = 50)

BV group
(n = 50) P

Age, mean (SD), y 63 (16) 60 (17) 0.56

No. female: no. male 18:32 23:27 0.42

APACHE II, mean (SD), 24 (3) 25 (4) 0.16

Septic shock, no. patients 28/50 30/50 0.83

Severe sepsis, no. patients 6/50 5/50 0.75

Cardiovascular collapse, no. patients 9/50 6/50 0.57

Severe ARDS, no. patients 14/50 21/50 0.21

Cardiac history, no. patients 19/50 20/50 0.84

COPD, no. patients 5/50 9/50 0.39

Cirrhosis, no. patients 3/50 4/50 0.70

Diabetes mellitus, no. patients 18/50 16/50 0.83

Lactic acid, mean (SD), mEq/L 4.1 (3.1) 4.0 (2.8) 0.86

Creatinine, mean (SD), mg/dL 1.7 (1.0) 1.9 (1.7) 0.83

Creatinine clearance, mean (SD), mL/min 48 (25) 52 (30) 0.93

j Troponin, no. patients 19/50 21/50 0.84

Platelet count, mean (SD), �103 149 (190) 191 (190) 0.27

Bilirubin, mean (SD), mg/dL 2.6 (2.0) 4.0 (4.8) 0.06

OCT G25 mmHg,* no. patients 19/50 21/50 0.83

*Refer to Materials and Methods for definition. OCT G25 mmHg implies
tissue hypoperfusion (19).
APACHE II indicates Acute Physiology and Chronic Health Evaluation II;
ARDS, acute respiratory distress syndrome; COPD, chronic obstructive
pulmonary disease.

TABLE 4. Hemodynamic data and BV results at time of first BV
analysis after the acute resuscitation

Control BV P

CVP, mmHg 13.5 (4.8) 13.8 (4.7) 0.75

PAOP, mmHg 16.0 (4.8) 16.6 (4.8) 0.48

Cardiac index, L/min/ per m2 3.6 (0.9) 3.5 (0.9) 0.41

DO2I, mL/min per m2 552 (143) 549 (149) 0.91

SvO2, % 76 (5) 74 (7) 0.10

Qs/Qt, % 25 (12) 22 (10) 0.18

Hematocrit, % 33 (4) 33 (6) 1.0

BV 1, % deviation 15 (26) 13 (15) 0.54

RBCV 1, % deviation j10 (24) j11 (17) 0.77

PV 1, % deviation 32 (32) 28 (20) 0.46

Fluid balance, mL, last 24 h 5,068 (3,744) 5,397 (4,855) 0.85

Values are presented as mean (SD).
DO2I indicates DO2 (indexed); Qs/Qt, intrapulmonary shunt; BV 1, the first
BV analysis done after the initial resuscitation (presented as % deviation
from the patient’s ideal/normal volume); RBCV 1, first RBCV after the
initial resuscitation (presented as % deviation from the patient’s ideal/
normal volume); PV 1, first PV after the initial resuscitation (presented as
% deviation from the patient’s ideal/normal volume).

TABLE 5. Averaged values of hemodynamic parameters,
fluid balance, and BV results (days 2Y7 after

initial resuscitation)

Control BV P

Heart rate, beats/min 82 (17) 87 (17) 0.14

SBP, mmHg 134 (22) 139 (23) 0.28

CVP, mmHg 14 (4) 13 (5) 0.27

PAOP, mmHg 17 (5) 16 (4) 0.31

CI, L/min per m2 3.5 (0.8) 3.6 (0.8) 0.53

DO2, mL/min per m2 529 (133) 567 (137) 0.16

SvO2 77 (6) 76 (6) 0.40

Qs/Qt, % 29 (12) 22 (9) 0.35

Hematocrit, % 33 (4) 35 (5) 0.03

BV, % deviation 29 (21) 13 (17) 0.04

RBCV, % deviation j8 (21) j6 (14) 0.57

PV, % deviation 37 (25) 26 (23) 0.014

Fluid balance, mL 583 (2,739) j20 (2,356) 0.24

Values are presented as mean (SD).
DO2 indicates DO2 indexed; Qs/Qt, intrapulmonary shunt; BV, BV pres-
ented as% deviation from the patient’s normal/ideal BV; RBCV, red blood
cell volume presented as % deviation from the patient’s normal/ideal BV;
PV, PV presented as % deviation from the patient’s normal/ideal PV.
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unfavorable responses, and 43 (29%) resulted in neutral

responses.

Outcome data for the study group are presented in Table 8.

