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ABSTRACT

Lee A. Meserve, Advisor

Paired units of frozen red blood cells (RBC) were thawed in a conventional

42 °C waterbath and a microwave oven in order to determine the suitability of the

microwave method for thawing RBC. A structurally modified microwave oven

equipped with rotating mixing arms and temperature sensors was used.

Measurements of freeze-thaw-wash recovery, supernatant potassium, osmotic fragility,

adenosine 5'-triphosphate and 2,3-diphosphoglycerate revealed no significant

differences (p _0.05) between the thawing methods. Microwave-thawed RBC units

had significantly increased levels of supernatant hemoglobin and white blood cells.

The elevated white blood cell counts artifically reflected microaggregate formation.

Overall, the microwave-thawed RBC were similar to the waterbath-thawed control

RBC indicating that the functional and biologic integrity of the blood was not altered

by the electromagnetic radiation. Thawing time averaged one-fifth as long using the

microwave oven making this thawing method an attractive, time-saving alternative to

the currently used waterbath method.
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INTRODUCTION

The thawing of frozen blood products to be used for therapeutic human

administration is regulated by the Food and Drug Administration (FDA) and

standardized by the American Association of Blood Banks (AABB). Approved

thawing practices for frozen red blood cells (RBC) requires thawing in either a

circulating waterbath or a dry-warmer environment maintained at 37-42 'C. These

thawing methods, when used with accepted freezing protocols, result in recovery of

at least 80% of the original RBC mass and viability of at least 70% of the cells 24 h

after transfusion. These recovery and viability levels are now the required minima

acceptable by the FDA and AABB to insure adequate therapeutic response." 2

Alternative thawing protocols must meet or exceed these criteria.

Currently, the most widely employed RBC thawing method is waterbath

immersion. Standard practice using this thawing technique includes overwrapping the

primary blood storage bag in a sealed secondary pouch prior to immersion.' This

overwrap serves to limit possible exposure of the blood bag to bacterial contaminants

inherent with waterbath systems but does not eliminate the possibility of overwrap

leakage and thus contamination. Unfortunately this overwrap also creates an air-water

interface detrimental to heat exchange, and this is contributory to extended thawing

times.

Adherence to the current waterbath or dry-warmer thawing protocols renders

existing practices both time consuming and susceptible to covert bacterial

contamination. Waterbath thawing can add up to 40 min to the processing time
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required to prepare an overwrapped, frozen RBC unit for transfusion.4 This can

prove life-threatening to patients in emergency situations. Of further concern is the

Military Blood Program 2004 of the Department of Defense which established

prepositioned frozen blood products at strategic locations for wartime contingencies.'

Extended thawing times when the majority of available products are frozen would

significantly impact the speed and effectiveness of wartime medical interventions.

The thawing of large volumes of blood in short periods of time employing current

methods is a virtual impossibility and seriously hinders the use of frozen blood

products.

A significant benefit derived from using microwave energy to thaw a frozen

blood product is the speed at which the desired temperature is reached. Warming

occurs because the water and polar organic molecules contained in the material

vibrate when exposed to electromagnetic waves. In microwave devices, the high

frequency alternating electric field reverses 2,450 million times per sec

(2.45 x 109 Hz). As a result, the polar molecules are continually reversed in the field

and the resulting molecular friction generates heat. The heat in turn thaws the frozen

product.' Because of the labile nature of blood proteins, the heat produced must be

closely monitored to avoid protein denaturation.

Studies in the 1940s by Ham7 concluded that heat applied to RBC affected the

integrity of the plasma membrane and resulted in changes in morphology. An

increase in osmotic and mechanical fragility of the RBC was noted and in some

instances gross hemolysis occurred. Thus, for any microwave procedure to prove
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advantageous when applied to frozen cellular products it would be necessary to avoid

the excessive generation of heat which would result in membrane damage detrimental

to cell survival and function.

To the present time, microwave studies have centered on providing warmed

blood in surgical cases where large transfusion volumes were required.- 2' Though

concentrating on warming blood from refrigerated storage temperature and not on

thawing from sub-zero temperatures, these studies are important in delineating

possible effects of microwave treatment of RBC.

