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Abstract
The Dutch military uses frozen blood products for the treatment of bleeding trauma patients during military deployments. With -80°C frozen blood products it is possible to follow operational demand while reducing the number of resupply transports and loss of products due to expiration. In this paper lessons learned are described on efficient blood management with -80°C deep frozen erythrocytes (DEC). 

Implementation of -80°C deep frozen blood products in the Dutch military
In 1939, the Dutch Military Blood Bank (MBB) was founded as a blood typing unit during the mobilization for the 2nd World War and the first units of whole blood (WB) were shipped overseas in 1947 (Figure 1). In 1992, the MBB started to produce -80°C deep frozen erythrocytes (DEC) prepared from WB.  Subsequently, the MBB started stockpiling these DECs for strategic purposes and developed peripheral blood bank (PBB) containers. Until 2003, DEC served as a backup to liquid stored packed cells with or without support from walking blood banks during missions (Cambodia 1993-1995, Bosnia 1995-2003, Afghanistan 2003 and Liberia 2003). [1] 

	Figure 1. 80 Years Dutch Military Blood Banking 1939-2019.
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	From left to right: 
Blood typing unit during mobilization in 1939, the first overseas transport of whole blood from the Netherlands to a military hospital in 1947, and a  large and small PBB in 2019.



The MBB started to prepare DEC from leukodepleted WB because of the mandatory leukodepletion of all blood products in the Netherlands in 2002. Concurrently, the MBB implemented the Automated Sterile Cell processor type 215 (ACP215) to process DEC in a closed system which made it possible to store thawed deglycerolized DEC for 14 days in AS-3 at 4°C (FDA approved 2002). [1] With the implementation of -80°C frozen platelets and plasma in 2001, fresh WB (FWB) was no longer required as a source for platelets or plasma. The ability to produce a liquid stock of fully tested universal donor type blood products from frozen stock on location and the development of PBBs, made it possible to provide all blood components without requirement for regular shipments of 4°C liquid stored erythrocytes (EC) in the 21st century (Figure 1). 



The Dutch frozen concept 
[bookmark: _GoBack]FWB was no longer necessary as backup source for ECs after implementation of the ACP215 and the “whole blood concept” was replaced by “the frozen concept”. [1,2,3] Currently the operational blood supply of Dutch deployed medical treatment facilities (MTF) is predominantly maintained by use of -80°C frozen blood products (erythrocytes, plasma and platelets), with ECs as an alternative. The PBBs are usually operated by Dutch military personnel but for some missions international military were trained by the MBB to (co-) operate the Dutch PBBs. 
The PBBs are air-conditioned containers that can be shipped (truck/airplane/helicopter) and used during land and sea missions (e.g. during anti-piracy missions in the Indian ocean). The frozen concept showed a significantly reduction in the amount of blood required to support an MTF in different demand scenarios but requires proper inventory management, which is explained in this paper. 
During 17 years of DEC use within the MBB frozen concept, 2249 units of DEC were transfused to 564 patients and 871 units of EC were transfused to 214 patients without reported transfusion reactions (current data). 

Inventory management of (frozen) red cells during military operations
Little is described in literature how to manage RBC inventory with DEC. The US armed forces first gained experience in the use DEC in the Vietnam war, however thereafter the usage declined.[4,5] Especially in Tarin Kowt, Afghanistan (TK) where blood product transfusion was high, the Dutch Armed Forces gained experience on large scale and this knowledge was directly applied in concurrent and future military operations.
To estimate blood requirements for a PBB, the amount of blood per patient and frequency of patients must be estimated. Patients can be categorized according to their blood loss which is related to the number of RBC required to treat the patient. In TK ±10% of all patients treated in the MTF required blood products. The average number of blood products/patient that was transfused in the first 24 hours in TK [3] is used as an estimate for determining the required inventory: 
· Massive blood loss: ≥ 6 units RBC (TK 30% of transfused patients)
Estimated transfusion in 24 hours: 12:6:3 RBC:Plasma:platelet (PLT) (median 10:5:2)
· Non-massive blood loss: 1-5 units RBC (TK 70% of transfused patients)
Estimated transfusion in 24 hours: 3:1:0.5 RBC:Plasma:PLT  (median 2;1:0)
To estimate the inventory of a PBB that supplies a MTF with a surgical team, the following scenarios are used:
· Low demand spectrum: Occasionally a patient with (massive) blood loss. 
· Medium demand spectrum: Regularly (1x/month) a patient with blood loss, occasionally a patient with massive blood loss. 
· High demand spectrum: Daily patients with blood loss, regularly (>1x/month) a patient with massive blood loss.
Using this metrics, the required 24 hours stock can be calculated based on the expected number and type of patients. Because blood product inventory control is dependent on numerous factors, the initial inventory is planned ahead of the deployment. The capacity per ACP to process DEC in a PBB is 5 units in 8 hours and 24 units in 24.5 hours. During the deployment the PBB can adjust the inventory management flexibly solely on demand, using the calculation shown in Table 1.Table 2 summarizes RBC use during 32 missions divided in different subtypes according to mission duration, type of MTF and level of demand. With exception of short missions (<1-2 months), total RBC use and number of RBC transports is strongly reduced when DEC are used. 


