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AAbstract 
Background  

The timely and organised approach of transfusing trauma patients in the pre-hospital setting 

with a 1:1:1 ratio of red blood cells, plasma and platelets has resulted in an increased interest 

in re-introducing whole blood (WB) components for the management of these patients. WB 

components are not used routinely in NHS hospitals, but should the blood service decide to 

implement this component in the prehospital setting, further evidence is required on: a) its 

safety, because these patients will be transfused group O WB which contains anti-A and anti-

B in the plasma that can result in haemolytic transfusion reactions and b) the logistics of 

supplying group O negative WB to prehospital services, considering that demand for this 

component currently outstrips supply.  

 

The overall research question in this thesis was to establish whether it is safe and feasible to 

introduce a WB component in the NHS for the treatment of traumatic major haemorrhage in 

the pre-hospital setting.  

 

Specific objectives were to:  

a) Determine the lowest observable anti-A and anti-B titre (measured by IgG or IgM), and 

the lowest observable ABO incompatible plasma volume that have been reported in 

the literature to have resulted in haemolysis in recipients receiving ABO incompatible 

plasma containing components (scoping review).  

b) Determine a) the clinical safety of transfusing LD-RCP to trauma patients; b) whether 

the component was delivered to hospital on time in full (OTIF) and c) the overall 

component wastage for the hospital. Through the evaluation of a similar component 

to WB (i.e., leucocyte-depleted Red Cell and Plasma [LD-RCP]) with regards to shelf 

life, logistical and serological issues (2-year observational study). 

c) Explore the stock management of a WB component using data collected from the 2-

year observational study (stock management).  
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Results  

Scoping review  

In this first ever systematic scoping review, assessing the risk of haemolysis following the 

transfusion of ABO incompatible plasma-containing components, 62 eligible cases were 

identified. There were no completed or ongoing randomised trials. There was heterogeneity 

between cases in the methods for reporting haemolysis and ABO titration methods, while the 

volume was poorly reported. Putting all these aside, results showed that platelet components 

were the most reported components to result in haemolysis in both paediatrics and adults. 

The lowest anti-A titre reported to cause haemolysis was 32 (paediatrics and adult), while for 

anti-B it was 512 (IgG and IgM) for adults, 16,384 for paediatrics (IgG and IgM) and 128 (IgM) 

in cases where the age was not specified. The lowest component volume transfused that was 

reported to have caused a haemolytic transfusion reaction was 100ml in adults and 15mls in 

paediatric.  

 

Observational study 

Of the 204 patients who were transfused group O RhD negative LD-RCP (a maximum of 4 

units), 96 patients had a blood group recorded and were non-group O. Based on the results 

of haemoglobin, bilirubin and Direct Antiglobulin Tests (DAT), there was no evidence of 

increased haemolysis compared to patients who were blood group O and who also received 

group O RhD negative LD-RCP.  

 

During the study, 1208 units (96.5%) of LD-RCP units were delivered to hospital on time and 

as per specifications, which met the pre-agreed study target of 97% (95% Confidence Interval: 

96% - 98%). Despite this, not all units were delivered at age 2 days old with only 64.7% of the 

total units being delivered on the agreed age. Following the quality improvement work 

undertaken by the study team, there was a marked improvement in the age of units delivered 

with 91.7% being delivered at the pre-agreed age towards the end of the study, 

demonstrating that delivering at age 2 days old is feasible. Component wastage (39%) was a 

major concern during this study and the pre-agreed wastage level target of <8% was not met. 

Nevertheless, incremental reductions were demonstrated across the study period, reducing 
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the weekly wastage from a mean of 8.36 units per week (70%) to 3.19 (27%) by the end of the 

study period.  

 

Stock management  

Based on the data collected from the observational study, evaluation of pre-hospital 

component demand using ARIMA time series forecasting showed that the demand for pre-

hospital transfusion was random and could not be forecasted to a usable degree. Using a 

combination of a First In First Out (FIFO) inventory model and a Poisson distribution to model 

component demand, two stock management models were developed (14-day shelf life and 

21-day shelf life). Using heuristically generated component supply algorithms the stock 

management model demonstrated that component wastage could be reduced to 16% and 

4% for a 14-day and 21-day shelf-life  component, respectively. 

 

Conclusion 

Incorporating evidence from a scoping review, data collected as part of a 2-year observational 

study using a similar component to WB (LD-RCP) and mathematical modelling of the supply 

and demand, this thesis provides evidence that the transfusion of group O WB components 

in the prehospital setting is a safe and feasible intervention in the NHS for the treatment of 

traumatic haemorrhage. However, if the component is only used in this setting, the 

component wastage level for hospitals is likely to be high, and therefore measures such as 

extending the shelf-life of the WB component and incorporating a dynamic inventory model 

for component supply must be considered to minimise the wastage of this precious resource. 
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CChapter 1 Introduction 
1.1 Major Trauma 

1.1.1 Trauma Induced Coagulopathy 
Trauma is the fourth leading cause of mortality worldwide, with 25-40% of trauma 

deaths being attributed to uncontrolled bleeding (Kauvar and Wade, 2005; Moore et al., 

2021). The cost of management being around £150 million for the NHS (Campbell et al., 

2015). Uncontrolled or life-threatening bleeding is often associated with abnormalities 

in the coagulation process (the body’s ability to regulate clot formation and break 

down). These abnormalities following traumatic injury are commonly referred to as 

Trauma Induced Coagulopathy (TIC). TIC can manifest as a spectrum of phenotypes, 

ranging from a hypocoagulable state to a hypercoagulable state (Moore et al., 2021). 

 

Early preventable death, defined as death within 24hrs that could have been avoided by 

the timely implementation of standard practice (Hakkenbrak et al., 2021), is primarily 

attributable to uncontrolled bleeding/haemorrhage or a hypocoagulable state 

(Tisherman et al., 2015; Moore et al., 2018a; Sperry et al., 2018). Whereas, later preventable 

deaths (after 24hrs) are due to a hypercoagulable state associated with venous 

thromboembolism and organ failure (Moore et al., 2021). Understanding this process is 

critical in determining the most effective use of blood components and other 

haemostatic therapies in the treatment of patients with traumatic major haemorrhage. 

 In the past it was believed that during major bleeding, coagulopathy (defined as 

prolongation of prothrombin time (PT) or activated partial thromboplastin time (APTT) 

>1.5x mean normal) did not occur until a significant blood volume had been lost, or a 

patient had received a large volume of blood or fluid. As a result, blood transfusion was 

given later in the course of bleeding. Between 2003 and 2007 several observational 

studies in trauma demonstrated that ~25% of bleeding patients present with 

coagulopathy quite early after injury, before any blood or fluid have been administered, 

and before significant blood loss has occurred (Brohi et al., 2003; Maegele et al., 2007). The 

presence of early coagulopathy is strongly associated with a greater need for blood 

transfusion and higher rate of mortality (independent of injury severity score)(Brohi et 

al., 2003; Maegele et al., 2007). The pathophysiology of early endogenous coagulopathy is 
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not well understood, but it is believed to be multi-factorial – induced primarily by tissue 

trauma, shock and hypoxia (Frith, Cohen and Brohi, 2012). 

 

11.1.2 Damage control resuscitation and transfusion response 
A timely and organised approach to transfusion in the management of bleeding is crucial 

to improving clinical outcomes. Transfusion management during bleeding aims to 

achieve the following; 1) avoid tissue hypoxia through the transfusion of red blood cells 

(RBC), which deliver oxygen to tissues; 2) correction of coagulation abnormalities 

through the transfusion of fresh frozen plasma (FFP, rich in clotting proteins) and 

cryoprecipitate (cryo, rich in a clotting factor called fibrinogen) and 3) correction of a 

low platelet count (or thrombocytopenia) through the transfusion of platelets (Hunt et 

al., 2015).  

 

In order to correct early coagulopathy, in 2007 the major haemorrhage protocol (MHP) 

was first introduced into clinical care (Cole et al., 2019), providing guidance on the active 

management of patients with major bleeding to regain haemostasis in trauma. MHP’s 

are designed to provide a more proactive and pragmatic approach to the management 

of acquired bleeding via the use of treatment algorithms that pre specify the order and 

ratio of blood components quite early in the course of bleeding (Stanworth et al., 2022). 

The main aim of the protocols is to enable rapid provision of blood components and 

improve communications between clinical teams and the transfusion laboratory, thus 

preventing unnecessary delays in the provision of blood, as well as correcting and 

preventing early and late coagulopathy.  

 

The implementation of MHP was based on the emerging principles of correcting early 

coagulopathy through provision of damage control resuscitation (Holcomb, 2007), and 

this saw the replacement of crystalloids and colloids in the resuscitation of major 

bleeding with haemostatic resuscitation through blood transfusion resulting in 

improvements in survival (Brohi, Gruen and Holcomb, 2019). Following this, in 2012 one 

of London’s major trauma centres (Royal London Hospital [RLH]) introduced ‘blood on 

board’, an initiative that allowed the London Air Ambulance (LAA) to transfuse RBC to 

trauma bleeding patients in the pre-hospital setting early in the stage of traumatic injury 
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(Rehn et al., 2019). This has now become the standard of care for most services in England 

(Leech and Clarke, 2022). 

 

11.1.3 Optimal Blood Component Ratios 
The optimal use of blood component therapy for patients with major haemorrhage 

remains uncertain. However, in the last decade the research performed in trauma has 

advanced our understanding of how the ratios of blood components transfused affect 

patient outcomes. Clinical trials have demonstrated that early and continuous 

resuscitation with RBC, FFP and platelets in a 1:1:1 ratio, resembling whole blood 

transfusion (Holcomb et al., 2015; Sperry et al., 2018), can reduce mortality. Holcomb and 

colleagues conducted the first ever, multicentre randomised control clinical trial 

(PROPPR) in hospital to assess the safety and effectiveness of a 1:1:1 ratio of RBC, FFP 

and Platelets (n=338 patients) compared with 1:1:2 ratio (n=342 patients). Although the 

study found no statistically significant difference in the primary outcome of mortality at 

24hrs or 30 days, the study did show that more patients in the 1:1:1 group achieved 

haemostasis and fewer experienced death due to exsanguination by 24 hours (Holcomb 

et al., 2015).  

 

In 2018 two randomised control trials evaluating the use of FFP in pre-hospital setting 

in trauma bleeding patients showed conflicting results on the benefits of plasma on 28-

30 days mortality: these were the PAMPer (Prehosptial Air Medical Plasma) trial (Sperry 

et al., 2018) and the COMBAT (Control of Major Bleeding After Trauma) trial (Moore et al., 

2018b). The PAMPer trial was a pragmatic cluster randomised control trial (n=501 

patients), comparing early plasma transfusion versus standard care (either RBC or 

crystalloid resuscitation) showing a significant difference in mortality at 30 days in the 

plasma arm. The COMBAT trial was a single centre, placebo-controlled trial comparing 

two units of FFP versus standard care (frozen isotonic saline) in 144 trauma bleeding 

patients and showed no difference in 28-day mortality (Moore et al., 2018b; Sperry et al., 

2018). 

 

As a result of the PROPPR trial, MHP protocols in the UK have since changed to reflect 

this research. RBC is now given in a 1:1 ratio with thawed FFP as standard practice in the 
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UK for the management of traumatic major bleeding in a hospital setting (Stanworth et 

al., 2022). The move to 1:1 ratio of different blood components has created huge interest 

in the use of Whole Blood (WB) transfusion instead of separate components for early 

resuscitation, since all blood components are present in one WB unit.

Avery and colleagues (2020) conducted a systematic review to evaluate the efficacy of 

WB versus individual component therapy on 30-day mortality in adults with traumatic 

major haemorrhage. The systematic review found only 6 research studies that were of 

high enough quality, but none of these studies were powered to demonstrate a 

difference in 30-day mortality (Avery et al., 2020), hence highlighting the need for further 

trials to evaluate the efficacy and safety of WB versus component therapy in trauma. 

11.2 ABOO incompatiblee plasmaa 
1.2.1 ABOO bloodd groups
In 1900 Karl Landsteiner identified the presence of antibodies in blood that gave rise to 

the discovery of the ABO blood group system. The ABO blood group system is often 

defined by Landsteiner’s Law (Figure 1-1):

Figure 1-1: A diagram depicting the antigens present on the surface of red blood cells 
and the antibodies present in the plasma for the different ABO blood groups

1) if an A or B antigen is present on the surface of red blood cells, the 

corresponding antibody (anti-A or anti-B) must be absent from the plasma; 

Antigen

Antibody
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2)  if an A or B antigen is absent on the surface of the red blood cells, the 

corresponding antibody (anti-A or anti-B) must be present in the plasma. 

The anti-A and anti-B are often referred to as ‘naturally occurring’ antibodies, as they 

usually develop from 3 months of age without stimulation from pregnancy or blood 

transfusion. These antibodies can be of the following isotypes, immunoglobulin (Ig)M, 

IgG or IgA; however, they are predominantly IgM and IgG.  

 

The ABO blood group system remains the most important and clinically significant blood 

group system in transfusion medicine. The presence of these antibodies almost always 

results in immune RBC destruction (or haemolysis) following an ABO incompatible RBC 

transfusion, resulting in significant morbidity and mortality for the recipient. ABO 

incompatibility can be classified in to two types: major incompatibility and minor 

incompatibility (Daniels and Bromilow, 2013). 

 Major Incompatibility occurs when antibodies in the recipient destroy transfused 

RBC (e.g. transfusion of group A RBC to a group O recipient - transfusion of ABO 

incompatible RBC). 

 Minor Incompatibility occurs when antibodies in the transfused blood 

component destroy the recipients RBC (e.g. transfusion of group O plasma to a 

group A recipient - transfusion of ABO incompatible plasma components) 

 

The risk of haemolysis and serious harm is more likely with the transfusion of ABO 

incompatible RBC than with ABO incompatible plasma components (Bolton-Maggs, P 

(Ed), Poles, 2018). However, the risk of haemolysis from a minor ABO incompatible 

transfusion is still present. The risk and severity of haemolysis from the transfusion of 

ABO incompatible plasma components (i.e. whole blood, plasma and platelets) can be 

affected by the isotype, volume transfused, titre (the concentration of an antibody, as 

determined by the finding of the highest dilution at which it is still able to cause 

agglutination), and age and weight of the recipient (Mark H. Yazer et al., 2018) 

 

11.2.2 Screening for high titre ABO antibodies  
There is currently no international consensus on the clinically safe anti-A/anti-B titres, 

present in blood donors and no international gold standard for the titration methods.  
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Caution must be taken when reviewing practices and comparing international 

guidelines. Inter-laboratory variation in obtaining results from these assays was 

highlighted in one study that compared pre-transplant median titres from patients in 

one German and two Swedish blood centres, where the investigators confirmed that the 

method variation caused significant discrepancy in results (Kumlien et al., 2007). A 

detailed, standardised procedure for antibody titrations has also been recommended by 

the Biomedical Excellence for Safer Transfusion Collaborative and the Transfusion 

Medicine Resource Committee of the American Pathologists. There was particular 

emphasis on automation, in addition to the need for the implementation of an External 

Quality Assurance Scheme (AuBuchon, De Wildt-Eggen and Dumont, 2008).  As there is 

a great deal of variation in component titration methods, it is difficult to establish a 

translatable threshold for the critical high titre classification. Further, there is no 

internationally recognised ‘safe’ titre for transfusion of ABO incompatible plasma 

containing components. When considering a ‘safe’ titre, the method employed to 

measure anti-A and anti-B (IgG and IgM) must also be carefully considered (Yazer, Cap 

and Spinella, 2018). 

 

11.3 Blood components 
1.3.1 Whole Blood (WB) 
Group O WB was first identified as a ‘universal donor’ by Ottenberg in 1907. The 

naturally occurring anti-A and anti-B were assumed to be too diluted to cause 

haemolysis (Berséus et al., 2013). Fresh WB (i.e. WB collected and transfused within 24 

hours of donation) was used routinely by the military between 1940 to 1960. However, 

in 1944 a severe haemolytic transfusion reaction was reported by the US army when a 

unit of group O WB, with an anti-A titre of 1:8000, was transfused to a group A recipient 

(Berséus et al., 2013). The US army since changed their transfusion protocol and only gave 

group O fresh WB to non-group O recipients if the anti-A and anti-B titres were less than 

1:250 (Barnes, 1973). However, by 1965 the use of fresh WB reduced significantly due 

to the introduction of blood components (i.e. RBC, FFP, Platelet), which made targeted 

replacement therapy of missing clotting factors possible. This minimised the potential 

risks and side effects of receiving unneeded blood components and minimised the risks 

of haemolysis from anti-A and anti-B when transfusing group O. Further, the longer 

shelf-lives of blood components (varying from 5-7 days for platelets and 35 days for RBC) 
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compared with fresh WB, made the logistics of supply and demand more manageable 

for the blood manufacturing units. All these factors contributed to the rapid 

disappearance of WB.  

 

11.3.2 Platelet 
With platelet components, the ABO group of the plasma should also be considered 

(Stanworth et al., 2015). In the past, platelets have been transfused with much disregard 

to the ABO group, and in current practice it is routine to make exceptions to ABO 

matching due to local hospital inventory shortages (Lozano et al., 2010).  However, a 

North American study found that between 1996 and 2006, 6 deaths were reported to 

the US FDA (Food and Drug Administration) relating to acute transfusion reactions as a 

result of minor ABO incompatibility in platelet transfusions (Fung, Downes and Shulman, 

2007). The most frequent reactions appear to occur when group O single donor 

apheresis platelets are transfused to group A, B or AB recipients (Cooling et al., 2008). It 

is recommended that components with low anti-A and anti-B titres may reduce the risk 

of haemolysis in cases of ABO mismatch. Methods of introducing such 

recommendations include pre-issue titration and reducing the plasma proportion in the 

platelet component by introducing the use of platelet additive solutions (PAS). There are 

also fewer occurrences of haemolysis, allergic and febrile non-haemolytic reactions from 

platelets stored in 65% PAS, which support the above recommendation (Weisberg et al., 

2018).  This points to the fact that platelet components are ultimately safer with a lower 

titre of ABO antibodies. 

 

1.3.3 Plasma 
It is highly recommended that patients receive ABO identical plasma as a first choice. 

Thereafter non-identical plasma may be acceptable in emergency situations if confirmed 

to be of low titre for anti-A and anti-B. Group O plasma should be transfused only to 

group O recipients (Green et al., 2018). Group AB plasma is deemed universal as it does 

not contain anti-A or anti-B (Dunbar et al., 2017). However, due to the low prevalence of 

group AB blood donors in the population (about 4% of UK population), non-identical 

plasma other than group AB is frequently used in emergency cases where there is 

insufficient time to perform blood group analysis. There have been many studies 

outlining the use of group A plasma instead of AB for emergency use in the civilian 
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setting, as a ‘next best’ option for a universal component (Inaba et al., 2010; Chhibber et 

al., 2014; Dunbar et al., 2017; Yazer, Cap and Spinella, 2018). The risk of haemolysis from 

non-identical plasma is small but should be considered in settings where large plasma 

transfusions (including plasma exchange) are given to low plasma volume recipients 

(neonatal and paediatric recipients) (Win, 2012). 

