British Journal of Anaesthesia 107 (S1): i41-i59 (2011)
doi:10.1093/bja/aer350

BJA
What is really dangerous: anaemia or transfusion?

A. Shander1234* M. Javidroozil, S. Ozawa® and G. M. T. Hare®7

! Department of Anesthesiology and Critical Care Medicine, Englewood Hospital and Medical Center, Englewood, NJ 07631, USA

2 Department of Anesthesiology, * Department of Medicine and “ Department of Surgery, Mount Sinai School of Medicine, New York,

NY 10029, USA

> Institute for Patient Blood Management and Bloodless Medicine and Surgery, Englewood Hospital and Medical Center, NJ 07631, USA
% Department of Anesthesia, St Michael’s Hospital, University of Toronto, Keenan Research Centre in the Li Ka Shing Knowledge Institute,
St Michael’s Hospital, Toronto, ON, Canada M5B 1W8

’ Department of Physiology, University of Toronto, Toronto, ON, Canada M5S 1A8

* Corresponding author. E-mail: aryeh.shander@ehmc.com

Summary. While complex physiological mechanisms exist to regulate and optimize tissue
oxygenation under various conditions, clinical and experimental evidence indicates that
anaemia, unchecked, is associated with organ injury and unfavourable outcomes. More
data (especially from human studies) are needed to answer questions regarding the
optimal approaches to the treatment of acute and chronic anaemia. Meantime,
allogeneic blood transfusions remain the most common treatment, particularly in
surgical/trauma patients and those with moderate-to-severe anaemia. Clinical studies
emphasize the paradox that both anaemia and transfusion are associated with organ
injury and increased morbidity and mortality across a wide span of disease states and
surgical interventions. Further characterization of the mechanisms of injury is needed to
appropriately balance these risks and to develop novel treatment strategies that will
improve patient outcomes. Here, we present the current understanding of the
physiological mechanisms of tissue oxygen delivery, utilization, adaptation, and survival
in the face of anaemia and current evidence on the independent (and often, synergistic)
deleterious impact of anaemia and transfusion on patient outcomes. The risks of

Editor’s key points

e Paradoxically, both
anaemia and transfusion
are independently
associated with organ
injury and increased
morbidity.

e Further characterization
of the mechanisms of
injury is needed to
appropriately balance
these risks.

e Treatment strategies to

optimize haematopoiesis,
manipulate physiological
responses, and minimize
blood loss are necessary

anaemia and transfusion in the light of substantial variations in transfusion practices,
increasing costs, shrinking pool of donated resources, and ambiguity about actual clinical
benefits of banked allogeneic blood demand better management strategies targeted at
improving patient outcomes.

to improve outcomes in
anaemic patients.

Aerobic metabolism allows cells to harness the energy
stored in organic molecules more efficiently using oxygen
as the final electron receptor, changing oxygen from a
toxic by-product of photosynthetic reactions to an essen-
tial element of life. In the more complex, multicellular
organisms, adequate oxygen delivery to distant tissues
cannot be adequately met by simple diffusion and hence
elaborate mechanisms based on various haemoglobin
(Hb)-related molecules exist to achieve this in a variety of
species ranging from plants to humans.! The process of
life today is undoubtedly reliant on the continuous supply
of oxygen to the cells throughout the body, tasked by car-
diopulmonary systems, vasculature, and the liquid tissue
called blood.

While oxygen delivery is not the sole function of blood, it
is among the most critical of all, as demonstrated by the
grave consequences of severe acute anaemia (particularly
at Hb levels below 50 g litre ). Anaemia resulting in tissue
ischaemia remains a dreaded condition, and thousands of
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patients receive blood transfusions every day to avoid (or
in hope of avoiding) this negative consequence.’”™* Like
many other medical interventions, transfusion, a common
treatment of anaemia, is not free of risks. Its routine and
widespread use in clinical practice ignores the fact that
blood transfusion can be viewed as an organ transplant
with known complexities and risks, albeit lacking the rigor-
ous indications of solid transplants. For many patients, the
undetermined benefit of transfusions make this clinical
decision difficult and it should not be taken lightly.” ® Just
as a timely organ transplant can be life saving so can appro-
priate blood transfusion. The issue at hand is the balance
between the risks of transfusion and the risks of anaemia,
a challenge many clinicians face with inadequate education,
information, or both. This is the focus of this review. It should
be emphasized here that such a discussion—while indispen-
sable—is incomplete, without consideration of other com-
peting treatments of anaemia and the matters of blood
supply and costs.
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Oxygen delivery and adaptations
in anaemia

Understanding of the role of oxygen in mammalian physi-
ology began with its discovery and early characterization by
Scheele, Priestley, and Lavoisier over 200 yr ago,’ leading to
further insights about mechanisms of oxygen sensing, deliv-
ery, and utilization.® ° Mechanisms to sense changes in
oxygen tension and to improve oxygen delivery to tissue
facilitated the efficient production of adenosine triphosphate
(ATP) molecules,’® ** with such oxygen-sensing mechanisms
becoming more elaborate in increasingly complex organisms,
including mammals.?

Three key physiological elements became necessary for
delivery of oxygen to tissues in mammals: (i) an efficient
pump—the heart; (ii) an effective system of oxygen distri-
bution—the circulatory system; and (iii) an efficient oxygen
reservoir—Hb, all finely and continuously regulated. As
emphasized by Guyton and colleagues,’ it is the tissues’
need for oxygen that regulates cardiac output and regional
tissue blood flow; ‘tissues regulate their blood flow...to
maintain oxygen uptake and, in so doing, contribute to regu-
lation of cardiac output’. Besides a functioning cardiovascular
system, Hb is the other critical component that is central to
the efficient delivery of oxygen to the tissues, and hence,
red blood cells (RBCs) and their availability are key to
optimal tissue oxygen delivery. As summarized by Singel
and Stamler, ‘A general principle of physiology holds that
cells precisely regulate their primary function. For RBCs, this
primary function is delivery of oxygen to tissues’. This
section reviews the important mechanisms that ensure
oxygen delivery to tissues under physiological conditions.

Oxygen sensing

Exquisitely sensitive mechanisms for detecting reductions in
tissue oxygen delivery exist, potentially as a means of surviv-
ing acute blood loss and anaemia. These mechanisms are
largely redundant, emphasizing their importance to survival.
Oxygen sensors exist at the level of organs (kidney),>~*’
tissues (aortic and carotid body chemoreceptors),’® *° and
cells [hypoxia-inducible factor (HIF)].?° > A number of argu-
ments support the importance of these oxygen-sensing
mechanisms during acute anaemia: (i) during anaemia, an
early decrease in renal tissue oxygen partial pressure
(Poy)'® 7 22 triggers an increase in renal erythropoietin
(EPO) production to restore Hb concentration;'” 23 (i)
increased chemoreceptor activity is detected during
anaemia and contributes to physiological mechanisms
(increased cardiac output) and cellular responses that opti-
mize tissue oxygen delivery and protect cells from episodes
of hypoxia;'® ' and (iii) increased expression of hypoxia-
sensitive molecules, including HIF, occurs in acute and
chronic anaemia at an Hb threshold near 70 g litre ™ *.2% 2* 2*
These findings support the hypothesis that adaptive responses
to anaemia-induced tissue hypoxia occur to support cellular
(and ultimately organism) survival during anaemia.

i42

Respiratory adaptations

Anaemia stimulates respiration resulting in increased minute
ventilation. In addition, nitric oxide (NO)-mediated mechan-
isms improve ventilation-perfusion matching, leading to a
characteristic increase in the partial pressure of oxygen in
arterial blood (Pap,) and Hb oxygen saturation (Sao,).”> *°
These responses ensure that optimal Sap, is maintained at
the time of reduced Hb to maximize blood oxygen content.

Cardiovascular adaptations

During anaemia, hypoxia-sensing cells activate the sympath-
etic nervous system that, among other mechanisms,
increases cardiac output and reduces systemic vascular
resistance.’” ° 27 %% These responses are consistently
observed in humans and animals and act to maintain a
global balance of oxygen delivery and consumption.?’ 2%
Guyton and Richardson?’ have emphasized the importance
of reduced blood viscosity, systemic vasodilation, and
increased venous return to maintain adequate cardiac
output during acute anaemia. Since these initial obser-
vations, data from experimental and clinical studies
confirm that additional active and feedback mechanisms
are required to maintain cardiac output and increased
tissue blood flow (Table 1).}7 2 22 27 30-36 (ollectively,
these mechanisms ensure that oxygen delivery to the micro-
circulation and tissues of vital organs is optimized during
anaemia.

Increased tissue oxygen extraction during anaemia

Human and animal studies have demonstrated that global
and tissue-specific oxygen delivery is maintained during
acute anaemia, in part through increased systemic oxygen
extraction.?® 3° This mechanism can be less important to
organs with high basal oxygen extraction, such as the
heart, that are more dependent on increased flow to
match increased oxygen consumption during anaemia.?’
In contrast, oxygen extraction in the brain increases from
about 30% at baseline to near 50% during anaemia
under experimental conditions.!” 3> This increase in
oxygen extraction likely depends upon at least three impor-
tant factors: (i) a right shift of the oxyhaemoglobin dis-
sociation curve to reduce Hb oxygen daffinity. This can
occur by a number of mediators including low pH, increased
2,3-diphosphoglycerate (2,3-DPG), and NO-mediated signal-
ling events.*® 3° (ii) Increased tissue blood flow which
favours increased oxygen diffusion into the tissue;’> and
(iii) increased capillary recruitment and density, which can
limit the diffusion distance to cells during anaemia.?* The
primary goal of these mechanisms is to facilitate oxygen
diffusion from the microcirculation to tissues, thereby sus-
taining mitochondrial oxidative phosphorylation (aerobic
respiration). Quantitative measurements of tissue Po, in
the microcirculation, tissue, and cells demonstrate that
oxygen travels readily down a small gradient.”’ For
example, in rat brain, the microcirculatory transmural Po,
gradient is about 0.13 kPa wm™?! (Fig. 1).“! Furthermore,
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Table 1 Cardiovascular adaptations in anaemia to ensure optimal oxygen delivery to vital organs. Hb, haemoglobin; Po,, partial oxygen pressure

Adaptive mechanism

Details and observations supportive of the mechanisms

Aortic chemoreceptors

Cardiac B-adrenergic receptors

Vasoconstriction of splanchnic
vasculature

Preferential vasodilation of vital organs

Preferential maintenance of tissue Po,
in vital organs

Aortic chemoreceptor activation of sympathetic and parasympathetic innervations of the heart required
to ensure the effective increase in cardiac output (through increased heart rate and stroke volume)
associated with acute anaemia®? 32

Acute cardio-selective B-blockade impairs the cardiac response to acute anaemia resulting in profound
tissue hypoxia, indicating the importance of stimulation of cardiac 3-adrenergic receptors to support the
increase in cardiac output observed during anaemia®’

Active vasoconstriction of the splanchnic vasculature can contribute to the increase in venous return and
preload observed during anaemia*?

