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Effectiveness of Acute Normovolemic Hemodilution to
Minimize Allogeneic Blood Transfusion in Major Liver
Resections
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Background: Liver resection is a major operation for which,
even with the improvements in surgical and anesthetic tech-
niques, the reported rate of blood transfusion was rarely less
than 30%. About 60% of transfused patients require only 1 or 2
units of blood, a blood requirement that may be accommodated
by the use of acute normovolemic hemodilution (ANH).

Methods: The efficacy, hemodynamic effects, and safety of
ANH were investigated in a randomized, active-control study in
patients with American Society of Anesthesiologists status I–II
who were undergoing major liver resection with fentanyl–ni-
trous oxide–isoflurane anesthesia. Patients were randomized to
the ANH (n � 39) or control group (n � 39). Patients in the ANH
group underwent hemodilution to a target hematocrit of 24%.
The indication for blood transfusion was standardized. In both
groups transfusion was started at a hematocrit of 20%. The
primary efficacy endpoint was the avoidance of allogeneic
blood transfusion in the intraoperative period and first 72 h
after surgery. Various laboratory and hemodynamic parameters
as well as postoperative morbidity were monitored to define the
safety of ANH in this patient population.

Results: During the perioperative period, 14 control patients
(36%) received at least one unit of allogeneic blood compared
with 4 patients (10%) in the ANH group (P < 0.05). The hemodi-
lution process was not associated with significant changes in
patients’ hemodynamics. Morbidity was similar between the
control and the ANH groups. Postoperative hematocrit levels
and biochemical liver, renal, and standard coagulation test re-
sults were similar in both groups.

Conclusions: Acute normovolemic hemodilution in patients
with American Society of Anesthesiologists status I–II undergo-
ing major liver resection may allow a significant number of
patients to avoid exposure to allogeneic blood.

CONCERNS about the risks associated with allogeneic
blood transfusion have led to the development of a
variety of blood-conserving techniques intended to min-
imize the need for allogeneic transfusion during sur-

gery.1,2 Among these, acute normovolemic hemodilu-
tion (ANH) has become accepted.3,4 The procedure
entails the removal of blood from the patient immedi-
ately before operation and simultaneous replacement
with appropriate volume of crystalloid or colloid fluids.
ANH reduces hematocrit so that blood shed during the
operative procedure results in less erythrocyte mass loss.
The removed blood is then reinfused as autologous
whole blood after the procedure is completed.5 The
procedure is simple and inexpensive and has the advan-
tage that fresh autologous blood is readily available. The
resultant reduction in allogeneic blood transfusion may
conserve resources and protect the patient from expo-
sure to the risks of allogeneic blood transfusion.6 Numer-
ous studies of its efficacy, however, have produced con-
flicting results,3 perhaps because of the heterogeneity of
the surgeries in which it was used, differences in study
protocol, and differences in the definition of outcome
variables. Previous mathematical analyses of ANH have
shown that it may be effective in diminishing the need
for allogeneic blood transfusion and that its efficacy
depends on surgical blood loss, initial patient hemato-
crit, and the “transfusion trigger” (the hematocrit at
which blood is to be transfused).7–9 Recent analysis by
Weiskopf10 suggested that surgical blood loss should be
0.7 or more of the patient’s blood volume for ANH to
result in the saving of at least one unit of blood.

Liver resection is a major operation for which, even
with the improvements in surgical and anesthetic tech-
niques, the risk of major intraoperative blood loss and
the resultant blood transfusion remain. In several series
of liver resections over the past decade, blood loss
ranged between 20 and 10,000 ml, and the reported rate
of blood transfusion was rarely less than 30%.11–16 About
60% of the transfused patients required only 1 or 2 units
of blood,12,16 a blood requirement that could have been
accommodated by the use of ANH.

