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ABSTRACT

BACKGROUND

Patients undergoing cardiac surgery often receive red-cell transfusions, along with
the associated risks and costs. Early intraoperative normovolemic hemodilution
(i.e., acute normovolemic hemodilution [ANH]) is a blood-conservation technique
that entails autologous blood collection before initiation of cardiopulmonary bypass
and reinfusion of the collected blood after bypass weaning. More data are needed on
whether ANH reduces the number of patients receiving allogeneic red-cell transfusion.

METHODS

In a multinational, single-blind trial, we randomly assigned adults from 32 centers
and 11 countries who were undergoing cardiac surgery with cardiopulmonary by-
pass to receive ANH (withdrawal of 2650 ml of whole blood with crystalloids re-
placement if needed) or usual care. The primary outcome was the transfusion of
at least one unit of allogeneic red cells during the hospital stay. Secondary outcomes
were death from any cause within 30 days after surgery or during the hospitaliza-
tion for surgery, bleeding complications, ischemic complications, and acute kidney
injury.

RESULTS

A total of 2010 patients underwent randomization; 1010 were assigned to ANH
and 1000 to usual care. Among patients with available data, 274 of 1005 (27.3%)
in the ANH group and 291 of 997 (29.2%) in the usual-care group received at least
one allogeneic red-cell transfusion (relative risk, 0.93; 95% confidence interval,
0.81 to 1.07; P=0.34). Surgery for postoperative bleeding was performed in 38 of
1004 patients (3.8%) in the ANH group and 26 of 995 patients (2.6%) in the
usual-care group. Death within 30 days or during hospitalization occurred in 14 of
1008 patients (1.4%) in the ANH group and 16 of 997 patients (1.6%) in the usual-
care group. Safety outcomes were similar in the two groups.

CONCLUSIONS

Among adults undergoing cardiac surgery, ANH did not reduce the number of
patients receiving allogeneic red-cell transfusion. (Funded by the Italian Ministry
of Health; ANH ClinicalTrials.gov number, NCT03913481.)
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ED-CELL TRANSFUSION IS COMMON IN
modern clinical practice,’* with one study
estimating that more than 10 million
red-cell units are transfused in the United States
each year.> However, this procedure is affected by
three main concerns: costs, shortages, and trans-
fusion-related complications. The median cost of
red cells ranges from $150 to $634 per unit de-
pending on the country, which results in substan-
tial expenses for hospitals and health care sys-
tems.®® In addition, the availability of red cells
fluctuates over time, with periods of shortage
potentially leading to postponement of nonur-
gent surgeries. Such delays affect patients’ health
and, again, costs.’ Finally, red-cell transfusion
carries risks spanning from mild fever, chills, and
allergic reactions to more-severe side effects
such as infections, transfusion-related lung in-
jury, and transfusion-associated circulatory over-
load, which occurs in 1 to 5% of transfusions.
Patients who undergo cardiac surgery are at
high risk for allogeneic red-cell transfusion.>"
More than two million patients undergo cardiac
surgery annually worldwide, and approximately
35% receive at least one unit of red cells."**® Trans-
fusion during cardiac surgery is a risk factor for
adverse perioperative outcomes and death.”
Early intraoperative normovolemic hemodilution
(known as acute normovolemic hemodilution, or
ANH) is a well-known technique that is per-
formed in approximately 20% of cardiac surgery
departments in the United States.”! It is also per-
formed by 26.7% of cardiac anesthesiologists
and in 13.7% of patients worldwide.?> ANH al-
lows for the reinfusion of the patient’s whole
blood, which is withdrawn before the patient re-
ceives heparin and undergoes cardiopulmonary
bypass.? This technique improves the coagulation
profile after cardiopulmonary bypass and reduces
activation of inflammatory pathways, consump-
tion of clotting factors and platelets owing to
activation of circuit contacts, the need for allo-
geneic red-cell transfusion, and blood viscosity,
thereby contributing to improved microcircula-
tory perfusion,!»2+28
A retrospective study involving 18,000 patients
in the United States who had undergone cardiac
surgery compared outcomes with ANH only, ret-
rograde autologous priming only, both interven-
tions, and neither intervention, showing that the
ANH-only group had the lowest percentage of pa-
tients who underwent intraoperative transfusion.
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A meta-analysis of 29 randomized, controlled
trials of cardiac surgery performed in the United
States and 10 other countries showed a reduced
overall need for red-cell transfusion when ANH
was performed, which was magnified when a large
volume of blood (e.g., 2650 ml) was withdrawn
preoperatively.” Another meta-analysis of ran-
domized, controlled trials showed a significant
reduction in the percentage of patients who re-
ceived a transfusion and the number of units of
red cells transfused when patients underwent
ANH.*® The 2021 American Clinical Practice Guide-
lines on Patient Blood Management state that
“ANH is a reasonable method to reduce bleeding
and transfusion” (American College of Cardiology
and American Heart Association class of recom-
mendation, Ila; level of evidence, A).>! Similarly,
the 2024 European Guidelines on Patient Blood
Management in Adult Cardiac Surgery suggest
that “ANH may be considered to reduce postop-
erative transfusions” (class of recommendation,
IIb; level of evidence, A).}? A recent consensus
statement, however, noted that most studies were
not powered to assess safety, and that hemodilu-
tion procedures varied among studies.®

