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Preface

This thesis my own work and includes methodology and results of various studies and
publications, some which were performed individually and others in collaboration. The
author’s specific contributions to each study and publication are discussed in each chapter but
outlined below:

The literature review in chapter 2 was undertaken and written entirely by the author.
Chapter 3 describes a risk scoring system which was designed, and analysis performed prior
to the authors involvement. The author wrote the draft manuscript for the resultant paper
and coordinated the revision process and submission. He also developed the app integration
for the score which was subsequently introduced by correspondence. Chapter 4 described the
modification of this scoring system to a different population. The author coordinated this
process and was involved in the concept, design and analysis and wrote, and coordinated
revisions of the submitted paper. Other contributed to various stages and have been
acknowledged specifically in the text. Chapter 5 describes a large multicentre trial for which
the author was a site investigator and lead investigator for the sub-study arm exploring the
effect of IV iron on total haemoglobin mass. The author was not involved in the initial
broader trial design, he wrote the draft manuscript and coordinated the revision and
submission process of the resulting paper for cardiac surgical patients. He also contributed to
the published manuscript on the vascular patients in the trial which is included as an
appendix but not explored in detail in this thesis. Chapter 6 describes various explorations of
rates of anaemia and IV iron prescriptions in a number of populations. All work on this
chapter was undertaken by the author. Chapter 7 describes a novel method for testing total
haemoglobin mass. The concept, methodology, process, analysis and write-up of this study

were all performed by the author.

This thesis is not substantially the same as any work that has already been submitted

before for any degree or other qualification.

It does not exceed the prescribed word limit for the MD Degree Committee of 60,000 words
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Chapter 1: Introduction

Anaemia 1s an inadequacy of circulating haemoglobin (Hb), widely defined by a plasma
concentration ([Hb]) of less than 130g/L in males and 120g/L in females. This results in
limitation of oxygen carrying capacity of the blood and a resultant reduction in oxygen
delivery to the cells which require it most. It is exceedingly common globally and has various
causes including vitamin and mineral deficiencies, infection, chronic blood loss or
inflammation. Anaemia can cause relative tissue hypoxia leading to organ dysfunction,
damage and associated symptoms and signs. It provides a large contribution to the global
disability burden and can lead to significant impacts on many quality-of-life indicators. The
surgical population is predisposed to anaemia as they tend to be older, have a higher rate of
concomitant disease, inflammation & nutritional deficiencies. Worsening this effect, the
physiological stress of surgery places a higher demand on metabolic pathways and therefore
requires an increase in tissue oxygen delivery from baseline, particularly during the post-
operative period while metabolic demand is high. Accordingly, any process which limits tissue
oxygen delivery during this period is frequently associated with an increase in the rate of
complications such as organ dysfunction, poor tissue healing and infection. This is true of
many types of surgery, but these effects are further exacerbated in cardiac surgery, where the
tendency for blood loss is greater, the physiological stress often more profound, the
haemodilution required for cardiopulmonary bypass (CPB) and fluid shifts from CPB and the
ensuing inflammatory reaction are significant.

Anaemic patients having cardiac surgery have higher mortality rates and higher rates of
almost all major complications. In addition, they tend to have longer stays in the intensive
care unit (ICU) and spend more days in hospital overall, meaning their care often comes at a
higher cost than others. While the most rapid and straightforward method of correcting a low
circulating [Hb] is by directly increasing it using a transfusion of allogeneic red blood cells
(RBCis), however the process of transfusion itself appears to be independently associated with
higher rates of many complications and mortality and there is great uncertainty about
transfusion trigger levels and what [Hb] should be targeted. Alternative, safe, and economical
methods of transporting oxygen in the blood, such as a synthetic Hb substitute remain largely
theoretical, and though alternative methods of producing RBCs iz vitro using cord blood,

monocytes, or even pluripotent stem cells are promising future techniques, they are not yet in



widespread use. This necessarily shifts the focus towards 2 vivo strategies to reduce anaemia
by reducing blood loss and by stimulating existing haematopoietic processes to increase
circulating red cell mass and therefore optimise tissue oxygen delivery, thereby reducing the
need for allogeneic transfusion. It follows that this should result in an improvement in surgical
outcomes, provided the measures taken do not themselves involve excessive risk.

Patient Blood Management (PBM) is an increasingly important concept, which has been
particularly useful in the context of the peri-operative period. It involves a raft of measures
that include pre-operative testing for anaemia and coagulopathy, pre-optimisation, intra-
operative measures to minimise blood loss and peri-operative measures to conserve blood and
minimise transfusion. PBM programs have been increasing in popularity and have been
mnstituted at local, regional and, increasingly, national levels.

Intra-operative blood conservation strategies to reduce blood loss during cardiac surgery are
diverse and include methods of reducing blood dilution during the CPB phase of surgery,
changes in technique, topical haemostatic methods, fibrinolytic medications for minimising
bleeding and RBC conservation using cell-salvage devices. While many of these methods are
highly effective, most are associated with a significant cost and resource allocation which
makes them difficult to justify their routine use.