We therefore sought to determine the efficacy of ANH
in decreasing exposure to allogeneic transfusion in
adults undergoing elective liver resection. Since the ex-
tent of liver resection has been shown to correlate with
surgical blood loss and blood transfusion require-
ments,13 in this prospective, randomized trial we in-
cluded specifically patients who underwent major he-
patic resection. Moreover, coagulation and renal
variables as well as postoperative morbidity were also
compared between the groups.
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Materials and Methods

Patients
The trial was approved and monitored by the Research

Ethics Committee of the Hadassah University Medical
Center, and written informed consent was obtained
from each patient. Over a 3-yr period, 78 consecutive
patients (age � 18 yr) who were scheduled to undergo
elective major hepatic resection (hepatectomy or ex-
tended hepatectomy17) for primary or metastatic tumors
were studied prospectively. Patients were eligible for
the study if they had a preoperative hematocrit greater
than 36%,10 were American Society of Anesthesiologists
(ASA) physical status I or II, had no cardiovascular or
pulmonary disease, and showed no evidence of severe
hepatic metabolic disorder (bilirubin � 1.5 times upper
limit of normal or aspartate aminotransferase or alanine
aminotransferase � 2 times upper limit of normal).

Protocol
Study patients received a standardized general anes-

thetic. General anesthesia was induced with fentanyl,
thiopental, and vecuronium, and after tracheal intuba-
tion was maintained with isoflurane in a 50% oxygen–
nitrous oxide balance. Additional fentanyl and vecuro-
nium were administered as appropriate. The surgical
technique was also similar for all patients. Minute venti-
lation was titrated to maintain normocarbia. Hypother-
mia was prevented during surgery by using a heating
blanket and perfusion warming. In addition to the stan-
dard monitors, intraoperative monitoring included in-
traarterial (via radial artery catheter) and central venous
(via an internal jugular catheter) pressure monitoring
and electrocardiogram (5-lead) with continuous ST-seg-
ment trends that were reviewed and verified for possible
ischemic episodes18 by an investigator who was blinded
to patient group assignment.

On admission to the operating room, patients who met
inclusion criteria were randomly assigned (random num-
bers) to one of two groups: control group or ANH group.
For patients undergoing ANH, the hemodilution process
was initiated immediately after tracheal intubation. ANH
was performed via a high-flow (8.5 French) internal
jugular introducer to a target hematocrit of 24%. The
volume of blood removed was calculated from preoper-
ative hematocrit, target hematocrit after hemodilution,
and the patient’s estimated blood volume according to a
formula previously described.7,19 The blood, which was
removed into standard citrate–phosphate–dextrose blood
storage bags, was simultaneously replaced by colloid
solutions (6% hydroxyethylstarch [200/0.5], 20 ml/kg,
followed by 5% albumin), which was administered via
two large bore peripheral veins, in quantities approxi-
mately 1.1 times the volume of blood removed.20–22 The
hemodilution process took about 40 min. Additional blood-
conserving techniques, i.e., preoperative autologous blood

donation and intraoperative use of cell salvage, were not
implemented in the current study.

During the intraoperative period, patients in both
groups received continuous crystalloid (Ringer’s lactate
solution) infusion: 4 ml · kg�1 · h�1 during the prehe-
patic resection phase until completion of parenchymal
transection (relative fluid restriction was applied to
maintain low central venous pressure, i.e., � 5 cm
H2O11,23) and 10 ml · kg�1 · h�1 during the posthepatic
resection phase until the end of the operation. Intermit-
tent fluid boluses (500 ml) were administered to main-
tain urine output greater than 0.5 ml · kg�1 · h�1 and
systolic blood pressure greater than 90 mmHg. Subse-
quent volumes of blood were replaced with Ringer’s
lactate solution in a 3:1 volume replacement. Subse-
quent blood loss was estimated by assessment of the
suction bottles, sponges, and the surgical drapes and
gowns by an anesthesiologist who was not aware of the
patient’s group assignment. Arterial blood was sampled
every 30 min, and when clinically indicated, for mea-
surement of arterial blood gases and hematocrit. Fraction
of inspired oxygen was increased from 0.5 to 1.0 when
the transfusion trigger was reached. The transfusion
threshold for all types of erythrocytes (autologous or
allogeneic) was hematocrit less than 20%. To ensure
uniformity, transfusion guidelines were also established
for administration of fresh frozen plasma (prothrombin
time, activated partial thromboplastin time � 1.5 times
normal), cryoprecipitate (fibrinogen concentrations �
100 mg/dl), and platelets (� 50 � 103/�l) in the pres-
ence of continuous uncontrolled bleeding with no evi-
dence of clot formation.2 The anesthesiologist making
decisions regarding transfusion was not blinded to pa-
tient group assignment. Autologous blood was reinfused
when a minimal hematocrit value was reached or after
completion of liver resection and hemostasis, in the
reverse order of collection. In the ANH group, allogeneic
blood was administered only after all autologous blood
was transfused. Patients were monitored in the postan-
esthesia care unit until the first postoperative day, and
thereafter discharged to the surgical unit.

