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BACKGROUND: Perioperative red blood cell transfu-
sions are commonly used in patients undergoing
cardiac surgery to correct anemia caused by blood loss
and hemodilution associated with cardiopulmonary
bypass circulation. The aim of this investigation was to
test the hypothesis that blood transfusion has beneficial
effects on sublingual microcirculatory density, perfusion,
and oxygenation. To this end, sidestream dark field
(SDF) imaging and spectrophotometry were applied
sublingually before and after blood transfusion during
cardiac surgery.
STUDY DESIGN AND METHODS: Twenty-four adult
patients undergoing on-pump cardiac surgery, including
coronary artery bypass grafting, cardiac-valve surgery,
or a combination of these two procedures, were
included consecutively in this prospective, observational
study. Sublingual microcirculatory density and perfusion
were assessed using SDF imaging in 12 patients
(Group A). Sublingual reflectance spectrophotometry
was applied in 12 patients (Group B) to monitor
microcirculatory oxygenation and hemoglobin (Hb)
concentration.
RESULTS: Blood transfusion caused an increase in
systemic Hb concentration (p < 0.01) and hematocrit
(p < 0.01). At the microcirculatory level, blood transfu-
sion resulted in increased microcirculatory density (from
10.5 ! 1.2 to 12.9 ! 1.2 mm capillary/mm2 tissue,
p < 0.01) as shown using SDF imaging. In concert with
the SDF measurements, spectrophotometry showed
that microcirculatory Hb content increased from
61.4 ! 5.9 to 70.0 ! 4.7 AU (p < 0.01) and that micro-
circulatory Hb oxygen saturation increased from
65.6 ! 8.3% to 68.6 ! 8.4% (p = 0.06).
CONCLUSION: In this study we have shown that blood
transfusion: 1) improves the systemic circulation and
oxygen-carrying capacity, 2) improves sublingual micro-
circulatory density but not perfusion velocity, and 3)
improves microcirculatory oxygen saturation.

Perioperative red blood cell (RBC) transfusions
are commonly used in patients undergoing
cardiac surgery to correct anemia caused by
blood loss and hemodilution associated with

cardiopulmonary bypass (CPB) circulation and anesthe-
siologic procedures. Although RBC transfusions seem
required to correct and/or prevent anemia, several studies
have shown that it might have adverse effects on patient
outcome in terms of morbidity (e.g., renal failure),1-3 mor-
tality,4,5 postoperative infectious complications,6,7 and
increased hospital length of stay.8 However, while these
endpoints can be used to evaluate the complications that
occur after surgical procedures, they are not sensitive
markers of tissue hypoxia, nor can they be used to monitor
the specific effects of blood transfusions. Furthermore, the
adverse effects previously associated with blood transfu-
sion have mostly been demonstrated in clinical studies
performed with nonleukoreduced blood. Two meta-
analyses of leukoreduced versus nonleukoreduced blood
transfusions demonstrated that prestorage leukoreduc-
tion was associated with a significant improvement in
outcome in cardiac surgery patients.9,10

Ultimately, the goal of RBC transfusions is to improve
oxygen delivery to parenchymal cells by increasing the
presence of RBCs at the microcirculatory level. This issue,
however, has been addressed in very few clinical studies.

ABBREVIATIONS: CPB = cardiopulmonary bypass;
DVL = detected vessel length; FCD = functional capillary
density; ICU(s) = intensive care unit(s); MFI = microvascular
flow index; SDF = sidestream dark field.
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Moreover, the few clinical studies that did investigate the
effects of blood transfusions on the microcirculation were
performed in septic patients.11,12 In a study employing
orthogonal polarization spectral imaging (technology
similar to sidestream dark field [SDF] imaging) for inves-
tigating the effects of RBC transfusions on microcircula-
tory perfusion in severely septic patients, the authors
demonstrated that RBC transfusions improved the sublin-
gual microcirculatory perfusion in a subpopulation of
patients.11 In another study, near-infrared spectroscopy
has been applied to measure tissue microcirculatory
oxygen saturation changes during RBC transfusion in
septic patients. The authors found that tissue oxygenation
was unaltered by RBC transfusion.12 However, while these
studies were performed to clarify the effects of RBC trans-
fusion at microcirculatory level, they cannot distinguish
between the effects of sepsis and the effects of RBC
transfusions. In sepsis, hemorheologic alterations and
damaged host microcirculation (e.g., endothelium and
glycocalyx) could diminish the efficacy of RBC transfu-
sions to correct anemia at the microcirculatory level.
Hence, the effects of RBC transfusions in a condition of
(relatively) healthy host microcirculation remain to be
investigated.