It becomes important, therefore, to stratify risk and use these resources only in those
considered high risk for transfusion. While cardiac surgery can be associated with
unanticipated major bleeding and transfusion, many patient- and surgical factors can be
identified that predict transfusion needs. The ability to stratify transfusion requirement risk
allows for appropriate allocation of resource-intensive blood conservation strategies to those
with the most to gain from the process. By utilising PBM strategies, it is possible to reduce
transfusion requirements and improve surgical outcomes. These strategies are frequently
costly, and to direct these strategies appropriately is important to limit the resource burden
they place on already strained healthcare systems. There are several factors which allow us to
predict the likelihood of various surgical patients requiring transfusions and target those at
high risk to limit this need. Scoring systems have previously been described that provide an
estimation of transfusion risk in cardiac surgery, but they have been either inadequately
accurate, not easily generalisable, or difficult to practically calculate and therefore have been
under-utilised. Our group therefore designed, externally validated, and published a new
scoring system called the ACTA- PORT score based on a UK-wide audit by the Association
of Cardiothoracic Anaesthetists (ACTA). It is a relatively simple, accurate, widely applicable,

and easily calculated using online or app-based tools, which were developed in conjunction



with a globally available medical calculator application. The development of this scoring
system 1s further discussed in Chapter 3. In order to broaden the applicability of this scoring
system, it was subsequently modified and calibrated to Australian and New Zealand
populations by way of data from a national database to form an antipodean equivalent, the
AntiPORT score. Discussion of this process 1s contained in chapter 4.

There are many causes for anaemia. In the pre-operative population in higher-income parts
of the world, the most common aetiology is absolute or functional iron deficiency, for which
there are many underlying causes.

Iron deficiency is not a simple pathological process and can be challenging to correctly define
and therefore diagnose. There are many predisposing factors: from impaired intake, to
chronic blood loss, inflammation, infection, cancer, pregnancy, or even heavy exercise. While
absolute iron deficiency is relatively easy concept to understand and diagnose based on a
reduced serum ferritin, iron restriction can present with a normal [ferritin] but an inability to
utilise the available iron stores for haematopoiesis, causing a reduction in [Hb] and impaired
oxygen delivery.

The classic treatment for iron deficiency is oral iron supplementation. This, however, 1s
hampered by several shortcomings. Firstly, replacing iron via the oral route 1s slow, taking
weeks to months to restore depleted iron reserves. Secondly, oral iron is often poorly
absorbed, which causes a high incidence of gastrointestinal side effects, which can lead to, and
is then compounded by, a significant effect on compliance. Finally, in certain patient groups,
such as those with anaemia of chronic disease (ACD), it has been shown that hepcidin, a
protein produced by the liver in response to systemic inflammation, further impairs the ability
of the gut to absorb iron, amplifying the aforementioned side-effects.

To avoid the limitations of oral iron replacement, experimentation with intravenous
preparations began in the 1930’s when the first infusions were described in the literature and
since become safer and more widespread. The creation, and subsequent improvement of
iron-carbohydrate complexes has allowed the increasingly safe infusion of iron, which given
in its free state is highly toxic. Replacement of iron stores using older intravenous
preparations was a laborious process, involving a 4-hour infusion, which carried a significant
risk of adverse reactions including anaphylaxis. (Auerbach and Rodgers 2007) Newer IV
Iron-carbohydrate preparations have been released over the last few decades which generally
appear to have minimal risk of serious adverse side effects and can be given rapidly in hospital
or outpatient settings. In the pre-operative setting, particularly in cardiovascular surgery with

its relatively urgent nature, there is frequently little time to optimise a patient in the time
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between referral for surgery and the surgery itself. For this reason, IV preparations and their
ability to rapidly restore iron stores, could theoretically help treat anaemia in the short time
available, where oral treatment is generally inadequate. In order to test this notion, the
CAVIAR-UK study was formed. It was a multicentre UK study which aimed to establish if it
was feasible to institute an iron infusion service for patients in the pre-operative setting, and
then to explore whether the iron replacement was able to have a meaningful effect on
anaemia and on patient outcomes after surgery. The author was a one of a larger group that
undertook the investigation and then coordinated the writing and publication of the ensuing
BJA paper. This study showed it was feasible to introduce pre-operative anaemia testing and
treatment within the current NHS structure in cardiac surgery, but this was not mirrored in
vascular surgery. In cardiac surgery it showed that by giving iron-deficient anaemic patients
iron more than 10 days pre-operatively, it was possible to increase [Hb] meaningfully, and
this effect was also seen to a lesser extent in vascular surgery patients. Despite the significant
effect on [Hb], there was no statistically significant effect on outcomes, although the study was
not powered to detect these. A detailed description of the CAVIAR-UK trial is provided in
chapter 5.

The CAVIAR-UK trial additionally acted as a pilot study for a subsequent international
randomised control trial (RCT) called the intravenous Iron for the Treatment of Anaemia
before Cardiac Surgery trial (ITACS), which was designed to have adequate power to detect
a treatment effect for pre-operative IV iron before cardiac surgery on a composite measure of
morbidity and mortality. This study is still recruiting patients and the methodology and
results are not included in this thesis, although the author continues to be involved as the
primary investigator for this RC'T at St Vincent’s Hospital in Sydney.

Although the presence of anaemia is defined by a reduction in plasma [Hb] the measurement
of [Hb] is quite unreliable. [Hb] as a sole indicator of the pathological process underlying
anaemia, namely failure of adequate oxygen-carriage capacity of the blood, is a crude
measure. While in healthy, normovolaemic subjects it can be a good indicator of oxygen
carrying capacity, it is limited by inaccuracy in those with altered volume states, such as those
with cardiac, hepatic, or renal impairment. This failure to adjust for fluid status of the tested
subject can change the result significantly and cause missed- or misdiagnoses and potentially
inappropriate treatment.