Although the BV group had 5.4 less ventilator days and 11 less

hospital days than the control group, these values did not reach

statistical significance. There was a significant survival advan-

tage in the BV group.

DISCUSSION

Assessment of intravascular circulating BV is useful, but the

clinical utilization of BV information requires knowledge on

how to use the individual values. To interpret the volume

results, the RBCV, PV, and BV have to be compared with the

patient’s ideal or normal volumes to account for size differ-

ences. The limitations of using the standard calculation of

60 to 70 mL/kg have long been recognized, especially in the

extremes of weight. The BVA-100 automatically estimates

the patient’s ideal or normal BV using an established formula

based on sex, height, baseline weight, and deviation from op-

timum longevity-related weight as determined by the Metro-

politan Life Table and previously validated by BV studies (29).

Blood volume abnormalities are then categorized and pres-

ented as percent deviation from the individual’s normal/ideal

BV (Table 2).

Interpretations of BV results were performed as follows:

whole BV value was noted first, then RBCV followed by PV.

Plasma volume should change to compensate for any changes

in RBCV as a normal homeostatic response to preserve a nor-

mal BV. Both the absolute values of volumes in milliliters as

well as the percent deviation from the patient’s normal/ideal

values were noted. As an example, if the patient’s normal/ideal

RBCV is calculated at 1,945 mL, and the BVA reports the

patient’s RBCV of 1,309 mL, then the deficit is 636 mL of red

blood cells (j32.7% deficit), and the patient may receive 1 to

2 U of blood (300 mL/U). If the patient’s normal/ideal PV is

2,853 mL and BVA reports a PV of 3,649 mL, which represents

an excess of 796 mL (27.9% excess), the patient will be diuresed.

The optimum PV and RBCV associated with survival in

critically ill patients may differ from the optimum BV in a

normal population. There is poor tolerance (a decrease in

cardiac function) when BV is reduced by as little as 8% (30).

Although a prospective randomized trial has not been per-

formed, previous studies have associated BV values to out-

come (5, 24, 25, 31, 32), or with the need for red blood cell

transfusions (26, 33). Because of the type of patients we chose

to study and our awareness that intravascular volume may be

expanded in shock states (23), we aimed for a slightly elevated

BV goal (0%Y16%) based on previous recommendations (22)

rather than aiming for an ideal BV of 0% deviation from the

norm (Table 2). Also factored in the algorithm was the allow-

ance to keep the BV goal at a more normal level (0%Y8% of

normal) or PAOP (12Y14 mmHg) if a patient had severe oxy-

genation deficit and did not have signs of hemodynamic insta-

bility (Figs. 1 and 2). This approach provides a guideline for

using BV data to guide fluid management in the critically ill

surgical patients.

The benefit of BV analyses occurs after the initial resusci-

tation when the patients have total body fluid elevated with

TABLE 6. Number of BV analyses that would have changed
treatment in the control group or resulted in

changed treatment in the BV group (first 7 days)

Control group BV group P

No. of BVs performed 198 254

No. of BVs with Rx change 121/198 (61%) 112/254 (44%) 0.004

More fluid 21/198 (11%) 34/254 (13%) 0.39

Less fluid/diuresis 62/198 (31%) 56/254 (22%) 0.03

More red blood cell 53/198 (27%) 32/254 (13%) 0.0002

Less or no red blood cell 21/198 (11%) 16/254 (6%) 0.12

Control group was blinded to the BV results.
BVs indicates BV analyses; Rx, treatment.

TABLE 7. Number of times when major deviations in BV analysis
were present, transfusions administered, and

response to treatment (first 7 days)

Control group BV group P

No. BVs performed 198 254

No. BVs with 9j20%
deficit RBCV

66/198 (33%) 40/254 (16%) G0.001

No. BVs with BV G0% 39/198 (18%) 49/254 (19%) 0.86

No. BVs with BV 916% 96/198 (48%) 94/254 (37%) 0.02

No. BVs with PV G0% 12/198 (6%) 24/254 (9%) 0.25

No. BVs with PV 916% 152/198 (76%) 165/254 (65%) G0.001

Units of red blood cells given 137 177

Units of red blood cells/
patient, mean (SD)

2.74 (2.19) 3.85 (3.18) 0.049

Favorable response to Rx 87/198 (44%) 150/254 (59%) 0.002

Unfavorable response to Rx 49/198 (25%) 46/254 (18%) 0.10

Neutral response to Rx 62/198 (31%) 58/254 (23%) G0.05

Refer to Materials and Methods for definition of favorable, unfavorable,
and neutral response. Control group was blinded to BV results and was
treated as outlined in Figures 1 and 3.
BV indicates BV presented as % deviation from the patient’s ideal/normal
BV; RBCV, red blood cell volume presented as % deviation from the
patient’s ideal/normal BV; PV, PV presented as % deviation from the
patient’s ideal/normal BV; Rx, treatment.

