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Holding Time in Fresh Frozen Plasma: A Critical Factor Worth Investigating


Abstract
The production and quality of Fresh Frozen Plasma (FFP) are governed by harmonised standards set by the European Directorate for the Quality of Medicines and HealthCare (EDQM), which emphasise maintaining protein activity and controlling residual leucocyte content to ensure optimal product quality and therefore, patient safety. Contrary to previous assumptions that FFP is acellular, relatively recent studies have demonstrated that residual leucocytes in plasma can contribute to immunological reactions, transfusion-associated infections, and alloimmunisation in the transfusion recipient. The holding time between whole blood collection and plasma processing plays a pivotal role in balancing leucocyte degradation with the preservation of labile plasma proteins, particularly coagulation factors such as FVIII, FV, Protein C, and Protein S. Short holding times may fail to effectively lower leucocyte counts, increasing the risk of immunological complications, whereas extended holding periods can accelerate the decline of critical coagulation factors, potentially diminishing therapeutic efficacy. Temperature management, enzymatic activity from residual cells, and pH fluctuations further influence protein stability during this period, highlighting the complex interplay of biochemical and cellular processes that determine plasma quality. This review underscores the importance of establishing standardised, evidence-based holding times that optimise both leucocyte inactivation and protein preservation, while considering operational constraints of blood establishments. Additionally, future research should focus on quantifying residual leucocyte activity, characterising subtle protein degradation, and correlating these factors with clinical outcomes to refine FFP processing protocols and enhance transfusion safety and effectiveness.
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1. Introduction
The collection, processing, and transfusion of blood components are critical aspects of modern healthcare, directly influencing both patient safety and therapeutic efficacy. Among these components, Fresh Frozen Plasma (FFP) occupies a unique and indispensable role in clinical practice, particularly in the management of patients with coagulation factor deficiencies, complex coagulopathies, massive haemorrhage, liver disease, and situations requiring urgent plasma replacement(1,2). Unlike red cell or platelet transfusions, the therapeutic value of FFP is derived primarily from its content of functional proteins—most notably coagulation factors, anticoagulants, and other plasma proteins that contribute to haemostasis and vascular stability(3,4).
To safeguard these therapeutic properties, the European Directorate for the Quality of Medicines and HealthCare (EDQM) has established harmonised standards that govern every stage of FFP production—from donor collection to processing, freezing, storage, testing, and distribution(5). These standards emphasise not only the preservation of labile coagulation factors, such as Factor V (FV) and Factor VIII (FVIII), but also the maintenance of overall protein integrity, sterility, and appropriate levels of residual leucocytes. FVIII is particularly labile, with activity reductions of up to 28% reported after a 24-hour holding period, although these values usually remain within EDQM thresholds(3,6).
Historically, FFP was regarded as largely acellular; however, it is now well established that residual leucocytes can persist in plasma products and exert clinically significant effects. These cells have been implicated in febrile non-haemolytic transfusion reactions (FNHTR), transfusion-associated graft-versus-host disease (TA-GVHD), and transfusion-related acute lung injury (TRALI), as well as in the transmission of infections such as cytomegalovirus (CMV) and hepatitis E(3,7–10). Such risks have prompted widespread adoption of leucoreduction strategies, achieved through filtration, centrifugation, sedimentation, or freeze–thaw methods, which reduce leucocyte counts and mitigate adverse immunological outcomes(11–13). The clinical significance of residual leucocytes underscores the importance of strict process control in plasma preparation, since both their viability and degradation products may influence transfusion safety.
An essential but often underappreciated determinant of FFP quality is the holding time, defined as the period between whole blood collection and plasma separation. Holding time exerts a dual influence: it shapes residual leucocyte viability and activity, while also affecting the stability of plasma proteins. Extended holding has been associated with gradual degradation of labile coagulation factors and subtle biochemical modifications to proteins that may not be evident in routine assays but could compromise therapeutic efficacy(3,6). Conversely, insufficient holding may not adequately reduce leucocyte numbers or their bioactive by-products, leaving recipients vulnerable to immunological complications. Thus, holding time represents a critical pre-analytical variable where immunological risk and haemostatic potency must be carefully balanced.