	Table 1: Calculated required components/24 hours per scenario and min-max -80°C stock. 

	Demand scenario
	Patient type n)
	Number of products required (n)
	Min-max stock in -80°C (n)

	
	non-MT 1-5 RBC/24hrs
	MT >5 RBC/24hrs
	RBC
	Plasma
	Platelets
	DEC
	DFP
	DTC

	Low
	2
	0
	6
	2
	1
	20-140
	20-40
	5-10

	Low
	2
	1
	18
	8
	4
	
	
	

	Medium
	4
	0
	12
	4
	2
	40-140
	40-80
	10-30

	Medium
	4
	1
	24
	10
	5
	
	
	

	High
	4
	2
	36
	16
	8
	60-140*
	60-120
	30-70

	High
	6
	1
	30
	12
	6
	
	
	

	High
	6
	2
	42
	18
	9
	
	
	

	Requirements per patient-type: non-MT : 3 RBC, 1 plasma and 0.5 platelet; 
MT: 12 RBC, 6 plasma 3 platelets. *= if +regular 4°C EC support, minimal stock DEC=30-40 (pending on size/frequency of EC support). 
MT, Massive Transfusion; DFP, -80°C deep frozen plasma; DTC, -80°C deep frozen thrombocytes
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	Table 2: Blood management of RBC during missions 2003-2020* supported by NLD MBB with PBBs, trained personnel and blood products

	Type hospital ** 
	Mission duration
	demand scenario
	Nr. of PBB
	Tot. Nr. of mission days
	Tot Nr. of Transports RBC
	Sum EC shipped
	Sum DEC shipped
	Sum DEC retour MBB
	Avg±sd EC use/ day/PBB
	Avg±sd DEC use/ day/PBB
	Units RBC transfused (patients)

	2006, Role 2 ships 
	±1mth
	low
	5
	138
	8
	115
	0
	0
	0.8 ± 0.2
	0
	

	2008, Role 2 ships
	1-2mth
	low
	2
	102
	2
	20
	80
	14
	0.4
	0.8 ± 0.1
	

	2003, Role 1/2 mix
	1-3mth
	low-medium
	8
	397
	15
	485
	0
	0
	1.4 ± 0.5
	0
	

	2011, ART ships
	2-4mth
	low
	8
	668
	42
	1289
	0
	0
	1.9 ± 0.3
	0
	2 (1)

	2010, Role 2 IO 
	3-5mth
	low
	4
	447
	5
	0
	350
	129
	0
	0.8 ± 0.2
	

	2015, ART IO 
	3-4mth
	low
	2
	226
	2
	0
	144
	35
	0
	0.6 ± 0.1
	

	2015, Role 2 IO 
	3-4mth
	low
	2
	189
	2
	0
	183
	111
	0
	1.0 ± 0.1
	

	2015, Role1 / Mali, Timbuctu 
	4.2 yrs
	Low-medium
	1
	1548
	18
	20
	1055
	0
	0.0
	0.7
	49 (14)

	2006, Role 3 Backup-PBB KAF 
	4.8 yrs
	high
	1
	1737
	95
	268
	1863
	13
	0.2
	1.1
	1099 (333)

	2006, Role2 + TK
	4.2 yrs
	high
	1
	1544
	110
	1728
	2371
	0
	1.1
	1.5
	1970 (346)

	PBB, peripheral blood bank; RBC, red cell products (EC + DEC); EC, erythrocyte concentrate; DEC, Deep Frozen Erythrocyte Concentrate; ART, Advanced Resuscitation Team; IO, Indian Ocean; KAF, Khandahar Afghanistan; TK, Tarin Kowt Afghanistan 

* Not shown: Missions pre-introduction of the ACP215, the Iraq mission that validated the ACP use with DEC as a back-up 2004-2005 [1] and one 6 month mission in 2005 that was stopped after 67 days because the PBB was moved to a different location and a few international  missions that were/are not supported with Dutch RBC use but only the Dutch -80°C frozen plasma and platelets in addition to their own RBC supply. In KAF the Dutch RBC served as a backup to Canadian/US supply.

** NATO role classification refers to the level of care that can be provided. Role 1 medical support is allocated to a small unit that can provide lifesaving interventions; Role 2 provides care on a battalion level and role 3 has capabilities to support medical care for whole divisions. 