TABLE 8. Outcomes and resource utilization

Control group
(n = 50)

BV group
(n = 50) P

PAC days, mean (SD) 9.3 (5.2) 8.3 (5.1) 0.57

Ventilator days, mean (SD) 29.2 (33.5) 23.8 (23.9) 0.38

Ventilator-free days (at 28 d),
mean (SD)

9 (9) 12 (11) 0.13

Ventilator-free days (at 45 d),
mean (SD)

18 (17) 23 (17) 0.15

ICU days, mean (SD) 28.0 (24.6) 28.7 (27.0) 0.90

Hospital days, mean (SD) 54.7 (41.0) 43.7 (31.3) 0.14

Mortality rate 13/50 (26%) 4/50 (8%) 0.02

Mortality from MSOF 12/50 (24%) 4/50 (8%) 0.03

Ventilator days may be longer than ICU days because of being in inter-
mediate care unit stay. Ventilator-free days are calculated at both 28 and
45 days. Mortality rate is for the entire hospital stay. One patient in the
control group died of massive stroke and was not considered to have
died of multisystem organ failure (MSOF).
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edema and weight gain. Determining the intravascular volume

state in these patients can be particularly difficult in the pres-

ence of mixed signals from the classic combination of vital

signs, UO, and laboratory values (16, 17, 22), resulting in dis-

putes among experienced clinicians (7). Our study demonstrated

that the addition of BV analysis to hemodynamic monitoring

allowed us to treat patients so that they achieved a more phys-

iologically normal range of RBCV and PV. Hemodynamic data,

Hct, and fluid balance were similar between the two groups

immediately after the initial resuscitation (Table 4) because

similar resuscitation goals and treatment were used for both

groups. Accurate BV testing requires circulatory stability so

that the patient is not losing or receiving blood and fluids rap-

idly for the tracer (albumin 131I) to mix completely throughout

the circulation and reach steady state. Therefore, we did not

attempt to perform BV measurements when large amounts of

fluid and blood were being infused as typically occurs in the

initial 24 h of resuscitation.

The average values for Hct, PV, and BV were significantly

different between the two groups for days 2 to 7 after resus-

citation, but the fluid balance did not reach significance

because of a large SD (Table 5). A more meaningful way of

assessing the functional utility of BV analyses was to deter-

mine the number of times the use of BV analysis would have

changed treatment (Table 6). In that case, the control group

demonstrated more instances when the BV results would have

altered management, most likely due to ongoing blinding of

BV results throughout the treatment of the control group. Any

BV abnormality that was not clinically detected and treated

would persist at the next BV analysis. The control group would

have been either diuresed more frequently or given more blood

transfusions compared with the BV group if the BV information

had been available to physicians (Table 6).

This resulted in more times when the control group exhibited

significant abnormalities in BV, RBCV, and PV compared with

the BV group (Table 7). The results shown in Tables 6 and 7

demonstrate the limitations of relying on surrogate markers

(including central hemodynamic pressures) to predict BV.

Despite guidance in fluid management from BV data and

knowledge of the results of the any preceding BV tests, the BV

group still required treatment alteration in 44% of the time

(Table 6). This may reflect the fact that this patient population

is experiencing rapid and continuous changes in its intravas-

cular volume status. Other studies have similarly reported 30%

to 50% rates of change in treatment based on BV data relative

to clinical assessment alone (16, 17, 22).

Patients who were treated based on BV findings showed a

higher rate of favorable response relative to the control group

(Table 7), demonstrating that the BV measurements show a

better relationship to clinical parameters and outcome. Based

on BV results, patients in the BV group were diuresed and

given red blood cells more frequently and in a timelier fashion

(by 1.5Y2 days) as reported previously (16). The timeliness of

treatment may be one factor that accounts for better outcome

in the BV group. Although the importance of expeditious

treatment in the acute resuscitation phase is well appreciated

(1Y4), earlier correction of PV with respect to whole BV and

prompt replacement of red blood cell deficit may also prove

beneficial after the initial resuscitation. The patients in this

study were well hydrated, with 37% of the BV group and 48%

of the control group exhibiting hypervolemia (Table 7). Al-

though it may seem counterintuitive to diurese patients while

they are on vasopressors, we did so if PV and BV were ele-

vated as per protocol (Fig. 2). Other investigators (4) have

observed that patients who achieved zero or negative fluid

balance on 2 consecutive days during the first 7 days of septic

shock and acute lung injury had the best mortality.