Measuring the total amount of circulating Hb should be a more reliable measure and should
be a better indicator of oxygen delivery capacity. It is independent of plasma volume and

therefore 1s also better placed to detect treatment effects from blood manipulation strategies,
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as generally it remains quite stable. There is increasing evidence from sports medicine for this
notion. The process of measuring total Hb mass (tHb-mass) or total blood volume (TBV) 1s
historically quite challenging, requiring the use of radioisotope techniques to label and count
red cells. Other techniques include inaccurate intravenous blood dilution methods, and
impractical methods including the prolonged rebreathing of gas mixtures in a respiratory
laboratory. Relatively recently, a new technique was developed by sports physiologists, Walter
Schmidt & Nicole Prommer (University of Bayreuth, Germany) to more quickly and easily
measure tHb-mass using a simple spirometer and a small amount of inhaled carbon
monoxide (CO) and measuring the resultant known increase in carboxyhaemoglobin
(%COHb). It was a modification of a classic method for tHb-mass calculation and retains its
accuracy with a significantly quicker and more straight-forward technique. It was initially
developed in conjunction with the World Anti-Doping Agency (WADA) to aid detection of
covert blood manipulation such as “blood doping” and erythropoietin (EPO) use in
competitive sport, but has also been shown to be useful in assessing the effects of legal blood
manipulation strategies such as altitude training. (PROMMER et al. 2008) This technique
had also shown a significant treatment effect on tHb-mass from IV iron in iron-deficient
athletes, which was undetectable with [Hb] alone.

Some early work had been done using this technique in the hospital laboratory setting at
UCLH (London, UK), so a sub-study was designed for the CAVIAR-UK trial to explore
whether it was possible to detect such a treatment effect from intravenous iron in a small
group of pre-operative patients at the Papworth site, which the author oversaw. The hope
was that despite the small size of the group, the new testing technique may be able to detect a
change in total Hb mass that may not be significant if using [Hb] as a measure. This would
have implications for future studies in anaemia treatment allowing for smaller to studies to
potentially detect a treatment effect.

The CAVIAR sub-study faced several technical and logistical challenges and ultimately failed
to recruit enough patients by the time of the completion of recruitment for the parent trial,
CAVIAR-UK. There were several factors involved; including the timeframe required to set
up the testing technique, the difficulty in recruiting patients into a study requiring the
inhalation of pure carbon monoxide and the imposition required to undergo the testing. As a
result of these difficulties, the author designed a subsequent study, the PREFIX trial, which
aimed to use a smaller group of similar patients to the CAVIAR-UK trial, and to test tHb-
mass using the Schmidt and Prommer technique to test whether a detectable rise in tHb-mass

was evident in patients receiving IV Iron, where a change in [Hb] may not be seen. If a
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statistically significant rise was seen in such a small group of patients, it could have shown it to
be a superior measure of effectiveness of pre-operative IV iron replacement. This study was
approved by the research ethics department at St Vincent’s Hospital (Sydney, Australia)
where it was to be conducted but again has thus far not recruited enough patients for analysis.
The reasons for this appear to be a combination of an inadequate supply of anaemic patients,
competing recruitment from other trials such as ITACS, the complexity of the testing
technique and the perceived risk or imposition of the tHb-mass testing technique to potential
study recruits.

The observed, and anecdotally reported reduction in numbers of anaemic patients prompted
further investigation into any changes in the rate of anaemia in the elective cardiac surgical
population. Interrogation of the local database revealed that over a 5-year period to
September 2019, the rate of anaemic patients had dropped significantly, from 27% in 2015-
16 to just 14% in 2018-19. Furthermore, the proportion of these anaemic patients with iron
deficiency was very small and those presenting had largely received iron already or were too
close to the surgical date to meet the eligibility criteria for the studies. One theory amongst
the investigators was that the rapidly increasing use of IV iron in primary care over the
preceding years may have contributed to an improvement in iron status, and thus anaemia
rates. To further explore this, the results of the local audit were compared to the national
ANZCTS database, to establish whether there might be a larger trend in anaemia rates for
those presenting for elective cardiac surgery. Additionally, data was obtained for Iron
prescription trends from the Australian national prescribing service (PBS). Similar data from
the UK was sought, though is not centrally recorded and was therefore not able to be
interrogated, however limited data were obtained from the prescribing reports of the
Medicare and Medicaid programs in the USA and included to provide a global comparison.
The results of this audit are described in chapter 6 and demonstrate that there has been a
significant increase in IV Iron prescription in those regions and, at least in the Australian
population, a concomitant decrease in anaemia rates in our target population. Similar trends
in IV iron prescription are seen in the US data. A more detailed description of this
exploration is contained in chapter 6.

The technical challenges associated with the setting up and undertaking measurement of tHb-
mass in the hospital setting led the author to consider alternative measurement methods. A
component of routine lung function testing in standard hospital respiratory laboratories is a
measure of gas exchange known as diffusing capacity of the lungs to carbon monoxide

(DLCO), which also involves inhaling a diluted mixture of carbon monoxide and measuring
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the rate at which it is absorbed. By modifying this process and adding a measurement of
plasma % COHb before and after the technique was complete, it seemed reasonable that an
estimation of tHb-mass and plasma volume could be obtained. If suitably accurate, this test
could be easily established in any hospital with a respiratory function lab and with minimal
training and no additional equipment or gas-mixtures. This could provide a very useful
method of testing the effect of blood manipulation measures and could be useful in
appropriate allocation of PBM resources to those who will benefit most from them.
Measuring total-Hb mass also allows calculation of plasma volume, which is notoriously
challenging value to measure directly. This could potentially have far broader applications in
the hospital setting in various patient groups beyond the anaemic pre-operative patients that
this thesis focuses on. The description of the development and testing of this modified DLCO
process (MoDLCO) and the preceding audit of DLCO testing and resultant change in
%COHb (ACADEMY audit) is contained in chapter 7.
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Chapter 2 — General review of literature in anaemia, iron
deficiency & iron replacement therapy, with a focus on

cardiac surgery.