The goal of this review is to critically evaluate the impact of holding time on the biochemical integrity, safety, and clinical utility of FFP. Focus is given to residual leucocyte counts, coagulation factor activity, total protein content, and clinically relevant outcomes such as bleeding control, transfusion reactions, and the need for repeat transfusions. Special attention is directed toward labile proteins, such as FV and FVIII, whose activity is highly sensitive to pre-freezing handling conditions, as well as to immunomodulatory pathways influenced by leucocyte degradation. Furthermore, the discussion highlights emerging strategies for optimising processing—including advanced monitoring of temperature and pH fluctuations in high-resource settings, and staggered processing or batch testing in resource-limited facilities. By synthesising current literature, experimental data, and regulatory guidance, this review seeks to inform evidence-based standard operating procedures that maximise plasma safety, preserve therapeutic potency, and minimise patient risk.
2. Holding Time in Plasma Processing
The preparation of FFP begins with the collection of whole blood, which is subsequently held for a period before component separation. This holding time, typically ranging from 3 to 20 hours at room temperature, serves multiple purposes: it allows for the initial stabilization of cellular components, supports the phagocytic activity of leucocytes against potential bacterial contaminants, and contributes to the gradual degradation of residual leucocytes(13,14). While contamination control measures during collection and processing aim to prevent bacterial growth, holding time provides an additional layer of biological control, giving leucocytes the opportunity to neutralize pathogens that may have inadvertently entered the unit(15).
Despite its benefits, holding time is a double-edged sword. While it facilitates leucocyte degradation, prolonged exposure at ambient temperature can lead to loss of labile coagulation factors, changes in total plasma protein content, and subtle alterations in other functional components of plasma(6,16,17). Thus, establishing an optimal holding time requires balancing two competing priorities: reducing residual leucocyte activity to minimise adverse reactions, and preserving plasma protein quality to maintain therapeutic efficacy.
Several studies have investigated the effects of holding time on different blood components. For example, Lu et al.(14) compared FFP derived from whole blood held for 8 hours versus 18–24 hours. Their results demonstrated that plasma from units held close to 24 hours remained within acceptable quality parameters, showing minimal variation in coagulation factor activity and protein content compared to the shorter-holding units. Similarly, Moroff et al.(17) evaluated blood components prepared after 8 and 24-hour holding periods, noting significant decreases in 2,3-diphosphoglycerate in red blood cells but no significant variations in platelet quality. Importantly, FVIII activity in plasma was reduced with longer holding times, highlighting the need to consider protein stability in extended storage scenarios.
The impact of holding time on plasma quality has also been explored by Cardigan et al.(16), who observed reductions in activated partial thromboplastin time, fibrinogen, FVIII, protein C, protein S, and prothrombin levels when holding time was extended from 8 to 24 hours. These findings underscore that holding time is not merely a logistical consideration but a critical determinant of FFP quality, with potential implications for clinical efficacy.
3. Effects of Holding Time on Plasma Components
3.1 Residual Leucocytes
Residual leucocytes in plasma pose a well-documented risk for transfusion recipients. During the holding period, these cells undergo progressive degradation and inactivation, which are processes that may reduce immunogenicity and minimise the likelihood of adverse reactions(18). However, the relationship between holding time and residual leucocyte counts is not fully characterised, particularly in unfiltered plasma products, which are still employed in some blood establishments.
Evidence on the role of leucocytes during storage is controversial. Högman et al.(13) reported that leucocytes can contribute to the clearance of bacterial contaminants, with some species being eliminated within 5–24 hours, whereas in leucoreduced units, rapid bacterial proliferation was observed after 48 hours, especially in buffy coats. These findings suggest a potential protective role of residual leucocytes against microbial growth under certain conditions.