The various threat and demand scenarios 
Low demand scenario.
Naval missions are often low in demand and during these missions, the major advantage of the frozen blood is the lower need for resupply. The full -80°C stock is supplied in the Netherlands just before the ship leaves on mission. When arrived in the operational area, the PBB starts thawing products. Thus, the frozen concept reduced the blood product use by 50% when the frozen concept was implemented in 2015 on ships with ART. (Table2, Figure 2A).

Low-medium demand scenario: 
In support of the Minusma mission in Mali and Timbuctu 2015-2019, the PBB supported  forward surgical teams with a weekly supply of 4°C stored thawed DEC. Approximately 4-8 units were sent with each surgical team (0-4 teams) and 4-8 units remained in 4°C stock at the PBB. As shown in figure 2B, blood supply was not dependent on frequent resupply efforts from the Netherlands and stock RBC (EC + DEC) was adjustable. 
 
	Figure 2: -80 and 4°C RBC stock during missions. A) Indian Ocean ART 2016 ; B) Timbuctu 2015-2019; C) Tarin Kowt 2006-2010; X-axis: number of days, Y-axis: numbers of products.
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High demand scenario.
In the treatment of bleeding trauma patients in TK -80°C DEC and 4°C RBC stock levels were maintained between 30-50 units to meet demand for this high demand scenario (Figure 2C, 3). Because DEC could be produced on demand the number of units that expired were only high when suddenly patient demand was low (Figure 3). The number of DEC thawed and 4°C stored thawed DEC were sometimes low because higher amounts of EC were available and total 4°C RBC stock was sufficient. The maximum of DEC transfused in 1 day in TK was 26 units, EC 24 units and the total number of RBC transfused was 29 units per day. Details on their respective use, platelet and plasma use and mortality are described elsewhere [3] 
	Figure 3: Efficacy DEC in on demand/stock preparation in Tarin Kowt, Afghanistan.
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	Left: Nr of DEC thawed for stock or on demand transfusion per day
Right-Positive values: dots = production DEC/month; shaded area = average 4°C stock DEC/month. 
Right-Negative values: closed dots = transfused DEC/month; open dots = expired DEC/month



Efficient logistics
The main objective of the military blood supply is to have sufficient blood products at all times, regardless the blood use. If the missions shown in figure 2 would have been performed without frozen RBC, the estimated blood use would have been: ART 200 units (Table 2, ART pre 2015), Timbuctu  20 EC/2weeks, 2200 EC and Tarin kowt 40 units/week EC, 9900 units. Thus, with proper inventory management, the frozen concept can reduce the number of blood products by ±50%  and reduce the number of shipments required to maintain sufficient stock of RBC (i.e. Table 2, Timbuctu 18 shipments in 4.2 years). 
The safety of both universal donor type, leukoreduced red cell products (RBCs) is preferred to the higher risk of using on site donated, blood-type specific WB. The mission in Timbuctu showed that it is possible to work with the frozen concept to provide multiple forward surgical teams with liquid stored thawed DEC. 
Frozen RBC are used by civilian blood banks to supply hospitals with very rare blood types. Literature shows no civilian blood bank uses the frozen system for universal donor RBC yet, although Australia has implied that, besides the military, the frozen products could be used to supply remote civilian locations. [2] The frozen concept may also be a possible solution for civilian logistical challenges during increased usage (e.g. terrorist attacks, major incidents) or in level 2 or 3 trauma centers where blood components are not always available in sufficient amounts. 

Future military operations and blood product development
 Despite the improved logistics with DEC, it is still not possible to implement the frozen concept efficiently for forward surgical teams that do not have a fixed local distribution point. For these specific circumstances ’buddy to buddy WB’ transfusion” is now reviewed for (re-) implementation for remote potentially high demand spectrum missions, without a heavy medical footprint in the area of operations (AOR). Furthermore, the possibility of a small “ready to go” 4°C stock of type O low titer anti-A and anti B, platelet spared leukoreduced WB is under current investigation. 
Prolongation of the 4°C post-deglycerolization storage time could further improve the applicability of -80°C frozen erythrocytes and is also currently under investigation. Future improvements of deglycerolization procedures/equipment should focus on reduction of processing time, smaller equipment size and less washing fluid volumes to achieve even more flexibility in the logistical blood supply chain.

Conclusion 
The frozen concept has been used efficiently by the Dutch Armed Forces in all threat levels in support of fixed MTF with a fully equipped PBB. The frozen concept may also be a possible solution for civilian logistical challenges during increased usage. Future research should focus on optimal usage of an adjustable blood chain for all AOR, including frozen blood products, WB and blood adjuncts. 
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