Anaemia-induced increase in cardiac output is preferentially distributed to organs of primary
importance to survival by actively regulated and adrenergically mediated vasodilation and hence,
improved perfusion in these organs.®* Examples:

As much as six-fold increase in coronary circulation and blood flow to supply oxygen for the increase
in myocardial oxygen consumption?’ 3* 3¢

Preferential increase in cerebral blood flow during acute anaemia®* °

In normovolaemic mammals, tissue Po, is preferentially maintained in the heart and brain during acute
anaemia, as reflected by the observation that the Hb threshold for tissue hypoxia (reduced tissue Po,) is

lower in the brain and heart, relative to other ‘less vital’ organs such as the liver and kidney, which

become hypoxic at higher Hb levels
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Fig 1 Comparison of oxygen transport from the microcirculation at physiological Hb concentrations and during anaemia.“°=“*> ATP, adenosine
triphosphate; Hb, haemoglobin in g litre %; HIFa, hypoxia-inducible factor alpha; Po,, partial pressure of oxygen in kPa.

quantitative measurement of Po, in the microvasculature,
interstitial tissue, and neuropil of rat brain demonstrates
that there is a continuous oxygen gradient from the arter-
iole (~10 kPa) to the capillary (~6 kPa) and then to the
interstitial tissue (~4 kPa) and into cells (~3 kPa in neuro-
pil) (Fig. 1).*> “* Experimental data suggest that once

oxygen is present in the tissue, there is very little resistance
to its diffusion into cells.** New quantitative data suggest
that the Po, in mitochondria is much higher than previously
estimated, allowing the mitochondria to generate ATP
under aerobic conditions and also function as a primary
oxygen sensor.*®
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Metabolic adaptation to acute anaemia

Human and animal studies have demonstrated that overall
balance of systemic oxygen delivery and consumption is pre-
served®’ %8 3° “> %6 or glightly decreased during anaemia.”’
However, in some experimental models, myocardial oxygen
consumption can double, in the context of preserved global
oxygen delivery.’” 3¢ Given the increase in myocardial
oxygen utilization, some organs must reduce their tissue
oxygen consumption during acute anaemia to maintain
global oxygen utilization. Such mechanisms are also acti-
vated during atmospheric hypoxia,*’ and can contribute to
the intracellular adaptive changes that promote survival
during acute anaemia. These mechanisms are dependent
in part on HIF-mediated metabolic cellular adaptations.**
Thus, numerous mechanisms exist to optimize the balance
between oxygen supply and demand in acute anaemia.
The next step in understanding the adaptive responses to
anaemia involves understanding the adaptive cellular
responses to anaemia-induced tissue hypoxia.

Assessment of anaemia-induced tissue hypoxia
in the brain

Experimental studies have focused on the brain, a vital organ
with a high metabolic requirement that is at risk of injury
during acute and chronic anaemia. In direct opposition to
an earlier hypothesis that acute anaemia leads to fortuitous
cerebral hyperaemia and increased tissue Po, (luxury per-
fusion),*® strong clinical experimental data suggest that the
brain and other organs are at risk of anaemia-induced
tissue hypoxia and possible injury.“’=>® Experimental
studies have demonstrated that cellular elements within cer-
ebral tissue respond to a small reduction in tissue Po, by sta-
bilizing HIF-a, an oxygen-sensitive transcription factor,
resulting in transcription of a number of hypoxia-adaptive
molecules.'” 20 21 24

HIF has been described as the master regulator of hypoxia
sensing’® ** and hypoxic cell signalling.>* HIF promotes tran-
scription of a large number of hypoxia-response genes
responsible for cardiovascular adaptation to hypoxia;>®
increased erythropoiesis (through EPO);*® promotion of
angiogenesis [through vascular endothelial growth factor
(VEGF)];** *” and a metabolic switch to increase glucose
transport and glycolytic (anaerobic) metabolism.* *® There-
fore, evidence of increased HIF-a expression in the brain
during anaemia at clinically relevant Hb concentrations
(~60-80 g litre ) provides strong evidence of anaemia-
induced tissue hypoxia at the cellular level. The associated
increased expression of HIF-responsive elements, including
EPO, VEGF, and CXCR4, suggests that anaemia elicits
hypoxic changes in gene expression that might be adaptive
and cytoprotective. Anaemia-induced increases in HIF occur
in both acute and chronic models of anaemia and have
been associated with cognitive decline in old animals, poss-
ibly as an ‘adaptive’ form of survival mechanism, or as a
‘maladaptive’ sign of hypoxic brain injury.?® #*
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Perils of anaemia

The World Health Organization (WHO) defines clinical
anaemia based on Hb thresholds of 130 g litre™! in men,
120 g litre™ in non-pregnant women, and 110 g litre™? in
pregnant women.>® Anaemia is generally caused by
reduced production of RBCs, increased destruction of RBCs,
blood loss (acute or chronic), or a combination of these
factors.®® Acute haemorrhage can result in hypovolaemia
and circulatory collapse (shock) due to the lost volume.
Exsanguination occurs mostly in combat injury or trauma®!
and remains a leading cause of maternal mortality across
the world.®> Other aetiologies (e.g. gastrointestinal or
internal bleeding due to rupture vessels) also occur.®® ©
Unless the circulatory volume is resuscitated and bleeding
is controlled, the condition most often will result in imminent
death. Volume loss can normally be managed using i.v.
fluids,®® but the resultant acute severe anaemia can be
more challenging to manage, particularly in massively bleed-
ing cases commonly complicated by coagulopathy and trans-
fusion of large amounts of blood.®®

In situations where dangerously low Hb levels need to be
quickly raised, RBC transfusions remain the mainstay man-
agement of severely anaemic patients. However, there are
certain situations in which transfusion is not an option
despite severe anaemia. Examples include patients of the
Jehovah’s Witness faith who refuse blood transfusions on reli-
gious grounds, those with alloantibodies and haemolytic
anaemia who cannot be transfused with allogeneic blood,
and situations in which blood is not available such as
combat or injury in remote locations.®” In the absence of
transfusions, interventions such as sedation and neuromuscu-
lar block (to minimize oxygen demand), haematinic agents,
delivery of high oxygen concentration and hyperbaric
oxygen therapy (to increase the level of plasma-dissolved
oxygen),®® and investigational therapeutics such as artificial
oxygen carriers®’ ® can save the life of these patients when
severely anaemic, with reports documenting survival of
patients with Hb levels as low as 10-20 g litre™? without
sequela.’ % 7% The published record belongs to a 53-yr-old
victim of several stab wounds who survived a nadir Hb of 7 g
litre ™! [haematocrit (Hct) of 2.2%] without receiving blood
transfusions due to unavailability of cross-matched blood.”

Nonetheless, case series of such patients often provide a
solemn account of the grave consequences of acute severe
anaemia and critical Hb levels where blood oxygen delivery
cannot keep up with tissue oxygen demand. In a study of
300 Jehovah’s Witness patients undergoing major non-
cardiac surgeries, 30 day in-hospital mortality was 100%,
54%, 25%, 34%, and 9% in patients with postoperative
nadir Hb levels of 11-20, 21-30, 31-40, 41-50, and 51-
60 g litre ™, respectively. After adjustment for age, cardiovas-
cular disease, and Acute Physiology and Chronic Health
Evaluation II (APACHE II) score, the odds ratio (OR) of
death for each 10 g litre™! decrease in Hb level was 2.5
[95% confidence interval (CI), 1.9-3.21.7% In a subset of
256 patients with morbidity data, the composite outcome

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://bja.oxfordjournals.org/

Dangers of anaemia and transfusion

BJA

of 30-day mortality or morbidity (defined as serious cardiac
events, bacteraemia, pneumonia, or deep wound infection)
occurred in 100%, 92%, 53%, 58%, and 29% of the patients
with the above postoperative Hb levels. The adjusted OR for
the composite outcome was 2.1 (95% CI, 1.7-2.6) for every
10 g litre™! decrease in postoperative Hb.”? Conversely,
there was no death in the 30 day period in patients with
Hb levels of 70-80 g litre™* and the composite morbidity
was observed in 9% of patients.”? Another study reported a
mortality of 33% in 117 surgical Jehovah’s Witness patients
with postoperative Hb of 60 g litre™* or less. Interestingly,
the median time between the lowest Hb measurement and
death was 1 day in patients with nadir Hb of 20 g litre™* or
less, while it was 11 days for those with lowest Hb between
41 and 50 g litre !, indicating a window of opportunity to
effectively manage these patients.”* The leading causes of
death in these patients were bleeding, respiratory failure,
renal failure, sepsis, myocardial infarction, and arrhythmig,
with many patients experiencing a combination of morbid-
ities.”> Similarly, in our case series of patients with severe
anaemia who could not be treated with transfusion, mor-
tality rate was 60% in those with Hb between 20 and 30 g
litre ' who were not treated with an Hb-based oxygen
carrier.®’ Figure 2 depicts the estimated risk of mortality at
various Hb levels derived from our data.®’ Based on the avail-
able observations, it has been suggested that the mean fatal
Hb level (i.e. mean Hb level associated with anaemia-induced
mortality) in humans is around 25 g litre™* and possibly
(although still subject to debate) higher in the presence of
cardiovascular disease.”*

As discussed previously, several adaptive mechanisms
exist to maintain adequate oxygen delivery to tissues in

N o o
EN o e

Risk of mortality

o
o

0 . . . . >
0O 10 20 30 40 50 60 70 80 90
Hb (g litre™")

Fig 2 Estimated risk of death at various Hb concentrations. Data
are based on a subset of patients (n=19) who could not be trans-
fused, and had agreed to receive an Hb-based oxygen carrier
because or in anticipation of severe anaemia, but did not
receive the product for various reasons.®” Risk of mortality for
each Hb concentration was calculated using an equation
obtained from running a logistic regression model with final
status (dead/alive) as the dependent and Hb as the independent
variables.

anaemia. With exacerbation of anaemia, these mechanisms
begin to fail at various points and risk of tissue ischaemia and
injury increases. Tolerance of individual organs to anaemia
varies and dictates complications of anaemia. Given their
high oxygen demands, the heart and central nervous
system are at particular risk. For example, evidence that
the brain is vulnerable during acute and chronic anaemia is
provided by numerous examples of brain dysfunction and
injury. Acute and chronic anaemia are both associated with
cognitive dysfunction that partially resolves after treatment
of anaemia.”” 7® Although the mechanisms of anaemia are
divergent, cerebral injury has been associated with
anaemia caused by iron deficiency,”” malaria,”® sickle-cell
disease,”” ®° and acute severe anaemia during coronary
artery bypass procedures.”?

Although anaemia is commonly present in various
in-patient and out-patient populations, with some particu-
larly at higher risk (e.g. elderly, critically ill, and those under-
going major orthopaedic surgery or chemoradiotherapy),
anaemia is often much less severe than the extreme cases
described above. Yet, several lines of evidence support the
clinically detrimental effects of anaemia (even when mild
to moderate) in various patient populations (see Table 2 for
a summary of recent studies).®?-''® Studied populations
include general populations, elderly, patients undergoing
surgeries (cardiac, orthopaedic, etc.), transplant recipients,
critically ill patients, and patients with medical conditions
such as chronic renal disease, stroke, acute coronary
disease, heart failure, diabetes mellitus, and dementia.
Anaemia is associated with several unfavourable outcomes,
including higher short- and long-term mortality, increased
risk of fractures, renal disease, heart failure, cardiovascular
events, readmissions, poorer graft outcome, worse functional
status, and lower quality of life.

Perils of transfusion

Given the risks of anaemia, proper management, including
timely screening, diagnostic work-up, and efforts to treat
the underlying aetiologies, is needed. Treatment can
usually be accomplished most effectively using haematinics
when the patient is not at risk of ischaemia or when
enough time is available before a high-blood-loss elective
procedure.”’ Misconceptions exist with regard to the time
required for such treatments to exert their effect: while
allowing more time is usually preferred (e.g. 4 weeks ahead
of elective procedures), when appropriately used, haematinic
agents in combination with simple strategies to preserve the
patient’s own blood (as simple as avoiding unnecessary diag-
nostic phlebotomies and reducing the drawn blood sample
volume)'*® can quickly ameliorate anaemia even within
short periods of time.'*?

RBC transfusion is the quickest way to raise Hb concen-
tration and it has been rightfully credited with saving lives
of thousands since the fateful day in 1921 when Percy
Lane Oliver, honorary secretary of the Red Cross at Camber-
well, received an urgent call from a nearby hospital in need
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Table 2 Recent studies evaluating clinical outcomes of anaemia in various patient populations. The non-systematic search included the

PubMed-indexed English-language manuscripts published between August 2009 and August 2011. WHO criteria: anaemic if Hb <120 g litre™

1

for women and Hb <130 g litre ™ * for men. CABG, coronary artery bypass grafting; CHF, chronic heart failure; CPB, cardiopulmonary bypass; Hb,
haemoglobin; Het, haematocrit; HF, heart failure; HR, hazard ratio; ICH, intracerebral haemorrhage; ICU, intensive care unit; MI, myocardial
infarction; NA, not applicable; OR, odds ratio; PCI, percutaneous intervention; STEMI, ST-segment elevation myocardial infarction

Study

Population

Anaemia prevalence (and
definition)

Findings on anaemia

Cardiac surgeries

Outpatient populations

Chronic kidney diseases

Carrascal and
colleagues'®®

De Santo and
colleagues’®®

Ranucci and
colleagues®®

Chen and
colleagues®
Deal and
colleagues'©®

Jorgensen and
colleagues®®

Lipinski and
colleagues'*®

Savica and
colleagues*®?