 

11.3.4 Leucocyte-depleted Red Cell and Plasma (LD-RCP) 
In the UK, all blood components undergo a universal removal of leucocytes (called leuco-

depletion) as a safety measure to reduce the risk of variant-CJD transmission (Green et 

al., 2018). The current leuco-depletion filter used by UK blood services removes platelets, 

producing a component that has RBC and plasma in the same bag (Leucocyte-depleted 

red cells and plasma or LD-RCP) (Huish et al., 2019). Although LD-RCP does not contain 

platelets and is therefore not equivalent to a WB component, it still provides some 

logistical advantages for the pre-hospital community compared to the transport and 

administration of two separate components (RBC and thawed plasma). It reduces weight 

for the team and more importantly, minimises time-critical steps for resuscitating 

bleeding patients at the scene. Thus, freeing up time for the team to do other important 

tasks and move patients quickly to the hospital. 

 

1.3.5 Transfusing ABO incompatible plasma 
Despite stringent regulations within the UK involving high titre testing of components, 

minor incompatibility still poses an issue with transfusion reactions. Due to the limited 

supply of Group AB plasma, understandably clinicians have accepted the use of Group A 

plasma and platelets as the universal group for the management of bleeding patients 

whose blood group is unknown, and this means that for most patients they will be 

receiving ABO mismatched plasma components. This is undesirable, given the potential 

risk of haemolytic transfusion reactions caused by transfusion of ABO incompatible 

plasma containing components. Further, there is now a huge interest in transfusing WB 

components in emergency and pre-hospital settings. In such settings, if we are to give 

WB in the early stage of bleeding, a group O WB component (that contains anti-A and 

anti-B in the plasma) would be the most logical group to transfuse, as the patient’s blood 

group is likely to be unknown. Therefore, for non-group O recipients there is a potential 

risk of a haemolytic transfusion reaction occurring. Thus, it is important to quantify this 
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risk, particularly as these patients are likely to receive a high volume of plasma in the 

immediate resuscitation period. 

 

The other important factor to consider when transfusing ABO incompatible plasma 

containing components to patients who develop major bleeding, is the volume 

administered. Theoretically, one would expect that the higher the volume, the higher 

the risk of haemolytic transfusion reaction. Yet there is little data in the literature to 

guide us on the safe volume for ABO incompatible plasma containing components, and 

none of the national guidelines give any recommendations on this. The volume of 

plasma administered to bleeding patients has risen recently for all different specialties 

(Green et al., 2017), driven mostly by studies in trauma (Holcomb et al., 2015; Sperry et al., 

2018). For example, one clinical study that described management of major bleeding in 

different clinical settings, showed that on average, eight units of FFP, two pools of 

cryoprecipitate, and two pools of platelets are transfused to adult patients who 

hours) (Green et al., 2017). Currently, a UK multicentre randomised control trial 

(CRYOSTAT-2, ISRCTN14998314) is assessing the addition of early high doses of 

cryoprecipitate transfusion (three pools) versus standard care in patients who are 

bleeding due to trauma. If high dose cryoprecipitate is to become the standard of care 

in the future (in addition to FFP transfusion), the risks of haemolytic transfusion 

reactions due to ABO incompatible plasma transfusion is likely to rise. Further work is 

required to establish the risk of transfusing high volumes of ABO incompatible plasma 

components and establishing an international standard for a safe titration level and 

method of testing. 

 

11.4 Stock management of short shelf-life blood 
components 

1.4.1 Whole Blood Component in the UK 
As with a WB component, LD-RCP has a shorter shelf life (14 days) than RBC units (35 

days) and if either component is to be used only for a limited group of patients (pre-

hospital traumatic haemorrhage), it is important that blood services assess its 

deliverability from a supply and demand point of view, and that hospitals determine its 

wastage level. Furthermore, in pre-hospital settings, where the blood group of the 
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patient is unknown, a group O component would be the safest blood group to transfuse. 

However, there is the potential risk of haemolysis occurring if LD-RCP is transfused to 

non-group O recipients, due to the presence of anti-A and anti-B in the plasma of group 

O LD-RCP donated units. Thus, it is important to quantify this risk, particularly as these 

patients are likely to receive a high-volume transfusion as part of the immediate 

resuscitation (Mark H. Yazer et al., 2018).  

 

Group O Rh D Negative (‘O Neg’) is considered the safest group to transfuse to patients 

with unknown blood groups from the red blood cell perspective (i.e. mainly patients 

presenting in emergency situations). WB components or LD-RCP in the UK would 

therefore be produced from group O Neg donations. However, these donations are in 

short supply, they are a precious resource as they are also required for the manufacture 

of O Neg RBC used for the transfusion of group O Neg patients, for neonatal and for 

emergency transfusion of other non-trauma patients with acute bleeding requiring 

urgent resuscitation. In the UK, 12% of the demand for RBC is for O neg, but this group 

makes up only 8% of the population (Foukaneli and et al, 2018), so there is a shortage 

of donors and supply of this type of blood (Foukaneli and et al, 2018), making it a 

precious resource for the NHS. 

 

By its nature, demand for blood for pre-hospital/emergency transfusion is inherently 

both critical and highly variable. There is a fine balance between supply and demand. 

Ensuring that we have enough LD-RCP (or, eventually, WB) to treat all trauma patients 

in the pre-hospital setting, whilst minimising wastage. Further, WB has a relatively short 

shelf-life (14 days, after which it must be disposed of) and will be used for a targeted 

and limited group of patients. Wastage could therefore be high and result in significant 

loss to the NHS, both financially and in treatment capacity. Minimising wastage will be 

crucial in deciding the feasibility of introducing a WB component nationally. 

 

11.4.2 Operational Research  
To date, there is no data that have assessed the stock management of WB components. 

However, a recent systematic review of perishable blood product inventory noted that 

many modelling methods have been attempted (Flint et al., 2020). The systematic review 
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identified 24 studies, half of which had been published in the last decade, which could 

demonstrate an increased interest in the optimisation of blood stock inventory. In the 

age of ‘Big Data’ and with easier access to advanced data analysis tool kits, could be one 

explanation for the increased research in this area. Operational Research emerged as 

the most common methodology in the 24 papers that were identified in the review.  

 

Operations Research (OR)  as defined by Hiller and Lieberman is “research on 

operations” and is applied to problems that concern how to conduct and coordinate the 

operations within an organisation (Hillier and Lieberman, 2015). OR methodologies 

include demand forecasting, simulation, and stochastic modelling to name just a few. 

However, interestingly the review separated forecasting and simulation as discrete 

methodologies outside of OR.  

 

OR is used primarily in the world of business to solve logistical problems of supply and 

demand. The issue we face with regards to perishable stock inventory is no different and 

could be adapted to suit this logistical problem of WB demand.  Over 70% of the studies 

identified in the systematic review by Flint et al were performed in North America and 

no studies were identified in the UK (Flint et al., 2020). Although many of the methods 

used and information gained for this research can be adapted for UK practice, there are 

many differences in regulatory and clinical practices of transfusion medicine across 

different countries. Therefore, having UK specific data, and studies performed in the UK 

will be of huge benefit to UK practice. 

 

11.5 Summary 
Major bleeding accounts for 25-40% of all trauma deaths (Kauvar and Wade, 2005; Moore 

et al., 2021), with the cost of management being around £150 million for the NHS 

(Campbell et al., 2015). Further research is required to provide answers to the optimal 

blood component therapy for the management of major traumatic haemorrhage. 

Questions remain as to whether WB is superior to individual component therapy for the 

treatment of major haemorrhage in the pre-hospital setting, where time is of the 

essence.  
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The logistics and complexities of storage conditions, shelf life, and storage capacity 

within air ambulances providing individual component therapy in pre-hospital settings 

could delay transfer to hospital, which for many patients could be detrimental. From a 

logical point of view, these issues would be resolved with having a single bag which 

contained all three components (like WB or LD-RCP). Hence the current interest in re-

introducing a WB component, as a replacement for individual blood components to 

resuscitate patients with traumatic major bleeding, particularly those presenting in pre-

hospital settings. However, future research should not only assess the efficacy of a WB 

component, but also the feasibility of delivery compared to the alternative.  
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CChapter 2 Aims and Objectives 
2.1 Rationale and justification for the research 

Mortality of trauma patients due to bleeding occur early, and despite the intensive 

resuscitation of patients by major trauma centres, clinical outcomes remain poor. This 

study will determine if it is feasible to deliver a WB component to UK hospitals in the 

future. It will provide much needed insight into the stock management of a short shelf-

life component with limited clinical indications and further, the output of this thesis will 

improve our understanding of the safety of WB transfusion in the resuscitation of 

trauma bleeding patients. The overall findings will have a direct impact on UK practice 

on the management of bleeding patients in the pre-hospital setting.  

 

2.2 Problem statement 
The optimal use of blood component therapy for the management of major 

haemorrhage remains uncertain. Following the results of the PROPPR trial (Holcomb et 

al., 2015), it would be a logical conclusion that a WB component could be the best way 

forward. However, clearly understanding the stock management of a WB component, 

which has limited clinical use and a short shelf life, will need to be evaluated to ensure 

the wastage of limited resources in minimised. 

 

2.3 Aims and Objectives 
The overall aim of this thesis is to establish whether introducing a WB component, for 

the treatment of traumatic major haemorrhage, is feasible in the UK. This will be 

achieved by better understanding the safety profile and the supply and demand of the 

leucocyte-depleted red cell and plasma component, which is very similar to the whole 

blood component.  

 

This thesis is divided into three distinct but related sections.  

1. The first section will address the safety of transfusing ABO incompatible plasma 

components by examining the evidence in the literature (or safety profile).  

2. The second element will evaluate data collected as part of a 2-year prospective 

observational study using LD-RCP (a component with the same shelf life and 
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logistical and serological issues as WB), specifically examining the usage, 

wastage, and safety of LD-RCP (Observational Study).  

3. The third and final element will explore the stock management of a WB 

component using data collected from the same 2-year prospective observational 

study (Stock Management).  

 

More specifically this will include the following objectives: 

 

1) Safety profile 

a) Determine the lowest observable anti-A and anti-B titre (measured by IgG or 

IgM) reported in the literature that has resulted in haemolysis in recipients 

receiving ABO incompatible plasma containing components. 

b) Determine the lowest observable ABO incompatible plasma volume that has 

resulted in haemolysis, in individuals receiving ABO incompatible plasma 

containing components 

 

2) Observational Study 

a) Evaluate the clinical and serological effects of transfusing group O LD-RCP to non-

group O patients  

b) Describe and quantify blood component usage, wastage and ‘on time in full’ 

(OTIF) delivery of LD-RCP as defined as: 

 number of days per-year where the component was delivered in 

accordance with agreed specification divided by the number of days 

where the said component was meant to be delivered.  

c) Evaluate quality improvement measures introduced to reduce wastage 

 

3) Stock management  

a) Evaluate whether the weekly pre-hospital trauma demand can be forecast 

b) Develop a statistical model to optimise WB component and minimise 

component wastage 

c) Evaluate the impact of a 21-day shelf life on component wastage using the 

statistical model developed in 3b). 
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CChapter 3 Methods 
3.1 Introduction 

This chapter provides an overview of all the methods used within this thesis to address 

the overall aims and objectives outlined in chapter 2. The chapter will begin by providing 

an overview of the methods used to perform the systematic scoping review that 

addressed objectives 1a and 1b, examining the safety profile of a WB component. The 

chapter will then cover the methods used in the 2-year prospective observational study 

that will address objectives 2a, 2b and 2c. Finally, this chapter will cover the methods 

used to address objectives 3a and 3b that explore the stock management of a WB 

component. 

 

3.2 Scoping review principles  
The methodologies of scoping and systematic reviews are similar. Both styles of review 

use systematic methods to collate findings and evidence in the published literature for 

a given question. However, a scoping review is often more useful when answering much 

broader questions compared with systematic reviews which are aimed at answering 

more clearly defined questions (Moher et al., 2009; Tricco et al., 2018).  

 

Systematic review: A form of literature review that uses systematic methods to collate 

and synthesise findings of studies that address a clearly formulated question (Page et al., 

2021).   

Scoping review: A knowledge synthesis that follows a systematic approach to map 

evidence on a topic and identify main concepts, theories, sources, and knowledge gaps 

(Tricco et al., 2018). 

 

Due to the heterogeneous nature of this review and the complexities around the 

measurement of anti-A and anti-B titres, it was decided that a scoping review would be 

most appropriate. The protocol and final write-up of this scoping review were conducted 

in line with the Preferred Reporting Items for Systematic reviews and Meta-Analyses 

extension for Scoping Reviews (PRISMA-ScR) (Appendix 1). The PRISMA-ScR outlines 20 
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essential and 2 extra items to include when completing a scoping review (Tricco et al., 

2018). 

 

To establish the question and search terms used for the scoping review the PICO 

(Population, Intervention, Comparator and Outcome) model was used. The search 

strategy was developed using medical subject headings (MeSH) and text words related 

to the question (Appendix 2). The literature search was completed by an information 

specialist at the Systematic Review Initiative (SRI), a clinical research group based within 

NHS Blood and Transplant's Oxford Blood Centre. The literature search results were 

uploaded to Covidence, a web-based software platform for literature screening and data 

extraction.  

 

33.3 Observational study 
3.3.1 Ethics 

Ethical approval for this study was granted by the Health Research Authority (HRA) and 

Health and Care Research Wales (HCRW), provided by Dr Laura Green, Consultant 

Haematologist and Senior Clinical Lecturer, Centre for Trauma Sciences, Blizard Institute, 

Queen Mary University of London. (REC Reference: 19/HRA/0102; IRAS Project ID: 

236783). 

 

The research was conducted in compliance with the approved protocol, the Declaration 

of Helsinki the Principles of Good Clinical Practice (GCP), European Commission Directive 

2005/28/EC with the implementation in national legislation in the UK by Statutory 

Instrument 2004/1031 and subsequent amendments, the UK Data Protection Act, the 

UK Policy Framework for Health and Social Care Research (V 3.3, 07/11/2017) and any 

other applicable national regulations.  

 

The primary ethical and management issues surrounding the research were adequate 

data protection. To address this, all data collected was anonymised and each case was 

allocated a unique reference number. This number was shared with the clinical team at 

other sites and was used for all subsequent data collection, storage, and transfer. 
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at Barts Health NHS Trust. The study database was encrypted using the Windows XP 

Encrypting File System (EFS).  

 

The data was accessible only by the key members of the working group, who required 

access to the data to ensure compliance with regulations. Access by any other 

individuals for the purposes of any other study was only allowed after a successful 

application to a Research Ethics Committee. 

 

33.3.2 Study participants 

Data for the observational study was collected from two different groups of patients:  

1. Comparator group - RBC cohort (retrospective arm) 

- All trauma patients who were transfused at least one RBC in the pre-hospital 

setting in London (and emergency department at RLH) from March 2015 to April 

2018 

 

2. Study group – LD-RCP cohort (prospective arm) 

- All trauma patients >1yr old who were transfused at least one LD-RCP unit in the 

pre-hospital setting because of haemorrhage from November 2018 to October 

2020. 

 

Children <1 year old were excluded because the UK national guidelines recommend that 

these patients should receive RBC units of <5 days old to reduce this risk of 

hyperkalaemia from large volume transfusion (New et al., 2016). During the study, it was 

not possible to allocate <5-day old LD-RCP units, hence, this group were excluded.  

 

The routine standard of care for participants was not altered for the purpose of this 

study, hence study participants were not contacted or approached for consent and no 

identifiers (i.e. names, addresses, dates of birth, hospital or NHS numbers, or date of 

death) were collected.  
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33.3.3 Data collection 

Blood component data for patients in both groups were collected as part of this study. 

To consider seasonal variations and bank holidays, the study data was collected for a 

period of 24 months and the comparator data was collected for a period of 43 months 

(prior to the study data).  

 

Comparator group - RBC cohort 

Data was collected retrospectively on all trauma patients who were transfused RBC in 

the pre-hospital setting in London from March 2015 to October 2018, prior to the 

introduction of LD-RCP into routine practice. Data collected included: 

 Components transfused 

 Donation number of unit 

 Location of unit transfusion (pre-hospital, emergency department (ED)) 

All data was obtained from the transfusion laboratory information management system 

(LIMS) WinPath and was stored on a Microsoft Excel spreadsheet. 

 

Study group - LD-RCP cohort  

Data was collected on all trauma patients who were transfused LD-RCP in London from 

November 2018 – October 2020. Data collected included: 

 Date of injury 

 Components transfused 

 Number of components transfused in 24hrs 

 Laboratory results (Full blood count (FBC), bilirubin, Direct Antiglobulin Test 

(DAT) and Blood group). 

 

The pre-hospital critical care team in London can transfer traumatically injured bleeding 

patients directly from scene to the four major trauma centres (i.e. the Royal London 

Hospital, St Georges Hospital, St Mary’s hospitals and Kings College Hospital).  

 

If a patient who required blood in the pre-hospital setting in both groups survived and 

were admitted to any of these hospitals, further data was collected from hospitals on a 
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case report form (CRF) on Microsoft Access. All patients were given a unique 

identification number. The following information was collected on the CRF:  

 

 Donation number of unit 

 Date of unit delivery 

 Age of unit on delivery 

 Fate of unit (used, wasted) 

 Date of fate 

 Location of wastage  

 Reason for wastage 

 Location of unit transfusion (pre-hospital, emergency department (ED)) 

 Date the unit was transferred to ED fridge 

 Age of unit on transfer 

Data was obtained from the transfusion laboratory information management system 

(LIMS) in each hospital and was stored on a Microsoft Excel spreadsheet. 

 

33.3.4 Evaluation of haemolysis 

The clinical and serological effects of transfusing a group O WB component to non-group 

group O patients was assessed through statistical analysis of the laboratory results 

collected as part of the observational study. The statistical analysis was performed using 

IBM SPSS statistics (Version 27) predictive analytics software. Continuous variables were 

summarised as medians [interquartile range] and compared using Mann-Whitney U 

tests.  

 

3.3.5 Quality improvement  

To understand the pathway of the LD-RCP component and explore the different 

elements of the pathway that could contribute to component wastage, a process map 

was produced of the end-to-end journey of LD-RCP. Starting with the initial blood 

donation and ending with the final fate of the component (transfused or discarded). 

Using the Model for Improvement (MFI) developed by Langley et al, 1996, Plan Do Study 

Act (PDSA) cycles were conducted using the data collected on wastage. Each quality 

improvement idea was discussed and decided by the whole blood program group prior 
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to implementation. Data was presented using Statistical Process Control Charts (SPC) 

developed in MS Excel. 

 

33.3.6 On Time in Full (OTIF) 

On Time in Full (OTIF) is a key supply chain metric that the blood supplier NHSBT use to 

determine if they are meeting the expectations of customer demand for blood 

components. OTIF is normally defined as a simple percentage:  

 

OTIF % = 
Orders delivered on time 

x 100.   
Total number of orders  

 
 
In the case of this observational study, OTIF was measured only for the LD-RCP plasma 
components and was defined as:  
 

OTIF % = 
Days per-year where the 

component was delivered  x 100.   
Number of units ordered  

 
 
Equation 1: On Time In Full (OTIF) formula 

 

3.4 Supply and Demand of LD-RCP 
3.4.1 Evaluation of component usage 

Component usage data collected as part of the observational study and was used to 

evaluate the component demand. Counts and percentages were used to summarize the 

distribution of categorical variables. Mean and standard deviation were used for 

continuous data. To determine the differences in component usage for the day of the 

week and month, one-way analysis of variance (one way ANOVA) was used.  Statistical 

analysis was performed using IBM SPSS statistics (Version 27) predictive analytics 

software.  