Postoperative surveillance included hematology, bio-
chemical liver, renal, and standard coagulation tests
(prothrombin time, activated partial thromboplastin
time), and postoperative morbidity and mortality. Mea-
surements were routinely determined and reviewed on
admission to the recovery room and daily until the third
postoperative day and every other day until discharge.
Additional samples were drawn when clinically indi-
cated. Electrocardiography was performed on admission
to the recovery room, on the first and third postopera-
tive day, and on the day of discharge. Additional electro-
cardiography and measurements of cardiac enzymes
were determined when clinically indicated. Adverse out-
comes, as listed in Results, were detected by the exam-
ining physician and validated by one of the other inves-
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tigators, both of whom were not aware of the patients’
group assignment.

Study End-points
The two prospectively defined endpoints were (1) the

avoidance of exposure to at least 1 unit of allogeneic
blood transfusion, as indicated by the proportion of
patients in each group who did not receive at least one
allogeneic erythrocyte transfusion during the intraoper-
ative period and first 72 h after surgery, and (2) docu-
menting the safety profile of ANH as assessed by com-
paring mortality, morbidity, and laboratory values
reported in the ANH group with those variables in the
control group.

Statistical Analysis
Categorical data were analyzed using the chi-square

test or Fisher exact test. Differences between the means
of two groups and the median units transfused were
compared using Student t test and Mann–Whitney test,
respectively. Data within each group were analyzed us-
ing analysis of variance for repeated measurements.
When appropriate, post hoc analyses were performed
with the Newman-Keuls test. Analysis was performed
using Statistical Analysis System software (version 6.12;

SAS Institute, Cary, NC). P � 0.05 was considered to
represent statistical significance. Results are expressed
as the mean � SD. A power analysis for allogeneic blood
transfusion as an outcome, with 80% power to detect a
25% reduction in this outcome, and significance � 0.05,
assuming 36% incidence of blood transfusion, indicated
that 39 patients were required in each group.

Results

During the study period, 78 patients were included.
Both groups (n � 39 per group) were comparable with
regard to sex ratio, age, weight, height, and ASA physical
status (table 1). In both groups the most common indi-
cation for resection was metastatic cancer, and in ap-
proximately two third of the patients, a standard right or
left hepatectomy was performed. Preoperatively, all pa-
tients had normal liver, renal, and standard coagulation
test results (data not shown).

Hemodilution Procedure
In the hemodilution group, the amount of collected

blood was 2,020 � 412 ml, and the mean volume of 6%
hydroxyethylstarch plus albumin infused was 2,210 �
458 ml (table 2). The reduction in hematocrit from
40.5 � 2.7 to 23.5 � 1.2% was not associated with
significant changes in mean arterial blood pressure, heart
rate, central venous pressure, or blood lactate concen-
trations. There was a slight but statistically significant
prolongation in the time from induction of anesthesia
to skin incision in the hemodilution group (43 � 5 vs.
40 � 6 min in the ANH and control groups, respectively).

Intraoperative Parameters. There were no signifi-
cant differences in anesthetic and operative times be-
tween the two groups (table 1). The median estimated
surgical blood loss was 750 and 890 ml for the ANH and
control groups, respectively. Mean respective values
were 1,442 � 1,827 (range, 100–7,000 ml) and 1,528 �
1,822 (range, 100–7,500 ml). Central venous pressure
increased, although not significantly, from preoperative
values of 7 � 4 and 7 � 5 mmHg to 10 � 6 and 10 �
7 mmHg with skin closure in the ANH and control
groups, respectively. During parenchymal resection,

Table 1. Clinical Characteristics

ANH (n � 39) Control (n � 39)

Sex (M/F) 14/25 17/22
Age (yr) 58 � 12 55 � 14
Weight (kg) 66 � 12 70 � 11
Height (cm) 163 � 7 165 � 9
ASA I/II 16/23 14/25
Tumors

Primary liver cancer 3 2
Metastasis 28 26
Benign 8 11

Duration of operation (min) 293 � 61 321 � 79
Estimated blood loss (ml) 750 (100–7,000) 890 (100–7,500)
Intraoperative urine output (ml) 879 � 512 811 � 476

Values are mean � SD. There were no significant differences between the
groups in all parameters.