Zoppini and
colleagues®’

De Nicola and
colleagues®?

Sasatomi and
colleagues*?
Voormolen and
colleagues®®

227 80-to-90-yr-old patients who
underwent CPB

1214 patients undergoing CABG

3003 patients undergoing CPB
without receiving blood transfusions
during hospital stay

160 080 post-menopausal women

436 community-dwelling women
aged 70-80 yr old

5286 55-to-74-yr-old residents of
Tromsg, Norway

1799 patients referred for routine
exercise treadmill testing

196 subjects who developed
Parkinson’s disease and 196 matched
controls

1153 type 2 diabetic outpatients

668 stage 3-5 chronic kidney disease
patients

166 patients with diabetic
nephrosclerosis

472 predialysis patients

Cerebrovascular accidents

146

Del Fabbro and
colleagues®

Diedler and
colleagues®

890 first-time stroke patients

196 patients with supratentorial,
non-traumatic ICH

41.9% (WHO criteria)

28% in preoperative period (WHO
criteria)
NA; mean preoperative and

lowest CPB Hct values were
40.4% and 27.8%, respectively

5.5% (Hb <120 g litre™?)

8.8% at baseline (WHO criteria)

3.4% (WHO criteria)

9% (Hb <130 g litre )

43.9% in cases and 27.6% in
controls (WHO criteria)

18.4% (WHO criteria)

41.3% (Hb 110-135 g litre Y in
males; Hb 110-120 g litre * in
females)

21% (Hct <40%)

45% (Hb <110 g litre™*); mean
Hb 112 g litre !

17% (WHO criteria)

NA; mean admission Hb: 137 g
litre™%; mean Hb during hospital
stay: 126 g litre™; mean nadir
Hb: 119 g litre ™*

In multivariate analysis, immediate
postoperative Hct <24% (OR 2.78, P=0.039)
and transfusion (OR 10.57, P<0.01) were
independent predictors for in-hospital
mortality

Anaemia was an independent predictor of
acute kidney injury (OR 2.06)

After adjustment for the other explanatory
variables, preoperative Hct and lowest Hct on
CPB were independent risk factors for major
morbidity

Significantly higher risk of fracture after
adjustment for multiple covariates (HR 1.07)
After adjustment for patient characteristics
and disease covariates, anaemia was
associated with poorer baseline performance
and faster rate of decline on tests of verbal
recall

Anaemic men had a 2.15 higher risk of
non-vertebral fractures while anaemic
women had no increased fracture risk

Anaemic patients had significantly higher
mortality (P<0.05) and cardiovascular events
(P<0.01)

Anaemia was more common in medical
history of patients with Parkinson’s disease
(OR 2, P<0.01)

After adjustment for other factors, anaemia
was associated with all-cause (HR 2.11,
P<0.01) and cardiovascular mortality (HR
2.23, P=0.02)

Anaemia was a marker of end-stage renal
disease (HR 1.81) and death (HR 1.87)

Anaemia was significantly associated with
renal prognosis and survival

Anaemia was associated with higher
adjusted risk of mortality (HR 1.92) and
all-cause hospitalization

After adjustment for other factors, higher Hb
level was independently associated with
decreased 1-yr mortality (HR 0.98, P<<0.05)
In multivariate logistic regression analysis,
Hb was an independent predictor for poor
functional outcome at 3 months (OR 0.73,
P<0.01)

Continued
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Table 2 Continued

Study Population Anaemia prevalence (and Findings on anaemia
definition)
Tanne and 859 patients with acute stroke 19% (WHO criteria) After adjustment for baseline characteristics,
colleagues® (ischaemic or haemorrhagic) anaemia at admission was associated with

increased risk of all-cause death at 1 month
(OR 1.9) and 1 yr (1.72), increased disability

(OR 2.09), and nursing facility care (OR 1.83).
Extremely high Hb level was also associated
with increased mortality

Chronic heart diseases

Dimopoulos and 830 non-cyanotic adults with 13.1% (WHO criteria) Anaemic patients had three-fold higher
colleagues™ congenital heart disease mortality risk after propensity score
adjustment for clinical variables
Hamaguchi and 1960 patients hospitalized with 57% (WHO criteria) After multivariable adjustment, low Hb was
colleagues®® worsening HF associated with increased risk of all-cause
death, cardiac death, and rehospitalization
Kimura and 711 hospitalized patients with CHF 44.7% (Hb <120 g litre ' at the  In multivariate analysis, anaemia was a
colleagues®® time of hospitalization) predictor of mortality (HR 1.62, P<0.01)
Peterson and 2478 patients with primary discharge  45% at the time of index Persistently low Hb (HR 1.65) and
colleagues™®* diagnosis of HF hospitalization and 35% during progressively declining Hb (HR 1.54) were
follow-up (WHO criteria) associated with increased mortality risk
Saraiva and 391 patients admitted to a single 43.2% (WHO criteria) In multivariate analysis, anaemia was an
colleagues® advanced heart failure care unit independent predictor of mortality at 1 yr

(P=0.035), with an inverse relationship
between Hb levels and mortality
von Haehling and 627 patients admitted with acute HF  29% (WHO criteria) Patients with moderate or severe anaemia
colleagues®® (Hb <12 in men or <110 g litre in women)
had increased 12-month mortality (HR 1.5,
P=0.01) after adjusting for other factors
von Haehling and 2069 70-yr-old or older patients 10% (WHO criteria) After multivariable adjustment, Hb was an
colleagues™** with HF independent predictor of combined primary
outcome of mortality and cardiovascular
hospital admissions (HR 0.94 per 10 g litre™
decrease, P=0.017)

1

Vrtovec and 65 patients who had left ventricular ~ 46% (Hb <120 g litre™?) Long-term survival was two times higher in
colleagues®® assist device for at least 6 months non-anaemic patients
Ischaemic heart diseases
Greenberg and 1042 patients with STEMI who 20% (Hct <36% for women In multivariate analysis, anaemia was
colleagues95 underwent PCI and <39% for men) associated with an OR of 3.5 (P<0.01)
for 1 month mortality

Hasin and 1065 patients with acute MI 34.7% at discharge, 19.5% Marked increase in mortality and heart failure
colleagues®®’ persistent at follow-up, and 5.2% in patients with persistent (HR 1.8) and

new-onset at follow-up (WHO new-onset anaemia (HR 1.9)

criteria)
Kruk and 1880 patients with STEMI treated 21.1% (Hct <36% in women and  In multivariable analysis including important
colleagues®®* with primary PCI Hct <39% in men) baseline risk factors, anaemia was

independently associated with in-hospital
death (HR 2.67)
Kurek and 1497 patients with acute MI treated  16.6% (WHO criteria) Multivariate analysis identified anaemia as
colleagues®™ with PCI an independent predictor of any-cause death
(HR 1.46, P<0.05)
Orthopaedic procedures

Mantilla and 391 hip or knee arthroplasty patients  39% of cases and 32% of controls Anaemia was not a significant independent
colleagues® who experienced death/MI and 391 (WHO criteria) risk factor for death/MI in the 30 day
matched control post-surgery period (OR 0.81, P=0.286)
So-Osman and 603 patients undergoing total hipand  16.3% (no definition specified) No correlation between postoperative Hb or
colleagues®® knee arthroplasty acute postoperative Hb decline and quality of
life
Continued
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Table 2 Continued

Study Population

Anaemia prevalence (and
definition)

Findings on anaemia

Critically ill patients

5925 patients admitted to a surgical  18.7% (Hb <70 g litre™?) and
29.5% (Hb 70-90 g litre * at

After multivariate adjustment, higher Hb
level (RR 0.97 per 10 g litre™?, P<0.001) and

admission); mean Hb 99 g litre™* blood transfusions (RR 0.96, P=0.031) were

Sakr and
colleagues®’ ICU
Others
Gheith and 832 renal transplant recipients
colleagues'*?

Nathavitharana
and colleagues™*®

1491 non-surgical inpatient
admissions

Reade and
colleagues®

1893 patients with
community-acquired pneumonia

Shema-Didi and
colleagues®®

19 271 patients with normal kidney
activity admitted to hospital

Toor and
colleagues*®

101 patients with advanced
peripheral vascular disease
undergoing percutaneous
transluminal angioplasty

Weber and 5873 general surgery procedures

53.7% (WHO criteria)

33.3% (WHO criteria)

33.9% and 62.1% (Hb <130 g
litre™* at admission and during
hospital stay, respectively)

27.6% (WHO criteria)

65% (WHO criteria)

independently associated with a lower risk of
in-hospital death

Anaemia at 6 months was associated with
poor graft outcome but not patient survival

Anaemia was independently associated with
increased length of hospital stay (P<0.01),
mortality (P<0.01), and unplanned hospital
readmission (P<<0.01)

Development of moderate-to-severe
anaemia (Hb <100 g litre™?) was
independently associated with increased
90-day mortality (OR 1.59, P=0.01)
Anaemia at admission was associated with
occurrence of acute kidney injury after
controlling for potential confounders (OR
1.5).

Pre-procedural Hb (OR 4.17 comparing lowest
tertile with highest tertile, P<0.01) was an
independent predictor of adverse peripheral
vascular outcome

27.6% (Hb <120 g litre ! before  After adjustment for important patients and
colleagues*'? surgery)

procedure characteristics, anaemia or
allogeneic blood transfusion were not
associated with surgical site infections

of a volunteer blood donor, creating the world’s first transfu-
sion service.'?° Transfusion-transmitted infections came to
attention as early as the 1940s."%* Over the decades that fol-
lowed, developed countries invested virtually unlimited
resources to screen for and identify the responsible infectious
agents early enough and, as such, improve the safety of
blood supply. While these efforts have been highly effective
in achieving their goal (albeit with a hefty price tag that
might undermine the cost-effectiveness),'?? emergence of
new infectious agents such as human immunodeficiency
virus'?* and variant Creutzfeldt-Jakob disease** has chal-
lenged the possibility of creating a blood supply that is absol-
utely free of risk of transmitting infectious agents.’? *2°
Nonetheless, the risk of transfusion-transmitted infections
has diminished to the point that for the first time in its 14
yr history, the UK’s Serious Hazards of Transfusion (SHOT)
haemovigilance initiative had no confirmed case of
transfusion-transmitted infection in its 2010 report.
However, non-infectious risks and complications of blood
transfusion have taken the lead (Table 3).'%7

The 2010 SHOT data (Table 3) indicate that 505 serious
complications and events resulting in (or contributing to)
4.5 deaths and 35 major morbidities were reported per 1
million units of blood component issued. In the same
period, 345 critical transfusion errors that could have resulted
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in transfusion of wrong blood components occurred per 1
million units of blood component issued.’?” Not all events
are reported under this and similar programmes, and some
complications of transfusion (e.g. transfusion-related acute
lung injury [TRALI]) are known to be vastly under-diagnosed
and under-reported.’?® 29 still, these numbers provide an
overall picture of the prevalence of major known immediate
complications and risks of blood transfusions and their
consequences.