Accordingly, we performed the Acute Normo-
volemic Hemodilution in High-Risk Cardiac Sur-
gery Patients (ANH) trial, a multinational, single-
blind, randomized, pragmatic trial involving adult
patients undergoing cardiac surgery with cardio-
pulmonary bypass. We aimed to test the hypoth-
esis that ANH would reduce the need for alloge-
neic red-cell transfusion.®

METHODS

TRIAL DESIGN

We conducted a phase 3, single-blind, randomized
trial at 32 centers in 11 countries in North Amer-
ica, South America, Europe, and Asia. The ethics
committee at the coordinating center and at each
participating center approved the trial protocol
(available with the full text of this article at NEJM
.org). All the patients provided written informed
consent before enrollment. Details of the ratio-
nale and design of the trial and the statistical
analysis plan were previously published.® The
full list of the participating centers is available in
the Supplementary Appendix (available at NEJM
.org). The trial was conducted in accordance with
local regulations and the principles of the Dec-
laration of Helsinki and Good Clinical Practice
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guidelines and is reported in accordance with
the Consolidated Standards of Reporting Trials
guidelines.>*

The ANH trial was funded by the Italian Min-
istry of Health, which had no role in the concep-
tion or design of the trial, the collection or analy-
sis of the data, or the writing of the manuscript.
The first, last, and contact authors vouch for the
accuracy and completeness of the data and for
the fidelity of the trial to the protocol. Data were
stored in an electronic case report form and dei-
dentified by a unique numeric code that was as-
signed to each patient.

An independent data and safety monitoring
committee reviewed the data and performed pre-
specified blinded interim analyses. A steering com-
mittee designed and oversaw the trial. Data collec-
tion and outcome assessment were conducted by
designated personnel at each site.

PATIENTS

All adult patients who were scheduled to undergo
cardiac surgery with cardiopulmonary bypass un-
derwent screening for eligibility. The main exclu-
sion criteria were unstable coronary artery disease,
critical perioperative state (e.g., hemodynamic
instability or a need for mechanical ventilation),
emergency surgery, or inadequate suspension of
anticoagulant or antiplatelet therapy before sur-
gery; the use of low-dose aspirin was permitted.
During a second screening evaluation performed
in the operating room immediately before ran-
domization, patients were excluded if they were at
risk for hemodynamic instability or anemia after
ANH; the risk of anemia was assessed with the
use of formulas to predict the resulting hemato-
crit level after ANH and after hemodilution due
to priming for cardiopulmonary bypass (Supple-
mentary Appendix).

RANDOMIZATION AND BLINDING

After anesthesia was induced and the hematocrit
level was assessed, eligible patients were randomly
assigned to receive ANH or the best available
treatment without ANH (i.e., usual care). Ran-
domization was performed by means of a Web-
based system with the use of computer-generated,
permuted-block sequences, with stratification ac-
cording to site. Patients, investigators, data col-
lectors, outcome assessors, and statisticians were
unaware of the trial-group assignments. The at-
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tending anesthesiologists were aware of the as-
signment but were not involved in data collection
or data analysis.