* Data presented as median (range).

ANH � acute normovolemic hemodilution; ASA � American Society of An-
esthesiologists physical status.

Table 2. Hematocrit and Hemodynamic Parameters with Hemodilution

ANH* Control*

Before After Before After

Mean arterial blood pressure (mmHg) 76 � 14 73 � 10 81 � 11 76 � 12
Heart rate (beats/min) 73 � 11 68 � 14 75 � 9 73 � 11
Central venous pressure (mmHg) 7 � 4 6 � 3 7 � 5 7 � 5
Hematocrit (%) 40.8 � 2.7 23.5 � 1.2† 41.6 � 3.2 40.9 � 2.8
Lactate (mM) 1.3 � 0.4 1.2 � 0.3 1.2 � 0.6 1.2 � 0.6

Values are mean � SD.

* Measurements were recorded after induction of anesthesia and at the end of the hemodilution process in the acute normovolemic hemodilution (ANH) group
and before skin incision in the control group. † P � 0.05 difference with respect to the value before ANH and compared with the control group.
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central venous pressure in the ANH and control groups
was 7 � 2 and 6 � 3 mmHg, respectively. None of
the patients in the two groups required the administra-
tion of fluid bolus to keep urine output greater than
0.5 ml · kg�1 · h�1. No ST-segment changes were ob-
served during the operation in both groups.

Perioperative Laboratory and Outcome Parame-
ters. Hematocrit, creatinine, prothrombin time, and ar-
terial pH values were similar in both groups in the
postoperative period (tables 3 and 4). Also, the highest
postoperative values for bilirubin, alanine aminotransfer-
ase, aspartate aminotransferase, and alkaline phospha-
tase were comparable between the groups (data not
shown).

Overall, 14 patients (36%) in the control group com-
pared with 4 patients (10%) in the ANH group received
allogeneic blood transfusion (P � 0.014, Fisher exact
test). There were no significant differences between the
groups in the median number of units of allogeneic
blood transfused. The number of units of allogeneic
blood transfused for the ANH and control groups and the

fractional surgical blood loss in patients receiving allo-
geneic blood transfusion are shown in figures 1 and 2,
respectively. Five patients in the control group com-
pared with three patients in the hemodilution group
received fresh frozen plasma, cryoprecipitate, or plate-
lets (P � 0.05). None of the patients died in the periop-
erative period. The overall complication rate was similar
in the two groups.

Discussion

The major finding of the current study is that ANH in
adults undergoing elective major liver resection is a
method for significantly reducing exposure to allogeneic
blood. Although previous studies have demonstrated the
efficacy of this technique in children24 and adults25,26

undergoing liver resection, these studies were not con-
trolled randomized trials. Moreover, criteria for blood
transfusion were not defined,24,25 and none of the stud-
ies reported central venous pressure at the time of pa-
renchymal resection, a parameter that has been shown
to affect surgical bleeding during major hepatic resec-

Fig. 1. The number of units of allogeneic blood transfused for
the acute normovolemic hemodilution and control groups.

Table 3. Perioperative Laboratory Values

After Induction
of Anesthesia PACU POD 1 POD 3 POD 7

Hematocrit (%)
ANH 40.5 � 2.7 30.5 � 6.9* 31.7 � 5.2* 30.7 � 5.1* 31.9 � 4.6*
Control 41.6 � 3.2 29.1 � 7.3* 30.5 � 6.1* 31.1 � 5.4* 31.7 � 4.1*

Creatinine (mM)
ANH 70 � 11 64 � 14 67 � 14 71 � 19 75 � 16
Control 72 � 15 62 � 13 69 � 18 73 � 21 70 � 15

PT (s)
ANH (%) 10.9 � 1.8 14.4 � 2.6* (64) 15.1 � 3.1* (67) 13.2 � 2.5 (30) 11.2 � 1.3
Control (%) 11 � 1.6 15.2 � 2.4* (74) 15.9 � 2.9* (77) 13.4 � 2.8 (33) 11.4 � 1.1

pH
ANH (%) 7.41 � 0.02 7.39 � 0.04 (8) 7.4 � 0.02 NA NA
Control (%) 7.40 � 0.02 7.39 � 0.05 (10) 7.39 � 0.02 (2) NA NA

Values are mean � SD. There were no significant differences between the groups in all parameters.