Fine tuning fluid balance based on BV measurements may

be beneficial not only in the first week, but also at later times

during the SICU stay. The use of BV data after 7 days in the

long-term SICU patients demonstrated a similar proportion of

favorable, unfavorable, or neutral responses as had been ob-

served in the first 7 days. Secondary events are not unusual in

this study population who averaged 28 SICU days and is

consistent with our previous observation (16). Financial con-

straints did not permit the control group to have additional

(blinded) BV analyses, which could have provided information

on how frequently fluid management may have changed in the

control group as well after day 7. The impact of BV informa-

tion with resultant tailoring of fluid and red blood cell man-

agement throughout the hospital course is an area that deserves

further study.

We did not attempt to determine whether a response to

treatment was due to the treatment itself or the natural course

of the disease. However, unlike our pilot study in which no

unfavorable responses were observed to BV treatment (16),

there was a 18% to 25% unfavorable response rate in the BV

and control groups, respectively (Table 7), which is not un-

expected in this critically ill group of patients.

Central pressures may still play an important role in the

acute resuscitative phase as they provide information on car-

diac reserve and help to avoid pressure related edema on the

lungs and viscera. Although current guidelines recommend

fluid resuscitation to a CVP of 8 (1Y3) and up to 15 mmHg

(14), PAOP may be a better guide to cardiac response (12, 34),

and one study demonstrated a correlation of PAOP to BV (12).

The PAC provides a reliable method of monitoring CO, SvO2,

and the PAOP as well as pulmonary artery pressures, and our

group has a long history of titrating DO2 to the end points of

lactate, SvO2, and OCT with good success (19). We concur

with the leaders of Critical Care Medicine (20) that the PAC

serves a valuable purpose when used appropriately. The de-

sign of our study was to use the PAC to reach similar goals

(Table 1) for both the control and BV groups during the acute

resuscitation because this is the standard of care in our SICU,

followed by additional guide from BV analyses for patients

randomized to the BV group. After the initial resuscitation, BV

played an important role in guiding fluid therapy beyond the

surrogate markers of intravascular volume as seen by the re-

sults presented in Tables 4 and 5. Although central pressures

remain important in determining preload for optimum cardiac

function, the BV analysis allows clinicians to measure intra-

vascular volume (BV), which may be important for tissue per-

fusion for the rest of the body. Clinicians need to assess both

volumes (preload for the heart and BV for the body) to optimize

these parameters, which are important for DO2.
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The mortality rate for the control group was similar to prior

published rates (19), but the mortality rate in the BV group was

significantly decreased relative to the control group (Table 8).

One possible explanation may be that the BV information

guided our treatment earlier, and the treatment was not ex-

clusively in one direction: diuresis was prompted in 40% of

the time, more fluids in 20%, and prompt blood transfusions

were administered to patients who had red blood cell deficits

(Table 7). A relationship between hypervolemia (both recog-

nized and unrecognized) with increased mortality rate in the

CHF patients has been reported (5). Also contributing to the

respectable mortality rate of even the control group may be

the SICU bundled care (see Materials and Methods), which

encompasses more than what is currently advocated (15). Our

SICU protocol at the time of this project used strict glycemic

control between 70 and 110 mg/dL, but we have recently ele-

vated the upper limit to 140 mg/dL. Controversy continues on

the optimum value of blood sugar control because the studies

are not conclusive.