What is missed in these and similar types of data is another
important risk of transfusion that could potentially be affect-
ing significantly higher number of patients. With a few excep-
tions, it is easy to establish the causal link of the complications
listed in Table 3 with transfusions. There are, however, other
risks of allogeneic blood that are much more enigmatic as
they are not as obviously linked to transfusions and can be
attributed to other events or the recipients’ co-morbidities.
Data supporting these types of risks come from a multitude
of studies linking allogeneic blood transfusions with worse
outcomes in various patient populations.**°

The Transfusion Requirements in Critical Care (TRICC) trial
was a turning point in transfusion medicine as it showed
that a restrictive transfusion strategy was at least equally
effective as a more liberal-transfusion strategy in critically ill
anaemic patients.”** This finding was confirmed by a
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Table 3 Serious complications of transfusions and related events in 2010 reported under the SHOT initiative in the UK. Reports were submitted
by 94.7% of National Health System (NHS) hospitals or trusts; 2 898 425 units of blood components (including 2 180 781 units of RBC) were
issued in the UK during the same period. Numbers in parentheses indicate the percentage of transfusion-related deaths or major morbidities for
each type of reported complication or event.*?’ *Incidences in which the patient was transfused correctly despite one or more serious errors that
could have potentially resulted in transfusion of incorrect blood component in other circumstances

Reported complications and events  Number of

Reported numbers per

Deaths with transfusion as a  Major morbidities

reported million blood component causal or contributory factor attributed to

events units issued transfusion
Incorrect blood component 200 69 0 2 (1%)
transfused
Inappropriate, unnecessary, and 110 38 2 (1.8%) 4 (3.6%)
under/delayed transfusions
Handling and storage errors 239 82 0 0
Failure to give anti-D 241 83 0 1 (0.4%)
immunoglobulin
Acute transfusion reactions 510 176 3 (0.6%) 57 (11.2%)
Haemolytic transfusion reactions 58 20 1(1.7%) 2 (3.4%)
Transfusion-related acute lung injury 15 5 1 (6.7%) 13 (86.7%)
(TRALI)
Transfusion-associated circulatory 40 14 6 (15%) 15 (37.5%)
overload (TACO)
Transfusion-associated dyspnoea 35 12 0 6 (17.1%)
Post-transfusion purpura 1 0 0 0
Transfusion-associated graft-vs-host 0 0 0 0
disease
Transfusion-transmitted infection 0 0 0
Complications from transfusion of 15 5 0 1 (6.7%)
autologous blood
Total reported serious incidences 1464 505 13 (0.9%) 101 (6.9%)
Near-miss events 863 298 — —
Right blood right patient incidences* 137 47 — —

subsequent Cochrane systematic review of 17 trials (including
the TRICC trial) on a total of 3746 patients which concluded
that restrictive transfusion strategies are associated with
reduced transfusion rates and volumes while not worsening
patient outcomes (including mortality, cardiac events, stroke,
pneumonia, and thromboembolism) and reducing infection
rates.’*” The data from TRICC become more intriguing when
viewed from a complication perspective: The patients in the
liberal-transfusion arm of the study were all transfused
and received on average 3 more units of RBC transfusions
compared with the restrictive transfusion arm who had a
transfusion rate of 66%. Despite comparable baseline charac-
teristics and severity of illness, patients who were transfused
liberally suffered more in-hospital deaths (23.3% vs 18.7%),
higher adjusted multiple organ dysfunction score (11.8 vs
10.7), and more complications [combined cardiac compli-
cations (21.0% vs 13.2%), myocardial infarctions (2.9% vs
0.7%), and pulmonary oedema (10.7% vs 5.3%)] during inten-
sive care unit (ICU) stay."** Two groups of patients, those with
acute coronary syndromes and those with traumatic brain
injury, might not follow this pattern.’*3 *** Indeed, a recently
completed pilot trial in high-risk cardiac surgery suggests
that these patients might have more favourable outcome
with a higher transfusion threshold.'**

The observation that allogeneic blood transfusions are
associated with worse patient outcomes (e.g. higher mor-
tality and morbidity rates) is a common finding in studies
comparing cohorts of transfused patients with non-
transfused (or less-transfused) patients across various
patient populations (Table 4).*°~** The frequency of
unfavourable outcomes associated with allogeneic blood
transfusions observed in these studies is clearly much
higher than expected from the effects of traditional transfu-
sion complications alone given their relative low frequency
(Table 3). Similar to the case of anaemia, the studies have
evaluated widely different patient populations, and they
have linked RBC transfusions with many negative outcomes
including renal, cardiac, and neurological events, infections,
lung injury, increased length of stay, increased risk of
cancer occurrence or recurrence, and death. On the other
hand, transfusion is often associated with other
co-morbidities, and factors such as older age can confound
the relationship. However, allogeneic blood transfusion
usually emerges as an independent risk factor after adjust-
ment for other potential factors.’*® 37 140-153 Risks of allo-
geneic blood transfusion should be viewed in the context
of the assertion that efficacy of RBC transfusions in improving
patient outcomes is largely unestablished. Using evidence
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Table 4 Recent studies evaluating the clinical outcomes of allogeneic RBC transfusions various patient populations. The non-systematic search
included PubMed-indexed English-language manuscripts published between August 2009 and August 2011. ARDS, acute respiratory distress
syndrome; CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; Hb, haemoglobin; Hct, haematocrit; HR, hazard ratio; ICU,
intensive care unit; LOS, length of stay; OR, odds ratio; PRBC, packed red blood cell; SAH, subarachnoid haemorrhage

Study

Population

Transfusion rate

Findings on transfusion

Cardiac surgeries
Bahrainwala and
colleagues’*®

Ferraris and
colleagues®®’

Koch and
colleagues™°®
Mohnle and
colleagues®**

Salvin and
colleagues™*

van Straten and
colleagues®®?
Veenith and
colleagues**’
Vivacqua and
colleagues'>®
Whitson and
colleagues’®?

Malignancies

Chau and
colleagues'*?

Chang and
colleagues™*

617 patients undergoing cardiac
surgery with CPB

8728 nonvascular cardiac
operations

16847 patients undergoing
on-pump CABG, valve or combined
procedures

945 patients undergoing CABG

802 paediatric patients discharged
after cardiac surgery

10 435 patients undergoing CABG
surgery

874 80-yr-old or older patients
undergoing cardiac surgery

566 reoperations after CABG, valve,
or combined surgeries

741 patients undergoing CABG,
valve procedures, or both

520 patients undergoing head and
neck surgery for cancer

77 488 elderly haematologic
malignancy cases and 154 509
controls

Vascular, orthopaedic, and other surgeries

Glance and
colleagues’®?

Nuis and
colleagues*“?

O’Keeffe and
colleagues'“®

Pedersen and
colleagues**?

Wu and
colleagues**?
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10 100 patients undergoing general,
vascular, or orthopaedic surgery

118 patients undergoing
transcatheter aortic valve
implantation

8799 patients undergoing lower
extremity revascularization

28 087 patients undergoing primary
total hip replace surgery

239286 65-yr-old or older patients

who underwent major non-cardiac

surgery

Not specified

9.8%

Not specified

20.4%

46.2%

23.3%

73.4%

36%

54%

37.9%

7.9% of cases and
5.9% of controls

21.4%

Not specified

Ranging from
14.5% to 27.1%

32.3%

9.4%

Higher quartile of PRBCs transfused was associated with
higher risk of postoperative stroke (OR 1.37)

After propensity adjustment, transfusion of 1-2 units of PRBC
increased the risk of composite morbidity, pulmonary
complications, systemic sepsis, wound complications, and
postoperative LOS

RBC transfusion was associated with more risk-adjusted
complications including respiratory distress and failure,
longer intubation time, ARDS and reintubation

In multivariate analysis, RBC transfusion was associated with
cardiac events (OR 1.39, P=0.04) and harvest-site infection.
Other possible associations included increased risk of
composite morbidity, in-hospital mortality, renal morbidity,
pneumonia, and mediastinitis

In a multivariable model, both the low transfusion group (HR
0.80, P=0.02) and high transfusion group (HR 0.66, P<0.01)
were associated with increased LOS

RBC transfusion was an independent, dose-dependent risk
factor for early mortality

Transfusion was independently associated with hospital
mortality

More transfusion was independently associated with
increased risk of mortality and major morbidity

In multivariate analysis, transfusions were independently
associated with infection, neurological complications, organ
dysfunction, cardiac complications, and death

In multivariate analysis, blood transfusion was an
independent predictor of recurrence (OR 1.6) and survival (HR
1.5)

Transfusion was associated with increased risk of
lymphoplasmacytic and marginal zone lymphomas

Intraoperative transfusion was associated with increased risk
of death (OR 1.29), pulmonary complications (OR 1.76), sepsis
(OR 1.43), thromboembolic complications (OR 1.77), and
wound complications (OR 1.87)

RBC transfusion was independently associated with increased
risk of acute kidney injury

After adjustment for transfusion propensity and patient and
procedural risks, transfusion was a significant predictor of
mortality (OR 1.92 for 1-2 units and 2.48 for 3 or more units),
composite morbidity, sepsis/shock, pulmonary occurrences,
and return to the operating theatre

Transfused patients had higher 90-day mortality (OR 2.2) and
pneumonia (OR 2.1) in multivariate analysis

After propensity-score matching, transfusion was associated
with lower 30 day mortality in patients with preoperative Hct
<24% or blood loss >500 ml, but associated with higher
mortality if Hct 30-35.9% or blood loss <500 ml

Continued
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Table 4 Continued

Study Population

Transfusion rate

Findings on transfusion

Other non-surgical populations

Hearnshaw and 4441 acute upper gastrointestinal

colleagues™*® bleeding patients presenting to admission)
hospitals
Jolicoeur and 5532 patients with ST-elevation 3.9%

153

colleagues myocardial infarction

Juffermans and
colleagues™*®

134 patients with sepsis after ICU 50%
admission

44% (within 12 h of  After adjusting for Rockall score and initial Hb, early

transfusion was associated with two-fold increased risk of
re-bleeding (OR 2.26) and a 28% increase in mortality (OR
1.28)

After adjustment for baseline characteristics, other
interventions, and propensity for receiving transfusions,
blood transfusion remained a significant risk factor for
mortality (HR 2.16)

In an adjusted model, the amount of transfused RBCs was
associated with secondary infection (OR 1.18)

from published literature, a panel of clinicians recently rated
allogeneic blood transfusions unlikely or uncertain to
improve patient outcomes in the vast majority of common
hypothetical clinical scenarios in which blood transfusions
are commonplace.'*° Credible risks and dubious efficacy do
not make a promising combination and fail to justify the
widespread utilisation of allogeneic blood transfusions in
practice.

Dissecting the causality

Anaemia and allogeneic blood transfusions have been linked
to worse clinical outcomes in various patient populations. It
remains a challenge to conclude with certainty whether
anaemia is an independent risk factor of worse outcomes,
is a marker of severity of disease, or both.

Most of the studies establish correlation between anaemia
and various unfavourable outcomes (Table 2), but correlation
does not necessarily imply causation. Causality can be par-
ticularly complicated and difficult to establish in certain
populations since anaemia is common in patients suffering
from a wide array of chronic illnesses that could negatively
affect outcomes. Anaemic cohorts are commonly older,
and more frequently afflicted by co-morbidities compared
with non-anaemic patients in most of the studies. Fre-
quently, anaemia is caused or contributed to by chronic ill-
nesses. Anaemia of chronic disease (or anaemia of
inflammation) results from activation of inflammatory
responses during many diseases that affect several aspects
of haematopoiesis, namely, hepcidin-induced sequestration
of iron and hypoferremia.’®® °® Another example is the
vicious triad known as cardio-renal-anaemia syndrome, in
which chronic cardiac or renal dysfunction results in dysfunc-
tion of the other organ and concurrent development of
anaemia, which, in turn, exacerbates both organ failures.**” *>8
Although it might not be possible to attribute an unfavour-
able outcome to an individual factor alone or establish an
accurate apportionment among various factors in such
cases, accomplicity of anaemia and chronic diseases in
worsening the clinical outcomes is usually evident,
and anaemia often emerges as an independent risk

factor after adjustment for confounders in multivariate
analyses.sl 84-87 89-97 99-101 105 106 108-110 114 115

Another factor complicating the relationship between
anaemia and unfavourable clinical outcomes is the treat-
ments used for anaemia. For example, erythropoiesis-
stimulating agents (ESAs) have been the focus of heated
debate, as they are highly effective in increasing Hb level in
various patient populations. However, treatment with these
agents comes with risks of its own and has been linked to
increased risk of mortality and cardiovascular events, par-
ticularly when the ESA dose is increased or continued in
order to achieve a predetermined relatively high Hb
target.’>? %0 Thus, whether the outcomes seen in anaemic
patients are related to anaemia or treatment with ESAs is
unclear.’®* Allogeneic blood transfusion is the other
common treatment used in management of anaemic
patients, with its own plethora of complications.

Similar to the case of unfavourable outcomes of anaemic
patients, transfused cohorts often have a heavier burden of
illness, and it can be challenging to delineate with certainty
whether unfavourable outcomes are due to the existing con-
ditions and co-morbidities that biased the patients to receive
more transfusions or due to the transfusion itself. Nonethe-
less, even when patients who are transfused are in worse
condition to begin with, part of the reason they were trans-
fused was likely to be the expectation that transfusions
would improve their condition. As can be seen from the mul-
titude of studies (Table 4), allogeneic blood transfusions
appear to do little to improve patient condition, undermining
the clinical effectiveness of transfusions.