* P � 0.05 compared with value obtained after induction of anesthesia.

PACU � postoperative anesthesia care unit; POD � postoperative day; ANH � acute normovolemic hemodilution; PT � prothrombin time; % � percentage of
patients with abnormal test results; NA � not available.

Table 4. Outcome Variables

ANH Control

Transfusion of packed
erythrocytes

No. of patients transfused* (%) 4† (10) 14 (36)
Median units transfused (range) 0 (0–13) 0 (0–16)

Postoperative complications (%)
Intraabdominal infection 1 (2.5) 3 (7.7)
Wound infection 1 (2.5) 4 (10.3)
Biliary leak 3 (7.7) 2 (5.1)
Small bowel obstruction 1 (2.5) 0
Intraabdominal bleeding 2 (5.1) 0
Pneumonia 1 (2.5) 1 (2.5)
Others 3 (7.7) 2 (5.1)
Total 9 (23) 8 (20)

* All blood obtained by acute normovolemic hemodilution (ANH) was returned
and is not included in this analysis. † P � 0.05 compared with control group.
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tions.11,23 Finally, recent advances in surgical and anes-
thetic care made the applicability of findings from earlier
studies to current practice uncertain. We therefore un-
dertook this prospective, randomized study that re-
cruited similar patients who were scheduled to undergo
major liver resection. Although the anesthesiologist mak-
ing the decision about the need for transfusion was not
blinded to the patients’ group assignment, the indication
for blood transfusion was standardized. Also, during the
postoperative period, adverse outcomes were detected
by the examining physician, who was not aware of the
patient’s assignment.

Recent mathematical analysis predicted that hemodilu-
tion may be efficacious if surgical blood loss is greater
than 70% of the patient’s blood volume.10 Patients pre-
senting for major liver resections may be appropriate
candidates for ANH because expected blood loss may be
substantial.11–16,27 The overall mean surgical blood loss
in our current series of patients was 1,442 � 1,827 ml
and 1,528 � 1,822 ml, with a median value of 800 ml
(range, 100–7,000 ml) and 900 ml (range, 100–7,500
ml) in the ANH and control groups, respectively, and is
comparable to previously reported blood loss associated
with major liver resections.12,25,26,28 In a selected group
of patients in whom surgical blood loss was greater than
0.7 of the patient’s blood volume, the median blood loss
was 3,800 and 3,350 ml in the ANH and control groups,
respectively. In addition, 7 of the 14 transfused patients
in the control group received 1 unit of blood, a blood
requirement that could have been accommodated by the
use of ANH.9,20 Presumably, the surgical blood loss as a
fraction of blood volume in these patients was within
“the window of efficacy” as suggested by Weiskopf.10

However, in contrast to the latter mathematical analy-
sis,10 in which the assumption was that hemodilution
proceeds until the trigger hematocrit, in the current
study a different approach was used: the hemodilution
was undertaken to a hematocrit of 24%, while the trans-
fusion trigger was 20%. Although less efficacious, we

have chosen this approach, as did other investigators
previously,20,28–32 because during liver resections, a sud-
den extensive bleeding may occur with an acute and
rapid decrease in hematocrit below the lowest accept-
able value. In addition, the mathematical model also
assumes that euvolemia is maintained. This may be dif-
ficult in the clinical situation because intraoperative es-
timates of blood loss are inaccurate.33 Because we did
not measure blood volume, it may be argued that isov-
olemia was not maintained. In the current study, blood
removed during the hemodilution process was replaced
by colloid solutions in quantities approximately 1.1
times the volume of blood removed, as previously sug-
gested.20–22 Also, surgical blood loss was replaced with
crystalloid solution in a 3:1 volume replacement, and
patients in both groups received continuous crystalloid
infusion with additional intermittent fluid boluses when
indicated, according to predetermined criteria. Finally,
heart rate did not increase and central venous pressure
did not change significantly during hemodilution and
thereafter, and urine production was comparable in
the two groups and did not decrease to less than
0.5 ml · kg�1 · h�1 throughout the operation, suggesting
that patients in the ANH group were not hypovolemic.
In addition, the finding of no change in heart rate during
hemodilution in the current study is comparable to pre-
vious reports34–36 that showed an increase in cardiac
output with hemodilution without a significant heart
rate change. This may be caused in part by the effect of
anesthetic agents, since previous studies36,37 showed
that ANH in awake patients was associated with higher
values of heart rate than those measured in anesthetized
patients.