In contrast, numerous studies highlight the benefits of leucoreduction. Bianchi et al.(19) and Pietersz et al.(20) demonstrated that leucoreduction substantially decreases the incidence of FNHTR, CMV transmission, and HLA alloimmunisation, highlighting the clinical risks posed by viable leucocytes. While extended holding may reduce these risks in unfiltered plasma by promoting natural leucocyte degradation, the process is variable and influenced by donor characteristics, temperature, and processing methods.
Although robust quantitative data remain limited, available evidence indicates that holding time exerts a measurable impact on leucocyte viability and activity. Shorter holding periods may allow residual cells to retain immunogenic potential, increasing the likelihood of adverse transfusion outcomes. Conversely, prolonged holding promotes apoptosis and functional decline of leucocytes, improving compliance with safety thresholds and potentially reducing immunological risks.
Variability in residual leucocyte counts between plasma units processed at different holding times underscores the critical importance of standardisation in the preparation of FFP. When holding times are not carefully controlled, plasma units can exhibit heterogeneous levels of residual leucocytes, which introduces variability in transfusion risk between individual units. This heterogeneity is influenced not only by the duration of the holding period but also by a complex interplay of pre-analytical factors, including ambient storage temperature, degree and consistency of gentle agitation during storage, the type and volume of anticoagulant used, and the initial leucocyte load present in the collected whole blood(21). Together, these variables can modulate leucocyte viability, activation status, and the release of bioactive molecules such as cytokines and chemokines, which may have downstream effects on the immune response of transfusion recipients. Residual leucocytes that remain active or partially activated during the holding period can contribute to the accumulation of inflammatory mediators and proteolytic enzymes in plasma, which can subtly alter the composition and functional quality of plasma proteins. These biochemical changes, while often not detectable by routine coagulation assays, may nonetheless influence patient outcomes, particularly in individuals with compromised haemostasis, massive transfusion requirements, or heightened immunological sensitivity(22,23).
In practical terms, implementing evidence-based and standardised holding time protocols would ensure that unfiltered FFP consistently complies with regulatory thresholds for residual leucocyte content, thereby reducing the risk of febrile non-haemolytic transfusion reactions, alloimmunisation, and the transmission of cell-associated pathogens(5,19). Beyond enhancing safety, standardisation fosters reproducibility and inter-laboratory comparability, both of which are essential for maintaining product quality across blood establishments, facilitating multicentre clinical studies, and enabling harmonised transfusion practices. Importantly, aligning holding times with routine monitoring of leucocyte counts, coagulation factor activity, and total protein integrity provides a more comprehensive quality assurance framework—one that integrates immunological safety with biochemical functionality(5,20,24). Such an approach not only safeguards patients from adverse reactions but also preserves the haemostatic potency of plasma, ensuring that transfusions deliver consistent and effective therapeutic benefit across diverse clinical settings. Moving forward, the integration of holding time optimisation into regulatory guidance by bodies such as the EDQM could provide an internationally harmonised standard, strengthening both patient safety and global transfusion practice.
3.2 Plasma Proteins and Coagulation Factors
Plasma transfusions rely primarily on the delivery of functional proteins, particularly coagulation factors, to achieve therapeutic outcomes. Coagulation factors such as FV, FVIII, fibrinogen, and protein C are essential for haemostasis, and their activity must be preserved throughout the collection, holding, and processing stages to ensure clinical efficacy(16,17).
Multiple studies have investigated the impact of holding time on coagulation factor activity. FVIII is consistently reported as the most labile factor, with activity reductions ranging from 15% to 28% after a 24-hour holding period(6,16,17,25). FV and fibrinogen show more moderate declines, while protein C is relatively stable over typical holding periods. Importantly, these decreases in FVIII generally remain within EDQM quality standards (≥0.7 IU/mL in at least 75% of units)(5), and FFP is rarely used as a primary treatment for FVIII deficiency due to the availability of concentrated recombinant or plasma-derived FVIII products.