TRIAL INTERVENTION

After randomization, each patient was assigned
a unique trial number. Patients in the ANH group
had at least 650 ml of whole blood withdrawn
before the administration of heparin. At the dis-
cretion of the attending anesthesiologist, patients
received an infusion of up to 3 ml of crystalloid
solution for every 1 ml of blood withdrawn. Col-
lected blood samples were stored at room tem-
perature and reinfused after cardiopulmonary
bypass weaning and after the effects of heparin
were reversed with the use of 1 mg of protamine
for every 100 units of heparin administered.
Blood was most commonly withdrawn from a
large-bore, central, rapid-infusion catheter and
stored in blood bags for autologous use with
citrate—phosphate—dextrose—adenine that was
already in use at each center or was provided by
the coordinating center. Patients in the usual-care
group were treated according to standard local
procedures without ANH.

For both trial groups, we recommended, but
did not mandate, the following thresholds for
hematocrit level to determine whether a transfu-
sion was warranted: less than 28% before cardio-
pulmonary bypass, less than 20% during cardio-
pulmonary bypass, less than 25% immediately
after cardiopulmonary bypass weaning, and less
than 27% during the postoperative hospital stay.*
If patients in the ANH group became anemic
before or during cardiopulmonary bypass, the
anesthesiologist transfused the ANH blood be-
fore transfusing allogeneic red cells.

DATA COLLECTION AND FOLLOW-UP

We collected data on demographic characteristics
and coexisting conditions at baseline, surgical
procedure and intraoperative care, postoperative
course in the intensive care unit (ICU) and dur-
ing the hospital stay, major outcomes, safety
outcomes, and protocol deviations with respect
to the need for allogeneic red-cell transfusions.
Trained investigators unaware of group assign-
ments performed follow-up 30 days after random-
ization through telephone, the patient’s surgeon,
the patient’s general practitioner, the city register
office, or the patient’s electronic hospital records.
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7205 Patients scheduled to undergo elective
cardiac surgery with cardiopulmonary
bypass underwent screening for eligibility

2358 Provided written informed consent

4847 Were excluded
3102 Met one or more preoperative exclusion
criteria
1673 Had unstable coronary artery disease
740 Were excluded for medical reason
688 Had not suspended antiplatelet or
anticoagulant therapy
1 Was pregnant
1220 Had logistic reason
795 Were enrolled in another randomized,
controlled trial
218 Were at a center that did not have
personnel to perform trial
65 Were at a center that did not have
equipment available
60 Were withdrawn by treating physician
52 Had surgery canceled
20 Had a language barrier
9 Were expected to have poor adherence
to follow-up
1 Previously underwent randomization
in this trial
467 Declined to participate
58 Had other reason

2010 Underwent randomization

: ;

348 Were excluded
183 Were excluded before entering operating
room
77 Were withdrawn by attending physician
33 Had later-discovered preoperative
exclusion criteria
25 Were enrolled in another randomized,
controlled trial
24 Had surgery canceled
8 Withdrew informed consent
1 Was at a center that did not have
equipment available
1 Died before randomization
14 Had other reason
130 Met one or more exclusion criteria in
operating room
61 Were withdrawn by attending physician
34 Had risk of on-CPB anemia
(hematocrit <24%)
14 Had risk of pre-CPB anemia
(hematocrit <30%)
11 Had risk of hemodynamic instability
6 Had staff with forgetfulness or hurried
procedure
4 Were at a center where randomization
system was off
35 Had other reason

1010 Were assigned to the ANH group
and were included in the intention-to-
treat analysis

1000 Were assigned to the usual-care
group and were included in the
intention-to-treat analysis

50 Had =1 protocol violations
35 Crossed over to the
usual-care group
11 Had mistakes in inclu-
sion or exclusion criteria
2 Had surgery canceled
after randomization
2 Did not have autologous
blood reinfused

-

45 Had =1 protocol violations
32 Crossed over to the
ANH group
13 Had mistakes in inclu-
sion or exclusion criteria

960 Were included in the per-protocol

analysis

955 Were included in the per-protocol
analysis
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Figure 1 (facing page). Screening and Randomization.