Clinical trials in which patients are randomized to various
transfusion strategies provide some protection against this
possible bias of sicker patients being more likely to get trans-
fused, but these trials ultimately focus on comparison of
various transfusion strategies (such as various Hb-based
transfusion triggers),’®? and not directly on the outcomes
of transfusion. Given ethical and methodological complex-
ities, a trial randomizing patients to transfusion vs no trans-
fusion might not be feasible.

Compared with the limited evidence from randomized
controlled trials, the wealth of data from observational
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studies on allogeneic blood transfusion is staggering. Trans-
fusion practices show well-documented significant variations
across providers and institutions. Maddux and colleagues'®?
reported the rate of intraoperative RBC transfusion in isolated
coronary artery bypass graft (CABG) surgeries to range from
0% to 85.7% across 144 institutions in the USA. Bennett-
Guerrero and colleagues'®* studied 82 446 on-pump CABG
operations from 408 sites in the USA and reported the RBC
transfusion rates from 7.8% to 92.8%; these variations
occurred independent of case mix. Data from 18 Austrian
public hospitals indicated intra- and postoperative blood
transfusions occurring in 16-85% of total hip replacement,
12-87% of total knee replacement, and 37-63% of CABG
surgeries; the number of RBC units given in transfused
patients also varied significantly.’®> Similarly, an audit of
223 hospitals in the UK reported that perioperative transfu-
sion rates ranged from 0% to 100% in patients undergoing
elective primary unilateral hip replacement surgery.'®® The
hugely variable transfusion rate in more-or-less similar pro-
cedures and patient populations occurring at hospitals with
presumably high standards of care begs the question that
what the role of blood transfusion in patient care is and
what goal it is achieving. Clearly, the possible explanation
that sicker patients are transfused more frequently cannot
explain by itself these variations, and other factors (such as
various transfusion thresholds) are at play.’*® In other
words, physicians’ attitudes towards transfusion are likely
to be as important (if not more important) than the patients’
condition in determining who receives blood, to the point of
creating a de facto quasi-randomized process. We believe
that this would add to the credibility of the observational
data on clinical outcomes of transfusion.

It is often overlooked that some of the most influential
discoveries in medicine were derived from observation in
contexts where human experimentation would have been
unethical (e.g. the relationship between smoking and lung
cancer).'®” Data from observational studies can be viewed
in the light of Bradford Hill’s nine criteria to establish causa-
tion based on association: strength of association, consist-
ency, specificity, temporal relationship, biological gradient
(dose-dependence), plausibility, coherence, analogy, and
availability of experimental evidence.'®” Although Bradford
Hill is famously quoted as saying that ‘None of my nine view-
points can bring indisputable evidence for or against the
cause-and-effect hypothesis and none can be required sine
qua non’,*°® data from studies on association of adverse out-
comes with allogeneic blood transfusions fit all of these cri-
teria, and therefore, a strong case for causality exists.'®’

The exact pathways through which allogeneic blood trans-
fusions result in adverse outcomes are not fully understood
and several phenomena have been suggested.’®” The
analogy of allograft can provide a clue: similar to grafts,
allogeneic blood transfusions can result in cascades of
immunologic and inflammatory reactions.’®® Overt events
such as haemolytic reactions are one end of the spectrum,
but the other end of the spectrum can be more cryptic in
the form of immunomodulation.'’® This has been implicated
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in the reported association between allogeneic blood trans-
fusions and cancer.’’® *’* Another suspect has been the
white blood cells present in donated blood.”> Nowadays,
banked blood is widely leucoreduced in many countries and
before-after studies are indicative of reduced complications
and improvements in outcome, namely, reduced febrile
transfusion reactions, alloimmune platelet refractoriness,
and infections.”® *’* Another factor suspected to play a
role in adverse effects of transfusion is the age of stored allo-
geneic blood. Several observational studies have reported
worse outcomes in patients who received older units of
blood (still within current blood banking standards), and ran-
domized trials to further investigate this are underway.'’””

There is no doubt that occurrence of an adverse outcome
in a patient is a result of complex interactions among various
patient and environment (treatment) factors. Figure 3
depicts a simplified scheme summarizing some of the inter-
actions that exist among anaemida, blood transfusions, and
co-morbidities in causal loops that could contribute to
unfavourable outcomes. As discussed here, co-morbidities
(i.e. chronic illness in Fig. 3), anaemia, and transfusions all
can independently worsen the outcome. Chronic illnesses
and anaemia can reinforce each other as seen in anaemia
of inflammation. Another reinforcing loop can exist
between chronic illnesses and allogeneic blood transfusions:
some co-morbidities (especially ischaemic heart disease) are
commonly considered to reduce tolerance to anaemia and
therefore can result in more transfusions, which in turn
could increase inflammation and organ injury. Anaemia
could also reinforce this interaction by increasing the risk of
transfusions. Finally, once an unfavourable outcome occurs,
it can further reinforce the whole vicious cycle through
increasing the inflammation and chronic illness burden,
exacerbating anaemia, and increasing the risk of getting
transfused (e.g. when an anaemic patient recovering from
an elective surgery experiences a new myocardial infarction
resulting in prolonged hospitalization and ICU stay, followed
by more diagnostic blood loss, etc.).

An example of these interactions can be seen in the study
by Kao and colleagues,’’® in which the impact of renal insuf-
ficiency, anaemia, and transfusions on in-hospital mortality
was examined in 596 456 patients admitted for heart
failure. Renal insufficiency and anaemia were present in
27.4% and 27.1% of the patients; both were independently
associated with increased mortality (adjusted OR 2.54 and
1.12, respectively). RBC transfusions were given to 6.2% of
the patients, and it was the strongest single predictor of mor-
tality (OR 3.81). In this population, all three components
(anaemia, renal insufficiency, and transfusion) were indepen-
dently associated with mortality, and transfusion reinforced
the detrimental effects of the other two.'’®

Breaking the vicious cycle

As discussed here, anaemia and transfusions can indepen-
dently and synergistically contribute to poor outcomes and
can potentially form reinforcing loops. How can this vicious
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Fig 3 Causal pyramid depicting the theoretical relationship of anaemia and its accomplices in causing unfavourable outcomes. Positive causal
links are denoted by solid arrows and indicate that the first node (or increase in its severity or dose in the case of transfusions) would cause the
second node (or increase in its severity or dose in the case of transfusions). A negative causal link denoted by dashed arrow exists between
transfusion and anaemia as the former is expected to reduce the severity of the latter (albeit temporarily), but the effectiveness of this
measure in terms of improving oxygen delivery and consumption is debated. Unfavourable outcomes can include occurrence of new
morbid events or exacerbation of pre-existing ones, which could lead to increased chronic illness/inflammation burden and further reinforce

the loop.

cycle be broken? Anaemia should never be regarded as an
innocent bystander.'’” Patients at risk, particularly those
undergoing elective surgery, should be screened for
anaemia as early as possible, preferably 4 weeks ahead of
surgery. If present, diagnostic work-up to uncover the aetiol-
ogy of anaemia must be performed and appropriate treat-
ment provided.'’” '’® Rather than allowing an anaemic
patient to go into the operating theatre and be transfused
to rectify the Hb value, anaemia must be viewed as a contra-
indication for the elective procedure (particularly if high
blood loss is anticipated), and the procedure should be
rescheduled to manage anaemia first.'*” Current guidelines
should be followed for allogeneic blood transfusions,’’? '8
and each unit of blood should be given only when clear indi-
cation exists. The ultimate goal of transfusion must remain
avoiding organ ischaemia and treating the clinical condition,
and not treating a laboratory value (i.e. attaining a specific
Hb value). This is often in contrast with routine clinical

practices. In a study of randomly selected hospitalized
patients in Northern Ireland, Barr and colleagues®®” reported
that 23% of transfusions were inappropriate and among the
patients who were appropriately transfused, 19% were over
transfused. Clearly, much room for improvement exists.
Many strategies to improve outcome while reducing allo-
geneic blood transfusions are available. These strategies
rely on approaches to optimize haematopoiesis, minimize
blood loss, and use and manipulate physiological responses
to anaemia while treating this condition with minimal or
no use of allogeneic blood transfusion. The concept encom-
passing these interventions is collectively known as patient
blood management.*®3~*#> Emerging evidence supports the
efficacy of these strategies in managing various patients,
including those known to be exposed to a high risk of
blood loss, anaemia, and transfusion.®® *8¢-'8 Using these
strategies, it is possible to detect and treat anaemia in a
timely manner and mitigate the risk of allogeneic blood
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transfusions and their associated negative outcomes.
Untreated anaemia and inappropriate transfusions are both
deleterious to patients in addition to being significant
burdens to the healthcare system. Therefore, clinicians
should remain vigilant and apply evidence-based best clinical
practices to save patients from the long list of adverse out-
comes associated with allogeneic transfusion.

Acknowledgements

The data used to prepare Figure 2 were derived from a case
series of patients who were considered for receiving
HBOC-201 (Biopure, Cambridge, MA, USA) on compassionate
use basis but did not receive the product, as published in the
report by Mackenzie and colleagues®” with A.S. and M.J. as
co-authors. We are grateful to Drs Mackenzie, Greenburg,
and Moon-Massat and the sponsor for the data.

Conflict of interest

A.S. has been a consultant for Bayer, Luitpold, Masimo, Novar-
tis, Novo Nordisk, OrthoBiotech, and Zymogenetics and has
received research and grant support from Bayer, Novartis,
Novo Nordisk, OrthoBiotech, Pfizer, and ZymoGenetics; and
has been a speaker with honorarium for Bayer, Novartis, Ortho-
Bioetch, Zymogenetics, Masimo. He is a founding member of
the Society for the Advancement of Blood Management
where he currently serves as the President Elect. S.O. is a
founding member of the Society for the Advancement of
Blood Management where she currently serves as a member
of the Board of Directors. G.M.T.H. has received research
funding from Forest Laboratories Inc. to assess the impact of
nebivolol on cerebral perfusion. G.M.T.H has received peer-
reviewed funding from a Bristol-Myers Squibb-CAS Career
Scientist Award; a University of Toronto, Department of
Anesthesia Merit Award; and IARS-SCA New Investigator and
Mid-Career Grants.

Funding

None.