In this study we tested the hypothesis that leukore-
duced RBC transfusions improve microcirculatory
density, perfusion, and oxygenation in hosts with (rela-
tively) healthy microcirculation, that is, in patients under-
going CPB-assisted cardiac surgery. To this end,
sublingual microcirculatory density and perfusion were
assessed using SDF imaging and sublingual reflectance
spectrophotometry was applied to monitor microcircula-
tory oxygenation and hemoglobin (Hb) concentration.

MATERIALS AND METHODS

The study protocol was approved by local medical ethics
committee of Academic Medical Center, Amsterdam, and
written informed consent was obtained from all studied
subjects. The study was done in compliance with the prin-
ciples established in the Helsinki Declaration.

Patients
Twenty-four adult patients undergoing on-pump cardiac
surgery, including coronary artery bypass grafting,
cardiac-valve surgery, or a combination of these two pro-
cedures, that received allogenic blood transfusions during
surgery were included consecutively in this prospective,
observational study. Exclusion criteria were age below 18
years, withdrawal of consent, pregnancy, and recent oral
surgery.

Sublingual microcirculatory density and perfusion
were assessed using SDF imaging (Microscan, Microvision
Medical, Amsterdam, the Netherlands) in 12 patients

(Group A). Sublingual reflectance spectrophotometry
(Oxygen-To-See, O2C, LEA medizintechnik, Gieben,
Germany) was applied in 12 patients (Group B) to monitor
oxygen availability and Hb concentration. The measure-
ments were performed before and 30 minutes after blood
transfusion during on-pump cardiac surgery to observe
the optimum changes after RBC transfusions. These time
points were chosen based on our results in earlier pilot
studies. Sublingual SDF and O2C measurements were per-
formed in separate groups as the techniques could not be
applied simultaneously due to light interference between
methods.

Anesthetics and CPB protocol
All patients received a standardized anesthesia including
scopolamine, fentanyl, pancuronium, etomidate, and
propofol as well as full heparinization (3 mg/kg) just
before the cannulation to achieve a target activated clot-
ting time of more than 400 seconds before CPB. The extra-
corporeal circuit was connected by use of ascending aortic
cannulation and venous cannulation of the right atrium.
The aortic cross-clamp was placed within minutes after
onset of CPB resulting in nonpulsatile blood flow fully
generated by a roller-pump (Sarns 9000 perfusion system,
3M Health Care Group, Dearborn, MI) at 10 minutes. The
flow rates were maintained at 2.4 L/m2/min. The oxygen-
ator priming contained 200 mL of trasylol, 1100 mL of
Ringer’s solution, 300 mL of albumin, 200 mL of mannitol,
and 50 mL of sodium bicarbonate adding up to a total
standard mix of 1850 mL. All patients were cooled to sys-
temic mild hypothermia (28-32°C) and oxygenated with a
membrane oxygenator (COBE Cardiovascular, Inc., Lake-
wood, CO). The patients were fully rewarmed to 37°C
before the end of the operation. Standard monitoring
methods including electrocardiography, radial artery line,
central venous catheter (Schwanz-Ganz), two peripheral
venous catheters, urinary catheter, and rectal and nasal
temperature measurement were used in all patients.