 

3.4.2 Demand forecasting 

Demand forecasting is a systematic method of evaluating future demand that can be 

used to support more accurate stock management, enhance inventory planning, and 
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meet service demands. Demand forecasting uses historical data to evaluate future 

demand. There are qualitative and quantitative/statistical methods available for 

demand forecasting. This thesis will explore the use of quantitative/statistical methods 

to forecast future demand, specifically looking at an econometric forecasting technique 

known as Autoregressive Integrated Moving Average (ARIMA) to determine if the 

component usage data for pre-hospital trauma could be forecast to a useful degree to 

support stock management.  

 

An ARIMA model is a demand forecasting model that is comprised of a combination of 

AR (Autoregression) and MA (moving averages) with the addition of Integration (I) which 

uses differencing of the raw observations to make the time series stationary. Each of the 

three components AR, MA and I is specified in the model as a parameter, with standard 

notation being ARIMA(p,d,q). Whereby: 

o p = the lag of observations included in the model, represents AR and is obtained 

from the partial autocorrelation plot 

o d = the order of differencing, represents I and is obtained from the Augmented 

Dickey-Fuller test:              = + + + + …+   

Equation 2: Augmented Dickey-Fuller Test formula 

o q = the order of moving average, represents MA and is obtained from the 

autocorrection plot. 

Building an ARIMA model is completed in two stages: 1) Identifying whether the data is 

stationary and 2) Generating and testing the model. Stage 1, Identifying if the data is 

stationary is an important part of building a forecasting model with some degree of 

accuracy. To build an ARIMA model the data must be stationary, if the data is not 

stationary then differencing (d) is required to remove non-stationary features. 

 

The time series data used for the ARIMA model was the component usage data collected 

as part of the observation study. Models were generated for both the comparator group 

(RBC cohort) and the study group (LD-RCP) cohort using both daily and weekly 
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component usage time series data to determine if future demand for each component 

could be forecast.   

 

The ARIMA forecasting model was solved using Python - a general-purpose 

programming language often used to conduct data analysis, on Anaconda3 - an open-

source distribution platform for Python and R programming languages, using the 

integrated development environment (IDE) Spyder 4, included with Anaconda3. 

 

33.4.3 First In First Out Model 

First in first out (FIFO) is a method of handling inventory whereby the first stock item to 

be delivered, in this case a blood component, is the first item to be used. Blood supply, 

as a perishable product with a short shelf life, lends itself to a FIFO style stock 

management model (Simonetti et al., 2014). This method is generally applied throughout 

hospital laboratories to manage stock levels and minimise component wastage. Its 

application being primarily manual. 

 

A FIFO stock management model was created using MS Excel. Under a FIFO stock 

management model, it is assumed that the oldest units in stock will be the first units 

used/issued thereby reducing unnecessary wastage due to outdating. The FIFO stock 

management model was used to: 

1) Evaluate the effectiveness of the current stock management system to follow a 

strict FIFO stock management policy.  

2) Determine the lowest possible LD-RCP wastage for pre-hospital demand using 

the static supply of LD-RCP component used throughout the study period 

3) Test different algorithms of adjusted component supply to determine an optimal 

supply to meet demand and reduce component wastage 

 

Seven FIFO models were developed with a 14-day shelf life to mirror the actual shelf life 

of the WB component. The supply of WB component for each of the seven models was 

altered with different algorithms based on stock levels. Each model was assessed to 

determine the optimal model for minimising component wastage whilst ensuring that 

demand was met.  A further seven models were developed with a 21-day shelf and the 



19095929 

42 
 

same stock management algorithm to evaluate whether an extended shelf-life would 

influence the potential wastage levels of the component.  

 

33.4.4 Simulation 

 Simulation is an operational research technique that is used to imitate (simulate) the 

operation of a process or system (Hillier and Lieberman, 2015). Simulation can be used 

to experiment with and test the suitability of mathematical models to determine the 

most optimum model for the problem to be solved. In this thesis simulation was used to 

generate WB component demand for each of the FIFO models.  A Monte Carlo 

simulation was developed using MS Excel. A Poisson probability distribution was used 

to generate the random  variables for the component demand. This randomly generated 

demand data was then used as demand input for the FIFO model to generate various 

outcome profiles. Effectiveness of each FIFO model was determined by the sum of 

component wastage plus the unmet demand. 
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CChapter 4 Assessing the risks of haemolysis as an 
adverse reaction following the 
transfusion of ABO incompatible 
plasma-containing components - A 
scoping review 

 

4.1 Introduction 
The ABO blood group system remains the most important and clinically significant due 

to the naturally occurring presence of anti-A and anti-B in donors and recipients. These 

antibodies can result in immune red blood cell destruction (or haemolysis) leading to 

significant morbidity and mortality for the recipient if ABO incompatible components 

are transfused. ABO incompatibility can be classified into two types: major 

incompatibility, where antibodies in the recipient bind to transfused red cells and minor 

incompatibility where antibodies in the transfused blood component bind to the 

recipients red cells (Daniels and Bromilow, 2013).  

 

Whilst the risk of haemolysis and serious harm is higher with the transfusion of ABO 

incompatible red blood cells (RBC) than with ABO incompatible plasma components 

(Bolton-Maggs, P (Ed), Poles, 2018), there is still a risk of haemolytic transfusion 

reactions with components containing plasma (i.e. fresh frozen plasma and platelets). 

Currently, national guidelines recommend that patients should receive ABO identical 

plasma and platelet components as a first choice (Nahirniak et al., 2015; Estcourt et al., 

2017; Green et al., 2018; The Australian and New Zealand Society of Blood Transfusion, 2020; 

Cardigan et al., 2021) and for patients with an unknown blood group, group AB is the 

universal and ideal blood group to transfuse. However, the prevalence of group AB 

donors in the population is very low. Therefore, several guidelines and blood services 

now recommend that group A plasma, which is negative for high titre Anti-B could be 

used as an alternative to reduce the risk of haemolysis due to the transfusion of non-

ABO identical plasma/platelets. This, however, introduces complexity in finding suitable 

ABO groups of the components based on the recipients ABO group and specifying that 

the components are ‘high titre negative’ for anti-A/B. Further, not all blood providers 
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routinely screen for high-titre anti-A/B and the cut-off level for what is defined as ‘low 

titre’ or ‘high titre negative’ remains unknown and lacks international consensus.  

 

Most international blood services have accepted an anti-A and anti-B titre of <100 for 

IgM and <400 for IgG antibodies as a safe cut-off (Berséus et al., 2013; Yazer and Spinella, 

2020; Cardigan et al., 2021). However, there is a great deal of variation in component 

titration methods, and it is therefore, difficult to establish a threshold for the critical 

high titre classification. Furthermore, the relationship between the titre and the risk of 

haemolysis is not absolute and the severity of haemolysis from a transfusion of ABO 

incompatible plasma/platelets components can be affected by other factors, including, 

the isotype, volume transfused, age and weight of the recipient as well as underlying 

pathology (Mark H Yazer et al., 2018). A further consideration in determining an 

appropriate cut-off for high titre screening is drawing a balance between removing high 

titre donations and ensuring an adequate supply of components. 

 

There is now interest in transfusing whole blood (WB) components in emergency and 

pre-hospital settings, as this allows for the 1:1:1 resuscitation of bleeding patients with 

red cells, plasma, and platelet transfusion (Holcomb et al., 2015). In such settings, if we 

are to transfuse WB in the early stage of bleeding, a group O WB component (that 

contains both anti-A and anti-B in the plasma) would be the most appropriate group to 

transfuse, as the patient’s blood group is likely to be unknown. Therefore, for non-group 

O recipients there is a potential risk of a haemolytic transfusion reaction occurring due 

to the transfusion of ABO incompatible plasma. Thus, it is important to quantify this risk, 

particularly as these patients are likely to receive a high volume of plasma in the 

immediate resuscitation period.  

 

This scoping review aims to assess the evidence on the impact of ABO incompatible 

plasma/platelets and determine the lowest observable anti-A or anti-B titre levels and 

the lowest volume that have resulted in haemolytic transfusion reactions (both 

laboratory and clinical). This review has concentrated only on minor ABO incompatibility 

and therefore, restricted the review to the transfusion of ABO incompatible plasma-

containing blood components (platelets, plasma, cryoprecipitate, and whole blood) and 

the risk of haemolysis associated with anti-A and anti-B in the transfused component 
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only. Other adverse reactions associated with the transfusion of blood components 

were not considered. 

 

44.2 Objectives 
Objectives of this scoping review were to answer the following questions: 

1. In individuals receiving ABO incompatible plasma containing components, what 

is the lowest observable anti-A and anti-B titre (measured by IgG or IgM) 

reported in the literature that has resulted in haemolysis (clinical or laboratory)? 

 

2. In individuals receiving ABO incompatible plasma containing components, what 

is the lowest observable ABO incompatible plasma volume that has resulted in a 

haemolysis? 

 

4.3 Methods 

4.3.1 Review Protocol 

The protocol was written using the PRISMA extensions for Scoping Reviews. 

 

4.3.2 Eligibility Criteria 

Studies were eligible if they included patients of any age, who received a transfusion of 

an ABO incompatible plasma containing component where haemolysis was reported. 

Paediatric population was defined as ages 0-17 years. 

 

“Plasma containing component” was defined as, fresh frozen plasma (FFP), thawed 

plasma, FFP24 (plasma frozen within 24hrs), lyophilised plasma, freeze dried plasma, 

pathogen inactivated plasma, cryoprecipitate, apheresis platelet, pooled platelet, or 

whole blood.  

4.3.3 Exclusion Criteria 
Studies were excluded if they addressed: ABO incompatible packed red cell transfusions; 

intravenous immunoglobulins; anti-D administration; haematopoietic stem cell 

transplants, and studies using animal models. Haemolysis was defined as described in 

each individual study.  
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Studies were included if they were randomised control trials (RCTs), cluster-RCTs with 

at least two interventions, non-RCTs, repeated measures studies, controlled before-and-

after studies, case reports, case control studies, reports from hemovigilance schemes if 

published as a paper and any other study type that has assessed the risk of haemolysis 

with ABO incompatible plasma transfusion.  

 

44.3.4 Information Source and Search Strategies  

An information specialist (Carolyn Doree) searched the following databases from their 

inception to 24 April 2022; MEDLINE (OvidSP), PubMed (pre-MEDLINE publications 

only), Embase (OvidSP), CENTRAL (The Cochrane Central Register of Controlled Trials) & 

CDSR, The Cochrane Library (Wiley interface, 2022, Issue 4), Transfusion Evidence 

Library (Evidentia Publishing, Web of Science (Thomson Reuters), Scopus (Elsevier), 

Clinicaltrials.gov and the WHO International Clinical Trials Registry Platform (ICTRP).  

There were no restrictions on publication date, language, publication status or study 

design. Search terms, inclusions and exclusions are presented in Appendix 2.  

 

4.3.5 Selection of sources and evidence 

Search results were uploaded to Covidence, a web-based software platform, to facilitate 

the screening process. Three review authors (Myself (JM), Tom Bullock (TB) and Sian 

Huish (SH)) independently screened abstracts and then the full text of potentially eligible 

studies, with one reviewer (JM) screening all abstracts and full texts. Any disagreements 

were resolved by consensus.  

 

4.3.6 Data extraction process 

A data-extraction form was developed by three reviewers (JM, TB and SH) with input 

from Susan J. Brunskill. The three reviewers (JM, TB and SH) independently extracted 

the data, discussed the results, and continuously updated the data-extraction form. A 

pilot of the data-extraction form was completed by all three reviewers prior to starting 

the extraction process. 

 



19095929 

48 
 

44.3.7 Data Items 

The following parameters were collected: study ID, study setting and country, date of 

publication, study participant demographics, details of component transfused, the 

volume of component transfused, details of assays used to measure anti-A and anti-B 

titre, recipient and component blood type, and details of diagnostic tests used to 

measure haemolysis markers. Data on clinical outcomes where available, were also 

collected and this included mortality, morbidity and whether a haemolytic transfusion 

reaction was reported. Due to constraints on time, resources, and the age of some 

papers we did not contact the authors of the papers if missing data was identified or 

suspected.  

 

4.3.8 Synthesis of Results  

The extracted data was summarised in a table format, grouping studies by type and ABO 

blood group of the component transfused, age of patients, method of measuring the 

titre levels and volume of plasma component transfused. The primary outcome of this 

review was anti-A and anti-B titre (measured by IgM or IgG) that resulted in measurable 

haemolysis following ABO incompatible plasma transfusion The secondary outcome was 

assessing the association between volume of ABO incompatible plasma administered 

and haemolysis. 

 

4.3.9 Statistics   

As this is a scoping review, we have not statistically analysed the data, rather we have 

reported the findings in tables and plots and commented narratively on the findings in 

the text. The focus of the reporting is the anti-A and anti-B titre, volume of ABO-

incompatible plasma transfused, and patient outcome. Data for adult patients is 

reported separately from data for paediatric patients, as we considered the volume and 

titre of anti-A/B that may cause haemolysis to be different.  
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44.4 Resultss 

4.4.1 Studyy Selectionn  

5,681 citations were identified (including 224 ongoing trials), which were reduced to 

3,712 citations after duplicates were removed (Figure 4-1). Three review authors (JM, 

TB and SH) excluded 3262 citations based on the abstract, leaving 450 full text articles 

for review. The full text of 93 records could not be found: thus, 357 full text articles were 

reviewed for eligibility. Of the 357 citations, 308 studies were excluded because; 279 did 

not report haemolysis and 29 reported haemolysis due to something other than ABO-

incompatible plasma containing transfusion. Of the 49 eligible papers, all were case 

reports/short case series. No completed or ongoing RCTs were identified.

Figure 4-1: Prisma Flow Diagram 
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44.4.2 Synthesis of Results 
A total of 49 papers, all case reports, published between 1946 and 2022, were included, 

of which eight reported more than one case of haemolysis, thereby 62 cases of 

haemolysis provided the data for this review.  34 (53%) cases involved adult patients 

(Table 4-1), 14 (22%) were paediatric patients (Table 4-2) and 14 (22%) cases did not 

specify the age of the patient (Table 4-3).  

 

The data extracted is presented in Figure 4-2 and discussed separately for adults and 

children below.
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44.4.3 Adult cases 

 Component & Blood Group 

The blood components responsible for the haemolysis reported in 34 adult cases were 

apheresis platelets (24, 70%), pooled platelets (7, 20%) both apheresis and pooled 

platelets (1, 3%) whole blood component 1 (3%) and platelet that was not further 

specified as apheresis or pooled 1 (3%). Of the components transfused, 26 (76%) were 

group O, 4 (13%) were group A, 1 was group B and 3 (9%) were reported as multiple 

units transfused of different groups (O, A & B).  

 

 Haemolysis and clinical outcomes 

Of the 34 adult cases, 20 (59%) reported both clinical symptoms, DAT, and eluate results. 

26 (72%) reported a positive DAT, 24 (70%) reported an eluate result and 29 (85%) 

reported clinical symptoms of haemolysis.  Patient outcomes were reported in only 14 

(41%) cases and 3 (9%) reported the death of the patient associated with haemolyis. 

These 3 cases were all following the transfusion of group O apheresis platelets, 

haemolysis resulting from anti-A in 2 cases and anti-B in 1 case, all with a titre of >500. 

 

 Antibody titre 

Of all adult cases, 28 (82%) reported the antibody titre of the unit responsible for causing 

the haemolysis (Table 4-1), of which 19 were due to anti-A, 8 were due to anti-B and 1 

was due to anti-A and anti-B. However, only 24 (71%) cases reported the method of 

measurement, temperature, or the isotype. The antibody isotype (IgG or IgM) was only 

directly reported in 5 cases, the temperature (37oC or room temperature (RT)) of the 

method was recorded in 6 cases and the methods recorded in the papers were as 

follows; saline (11), Anti-Human Globulin (AHG)/IAT (10), immediate spin (1), 2 cases 

specifically reported that testing was carried out using the tube  method and 2 cases 

reported the use of Dithiothreitol (DTT). The lowest antibody titre reported in the 

literature for adult patients was an anti-A titre of 32 measured by AHG and an antibody 

titre of 32 measured at RT and for anti-B it was 512 IgG and IgM. 
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 Component Volume 

13 (41%) cases reported the volume of the component or the volume of plasma in the 

component. The lowest component volume transfused that was reported in the adult 

literature was 100ml of a group A apheresis platelet unit transfused to a group B patient 

with an anti-B titre of 16384 measured by IgG. The transfusion reaction was 

characterised by dark brown urine and a grossly haemolysed sample with a positive DAT. 

The patient was reported to have made a full recovery. 

 

44.4.4 Paediatric cases 
 Component & Blood Group 

The blood components responsible for the haemolysis reported in the 14 paediatric 

cases were apheresis platelets (9), pooled platelets (1), whole blood component (1), 

cryoprecipitate (1), pooled plasma (1), and thawed plasma (1). Of the components 

transfused, 13 were group O and 1 was group A. 

 

 Haemolysis 

Of the 14 paediatric cases included in this review, 11 reported a positive DAT, 10 

reported an eluate result and 13 reported clinical symptoms of haemolysis. A total of 6 

cases reported clinical symptoms, DAT, and eluate results. Patient outcome was 

reported in 11 cases and 4 cases reported the death of the patient due to haemolysis. 

 

 Antibody titre 

Of the 14 paediatric cases reported, 9 reported the antibody titre of the unit responsible 

for causing the haemolysis of which 7 were due to anti-A and only 2 were due to anti-B 

(Table 4-2). However, only 2 cases reported the isotype measured. The temperature of 

the method was recorded in 3 cases and the method was reported in 3 cases (Saline and 

IAT/AHG). The lowest antibody titre reported in the literature for paediatric patients was 

an anti-A titre of 32, although no measurement method was provided from these cases: 

one of the transfusions resulted in the death of the patient due to haemolysis. For anti-

B the lowest antibody titre reported to cause haemolysis was 16,384 as measured by 

saline. 

 

 Component Volume 
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A total of 8 paediatric cases reported the volume of the component or the volume of 

plasma in the component. The lowest component volume transfused that was reported 

to have caused a haemolytic transfusion reaction (HTR) in the paediatric literature was 

15mls of a unit of cryoprecipitate, no antibody titre was reported, and the patient was 

reported to have made a full recovery.  

 

44.4.5 Age not specified cases 
 Component & Blood Group 

The blood components responsible for the haemolysis reported in the 14 cases where 

age was not specified were apheresis platelets (7) and platelets that were not further 

specified into apheresis or pooled (7). Of the components transfused, 11 were group O 

2 were group A and 1 group B. 

 

 Haemolysis 

Of the 14 cases where age was not specified, 1 reported a positive DAT and eluate result 

and 3 reported clinical symptoms of haemolysis. A total of 8 cases reported patient 

outcome and 8 reported the death of the patient due to haemolysis. 

 

 Antibody titre 

Of the 14 cases where age was not specified, 8 reported the antibody titre of the unit 

responsible for causing the haemolysis, of which 4 were due to anti-A and only 2 were 

due to anti-B (Table 4-3). However, only 1 case reported the isotype measured. The 

method was reported in 3 cases (Immediate spin and IAT/AHG). The lowest antibody 

titre reported in the literature for this group was an anti-A titre of 512 and .an anti-B 

titre of 128 as measured by immediate spin. 

4.4.6 Relationship between volume and titre 
There was a paucity of data reported on the volume of the components transfused in 

each of the cases identified, with only 43.8% reporting the volume of the component 

transfused or the volume of plasma in the component. The lowest volume that resulted 

in haemolysis for both the adult and paediatric populations were 100mls and 15mls 

respectively. With this very limited sample, there were no obvious relationships 

between volume and titre (Figure 4-2).  
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Figure 4-2:A graph showing the relationship between volume of component transfused and 
IgM/IgG titre. 
Reported titres (IgM and IgG) plotted against reported volume with missing values replaced 
by negative numbers so that a volume with no reported titre will be plotted to the left of the 
y-axis and a titre with no reported volume will be plotted below the x-axis. The x-axis is on a 
log scale to make the lower titres more readable. Excludes one very high volume (5,700ml) 
with no reported titres.