Patients receiving low-dose aspirin (i.e., 75 to 100 mg
daily) were included in the trial as specified in the pro-
tocol and were not among the 688 patients who were
excluded because they had not discontinued antiplate-
let or anticoagulant medication. ANH denotes acute
normovolemic hemodilution.

PRIMARY AND SECONDARY OUTCOMES
The primary outcome was the transfusion of at
least one unit of allogeneic red cells from ran-
domization until hospital discharge. Prespecified
secondary outcomes were acute kidney injury,
bleeding-related and ischemic complications, and
death from any cause within 30 days after sur-
gery or during the hospitalization in which the
surgery was performed (trial outcomes are defined
in the Supplementary Appendix).

PRESPECIFIED SAFETY OUTCOMES

Prespecified intraoperative and postoperative
safety outcomes included cardiogenic shock, ino-
tropic drug use for more than 48 hours, mechani-
cal circulatory support, sepsis, septic shock, low-
est hematocrit level occurring in the ICU, and
death (see the Supplementary Appendix for de-
tailed criteria). We also obtained data on any
possible complication of the trial intervention
and on protocol deviations. The cause of death
was classified according to validated criteria (see
the Supplementary Appendix).®

STATISTICAL ANALYSIS

On the basis of two previous large, international
trials (Transfusion Requirements in Cardiac Sur-
gery [TRICS III] and Aspirin and Tranexamic Acid
for Coronary Artery Surgery [ATACAS]), which
showed incidences of postsurgical transfusion of
52% and 38%, respectively,>'* and of a meta-
analysis of randomized, controlled trials of ANH
that identified transfusion rates of 56% in the
control group and 42% in the ANH group,” we
conservatively hypothesized that 35% of the pa-
tients in the usual-care group would undergo
transfusions. We estimated that a sample of 1000
patients per group (a total of 2000 patients)
would provide the trial with 90% power to detect
a 20% lower relative risk of red-cell transfusion
with ANH than with usual care at a two-sided
alpha level of 0.05.% This sample size accounted
for the three interim analyses (for which O’Brien—
Fleming sequential tests were used with P values
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for early interruption of the effect of treatment
on the primary outcome of <0.000015, <0.003,
and <0.02 after enrollment of 25%, 50%, and 75%
of the patients, respectively),”” withdrawal of pa-
tients from the trial, and rounding (see the Sup-
plementary Appendix).

The planned statistical analyses were pub-
lished before trial completion.®® The primary
analyses were performed according to the inten-
tion-to-treat principle and reported without im-
putation, with the number of available observa-
tions used as the denominator. Two sensitivity
analyses of the primary outcome with different
methods of imputation of missing data were
performed, together with a post hoc sensitivity
analysis that adjusted for center as a covariate. A
per-protocol analysis was also performed.

Categorical measures are presented as per-
centages and compared with the use of the two-
tailed chi-square test or Fisher’s exact test when
appropriate, and the results of the comparisons
are presented as relative risks with 95% confi-
dence intervals. Continuous measures with skewed
distribution are expressed as medians with inter-
quartile ranges. Measures with symmetric distri-
bution are expressed as means with standard
deviations. Between-group comparisons are re-
ported as mean differences with 95% confidence
intervals.

We performed prespecified subgroup analyses
stratified according to the type of surgery, dura-
tion of cardiopulmonary bypass (median, >102
minutes vs. £102 minutes), sex, age (<65 years vs.
>65 years), preoperative chronic kidney disease
(yes vs. no), previous cardiac surgery (yes vs. no),
preoperative anemia (hemoglobin level, <12 vs.
12 to 14 vs. >14 g per deciliter), and use of pre-
operative antithrombotic drugs (yes vs. no). The
results of the subgroup analyses are presented as
relative risks with 95% confidence intervals. We
also performed two post hoc subgroup analyses
on management of preoperative anemia and on
patients at high risk for bleeding, the results of
which are expressed as relative risks with 95%
confidence intervals. We used the Kaplan—-Meier
estimator to perform a prespecified time-to-event
analysis of death within 30 days after surgery or
during hospitalization for surgery with the cor-
responding 95% confidence intervals.