SDF imaging
Sublingual microcirculatory density and perfusion were
perioperatively monitored using SDF imaging. SDF
imaging is an optical modality that is incorporated in a
hand-held microscope with a light guide at the end of
which is a magnifying lens. In SDF imaging, illumination
is provided by surrounding a central light guide with con-
centrically placed green light-emitting diodes to provide
SDF illumination. The lens system in the core of the light
guide is optically isolated from the illuminating outer ring
preventing the microcirculatory image from contamina-
tion by tissue surface reflections. Light from the illuminat-
ing outer ring of the SDF probe, which penetrates the
tissue, illuminates the tissue-embedded microcirculation
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by scattering. This leads to images where RBCs are
depicted as dark moving globules against a bright back-
ground. To improve the imaging of moving structures,
such as flowing RBCs, the light-emitting diodes provide
pulsed illumination in synchrony with the CCD frame
rate. This stroboscopic imaging (partially) prevents
smearing of moving features, such as flowing RBCs, and
motion-induced blurring of capillaries due to the short
illumination intervals.13

In this study, in compliance with recently published
consensus report on the performance and evaluation of
microcirculation using SDF imaging,14 the SDF probe,
covered by a sterile disposable cap, was placed on sublin-
gual tissue surface avoiding pressure artifacts15 before and
30 minutes after RBC transfusion. Five different sublin-
gual microcirculatory sites (>20 sec/site) were recorded at
both time points with adequate focus and contrast. The
obtained images were stored on DVI tape and were later
captured in 5- to 10-second stable (i.e., with minimal
image drift) video clips in DV-AVI file format. SDF images
were analyzed for functional capillary density (FCD; (mm
capillary/mm2 tissue) and detected vessel length (DVL;
mm) using a computer software package (Automated Vas-
cular Analysis Software, Microvision Medical BV, Amster-
dam, the Netherlands). Additionally, microvascular flow
index (MFI; AU), providing an index for microcirculatory
blood flow velocity, was analyzed semiquantitatively in
small- (diameter < 25 mm) and medium-sized vessels
(25 mm < diameter < 100 mm) as described previously.16

Spectrophotometry
Sublingual microcirculatory oxygen saturation and Hb
content were measured using spectrophotometry (O2C).17

For spectrophotometry, tissue was illuminated with
visible (white) light and the spectrum of the backscattered
light was analyzed to calculate the tissue optical absorp-
tion spectrum. The O2C device deter-
mines the Hb oxygen saturation based
on the differentiating absorption
spectra of oxygenated and deoxygen-
ated Hb. Oxygenated Hb has two
absorption peaks in the visible spec-
trum, centered on 542 and 577 nm, and
deoxygenated Hb has one absorption
peak, centered on 556 nm. Hence, by
scaling the measured absorption spec-
trum between the known absorption
spectra of oxygenated and deoxygen-
ated Hb, the Hb oxygen saturation can
be determined. The total optical ab-
sorption is used to reflect the tissue Hb
content.

The measurement depth of the O2C
device was estimated as half the spacing

between the illumination fiber and the detection fiber. For
the probe applied in this study, this was approximately 1
to 2 mm. Due to the relatively high optical absorbance of
Hb green and yellow wavelength range, the near-infrared
spectroscopy measurements are for 90% confined to
microvasculature with a diameter of less than 100 mm, that
is, arterioles, capillaries, and venules.

Statistical analysis
Statistical analysis was performed using computer soft-
ware (GraphPad Prism 5.0, GraphPad Software, La Jolla,
CA). Comparative analysis of data sets obtained at differ-
ent time points was performed using Wilcoxon matched-
pairs test. All data are presented as mean ! SD and
differences between time points were considered signifi-
cant at p < 0.05 and denoted with an asterisk.

RESULTS

Patient characteristics
The patient characteristics and operative variables of both
groups are presented in Table 1. Coexisting diseases are
given in Table 2. No statistical significant differences
between Group A (SDF imaging) and Group B (spectro-
photometry) were identified with respect to the demo-
graphic characteristics and operative variables.

Effects of CPB during cardiac surgery
CPB was associated with a change from pulsatile to non-
pulsatile flow, an increase in cardiac output from
4.3 ! 0.3 L/min as pumped by the heart to 4.7 ! 0.5 L/
min (p < 0.01) as generated by the CPB roller-pump and a
decrease of mean arterial pressure from 71.2 ! 5.2 mmHg
before CPB to 51 ! 4.8 mmHg (p < 0.01) 10 minutes after
the onset of CPB.