Anaemia

Oxygen 1s crucial to cellular metabolic pathways in order to resynthesise adenosine
triphosphate (ATP), which provides energy to many crucial processes in the body and is
commonly referred to as the “molecular unit of intracellular energy currency”. For oxygen to
be utilised in the mitochondria via the electron transfer chain, it must be delivered to cells.
This delivery is the product of several factors including oxygen transfer by the lungs to the
blood, carriage in the blood and delivery of that blood to the tissues via cardiac output. If
delivery 1s compromised, then cellular processes begin to fail which results in organ
dysfunction. With the normal human cardiac output of 4-8L./min, dissolved oxygen in the
blood would only provide approximately 1.5% of the required total. Evolution has provided
an elegant solution to this in the form of haemoglobin, a metalloprotein which provides a far
more efficient transport medium for oxygen to the cells. The binding of oxygen to Hb allows
for approximately 200mL of oxygen to be carried in each litre of blood(Dunn, Mythen, and
Grocott 2016). A reduction in [Hb] in the blood can be compensated for by increasing either
cardiac output or oxygen extraction, although these compensatory mechanisms have limits.
At rest, and with a normal circulating volume, it is possible for a healthy person to
compensate for a [Hb] as low as 50g/L, though beyond this, or in states of increased oxygen
consumption, organ hypoxia becomes evident (Weiskopf et al. 1998). As even the most basic
of activities of daily living increase oxygen demand, anaemia tends to become symptomatic in
most healthy people at a [Hb] closer to 80-90g/L and in people with co-morbidities, this
threshold is higher.

The globally accepted definition of Anaemia is currently a [Hb] of less than 120g/L in
females and less than 130g/L in males, as endorsed by the World Health Organisation
(WHO,).

Prevalence of Anaemia
The prevalence of anaemia in the general population of higher-income countries is generally

less than 10% (L. T. Goodnough and Schrier 2014) although there is still significant
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variability within these populations with higher rates in women, minority ethnic groups (Le
2016) and indigenous populations(Khambalia, Aimone, and Zlotkin 2011). The WHO
estimates 42% of children under 5 are anaemic globally(World Health Organization 2021a).
It is also more common in women, particularly in pregnancy or in women of child-bearing
age where it affects approximately a third of the this population globally(World Health
Organization 2021b). The prevalence of anaemia reliably increases with age from around
the age of 50 to over 20% in those older than 85 and can be as high as 48-63% in nursing
home residents (Patel 2008). In the UK, as many as half of the elderly population is anaemic
(Gaskell et al. 2008).

There is enormous disparity in the frequency of anaemia throughout the world, with the
overall global prevalence estimated at 33% in 2010 (N. J. Kassebaum et al. 2019), largely due
to the high rates in young children, women and the elderly. The high global prevalence is
significantly increased by the very high rates of anaemia found in low- and middle-income
countries due, in part, to the much higher rates of nutritional deficiencies. (Chaparro and
Suchdev 2019) Chronic infections such as malaria or HIV and parasitic infections are also
major contributing factors and cause as much as half of the cases of anaemia in some parts of
the globe. (Mason et al. 2013) Higher rates of inherited haemoglobinopathies such as

thalassaemia and sickle-cell disease also contribute to this disparity.(McLean et al. 2009)

Causes of anaemia

Anaemia 1s generally caused by three primary mechanisms: blood loss, impaired
erythropoiesis, or RBC destruction, and often a combination of these. There are several well
understood causes of increased RBC destruction such as haemolytic anaemias or
hypersplenism although these remain rare in general. Blood loss and impaired erythrogenesis
are the most common causes of anaemia and these can be further broken down into
contributing factors,

A number of specific deficiencies can cause anaemia, notably: iron, folate, vitamin B12,
vitamin A and copper. While all of these have the common theme of a low circulating
concentration of various circulating molecules, the cause of this varies enormously. In most
cases, vitamin B12-deficiency is caused by a reduced absorption due to a failure of intrinsic
factor (IF), copper-deficiency is also commonly malabsorptive and is most commonly seen in
patients who have has gastric bypass surgery or those with coeliac disease(Prodan et al. 2009),

whereas reduced plasma [folate] is primarily a result of dietary deficiency and iron deficiency
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1s most commonly due to increased iron-loss (Carmel 2008). Many of these nutritional causes
of anaemia are more common in elderly populations (Carmel 2008)(Andres et al. 2008) and
as discussed earlier, all are more frequent in low- and middle-income countries.(McLean et al.
2009)

In addition to the physiological stages, chronic infections and nutritional deficiencies
discussed, there are a number of other pathological conditions that can increase the incidence
of anaemia. Any pathological process leading to increased blood loss such as GI and
gynaecological losses can lead quickly to the anaemic state, disorders of bone marrow
function and many malignancies are also frequently associated with anaemia. As discussed,
renal disease is well known to cause anaemia due to the contribution of the kidney to the

haematopoietic process, particularly through underproduction of the protein erythropoietin

(EPO).