References

1 Hardison RC. A brief history of hemoglobins: plant, animal,
protist, and bacteria. Proc Natl Acad Sci USA 1996; 93: 5675-9

2 Kawasaki A, Purvin V. Recovery of postoperative visual loss fol-
lowing treatment of severe anaemia. Clin Experiment Ophthal-
mol 2006; 34: 497-9

3 Smith J, Bricker S, Putnam B. Tissue oxygen saturation predicts
the need for early blood transfusion in trauma patients. Am
Surg 2008; 74: 1006-11

4 Bailey D, Aude YW, Gordon P, Burtt D. ST-segment elevation
myocardial infarction, severe anemia and nonobstructive coron-
ary disease: case report and brief comment. Conn Med 2003; 67:
3-5

5  Shander A. Emerging risks and outcomes of blood transfusion in
surgery. Semin Hematol 2004; 41: 117-24

i54

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Shander A, Goodnough LT. Update on transfusion medicine.
Pharmacotherapy 2007; 27: 575-68S

Astrup P, Severinghaus J. The History of Blood Gases, Acids and
Bases. Copenhagen: Munksgaard, 1986

Taylor CT, McElwain JC. Ancient atmospheres and the evolution
of oxygen sensing via the hypoxia-inducible factor in metazo-
ans. Physiology (Bethesda) 2010; 25: 272-9

Sessions AL, Doughty DM, Welander PV, Summons RE,
Newman DK. The continuing puzzle of the great oxidation
event. Curr Biol 2009; 19: R567-74

Kaelin WG Jr, Ratcliffe PJ. Oxygen sensing by metazoans: the
central role of the HIF hydroxylase pathway. Mol Cell 2008; 30:
393-402

Semenza GL. Oxygen-dependent regulation of mitochondrial
respiration by hypoxia-inducible factor 1. Biochem J 2007; 405:
1-9

Rytkonen KT, Storz JF. Evolutionary origins of oxygen sensing in
animals. EMBO Rep 2011; 12: 3-4

Shepherd AP, Granger HJ, Smith EE, Guyton AC. Local control of
tissue oxygen delivery and its contribution to the regulation of
cardiac output. Am J Physiol 1973; 225: 747-55

Singel DJ, Stamler JS. Chemical physiology of blood flow
regulation by red blood cells: the role of nitric oxide and
S-nitrosohemoglobin. Annu Rev Physiol 2005; 67: 99-145
Halperin ML, Cheema-Dhadli S, Lin SH, Kamel KS. Properties per-
mitting the renal cortex to be the oxygen sensor for the release
of erythropoietin: clinical implications. Clin J Am Soc Nephrol
2006; 1: 1049-53

Johannes T, Mik EG, Nohe B, Unertl KE, Ince C. Acute decrease in
renal microvascular PO, during acute normovolemic hemodilu-
tion. Am J Physiol Renal Physiol 2007; 292: F796-803
Ragoonanan TE, Beattie WS, Mazer CD, et al. Metoprolol reduces
cerebral tissue oxygen tension after acute hemodilution in rats.
Anesthesiology 2009; 111: 988-1000

Hatcher JD, Chiu LK, Jennings DB. Anemia as a stimulus to aortic
and carotid chemoreceptors in the cat. J Appl Physiol 1978; &44:
696-702

Szlyk PC, King C, Jennings DB, Cain SM, Chapler CK. The role of
aortic chemoreceptors during acute anemia. Can J Physiol Phar-
macol 1984; 62: 519-23

Li M, Bertout JA, Ratcliffe SJ, Eckenhoff MF, Simon MC, Floyd TF.
Acute anemia elicits cognitive dysfunction and evidence of cer-
ebral cellular hypoxia in older rats with systemic hypertension.
Anesthesiology 2010; 113: 845-58

McLaren AT, Mazer CD, Zhang H, Liu E, Mok L, Hare GM. A poten-
tial role for inducible nitric oxide synthase in the cerebral
response to acute hemodilution. Can J Anaesth 2009; 56:
502-9

van Bommel J, Siegemund M, Henny C, Ince C. Heart, kidney,
and intestine have different tolerances for anemia. Trans! Res
2008; 151: 110-7

Frede S, Freitag P, Geuting L, Konietzny R, Fandrey J. Oxygen-
regulated expression of the erythropoietin gene in the human
renal cell line REPC. Blood 2011; 117: 4905-14

El Hasnaoui-Saadani R, Pichon A, Marchant D, et al. Cerebral
adaptations to chronic anemia in a model of erythropoietin-
deficient mice exposed to hypoxia. Am J Physiol Regul Integr
Comp Physiol 2009; 296: R801-11

Deem S, Hedges RG, McKinney S, Polissar NL, Alberts MK,
Swenson ER. Mechanisms of improvement in pulmonary gas
exchange during isovolemic hemodilution. J Appl Physiol 1999;
87: 132-41

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://bja.oxfordjournals.org/

Dangers of anaemia and transfusion

BJA

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Sproule BJ, Mltchell JH, Miller WF. Cardiopulmonary physiologi-
cal responses to heavy exercise in patients with anemia. J Clin
Invest 1960; 39: 378-88

Murray JF, Rapaport E. Coronary blood flow and myocardial
metabolism in acute experimental anaemia. Cardiovasc Res
1972; 6: 360-7

Weiskopf RB, Viele MK, Feiner J, et al. Human cardiovascular and
metabolic response to acute, severe isovolemic anemia. J Am
Med Assoc 1998; 279: 217-21

Guyton AC, Richardson TQ. Effect of hematocrit on venous
return. Circ Res 1961; 9: 157-64

Chapler CK, Cain SM. The physiologic reserve in oxygen carrying
capacity: studies in experimental hemodilution. Can J Physiol
Pharmacol 1986; 64: 7-12

Fan FC, Chen RY, Schuessler GB, Chien S. Effects of hematocrit
variations on regional hemodynamics and oxygen transport in
the dog. Am J Physiol 1980; 238: H545-22

Glick G, Plauth WH Jr, Braunwald E. Role of the autonomic
nervous system in the circulatory response to acutely induced
anemia in unanesthetized dogs. J Clin Invest 1964; 43: 2112-24
Greenway CV. Role of splanchnic venous system in overall
cardiovascular homeostasis. Fed Proc 1983; 42: 1678-84

Hare GM, Worrall JM, Baker AJ, Liu E, Sikich N, Mazer CD. Beta2
adrenergic antagonist inhibits cerebral cortical oxygen delivery
after severe haemodilution in rats. Br J Anaesth 2006; 97:
617-23

van Bommel J, Trouwborst A, Schwarte L, Siegemund M, Ince C,
Henny C. Intestinal and cerebral oxygenation during severe iso-
volemic hemodilution and subsequent hyperoxic ventilation in a
pig model. Anesthesiology 2002; 97: 660-70

von Restorff W, Hofling B, Holtz J, Bassenge E. Effect of increased
blood fluidity through hemodilution on general circulation at
rest and during exercise in dogs. Pflugers Arch 1975; 357: 25-34
Wolff CB. Normal cardiac output, oxygen delivery and oxygen
extraction. Adv Exp Med Biol 2007; 599: 169-82

Doctor A, Platt R, Sheram ML, et al. Hemoglobin conformation
couples erythrocyte S-nitrosothiol content to O, gradients.
Proc Natl Acad Sci USA 2005; 102: 5709-14

Sladen RN. The oxyhemoglobin dissociation curve. Int Anesthe-
siol Clin 1981; 19: 39-70

Wilson DF, Lee WM, Makonnen S, Finikova O, Apreleva S,
Vinogradov SA. Oxygen pressures in the interstitial space and
their relationship to those in the blood plasma in resting skeletal
muscle. J Appl Physiol 2006; 101: 1648-56

Sharan M, Vovenko EP, Vadapalli A, Popel AS, Pittman RN.
Experimental and theoretical studies of oxygen gradients in
rat pial microvessels. J Cereb Blood Flow Metab 2008; 28:
1597-604

Lecoq J, Parpaleix A, Roussakis E, et al. Simultaneous two-
photon imaging of oxygen and blood flow in deep cerebral
vessels. Nat Med 2011; 17: 893-8

Sakadzic S, Roussakis E, Yaseen MA, et al. Two-photon high-
resolution measurement of partial pressure of oxygen in cer-
ebral vasculature and tissue. Nat Methods 2010; 7: 755-9
Finikova OS, Lebedev AY, Aprelev A, et al. Oxygen microscopy by
two-photon-excited phosphorescence. Chemphyschem 2008; 9:
1673-9

Wilson DF. Quantifying the role of oxygen pressure in tissue
function. Am J Physiol Heart Circ Physiol 2008; 294: H11-3

Ickx BE, Rigolet M, Van Der Linden PJ. Cardiovascular and meta-
bolic response to acute normovolemic anemia. Effects of
anesthesia. Anesthesiology 2000; 93: 1011-6

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Matsuoka T, Saiki C, Mortola JP. Metabolic and ventilatory
responses to anemic hypoxia in conscious rats. J Appl Physiol
1994; 77: 1067-72

Shen H, Greene AS, Stein EA, Hudetz AG. Functional cerebral
hyperemia is unaffected by isovolemic hemodilution. Anesthe-
siology 2002; 96: 142-7

Beattie WS, Karkouti K, Wijeysundera DN, Tait G. Risk associated
with preoperative anemia in noncardiac surgery: a single-center
cohort study. Anesthesiology 2009; 110: 574-81

Carson JL, Poses RM, Spence RK, Bonavita G. Severity of anaemia
and operative mortality and morbidity. Lancet 1988; 1:
727-9

Karkouti K, Djaiani G, Borger MA, et al. Low hematocrit during
cardiopulmonary bypass is associated with increased risk of
perioperative stroke in cardiac surgery. Ann Thorac Surg 2005;
80: 1381-7

Karkouti K, Wijeysundera DN, Beattie WS. Risk associated with
preoperative anemia in cardiac surgery: a multicenter cohort
study. Circulation 2008; 117: 478-84

Kulier A, Levin J, Moser R, et al. Impact of preoperative anemia
on outcome in patients undergoing coronary artery bypass graft
surgery. Circulation 2007; 116: 471-9

Semenza GL. Hypoxia-inducible factor 1 (HIF-1) pathway. Sci
STKE 2007; 2007: cm8

Semenza GL. O,-regulated gene expression: transcriptional
control of cardiorespiratory physiology by HIF-1. J Appl Physiol
2004; 96: 1173-7

Gruber M, Hu CJ, Johnson RS, Brown EJ, Keith B, Simon MC. Acute
postnatal ablation of Hif-2alpha results in anemia. Proc Natl
Acad Sci USA 2007; 104: 2301-6

Fandrey J. Oxygen-dependent and tissue-specific regulation of
erythropoietin gene expression. Am J Physiol Regul Integr
Comp Physiol 2004; 286: R977-88

Kim JW, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated
expression of pyruvate dehydrogenase kinase: a metabolic
switch required for cellular adaptation to hypoxia. Cell Metab
2006; 3: 177-85

de Benoist B, McLean E, Egli I, Cogswell M, eds. Worldwide Preva-
lence of Anaemia 1993-2005. Geneva: World Health Organiz-
ation, 2008

Greenburg AG. Pathophysiology of anemia. Am J Med 1996; 101:
75-11S

Geeraedts LM Jr, Kaasjager HA, van Vugt AB, Frolke JP. Exsangui-
nation in trauma: a review of diagnostics and treatment options.
Injury 2009; 40: 11-20

Devine PC. Obstetric hemorrhage. Semin Perinatol 2009; 33:
76-81

Cirocco WC, Reilly JC, Rusin LC. Life-threatening hemorrhage
and exsanguination from Crohn’s disease. Report of four
cases. Dis Colon Rectum 1995; 38: 85-95

Mills L, Stevens M, Tollefson BJ, Watkins M. A 69-year-old man
with gastrointestinal exsanguination. J Emerg Nurs 2011; 37:
363-4

van den Elsen MJ, Leenen LP, Kesecioglu J. Hemodynamic
support of the trauma patient. Curr Opin Anaesthesiol 2010;
23: 269-75

Bolliger D, Gorlinger K, Tanaka KA. Pathophysiology and treat-
ment of coagulopathy in massive hemorrhage and hemodilu-
tion. Anesthesiology 2010; 113: 1205-19

Mackenzie CF, Moon-Massat PF, Shander A, Javidroozi M,
Greenburg AG. When blood is not an option: factors affecting
survival after the use of a hemoglobin-based oxygen carrier in

i55

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://bja.oxfordjournals.org/

BJA

Shander et al.