TABLE 1. Patient characteristics and operative variables

Characteristics
Group A
(n = 12)

Group B
(n = 12) Significance

Demographics
Age (years) 64 ! 11 64 ! 12 NS
Sex (male:female) 7:5 10:2
Body surface area (m2) 1.81 ! 0.4 1.83 ! 0.5 NS
ASA score 3 3 NS

Surgical procedure
Isolated CABG 8 7
Isolated valve replacement 1 2
CABG and valve replacement 3 3

Operative variables
Number of CABG procedures 2.3 ! 0.6 2.6 ! 0.9 NS
CPB time (min) 92 ! 19 96 ! 27 NS
Aortic clamp time (min) 69 ! 22 71 ! 29 NS
RBC units/patient 1.8 ! 0.8 2.3 ! 0.9 NS
RBC unit storage time (days) 18 ! 2 18 ! 3 NS

ASA = American Society of Anesthesiology; CABG = coronary artery bypass graft surgery.
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The addition of oxygenator priming solution
(1850 mL) to the circulation caused significant hemodilu-
tion reflected by decreased systemic Hb content and
hematocrit (Hct). Systemic Hb content decreased in
Group A from 6.2 ! 1.1 to 4.4 ! 1.0 mmol/L (p < 0.01) and
in Group B from 6.5 ! 0.9 to 4.9 ! 0.7 mmol/L (p < 0.01).
Systemic Hct decreased in Group A from 25.1 ! 2.2% to
20.2 ! 2.1% (p < 0.01) and in Group B from 26.4 ! 1.3%
to 23.3 ! 2.5% (p < 0.01). Blood temperature rapidly
decreased from 36.6 ! 0.4 to 32.7 ! 0.9°C (p < 0.01) at 10
minutes after the onset of CPB.

Effects of RBC transfusion during CPB
At the macrocirculatory level, RBC transfusion caused a
significant increase in mean arterial pressure, systemic Hb
content, and Hct. Mean arterial pressure increased from
60.1 ! 10.9 to 66.1 ! 7.7 mmHg (p = 0.03) in Group A and
from 65.2 ! 12.1 to 73.2 ! 10.3 mmHg in Group B. Sys-
temic Hb content increased in Group A from 4.4 ! 1.0 to
5.3 ! 0.8 mmol/L (p < 0.01) and in Group B from 4.9 ! 0.7
to 5.6 ! 1.0 mmol/L (p < 0.01). Systemic Hct increased in
Group A from 20.2 ! 2.1% to 22.7 ! 2.2% (p < 0.01) and in
Group B from 23.3 ! 2.5% to 25.5 ! 1.9% (p < 0.01).

At the microcirculatory level, RBC transfusion
resulted in increased FCD (from 10.5 ! 1.2 to 12.9 !

1.2 mm capillary/mm2 tissue, p < 0.01, Fig. 1) and DVL
(from 8.2 ! 0.9 to 10.1 ! 0.9 mm, p < 0.01, Fig. 1) as
detected using SDF imaging. MFI was not affected by RBC
transfusion in both small- (from 2.97 ! 0.03 to 2.96 !

0.03 AU, p = 0.95, Fig. 2) and medium-sized vessels (from

2.97 ! 0.04 to 2.94 ! 0.05 AU, p = 0.57, Fig. 2). In concert
with the SDF measurements, spectrophotometry showed
that microcirculatory Hb content increased from 61.4 !

5.9 to 70.0 ! 4.7 AU (p < 0.01, Fig. 3) and that microcircu-
latory Hb oxygen saturation increased from 65.6 ! 8.3% to
68.6 ! 8.4% (p = 0.06, Fig. 3).