The influence of holding time on total plasma protein concentration remains less well characterized. Enroth et al.(4) used proteomic profiling to demonstrate that extended storage can cause subtle, yet measurable, reductions in specific plasma proteins involved in coagulation, immune response, and transport functions. These protein changes suggest potential losses in functional activity, which may not be fully captured by standard coagulation assays. While prolonged holding can facilitate natural leucocyte degradation and reduce immunological risk, it simultaneously increases the likelihood of coagulation factor and protein loss, potentially necessitating additional transfusions to achieve haemostatic goals(26).
Processing steps—including holding time, ambient or refrigerated temperature control, and plasma separation techniques—further modulate protein integrity. For example, holding whole blood at room temperature can accelerate FVIII degradation, whereas rapid cooling and early separation help preserve labile factors(1). These considerations are compounded by the limited post-thaw window for FFP use: once thawed, plasma must be transfused within six hours under controlled temperatures to avoid further declines in labile factors such as FV and FVIII, emphasizing the need for optimal pre-freezing handling to maximize therapeutic potential.
Overall, these findings highlight that carefully optimizing FFP processing is essential to maximize its clinical utility. Beyond coagulation factors, subtle changes in other plasma constituents—such as complement proteins, immunoglobulins, and albumin-bound molecules—can influence vascular stability, immune function, and patient hemodynamics. Maintaining this delicate equilibrium also supports the predictability of transfusion outcomes, reducing variability in clotting responses and the likelihood of unexpected adverse events. Furthermore, standardized approaches to holding time and handling can improve operational efficiency within blood establishments, ensuring that plasma units consistently meet quality specifications while preserving therapeutic potency. Integrating routine monitoring of protein integrity (and leucocyte activity) may offer additional safeguards, allowing early identification of units at risk of reduced efficacy and enabling targeted interventions to optimise transfusion effectiveness.
4. Balancing Holding Time for Safety and Efficacy
Observations from the local blood establishment highlight the tension between residual leucocyte reduction and plasma protein preservation. Plasma processed after minimal holding times (~3 hours) may occasionally exceed safe leucocyte thresholds, whereas longer holding periods (~overnight) appear to consistently reduce leucocyte counts and activity. However, extending the holding time can exacerbate coagulation factor degradation, particularly FVIII, and may subtly affect other labile proteins such as FV, Protein C, and Protein S, as well as albumin-bound factors that contribute to plasma’s oncotic pressure, transport capacity, and buffering potential. Loss of these proteins can have cumulative clinical implications, particularly in critically ill patients undergoing massive transfusion protocols, trauma resuscitation, or treatment for complex coagulopathies where even marginal reductions in factor activity can affect haemostatic stability.
Temperature control is a critical modulating factor. EDQM guidelines(5) recommend holding whole blood at room temperature (20–24°C) for up to 24 hours prior to separation, with subsequent freezing of plasma at –25°C or lower to preserve coagulation factor activity. Some establishments employ staged cooling strategies—such as controlled refrigeration at 4–6°C after an initial ambient phase—to slow enzymatic degradation while preserving protein function. However, such strategies must be carefully validated, as premature cooling can preserve leucocyte viability for longer, potentially delaying the natural degradation processes that help lower leucocyte counts. Moreover, suboptimal temperature regulation during this period can allow selective survival or proliferation of cold-tolerant microorganisms, underscoring the need for stringent microbial risk management.
The kinetics of protein degradation during the holding period is shaped by a complex interplay of biochemical and cellular processes. Proteolytic enzymes released from leucocytes, platelets, and damaged erythrocytes—such as serine proteases, metalloproteinases, and phospholipases—can gradually cleave or modify coagulation proteins and other plasma constituents, affecting both clotting and immunomodulatory capacity. Concurrently, changes in pH due to ongoing cellular metabolism can destabilise protein tertiary structures, leading to conformational changes or partial denaturation. These alterations may not always be reflected in standard clotting assays but could have downstream consequences for patients with specific factor deficiencies or compromised immune status(27).