Physiological consequences of Anaemia

The effect of anaemia on exercise capacity and symptomology can reduce quality of life,
anaemia and can also have a significant effect on overall performance(Gardner et al. 1977).
This is also well-shown in elderly populations where even mild anaemia can effect indicators
of performance and mobility (Penninx et al. 2003; Chaves et al. 2002). Anaemia in children
can impact their intellectual performance (Igbal et al. 2015).

There are a number of physiological states in which anaemia has been well shown to increase
mortality, for instance there is significant evidence that anaemia increases overall mortality in
the elderly(Dong et al. 2008)(Chaves et al. 2004)(Izaks, Westendorp, and Knook 1999)(L. T.
Goodnough and Schrier 2014) and an increase in maternal mortality in pregnant women
with severe anaemia (Daru et al. 2018). The effect does not seem to be limited to older
people, and may increase mortality in children, with one meta-analysis of health outcomes
children from 6 African nations suggesting that a 10g/L increase in [Hb] could reduce risk of
death by 24% (Scott et al. 2014) In the clinical setting, this effect may be even more
significant, with one large study of over 400,000 hospitalised patients demonstrating an
overall increase in mortality with an odds ratio of 3.28 (95% CI 2.90-3.72) in those with
severe anaemia(Colleen G. Koch et al. 2013). The effect has also been demonstrated in a
number of pathological sub-groups, such as cardiac failure patients, where anaemia 1is
associated with increased mortality (McClellan et al. 2002) (Ezekowitz, McAlister, and

Armstrong 2003)(Felker et al. 2004). A similar increase in mortality is seen in anaemic
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patients presenting with acute coronary events (Wu et al. 2001)(Al Falluji et al. 2002)
including those undergoing percutaneous coronary interventions (PCI) (Nikolsky et al. 2004)
In chronic renal-failure patients, anaemia is very common, and again, associated with higher
mortality (Parfrey, Foley, and N 1999), increasing with the severity of the anaemia (Foley et
al. 1996). This effect is magnified in those with concomitant heart disease (Weiner et al.
2003), which it may itself contribute to in the form of left ventricular hypertrophy (LVH)
(Astor et al. 2004). Survival has also been shown to be reduced in the presence of anaemia in
a variety of cancer patients (Caro et al. 2001)(Dubray et al. 1996) with a reduction in
treatment effect of chemoradiation (Robnett et al. 2002)(Berardi et al. 2006)

In addition to the association with increased mortality, anaemia can have specific effects on

several organ systems.

Effects of Anaemia on organ systems

Cardiovascular System

Anaemia has significant effects on the cardiovascular system and results in a compensatory
increase in cardiac output via heart rate and stroke volume (Varat, Adolph, and Fowler 1972)
and decreased oxygen-Hb affinity via 2,3-DPG mediated changes(Macdonald 1977) . This
increase in baseline cardiac output and oxygen delivery can lead to a reduced physiological
reserve and thus a reduced exercise capacity in both healthy and pathological states(Ebner et
al. 2016; Ferrari et al. 2015). This can be directly seen as a reduction in physical
performance, especially in the elderly (Penninx et al. 2003). It may also result in
cardiomyopathy and resultant heart failure (Hegde, Rich, and Gayomali 2006) and can
increase infarct-size in patients with acute coronary syndrome (Maroko and Braunwald
1976). Cardiac failure patients are particularly affected by anaemia due to various
contributing factors. The incidence of anaemia in these patients is around 30% in total but up
to 50% 1in those that are hospitalised and as much as 80% in those with those with NYHA IV
symptoms (Silverberg et al. 2000). Presence of anaemia in heart failure patients is associated

with worse outcomes (Felker et al. 2004)

Neurological system

Anaemia can have a significant effect on the neurological system. This effect can be seen by
in impaired cognitive and behavioural development in anaemic children (Jauregui-Lobera
2014)(Larson, Phiri, and Pasricha 2017) and is also clear in other groups. Anaemia is

associated with accelerated cognitive decline in the middle-aged and elderly (Qin et al.
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2019)(Schneider et al. 2016) and an increase risk of falls (Penninx et al. 2005). In the context
of traumatic brain injury, anaemia is well known to be associated with worse neurological
outcomes in head injury.(Hare et al. 2008)(Stocchetti et al. 2015), and this effect is not reliably
reversed by transfusion(Menon and Ercole 2017). This notion of the outcome effects of
anaemia not being corrected by correcting [Hb] with transtusion is particularly relevant and

will be explored later.

Immune system

Anaemia caused by iron-deficiency has significant effects on immune function in multiple
ways including effects on t-lymphocytes, natural killer (NK) cells (Santos and Falcao 1990)and
in children has been shown to reduce phagocytosis(Ekiz et al. 2005) and lower levels of
interleukin-6, IgG (Hassan et al. 2016) and has also been shown to impair immunity in older
adults.(Ahluwalia et al. 2004) The relative roles of anaemia, and iron-deficiency in this effect

are difficult to separate.