44.5 Discussionn 
4.5.1 Summaryy off Evidencee 

In this first systematic scoping review the objectives were to determine a) the lowest 

observable anti-A and anti-B titre reported in the literature with ABO-incompatible 

plasma-containing components that resulted in a HTR (based on clinical or laboratory 

definitions), and b) the relationship between titre and volume and lowest observable 

ABO incompatible plasma volume that has resulted in a HTR. 

The findings identified 62 case reports (34 adults and 14 paediatric, with 14 cases not 

reporting age) where ABO incompatible plasma containing components have resulted 
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in haemolysis. There was heterogeneity in the methods for reporting haemolysis and 

the ABO titration methods. The volume of the components transfused in each of the 

cases was poorly reported with only 19 (31%) providing this information. Antibody titre 

was also poorly reported with 47 (74%) of cases providing this information and only 23 

(37%) reporting the titres for both IgG and IgM isotypes. Platelet components were the 

most reported components to result in haemolysis in both paediatrics and adults. The 

lowest anti-A titre reported to cause haemolysis was 32 (paediatrics and adult), while 

for anti-B it was 512 (IgG and IgM) for adults 16,384 for paediatrics (IgG and IgM) and 

128 (IgM) in cases where the age was not specified. The lowest component volume 

transfused that was reported to have caused a haemolytic transfusion reaction was 

100ml in adults and 15mls in paediatric. Clinical outcomes were also poorly reported, 

but of the 34 (55%) cases that reported these, 15 (24%) cases reported that the patient 

had died.
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44.6 Discussion of the results  
In this first scoping review, 62 case reports were identified between 1946 and 2022 

where ABO incompatible plasma/platelet components have resulted in haemolysis. 

There were no completed or ongoing randomised trials. As expected, platelet 

components were the most reported components to result in haemolysis in both the 

paediatrics and adults, as ABO-incompatible platelet transfusions are components more 

often given compared to ABO-incompatible plasma due to limitations in supply including 

HLA requirement. There were also two cases that reported haemolysis from a unit of 

whole blood (1 adult case with an anti-A titre of 2048 and 1 paediatric case with an anti-

B titre of >64000 IgG). These cases were reported in 1946 and 1995 (Ebert and 

Emerson  Jr., 1946) (Boothe et al., 1995) respectively, prior to more recent requirements 

to screen such donations for high titre anti-A/B.  

 

With increasing interest in the use of whole blood for resuscitation of trauma patients 

who are bleeding, it is very important to put these results into perspective. A systematic 

review conducted to assess the difference in safety outcomes with the transfusion of 

WB compared to blood components for any bleeding patient regardless of age or clinical 

condition identified six RCTs with a total of 618 participants, none of which were 

reported to have suffered from a haemolytic transfusion reaction (Geneen et al., 2022). 

Similar results have been reported in recent observational studies of whole blood 

transfusion in trauma patients (Harrold et al., 2020).  It is important to acknowledge 

that during bleeding there is a significant blood volume loss and therefore it could be 

argued that the risk of haemolysis in such patients could be lower compared to patients 

who are not bleeding. Furthermore, an international survey on the use of group O whole 

blood for the resuscitation of civilian trauma patients in 2020, showed that the 

definitions for ‘low titre anti-A and anti-B’ varied between <50 and <256 with the two 

main methods being Saline tube without anti-human globulin (AHG) or Saline tube with 

AHG (Yazer and Spinella, 2020). 

 

Group O was the most common blood group to cause haemolysis and many clinical 

guidelines indeed advise against the use of group O plasma containing components for 

non-group O patients (Green et al., 2018; The Australian and New Zealand Society of 
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Blood Transfusion, 2020) unless a significant amount of plasma has been removed for 

example by suspending platelets in platelet additive solution (PAS). Anti-A was the 

antibody responsible for most cases of haemolysis, which supports the existing 

knowledge base that anti-A is more immunogenic than anti-B. Group A was responsible 

for 7 (4 adult, 1 paediatric and 2 age not specified) cases of haemolysis, all reported 

within the last 12 years from the transfusion of apheresis platelets. All these cases had 

an anti-B titre above the level considered ‘safe’ by most international blood services 

with the lowest titre to result in haemolysis reported as 512 measured by saline tube 

(Shachner and Clark, 2018). 

 

There was huge heterogeneity in the way that ABO titration methods were reported, 

with some papers only reporting the temperature and others reporting the isotype of 

the antibody being measured. Some papers reported two methods and titre levels 

however, there was often no explicit reference to the isotype measured although this 

could be inferred from the data. Further, the methods for reporting haemolysis varied 

between papers. Some papers reported serological haemolysis with DAT and an eluate 

being the most common laboratory tests, others reported only clinical haemolysis, and 

some reported both laboratory and clinical haemolysis. The details on clinical recovery 

were not provided for all cases, and where it was provided (34 cases), a full recovery 

was reported in 19 cases, and 15 patients (3 adult, 4 paediatric and 8 no age specified) 

died due to haemolysis, highlighting the need for caution when transfusing ABO 

incompatible plasma components and the importance of establishing safe ABO titres.  

 

Results of the review showed that 88% of cases reported the titre of the ABO antibody 

responsible for haemolysis and the lowest titre reported to cause haemolysis in both 

the paediatric and adult cases was an anti-A IgG titre of 32. Based on the current 

evidence and taking into considerations the limitations mentioned above, we can 

conclude that an anti-A titre of less than 32 could be considered the lowest cut-off to 

minimise the risk of haemolysis associated with ABO incompatible plasma transfusion. 

A recent international forum that assessed the policies for the transfusion of ABO or RhD 

non-identical platelets, reported the current methods and cut offs for measuring high 

titre anti-A and anti-B from eight different respondents. The majority of countries 

routinely test for IgM only, with all having a cut off between 64 and 128 equivalent to 
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saline tube agglutination method. These cut offs are at a level chosen to achieve a 

pragmatic balance between reducing risk of haemolysis as far as possible on the one 

hand, whilst maintaining an adequate supply of components on the other hand 

(Cardigan et al., 2021).  

 

The findings from this review suggest that in order to fully mitigate the risk of haemolysis 

from ABO incompatible plasma transfusion, a lower cut off of 32 may be required.  This 

could theoretically be achieved through more selective screening of donations, but this 

will result in too many donations being unable to be used due to the likely limited 

proportion of the donor population with values below 32, especially for group O donors. 

Although the lowest titre of anti-A that was implicated in a HTR was as low as 1/32 IgG, 

reports at this level are rare, most being associated with higher titres. Therefore, there 

needs to be a balanced consideration between the titre at which risk reduction for HTR 

is likely to be maximised and the ability to have sufficient donations to make such 

products from.  

 

The case reports within this review are too few to draw conclusions on the relationship 

between IgG and IgM in blood donors, and whether there is a need to review policies 

for whether IgG as well as IgM should be screened for. In fact, large data sets on this 

aspect are lacking. Alternatively, another way of addressing this issue is to consider 

methods to further dilute or remove anti-A/B from plasma-rich blood components.  

 

No strong conclusions can be drawn about the importance of volume, or the relationship 

between volume and titre, with respect to risk of haemolysis due to limited data 

provided in the case reports. We considered that it is likely that not only the titre of anti-

A/B in the component is important, but also the volume of the component transfused 

i.e. the dose of antibody transfused. Additionally, factors such as avidity of the 

antibodies and recipient factors would also likely be important in determining whether 

a reaction would occur. Defining a critical cut off is challenging, in part because as this 

review suggest, and others have postulated, there is no definitive relationship between 

titre and risk of HTR (Karafin et al., 2012). Although volume and titre of incompatible 

plasma transfused are related to risk, this relationship is not absolute and recipient 

factors such as ABO zygosity and complement regulatory deficiencies are thought to play 
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a role in determining the likelihood of a HTR occurring (Pandey et al., 2017; Branch et 

al., 2018). Further, adsorption of anti-A and B through soluble A and B antigens on the 

endothelium of patients of mis-matched ABO group are thought to contribute to the low 

level of HTR observed. We note that there are several points on the plot in Figure 4-3 

which correspond to fairly low titres transfused in fairly low volume and so it is clear 

that there is a risk even when volume*titre is relatively small. We cannot reliably 

quantify that risk.  

 

The evidence in this review consists largely of case reports, less than half of which 

reported both volume and titre(s), and there will be some bias inherent in the decision 

to publish a case report at all. Very high volumes transfused imply very sick recipients 

and it is possible that haemolysis is less likely to be considered a notable outcome worth 

publishing for this group, especially when weighed against the ability to obtain large 

quantities of blood products in an emergency. Conversely, very high titres ordered or 

supplied in error, or because the risk was perceived to be small for low volume 

transfusions, might be less likely to be published because the motivation of case reports 

is often an interesting or unexpected outcome, and not a confession of clinical error. 

The non-random sample of cases reported in the literature means that we cannot 

conclude that the relatively high proportion of deaths (15%) in this review is at all 

representative of the true underlying risk from ABO-incompatible plasma transfusions. 

 

44.7 Limitations 
This scoping review has some limitations. Firstly, to make the review more feasible, only 

papers that were written in English were included and secondly, only papers that were 

available online were included. Thirdly, due to large number of abstracts and papers that 

were screened and reviewed and because most of the missing data would not exist due 

to the nature of case reports and the age of many of these papers, it was not possible 

to approach authors for incomplete data. The year that the cases were published also 

poses as a limitation due to the fact that transfusion practices have developed over the 

years and some of these case may not directly reflect current transfusion practices. The 

impact of these limitations to the overall findings of the review cannot be reliably 

quantified. Moreover, we need to recognise that the rate of under recognition and /or 
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under reporting of this complication is probably significant (Lozano et al., 2010), and 

therefore would not have been captured by this review. 
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CChapter 5 Feasibility of delivering combined Red 
Cell and Plasma Component for pre-
hospital service  

 

5.1 Background 
There is now a huge interest in re-introducing a whole blood (WB) component as a 

replacement for current blood components to resuscitate patients with traumatic major 

bleeding, particularly those presenting in pre-hospital settings. In pre-hospital settings 

the deliverability of a 1:1:1 ratio of individual components (i.e., RBC, plasma and 

platelets) poses logistical challenges as this would: a) necessitate additional weight for 

the pre-hospital personnel approaching the scene of the accident; b) increase the 

complexity of resuscitating patients because several bags (blood and fluid) would need 

to be administered to a patient who may not have enough intravenous access, and the 

clinical team are occupied doing other important tasks; and c) delay the transfer of 

patients to hospital because the clinical team would  attempt to transfuse both RBC and 

FFP at the scene, which could potentially be detrimental to outcome. A combined 

component like WB or LD-RCP may reduce these logistical complexities.  

 

In England, all blood components are manufactured by NHS Blood and Transplant, who 

supply blood throughout the NHS. The manufacture of WB is more complicated than 

other components, due to the current manufacturing process involved with leucocyte 

depletion, introduced in 1999 to reduce the risk of variant CJD (vCJD) transmission. The 

leucocyte-depleted (LD) filter used to manufacture current components also removes 

80% of the platelets. So, in addition to the individual components of RBC, platelets and 

plasma, NHSBT can produce LD-RCP (RBC + plasma in the same bag) that could 

potentially overcome the logistical challenges of administering blood in the prehospital 

environment. However, studies comparing its efficacy and safety, against standard 

blood components, have not been conducted.  

 

Group O Rh D Negative (‘O Neg’) is considered the safest group to transfuse to patients 

with unknown blood groups. However, transfusing group O LD-RCP or LD-WB (both 

contain anti-A and anti-B in the plasma) can give rise to the potential risk of haemolysis 
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due to anti-A and anti-B in non-group O recipients. Thus, it is important to quantify this 

risk, particularly as these patients are likely to receive a high volume of the components 

in the immediate resuscitation period (Yazer et al., 2018).  A recent systematic review 

aimed at assessing the difference in safety outcomes with the transfusion of WB 

compared to blood components for any bleeding patients, reported that none had 

suffered from a haemolytic transfusion reaction (n= 618 participants) (Geneen et al., 

2022). Similar results have also been reported in recent observational studies of whole 

blood transfusion in trauma patients (Harrold et al., 2020)(Yazer et al., 2016). Despite 

these studies demonstrating the safety of transfusing a group O WB component to 

trauma patients it’s important to recognise the variation in component manufacture and 

the non-standardised methods for measuring low titre components in different 

countries, as shown in chapter 4.  

 

In addition, group O Neg red cell donations are also required for the manufacture of O 

Neg RBC used for the transfusion of group O Neg patients, for neonatal and for 

emergency transfusion of patients with acute bleeding requiring urgent resuscitation. In 

the UK, 12% of the demand for RBC is for O neg. This group makes up only 8% of the 

population (Foukaneli and et al, 2018), so there is a shortage of donors and supply of 

this type (Foukaneli and et al, 2018) making donated O Neg blood is a precious resource 

for the NHS.   

 

LD-RCP and LD-WB have a much shorter shelf life than RBC: 14 days compared with 35 

days. In the US, unused WB is re-processed after 10 days to produce RBC (Yazer et al., 

2016), minimising component wastage of WB if the latter is not used within its shelf life. 

However, this is not possible in the UK due to regulatory constraints on hospital blood 

banks and hospital blood establishments. Therefore, if LD-RCP/WB components are 

used for one group of patients (i.e. pre-hospital trauma bleeding patients) one would 

anticipate the wastage level to be high due to their shorter shelf life than RBC, however 

this has not been assessed before. For long term sustainability, minimising LD-RCP 

wastage is crucial in deciding the feasibility of introducing a WB component nationally 

for the future.  
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55.2 Aims and Objectives 
The overall aim of this chapter was to assess the feasibility to deliver LD-RCP 

components (and eventually LD-WB by extension) to patients who are bleeding in the 

pre-hospital setting, so as to lay the groundwork for a future trial that will compare the 

efficacy and safety of LD-WB versus other different transfusion strategies. 

 

The objectives of the study were to: 

1) Evaluate the clinical and serological effects of transfusing group O LD-RCP to non-

group O patients  

2) Describe and quantify blood component usage, wastage and ‘on time in full’ 

(OTIF) delivery of LD-RCP defined as: 

 number of days per-year where the component was delivered in 

accordance with agreed specification divided by the number of days 

where the said component was meant to be delivered.  

3) Evaluate quality improvement measures introduced to reduce wastage 

 Project A: widening access to the blood product (and thus 

increasing demand) 

 Project B: maximising the useful availability of the product by 

adjusting the delivery schedule. 

 

5.3 Methods  
5.3.1 Study Setting 
A ‘Whole Blood Programme Group’ was established to evaluate new strategies to 

reduce the LD-RCP wastage, deal with other issues arising during the study and feedback 

results and progress to key stakeholders. This group was a multi-disciplinary team 

consisting of the key study members (Haematology consultants, Emergency Medicine & 

Trauma consultants, transfusion scientists, a research fellow, blood component 

development scientists and blood component manufacturing specialists). The group met 

every four months to review the overall progress of the study and formulate new actions 

plans. Key members directly involved in the management of LD-RCP delivery and stock 

management met more regularly to discuss compliance and review the data prior to the 

Group’s main meetings. 
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55.3.2 Observational study  

Prior to this study, the London Air Ambulance (LAA), a helicopter emergency medicine 

service (HEMS) based at the Royal London Hospital (RLH), carried group O RBC on board 

as part of a ‘blood on board’ initiative established in 2012 (Rehn et al., 2019). The service 

delivers advanced trauma care in the pre-hospital setting to London’s most seriously 

injured patients. In November 2018, HEMS, made a clinical decision to change 

transfusion management of trauma bleeding patients in the pre-hospital setting from 

RBC only to LD-RCP. This was part of the ‘Whole Blood Programme’ agreed between 

NHSBT and RLH emergency team. 

 

All LD-RCP issued by NHSBT were low titre (<1/128 for anti-A and B) group O RhD 

negative, K negative. These were supplied from NHSBT to the transfusion laboratory at 

RLH. The supply chain was managed daily through standing order utilising the routine 

online blood ordering system, as illustrated in Appendix 3. 

 

The LD-RCP units were boxed in transport containers, known as Golden Hour Boxes™ 

(Pelican BioThermal, MN, USA) for transport by the LAA and Emergency Response 

vehicles. These boxes maintain a steady state temperature of 4OC (±2oC) for 48-72 hours. 

Each box was validated to carry two units of LD-RCP for 24 hours. There were always 

three boxes in circulation: one for the helicopter, one for the road vehicle and a third as 

a spare. A total of 6 units of LD-RCP were in circulation at one time. At day 10 of the LD-

RCP shelf-life, units were transferred to remote blood fridges in the Emergency 

department (ED) at RLH for use in trauma bleeding patients only, to reduce component 

wastage. 

 

5.3.2.1 Study participants 

All trauma patients >1yr old requiring prehospital transfusion for major haemorrhage 

following traumatic injury were included in the study. Patients could receive a maximum 

of four units of LD-RCP (each unit 470±50 mL) during the study, while those patients who 

were <50kg could receive a maximum 40 ml/kg. 
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55.3.2.2 Data collection 

Data was collected between November 2018 to October 2020 prospectively. LD-RCP 

component usage, wastage, and data on the level of haemolysis were obtained from the 

Laboratory Information Management System (LIMS), WinPath at RLH. Data from the 

hospital end comprised of the following information: 

Component specific 

 number of units transfused 

 number of units transferred to Golden Hour Boxes™ 

 age of unit when transferred to the ED blood fridge 

 number of components transferred to the ED fridge 

 number of units wasted 

 number of units used in ED for non-trauma or non-bleeding patients 

 

Component wastage was categorised as either wasted in lab (WILAB), units that expired 

whilst still in the laboratory stock fridge or wasted in ward (WIWARD), units that expired 

outside of the laboratory and differentiated into; out of temperature control, where 

transfusion cold chain requirements were not met or time expiry, where the units had  

past their expiry dates.  

 

The number of units transfused was categorised as transfused pre-hospital or transfused 

in-hospital.  

 

Patient specific data collected were  

 number of patients who received >4 LD-RCP units 

 reason for transfusion  

 patient blood group 

 direct antiglobulin test (DAT) 

 haemoglobin (g/L)  

 bilirubin levels (μmol/l) 

If a patient had multiple measurements of Hb or bilirubin taken on the same day, the 

lowest Hb level and the highest bilirubin level were recorded, as these could potentially 

indicate haemolysis. Measurements were recorded on Day 0, Day 1, Day 2 and Day 3.  
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The data collected from NHSBT was comprised of the number of LD-RCP units delivered, 

the number of units requested and the age of units on delivery. During set-up 

agreements for the study, supply of LD-RCP to RLH was agreed at 12 units per week. This 

being a new product, with a short shelf-life and targeted use, the potential level of 

wastage had only been speculated at a level that would have been considered 

acceptable. Figure 5-1 illustrates a high-level process map, indicating the main steps 

involved in the journey of LD-RCP. It also indicates the areas where data collection was 

used to assess the efficiency of the process and the outcome of any interventions to 

improve the primary outcomes. 