Leonard investigated microwave technology as a means to alleviate the side

effects of hypothermia and cardiac arrest by providing warmed blood to patients

receiving massive transfusions. In this study microwave radiation did not reduce cell

viability, a conclusion drawn from the absence of significant variation in adenosine

5'-triphosphate (ATP) levels between warmed and unwarmed RBC units. 1"

Later studies reported, in some instances, an increased hemolysis in

microwave-treated RBC units as evidenced by measurably increased supernatant

hemoglobin (HGB) levels. Staples et al. investigated extracorporeal hemolysis

associated with the use of microwave blood warmers and concluded that excessive

hemolysis could be avoided by rotating the unit properly within the heating field. In

the absence of mixing, the blood exhibited evidence of overheating including

hemolysis, reduced viability, and morphological abnormalities.' 2 Blood proved to be

a poor heat conductor and caused the 2,450 MHz electromagnetic energy to be

absorbed in the outermost layers of the unit. This contributed to overheating at the
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exterior surfaces of the storage bag and caused increased hemolysis. Investigators

concluded that uneven warming and elevated cellular water content inhibited

penetration of electromagnetic energy.'4' 1"

A red blood cell warming study examining use of a microwave oven modified

with a roLating blood holder was conducted by Roth-Henschker.2 The mechanical

modification allowed mixing to promote uniform warming and additionally

incorporated an automatic temperature monitoring device. Use of this microwave

oven allowed warming of RBC to 32 'C with no observable effect if small volumes,

hematocrits over 70%, and increased viscosities were avoided.

Thawing trials applying microwave energy to frozen blood products were first

conducted on cell-free frozen plasma.21" Mead used a combination of tapwater

immersion and standard microwave oven processing to achieve a 33% decrease in

thaw time without detriment to coagulation factor function. 2' The drawback of

possible contamination with water through the port remained when using this

procedure.

Studies by Checcuccil and Rock 23 successfully employed direzt microwave

processing without a water interface. The later study resulted in the development of

a structurally modified microwave oven equipped with a rotating mixing arm and a

temperature sensing shut-off device. These studies established micro.-.,; thawing of

frozen plasma as an acceptable alternative and led to mechanical modification of

microwave o,,ens for this purpose. The FDA subsequently approved a modified

microwave oven equipped with rotating chambers solely for plasma thawing.'
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Few investigations have specifically addressed frozen RBC thawing using

microwave energy and only limited information is available to suggest that this could

be a successful thawing technique.'"' Slater examined the use of an unmodified

carousel microwave oven and frozen RBC immersed in a heat-dispersing medium

such as sand, glycerol, or tap water. In this study, microwave-processed RBC units

thawed 5 times faster than control RBC units thawed in a waterbath. Red blood cell

integrity was well-maintained as evidenced by stable ATP and 2,3-diphosphoglycerate

(DPG) levels. An elevation in supernatant HGB was noted in the units subjected to

microwave thawing, but was deemed clinically insignificant.35

Ideally, if a microwave thawing protocol was proven equivalent to the

waterbath thawing protocols in producing an acceptable transfusion product, then it

could replace current time-consuming practices. Benefits foreseen from microwave

thawing of frozen RBC include both time savings per unit processed and the

elimination of the threat of bacterial contamination. The dual use of a single thawing

apparatus for frozen plasma and RBC eliminates duplication of equipment and

technician error associated with performing multiple methodologies. Budgetary and

workplace spacial constraints also encourage employment of a single thawing

apparatus. The current study was formulated to assews the impact of rapid microwave

thawing of frozen RBC using the structurally modified microwave plasma defroster

approved by the FDA. The investigational design centered on comparing recovery

and viability in microwave-thawed RBC vs standard heat-transfer waterbath-thawed

RBC.
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MATERIALS AND METHODS

Baseline Pooling. Sampling, and Testing

Studies were undertaken on 6 pools of volunteer donor blood. Each of the

pools was composed of 8 fresh units, within 7 days of collection, of packed RBC

which had been tested and found suitable for transfusion in accordance with FDA

regulations' and AABB standards." 2 Each donor unit contained approximately

450 mL of whole blood collected into an 800 mL quadruple plastic bag system

(Fenwal Laboratories, Deerfield, IL) containing 63 mL of citrate-phosphate-dextrose-

adenine anticoagulant. The whole blood units were processed to produce packed RBC

units which were then stored at 2-6 °C until pooled. Donor blood collection and unit

processing were performed by personnel assigned to the Blood Donor Section,

National Naval Medical Center, Bethesda, MD.