Data were analyzed with the use of Stata soft-
ware, version 18 (StataCorp). A two-sided P value
of less than 0.05 indicated statistical signifi-
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cance. The widths of the confidence intervals
were not adjusted for multiplicity and should not
be used for hypothesis testing.

RESULTS

PATIENTS

From April 2019 through December 2024, a total
of 7205 patients underwent screening for eligi-
bility. Of these, 2358 provided informed consent
and 2010 underwent randomization (1010 pa-
tients were assigned to the ANH group and 1000
to the usual-care group) (Fig. 1). Demographic
and clinical characteristics at baseline, type of
scheduled surgery, and intraoperative management

were well balanced between the two groups (Ta-
bles 1 and 2 and Table S3 in the Supplementary
Appendix).

TRIAL INTERVENTION

The median volume of blood withdrawn in the
ANH group was 650 ml (interquartile range, 650
to 700) (Table 2). In 45 of 1006 patients with
available data (4.5%), the volume of withdrawn
blood was less than 650 ml (see Table S5 for spe-
cific reasons). No adverse events were recorded,
and the withdrawn blood was reinfused in all
patients except two; blood was not reinfused in
one patient owing to bag rupture and in one ow-
ing to blood coagulation within the bag. Among

Table 1. Characteristics of Patients at Baseline.*

Characteristic
Median age (IQR) —yr
Female sex — no. (%)
Median body-mass index (IQR){
Race — no. (%)
White
Asian
Other
Median hemoglobin concentration (IQR) — g/dI

New York Heart Association class Il or IV for heart
failure — no. (%)

Medical condition — no. (%)
Previous myocardial infarction
Atrial fibrillation
Arterial hypertension
Chronic kidney disease

Regular medications before surgery — no. (%)
Aspirin
Beta-blockers
ACE inhibitors, ARB agents, or both
Diuretics

Surgery type — no./total no. (%)
Valve§
Coronary-artery bypass graft

Ascending aorta or aortic arch

ANH Group Usual-Care Group
(N=1010) (N=1000)
59 (52-66) 61 (53-68)
219 (21.7) 186 (18.6)
26 (24-30) 27 (24-30)
792 (78.4) 778 (77.8)
195 (19.3) 198 (19.8)

23 (2.3) 20 (2.0)
14 (14-15) 15 (14-15)
236 (23.4) 273 (27.3)
160 (15.8) 168 (16.8)
168 (16.6) 149 (14.9)
626 (62.0) 668 (66.8)

65 (64) 64 (6.4)
389 (38.5) 396 (39.6)
540 (53.5) 557 (55.7)
458 (45.3) 472 (47.2)
409 (40.5) 397 (39.7)

619/1005 (61.6)
384/1003 (38.3)
97/1004 (9.7)

594/998 (59.5)
394/998 (39.5)
109/997 (10.9)

* Percentages may not total 100 because of rounding. ACE denotes angiotensin-converting enzyme, ANH acute normo-
volemic hemodilution, ARB angiotensin-receptor blocker, and IQR interquartile range.
T The body-mass index is the weight in kilograms divided by the square of the height in meters.

i Race was reported by the patients.

§ Patients had undergone at least one of the following surgeries: aortic-valve, mitral-valve, or tricuspid-valve surgery.
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Table 2. Trial Interventions and Intraoperative Characteristics.*

Variable

Trial interventions

—mli

Intraoperative characteristics
Median duration of cardiopulmonary bypass (IQR) — min€|
Hypotension — no./total no. (%)

Tachyarrhythmia — no./ total no. (%)

Median volume of blood withdrawn during ANH (IQR) — mly
Plasmapheresis instead of withdrawal of whole blood — no./total no. (%)
Crystalloids administered before cardiopulmonary bypass — no./total no. (%)

Median volume of crystalloids infused before cardiopulmonary bypass (IQR)

Other fluids administered before cardiopulmonary bypass — no./ total no. (%)§

ANH Usual-Care
Group Group
(N=1010) (N=1000)
650 (650-700) 0
18/1003 (1.8) 0

976/1004 (97.2)
1000 (500-1200)

962/994 (96.8)
700 (500-1000)

2/1004 (0.2) 2/994 (0.2)
102 (75-134)
114/1005 (11.3)
27/1005 (2.7)

98 (71-131)
46/994 (4.6)
21/994 (2.1)

* Percentages may not total 100 because of rounding.