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

i56

54 patients with life-threatening anemia. Anesth Analg 2010;
110: 685-93

Van Meter KW. A systematic review of the application of
hyperbaric oxygen in the treatment of severe anemia: an evi-
dence-based approach. Undersea Hyperb Med 2005; 32: 61-83
Donahue LL, Shapira I, Shander A, Kolitz J, Allen S, Greenburg G.
Management of acute anemia in a Jehovah’s Witness patient
with acute lymphoblastic leukemia with polymerized bovine
hemoglobin-based oxygen carrier: a case report and review of
literature. Transfusion 2010; 50: 1561-7

Howell PJ, Bamber PA. Severe acute anaemia in a Jehovah’s
Witness. Survival without blood transfusion. Anaesthesia 1987;
42: 44-8

Dai J, Tu W, Yang Z, Lin R. Case report: intraoperative manage-
ment of extreme hemaodilution in a patient with a severed axil-
lary artery. Anesth Analg 2010; 111: 1204-6

Carson JL, Noveck H, Berlin JA, Gould SA. Mortality and morbidity
in patients with very low postoperative Hb levels who decline
blood transfusion. Transfusion 2002; 42: 812-8

Tobian AA, Ness PM, Noveck H, Carson JL. Time course and etiol-
ogy of death in patients with severe anemia. Transfusion 2009;
49: 1395-9

Weiskopf RB. Emergency transfusion for acute severe anemia: a
calculated risk. Anesth Analg 2010; 111: 1088-92

Clarke SE, Jukes MC, Njagi JK, et al. Effect of intermittent pre-
ventive treatment of malaria on health and education in school-
children: a cluster-randomised, double-blind, placebo-controlled
trial. Lancet 2008; 372: 127-38

Weiskopf RB, Kramer JH, Viele M, et al. Acute severe isovolemic
anemia impairs cognitive function and memory in humans.
Anesthesiology 2000; 92: 1646-52

Maguire JL, deVeber G, Parkin PC. Association between iron-
deficiency anemia and stroke in young children. Pediatrics
2007; 120: 1053-7

Casals-Pascual C, Idro R, Gicheru N, et al. High levels of erythro-
poietin are associated with protection against neurological
sequelae in African children with cerebral malaria. Proc Natl
Acad Sci USA 2008; 105: 2634-9

Lee MT, Piomelli S, Granger S, et al. Stroke Prevention Trial in
Sickle Cell Anemia (STOP): extended follow-up and final
results. Blood 2006; 108: 847-52

Adams RJ, McKie VC, Hsu L, et al. Prevention of a first stroke by
transfusions in children with sickle cell anemia and abnormal
results on transcranial Doppler ultrasonography. N Engl J Med
1998; 339: 5-11

Chen Z, Thomson CA, Aickin M, et al. The relationship between
incidence of fractures and anemia in older multiethnic women.
J Am Geriatr Soc 2010; 58: 2337-44

De Nicola L, Minutolo R, Chiodini P, et al. Prevalence and prog-
nosis of mild anemia in non-dialysis chronic kidney disease: a
prospective cohort study in outpatient renal clinics. Am J
Nephrol 2010; 32: 533-40

Mantilla CB, Wass CT, Goodrich KA, et al. Risk for perioperative
myocardial infarction and mortality in patients undergoing hip
or knee arthroplasty: the role of anemia. Transfusion 2011; 51:
82-91

Del Fabbro P, Luthi JC, Carrera E, Michel P, Burnier M, Burnand B.
Anemia and chronic kidney disease are potential risk factors for
mortality in stroke patients: a historic cohort study. BMC Nephrol
2010; 11: 27

Saraiva F, Martins H, Costa S, Franco F, Goncalves L,
Providencia LA. Anemia: only a marker or an independent

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

predictor of mortality in advanced heart failure? Rev Port
Cardiol 2011; 30: 515-35

Kimura H, Hiramitsu S, Miyagishima K, et al. Cardio-renal inter-
action: impact of renal function and anemia on the outcome of
chronic heart failure. Heart Vessels 2010; 25: 306-12

Sakr Y, Lobo S, Knuepfer S, et al. Anemia and blood transfusion
in a surgical intensive care unit. Crit Care 2010; 14: R92
So-Osman C, Nelissen R, Brand R, Brand A, Stiggelbout AM. Post-
operative anemia after joint replacement surgery is not related
to quality of life during the first two weeks postoperatively.
Transfusion 2011; 51: 71-81

Voormolen N, Grootendorst DC, Urlings TA, et al. Prevalence of
anemia and its impact on mortality and hospitalization rate in
predialysis patients. Nephron Clin Pract 2010; 115: c133-41
Shema-Didi L, Ore L, Geron R, Kristal B. Is anemia at hospital
admission associated with in-hospital acute kidney injury occur-
rence? Nephron Clin Pract 2010; 115: c168-76

Diedler J, Sykora M, Hahn P, et al. Low hemoglobin is associated
with poor functional outcome after non-traumatic, supratentor-
ial intracerebral hemorrhage. Crit Care 2010; 14: R63

Tanne D, Molshatzki N, Merzeliak O, Tsabari R, Toashi M,
Schwammenthal Y. Anemia status, hemoglobin concentration
and outcome after acute stroke: a cohort study. BMC Neurol
2010; 10: 22

Reade MC, Weissfeld L, Angus DC, Kellum JA, Milbrandt EB. The
prevalence of anemia and its association with 90-day mortality
in hospitalized community-acquired pneumonia. BMC Pulm Med
2010; 10: 15

Kurek T, Lenarczyk R, Kowalczyk J, et al. Effect of anemia in
high-risk groups of patients with acute myocardial infarction
treated with percutaneous coronary intervention. Am J Cardiol
2010; 105: 611-8

Greenberg G, Assali A, Vaknin-Assa H, et al. Hematocrit level as
a marker of outcome in ST-segment elevation myocardial infarc-
tion. Am J Cardiol 2010; 105: 435-40

Ranucci M, Conti D, Castelvecchio S, et al. Hematocrit on cardi-
opulmonary bypass and outcome after coronary surgery in non-
transfused patients. Ann Thorac Surg 2010; 89: 11-7

Zoppini G, Targher G, Chonchol M, et al. Anaemia, independent
of chronic kidney disease, predicts all-cause and cardiovascular
mortality in type 2 diabetic patients. Atherosclerosis 2010; 210:
575-80

Jorgensen L, Skjelbakken T, Lochen ML, et al. Anemia and the
risk of non-vertebral fractures: the Tromso Study. Osteoporos
Int 2010; 21: 1761-8

Dimopoulos K, Diller GP, Giannakoulas G, et al. Anemia in adults
with congenital heart disease relates to adverse outcome. J Am
Coll Cardiol 2009; 54: 2093-100

von Haehling S, Schefold JC, Hodoscek LM, et al. Anaemia is an
independent predictor of death in patients hospitalized for
acute heart failure. Clin Res Cardiol 2010; 99: 107-13

Kruk M, Przyluski J, Kalinczuk L, et al. Clustering of admission
hyperglycemia, impaired renal function and anemia and its
impact on in-hospital outcomes in patients with ST-elevation
myocardial infarction. Atherosclerosis 2010; 209: 558 -64
Savica R, Grossardt BR, Carlin JM, et al. Anemia or low hemo-
globin levels preceding Parkinson disease: a case-control
study. Neurology 2009; 73: 1381-7

Vrtovec B, Radovancevic R, Delgado RM, et al. Significance of
anaemia in patients with advanced heart failure receiving long-
term mechanical circulatory support. Eur J Heart Fail 2009; 11:
1000-4

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://bja.oxfordjournals.org/

Dangers of anaemia and transfusion

BJA

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Peterson PN, Magid DJ, Lyons EE, et al. Association of longitudi-
nal measures of hemoglobin and outcomes after hospitalization
for heart failure. Am Heart J 2010; 159: 81-9

Carrascal Y, Maroto L, Rey J, et al. Impact of preoperative
anemia on cardiac surgery in octogenarians. Interact Cardiovasc
Thorac Surg 2010; 10: 249-55

Deal JA, Carlson MC, Xue QL, Fried LP, Chaves PH. Anemia and
9-year domain-specific cognitive decline in community-dwelling
older women: the Women’s Health and Aging Study II. J Am
Geriatr Soc 2009; 57: 1604-11

Hasin T, Sorkin A, Markiewicz W, Hammerman H, Aronson D.
Prevalence and prognostic significance of transient, persistent,
and new-onset anemia after acute myocardial infarction. Am
J Cardiol 2009; 104: 486-91

De Santo L, Romano G, Della CA, et al. Preoperative anemia
in patients undergoing coronary artery bypass grafting
predicts acute kidney injury. J Thorac Cardiovasc Surg 2009;
138: 965-70

Hamaguchi S, Tsuchihashi-Makaya M, Kinugawa S, et al. Anemia
is an independent predictor of long-term adverse outcomes in
patients hospitalized with heart failure in Japan. A report from
the Japanese Cardiac Registry of Heart Failure in Cardiology
(JCARE-CARD). Circ J 2009; 73: 1901-8

Toor IS, Jaumdally RJ, Moss MS, Babu SB. Preprocedural hemo-
globin predicts outcome in peripheral vascular disease patients
undergoing percutaneous transluminal angioplasty. J Vasc Surg
2009; 50: 317-21

Weber WP, Zwahlen M, Reck S, et al. The association of preo-
perative anemia and perioperative allogeneic blood transfusion
with the risk of surgical site infection. Transfusion 2009; 49:
1964-70

Sasatomi Y, Kaneoka H, Abe Y, et al. Anemia and hypertension
are risk factors for both renal prognosis and survival in patients
with diabetes mellitus. Clin Exp Nephrol 2009; 13: 473-9
Gheith O, Wafa E, Hassan N, et al. Does posttransplant anemia
at 6 months affect long-term outcome of live-donor kidney
transplantation? A single-center experience. Clin Exp Nephrol
2009; 13: 361-6

von Haehling S, van Veldhuisen DJ, Roughton M, et al. Anaemia
among patients with heart failure and preserved or reduced
ejection fraction: results from the SENIORS study. Eur J Heart
Fail 2011; 13: 656-63

Nathavitharana RL, Murray JA, D’Sousa N, Sheehan T,
Frampton CM, Baker BW. Anaemia is highly prevalent amongst
unselected internal medicine inpatients and is associated with
increased mortality, earlier readmission and more prolonged
hospital stay: an observational retrospective cohort study.
Intern Med J Epub ahead of print, 25 July 2011. Doi: 10.1111/
j-1445-5994.2011.02566.x

Lipinski MJ, Dewey FE, Biondi-Zoccai GG, Abbate A, Vetrovec GW,
Froelicher VF. Hemoglobin levels predict exercise performance,
ST-segment depression, and outcome in patients referred for
routine exercise treadmill testing. Clin Cardiol 2009; 32: E22-31
Goodnough LT, Maniatis A, Earnshaw P, et al. Detection, evalu-
ation, and management of preoperative anaemia in the elective
orthopaedic surgical patient: NATA guidelines. Br J Anaesth
2011; 106: 13-22

Salisbury AC, Reid KJ, Alexander KP, et al. Diagnostic blood loss
from phlebotomy and hospital-acquired anemia during acute
myocardial infarction. Arch Intern Med 2011; 171: 1646-53
Goodnough LT, Shander A. Blood management. Arch Pathol Lab
Med 2007; 131: 695-701

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

British Red Cross. The history of blood transfusion. Available
from http:/www.redcross.org.uk/About-us/Who-we-are/Museum-
and-archives/Historical-factsheets/Blood-transfusion, 2011
Murphy H. The transmission of infectious hepatitis by blood
transfusion. Gastroenterology 1945; 5: 449-56

Davidson T, Ekermo B, Gaines H, Lesko B, Akerlind B. The cost-
effectiveness of introducing nucleic acid testing to test for hepa-
titis B, hepatitis C, and human immunodeficiency virus among
blood donors in Sweden. Transfusion 2011; 51: 421-9

Curran JW, Lawrence DN, Jaffe H, et al. Acquired immunodefi-
ciency syndrome (AIDS) associated with transfusions. N Engl J
Med 1984; 310: 69-75

Turner ML, Ludlam CA. An update on the assessment and man-
agement of the risk of transmission of variant Creutzfeldt-
Jakob disease by blood and plasma products. Br J Haematol
2009; 144: 14-23

Dwyre DM, Fernando LP, Holland PV. Hepatitis B, hepatitis C and
HIV transfusion-transmitted infections in the 21st century. Vox
Sang 2011; 100: 92-8

Stramer SL, Hollinger FB, Katz LM, et al. Emerging infectious
disease agents and their potential threat to transfusion
safety. Transfusion 2009; 49(Suppl. 2): 1S-29S

Knowles S, Cohen H, on behalf of the Serious Hazards of
Transfusion (SHOT) Steering Group. The 2010 Annual SHOT
Report, 2011

Shander A, Popovsky MA. Understanding the consequences of
transfusion-related acute lung injury. Chest 2005; 128:
5985-604S

Barrett NA, Kam PC. Transfusion-related acute lung injury: a lit-
erature review. Anaesthesia 2006; 61: 777-85

Shander A, Fink A, Javidroozi M, et al. Appropriateness of allo-
geneic red blood cell transfusion: the international consensus
conference on transfusion outcomes. Transfus Med Rev 2011,
25: 232-46

Hebert PC, Wells G, Blajchman MA, et al. A multicenter, random-
ized, controlled clinical trial of transfusion requirements in criti-
cal care. Transfusion Requirements in Critical Care Investigators,
Canadian Critical Care Trials Group. N Engl J Med 1999; 340:
409-17

Carless PA, Henry DA, Carson JL, Hebert PP, McClelland B, Ker K.
Transfusion thresholds and other strategies for guiding allo-
geneic red blood cell transfusion. Cochrane Database Syst Rev
2010; CD002042

Hebert PC, Yetisir E, Martin C, et al. Is a low transfusion
threshold safe in critically ill patients with cardiovascular dis-
eases? Crit Care Med 2001; 29: 227-34

MclIntyre LA, Fergusson DA, Hutchison JS, et al. Effect of a liberal
vs restrictive transfusion strategy on mortality in patients
with moderate to severe head injury. Neurocrit Care 2006; 5:
4-9

Shehata N, Burns LA, Nathan H, et al. A randomized controlled
pilot study of adherence to transfusion strategies in cardiac
surgery. Transfusion Epub ahead of print, 25 July 2011. Doi:
10.1111/j.1537-2995.2011.03236.x

Vivacqua A, Koch CG, Yousuf AM, et al. Morbidity of bleeding
after cardiac surgery: is it blood transfusion, reoperation for
bleeding, or both? Ann Thorac Surg 2011; 91: 1780-90

Ferraris VA, Davenport DL, Saha SP, Bernard A, Austin PC,
Zwischenberger JB. Intraoperative transfusion of small
amounts of blood heralds worse postoperative outcome in
patients having noncardiac thoracic operations. Ann Thorac
Surg 2011; 91: 1674-80

i57

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://www.redcross.org.uk/About-us/Who-we-are/Museum-and-archives/Historical-factsheets/Blood-transfusion
http://bja.oxfordjournals.org/

BJA

Shander et al.