For each pool, 8 units of group-identical packed RBC were combined in a

RCM-3 biological storage bag (Stericon, Inc., Broadview, IL) using an automated

sterile docking device (Haemonetics Corporation, Braintree, MA). Prior to pooling

all units were tested and found to be hemoglobin S negative (Appendix A-1). 7 Each

pool was thoroughly mixed by manual agitation.

A 10 mL sample was obtained from each pool by accessing the pool storage

bag through a sample site coupler (Fenwal Laboratories, Deerfield, IL) placed in

a port and using an 18 gauge needle ar.d syringe assembly (Becton, Dickenson, &

Company, Columbus, NE). This sample was stored at 2-6 TC in a capped plastic tube
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(Superior Healthcare Group, Inc., Cumberland, RI) and analyzed for baseline values

within 4 h of pooling. Baseline testing included an automated complete blood count

(CBC) to establish pool levels for RBC, white blood cells (WBC), HGB, hematocrit

(HCT), and mean corpuscular volume (MCV). Baseline testing also established

prefreeze concentrations of ATP and DPG (Appendix A).

Each pool was then thoroughly re-mixed and divided into eight 250 g aliquots

using a Lume-o-gram balance (Ohaus Scale Corporation, Florham Park, NJ) and

sterile docking between the pooling bag and the original 800 mL primary collection

bag. The aliquots were returned to the original primary bags for glycerolization and

freezing. The high glycerol (40%), low temperature (-65 °C) freezing and

deglycerolization protocol established by the Naval Blood Research Laboratory

(NBRL) was followed for all RBC units included in the study.4 In each pool, 4 of the

8 RBC units were randomly designated waterbath controls and the remaining 4 units

were designated the microwave treatment group.

Thawing Methods

After freezing and storage at or below -65 'C, the individual RBC units were

thawed either conventionally in a 42 °C waterbath or in the FDA-approved microwave

plasma defroster. Paired waterbath control RBC units and microwave-treated RBC

units were thawed simultaneously.

All waterbath control RBC units were thawed in a covered, thermostatically

controlled, M20 Lauda circulating waterbath (Wobser GMBH & Company,
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Konigshofen, Germany). The water temperature was confirmed independent of

waterbath controls using a National Bureau of Standards (NBS) certified thermometer.

The circulating pump was engaged for 5 min prior to frozen unit immersion and each

unit was processed individually. Each waterbath control unit was enclosed in a sealed

plastic protective overwrap. 3 The RBC unit was counter-weighted to ensure total

submersion during thawing and was examined at 5 min intervals. Maximum

allowable waterbath immersion time was 40 min as recommended by the thawing

protocol.4

Microwave thawing was accomplished in the WesLabs Plasma Defroster

(Westmorland Laboratories Inc., New Brunswick, Canada)." These units of packed

RBC were not overwrapped and no more than 1 unit was placed in the microwave

oven at a time. Each RBC unit was positioned in a metal bag-holder with the label

side away from the temperature sensing probe position. The bag-holder was attached

to 1 of the 4 shafts in the thawing chamber. During thawing, the bag-holder

containing the frozen RBC unit underwent rotational oscillation to avoid continuous,

concentrated microwave exposure. The temperature sensory probe of the microwave

oven adjusted the microwave energy to appropriate levels during the thawing cycle

and automatically shut down. Cycle completion was programmed to occur when the

sensing probe reached approximately 23 TC and was non-adjustable. Because the

automated cycle was set for plasma stored at no colder than -50 0C, the cycling for

the frozen RBC units stored at or below -65 "C was monitored continuously to insure

cycle completion. Each RBC unit was manually checked for complete thawing at
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cycle completion and restarted if necessary.

Physical Appearance

The post-thaw physical appearance of each unit of packed RBC was examined

for evidence of discoloration, cellular aggregation, or unusual viscosity. Any

evidence of overheating was noted.