Renal system

While chronic renal failure is known to be associated with anaemia due to the kidney’s role in
haematopoiesis, anaemia itself appears to contribute to ongoing kidney damage in these
patients. The presence of anaemia may also increase the rate of renal decline to end-stage in
patients with chronic kidney disease.(Mohanram et al. 2004) which has been postulated to be
a result of low-grade renal ischaemia or a result of anaemia-exacerbated inflammation.
Anaemia is also associated with an increased rate of acute kidney injury (AKI) in both the
pre- and post-operative surgical population(Fowler et al. 2015; Arai et al. 2015; Gorla et al.
2017)

Surgical patients & Anaemia

It was estimated in 2008 that globally each year, 234.2 million surgical procedures are
performed (Weiser et al. 2008). While anaemia is common in general, it is even more
common amongst surgical candidates, such as in the USA where the NSQUIP audit
demonstrated a rate of 30% (Musallam et al. 2011) in non-cardiac surgical candidates. A

similar study in Europe demonstrated a similar prevalence of 29%, (Baron et al. 2014).

Effects of anaemia on surgical mortality
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Anaemia has reliably been shown to be associated with an increase in post-operative
mortality, both generally(Beattie et al. 2009)(J. Carson et al. 1988)(Baron et al. 2014) and in
more specific groups such as patients with hip fractures (Gruson et al. 2002), colorectal
(Leichtle et al. 2011) and vascular surgery (Gupta et al. 2013).

This effect has been shown to be independent of the risks from transfusion by a study of
operative patients that refused transfusion on religious grounds. Amongst this group, those
with anaemia had significantly higher mortality, worsening with increased severity and worse
in the presence of cardiovascular disease (J. L. Carson et al. 1996)

Even the presence of mild anaemia is associated with increased risk of death in major non-
cardiac surgery, with the NSQIP data review showing an odds ratio for mortality of 1.41
(95% CI 1.30-1.53) in these patients compared to 1.44 (1.29-1.60) in those with moderate-

severe anaemia(Musallam et al. 2011)

Effects of anaemia on surgical morbidity

In addition to effects on mortality-outcomes, anaemia is associated with increased in other
markers of morbidity in non-cardiac surgery. Anaemia is frequently associated with worse
cardiovascular outcomes such as increased rates of post-operative cardiac events in major
surgery (Wu et al. 2007) and increased evidence of myocardial ischaemia post-prostatectomy
(Hogue Jr., Goodnough, and Monk 1998). These effects appear to worsen with increasing
severity of anaemia.

The effect of anaemia has been well studied in hip surgery patients and although results are
variable, anaemia has been shown to be associated with a variety of worse outcomes including
infection rate (Myers, Grady, and Dolan 2004), length of hospital stay (Gruson et al.
2002)(Halm et al. 2004), quality of life (Conlon et al. 2008) and functional ability (Hagino et
al. 2009)

A 2015 meta-analysis of 24 observational studies involving almost one million surgical
patients concluded that anaemia was associated not only with increased mortality (OR
2.90[2.30-3.68]), but also AKI (OR 3.75[2.95-4.76]) and infection (1.93[1.17-3.18]) (Fowler
etal. 2015)

Anaemia in cardiac surgery
Given that cardiac surgery patients are frequently and increasingly older (Friedrich et al.
2009) and have a relatively high incidence of cardiac failure and renal disease, it is

unsurprising that the incidence of anaemia in the patients is also relatively high. Cardiac
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surgery patients in the UK were studied in the national ACTA audit undertaken between
2010 and 2012. (Klein, Collier, Brae, Evans, Hallward, Fletcher, and Richards 2016) It
demonstrated an overall prevalence of 31% in pre-operative patients with a significant range
between centres of 23 to 45%. One earlier UK single centre audit from 2009 showed an
anaemia rate of 54%(M. Hung et al. 2011). Overall, though, national data appears to be
relatively consistent throughout higher-income countries. A global study published in 2007
(Kulier et al. 2007) of 70 centres across 17 countries, showed an overall prevalence of 29.7%
in pre-operative CABG patients. These were similar to figures from Canada (Karkouti,
Wijeysundera, and Beattie 2008) where the overall prevalence was 26% and in New

Zealand(Kim et al. 2015) where the prevalence was 28.1%.

Effects of anaemia on mortality in cardiac surgery

Baseline mortality risk is relatively high in cardiac surgery compared to many other surgical
specialities, on account of both the relatively high-risk patient cohort and the complexity and
risks of the surgery itself. Studies have shown the overall mortality rate is generally around
3% (Siregar et al. 2013)(Rutten and Grobbee 2001)(Mazzefh et al. 2014)(Clayton et al. 2005)
both short term(Hari Padmanabhan, Siau, et al. 2019), which is similar to other higher risk
surgical subspecialities such as colorectal surgery(Alves et al. 2005). As with other surgical
specialties, mortality risk increases in certain patient groups, in certain comorbidities, and in
certain types of surgery.

Patients presenting for cardiac surgery with anaemia appear to have a higher mortality rate
than their non-anaemic counterparts(A. A. Klein, Collier, Brar, Evans, Hallward, Fletcher,
Richards, et al. 2016)(M. Hung et al. 2011)(Kulier et al. 2007)(Karkouti, Wijeysundera, and
Beattie 2008). This effect is apparent on both in-hospital mortality (Cladellas et al. 2006) and

longer-term mortality (Van Straten et al. 2013)

Effects of anaemia on morbidity in cardiac surgery

In addition to mortality increases, anaemia is associated with higher surgical morbidity such
as major adverse cardiac (Cladellas et al. 2006) and non-cardiac events (Kulier et al. 2007),
stroke (M. L. Williams et al. 2013), increased length of ICU stay (M. Hung et al. 2011)(Marco
Ranucci et al. 2012), acute kidney injury (AKI)(De Santo et al. 2009)(Karkouti, Wijeysundera,
and Beattie 2008) prolonged time to discharge(A. A. Klein, Collier, Brar, Evans, Hallward,
Fletcher, Richards, et al. 2016), and unsurprisingly increased transfusion requirements