DISCUSSION

In the past decade transfusion medicine has been under
intensive evaluation. Although transfusion therapy has
been used worldwide for a long time, there are many
issues open for debate. Among these issues, the efficacy of
RBC transfusions has an essential place. To our knowl-
edge, no clinical study has yet examined whether RBC
transfusions improve microcirculatory perfusion and oxy-
genation in CPB-assisted cardiac surgery patients. A major
problem in such investigations until now has been the
lack of appropriate noninvasive techniques to be used in
vivo. In the past decade, the development of novel, non-
invasive technologies, such as SDF imaging and spec-
trophotometry, allowed clinicians and researchers to
perform bedside monitoring of sublingual microcircula-
tory networks. These developments help physicians to
understand the underlying mechanisms of several disease

TABLE 2. Coexisting conditions
Diagnosis Group A (n) Group B (n)
Hypertension 2 4
Hypercholesterolemia 2 4
Diabetes 3 2
Peripheral vascular disease 3 5

Fig. 1. Microcirculatory density, expressed as FCD (mm capil-
lary [cap.]/mm2 tissue) and DVL (mm capillary [cap.]), before
and 30 minutes after blood transfusion (BTX). *p < 0.05 for
before versus after BTX.

Fig. 2. Microcirculatory perfusion, expressed in MFI (AU), in
small- and medium-sized vessels before and 30 minutes after
blood transfusion (BTX). ns = not significant.

Fig. 3. Microcirculatory Hb (MC Hb) content [AU] en satura-
tion [%] before and 30 minutes after blood transfusion (BTX).
*p < 0.05 for before versus after BTX.
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states and set new therapeutic endpoints and markers to
monitor tissue oxygenation more intensively and to detect
and correct tissue hypoxia earlier.

The aim in this study was to investigate the effects of
leukoreduced allogeneic RBC transfusions on sublingual
microcirculatory density, perfusion, Hb content, and
oxygen saturation using SDF imaging and reflectance
spectrophotometry, in a host with (relatively) healthy
microcirculation, that is, in patients undergoing CPB-
assisted cardiac surgery. We have shown that RBC
transfusions: 1) improve the systemic circulation and
oxygen-carrying capacity, 2) improve sublingual microcir-
culatory density (FCD and DVL) but not the perfusion
velocity (MFI), and 3) cause an increase in microcircula-
tory oxygen saturation.

Large retrospective studies in both North America
and Europe investigated transfusion practices and com-
pared outcomes of restrictive and liberal transfusion
practices.18-20 The TRICC study18 was the first to demon-
strate the possible detrimental effects of blood transfu-
sions in such a big population. The authors investigated
the outcomes of 838 patients admitted to Canadian inten-
sive care units (ICUs) managed with restrictive (transfu-
sion trigger of 7 g/dL and target Hb of 7-9 g/dL) and
liberal (transfusion trigger of 10 g/dL and target Hb of
10-12 g/dL) transfusion practice. They have shown that
both 20-day ICU and hospital mortality rates were lower in
the restrictive group but the differences were only signifi-
cant for hospital mortality. In the ABC study,19 a European
cohort study carried out over 2 weeks in 3534 patients
admitted to 146 western European ICUs, Vincent and
coworkers reported higher ICU and overall mortality rates
in patients who had received a blood transfusion than in
those who had not. Additionally, in matched patients in a
propensity analysis the 28-day mortality rate was 23%
among transfused patients and 17% among nontrans-
fused patients. Following in 2004, in the CRIT study20 in
which 4892 patients admitted to ICUs in the United States
were observed, the mean pretransfusion Hb concentra-
tion was found to be 8.6 g/dL, which is similar to the
TRICC and ABC studies. The CRIT study confirmed the
results of the TRICC and ABC study by showing that
the number of RBC transfusions was an independent pre-
dictor of worse clinical outcome and was independently
associated with longer ICU and hospital lengths of stay
and an increase in mortality.

These results are supported by various other studies.
Kuduvalli and colleagues,4 in 3024 cardiac surgery
patients, have reported an association between increased
risk of mortality and perioperative transfusions, with a
large proportion of deaths occurring within 30 days. In
10,289 patients undergoing coronary artery bypass
grafting, a significant reduction in survival was shown in
those patients who have received blood transfusions and
transfusions were found to be associated with long-term

postoperative mortality and morbidity.5 In another
retrospective cohort study RBC transfusion in patients
having cardiac surgery was found to be strongly associ-
ated with infection and ischemic postoperative morbidity,
hospital stay, increased early and late mortality, and
hospital costs.2

In short, although few conflicting results were pre-
sented by the majority of these studies suggested that,
with the current transfusion practice and triggers being
used at the time of these studies, blood transfusions are
associated with a worse outcome in these patients.
Whether this finding is related to the adverse effects
related to the transfusions or loss of functional RBCs is not
clear. Nevertheless this finding made it clear that transfu-
sion therapy is not free of adverse effects and the balance
between efficiency and adverse effects should be kept in
consideration at all times when a transfusion decision is
given. The fact that transfusion therapy could be harmful
for the patients, actually forces the clinician to ensure and
maximize the efficiency of transfusion therapy. The trans-
fusion trigger used in our study is similar to those in
restrictive transfusion strategies in the ABC, CRIT, and
TRICC studies, which allow comparison of these findings
with other studies.