 

55.3.2.3 Feasibility criteria  

The feasibility objectives and criteria related to the data collected are presented in Table 

5-3. The objectives were split into three categories: Component wastage, stock 

management and clinical factors. Three criteria for progression were established and 

agreed before the start of the study, these were established in line with the conceptual 

framework for defining feasibility and pilot studies (Eldridge et al., 2016). 
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55.3.3 Quality Improvement 

The quality improvement measures introduced to reduce wastage of the LD-RCP 

component were divided into two main projects: project A and project B: 

 

5.3.3.1 Project A 
The main idea for Project A was to widen access to the LD-RCP units beyond the pre-

hospital setting, so that a unit approaching the end of its shelf-life (and so becoming 

increasingly unlikely to be used for the targeted pre-hospital transfusion) could be used 

by other patients who could benefit. The first Plan Do Study Act (PDSA) cycle in project 

A (A1), was to identify a way of expanding the use of the LD-RCP units to trauma patients. 

 

The first group that were captured were patients who presented at the ED with trauma-

induced major haemorrhage. The units were stored in the ED blood fridge and the ED 

staff were expected to use any LD-RCP available in preference to RBC. It was identified 

that without the necessary training to introduce this new procedure, many staff may 

have been unaware or reluctant to use the new component. A second PDSA cycle (A2) 

was therefore initiated, with the Trauma Research Fellows (TRF) working with ED staff 

with the aim of making preferential use of LD-RCP, when available, in routine practice. 

This cycle involved MDT education, targeted messaging at handovers, weekly focus on 

blood transfusion, and targeted teaching at new staff induction. If the wastage level was 

still above the 8% target, then the last strategy and third PDSA cycle (A3) was to 

transfuse LD-RCP at the end of its shelf-life to other non-trauma patients and trauma 

patients who were bleeding in hospital and needed ongoing transfusion treatment with 

RBC and thawed plasma as part of routine care.  

 

5.3.3.2 Project B 
Following this focus on a new pathway to ED use, the Group agreed that another 

reconsideration of the whole process was required to attempt to reduce the wastage 

further. Project B therefore focused on a greater system process change rather than 

solely a local trust process change, focusing on LD-RCP delivery to RLH to increase and 

adjust its window of availability for use (particularly for pre-hospital use). The weekly 

LD-RCP delivery had been a standard order delivered along with other routine products 

(Appendix 3). The first PDSA cycle of project B (B1) was to work with NHSBT to 
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coordinate the manufacture and delivery schedule, instituting a dedicated LD-RCP 

delivery schedule. On further analysis and reflection, it was identified that more trauma 

cases occurred (and therefore more blood was administered) on Saturday and Sunday 

than any other days of the week. A second PDSA cycle (B2) was introduced to adjust the 

LD-RCP delivery day to allow the 14-day shelf-life to span two Saturday and Sundays. 

 

55.3.4 Analysis 
The serological data comparing the Hb levels and bilirubin levels of group O patients and 

group non-O patient who were transfused LD-RCP were summarised as medians 

[interquartile range] and compared using Mann-Whitney U tests. Counts and 

percentages were used to summarise component usage, wastage, and delivery. Mean 

[standard deviation] were used for continuous data as appropriate. The statistical 

analysis was performed using IBM SPSS statistics (Version 27) predictive analytics 

software. Data was presented using Statistical Process Control Charts (SPC) developed 

in MS Excel. On time in full (OTIF) delivery was calculated using the formula below: 

 

OTIF % = 
Days per-year where the 

component was delivered  x 100.   
Number of units ordered 

 

 

5.4 Results  
5.4.1 Risk of Haemolysis 
A total of 204 patients were transferred to RLH and transfused LD-RCP. Of this 177 had 

a blood group recorded: 81 patients were group O and 96 were non-group O. An average 

of 2 [1.12] LD-RCP units were transfused for both group O and non-group O cohorts. Of 

the 177 that had a recorded blood group 170 patients received less than or equal to 4 

units of LD-RCP and 7 patients received >4 units. Of the 7 patients who received >4 units, 

6 were group O and 1 patient was group B. At least one Hb (g/l) and bilirubin (μmol/l) 

measurement were available from the 177 patients at day 0, day 1, day 2, day 3 or all 4 

time points (Figure 5-2 and Figure 5-3). 
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Distributions of the Hb and Bilirubin levels for group O and non-group O patients were 

similar. Median Hb for group O (92g/l [80-113]) and non-group O (95g/l [79-109]) were 

not significantly different, between the two groups p =0.422. 

Figure 5-2: Laboratory markers of haemolysis - Haemoglobin
Laboratory markers of haemolysis (haemoglobin) in non–group O (n =96) and group O (n =81) 
recipients of at least one unit of LD-RCP. Using a Mann Whitney U test there were no statistically 
significant differences in haemoglobin levels between the non–group O recipients and the group O 
recipients at any of the four time points

Median bilirubin for group O (14μmol/l [8-20.1]) and non-group O (16μmol/l [9-27]) was 

also not significantly different, p = 0.084. 

Figure 5-3: Laboratory markers of haemolysis - Bilirubin
Laboratory markers of haemolysis (bilirubin) in non–group O (n =96) and group O (n =81) recipients of 
at least one unit of LD-RCP. Using a Mann Whitney U test there were no statistically significant 
differences in bilirubin levels between the non–group O recipients and the group O recipients at any 
of the four time points
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A DAT result was recorded in 31 (34.1%) of the non-group O patients, of which 6 were 

positive. Of the 6 positive DAT results, 4 patients were group A and 2 patients group B, 

none of these 6 patients had received more than 4 units of LD-RCP and the DAT strength

was less than 2 in all 6 cases. No transfusion reactions were reported during the study 

period for these patients.

55.4.2 Onn Timee inn Fulll Deliveryy 

Throughout the study period a total of 1253 LD-RCP units were requested from the 

blood service by the hospital (average of 52 [5] units per month), of which 96.5% (n = 

1208 units, n= 604 days) of these orders were delivered on time in full.  There were 45 

(3.6%) units that were ordered and not delivered. Of the 1208 units that were delivered, 

781 (64.7%), 259 (21.5%), 104 (8.61%) and 64 (5.29%) were delivered at 2 days old, 3 

days old, 4 days old and >4 days old respectively (Figure 5-4). 

Figure 5-4: A strip plot showing the age of LD-RCP components on delivery throughout the 
study period (November 2018 – October 2020) . 

The age of units on delivery gradually improved throughout the study period (Figure 

5-5), with fresher units (age 2 days old) being delivered more often. Looking at the data 

in 6-month periods there were a total of 147 (43.75%), 140 (45.6%), 246 (82.0%) and 

243 (91.7%) units delivered age 2 days old in the first, second, third and the fourth 6-

month time periods, respectively.
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Figure 5-5: The % number of LD-RCP components delivered to RLH Laboratory on a 
weekly basis. The % of components delivered on day 2 (D2) improved 
throughout the study. 

55.4.3 Componentt usagee andd wastagee 

Of the 1208 LD-RCP units that were delivered over the 24-month study period, 733 

(60.68%) were transfused (Figure 5-6) and 475 (39.3%) units were wasted (Figure 5-7). 

1180 were transferred to a Golden Hour box at least once, 28 units were sent directly to 

the ED blood fridge from the lab bypassing the HEMS boxes completely. Of the total 

number of units that were transferred to the HEMS boxes, 826 (70%) were transferred 

the pre-hospital setting and 236 (19.5%) were wasted in the lab (WILAB), of which 60 

(25.4%) were out of temperature control (this was mainly due to an issue with the 

Golden Hour boxes) and 176 (74.6%) had time expired (TIMEX).
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Figure 5-6: Number of LD-RCP components transfused per month throughout the 24-
month study period 

Figure 5-7: Number of LD-RCP components wasted per month throughout the 24-month 
study period

For the first four months of the study LD-RCP component was used solely in the pre-

hospital setting. Following this introductory period and to help reduce the level of 

component wastage, units were transferred to the ED blood fridge at day 10 of their 

shelf-lives for transfusion to trauma patients only. A total of 423 (35%) units were 

transferred to the ED blood fridge, of which 70 (16.5%), 81 (19.1%), 118 (27.9%) and 154 

(36.4%) units were transferred on days 10, 11, 12 and 13 days old, respectively. Of the 

units that were transferred to the ED fridge 184 (43.5%) units were transfused and 239 
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(56.4%) were wasted, of which 7 (2.9%) were out of temperature control and 232 

(97.1%) due to TIMEX.  

 

A mean [Standard Deviation] of 20 [9.32] units a month were wasted throughout the 

24-month study period. Despite this the total component wastage level did reduce 

significantly throughout the study period with the component wastage per month for 

the first 12 months being 26 [9.07] units versus 14 [5.13] units in the last 12 months of 

the study period (p=0.001). 

 

55.4.4 Quality Improvement  

The two main metrics of interest from a quality improvement (QI) standpoint were total 

measured on a weekly and monthly basis. In the first phase of this QI programme, the 

Current Condition of the new process was established: mapping the LD-RCP flow (Figure 

5-1) and establishing baseline performance on the metrics (Figure 5-7 and Table 5-1: 

Feasibility objectives for the observational study).  

Once the project started, it was found that the initial (baseline) wastage was very high 

(70%) and that many units had limited shelf-life remaining at delivery (only 42% were 

old and therefore having at least 12 days of opportunity for use). It became 

evident, therefore, that very considerable improvements were necessary. 

 

5.4.4.1 Project A 

The aim of Project A was to extend the LD-RCP pathway by moving remaining units down 

to the ED fridge at 10 days old (only 4 days of shelf-life remaining). Note: this never 

emptied the Transfusion Lab and HEMS stock as by Age 10 days a subsequent delivery 

would have occurred, and units were used oldest-first (FIFO stock management 

method). The first statistical process chart (SPC) demonstrated that the level of wastage 

was much higher than had first been anticipated, with a mean weekly wastage of 8.36 

units per week (70%). The baseline data demonstrated a high level of component 

wastage; however, it did demonstrate a stable baseline, a good platform to perform any 

QI work. 
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The first PDSA cycle (A1) established the transfer of LD-RCP units to the ED blood fridge 

at day 10 and tested the impact. It achieved the first modest, interim target of 50% 

component wastage, reaching a mean weekly component wastage of 5.88 units (49%). 

During this phase, it was picked up that ED staff were not always using LD-RCP when it 

was available.  

 

Cycle A2 took the remedial step of having trauma research fellows (these are 24hrs, 7 

days a week on duty) working with ED staff to educate and encourage take-up, a 

challenging task in an area of rapid staff turnover. The SPC chart highlights that following 

the start of this cycle, the impact of this step was delayed. Despite this delay in reducing 

the wastage level, A2 did achieve a reduction in wastage, reducing the mean component 

wastage from 5.88 units (49%) to 4.54 units per week (38%) (Figure 5-8 upper graph). 

 

The total wastage of LD-RCP units was reduced over the length of the study. However, 

on 17 weeks throughout this study period (103 weeks in total) the target wastage level 

of 1 unit per week was achieved. Although, the overall target level of 8% total 

component wastage was never reached. It was not possible to test the impact of the last 

QI step on wastage levels (i.e. transfusing LD-RCP to other non-trauma patients in 

hospital who are bleeding) due to the impacts of the COVID-19 pandemic on staffing and 

resourcing levels towards the end of this study period. Later, further analysis established 

that not all LD-RCP wastage had occurred at the end of shelf life: 5.7% of LD-RCP units 

were discarded due to failures in cold chain (these units were not kept at the appropriate 

temperature when stored). Furthermore, it was also found that only 16.5% of transfers 

of units to ED occurred at the intended 10 days old (and 36% were > 12 days old) 

representing opportunities for further improvement within the local system. 

 

55.4.4.2 Project B 

The baseline data highlighted that LD-RCP was not being delivered to RLH as fresh as 

desirable. One unit was already 9 days old, so only having 5 days of shelf-life left (and, 

under the new pathway, only 1 day for pre-hospital use before transfer to the ED blood 

fridge). The baseline data highlighted that a mean of only 42% of units were delivered 

at a (Figure 5-8 lower graph).  
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A year after the study commenced, cycle B1 and B2 addressed the age of units on 

delivery ( ) through changes to the transport and delivery 

arrangements with NHSBT. The number of units delivered at a days improved from 

the baseline of 42% to 86%. As demonstrated in Figure 5-8, the number of data points 

above the new mean suggested that the process was making further good progress 

towards an ultimate target of 100% of LD- . 

The change in total number of units delivered at age  also had an impact on 

reducing the weekly component wastage. The aim was to reduce the mean weekly 

wastage to 3 units per week (25%). This target was narrowly missed, with actual mean 

weekly wastage achieving a reduction from 4.54 (38%) to 3.19 (27%). 

 

As summarised in Table 5-2 and shown in Figure 5-8, over the four PDSA cycles LD-RCP 

unit wastage reduced, from a mean weakly wastage of 8.36 units (70%) to 5.88 units per 

week (49%), then 4.54 (38%), 3.38 (28%) and, finally, 3.19 units (27%).  

 

A third PDSA cycle was due to be implemented (A3), however, due to the COVID-19 

pandemic this third PDSA (i.e. transfusing LD-RCP to non-trauma patients with bleeding) 

was unable to be implemented. In the end two PDSA projects were completed, each 

with two cycles. Each cycle was discussed and agreed in the WB Programme Group 

multi-disciplinary meetings prior to commencement. 

 

55.4.5 Feasibility Outcomes  

The criteria for study feasibility are outlined in Table 5-1 which describes five key 

objectives and criteria to proceed (green), criteria to reassess (amber) and stop criteria 

(red) for the study. At the end of the study period three of the study  outcomes; days 

with unmet demand (0%), percentage of components used inappropriately (0%) and 

OTIF (96.5%), all achieved the proceed criteria (green). One outcome; number of units 

transferred to ED (35%) achieved the reassess criteria (amber) and one outcome, 

percentage component wastage (39.3%) achieved the stop criteria (red). The monthly 

results of each of these feasibility outcomes are reported in Table 5-3.
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55.5 Discussion  
This chapter set out to answer the following objectives:  

a) Evaluate the clinical and serological effects of transfusing group O LD-RCP to non-

group O patients  

b) Describe and quantify blood component usage, wastage and ‘on time in full’ 

(OTIF) delivery of LD-RCP.  

c) Evaluate quality improvement measures introduced to reduce wastage 

 

For the first objective, a total of 204 patients were transferred to RLH and transfused 

LD-RCP, but of this only 96 patients who had a blood group were non-group O. In this 

cohort, based on the results of haemoglobin, bilirubin and DAT, there was no evidence 

of increased haemolysis compared to patients who were blood group O and who 

received group O negative LD-RCP. These results are very similar to the other studies 

(Harrold et al., 2020), (Yazer et al., 2016) who have also demonstrated that low titre LD-

WB components are safe to transfuse to non-group O patients. However, it is important 

to recognise that there are some limitations to this assessment. First the  pre-study 

criteria restricted the number of LD-RCP components per patient to 4 units to reduce 

the risk of haemolysis from the anti-A and anti-B in this component and therefore 

beyond 4 units no conclusion can be made on the risk of haemolysis with LD-RCP or LD-

WB.  Second, an extensive haemolytic screen on all patients who received group O LD-

RCP, was not able to be performed, because some patients died before any blood 

samples could be taken from them and the study design and approval did not allow for 

further research sample to be taken.  

 

In this study that saw the introduction of LD-RCP for all trauma patients in London, 96.5% 

(n = 1208 units) of LD-RCP unit orders were delivered on time in fill which met the pre-

agreed study target of 97%; 95%CI: 96% - 98%). Despite this not all units were delivered 

at age 2 days old with only 64.7% of the total units being delivered on the agreed age 

resulting in fewer opportunities for the component to be used, and thus impacting on 

the level of component wastage seen throughout the study. Following the quality 

improvement work and interventions in project B, there was a marked improvement in 
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the age of units delivered with 91.7% being delivered at the pre-agreed age towards the 

later end of the study period. Demonstrating that delivering at age 2 days old is feasible. 

 

Component wastage was a major concern during this study. A short shelf-life component 

limited to trauma patients only was always going to provide a challenge.  Managing the 

supply and demand of this component was a fine balance. The pre-agreed wastage level 

target of 8% was set rather optimistically too low considering the supply strategy used 

throughout the study period. The mean wastage for the 24-month study period was 20 

[9.32]  units per month, with the last 12 months of the study period showing a mean 

wastage of 14 [5.13] units per month. Component wastage was the only feasibility 

outcome that resulted in a stop criteria at the end of the study. Nevertheless, reductions 

in component wastage were shown across the study period, demonstrating that 

component wastage could be minimised.  

 

The biggest impact on wastage was increasing the availability of the units to be used in 

the ED (project A2), and thus increasing the demand. Indeed, when looking at wastage 

level in hospitals for the current blood components that have a shorter shelf-life than 

LD-RCP (i.e., FFP 5 days after thawing and platelets 7 days), they are quite low (lower 

than 8%) and one of the main reasons for this is the fact that they can be transfused to 

any bleeding patients and not just a selective group. However, more than 30% of all 

components throughout the study period were transferred to the ED blood fridge, 

suggesting that the number of components being ordered and delivered outstretched 

the demand in the pre-hospital setting. The SPC chart highlights that there was a delay 

in the impact seen following the start of this cycle (A2). This lag in wastage reduction 

could demonstrate the time lapse between training/education and the application of 

the knowledge gained and in particular could be an example of how hard it is to change 

habits and to establish new routines, even with frequent practice and interaction with 

‘coaches’ (Rother, 2018) .  

 

One area not well investigated in advance of the observational study was the actual 

demand for blood for major trauma in the pre-hospitals setting. The agreement on a 

constant delivery level of 12 units per week was based on a quick analysis of Golden 

Hour box provision rather than a detailed analysis of historical demand (i.e. use of RBC). 
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This did ensure, however that 100% of the demand for the component was met (Table 

5-2). Such an analysis could have examined weekly demand level and variation, together 

with any trend and patterns analysis.  

 

Similarly, prior analysis of within-week demand cycles might have prompted, in the 

setup, designing delivery cycles to this and then, in turn, fitting the manufacturing 

schedule to the delivery cycle. This was only addressed half-way (a year) through the 

study, with Project B. The widening-demand work (Project A) had a big impact on 

wastage (as expected), so starting with this seemed sensible. However, the length of 

time until delivery root-causes were addressed is an example of the conflict between i) 

very fast cycle experimentation and improvement and ii) disentangling the effects of a 

single change (or a single closely related bundle of changes) and being able to 

demonstrate the effects (e.g. with SPC) (Rother, 2010; Provost and Murray, 2011). This 

was compounded in this study by it being of a new product/service, so there was felt to 

be no already- existing (historical) baseline performance data and that new data points 

accrued only once a week. 

 

More detailed data analysis during the project might have picked this up and suggested 

additional process metrics. Cold-chain failures could have been another target for QI 

cycles, discovering root causes and reducing their incidence. Additional cycles of the 

‘Project A’ work (transfer to ED) might have targeted compliance with the 10-day action 

point, perhaps considering QI ideas like visual management cues, 5S organisation and 

poka yoke mistake-proofing (NHS Institute for Innovation and Improvement, 2005). 

 

In conclusion this study demonstrated that providing LD-RCP is feasible and safe. 

However, moving forward,  NHSBT will need to ensure that they maintain the supply 

and demand chain for group O RhD negative and establish whether it is feasible to 

increase the scale of production of LD-RCP to meet national demand whilst maintaining 

suitable stock levels for the much-needed group O RhD negative red cells. Hospitals will 

need to demonstrate a robust stock management system and be able to provide 

alternatives to use in the pre-hospital setting to keep wastage levels at a minimum. 