7 Data were missing for 25 patients in the ANH group.

i Data were missing for 1 patient in the usual-care group.
§ Patients received noncrystalloid fluids only.

9§ Data were missing for 9 patients in the ANH group and for 6 patients in the usual-care group.

1006 patients with available data, reinfusion of
blood occurred before aortic cross-clamping in
7 patients (0.7%) and during cardiopulmonary
bypass in 69 patients (6.9%). Off-pump surgery
was performed in 8 of 1006 patients with avail-
able data (0.8%) in the ANH group and in 13 of
997 patients with available data (1.3%) in the
usual-care group. No patients withdrew consent.
Crossover occurred in 67 of the 2010 patients
(3.3%) across trial groups (Fig. 1).

PRIMARY AND SECONDARY OUTCOMES

At the time of hospital discharge, transfusion of
at least one unit of allogeneic red cells had oc-
curred in 274 of 1005 patients with available
data (27.3%) in the ANH group and in 291 of 997
with available data (29.2%) in the usual-care group
(relative risk, 0.93; 95% confidence interval [CI],
0.81 to 1.07; P=0.34) (Table 3). The median
number of transfused red-cell units was 2 (inter-
quartile range, 1 to 4) in the ANH group and 2
(interquartile range, 1 to 3) in the usual-care
group, with a total number of transfused red-cell
units of 880 and 791, respectively. Death from
any cause within 30 days after surgery or dur-
ing hospitalization for surgery occurred in 14 of
1008 patients with available data (1.4%) who
underwent ANH and in 16 of 997 patients with
available data (1.6%) who received usual care
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(Table 3). The median volume of blood drained
from chest tubes at 12 hours after surgery was
290 ml (interquartile range, 190 to 423) in the
ANH group and 300 ml (interquartile range, 200
to 450) in the usual-care group. Surgery for post-
operative bleeding was performed in 38 of 1004
patients with available data (3.8%) in the ANH
group and in 26 of 995 patients with available
data (2.6%) in the usual-care group. The results
were similar in the per-protocol analysis and all
sensitivity analyses (Tables S6 and S7).

The risks of acute kidney injury, bleeding-
related and ischemic complications, hospital re-
admission, and death within 30 days after sur-
gery or during hospitalization for surgery with
ANH as compared with usual care are shown in
Table 3. The results of the prespecified and post
hoc subgroup analyses appeared to be generally
consistent across the subgroups with the excep-
tion of duration of cardiopulmonary bypass (Figs.
S4 and S5). The occurrence of blood transfusion
stratified according to trial center is shown in Fig-
ure S3, and details of blood transfusions at differ-
ent time points are shown in Tables S8 and SO.

SAFETY OUTCOMES

Data on safety outcomes in the two groups are
shown in Table 4 and Table S4. Overall, 152 of
1005 patients with available data (15.1%) in the
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Table 3. Clinical Outcomes.

Outcomes

Primary outcome

Receipt of at least one allogeneic red-cell transfusion
— no./total no. (%)

Secondary outcomes

Death within 30 days after surgery or during hospitalization
— no./total no. (%)

Bleeding complications
Surgical revision for bleeding — no./total no. (%)

Median volume of blood drained from chest tubes at
12 hr after surgery (IQR) — mli:

Ischemic complications — no./total no. (%)
Myocardial infarction
Stroke, transient ischemic attack, or both
Thromboembolic event

Acute kidney injury — no./total no. (%)

Median no. of units of allogeneic blood component in patients
receiving transfusion during hospital stay (IQR)

Red cells 2 (1-4)
Fresh frozen plasma 2 (1-4)
Platelets 1(1-3)

ANH Group
(N=1010)

274/1005 (27.3)

14/1008 (1.4)

38/1004 (3.8)
290 (190-423)

10/1005 (1.0)
11/1005 (1.1)
5/1005 (0.5)
85/1005 (8.5)

Relative Risk or Absolute
Mean Difference
(95% Cly

Usual-Care Group
(N=1000)