There may be criticism of the liberal red blood cell trans-

fusions administered to the study subjects with Hct of greater

than 30%, particularly in the BV group, but it was deemed ap-

propriate for this older patient population, 40% of whom had

significant cardiac history and 40% demonstrated elevated tro-

ponin I levels at time of study entry (Table 3). There is evidence

that j40% deficit in RBCV may be poorly tolerated in stressed

states even in the younger patient population (24, 25). Although

reasonably tolerated in nonstressed states, hypovolemic anemia

may have devastating consequences during physiologic stress

or surgery (24, 25). These situations of falsely high Hct may

exist in the current ICUs (21, 26). Although the RBCV goal of

0 to j20% may have resulted in liberal red blood cell trans-

fusions, the mortality rate for the BV group of 8% is favorable

compared with previous trial of similar patients (19). Reeval-

uation of the Transfusion Requirement in Critical Care trial

suggests that patients with a history of cardiac problems fare

more poorly with a restrictive red blood cell practice (35). A

normal Hct may be the optimum Hct in situations where CO

cannot increase in response to anemia (36), and a normal Hct

may be the best to ensure optimum oxygen transport to all

organs (37) with the best blood viscosity (38). A previous study

assessing the components of bundled care in septic shock

patients have also demonstrated more red blood cells given to

the goal directed group, although statistical significance was not

reached (15). It may be that some patients with adequate car-

diac reserve will do well with RBCV deficit of j20% to j30%,

but we do not advocate keeping patients at j40% deficit in the

acute phase of critical illness, particularly because we do not

have a good method of monitoring their cellular bioenergetic

state. One limitation of this study was that we did not try to

control for the age of the red blood cells being transfused.

The problem inherent with using Hct, which is a ratio of

RBCV to (PV + RBCV), is well known because clinicians have

long talked about Bhemodilution[ and Bhemoconcentration[
based on their estimate of whether the PV is expanded or con-

tracted. Profound (930%) deficits in RBCVs may occur with

Hct of greater than 30% (16, 24, 25, 39). It has been difficult to

arrive at optimum guidelines for transfusion (40) because one

Hct cannot suit all (9, 21, 26). The problem is that we are

measuring a surrogate marker of RBCV instead of measuring

RBCV. Using a single value of Hb or Hct as a transfusion trig-

ger may be inappropriate because the Hct reflects RBCV only

with the assumption that the patients are euvolemic. Using Hct

as a transfusion trigger may lead to overtransfusion or under-

transfusion. Also, Hb levels may be a poor predictor of benefit

from transfusions (39, 41). A more physiologic end point of red

blood cell titration may be to measure RBCV, and the degree of

red blood cell deficit that can be tolerated may vary for each

individual value based on cardiac function and markers of tissue

ischemia.

Some authorities have questioned the validity of a single

tracer (tagged albumin) test compared with the double dye

test (tagging albumin and red blood cells) to measure BV.

Tagging red blood cells introduces complexity as well as the

possibility of technical errors to the test, and chromated red

blood cell studies require at least two measurements and pref-

erably three to document close agreement. Tagging of albumin

allows for the direct measurement of PV, which constitutes a

proportionately larger percentage (60%Y65%) of the total BV

than does RBCV (35%Y40%). Previous study has confirmed

that the single isotope tagging with albumin gives equivalent

results to the dual-isotope test with less time (1.5 vs. 5 h) (42).

Inherent in the test are multiple blood draws, the cost of radio-

active material, and the reliance on the accuracy of timed blood

draws by the technician. Once-a-day test is intermittent, and

although it provides guidance, an easier method that allows

frequent BV assessments is needed. Despite these issues, the

knowledge gained may be valuable for outcome.

Despite a decrease in mortality, the ventilator, ICU, and hos-

pital days were not statistically significantly different between

the two groups (Table 8). Because of the type of patient selec-

tion, the length of stay was long, and there were large SDs for

both groups. It may be that the BV information does not help to

decrease resource consumption in this group of patients or that

the sample size was inadequate to detect these differences.

Caution should be used in extrapolating the results of our

study to all critically ill patients because there are always the

potential biases inherent in a single-center trial. We chose to

study a select group of SICU patients likely to demonstrate

large fluid shifts and requiring PAC monitoring. Future studies

conducted in a variety of hospital and outpatient settings will be

needed to confirm the benefits of using BV analyses for various

disease states. The optimum BV (and RBCV) may not be the

same for different patient groups and may even change for a

given patient as the disease or the recovery phase progresses.

Technology that makes BV analyses easier and more frequently

available at the bedside, as well as a continuous monitor of tis-

sue hypoxia, may assuage the debate on the appropriate end

points of fluid and blood transfusion.

CONCLUSIONS

The incorporation of BV data that contain information on

red blood cell and PV may lead to a more physiologic end

point of fluid and red blood cell resuscitation. The current

study showed that the use of directly measured BV data to
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guide therapy in the SICU patients produced improved out-

comes relative to those obtained with conventional central he-

modynamic pressures and surrogate markers of intravascular

volume and RBCV (Hb and Hct). This prospective randomized

trial used PAC information to guide the initial stages of fluid

resuscitation, followed by the use of BV data to more precisely

determine patients’ need for fluids and blood transfusions. An

important aspect of care was the earlier treatment of intravas-

cular volume deviations from the norm in the BV group, before

the abnormality became clinically manifested. Utilization of BV

analyses after the initial resuscitation and its impact on mortality

and length of stay are an area that deserves further study.
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