There will always be some degree of component wastage. This is seen more often with 

short shelf-life components; the question is, what level of wastage is acceptable? And 
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what steps can be put in place to minimise the level of wastage. The stock management 

of short shelf-life components is not a new issue and is well documented in the 

literature. A recent systematic review looking at outdated platelets documented that 

component wastage due to TIMEX has been an issue for 4 decades (Flint et al., 2020).  In 

an ideal world we would replicate the system currently in place in the US, where WB 

components are re-manufactured at day 10 to produce RBC (Yazer et al., 2016). This 

would remove the issue of blood component wastage, however, due to the regulatory 

constraints surrounding hospital blood banks and hospital blood establishments in the 

UK this is currently not achievable. 
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CChapter 6 Development of stock management 
model 

 

6.1 Introduction  
The perishable nature and short shelf life of  LD-RCP or LD-WB components makes stock 

management a complex task and increases the risk of component wastage due to time 

expiry. Blood donation in the UK relies solely on the good nature of volunteers. Studies 

looking at the motivations behind people’s willingness to donate blood have 

demonstrated that the most common reason to donate is altruism (Carver et al., 2018; 

Padilla-Garrido et al., 2021). The knowledge that the act of donating a unit of blood could 

potentially save another’s life. The realisation that a high proportion of components are 

wasted, could have detrimental impacts on people’s willingness to donate and thus the 

supply of blood components in the UK could be severely affected. Employing strategies 

to minimise component wastage wherever possible is a critical task for any blood service 

or hospital transfusion laboratory.  

 

Analysing the trade-off between unmet demand and component wastage due to time 

expiry (TIMEX) is a type of problem that has been investigated using Operational 

Research modelling (Dijk, Wal and Sibinga, 2009; Qin et al., 2011; Osorio, Brailsford and 

Smith, 2015; Brailsford et al., 2017; Dillon, Oliveira and Abbasi, 2017). A recent review 

of modelling of perishable blood product inventory, in that case platelets, notes that 

many modelling methods have been attempted and that simulation methods were one 

of the most effective methods at reducing component wastage due to outdating (Flint 

et al., 2020). Other methods looking at reducing the component wastage of RBC have 

explored demand forecasting methods, that include time series analysis methods such 

as ARIMA (Pereira, 2004; Filho et al., 2013; Shih and Rajendran, 2019; Nandi, Roberts 

and Nandi, 2020).   

 

Inventory models are important to support supply chains and, in this case, support to 

reduce unnecessary wastage of a perishable short shelf-life component such as LD-WB 

or LD-RCP due to outdating. If demand could be predicted and determined ahead of 

time, then deterministic inventory methodologies can be used to develop a model. 
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However, if demand is random and cannot be predicted to a useful degree, stochastic 

methodologies should be used in developing inventory models. Although there are 

mathematical solutions available to resolve most supply and demand problems, these 

solutions can add an extra layer of complexity to routine stock management (Blake, 

2009). Simplifying these mathematical models using heuristic approaches can support 

in achieving a more pragmatic solution to real life problems. In fact, in economics, simple 

heuristic models have performed better than some of the more complicated 

mathematical models when it comes to predicting consumer demand (Dosi et al., 2020; 

Gigerenzer, 2022).  

 

UK data establishing the effect of storing RBC and platelets with plasma in the same bag 

has demonstrated that, considering the functionality of clotting factors and platelets, 

the shelf-life of a LD-WB component should be between 14- and 21-days shelf life (Huish 

et al., 2019). This data is also supported by international practice of WB, with Norway 

and the United States storing units for 21 days and 14 days, respectively (M. H. Yazer et 

al., 2018).   The current shelf life for the LD-RCP component used in the observational 

study had a shelf life of 14 days. Having the ability to potentially extend that shelf life to 

21 days would have a greater impact on variables such as logistics of supply and 

potential component wastage. Evaluating the potential benefits on the stock 

management of a LD-WB component by extending the shelf -life from 14 days to 21 days 

could support our understanding of how this component could be used more efficiently 

in the future. Therefore, the models developed within this chapter will consider both a 

14 day and 21-day shelf life for LD-WB to evaluate the potential wastage. 

 

66.2 Aims and Objectives 
The overall aim of this chapter was to determine to what extent component wastage 

could be minimised for pre-hospital transfusion and to determine the effects of altering 

the supply of LD-RCP/WB component would have on component wastage. To enable 

this, a better understanding of the demand for LD-RCP/WB would be required. 

 

The objectives of this chapter were to:   



19095929 

92 
 

1) Evaluate whether the daily and weekly pre-hospital trauma demand was 

forecastable to a usable degree  

2) Develop a statistical model to optimise LD-WB component supply and minimise 

component wastage 

3) Evaluate the impact of a 21-day shelf life on component wastage using the 

statistical model developed in 2). 

 

66.3 Methods 
To address the aims and objectives of this chapter the daily and weekly pre-hospital 

demand for blood components was evaluated. This included the LD-RCP (study group) 

data as well as the RBC (comparator group) data. The purpose of including the RBC data, 

from the three-year period prior to the observational study, was to determine if this 

data was similar enough to the LD-RCP data to be used as training data for any 

forecasting models. 

 

For the analysis of component demand, data was collected from the observational study 

as described in Chapter 3.3.3 and analysed as described in 3.4.1. Only the data for pre-

hospital transfusion component usage was used in this Chapter as the pre-hospital 

transfusion data represents the true pre-hospital trauma demand for blood. During the 

study period component usage within ED was only introduced as a quality improvement 

measure to reduce the overall component wastage and therefore not a true reflection 

of the pre-hospital demand. 

 

6.3.1 Analysis 

6.3.1.1 Component Demand  

Component usage data collected as part of the observational study was used to evaluate 

the component demand. Counts and percentages were used to summarize the 

distribution of categorical variables. Mean and standard deviation were used for 

continuous data. To determine the differences in component usage for the day of the 

week and month, one-way analysis of variance (one way ANOVA) was used.  Statistical 

analysis was performed using IBM SPSS statistics (Version 27) predictive analytics 

software.  
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66.3.1.2 ARIMA 

An ARIMA (AR (Autoregression), MA (moving averages), I (differencing)). forecasting 

model was solved using Python. Each of the three components AR, MA and I was 

specified in the model as a parameter, using the  standard notation (p,d,q). Whereby: 

o p = the lag of observations included in the model, represents AR and is obtained 

from the partial autocorrelation plot 

o d = the order of differencing, represents I and is obtained from the Augmented 

Dickey-Fuller test:              = + + + + …+   

Equation 3: Augmented Dickey-Fuller Test formula 

o q = the order of moving average, represents MA and is obtained from the 

autocorrection plot. 

Models were generated for both the comparator group (RBC cohort) and the study 

group (LD-RCP) cohort using both daily and weekly component usage time series data 

to determine if future demand for each component could be forecast.   

 

6.3.1.3 First In First Out Model 

A First In First Out (FIFO) stock management model was created using MS Excel. Seven 

FIFO models were developed with a 14-day shelf life to mirror the actual shelf life of the 

WB component. The supply of the WB component for each of the seven models was 

altered with different algorithms based on stock levels. Each model was assessed to 

determine the optimal model for minimising component wastage whilst ensuring that 

demand was met.  A further seven models were developed with a 21-day shelf and the 

same stock management algorithms to evaluate whether an extended shelf-life would 

influence the potential wastage levels of the component.  

 

6.3.1.4 Simulation 

A Monte Carlo simulation was developed using MS Excel. A Poisson probability 

distribution was used to generate the random  variables for the component demand for 

input into the FIFO model to generate various outcome profiles. Effectiveness of each 

FIFO model was determined by the sum of component wastage plus the unmet demand. 
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66.4 Resultss –– Demandd Forecastingg 
Total prehospital component demand of RBC, for all London Major Trauma Centres, 

between April 2015 and October 2018 was 1586 units, transfused to a total of 415 

patients, averaging 3.8 units per patient equating to roughly 1064ml of volume. In 

contrast the total pre-hospital demand of LD-RCP between November 2018 and October 

2020 was 549 units, transfused to a total of 291 patients, averaging 1.8 units per patient, 

equating to roughly 855ml of volume. Data for RBC and LD-RCP demand was analysed 

for any obvious trends and to determine the similarity between the two data sets. Times 

series graphs were used to illustrate the daily demand (Figure 6-1) and weekly demand 

(Figure 6-2). 

Figure 6-1: Time series graphs of daily component usage.
Top: RBC component usage between April 2015 and October 2018. Bottom: LD-RCP component usage 
between November 2018 – October 2020
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Figure 6-2: Time series graph of weekly component demand.
Top: RBC component demand between April 2015 and October 2018. Bottom: LD-RCP component 
demand between November 2018 and October 2020

Data for all RBC and LD-RCP time points highlight what looks like stationary data for 

both components and every time point (daily and weekly). The data for daily demand 

was explored further to determine if there were any statisitically significant differences 

in component demand for each day of the week. 

66.4.1 Dailyy RBCC andd LD-RCPP Demandd  

Component demand of RBC for each day of the week was as follows: Monday (1.25 ± 

1.77), Tuesday (1.09 ± 1.64), Wednesday (1.12 ± 1.69), Thursday (1.13 ± 1.69), Friday 

(1.27 ± 1.67), Saturday (1.35 ± 1.76), Sunday (1.33 ± 1.72), (Figure 6-4). There was a 
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higher mean demand of RBC on Saturday and Sunday, however, the difference in 

demand for each day of the week was not statistically significant p = 0.646.  

Component demand of LD-RCP for each day of the week was as follows: Monday (0.54 

± 1.07), Tuesday (0.66 ± 1.15), Wednesday (0.84 ± 1.39), Thursday (0.67 ± 1.19), Friday 

(0.73 ± 1.11), Saturday (0.95 ± 1.39), Sunday (0.88 ± 1.40), (Figure 6-4). There was a 

higher mean component demand of LD-RCP on Saturday, Sunday and Wednesday, 

however, the differences between component demand for each day of the week was 

not statistically significant, p = 0.217. 

Figure 6-3: Boxplots of the number of RBC and LD-RCP demand for each day of the week
Top: RBC component demand Monday – Sunday  between April 2015 and October 2018. 
Bottom: LD-RCP component demand Monday-Sunday between November 2018 – October 
2020
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The total mean daily component usage differed significantly between RBC (1.22 ± 1.71) 

and LD-RCP (0.75 ± 1.253) (p=0.001), indicating that the usage patterns between the two 

components were not the same and therefore the three-year RBC data, collected 

retrospectively, could not be used to support any predictions in demand forecasting of 

the LD-RCP component usage moving forward.  

 

66.4.2 Forecasting of the data 

For the analysis of demand forecasting only the daily and weekly LD-RCP demand data 

was used. This decision was made following the results of the daily component demand 

analysis which highlighted the differences in RBC demand versus LD-RCP component 

demand. The two data sets were too different for the RBC component demand to be 

useful in predicting the demand of LD-RCP. Also predicting monthly demand would not 

provide much benefit for a component with a 14-day shelf life and therefore a more 

frequent demand such as weekly or daily would be more appropriate. 

  

The ARIMA (p,d,q) statistical analysis model was used to generate the time series 

forecast for both the daily and weekly LD-RCP demand. Building an ARIMA model is 

completed in two stages: 1) Identifying whether the data is stationary and 2) Generating 

and testing the model. Stage 1, Identifying if the data is stationary is an important part 

of building a forecasting model with some degree of accuracy. To build an ARIMA model 

the data must be stationary, if the data is not stationary then differencing (d) is required 

to remove non-stationary features. 

 

6.4.2.1 Stage 1 – Stationary Data 

As highlighted in the time series graphs and analysis, component demand appeared to 

be stationary without any obvious trends. To confirm that it is in fact stationary, an 

Augmented Dickey-Fuller (ADF) test was performed as described in Table 6-1. 

 ADF statistic p-value 

Daily LD-RCP  -27.488751 0.000000 

Weekly LD-RCP  -9.965013 0.000000 
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Table 6-1: A table containing the results of the ADF (Augmented Dickey Fuller) statistic and 
corresponding p-value for daily and monthly LD-RCP demand. ADF p-values are both <0.5. 
As the Dickey fuller p-value is <0.5 for both daily and monthly LD-RCP time series, both 

data series were classified as stationary and therefore no differencing was required. 

Resulting in a 0 for the d element of the model (p,0,q). 

 

66.4.2.2 Stage 2 – Generating and testing the model 

The next step was to identify the AR (p) terms and MA (q) terms of the model by 

interpreting the Partial Autocorrelation function (PACF) and Autocorrelation Function 

(ACF) plots respectively.  The AR and MA terms were selected by the automatic 

algorithm in Python. The models with the best fit, represented by the lowest AIC (Akaike 

Information Criterion) value and the smallest forecasting error, represented by the 

lowest root mean square error (RMSE) for both daily and weekly demand  (Table 6-2 and 

Table 6-3, respectively) were selected to test the forecast. All the models generated 

were very similar in terms of AIC and RMSE. In theory the best models for both daily and 

weekly demand were ARIMA (0,0,1) and (1,0,0). 

 

 

Table 6-2: Daily LD-RCP demand ARIMA models 
AIC: Akaike Information Criterion; RMSE: Root Mean Square Error; p: Autoregression term 
(MA); d: order of differencing (I)  and q: Moving averages (MA). 
 
 
 
 
 

Daily LD-RCP Demand 
ARIMA model 

(p,d,q) Model goodness of fit (AIC) Forecasting error 
(RMSE) 

0,0,1 2398.750 1.268 
0,0,2 2400.258 1.269 
1,0,0 2398.769 1.268 
1,0,1 2400.643 1.273 
2,0,1 2401.795 1.275 
3,0,1 2402.975 1.274 
4,0,1 2404.968 1.273 
5,0,1 2405.159 1.274 
1,0,2 2401.908 1.273 
1,0,3 2403.171 1.272 
1,0,4 2404.676 1.274 
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Table 6-3: Daily LD-RCP demand ARIMA models 
AIC: Akaike Information Criterion; RMSE: Root Mean Square Error; p: Autoregression term 
(MA); d: order of differencing (I)  and q: Moving averages (MA). 
 

66.4.2.3 ARIMA model results 

The results of the ARIMA model to forecast demand are presented in Figure 6-4 and 

Figure 6-5. The ARIMA forecasts sit very closely around the mean unit usage for both 

daily (0.75 ± 1.25) and weekly (5.28± 3.23) LD-RCP unit usage, with a small element of 

noise and randomness around that mean. On a practical level, due to the level of noise 

and randomness in the original dataset, the forecast models would likely perform little 

better than simply using mean unit usage when making ordering decisions to satisfy 

component demand.  

Weekly LD-RCP Demand 
ARIMA model 

(p,d,q) Model goodness of fit (AIC) Forecasting error  
(RMSE) 

0,0,1 544.027 3.147 
0,0,2 545.001 3.127 
1,0,0 544.024 3.147 
1,0,1 545.925 3.163 
2,0,1 545.478 3.207 
3,0,1 546.371 3.118 
4,0,1 547.819 3.124 
5,0,1 548.913 3.233 
1,0,2 547.849 3.206 
1,0,3 546.634 3.099 
1,0,4 547.877 3.315 
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Figure 6-4: Daily LD-RCP time series ARIMA predictions
Top: ARIMA (1,0,0) and Bottom: ARIMA (0,0,1) 
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Figure 6-5: Weekly LD-RCP time series predications 
Top: ARIMA (1,0,0) and Bottom : ARIMA (0,0,1)

If the demand of future component usage could be forecast with a considerable degree 

of precision, then it would be reasonable to use an inventory policy that assumes that 

all forecasts will be accurate (Hillier and Lieberman, 2015). A deterministic inventory 

model would then be appropriate as the variable would be known. In this case the 

demand could not be predicted, as determined by the ARIMA model results, and a 

stochastic inventory model would be more appropriate due to the random nature of the 

demand variable. 
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66.5 Results - Stochastic model development  

6.5.1 FIFO model  

A First In First Out (FIFO) stock management model for a 14 day shelf life LD-RCP 

component was developed in MS Excel. The model was validated using the study supply 

and demand data. The component demand and supply inputs were the exact daily 

demand and supply during the 24-month study period. The outputs from the actual 

study versus the outputs from the FIFO model are represented in Table 6-4. 

 

 

Table 6-4: Verification of the FIFO model compared with the actual study results. 

 

Table 6-4 validates the FIFO model. With the same input data for daily component 

supply and demand the wastage level for the actual study was 475 units and using the 

FIFO model was 465 plus 10 units in inventory at the end of the 24-month study period. 

These 10 units in inventory would eventually have contributed to the overall wastage 

level. This model was developed to mimic the inventory management of the component 

in real time. It was then used as part of a bigger model for further analysis, to  evaluate 

how component supply levels could impact unit wastage.  

 

6.5.2 Stochastic Model 

Forecasting demand for LD-RCP/WB is important for inventory control, however the 

uncertainty of the variable is so high that forecasting techniques could lead to 

unsatisfactory results as demonstrated by the ARMIA models discussed in 6.3.4. The 

forecasting approach demonstrated in the ARIMA models closely followed the mean 

daily and weekly component usage and therefore did not demonstrate a suitable model 

for forecasting.  Due to the highly variable and random nature of the LD-RCP component 

demand, it cannot be forecast to a reliable level and therefore it is necessary to consider 

a stochastic inventory model to approach this problem. The model developed was a 

combination of FIFO and Monte Carlo simulation. 

 Supply Demand Wastage Unmet demand 
Actual study 1208 733 475 0 

FIFO model 1208 733 465 
 (+10 inventory) 0 
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66.5.2.1 Problem formulation  

The objective was to optimise  LD-RCP/WB component supply and minimise component 

wastage due to TIMEX (TIMEX [Time Expired]: defined as components not utilised before 

the end of their shelf life). 

 

6.5.2.2 Generating the Demand Variable  

Demand was modelled as a discrete random variable using a Poisson distribution with a 

 of 0.70 (daily mean LD-RCP component usage). The RAND function in MS Excel was 

used to generate different demand profiles using parameters set by the Poisson 

distribution. 

 ( ) = ( = ) = ( )/ ! 
Equation 4: Poisson Distribution  

 

6.5.2.3 Generating the Supply  Variable 

Heuristic methods were used to determine the algorithms used for component supply. 

The supply algorithms were generated around the following basic parameters: 

 3-day lead time on orders 

 Each unit was delivered at 2days old 

 24hrs ad-hoc orders were possible  

Each model was adjusted based on the outcome (wastage and unmet demand) of the 

previous model.  

 

6.5.2.4 Simulation  

For the simulation exercise, supply models were tested. Each model had a run length of 

732 days (as did the original LD-RCP observational study). Random demand profiles 

following a Poisson distribution were generated for each model. These demand profiles 

were used as input values for the demand element of the FIFO model to generate 

outputs of  mean component wastage; mean component usage and mean unmet 

demand. All outputs were based on the average of 1000 replications. The sum of the 

mean component wastage and the mean unmet demand were used to measure the 

performance of each model. Seven different supply models were generated, for each 
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model tested, the algorithms were adjusted following the analysis of the output 

parameters  

66.5.3 Model outputs – 14-day shelf life 

6.5.3.1 Baseline  

The first stage was to use the model to evaluate the potential outputs from the study if 

the component was used for pre-hospital demand only (baseline). For this, only the 

demand variable was generated. The supply variable remained as it was during the 

study, roughly a static delivery of 12 units per week. The model run length was 732 days 

with 1000 repetitions. Results from this initial model demonstrated a mean component 

usage of  515.79 [26.88] 95% CI [514.12 - 517.45], a mean component wastage of 682.81 

[26.8] 95% CI [681.14 - 684.47] and no unmet demand.  Component wastage was 

calculated at 57%, this was considerably more component wastage than seen 

throughout the study period as would have been expected with the same supply and a 

reduced level of demand (no ED usage). 

