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8.1. General Discussion 
The ability to store RBCs outside the body has resulted in a worldwide network of blood 
banks that collect blood and distributed it when needed. RBCs are frequently life-saving in 
many circumstances. Yet, over the last few years concerns regarding the quality of long-
term refrigerated stored RBCs have arisen. The RBC rheologic properties for example, 
have been repeatedly documented to be impaired during prolonged refrigerated storage. 
Nevertheless, RBC storage conditions have continuously improved and the majority of 
these rheologic studies were either outdated or not adequately corrected for known 
confounding factors. New studies that demonstrated the RBC rheologic properties during 
contemporary refrigerated storage were therefore desirable.  
A well-recognized problem of refrigerated storage is that due to the limited shelf life, RBCs 
continuously need to be replenished to balance the inventory. In an effort to circumvent 
storage induced lesions and thus to prolong the shelf life of RBCs, cryopreservation seems 
to be a promising method to preserve RBC. Particularly, since in recent years research has 
focused on optimizing the use of cryopreserved RBCs for clinical practice. This thesis 
aimed to gain a better understanding of the RBC quality from a rheologic perspective in 
transfusion medicine, as well as to explore the utilization of cryopreservation for long-term 
storage of RBC.  

 
8.2. RBC rheology 
The ability of RBCs to deform and aggregate are key determinants of the flow behavior of 
blood. The deformability enables RBCs to adapt their size to minimize flow resistance as 
well as to pass narrow capillaries. In contrast, RBC aggregation increases the flow 
resistance by enhancing whole blood viscosity at low shear rate, albeit that the 
physiological role of RBC aggregation is still elusive.1  
A better understanding of RBC aggregation my help to guide hemorheologic studies and 
therapeutic approaches in pathophysiology. In general, considerable variations in RBC 
aggregation tendencies exists between healthy individuals.2 Interestingly, RBCs also exhibit 
different aggregation tendencies among mammalian species.3 Yet, these interspecies 
differences are not solely ascribed to variations in plasma composition because differences 
continue to exist even when RBC are washed and re-suspended in a standard medium of 
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high molecular weight polymers. Replacement of plasma proteins by standard polymers to 
induce RBC aggregation may help to unravel the fundamentals of the aggregation process. 
At present, a depletion and a bridging theory have been proposed to explain the RBC 
aggregation mechanism induced by high molecular weight polymers. Neu et al.4-7support 
the depletion theory underlying 500-kDa dextran induced RBC aggregation. In contrast, our 
data support the bridging theory as the mechanism underlying 200-kDa HES induced RBC 
aggregation, which is in line with the formation of stronger and larger RBC aggregates with 
HES polymers of increasing molecular weight.8 Despite these differences in aggregation 
mechanisms, the 200-kDa HES and the 500-Kda dextran polymer solutions are useful to 
manifest cellular induced aggregation differences between healthy individuals and T1DM 
patients. 
Disturbed rheologic properties can be detrimental to the flow dynamics and subsequently 
the oxygen delivery in the microcirculation. Reduced deformation and enhanced 
aggregation of RBCs have been observed in a variety of chronic diseases. However, in 
some acute situations, such as during damage control of severely bleeding trauma patients, 
enhanced RBC aggregation could also play a pivotal role. Presumably, adoption of a liberal 
FFP to RBC ratio could promote RBC aggregation. This could be disadvantageous in 
trauma patients in which the RBC rheology is already compromised. In this regard, the 
LORCA (R&R Mechatronics, Zwaag, the Netherlands) could be useful to demonstrate 
RBC aggregation tendencies of trauma patients who undergo damage control resuscitation. 
In addition, analysis of the RBC cellular factors that affect the RBC aggregability3 could 
further improve our understanding of altered aggregation tendencies in disease. 