(Marco Ranucci et al. 2012)(M. Hung et al. 2011)(Boening et al. 2011). Iron-deficiency may
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itself be associated with poorer outcomes after cardiac surgery as has been suggested in one
trial, although further evidence is needed to clarify this.(L F Miles et al. 2017)

While the presence of anaemia according to the WHO definition is binary, the disease of
anaemia has an inherent spectrum of severity, which correlates to its physiological effects. As
such, the severity of the anaemic state also contributes to an observed worsening of post-
operative outcomes and this effect appears to persist on long-term follow-up of surgical
patients (Padmanabhan et al. 2019), with one large Dutch study (Van Straten et al. 2009)
demonstrating that the significant impact of pre-operative anaemia on mortality can be
demonstrated out to 9 years post CABG surgery. This effect was significantly worse in those
with severe anaemia, for example, those with an [Hb] considered ‘very-low” (<110g/L in
females and <120g/L in males) had a 9-yr survival rate of 37.6% vs 56% in those with milder
anaemia (110-120g/L in females and 120-130g/L in males). This is compared to 9-yr survival
of 74.7% and 84.3% in those with normal or high-normal [Hb] respectively. A similar trend
has been observed in an assessment of 3-year post-cardiac surgery survival in German
university hospital, where mild anaemia demonstrated a hazard ratio of 1.441 (95% CI:
1.201-1.728) whereas this rose to 1.805 (95% C: 1.336-2.440) in those with severe anaemia.
(von Heymann et al. 2016)

While those with severe disease are more likely to do poorly, even patients with low-normal
[Hb], not considered anaemic by conventional definitions, appear to be affected. For
example, females in the 120-129g/L range were shown to have both a higher transfusion rate
and a longer hospital stay after cardiac surgery (Blaudszun et al. 2018)

Type of anaemia may also contribute to outcomes with a recent paper suggesting that
macrocytic anaemia is associated with significantly worse outcomes than normocytic and
microcytic variants. (Dai et al. 2018) Interestingly, when Hung et al investigated cardiac
surgical outcomes in 165 anaemic patients, they found that plasma [hepcidin] was the only
haematological parameter that was independently associated with outcome, highlighting both
its physiological importance and potential value as a target for future research(Matthew Hung
etal. 2015).

Iron deficiency is independently associated with poor outcomes in cardiac surgery also as seen
in a recent prospective trial (Rossler et al. 2020) and there is increasing interest in the non-
anaemic iron-deficient population as a group to target treatment aimed at improving

outcomes. We can expect more research to be published in this sphere over the next decade.
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Anaemia: [Hb] vs total Hb mass

Although anaemia would best be described as a limitation in the ability to deliver oxygen to
tissues, it 1s historically defined only in terms of [Hb]. Widely accepted definitions of normal
values for [Hb] of >120g/L in females and >130g/L have evolved from population studies
and are relatively arbitrary. There are many common patient factors that may modify the
‘normal’ [Hb] such as BMI, fitness, alcohol and smoking habits, and even stress levels (] P
Isbister 1997)

Measuring [Hb] is very simple, cheap and in most cases provides a reasonable estimate of
oxygen carriage capacity of the blood. The fact that it is the measure used to define anaemia
by the WHO is indicative of its widespread acceptance. Given that [Hb] is essentially a
measure of total Hb-mass divided by total blood volume, the plasma component (PV) of the
blood volume, as the denominator plays a significant role. Changes in PV can have a
dramatic effect on [Hb] without any real change in the total oxygen carriage capacity of the
blood. For this reason, various techniques to measure total Hb-mass have been developed.
While [Hb] may correlate well with total Hb mass in healthy subjects, it can be very
misleading in other groups such as those with liver or heart failure, where significant changes
in circulating volume can exist. (James M. Otto et al. 2017) As a result, a patient with a low
[Hb] may be diagnosed as being anaemic where the actual pathology is an expanded plasma
volume, thus diluting the circulating Hb, rather than a genuinely low red blood cell mass
(RBCM) or total-Hb mass. This effect has been observed in a clinical setting with heart failure
patients, for example in ones study of 19 out of 32 heart failure patients diagnosed with
anaemia, only 4 were shown to actually have a low RBCM and 9 were actually considered to
have excessively high RBCM (Miller and Mullan 2015). Another study of 99 patients showed
that while [Hb] was frequently low in heart failure patients, it was the only value of blood cell
count that was demonstrably low and red cell volumes remained normal (Adlbrecht et al.
2008) causing a “pseudo-anaemia”. The converse is also true and may result in false negative
tests for anaemia in those with constricted blood volume.

As we can see, while [Hb] provides some information about a subject’s capacity for oxygen
delivery, reliance on it as a sole indicator of disease severity has significant limitations.