 

6.5.3.2 Models 1-7 

The next stage was using the full model to test different supply strategies to optimise 

the model using a heuristic approach. The algorithms used for each model are shown in 

Table 6-5.  

 Basic Order Ad hoc orders 
Model 1 If inventory <10 order 3 6 order 2 
Model 2 If inventory <12 order 2  
Model 3 If inventory <12 order 3 6 order 2 
Model 4 If inventory <12 order 2 8 order 2 
Model 5 If inventory <14 order 2 If  
Model 6 If inventory <6 order 2 - 
Model 7 If inventory <8 order 2 - 

Table 6-5: A table of the heuristic algorithms used for generating the supply variable for each 
model.  No data is represented by (-). 

 

The results of each of these models are displayed are Table 6-6. The score was generated 

by taking the sum of the mean component wastage and the mean unmet demand. For 

this analysis the lowest scores represent the best performing models. 
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The outputs for each of the models are represented in Table 6-6. The results of % 

wastage and the model score indicate that all of the models 1-7 outperform the baseline 

model. This demonstrates that altering the supply variable can have the desired impact 

on minimising component wastage.  Although the results of models 1-5 showed a 

reduced level of overall component wastage and a lower score compared to the 

baseline, the component wastage was still relatively high and similar to the wastage 

levels seen in the observational study (39.3%) when only the demand variable was 

altered.  

 

Models 6 and 7 start to explore the trade-offs between unmet demand and wastage: 

1) The risk of inventory levels falling to zero and therefore not being able to supply 

the component when needed, opting instead for a potentially suboptimal 

component  

2) The risk of excess inventory, thereby incurring wastage of the component and 

holding excess units that could have been used elsewhere.  

 

This trade-off is accomplished by minimising the effects of the sum of unmet demand 

and component wastage as shown by scoring each model. These two models 

demonstrate a larger reduction in the mean component wastage and % wastage than 

the other 5 models, however, they both have a larger mean unmet demand when 

compared with the other 5 models and the baseline. 

 

The best performing model was model 6 with a score of 102.79, a mean wastage of  

97.00 [14.45], 95% CI [96.10 - 97.89] representing 16% component wastage. The model 

also had the largest mean unmet demand of 5.795 [3.53], 95% CI [5.57 - 6.01] 

representing <1% unmet demand over the 732-day run period. 

 

The model scoring was set using arbitrary values for component wastage and unmet 

demand, attributing a value of 1 for each. The scores were used as a method to easily 

identify well-performing models. However, depending on the impact that unmet 

demand could have on clinical practice and patient outcomes, the value of unmet 

demand as a factor may need to be weighted more heavily when assessing each model.  
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66.5.4 Model outputs -  21-day shelf life 

The third and final objective for this chapter was to evaluate the impact of a 21-day shelf 

life on component wastage using the statistical model developed. All variables (demand 

and supply) were generated in exactly the same way as for the 14-day model, demand 

was generated from a Poisson distribution and the heuristic supply algorithms outlined 

in Table 6-5  were used for each of the 21-day models. Each model had a run length of 

732 days, and all outputs were based on the average of 1000 replications. The only 

change was to the FIFO model, which was adapted from a 14-day shelf life to a 21-day 

shelf life. 

 

6.5.4.1 Baseline 

The first stage was again to use the model to evaluate the potential outputs from the 

study if the component was used for pre-hospital demand only (baseline) with a shelf-

life of 21 days rather than 14 days. Results from this initial model demonstrated a mean 

component usage of  517.36 [27.16] 95% CI [515.68 - 519.05], a mean component 

wastage of 670.17 [27.16] 95% CI [668.48 - 671.85] and no unmet demand.  Component 

wastage was calculated at 55%, this was similar but slightly less than the component 

wastage seen with the baseline model for the 14-day shelf, which resulted in 57% 

component wastage. Again, as seen with the 14-day shelf-life baseline model, this 

wastage level was considerably more than that seen throughout the study period, as 

would have been expected with the same supply and a reduced level of demand. 

 

6.5.4.2 Models 1-7 

The outputs for each of the models are represented in Table 6-7. The results of % 

wastage and the model score indicate that all of the models 1-7 outperform the baseline 

model. This again, demonstrates that altering the supply variable can have the desired 

impact on minimising component wastage.  The % wastage and  model score for all the 

21- day shelf-life models all perform better than their 14-day shelf-life counter parts. 

This highlights that although the baseline data didn’t show promising improvements 

with a static component supply and an extended shelf life, altering the supply using the 

algorithms described in Table 6-5 did have the desired effect on minimising component 

wastage will all models achieving a mean component wastage of 20%.  
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The best performing models with the lowest scores were model 6 (score 24.38) and 

model 7 (score 40.7) with % wastage figures of 4% and 7% respectively. Again, as with 

the 14-day shelf-life models, both model 6 and model 7 explored the trade-off between 

unmet demand and wastage and both models had higher unmet demand when 

compared with the other 5 models. The unmet demand for model 6 was the highest 

with a mean of 4.42 [3.12], 95% CI [4.22 – 4.61], however, this only translates to an 

unmet demand of <1% over a 732-day run period.   

 

66.6 Discussion 
Analysis of the RBC and LD-RCP weekly and daily demand data demonstrated that the 

two data sets differed significantly, and RBC data collected over the 3-year period prior 

to the introduction of LD-RCP could not be used as training data for the ARIMA 

forecasting models. To some degree this was not a surprise. Although the two 

components were both used for the management of bleeding in trauma patients in the 

pre-hospital setting, the components themselves are fundamentally different. LD-RCP 

contains the addition of plasma and was of a larger volume than a standard bag of RBC. 

Perhaps the lower mean usage over the 2-year study period is an early indication that 

the administration of the LD-RCP components resulted in a lower demand for blood 

components.  

 

By its nature, demand for blood for pre-hospital transfusions is inherently both critical 

and highly variable. The ARIMA models highlighted that the demand for pre-hospital 

transfusion was random and could not be forecasted to a usable degree. On a practical 

level, due to the level of noise and randomness, the forecast models would likely 

perform little better than simply using mean unit usage when making ordering decisions 

to satisfy component demand. Therefore, a stochastic inventory model was chosen to 

optimise component supply and minimise component wastage. Although there are 

mathematical solutions available to resolve most supply and demand problems such as 

the supply of perishable blood components, these solutions can add a layer of 

complexity to the routine management of stock. It is important that the search for an 

idealised solution does not hamper day to day practice and the simpler the solution the 

better chance it has of being utilised to make the changes required.  
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Current practice for ordering decisions of units to satisfy demand are based on previous 

average units used, and a level of heuristics by both hospitals and the centralised blood 

service, NHSBT. If ordering decisions are to be improved upon to improve stock 

management and reduce wastage of a precious resource, any forecasting model must 

improve upon this current practice. This chapter has shown that, due to the randomness 

and element of noise within component usage, creating a robust prediction model using 

the ARIMA method, is likely to perform little better than current standard practice, and 

would likely serve to only increase complexity in the unit ordering process. However, 

the stochastic models developed, using a level of simple heuristics, demonstrated huge 

improvements in component wastage. 

 

There is a fine balance between supply and demand: ensuring that we have enough LD-

RCP (or, eventually, LD-WB) to treat all trauma patients in the pre-hospital setting, whilst 

minimising wastage. Clinical output from the observational study (not reported in this 

thesis), demonstrates there being no difference in clinical outcome between patients 

who received LD-RCP and patients who received red cell and plasma components. There 

was however, a statistically significant difference between both LD-RCP and red cell and 

plasma versus RBC component only in the 24-hour mortality but not 30-day mortality, 

with plasma arms being better than RBC only (data submitted for publication to Annals 

of Surgery). To date, there is still no data in the UK that indicates how a LD-WB 

component would affect clinical outcomes compared to LD-RCP or red cell and thawed 

plasma. Therefore, when using a model such as this for future studies, it is important to 

take into consideration this trade-off between unmet demand and the alternative 

component that is being administered.  

 

For future studies, if there is found to be no significant differences in clinical outcomes 

between LD-WB and RBC and plasma, wastage levels for LD-WB units would need to be 

at a comparable level to currently accepted wastage levels for red cells. Whole blood 

units would still have the small logistical advantages over RBC and plasma (1 bag instead 

of 2) and would therefore likely still be preferred. But, as demonstrated in this thesis, 

due to the shorter shelf life of whole blood units, it would be expected that unmet 

demand would occur which would need to be filled by individual component therapy. 
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CChapter 7 Summary and future directions 

7.1 Summary 
The overall aim of this thesis was to establish whether introducing a leucocyte depleted 

Whole Blood (LD-WB) component, for the treatment of traumatic major haemorrhage, 

is feasible in the UK. To establish this, I went on to answer three distinct but related 

questions to address the main areas that would affect the introduction of the LD-WB in 

the UK. These were: 

 

1. Evaluate the safety of transfusing ABO incompatible plasma components by 

examining the evidence in the literature with regards to: 

a) Determining the lowest observable anti-A and anti-B titre (measured by 

IgG or IgM) reported in the literature that has resulted in clinical 

haemolysis in recipients receiving ABO incompatible plasma containing 

components. 

b) Determining the lowest observable ABO incompatible plasma volume 

that has resulted in haemolysis, in individuals receiving ABO incompatible 

plasma containing components 

 

2. As part of a 2-year prospective observational study, I evaluated the logistical 

elements and safety of delivering another blood component called leucocyte-

depleted red cell and plasma in one bag (or LD-RCP) that has the same shelf-life 

and serological challenges as the LD-WB, specifically examining the safety of LD-

RCP, its delivery from the blood service to hospital and wastage in hospital  

 

3. Based on the results of the 2-year observational study, I went on to explore the 

stock management of a LD-WB component, aiming to:  

a) Evaluate whether the weekly pre-hospital trauma demand can be 

forecasted  

b) Develop a statistical model to optimised WB component and minimise 

component wastage 

c) Evaluate the impact of a 21-day shelf life on component wastage using 

the statistical model developed in 3b). 
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As far as the safety of transfusing a group O leucocyte-depleted red cell and plasma (LD-

RCP) component is concerned, the scoping review of the literature identified only 49 

papers representing a total number of 62 case reports. There were no completed or on-

going randomised control trials (RTCs) identified. Based on the 62 cases, platelet 

components were the most reported components to result in haemolysis in both 

paediatrics and adults. The lowest titre reported to cause haemolysis in both paediatrics 

and adults was an anti-A titre of 32, while the lowest component volume to result in 

haemolysis was 100ml in adults and 15mls in paediatric cases. Of the 62 cases reported, 

15% of cases died, highlighting the clinical importance of the risk of harm due to 

haemolysis associated with ABO-incompatible plasma-containing components, 

although we cannot provide any meaningful estimate of the true risk of death in these 

cases.  

 

However, it is important to emphasise that results of the systematic review showed 

significant heterogeneity in the methods for reporting clinical and laboratory haemolysis 

and the ABO titration methods and the information on volumes transfused and clinical 

recovery were also poorly reported. Therefore, further research is needed to a) 

standardise the methods for the measurement of ABO titrations and b) agree the lowest 

cut-off levels for high titre negative components internationally. 

 

The observational study, which saw the introduction of LD-RCP in the pre-hospital 

setting, as a replacement for red blood cells (RBC), was the first and only study in the UK 

to assess the safety and feasibility of introducing such a component into clinical practice. 

From the safety perspective, the study demonstrated that LD-RCP component was not 

associated with increased haemolytic adverse events in non-group O recipients 

compared with group O recipients. Putting aside the limitations that have been 

acknowledged in Chapter 5, this data provides new evidence into the safety of 

transfusing a maximum of 4 units of ABO incompatible plasma (i.e., LD-RCP or LD-WB) 

to trauma bleeding patients. 

 

As part of the 2-year observational study, I also went on to evaluate the feasibility of 

delivering the LD-RCP to support trauma patients who are bleeding in the prehospital 
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setting, aiming to determine the overall blood component usage, wastage and ‘on time 

in full’ (OTIF) delivery of LD-RCP as well as evaluate quality improvement measures 

introduced to reduce wastage. Overall, three out of five feasibility outcomes (i.e., days 

with unmet demand, percentage of components used inappropriately, and OTIF) 

established prior to the start of the study period were met. The two remaining outcomes 

that were not fully met were number of units transferred to ED (35%) and percentage 

component wastage (39.3%). Nevertheless, incremental reductions were demonstrated 

across the study period, reducing the weekly wastage from a mean of 8.36 units per 

week (70%) to 3.19 (27%) by the end of the study period. The biggest impact on 

component wastage was increasing the availability of the units to be used in ED, and 

thus increasing the demand through cascading what would likely have been surplus to 

a secondary use.  

 

Despite the slightly higher transfer of LD-RCP to the ED fridge and the high component 

wastage, this data demonstrated that the transfusion of LD-RCP (hight titre negative for 

anti-A and anti-B) in the prehospital environment is safe, and that the wastage level for 

the component can be kept low, if it is transfused to other patients in hospital who are 

bleeding. Moving forward, hospitals will need to demonstrate a robust stock 

management system to keep wastage levels at a minimum. More detailed analysis of 

historical transfusion demand in both pre-hospital and ED settings will be required to 

refine the supply of a WB component.  

 

The final section of my thesis was to develop a stock management model based on the 

observational study data and the detailed analysis of the component demand from 

historical data. The aims of this further analysis were to establish if there were any 

trends in the data that could support the forecast of future component demand.  The 

data demonstrated that the demand for pre-hospital blood component was random in 

nature and that forecasting the data using an ARIMA model was not possible beyond 

predicting the mean daily and weekly demand. This was very similar to the stock supply 

approach used within the study, which demonstrated high component wastage levels 

despite efforts to increase demand by using the component in different settings.  
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Due to the random nature of pre-hospital blood demand, a dynamic stochastic inventory 

model was developed. The model aimed to minimise wastage levels by generating 

different component supply algorithms for a 14-day and 21-day shelf-life component. 

The models developed highlighted that component wastage for the 2-year study period 

could have been reduced to 16% and 4% for a 14-day and 21-day shelf life, respectively. 

However, both models demonstrated unmet demand and started to explore the trade-

offs between unmet demand and component wastage. For future trials looking at the 

use of LD-WB it will be important to take into consideration this trade-off between 

component wastage and unmet demand. Understanding the risks associated with 

excess component wastage versus the use of any alternative component that would be 

administered to meet demand. 

 

77.2 Future directions 
Future studies should concentrate on standardising the methods for the measurement 

of ABO titrations in plasma and gaining international consensus on the lowest cut-off 

levels for high titre negative components. More work is needed to explore opportunities 

to manage the high demand for group O RhD negative red cell-containing components 

(like LD-RCP, or LD-WB) as well as reduce component wastage and validating the stock 

management model developed in chapter 6 to ensure that a dynamic supply can be 

easily utilised in hospital settings.  

 

I am aware that the output of this work has directly impacted on the design of the 

multicentre randomised control trial (SWiFT) that is due to start in England in November 

2022. The trial will compare the LD-WB transfusion versus standard of care (red cell and 

thawed plasma) in prehospital setting, aiming to recruit a total of 850 patients. To 

address the high wastage level we saw as part of the 2-year feasibility study, the trail 

will a) use a longer shelf-life LD-WB component (21 days) than the LD-RCP, and b) 

transfuse the LD-WB to other bleeding patients in hospital, if the safety outcome data 

of the first 200 patients recruited to the trial, showed no safety concerns.  

 

To address the high demand for the group O RhD negative components, NHSBT has 

recently evaluated the clinical risks and benefits as well as health economic benefits of 
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transfusing group O RhD positive to all individuals who present with trauma and who 

require blood as part of their resuscitation outside hospitals. Such strategy would 

increase the risk of D alloimmunisation for recipients who are RhD negative, and in 

particular for women of child-bearing potential where D alloimmunisation could cause 

harm to the unborn child. The results of the clinical risk assessment have shown that if 

NHSBT implements an RhD positive strategy for prehospital services, then for every 

14,000 D-positive transfusions administered to all trauma patients of any sex and age, 

one harm would occur (95% CI 5,600 – 42,000). The  main risk in the population was that 

of haemolytic disease of foetal and newborn, where for every 570 transfusions, one 

foetal death or disability would occur (Cardigan et al., 2022). Implementation of group 

O RhD positive red cells or WB in prehospital setting would require that these risks and 

benefits are discussed with other key stakeholders and patients to determine what is 

acceptable and not acceptable. 

 

Another option that one could consider to reduce wastage of group O RhD negative LD-

WB, would be to re-manufacture LD-WB back into red cells in additive at either days 14 

or 21, which is what some countries are currently doing (USA). However, in the UK 

hospitals are not permitted to return red cells to NHSBT and for these to be re-

manufactured and re-issued. This is to ensure the integrity and safety of the unit. Re-

manufacturing of units cannot be completed by hospitals as this would require them to 

hold a Blood Establishment licence, which >95% of hospitals are not. Whilst it may be 

possible to put in place systems to take blood back from hospitals and re-manufacture 

units, this will require significant assurance with respect to the audit trail and tracking 

of units via suitable IT management systems but would provide an option to significantly 

reduce component wastage due to time expiry. 
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99.2 Appendix 2: Search Strategy for the scoping review 
The following databases were searched on 11.4.22 for all types of studies: 

 MEDLINE (Ovid, 1946 to present) 
 PubMed (pre-MEDLINE publications only) 
 Embase (Ovid, 1974 to present) 
 CENTRAL (The Cochrane Central Register of Controlled Trials) & CDSR, The 

Cochrane Library (Wiley interface, 2022, Issues 
A 3 & 4 respectively)  

 Transfusion Evidence Library (Evidentia Publishing, 1950 to present)  
 Web of Science (Thomson Reuters, 1990 to present) 
 Scopus (Elsevier, 1970 to present) 
 ClinicalTrials.gov 
 WHO International Clinical Trials Registry Platform (ICTRP)  

 
SEARCH STRATEGIES 
 
MEDLINE (Ovid) 
1. Blood Transfusion/  
2. Blood Component Transfusion/  
3. Platelet Transfusion/  
4. Plateletpheresis/  
5. *Plasma/  
6. Plasma/ and (transfus* or blood component* or blood product*).mp.  
7. (FFP* or fresh plasma or frozen plasma or plasma-PLT* or thawed plasma or 
lyophilised plasma or freeze dried plasma or plasma-containing or plasma-rich or 
cryoprecipitate or whole blood).tw,kf. 
8. ((plasma or platelet* or thrombocyte*) adj5 (prophyla* or transfus* or infus* or 
administ* or requir* or need* or product* or component* or concentrate* or 
apheres* or pooled or single donor* or random donor*)).tw,kf.  
9. ((plasma or platelet* or thrombocyte*) adj5 (protocol* or trigger* or threshold* or 
schedul* or dose* or dosing or usage or utili?ation)).tw,kf.  
10. (thrombo?ytopheres* or plateletpheres* or (plasma adj3 platelet*)).tw,kf.  
11. (group A plasma or group O plasma or group B plasma or AB plasma or "A/B 
plasma")).tw,kf.  
12. ((group A or group O or group B or group AB or "group A/B") adj6 (donor* or 
plasma*)).tw,kf. 
13. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12  
14. Blood Group Incompatibility/  
15. ABO Blood-Group System/  
16. ((ABO or blood group* or group O or group A* or group B) adj5 (compatib* or 
incompatib* or noncompatib* or match* or typing or unmatch* or crossmatch* or 
cross-match* or uncrossmatch* or uncross-match* or mismatch* or mis-match* or 
identical or nonidentical or unidentified or unknown)).tw,kf.  
17. (ABO group-specific or group match* or group crossmatch* or group cross-match* 
or out-of-group*).tw,kf.  
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18. ((anti-A or anti-B or anti-AB or "anti-A,B" or "anti-A/B") adj5 (titer* or titre*)).tw,kf.
  