Although previous mathematical models7–10 suggest
that ANH can save erythrocytes that would otherwise be
lost during surgery, they emphasize that limited (posthe-
modilution hematocrit � 24%) normovolemic hemodilu-
tion is of minimal value. In the current study, the amount
of blood removed was 2,020 � 412 ml. A recently
published metaanalysis reported that the mean volume
of blood removed in 24 randomized controlled trials of
ANH was 936 ml. In addition, the investigators also
found that, in trials in which the volume of blood with-
drawn was less than 1,000 ml, the reduction in the
likelihood of transfusion failed to reach statistical signif-
icance, whereas in studies in which more than 1,000 ml
of blood was removed, a statistically significant reduc-
tion in the likelihood of transfusion was found. A proto-
col that targets a low posthemodilution hematocrit level,
in the range from 24% to as low as 20%, might therefore
enhance the effectiveness of hemodilution.7–9

The perioperative morbidity rate was similar in the
two groups and was comparable to that previously re-
ported by other investigators,11–16 indicating that ANH is
well tolerated in this patient population. Although Se-
journe et al.26 found that alterations in blood coagulation

Fig. 2. Fractional surgical blood loss for all patients receiving
allogeneic blood transfusion.
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were greater in hemodiluted patients undergoing liver
resection than in those without hemodilution, we ob-
served no difference in standard coagulation tests be-
tween groups. Rehm et al.20 recently showed that ANH
used during certain conditions reduces the surgical loss
of erythrocytes. With retransfusion of the removed au-
tologous blood after termination of surgery, a higher
hematocrit should therefore be expected.

Previous studies reported higher rates of postoperative
infections in patients who received perioperative alloge-
neic transfusions than in those who were not transfused
or who received only autologous blood.38,39 In the cur-
rent study, the rate of infections was not significantly
higher in the control group (8 patients, 3 of whom
received transfusion) compared with the hemodilution
group (3 patients, none of whom received allogeneic
transfusion). With a reduction of only 1 unit of alloge-
neic blood transfusion (in 7 of 14 transfused patients),
no real benefit was to be expected. No adverse cardiac,
renal, or neurologic outcomes were observed in the
ANH group. However, the occurrence of zero events
does not imply the risk is zero. For a sample size of 39
patients, the maximum incidence (with 95% confidence)
of an adverse event is 7.4%. Also, in this study we
included only ASA I–II patients. This careful patient
selection may have contributed to the zero incidence of
adverse outcome. ANH has been used previously in the
elderly and in patients undergoing cardiac surgery; how-
ever, most of the published studies were seriously
flawed.35 Moreover, several recent studies suggested
that anemia in the presence of cardiovascular disease
may be associated with increased risk of organ dysfunc-
tion and mortality.40,41 In the present state of knowl-
edge, it seems clear that caution should be exercised in
patients with coronary artery disease or aortic stenosis,
since their normal compensatory mechanism is im-
paired. Moreover, ANH is best avoided in patients with
vascular disease in whom the prevalence of ischemic
heart disease is very high.

In summary, in 39 ASA I or II patients undergoing
major liver resection, ANH was used as a method for
autologous blood transfusion. By this method, the need
for allogeneic blood transfusion was reduced signifi-
cantly. As ANH is a relatively cheap and simple method
of autologous transfusion, these data suggest that ANH
should be considered in this patient population. The
resultant decrease in allogeneic blood use may help to
alleviate the blood shortage that blood banks are facing.