Ultimately, operational decisions regarding FFP processing must carefully balance the immunological and inflammatory risks posed by residual leucocytes against the potential loss of haemostatic potency associated with prolonged storage. In well-equipped facilities, rapid component separation combined with leucoreduction or filtration can maximise both safety and preservation of labile proteins, ensuring that coagulation factor activity remains within therapeutic ranges. For centres with limited processing capacity, overnight holding may still be feasible, provided that rigorous quality monitoring protocols are in place. These should include periodic assays of coagulation factors, total protein concentration, functional clotting capacity, and, where possible, evaluation of additional labile proteins that contribute to haemostasis and plasma oncotic pressure.
Beyond leucocyte-mediated inflammation and standard coagulation factor degradation, other variables can meaningfully influence transfusion outcomes. Stability of labile proteins such as fibrinogen, protein C, and protein S is particularly critical in patients requiring massive transfusion or with complex coagulopathies. Similarly, the maintenance of plasma oncotic pressure is essential to support intravascular volume and tissue perfusion, particularly in critically ill patients. Advanced facilities may implement real-time monitoring systems that track temperature fluctuations, pH shifts, and subtle biochemical markers of protein denaturation or degradation during the holding period, enabling dynamic adjustments to processing conditions. In contrast, resource-limited centres may adopt alternative operational strategies, such as staggered processing schedules, rotational thawing protocols, or batch testing of representative plasma units, to maintain consistent quality without overextending infrastructure.
Integrating these operational strategies with longitudinal clinical data—including bleeding complications, transfusion reactions, and coagulation profiles—will be essential for developing evidence-based, patient-centred guidelines that optimise the clinical use of FFP transfusions.
5. Future Directions and Research Considerations
Despite decades of clinical and laboratory experience with FFP, significant knowledge gaps remain regarding the optimal holding time for plasma units, particularly in unfiltered or partially leucoreduced products. While regulatory guidelines provide broad ranges for acceptable holding times (e.g., up to 24 hours at room temperature before plasma separation), the precise impact of these time intervals on residual leucocyte activity, protein stability, and transfusion efficacy is not fully understood. Variability in donor factors, processing techniques, and environmental conditions can all influence outcomes, highlighting the need for targeted, high-quality research.
Future research could focus on several complementary areas:
1. Prospective trials comparing multiple holding times: Systematic, controlled studies could examine holding periods such as 3, 8, 12, and 24 hours to determine how these durations affect residual leucocyte counts, coagulation factor activity, and overall plasma quality. These trials would benefit from standardized laboratory assays, including flow cytometry for leucocyte enumeration and functional assays for labile factors such as FVIII and protein C, to capture subtle but clinically relevant changes. Additionally, multicentre studies could account for variability in blood establishment practices, providing generalizable data that inform evidence-based processing protocols.
2. Proteomic analysis of plasma: Traditional coagulation assays measure only a subset of plasma proteins and may fail to detect small, yet functionally significant alterations caused by extended holding times. Advanced proteomic techniques—including mass spectrometry and targeted protein quantification—could identify early changes in labile or low-abundance proteins, revealing degradation patterns that might impact haemostatic function. This approach could also uncover novel biomarkers predictive of plasma quality and transfusion efficacy, enhancing the precision of quality control measures.
3. Modelling bacterial growth and leucocyte-mediated clearance: The interplay between residual leucocytes and potential bacterial contaminants is complex. Computational and experimental models could simulate bacterial proliferation, leucocyte-mediated pathogen clearance, and the impact of holding time under varying temperature conditions. Such models would provide predictive insights into transfusion safety risks, enabling blood establishments to optimize processing protocols and reduce the likelihood of transfusion-transmitted infections.