The efficacy of RBCs can be determined by a number
of factors. The presence of white blood cells (WBCs),
quality of transfused RBCs, microcirculatory status of the
patient, underlying diseases, and related medical inter-
ventions, such as hemodilution or surgical procedures or
medications may play a role in the success of transfusions
in improving tissue oxygenation. The presence of WBCs in
transfused units may have an important role in the
adverse effects observed in patients and could partly
explain the controversial results between different studies.
The ABC19 and CRIT20 studies, which observed harmful
effects and an increased risk of complications and mortal-
ity after transfusions, were with nonleukoreduced blood.
In contrast, the SOAP21 study, which included 3147
patients from 198 European ICUs, reported that mortality
rate after RBC transfusion was higher but these patients
were in general older and had more coexisting diseases.
After propensity matching, transfused and nontransfused
patients showed no difference in mortality rates, which
was in contrast to the other studies. The authors hypoth-
esized that this may be due to the fact that the RBC trans-
fusions were leukoreduced.

Similarly, Hebert and Fergusson22 showed in a larger
retrospective analysis of 14,786 patients before and after
the implementation of universal leukoreduction in Canada
that there was a decrease in mortality rate in cardiac
surgery patients and also a reduction in posttransfusion
fever, which was a similar finding to most other studies.
Bilgin and coworkers23 reported in a prospective random-
ized double-blind study of patients undergoing cardiac
valve surgery that there was a reduction in infection rates
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and hospital mortality. Fung and colleagues24 showed the
beneficial effects of leukoreduced RBCs for cardiac surgery
patients with a decrease in postoperative length of stay.

A controlled trial in the Netherlands was carried out
by van de Watering and colleagues25 and compared leuko-
reduced and buffy coat–depleted RBC transfusions in
patients undergoing coronary artery bypass grafting, with
or without valve replacement. The authors found a signifi-
cant decrease in postoperative infections in patients
receiving more than 4 units of blood. Remarkably, in this
study, mortality was found to be reduced only in patients
that received leukoreduced blood and not in those that
received buffy coat–depleted blood. That may be
explained by the differences between these two reduction
methods; buffy coat–depleted blood contains approxi-
mately 109 WBCs, whereas leukoreduced blood contains
approximately 106 WBCs. The results of these studies
suggest that presence of WBCs has a role in the outcome of
patients who receive transfusions. In this study all trans-
fused blood units were leukoreduced.

In this study, we have shown that leukoreduced RBC
transfusions improve microcirculatory density and oxy-
genation. Decreased intercapillary diffusion distance after
transfusion (i.e., increased capillary density) enhances the
oxygen transport from the microcirculation to the tissues.
Leukoreduced RBC transfusions are therefore successful
in correcting the anemic conditions caused by blood loss
and hemodilution associated with CPB circulation and
anesthesiologic procedures in cardiac surgery patients.

Practical considerations
There were a number of practical considerations pertain-
ing to our study. First, we did not perform the SDF and
O2C measurements simultaneously in each patient
because the SDF measurements could cause light and
movement artifacts that would negatively affect reflec-
tance spectrophotometry measurements. Hence, we have
chosen to perform these measurements separately in two
different groups. Second, in this study the posttransfusion
time point was performed 30 minutes after transfusion,
which may have disregarded possible alterations in the
late phase. However, we have chosen this time point
according to findings in a pilot study.