The best-known method to assess the body’s ability to deliver oxygen to tissues 1s VO2 max,
or maximal oxygen uptake. It correlates well with cardiovascular fitness and is used frequently
in sports medicine and has also been used to predict outcomes in certain surgical procedures.
Increasing [Hb] has been shown to increase VO2 max in healthy patients(Ekblom, Goldbarg,
and Gullbring 1972)(Buick et al. 1980)(M. H. Williams et al. 1981)(Brien and Simon 1987)
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with an estimated increase of 1% for every 3g/L rise in [Hb] (Gledhill, Warburton, and
Jamnik 1999). Similarly, while there is clearly some correlation between [Hb] and exercise
capacity(Woodson 1984; Calbet et al. 2006) in healthy volunteers, this correlation in surgical
candidates has been shown to be a relatively weak association(James M Otto et al. 2013).
Improving VO2 max and exercise capacity has been achievable using autologous blood
transfusion, (Solheim et al. 2019), which helped the rise of “blood doping” in competitive
sport. The same effect has been seen in stable haematology patients with allogenic blood
products (Wright et al. 2014).

In the context of cardiac surgery, where the presence of heart failure-related fluid
disturbances 1s very common, it becomes clear that [Hb] itself has significant limitations as an
indicator of the true oxygen delivery status and is perhaps not the ideal measure to define
anaemia at all.

In addition to physiological reasons for the limitations of [Hb] as a marker of oxygen delivery,
measurement of [Hb] itself is prone to error. [Hb] measurement can be performed using
various techniques. Laboratory-based testing processes are more accurate, but slower and
involve significantly more processing. Increasingly ‘bedside’ techniques are being utilised
which can range from smaller blood gas analysers in an operating theatre or ICU setting, to
finger-prick portable analysers such as Hemocue® and the emerging category of non-invasive
real-time monitors using pulse oximetry techniques. Accuracy of these methods is variable,
with a trend towards inferior accuracy with increased convenience.

It was demonstrated by Heinicke and colleagues that in elite endurance athletes, while total-
Hb mass was 35% higher, the commensurate increase in PV meant that [Hb] was not
significantly higher, suggesting that [Hb] may be a poor indicator of oxygen delivery(Heinicke
et al. 2001)

Compared to [Hb], total Hb-mass testing has been shown to correlate much better with
aerobic capacity on CPET testing and should provide a far more accurate estimate or oxygen
carrying capacity (] M Otto et al. 2017).

As JP Isbister suggests, methods for measuring total red cell mass or total Hb mass are more
laborious than measuring [Hb] and as such are generally not practical in a clinical setting(].
P. Isbister 2015). These techniques have progressed significantly however and in chapter 7, an
exploration of the development of these techniques is described further. Following from this is
a description of the development of a new total Hb-mass testing technique that may constitute
a significant step in the slow march towards a practical, and easily established method of

testing total Hb mass.
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Iron Deficiency

Iron 1s utilised in a vast array of physiological processes and is crucial to many body systems
in humans and indeed most species. It is best known for its crucial role in haemoglobin
synthesis for erythropoiesis but is also required in cell division, gene expression and the
synthesis of DNA in many cell lines (Furuyama and Kaneko 2007). It is fundamental to the
function of all aerobic cells via the electron transport chain and in addition to haemoglobin
and myoglobin synthesis is required in production of essential enzymes such as cytochromes,
catalases, peroxidases, guanylate cyclase and NO-synthase. (Ponka 1999) Systemic iron
homeostasis 1s a highly regulated balance between gut absorption and iron-loss involving
proteins to facilitate transfer such as ferroportin and transferrin, and the regulatory proteins
hepcidin, hephaestin and ceruloplasmin(Zhou and Tan 2017). Intracellular iron homeostasis
1s regulated by the iron-regulatory protein/iron responsive element (IRE/IRP) system which
effects gene expression via mRINA effects. Iron deficiency (ID), as with most molecular
deficiencies is caused by either inadequate intake, failure of absorption, increased loss, or a
combination of these. It is estimated that over 2 billion people globally are iron-deficient with
approximately 12% of the total population and 20% of females suffering from anaemia
caused by iron-deficiency (N. J. et al. Kassebaum 2019). In higher income countries, the

prevalence is lower, but remains significant.

Pathophysiology of Iron Deficiency

In the advanced stages of the disease, iron deficiency leads to anaemia which is associated
with the detrimental physiological effects outlined earlier in this chapter, although even in the
pre-anaemic stages it has widespread physiological sequelae demonstrating iron’s crucial role
in homeostasis, beyond its importance to haemoglobin production.

Non- (or pre-) anaemic iron deficiency (NAID) is estimated to affect 1-2 billion people
globally. As iron-deficiency and anaemia are often studied together, it is difficult to separate
the pathological processes caused by each, although it is clear there are significant effects on
cognition, fatigue and mental health(Greig et al. 2010) with ID, even in the absence of
anaemia. There are demonstrable effects on neural function (Beard and Connor 2003),
neurotransmitter production and function (Beard 2001) and significant impacts on brain and
spinal cord development (Dobbing 2013).

Iron plays a vital role in many aspects of Immune functions such as lymphocyte and natural

killer cell function(Santos and Falcao 1990; Kemp 1993), thymus function (Kuvibidila et al.

25



2001)production of the microbiocidal hypochloric acid by peroxidases (Hampton, Kettle, and
Winterbourn 1998). Iron deficiency in mononuclear cells seems to directly affect the quality
of the cell-mediated immune response(C. Munoz et al. 2007)

Athletic function is closely linked to anaemia, but endurance performance seems to be
independently linked to iron status, independent of [Hb](Beard 2001)

In heart failure (HF) patients, iron deficiency is very common with almost half of these
patients being iron deficient, but 30% of those who are non-anaemic demonstrating absolute
iron-deficiency, and 22% having functional iron deficiency(Okonko et al. 2011b). Another
study of 546 HF patients from Poland demonstrated a prevalence of ID o