291/997 (29.2) 0.93 (0.81 to 1.07)

16/997 (1.6)

0.87 (0.42 to 1.76)

26/995 (2.6)
300 (200-450)

1.45 (0.89 to 2.37)
-11.66 (-35.54 to 12.22)

9/996 (0.9) 1.10 (0.45 to 2.70)
12/996 (1.2) 0.91 (0.40 to 2.05)
7/996 (0.7) 0.71 (0.23 t0 2.22)
89/996 (8.9) 0.95 (0.71 to 1.26)

0.50 (~0.03 to 1.03)
0.24 (-0.26 to 0.74)
0.17 (-0.59 t0 0.93)

* Data are presented as relative risks for dichotomous outcomes and as absolute mean differences for continuous outcomes. The relative risk
was calculated as the ratio of event probability in the ANH group to event probability in the usual-care group. The absolute mean difference
was calculated as the mean of the ANH group minus the mean of the usual-care group. The widths of the 95% confidence intervals pre-
sented in this table have not been adjusted for multiplicity; therefore, inferences drawn from these intervals may not be reproducible.

TP=034.

i Data were missing for 10 patients in the ANH group and for 11 patients in the usual-care group.

ANH group and 145 of 995 with available data
(14.6%) in the usual-care group received vasopres-
sor or inotropic drugs for more than 48 hours.
Cardiogenic shock occurred in 37 of 1006 pa-
tients with available data (3.7%) in the ANH
group and 32 of 995 with available data (3.2%)
in the usual-care group. The lowest hematocrit
value while in the ICU was 32% (interquartile
range, 28 to 36) in the ANH group and 32%
(interquartile range, 29 to 36) in the usual-care
group (Table 4).

DISCUSSION

In this multinational, pragmatic, randomized trial,
we compared the use of ANH with usual care
without hemodilution in adult patients scheduled
for elective cardiac surgery with cardiopulmonary
bypass. We found that ANH did not reduce the

N ENGL J MED

number of patients who received allogeneic red-
cell transfusions, so it cannot be recommended
as a blood-conservation strategy in patients under-
going cardiac surgery. Moreover, ANH did not
appear to modify the risk of surgical revision for
bleeding or decrease the total amount of blood
loss from chest drainage during the first 12
hours after surgery. Finally, ANH did not appear
to be associated with any difference in safety
outcomes.

The use of ANH has been reported in more
than 30 countries, including the United
States.?1:222%3938 Several previous randomized, con-
trolled trials evaluated ANH; however, most were
small (£40 patients) and involved a single center.
Moreover, the volume of blood that was withdrawn
was heterogeneous among the trials. A meta-
analysis of 29 randomized, controlled trials involv-
ing 2439 patients showed a reduction in the num-
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Table 4. Safety Outcomes.*

ANH Usual-Care Relative Risk or Absolute
Group Group Mean Difference
Outcome (N=1010) (N=1000) (95% Cly P Value
Cardiogenic shock — no./total no. (%) 37/1006 (3.7) 32/995 (3.2) 1.14 (0.72 to 1.82) 0.57
Vasopressor or inotropic drugs for >48 hr — no. /total 152/1005 (15.1) 145/995 (14.6) 1.04 (0.84 to 1.28) 0.73
no. (%)
Mechanical circulatory support — no./total no. (%) 27/1006 (2.7) 23/996 (2.3) 1.16 (0.67 to 2.01) 0.59
Sepsis — no./total no. (%) 6/1006 (0.6) 5/995 (0.5) 1.19 (0.36 to 3.88) 0.99
Septic shock — no. /total no. (%) 5/1006 (0.5) 3/995 (0.3) 1.65 (0.40 o 6.88) 0.73
Acute respiratory distress syndrome — no./total no. (%) 4/1003 (0.4) 2/995 (0.2) 1.98 (0.36 to 10.81) 0.69
Median lowest hematocrit level while in ICU (IQR) — % 32 (28-36) 32 (29-36) -0.04 (-0.50to 0.43) 0.60
AKI with need for renal replacement therapy — no./total 15/1005 (1.5) 14/996 (1.4) 1.06 (0.51 to 2.19) 0.87
no. (%)
Median duration of ventilation (IQR) — hr€| 7 (4-14) 7 (4-13) 3.26 (-0.31t0 6.82) 0.97
Median duration of ICU stay (IQR) — hr| 38 (20-68) 40 (21-66) 6.23 (-0.02 to 12.47) 0.82
Died in the ICU — no./total no. (%) 11/1008 (1.1) 10/997 (1.0) 1.09 (0.46 to 2.55) 0.85
Median duration of hospital stay (IQR) — days** 8 (6-11) 8 (6-11) 0.50 (-0.20 to 1.20) 0.50
Died in the hospital — no./total no. (%) 14/1008 (1.4) 14/997 (1.4) 0.99 (0.47 to 2.06) 0.98
Hospital readmission within 30 days after randomization ~ 61/1008 (6.1) 59/997 (5.9) 1.02 (0.72 to 1.45) 0.90