19. 14 or 15 or 16 or 17 or 18  
20. Hemolysis/  
21. exp Transfusion Reaction/  
22. Blood Transfusion/ae or Blood Component Transfusion/ae or Platelet 
Transfusion/ae  
23. (hemoly* or haemoly* or (transfus* adj3 reaction*)).tw,kf.  
24. 20 or 21 or 22 or 23  
25. 13 and 19 and 24  
26. (((ABO or blood group* or group O or group A* or group B) and (compatib* or 
incompatib* or noncompatib* or match* or unmatch* or crossmatch* or cross-match* 
or uncrossmatch* or uncross-match* or mismatch* or mis-match* or identical or 
nonidentical or "out-of-group" or unidentified or unknown) and (transfus* or blood 
component* or blood product* or plasma* or FFP* or cryoprecipitate or platelet* or 
whole blood)) not transplant*).ti.  
27. 25 or 26 
 
PubMed 
#1 (FFP* OR "fresh plasma" OR "frozen plasma" OR plasma-PLT* OR "thawed 

plasma" OR "lyophilised plasma" OR "freeze dried plasma" OR "plasma-
containing" OR "plasma-rich" OR cryoprecipitate OR "whole blood") 

#2 ((plasma OR platelet* OR thrombocyte*) AND (prophyla* OR transfus* OR 
infus* OR administ* OR requir* OR need* OR product* OR component* OR 
concentrate* OR apheres* OR pooled OR single donor* OR random donor*)) 

#3 ((plasma OR platelet* OR thrombocyte*) AND (protocol* OR trigger* OR 
threshold* OR schedul* OR dose* OR dosing OR usage OR utilisation OR 
utilization)) 

#4 (thrombocytopheres* OR thrombocytapheresis OR plateletpheres* OR (plasma 
AND platelet*)) 

#5 ("group A plasma" OR "group O plasma" OR "blood group B plasma" OR "AB 
plasma" OR "A/B plasma") 

#6 ((group A OR group O OR group B OR group AB OR "group A/B") AND (donor* 
OR plasma*)) 
#7 #1 OR #2 OR #3 OR #4 OR #5 OR #6 
#8 ((ABO OR "blood group" OR "blood groups" OR "group O" OR "group A" OR 

"group AB" OR "group B") AND (compatib* OR incompatib* OR noncompatib* 
OR match* OR unmatch* OR mismatch* OR mis-match* OR crossmatch* OR 
cross-match* OR uncrossmatch* OR uncross-match* OR identical OR 
nonidentical OR "out-of-group" OR unidentified OR unknown)) 

#9 (ABO group-specific OR group match* OR group crossmatch* OR group cross-
match* OR out-of-group*) 

#10 ((anti-A OR anti-B OR anti-AB OR "anti-A,B" OR "anti-A/B") AND (titer* OR 
titre*)) 
#11 #8 OR #9 OR #10 
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#12 (hemoly* OR haemoly* OR (transfus* AND reaction*)) 
#13 #7 AND #11 AND #12 
#14 medline[sb] 
#15 #13 NOT #14 
 
Embase (Ovid) 
1. Blood Transfusion/  
2. Blood Component Therapy/  
3. Plasma Transfusion/  
4. Thrombocyte Transfusion/  
5. Thrombocytopheresis/  
6. *Plasma/  
7. Plasma/ and (transfus* or blood component* or blood product*).mp.  
8. (FFP* or fresh plasma or frozen plasma or plasma-PLT* or thawed plasma or 
lyophilised plasma or freeze dried plasma or plasma-containing or plasma-rich or 
cryoprecipitate or whole blood).tw,kw. 
9. ((plasma or platelet* or thrombocyte*) adj5 (prophyla* or transfus* or infus* or 
administ* or requir* or need* or product* or component* or concentrate* or 
apheres* or pooled or single donor* or random donor*)).tw,kw.  
10. ((plasma or platelet* or thrombocyte*) adj5 (protocol* or trigger* or threshold* or 
schedul* or dose* or dosing or usage or utili?ation)).tw,kw.  
11. (thrombo?ytopheres* or plateletpheres* or (plasma adj3 platelet*)).tw,kw.  
12. (group A plasma or group O plasma or group B plasma or AB plasma or "A/B 
plasma")).tw,kw. 
13. ((group A or group O or group B or group AB or "group A/B") adj6 (donor* or 
plasma*)).tw,kw. 
14. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13  
15. Blood Group Incompatibility/ or Blood Group ABO Incompatibility/  
16. Blood Group ABO System/  
17. ((ABO or blood group* or group O or group A* or group B) adj5 (compatib* or 
incompatib* or noncompatib* or match* or unmatch* or crossmatch* or cross-match* 
or uncrossmatch* or uncross-match* or mismatch* or mis-match* or identical or 
nonidentical or unidentified or unknown)).tw,kw.  
18. (ABO group-specific or group match* or group crossmatch* or group cross-match* 
or out-of-group*).tw,kw.  
19. ((anti-A or anti-B or anti-AB or "anti-A,B" or "anti-A/B") adj5 (titer* or 
titre*)).tw,kw.  
20. 15 or 16 or 17 or 18 or 19  
21. Hemolysis/  
22. exp Blood Transfusion Reaction/  
23. Blood Transfusion/ae or Blood Component Therapy/ae or Thrombocyte 
Transfusion/ae  
24. (hemoly* or haemoly* or (transfus* adj3 reaction*)).tw,kw.  
25. 21 or 22 or 23 or 24  
26. 14 and 20 and 25  
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27. (((ABO or blood group* or group O or group A* or group B) and (compatib* or 
incompatib* or noncompatib* or match* or unmatch* or crossmatch* or cross-match* 
or uncrossmatch* or uncross-match* or mismatch* or mis-match* or identical or 
nonidentical or "out-of-group" or unidentified or unknown) and (transfus* or blood 
component* or blood product* or plasma* or FFP* or cryoprecipitate or platelet* or 
whole blood)) not transplant*).ti.  
28. 26 or 27 
 
CENTRAL & CDSR 
#1 MeSH descriptor: [Blood Transfusion] this term only 
#2 MeSH descriptor: [Blood Component Transfusion] this term only 
#3 MeSH descriptor: [Platelet Transfusion] this term only 
#4 MeSH descriptor: [Plateletpheresis] this term only 
#5 MeSH descriptor: [Plasma] this term only 
#6 (FFP* or "fresh plasma" or "frozen plasma" or plasma-PLT* or "thawed plasma" 

or "lyophilised plasma" or "freeze dried plasma" or "plasma-containing" or 
"plasma-rich" or cryoprecipitate or "whole blood") 

#7 ((plasma or platelet* or thrombocyte*) NEAR/5 (prophyla* or transfus* or 
infus* or administ* or requir* or need* or product* or component* or 
concentrate* or apheres* or pooled or single donor* or random donor*)) 

#8 ((plasma or platelet* or thrombocyte*) NEAR/5 (protocol* or trigger* or 
threshold* or schedul* or dose* or dosing or usage or utili?ation)) 

#9 (thrombo?ytopheres* or plateletpheres* or (plasma NEAR/3 platelet*)) 
#10 ("group A plasma" or "group O plasma" or "blood group B plasma" or "AB 

plasma" or "A/B plasma") 
#11 ((group A or group O or group B or group AB or "group A/B") NEAR/6 (donor* 
or plasma*)) 
#12 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 or #11 
#13 MeSH descriptor: [Blood Group Incompatibility] this term only 
#14 MeSH descriptor: [ABO Blood-Group System] this term only 
#15 ((ABO or "blood group" or "blood groups" or "group O" or "group A" or "group 

AB" or "group B") NEAR/5 (compatib* or incompatib* or noncompatib* or 
match* or unmatch* or mismatch* or mis-match* or crossmatch* or cross-
match* or uncrossmatch* or uncross-match* or identical or nonidentical or 
"out-of-group" or unidentified or unknown)) 

#16 (ABO group-specific or group match* or group crossmatch* or group cross-
match* or out-of-group*) 

#17 ((anti-A or anti-B or anti-AB or "anti-A,B" or "anti-A/B") NEAR/5 (titer* or 
titre*)) 
#18 #13 OR #14 OR #15 OR #16 OR #17 
#19 MeSH descriptor: [Hemolysis] this term only 
#20 MeSH descriptor: [Transfusion Reaction] this term only 
#21 MeSH descriptor: [Blood Transfusion] this term only 
#22 MeSH descriptor: [Blood Component Transfusion] this term only and with 

qualifier(s): [adverse effects - AE] 
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#23 MeSH descriptor: [Platelet Transfusion] this term only and with qualifier(s): 
[adverse effects - AE] 

#24 (hemoly* or haemoly* or (transfus* NEAR/3 reaction*)) 
#25 #19 OR #20 OR #21 OR #22 OR #23 OR #24 
#26 #12 AND #18 AND #25 
#27 (((ABO or "blood group" or "blood groups" or "group O" or "group A" or "group 

AB" or "group B") and (compatib* or incompatib* or noncompatib* or match* 
or unmatch* or mismatch* or mis-match* or crossmatch* or cross-match* or 
uncrossmatch* or uncross-match* or identical or nonidentical or "out-of-
group" or unidentified or unknown) and (transfus* or blood component* or 
blood product* or plasma* or FFP* or cryoprecipitate or platelet* or whole 
blood)) NOT transplant*):ti 

#28 #26 OR #27 
 
TRANSFUSION EVIDENCE LIBRARY 
Subject Area: Blood Components / Plasma/FFP OR Cryoprecipitate OR Platelets  AND  
title:(hemolysis OR haemolysis OR hemolytic OR haemolytic OR reaction OR 
compatible OR incompatible OR unmatched OR mismatched OR crossmatched OR 
uncrossmatched) OR article_abstract:(hemolysis OR haemolysis OR hemolytic OR 
haemolytic OR reaction OR compatible OR incompatible OR unmatched OR 
mismatched OR crossmatched OR uncrossmatched) 
OR  
Subject Area: Clinical Practice / Adverse Effects of Transfusion AND title:(hemolysis OR 
haemolysis OR hemolytic OR haemolytic OR reaction OR compatible OR incompatible 
OR unmatched OR mismatched OR crossmatched OR uncrossmatched) OR 
article_abstract:(hemolysis OR haemolysis OR hemolytic OR haemolytic OR reaction OR 
compatible OR incompatible OR unmatched OR mismatched OR crossmatched OR 
uncrossmatched) 
  
WEB OF SCIENCE 
# 1  TS=(FFP* or "fresh plasma" or "frozen plasma" or "thawed plasma" or "lyophilised 
plasma" or "freeze dried plasma" or "plasma-containing" or "plasma-rich" or 
cryoprecipitate or "whole blood") 
# 2  TS=((plasma or platelet* or thrombocyte*) AND (prophyla* or transfus* or infus* 
or administ* or requir* or need* or product* or component* or concentrate* or 
apheres* or pooled or single donor or random donor)) 
# 3  TS=((plasma OR platelet* OR thrombocyte*) AND (protocol* OR trigger* OR 
threshold* OR schedul* OR dose* OR dosing OR usage OR utilisation OR utilization)) 
# 4  TS=(thrombo?ytopheres* or plateletpheres* OR (plasma* AND platelet*)) 
# 5  TS=("group A plasma" or "group O plasma" or "blood group B plasma" or "AB 
plasma" or "A/B plasma") 
# 6   TS=((group A or group O or group B or group AB or "group A/B") AND (donor* or 
plasma*)) 
# 7   #1 OR #2 OR #3 OR #4 OR #5 OR #6 
# 8   TS=((ABO or "blood group" or "blood groups" or "group O" or "group A" or "group 
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AB" or "group B") AND (compatib* or incompatib* or noncompatib* or match* or 
unmatch* or mismatch* or mis-match* or crossmatch* or cross-match* or 
uncrossmatch* or uncross-match* or identical or nonidentical or "out-of-group" or 
unidentified or unknown)) OR TS=((anti-A or anti-B or anti-AB or "anti-A,B" or "anti-
A/B") AND (titer* or titre*)) 
# 9  TS=(hemoly* or haemoly* or (transfus* AND reaction*)) 
#10  #7 AND #8 AND #9 
# 11   TI=(((ABO or "blood group" or "blood groups" or "group O" or "group A" or 
"group AB" or "group B") AND (compatib* or incompatib* or noncompatib* or match* 
or unmatch* or mismatch* or mis-match* or crossmatch* or cross-match* or 
uncrossmatch* or uncross-match* or identical or nonidentical or "out-of-group" or 
unidentified or unknown) AND (transfus* or blood component* or blood product* or 
plasma* or FFP* or cryoprecipitate or platelet* or "whole blood")) NOT transplant*) 
# 12  #10 OR #11 
 
SCOPUS 

1. TITLE-ABS-KEY ( ( FFP*  OR  "fresh plasma"  OR  "frozen plasma"  OR  "thawed 
plasma"  OR  "lyophilised plasma"  OR  "freeze dried plasma"  OR  "plasma-
containing"  OR  "plasma-rich"  OR  cryoprecipitate  OR  "whole blood" ) ) 

2. TITLE-ABS-KEY ( ( ( plasma  OR  platelet*  OR  thrombocyte* )  W/5  ( prophyla*  
OR  transfus*  OR  infus*  OR  administ*  OR  requir*  OR  need*  OR  product*  
OR  component*  OR  concentrate*  OR  apheres*  OR  pooled  OR  "single 
donor"  OR "single donors" OR "random donor" OR "random donors" ) ) ) 

3. TITLE-ABS-KEY ( ( ( plasma  OR  platelet*  OR  thrombocyte* )  W/5  ( protocol*  
OR  trigger*  OR  threshold*  OR  schedul*  OR  dose*  OR  dosing  OR  usage  
OR  utilisation  OR  utilization ) ) ) 

4. TITLE-ABS-KEY ( ( thrombo?ytopheres*  OR  plateletpheres* OR  (plasma* W/3 
platelet*) ) ) 

5. TITLE-ABS-KEY ( ( "group A plasma"  OR  "group O plasma"  OR  "group B 
plasma"  OR  "AB plasma" OR "A/B plasma"  ) ) 

6. TITLE-ABS-KEY ( ( ( "group A" or "group O" or "group B" or "group AB" or "group 
A/B" )  W/6  ( donor* or plasma* ) ) ) 

7. #1 OR #2 OR #3 OR #4 OR #5 OR #6 
8. TITLE-ABS-KEY ( ( ( ABO  OR  "blood group"  OR  "blood groups"  OR  "group O"  

OR  "group A"  OR  "group AB"  OR  "group B" )  W/5  ( compatib*  OR  
incompatib*  OR  noncompatib*  OR  match*  OR  unmatch*  OR  mismatch*  
OR  mis-match*  OR  crossmatch*  OR  cross-match*  OR  uncrossmatch* ) ) ) 

9. TITLE-ABS-KEY ( ( ( ABO  OR  "blood group"  OR  "blood groups"  OR  "group O"  
OR  "group A"  OR  "group AB"  OR  "group B" )  W/5  ( uncross-match*  OR  
identical  OR  nonidentical  OR  "out-of-group"  OR  unidentified  OR  unknown ) 
) ) 

10. TITLE-ABS-KEY ( ( ABO group-specific or group match* or group crossmatch* or 
group cross-match* or out-of-group* ) ) 

11. TITLE-ABS-KEY ( ( ( anti-A or anti-B or anti-AB or "anti-A,B" or "anti-A/B") W/5 
(titer* or titre* ) ) ) 

12. #8 OR #9 OR #10 OR #11 
13. TITLE-ABS-KEY ( ( hemoly*  OR  haemoly*  OR  ( transfus*  W/5  reaction* ) ) ) 
14. #7 AND #10 AND #11 
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15. TITLE ( ( ( ABO  OR  "blood group"  OR  "blood groups"  OR  "group O"  OR  
"group A"  OR  "group mab"  OR  "group B" )  AND  ( compatib*  OR  
incompatib*  OR  noncompatib*  OR  match*  OR  unmatch*  OR  mismatch*  
OR  mis-match*  OR  crossmatch*  OR  cross-match*  OR  uncrossmatch*  OR  
uncross-match*  OR  identical  OR  nonidentical  OR  "out-off-group"  OR  
unidentified  OR  unknown )  AND  ( transfus*  OR  "blood component"  OR  
"blood components"  OR  "blood  product"  OR  "blood products"  OR  plasma*  
OR  FFP*  OR  cryoprecipitate  OR  platelet*  OR  "whole blood" ) ) )  

16. #12 OR #13 

ClinicalTrials.gov  
Title: ABO OR blood group OR group O OR group A OR group AB OR group B OR 
hemolysis OR haemolysis OR hemolytic OR haemolytic OR transfusion reaction 
Intervention: transfusion OR blood component OR blood product OR plasma OR FFP 
OR cryoprecipitate OR platelet OR platelets OR whole blood 
Other Terms: compatible OR incompatible OR noncompatible OR matched OR 
unmatched OR mismatched OR mis-matched OR crossmatched OR cross-matched OR 
uncrossmatched OR uncross-matched OR identical OR nonidentical OR out-of-group 
OR unidentified OR unknown 
OR 
Intervention: transfusion OR blood component OR blood product OR plasma OR FFP 
OR cryoprecipitate OR platelet OR platelets OR whole blood 
Other Terms: compatible OR incompatible OR noncompatible OR matched OR 
unmatched OR mismatched OR mis-matched OR crossmatched OR cross-matched OR 
uncrossmatched OR uncross-matched OR identical OR nonidentical OR out-of-group 
OR unidentified OR unknown 
Outcomes: hemolysis OR haemolysis OR hemolytic OR haemolytic OR transfusion 
reaction 
 
WHO ICTRP 
Title: ABO compatible OR ABO incompatible OR ABO noncompatible OR matched OR 
unmatched OR mismatched OR mis-matched OR crossmatched OR cross-matched OR 
uncrossmatched OR uncross-matched OR out-of-group OR hemolysis OR haemolysis 
OR hemolytic OR haemolytic OR transfusion reaction 
Intervention: transfusion OR blood component OR blood product OR plasma OR FFP 
OR cryoprecipitate OR platelet OR platelets OR whole blood 
Recruitment Status: ALL 
OR 
Title: transfusion OR blood OR plasma OR FFP OR cryoprecipitate OR platelet OR 
platelets 
Intervention: ABO compatible OR ABO incompatible OR ABO noncompatible OR 
matched OR unmatched OR mismatched OR mis-matched OR crossmatched OR cross-
matched OR uncrossmatched OR uncross-matched OR out-of-group OR hemolysis OR 
haemolysis OR hemolytic OR haemolytic OR transfusion reaction 
Recruitment Status: ALL 
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99.4 Appendixx 4:: Makingg everyy dropp count:: reducingg 
wastagee off aa novell bloodd componentt forr transfusionn 
off traumaa patients
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99.5 Appendixx 5:: Assessingg thee riskss off haemolysiss ass ann 
adversee reactionn followingg thee transfusionn off ABOO 
incompatiblee plasma-containingg componentss –– AA 
scopingg revieww   
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