4. Patient-centred outcomes: Laboratory data are valuable, but ultimately, clinical effectiveness is the most important metric. Research should evaluate whether variations in holding time translate into meaningful differences in patient outcomes, such as the incidence of bleeding complications, transfusion reactions, alloimmunization, or the need for repeated plasma transfusions. Such studies could also explore subpopulations at higher risk, including neonates, patients with massive haemorrhage, or immunocompromised individuals, to determine whether holding time adjustments could improve therapeutic efficacy or safety in these vulnerable groups.
5. Evaluation of emerging processing technologies: Novel techniques, such as pathogen inactivation (e.g., UV light or chemical treatments) and advanced leucoreduction filters, may mitigate the risks associated with extended holding times. Future studies should assess how these interventions influence coagulation factor stability, residual leucocyte activity, and plasma protein integrity, as well as their compatibility with existing storage and freezing protocols. Integrating these technologies with optimized holding times could enhance the overall safety, consistency, and therapeutic potential of FFP.
Collectively, research in these areas could provide a comprehensive, evidence-based framework for plasma processing, helping blood establishments standardize holding times, reduce inter-unit variability, and improve transfusion safety. By systematically linking laboratory metrics with clinical outcomes, such studies would allow for more precise guidelines, balancing the competing priorities of residual leucocyte reduction and preservation of plasma protein function. In the long term, these insights could inform policy updates, regulatory standards, and best practices for the collection, processing, and transfusion of FFP worldwide, ensuring optimal patient care while maintaining operational efficiency in blood services.
6. Conclusion
Holding time is a critical, yet often underappreciated, variable in the preparation of FFP. The period between whole blood collection and plasma separation has profound implications for both the safety and functional quality of the final product. Extended holding times allow residual leucocytes within the plasma to undergo natural degradation or inactivation, which can reduce the likelihood of immunological transfusion reactions. This immunomodulatory benefit is particularly relevant for unfiltered or partially leucoreduced plasma units, where intact leucocytes remain present.
However, prolonged holding times are not without risk. Evidence indicates that labile coagulation factors—especially FVIII—experience gradual declines when plasma remains at ambient temperature prior to freezing. While the reduction in FVIII activity is generally not considered clinically significant for most transfusion indications, it may be relevant in patients who require high concentrations of labile factors, such as those with haemophilia A, severe trauma, or massive haemorrhage. Other plasma proteins, including protein C, protein S, and fibrinogen, may also be affected by extended holding time, although to a lesser degree. The challenge lies in balancing leucocyte inactivation with protein preservation, since strategies that favour one outcome may inadvertently compromise the other.
Local blood establishments can optimise outcomes by implementing standardized holding time protocols, tailored to their operational capabilities and patient populations. This may involve setting specific maximum and minimum holding durations, monitoring ambient temperatures during the holding period, and employing leucoreduction or filtration techniques where indicated. Regular quality control monitoring, including measurement of residual leucocyte counts and coagulation factor activity, is essential to ensure that FFP meets both safety and therapeutic standards.
Future research will be crucial to refine these protocols. Systematic studies are needed to quantify the relationship between holding time, leucocyte degradation, and protein stability under varying processing conditions, including different temperatures and storage conditions. Additionally, linking these laboratory metrics to clinical outcomes—such as bleeding complications, transfusion efficacy, and incidence of transfusion reactions—will help determine the optimal balance for patient care. Emerging technologies, such as proteomic profiling, pathogen inactivation, and advanced filtration, may further expand the ability to mitigate the risks of extended holding times while preserving the functional integrity of plasma.
Ultimately, optimising the interplay between holding time, leucocyte activity, and protein preservation will strengthen the clinical effectiveness of FFP transfusions. By integrating evidence-based protocols with advanced monitoring techniques, blood services can deliver plasma of consistent quality, improve patient outcomes and maintaining confidence in transfusion practice.
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