In this pilot study we have performed SDF and O2C
measurements repeatedly for 2 hours after transfusion
determined that the microcirculatory alterations were
optimally measureable 30 minutes after transfusion.
Moreover, later measurements are impractical as
therapeutic interventions and changes in the patient’s
condition would affect the observations. Although no
interventions other than RBC transfusion were allowed
during the observation period, we cannot completely rule
out the fact that these changes may have been influenced
by other factors during surgery.

In conclusion, we have shown that, in a host with
(relatively) healthy microcirculation, that is, in patients
undergoing CPB-assisted cardiac surgery, RBC trans-
fusions: 1) improve the systemic circulation and oxygen-
carrying capacity, 2) improve sublingual microcirculatory
density (FCD and DVL) but not the perfusion velocity
(MFI), and 3) cause an increase in microcirculatory
oxygen saturation. These observations suggest that leuko-
reduced RBC transfusions enhance tissue oxygen avail-
ability by reducing diffusion distance and increasing the
capillary surface area available for oxygen diffusion and
also increasing microcirculatory Hb concentration and
saturation.

ACKNOWLEDGMENT

We acknowledge funding from the Landsteiner Foundation Blood
Research.

CONFLICT OF INTEREST

There is no conflict of interest from all authors.

REFERENCES

1. Habib RH, Zacharias A, Schwann TA, Riordan CJ, Engoren
M, Durham SJ, Shah A. Role of hemodilutional anemia and
transfusion during cardiopulmonary bypass in renal injury
after coronary revascularization: implications on operative
outcome. Crit Care Med 2005;33:1749-56.

2. Murphy GJ, Reeves BC, Rogers CA, Rizvi SI, Culliford L,
Angelini GD. Increased mortality, postoperative morbidity,
and cost after red blood cell transfusion in patients having
cardiac surgery. Circulation 2007;116:2544-52.

3. Koch CG, Li L, Duncan AI, Mihaljevic T, Cosgrove DM,
Loop FD, Starr NJ, Blackstone EH. Morbidity and mortality
risk associated with red blood cell and blood-component
transfusion in isolated coronary artery bypass grafting. Crit
Care Med 2006;34:1608-16.

4. Kuduvalli M, Oo AY, Newall N, Grayson AD, Jackson M,
Desmond MJ, Fabri BM, Rashid A. Effect of peri-operative
red blood cell transfusion on 30-day and 1-year mortality
following coronary artery bypass surgery. Eur J Cardiotho-
rac Surg 2005;27:592-8.

5. Koch CG, Li L, Duncan AI, Mihaljevic T, Loop FD, Starr NJ,
Blackstone EH. Transfusion in coronary artery bypass
grafting is associated with reduced long-term survival. Ann
Thorac Surg 2006;81:1650-7.

6. Leal-Noval SR, Rincon-Ferrari MD, Garcia-Curiel A,
Herruzo-Avilés A, Camacho-Laraña P, Garnacho-Montero
J, Amaya-Villar R. Transfusion of blood components and
postoperative infection in patients undergoing cardiac
surgery. Chest 2001;119:1461-8.

YURUK ET AL.

966 TRANSFUSION Volume 51, May 2011

John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel




7. Chelemer SB, Prato BS, Cox PM Jr, O’Connor GT, Morton
JR. Association of bacterial infection and red blood cell
transfusion after coronary artery bypass surgery. Ann
Thorac Surg 2002;73:138-42.

8. Vamvakas EC, Carven JH. RBC transfusion and postopera-
tive length of stay in the hospital or the intensive care unit
among patients undergoing coronary artery bypass graft
surgery: the effects of confounding factors. Transfusion
2000;40:832-9.

9. Fergusson D, Khanna MP, Tinmouth A, Hebert PC. Trans-
fusion of leukoreduced red blood cells may decrease post-
operative infections: two meta-analyses of randomized
controlled trials. Can J Anaesth 2004;51:417-24.

10. Vamvakas EC. WBC-containing allogeneic blood transfu-
sion and mortality: a meta-analysis of randomized con-
trolled trials. Transfusion 2003;43:963-73.

11. Sakr Y, Chierego M, Piagnerelli M, Verdant C, Dubois MJ,
Koch M, Creteur J, Gullo A, Vincent JL, De Backer D.
Microvascular response to red blood cell transfusion in
patients with severe sepsis. Crit Care Med 2007;35:1639-44.