— no./total no. (%)

* AKI denotes acute kidney injury, and ICU intensive care unit.

7 Data are presented as relative risks for dichotomous outcomes and as absolute mean differences for continuous outcomes. The relative risk
was calculated as the ratio of event probability in the ANH group to event probability in the usual-care group. The absolute mean difference
was calculated as the mean of the ANH group minus the mean of the usual-care group. The widths of the 95% confidence intervals present-
ed in this table have not been adjusted for multiplicity; therefore, inferences drawn from these intervals may not be reproducible.

I Mechanical circulatory support device included at least one of the following: intraaortic balloon pump, Impella, or venous-arterial extracor-

poreal membrane oxygenator.

A

Data were missing for 22 patients in the ANH group and for 18 patients in the usual-care group.
Data were missing for 13 patients in the ANH group and for 12 patients in the usual-care group.

| Data were missing for 6 patients in the ANH group and for 4 patients in the usual-care group.
** Data were missing for 5 patients in the ANH group and for 5 patients in the usual-care group.

ber of transfused red-cell units,” but the included
trials were of low quality, which suggests the need
for a large, high-quality, randomized, controlled
trial. In this regard, our trial had a sample size
almost equivalent to the overall number of pa-
tients enrolled in these previous trials.

Most recent European and U.S. guidelines on
blood management among patients undergoing
cardiac surgery mention ANH as a reasonable®
strategy that may be considered'® to reduce the
likelihood of needing an allogeneic blood trans-
fusion. However, the key data supporting this
suggestion are from the previously mentioned
meta-analysis.” Two recent studies have shown
promising results with ANH; however, one was
a retrospective, single-center study that included
only 51 patients, and the other was a small,
single-center trial (55 patients in both groups).*

N ENGL J MED

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.

In contrast, our trial was based on broad and
reproducible inclusion criteria and involved a
representative population of adult patients who
underwent cardiac surgery. In addition, sub-
group analyses were performed in populations
that are theoretically at higher risk for anemia.
Finally, the data supporting a lack of effective-
ness were consistent for all outcomes.

The removal of blood at the beginning of sur-
gery has been investigated in other clinical set-
tings. A recent randomized, controlled trial showed
that hypovolemic phlebotomy effectively reduced
the need for red-cell transfusions during hepatic
surgery.*! It is possible that the efficacy in that
trial was mostly due to the hypovolemia and re-
sulting hypotension, which could reduce hepatic
venous bleeding, but such hypovolemia can be
harmful in patients undergoing cardiac surgery.
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Our trial had several limitations. First, the
percentage of female patients was lower than in
other studies of cardiac surgery,****4 possibly
because of safety concerns related to a lower level
of hemoglobin at baseline.”® Second, we did not
mandate a common transfusion protocol. Con-
sequently, centers had the option to apply their
institutional protocols. Third, we included all
types of cardiac surgery regardless of the associ-
ated bleeding risk. Finally, we observed protocol
deviations (e.g., crossover, off-pump surgery)
owing to the pragmatic design, but the findings
were robust in the per-protocol analyses.

In this trial involving adult patients scheduled
to undergo elective cardiac surgery with cardio-
pulmonary bypass, ANH was not associated with
an increased risk of adverse events but did not re-
duce the number of patients receiving allogeneic
red-cell transfusion.
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