References

1. Consensus conference: Perioperative red blood cell transfusion. JAMA
1988; 260:2700–3

2. Practice guidelines for blood component therapy: A report by the American
Society of Anesthesiologists Task Force on blood component therapy. ANESTHESI-
OLOGY 1996; 84:732–47

3. Bryson GL, Laupacis A, Wells GA: Does acute normovolemic hemodilution

reduce perioperative allogeneic transfusion? A meta-analysis. The international
study of perioperative transfusion. Anesth Analg 1998; 86:9–15

4. Kreimeier U, Messmer K: Hemodilution in clinical surgery: State of the art.
World J Surg 1996; 20:208–17

5. Stehling L, Zauder HL: Acute normovolemic hemodilution. Transfusion
1991; 31:857–68

6. Stehling L, Zauder HL: Controversies in transfusion medicine. Perioperative
hemodilution: Pro. Transfusion 1994; 34:265–8

7. Weiskopf RB: Mathematical analysis of isovolemic hemodilution indicates
that it can decrease the need for allogeneic blood transfusion. Transfusion 1995;
35:37–41

8. Brecher ME, Rosenfeld M: Mathematical and computer modeling of acute
normovolemic hemodilution. Transfusion 1994; 34:176–9

9. Feldman JM, Roth JV, Bjoraker DG: Maximum blood loss savings by acute
normovolemic hemodilution. Anesth Analg 1995; 80:108–13

10. Weiskopf RB: Efficacy of acute normovolemic hemodilution assessed as a
function of blood volume lost. ANESTHESIOLOGY 2001; 94:439–46

11. Mendelez JA, Arslan V, Fischer ME, Wuest D, Jarnagin WR, Fong Y,
Blumgart LH: Perioperative outcomes of major hepatic resections under low
central venous pressure anesthesia: Blood loss, blood transfusion, and the risk of
postoperative renal dysfunction. Am Coll Surg 1998; 187:620–5

12. Chan ACW, Blumgart LH, Wuest DL, Mendelez JA, Fong Y: Use of preop-
erative autologous blood donation in liver resections for colorectal metastases.
Am J Surg 1998; 175:461–5

13. Mariette D, Smadja C, Naveau S, Borgonove G, Vons C, Franco D: Preop-
erative predictors of blood transfusion in liver resection for tumor. Am J Surg
1997; 173:275–9

14. Rees M, Plant G, Wells J, Bygrave S: One hundred and fifty hepatic
resections: Evolution of technique towards bloodless surgery. Br J Surg 1996;
83:1526–9

15. Gozzetti G, Mazziotti A, Grazi GL, Jovine E, Gallucci A, Gruttadauria S,
Frena A, Morganti M, Ercolane G, Masetti M, Pierangeli F: Liver resection without
blood transfusion. Br J Surg 1995; 82:1105–10

16. Greif F, Rubin M, Mor E, Nudelman I, Sichon A, Figar A, Blinki A, Lalchuk
Sh: 129 liver operations—5 years of experience. Harefuah 1999; 136:421–5

17. Couinaud CL: Les hepatectomies elargies, Le Foie: Etudes Anatomiques et
Chirurgicales. Paris, Masson et Cie, 1957, pp 40–9

18. Mangano DT, Browner WS, Hollenberg M, London MJ, Tubau JF, Tateo IM,
SPI Research Group: Association of perioperative myocardial ischemia with
cardiac morbidity and mortality in men undergoing noncardiac surgery. N Engl
J Med 1990; 323:1781–8

19. Bourke DL, Smith TC: Estimating allowable hemodilution. ANESTHESIOLOGY

1974; 41:609–12
20. Rehm M, Orth V, Kreimeier U, Thiel M, Haller M, Brechtelsbauer H,

Finsterer U: Changes in intravascular volume during acute normovolemic he-
modilution and intraoperative retransfusion in patients with radical hysterec-
tomy. ANESTHESIOLOGY 2000; 92:657–64

21. Payen JF, Vuillez JP, Geoffray B, Lafond JL, Comet M, Stieglitz P, Jacquot C:
Effect of preoperative intentional hemodilution on the extravasation rate of
albumin and fluid. Crit Care Med 1997; 25:243–8

22. Weiskopf RB, Viele MK, Feiner J, Kelley S, Lieberman J, Noorani M, Leung
JM, Fisher DM, Murray WR, Toy P, Moore MA: Human cardiovascular and
metabolic response to acute, severe isovolemic anemia. JAMA 1998; 279:217–21

23. Jones RMcL, Moulton CE, Hardy KJ: Central venous pressure and its effect
on blood loss during liver resection. Br J Surg 1998; 85:1058–560