 
8.3. Refrigerated storage of RBCs 
The rheologic properties of prolonged refrigerated stored RBCs have been repeatedly 
documented to be impaired (i.e. enhanced aggregation, reduced deformation and elevated 
endothelial cell interaction).9-15 Yet, these studies analyzed the rheologic properties of non-
leukofiltrated refrigerated stored RBCs, which is not representative for European blood 
banking practice. More recently, it was demonstrated that leukoreduction minimizes storage 
associated adhesiveness of RBCs to endothelial cells.16-18 Our data showed that although 
the aggregability of leukoreduced refrigerated stored RBCs was slightly altered over time, 
an enhanced RBC aggregability was clearly not observed. In addition, we found that the 
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reduction in RBC deformability, which was only observed at high shear stress, was still 
within physiological ranges. Previously, it was demonstrated that the phosphorylation of 
cytoskeleton protein 4.1, which was powered by ATP, played an important role in 
regulating the RBC deformability.19,20 Although we demonstrated that the RBC ATP 
content became progressively depleted during refrigerated storage, we did not observe a 
reduction in the RBC deformability at low shear stress. This could suggest that DEHP 
leaching from the PVC storage bag has counteracted the storage induced deterioration in 
flexibility21,22 or that the total adenine phosphate pool, which consist of ATP, ADP and 
AMP, has not depleted yet.23,24 We also consider that the sphericity of the RBCs, induced 
by the progressive ATP depletion,25,26 could play a fundamental in role in our observations. 
Particularly, because at high shear stress the cell volume becomes a limiting factor for the 
RBCs to deform and because RBC swelling suppresses cell contact and subsequently 
aggregation formation.27,28 Due to the high osmotic content of plasma, RBC swelling is 
most likely to be reversed after infusion.29 Based on these and recent findings we concluded 
that the rheologic properties of leukoreduced refrigerated stored RBC are not likely to 
contribute to adverse clinical outcomes after transfusion.  
ATP does not only play a role in the deformability of the RBCs, it is fundamental for the 
overall functioning of the cell. We observed considerable low ATP values after 5 weeks of 
refrigerated RBC storage. Although a low ATP content can be replenished within 48 hours 
following infusion of RBCs,30 in some patient groups, such as critical ill, an immediate 
restoration of the oxygen delivery  may be desired. Recently, Spinella et al proposed that 
transfusion of 1 to 2 RBC units of increased storage age was sufficient to compromise 
clinical outcome in trauma patients.31 Nonetheless, this retrospective study was further 
limited by the lack of discrimination between leukoreduced and non-leukoreduced RBCs 
within each storage group. Despite these limitations, it is possible that there is a storage 
limit beyond which RBC transfusion may be less beneficial or can even compromise the 
clinical outcome of critical ill patients.32-34 Especially, if a low ATP content hinders the 
RBCs to properly function. Yet the clinical consequences of prolonged stored RBCs are 
poorly understood and well-designed randomized controlled trials are currently lacking.35-42 
Implementation of procedures that improve the RBC quality rather than extending the 
maximal storage duration of refrigerated RBC storage are therefore desirable.43 In this 
regard, a new storage solution (i.e PAGGGM) was developed that maintains high ATP and 
2,3-DPG content of RBCs and prevents microvesicle formation during 5 weeks of 



General discussion 

 
 

 
119 

refrigerated storage.44,45 Other quality determinants, including the RBC rheologic properties 
will still need to be determined.  
Alternatively, storage of RBCs at ultra-low subzero temperatures halts the biochemical 
processes in the cell which may circumvent storage induced lesions. From this perspective, 
cryopreservation could be a promising approach to prolong the lifespan of RBCs. 