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

i58

Bahrainwala ZS, Grega MA, Hogue CW, et al. Intraoperative
hemoglobin levels and transfusion independently predict
stroke after cardiac operations. Ann Thorac Surg 2011; 91:
1113-8

Glance LG, Dick AW, Mukamel DB, et al. Association between
intraoperative blood transfusion and mortality and morbidity
in patients undergoing noncardiac surgery. Anesthesiology
2011; 114: 283-92

Juffermans NP, Prins DJ, Vlaar AP, Nieuwland R, Binnekade JM.
Transfusion-related risk of secondary bacterial infections in
sepsis patients: a retrospective cohort study. Shock 2011; 35:
355-9

Salvin JW, Scheurer MA, Laussen PC, et al. Blood transfusion
after pediatric cardiac surgery is associated with prolonged hos-
pital stay. Ann Thorac Surg 2011; 91: 204-10

Nuis RJ, Van Mieghem NM, Tzikas A, et al. Frequency, determi-
nants, and prognostic effects of acute kidney injury and red
blood cell transfusion in patients undergoing transcatheter
aortic valve implantation. Catheter Cardiovasc Interv 2011; 77:
881-9

Chau JK, Harris JR, Seikaly HR. Transfusion as a predictor of
recurrence and survival in head and neck cancer surgery
patients. J Otolaryngol Head Neck Surg 2010; 39: 516-22
Mohnle P, Snyder-Ramos SA, Miao Y, et al. Postoperative red
blood cell transfusion and morbid outcome in uncomplicated
cardiac surgery patients. Intensive Care Med 2011; 37: 97-109
Wu WC, Smith TS, Henderson WG, et al. Operative blood loss,
blood transfusion, and 30-day mortality in older patients after
major noncardiac surgery. Ann Surg 2010; 252: 11-7
Hearnshaw SA, Logan RF, Palmer KR, Card TR, Travis SP,
Murphy MF. Outcomes following early red blood cell transfusion
in acute upper gastrointestinal bleeding. Aliment Pharmacol
Ther 2010; 32: 215-24

Veenith T, Sharples L, Gerrard C, Valchanov K, Vuylsteke A. Sur-
vival and length of stay following blood transfusion in octogen-
arians following cardiac surgery. Anaesthesia 2010; 65: 331-6
O’Keeffe SD, Davenport DL, Minion DJ, Sorial EE, Endean ED,
Xenos ES. Blood transfusion is associated with increased mor-
bidity and mortality after lower extremity revascularization.
J Vasc Surg 2010; 51: 616-21, 621

Pedersen AB, Mehnert F, Overgaard S, Johnsen SP. Allogeneic
blood transfusion and prognosis following total hip replace-
ment: a population-based follow up study. BMC Musculoskelet
Disord 2009; 10: 167

Koch C, Li L, Figueroa P, Mihaljevic T, Svensson L, Blackstone EH.
Transfusion and pulmonary morbidity after cardiac surgery. Ann
Thorac Surg 2009; 88: 1410-8

van Straten AH, Bekker MW, Soliman Hamad MA, et al. Transfu-
sion of red blood cells: the impact on short-term and long-term
survival after coronary artery bypass grafting, a ten-year
follow-up. Interact Cardiovasc Thorac Surg 2010; 10: 37-42
Whitson BA, Huddleston SJ, Savik K, Shumway SJ. Risk of
adverse outcomes associated with blood transfusion after
cardiac surgery depends on the amount of transfusion. J Surg
Res 2010; 158: 20-7

Jolicoeur EM, O’Neill WW, Hellkamp A, et al. Transfusion and
mortality in patients with ST-segment elevation myocardial
infarction treated with primary percutaneous coronary interven-
tion. Eur Heart J 2009; 30: 2575-83

Chang CM, Quinlan SC, Warren JL, Engels EA. Blood transfusions
and the subsequent risk of hematologic malignancies. Transfu-
sion 2010; 50: 2249-57

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

Ganz T, Nemeth E. Iron sequestration and anemia of inflam-
mation. Semin Hematol 2009; 46: 387-93

Price EA, Schrier SL. Unexplained aspects of anemia of inflam-
mation. Adv Hematol 2010; 2010: 508739

Palazzuoli A, Antonelli G, Nuti R. Anemia in cardio-renal syn-
drome: clinical impact and pathophysiologic mechanisms.
Heart Fail Rev 2011; 16: 603-7

von Haehling S, Anker SD. Cardio-renal anemia syndrome.
Contrib Nephrol 2011; 171: 266-73

Unger EF, Thompson AM, Blank MJ, Temple R. Erythropoiesis-
stimulating agents—time for a reevaluation. N Engl J Med
2010; 362: 189-92

Solomon SD, Uno H, Lewis EF, et al. Erythropoietic response and
outcomes in kidney disease and type 2 diabetes. N Engl J Med
2010; 363: 1146-55

Singh AK. What is causing the mortality in treating the anemia
of chronic kidney disease: erythropoietin dose or hemoglobin
level? Curr Opin Nephrol Hypertens 2010; 19: 420-4

Josephson CD, Glynn SA, Kleinman SH, Blajchman MA. A multi-
disciplinary ‘think tank’: the top 10 clinical trial opportunities
in transfusion medicine from the National Heart, Lung, and
Blood Institute-sponsored 2009 state-of-the-science sym-
posium. Transfusion 2011; 51: 828-41

Maddux FW, Dickinson TA, Rilla D, et al. Institutional variability
of intraoperative red blood cell utilization in coronary artery
bypass graft surgery. Am J Med Qual 2009; 24: 403-11
Bennett-Guerrero E, Zhao Y, O’Brien SM, et al. Variation in use of
blood transfusion in coronary artery bypass graft surgery. J Am
Med Assoc 2010; 304: 1568-75

Gombotz H, Rehak PH, Shander A, Hofmann A. Blood use in elec-
tive surgery: the Austrian benchmark study. Transfusion 2007;
47: 1468-80

Boralessa H, Goldhill DR, Tucker K, Mortimer AJ, Grant-Casey J.
National comparative audit of blood use in elective primary uni-
lateral total hip replacement surgery in the UK. Ann R Coll Surg
Engl 2009; 91: 599-605

Isbister JP, Shander A, Spahn DR, Erhard J, Farmer SL,
Hofmann A. Adverse blood transfusion outcomes: establishing
causation. Transfus Med Rev 2011; 25: 89-101

Hill AB. The environment and disease: association or causation?
Proc R Soc Med 1965; 58: 295-300

Flohe S, Kobbe P, Nast-Kolb D. Immunological reactions second-
ary to blood transfusion. Injury 2007; 38: 1405-8

Vamvakas EC, Blajchman MA. Transfusion-related immuno-
modulation (TRIM): an update. Blood Rev 2007; 21: 327-48
Benson D, Barnett CC Jr. Perioperative blood transfusions
promote pancreas cancer progression. J Surg Res 2011; 166:
275-9

Utter GH, Lee TH, Rivers RM, et al. Microchimerism decades after
transfusion among combat-injured US veterans from the
Vietnam, Korean, and World War II conflicts. Transfusion 2008;
48: 1609-15

Bassuni WY, Blajchman MA, Al-Moshary MA. Why implement
universal leukoreduction? Hematol Oncol Stem Cell Ther 2008;
1: 106-23

Fergusson D, Khanna MP, Tinmouth A, Hebert PC. Transfusion of
leukoreduced red blood cells may decrease postoperative infec-
tions: two meta-analyses of randomized controlled trials. Can J
Anaesth 2004; 51: 417-24

Shander A, Javidroozi M. A reductionistic approach to aged
blood. Anesthesiology 2010; 113: 1-3

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://bja.oxfordjournals.org/

Dangers of anaemia and transfusion

BJA

176

177

178

179

180

181

Kao DP, Kreso E, Fonarow GC, Krantz MJ. Characteristics and out-
comes among heart failure patients with anemia and renal
insufficiency with and without blood transfusions (public dis-
charge data from California 2000-2006). Am J Cardiol 2011;
107: 69-73

Nissenson AR, Goodnough LT, Dubois RW. Anemia: not just an
innocent bystander? Arch Intern Med 2003; 163: 1400-4
Goodnough LT, Shander A, Spivak JL, et al. Detection, evalu-
ation, and management of anemia in the elective surgical
patient. Anesth Analg 2005; 101: 1858-61

Practice guidelines for perioperative blood transfusion and adju-
vant therapies: an updated report by the American Society of
Anesthesiologists Task Force on Perioperative Blood Transfusion
and Adjuvant Therapies. Anesthesiology 2006; 105: 198-208
Ferraris VA, Ferraris SP, Saha SP, et al. Perioperative blood trans-
fusion and blood conservation in cardiac surgery: the Society of
Thoracic Surgeons and the Society of Cardiovascular Anesthe-
siologists clinical practice guideline. Ann Thorac Surg 2007; 83:
S27-86

Napolitano LM, Kurek S, Luchette FA, et al. Clinical practice
guideline: red blood cell transfusion in adult trauma and critical
care. Crit Care Med 2009; 37: 3124-57

182

183

184

185

186

187

188

Barr PJ, Donnelly M, Cardwell CR, Parker M, Morris K, Bailie KE.
The appropriateness of red blood cell use and the extent of
overtransfusion: right decision? Right amount? Transfusion
2011; 51: 1684-94

Shander A, Moskowitz DM, Javidroozi M. Blood conservation
in practice: an overview. Br J Hosp Med (Lond) 2009; 70:
16-21

Waters JH, Ness PM. Patient blood management: a growing
challenge and opportunity. Transfusion 2011; 51: 902-3

Spahn DR, Moch H, Hofmann A, Isbister JP. Patient blood man-
agement: the pragmatic solution for the problems with blood
transfusions. Anesthesiology 2008; 109: 951-3

Emmert MY, Salzberg SP, Theusinger OM, et al. How good
patient blood management leads to excellent outcomes in
Jehovah’s Witness patients undergoing cardiac surgery. Interact
Cardiovasc Thorac Surg 2011; 12: 183-8

Spahn DR. Anemia and patient blood management in hip and
knee surgery: a systematic review of the literature. Anesthesiol-
ogy 2010; 113: 482-95

Moskowitz DM, McCullough JN, Shander A, et al. The impact of
blood conservation on outcomes in cardiac surgery: is it safe
and effective? Ann Thorac Surg 2010; 90: 451-8

i59

TTOZ ‘ST Joquedag uo ARrligi A8 ‘BUIDIPB N JO [00YdS RUIS I Te /Bio'seulnolpioxoelq//:dny wolj pspeojumoq


http://bja.oxfordjournals.org/