24. Schaller RT, Schaller J, Furman EB: The advantages of hemodilution anes-
thesia for major liver resection in children. J Pediatr Surg 1984; 19:705–10

25. Johnson LB, Plotkin JS, Kuo PC: Reduced transfusion requirements during
major hepatic resection with the use of intraoperative isovolemic hemodilution.
Am J Surg 1998; 176:608–11

26. Sejourne P, Poirier A, Meakins JL, Chamieh F, Smadja C, Grange D, Franco
D: Effect of haemodilution on transfusion requirements in liver resection. Lancet
1989; December 9:1380–2

27. Conference Report: Transfusion alert: Use of autologous blood. National
Heart, Lung, and Blood Institute Expert Panel on the Use of Autologous Blood.
Transfusion 1995; 35:703–11

28. Fujimoto J, Okamoto E, Yomanaka N, Oriyama T, Furukawa K, Kawamura
E, Tanaka T, Tomoda F: Efficacy of autotransfusion in hepatectomy for hepato-
cellular carcinoma. Arch Surg 1993; 128:1065–9

29. Rehm M, Orth V, Kreimeier U, Thiel M, Haller M, Brechtelsbauer H,
Finsterer U: Four cases of radical hysterectomy with acute normovolemic he-
modilution despite low preoperative hematocrit values. Anesth Analg 2000;
90:852–5

30. Kochamba GS, Pfeffer TA, Sintek CF, Khonsari S: Intraoperative autotrans-
fusion reduces blood loss after cardiopulmonary bypass. Ann Thorac Surg 1996;
61:900–3

31. Monk TG, Goodnough LT, Birkmeyer JD, Brecher ME, Catalona WJ: Acute
normovolemic hemodilution is a cost effective alternative to preoperative autol-
ogous blood donation by patients undergoing radical retropubic prostatectomy.
Transfusion 1995; 35:559–65

32. Monk TG, Goodnough LT, Brecher ME, Pulley DD, Colberg JW, Andriole

799ACUTE NORMOVOLEMIC HEMODILUTION

Anesthesiology, V 97, No 4, Oct 2002

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/97/4/794/407078/0000542-200210000-00008.pdf by guest on 10 April 2024



GL, Catalona WJ: Acute normovolemic hemodilution can replace preoperative
autologous blood donation as a standard of care for autologous blood procure-
ment in radical prostatectomy. Anesth Analg 1997; 85:953–8

33. Brecher M, Monk T, Goodnough L: A standardized method for calculating
blood loss. Transfusion 1997; 37:1070–4

34. Rose D, Coutsoftides T: Intraoperative normovolemic hemodilution. J Surg
Res 1981; 31:375–81

35. Van der Linden P, Wathieu M, Gilbart E, Engelman E, Wautrecht JC,
Lenaers A, Vincent JL: Cardiovascular effects of moderate normovolaemic haw-
modilution during enflurane-nitrous oxide anaesthesia in man. Acta Anesthesiol
Scand 1994; 38:490–8

36. Atallah MM, Abdelbaky SM, Saied MMA: Does timing of hemodilution
influences the stress response and overall outcome? Anesth Analg 1993;76:113–7

37. Ickx BE, Rigolet M, Van der Linden PJ: Cardiovascular and metabolic
response to acute normovolemic anemia. ANESTHESIOLOGY 2000; 93:1011–6

38. Murphy P, Heal JM, Blumberg M: Infection or suspected infection after hip
replacement surgery with autologous or homologous blood transfusion. Trans-
fusion 1991; 31:212–7

39. Carson JL, Altman DG, Duff A, Noveck MP, Weinstein MP, Sonnenberg FA,
Hudson JI, Provenzano G: Risk of bacterial infection associated with allogeneic
blood transfusion among patients undergoing hip fracture repair. Transfusion
19999; 39:694–700

40. Herbert PC, Wells G, Tweddale M: Does transfusion practice affect mor-
tality in critically care patients? Am J Respir Crit Care Med 1997;155:1618–23

41. Carson JL, Duff A, Poses RM.: Effect of anemia and cardiovascular disease
on surgical mortality and morbidity. Lancet 1996; 348:1055–60

800 MATOT ET AL.

Anesthesiology, V 97, No 4, Oct 2002

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/97/4/794/407078/0000542-200210000-00008.pdf by guest on 10 April 2024