12. Creteur J, Neves AP, Vincent JL. Near-infrared spectroscopy
technique to evaluate the effects of red blood cell transfu-
sion on tissue oxygenation. Crit Care 2009;13 Suppl 5:S11.

13. Goedhart PT, Khalilzada M, Bezemer R, Merza J, Ince C.
Sidestream Dark Field (SDF) imaging: a novel stroboscopic
LED ring-based imaging modality for clinical assessment
of the microcirculation. Opt Express 2007;15:15101-14.

14. De Backer D, Hollenberg S, Boerma C, Goedhart P,
Büchele G, Ospina-Tascon G, Dobbe I, Ince C. How to
evaluate the microcirculation: report of a round table con-
ference. Crit Care 2007;11:R101.

15. Trzeciak S, Dellinger RP, Parrillo JE, Guglielmi M, Bajaj J,
Abate NL, Arnold RC, Colilla S, Zanotti S, Hollenberg SM;
Microcirculatory Alterations in Resuscitation and Shock
Investigators. Early microcirculatory perfusion derange-
ments in patients with severe sepsis and septic shock: rela-
tionship to hemodynamics, oxygen transport, and survival.
Ann Emerg Med 2007;49:88-98. e1-2.

16. Boerma EC, Mathura KR, van der Voort PH, Spronk PE,
Ince C. Quantifying bedside-derived imaging of microcir-
culatory abnormalities in septic patients: a prospective
validation study. Crit Care 2005;9:R601-6.

17. Fournell A, Schwarte LA, Scheeren TW, Kindgen-Milles D,
Feindt P, Loer SA. Clinical evaluation of reflectance spec-
trophotometry for the measurement of gastric micro-
vascular oxygen saturation in patients undergoing cardiop-
ulmonary bypass. J Cardiothorac Vasc Anesth 2002;16:576-
81.

18. Hebert PC. Transfusion requirements in critical care
(TRICC): a multicentre, randomized, controlled clinical
study. Transfusion Requirements in Critical Care Investiga-
tors and the Canadian Critical care Trials Group. Br J
Anaesth 1998;81 Suppl 1:25-33.

19. Vincent JL, Baron JF, Reinhart K, Gattinoni L, Thijs L,
Webb A, Meier-Hellmann A, Nollet G, Peres-Bota D; ABC
(Anemia and Blood Transfusion in Critical Care) Investiga-
tors. Anemia and blood transfusion in critically ill patients.
JAMA 2002;288:1499-507.

20. Corwin HL. Anemia and blood transfusion in the critically
ill patient: role of erythropoietin. Crit Care 2004;8 Suppl
2:S42-4.

21. Vincent JL, Sakr Y, Sprung C, Harboe S, Damas P; Sepsis
Occurrence in Acutely Ill Patients (SOAP) Investigators. Are
blood transfusions associated with greater mortality rates?
Results of the Sepsis Occurrence in Acutely Ill Patients
study. Anesthesiology 2008;108:31-9.

22. Hebert PC, Fergusson DA. Evaluation of a universal leuko-
reduction program in Canada. Vox Sang 2002;83 Suppl
1:207-9.

23. Bilgin YM, van de Watering LM, Eijsman L, Versteegh MI,
Brand R, van Oers MH, Brand A. Double-blind, random-
ized controlled trial on the effect of leukocyte-depleted
erythrocyte transfusions in cardiac valve surgery. Circula-
tion 2004;109:2755-60.

24. Fung MK, Rao N, Rice J, Ridenour M, Mook W, Triulzi DJ.
Leukoreduction in the setting of open heart surgery: a
prospective cohort-controlled study. Transfusion 2004;44:
30-5.

25. van de Watering LM, Hermans J, Houbiers JG, van den
Broek PJ, Bouter H, Boer F, Harvey MS, Huysmans HA,
Brand A. Beneficial effects of leukocyte depletion of trans-
fused blood on postoperative complications in patients
undergoing cardiac surgery: a randomized clinical trial.
Circulation 1998;97:562-8.

RBC TRANSFUSIONS RECRUIT MICROCIRCULATION

Volume 51, May 2011 TRANSFUSION 967