 
8.4. Cryopreservation of RBCs 
Currently, the HGM is the most widely applied freezing method for long-term storage of 
RBCs. Cryopreserved RBCs have to meet certain guidelines,46,47 yet as in the case of 
refrigerated stored RBCs, these guidelines do not reflect the RBCs ability to function after 
infusion. Over the years more knowledge about the quality of HGM cryopreserved RBCs 
has become available. Data about the rheologic properties of cryopreserved RBCs were 
however scarce. In this regard, we investigated the deformability and aggregability of HGM 
cryopreserved RBCs that were post-thaw stored in SAGM additive solution.  
In our study the deformability of cryopreserved RBCs was higher than that of fresh RBCs 
but similar to prolonged refrigerated stored RBCs. Fresh RBCs were not leukofiltrated as 
opposed to the stored RBCs. Although the presence of leukocytes could have been 
detrimental to the flexibility of RBCs, it is unlikely that this caused the lower deformability 
of fresh RBCs. Especially, because their contact time with fresh RBCs was only minimal. 
We hypothesized that DEHP leaching from the PVC storage bag has enhanced the 
flexibility of the RBCs, explaining the improved deformability of both refrigerated stored 
and cryopreserved RBCs over that of fresh RBCs. Unfortunately, we did not have the 
infrastructure to study DEPH leaching per se. Surprisingly, the deformability of 
cryopreserved and long-term refrigerated stored RBCs was similar despite their differences 
in MCV. Clearly, additional studies are warranted to elucidate the precise role of RBC 
volume in limiting the flexibility of the RBCs.  
We also observed a higher osmotic fragility of cryopreserved RBCs that were post-thaw 
stored in SAGM additive solution, compared to fresh and refrigerated stored RBCs. The 
increasing cell volume could have made the RBCs more prone to hemolysis upon 
concomitant swelling. Especially, since no alterations in osmotic fragility have been 
observed with cryopreserved RBCs that were post-thaw stored in AS-3 or CPDA-1 
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solution.48 Presumably, the absence of citrate, an impermeable anion, in the SAGM additive 
solution allows for more substantial cell swelling.49,50  
We demonstrated that cryopreserved RBCs were less able to aggregate then fresh and 
refrigerated stored RBCs. This was not surprisingly in the light of the enhanced RBC 
volume after deglycerolization. Although enhanced RBC aggregation has been commonly 
observed in various diseases, less is known about the effect of diminished RBC 
aggregation. Previously, it has been hypothesized that low RBC aggregation is a pathogenic 
co-factor in endothelial activation during hemodilution,51. However, it was recognized that 
hemodilution per se induced a hypercoagulable state.52 One could argue that infusion of 
RBCs with low aggregation tendencies may be less beneficial in directing leukocytes and 
possibly platelets to a damaged vessel wall.53 On the other hand, infusion of RBCs with 
lower aggregation tendencies could also be beneficial to patients with microcirculatory 
disorders.54,55 Nevertheless, the high 24-hour in vivo survival of cryopreserved RBCs 
indirectly suggests that RBC swelling and subsequently the lower aggregability tendencies 
of cryopreserved RBCs are of less physiologic importance.56  
Infusion of cryopreserved RBCs has potential advantages over that of refrigerated stored 
RBCs. We demonstrated that the ATP content of cryopreserved RBCs was similar to that of 
fresh RBCs. Indicating that cryopreserved RBCs could have superior oxygen delivering 
capacity compared to that of prolonged refrigerated stored RBCs.57 Also, due to the 
deglycerolization washing procedure less biological active substances will be present in the 
RBC unit that may cause transfusion related reactions in the recipient.58 In this regard, 
cryopreserved RBCs could be useful in situations where refrigerated stored RBCs are less 
desired. This could be the case for chronically transfused patients. In addition, 
cryopreserved RBCs could also be useful in order to minimize occurrences of TRALI and 
SIRS. Nevertheless, cryopreserved RBCs are primarily used for controlling an inventory of 
RBCs with rare blood phenotypes and for military conflicts. Occasionally, cryopreserved 
RBCs are used during temporarily blood shortages.  
Cryopreserved RBCs are more expensive, time-consuming and less efficient than 
refrigerated stored RBCs. However, among the years cryopreserved RBCs have become 
more utilizable. Implementation of the automated ACP-215 device (Haemonetics, 
Braintree, MA) for example has simplified the washing process and prolonged the postthaw 
storage time of RBCs in AS-3 to 14 days. This development has eased the clinical 
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applicability of cryopreserved RBCs particularly, because RBCs could now be thawed and 
washed in advance.  
The developments of new techniques that could make cryopreserved RBCs more utilizable 
for transfusion medicine are still ongoing. Implementation of a liquid Bio-freezer with a 
rapid heat exchange for example could make cryopreserved RBCs more interesting for 
clinical usage. Although our results documenting the quality of RBCs cryopreserved in the 
liquid Bio-freezer demonstrated that the temperature of the Bio-freezer was not sufficient to 
preserve the RBC deformability or maintain high in vivo RBC survival, combining the bio-
freezer with -80°C storage enabled preservation of RBCs with only 20% glycerol while 
maintaining good in vitro and in vivo viability. In this context, the lower glycerol content 
could be favorable since it potentially reduces the osmotic stress during the glycerolization 
and deglycerolization process that causes cellular losses. Additional studies will be needed 
to determine the RBC quality during prolonged post-thaw storage. 

 
8.5. Conclusion 
Refrigerated storage induces a variety of cellular changes that could hamper the RBCs to 
properly function after infusion. In this regard, the rheologic properties are important 
quality determinants, because alterations in the rheologic properties can be detrimental to 
the flow dynamics and subsequently the oxygen delivery in the microcirculation. This 
thesis demonstrates that the rheologic properties of leukoreduced RBCs were well 
preserved during refrigerated storage and not likely to contribute to adverse clinical 
outcome after infusion.  
Cryopreservation of RBCs has been practiced to counteract storage induced lesions and 
subsequently to extend the shelf life of preserved RBCs. This thesis furthermore 
demonstrates that the freeze-thaw-wash process was not detrimental to the aggregability 
and deformability of HGM cryopreserved RBCs. RBC cryopreservation is still infrequently 
used. However, ongoing scientific and technological advancement has eased the clinical 
applicability of cryopreserved RBCs which could extend their utilization in clinical 
practice. As we progress towards a more aging society the demand for RBC transfusions 
will inevitably increase.59,60 and cryopreserved RBCs could become a more routinely used 
blood resource. Especially, since cryopreserved RBCs are available, safe, in compliance 
with international regulations and guidelines and can be used effectively.61-63 
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