Thaw Time

The time interval from initial RBC unit immersion or the start of the

microwave cycle to the thawed endpoint was measured using a calibrated laboratory

timer (West Bend Company, West Bend, WI).

Temperature Measurement

Unit core temperature measurement post-thaw was taken using an electronic

YSI Tele-Thermometer with 400 series probe (Fisher Scientific, Pittsburgh, PA). The

tele-thermometer was calibrated against a NBS certified thermometer. The probe was

fully inserted into each unit of RBC via a transfusion port immediately after removal

from the thawing apparatus. The unit was manually mixed and the temperature

recorded at 1 min post probe insertion. The accessed port was aseptically sealed upon

probe withdrawal with a sterile sample site coupler (Fenwal Laboratories, Deerfield,

IL).
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Post-Thaw Sampling

After deglycerolization each RBC unit was weighed using the Lume-o-gram

balance and then aseptically sampled. Samples were collected immediately post-wash

and after 24, 48, and 72 h of storage for the following tests: osmolality, supernatant

HGB and potassium, CBC, osmotic fragility, ATP, and DPG. All measurements

were performed in duplicate on each unit at each interval. Freeze-thaw-wash

recoveries were calculated as described below. Units were stored in a 2-6 *C

monitored refrigerator through the 72 h test interval.

Sampling was performed by inserting an 18 gauge needle attached to a 20 mL

syringe (Becton, Dickenson, & Company, Columbus, NE) through the sample site

coupler (Fenwal Laboratories, Deerfield, IL) at the port access. A 20 mL sample

was withdrawn at each test interval from each waterbath-thawed and microwave-

thawed RBC unit. To avoid mechanical hemolysis the needle was removed from the

syringe prior to dividing the 20 mL sample into 2 equal 10 mL portions. The divided

samples from each RBC unit were stored at 2-6 'C in appropriately labeled, capped

plastic tubes (Superior Healthcare Group, Inc., Cumberland, RI) and tested within

4 h of sampling.

For each unit of RBC, I of the 10 mL samples was separated into packed RBC

and supernatant using a Dynac II centrifuge (Becton, Dickenson, & Company,

Columbus, NE). The timed separation period was 10 min at 2500 rpm (1150 x g).

The supernatant obtained was used to determine osmolality, and HGB and potassium

levels. The remaining packed RBC volume was used to produce smears on glass
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slides (Erie Scientific Company, Portsmouth, NH) for morphological examination.

The second, uncentrifuged 10 mL sample was used to perform CBC, osmotic

fragility, ATP, and DPG testing.

Freeze-Thaw-Wash Red Blood Cell Recovery

Percentage recovery of red blood cells was calculated using both the standard

AABB2 and NBRLO formulas.

AABB Formula:

Recovery = Net weight (g) of deglycerolized RBC X HCT
Net weight (g) of prefreeze RBC X HCT

Note: Multiply value by 100 for percent.

NBRL Formula:

The NBRL formula uses the total cellular HGB contained in each unit based

on density, both pre-freeze and post-deglycerolization. Steps 1, 2, and 3 below:

1. Density Formula:

Prefreeze unit = 1. 1 + (HCT in decimal form - 0.20)
10

Deglycerolized unit = 1.0 + (H-ICT in decimal form - 0.05)
10

Note: The constant factors 1.1 and 1.0 are the densities of the prefreeze
plasma and deglycerolized isotonic suspension fluids, respectively. The
remaining constants, 0.20 and 0.05, are standard factors for the supernatant
content within the RBC, pre-glycerolization and post-deglycerolization.
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2. Unit Hemoglobin Formula:

HGB (g) = (HGB X Net weight (g0) divided by Density
100

3. % Recovery = Grams HGB in Deglycerolized Unit X 100
Grams HGB in Prefreeze Unit

Both methods of calculating recovery used the net weight of the unit

determined by subtracting the weight of the blood bag from the gross weight of the

bag plus the RBC component. The unit of measurement was grams (g).

Morphology Studies

A smear was made, Wright-stained, examined, and photographed under oil

immersion (magnification x20, x40, and x100) for each RBC unit immediately post-

wash and after 24, 48, and 72 h of storage. An Olympus model BH2 Microscope

with C35AD-4 camera attachment was used (Olympus, Tokyo, Japan). Visual,

qualitative interpretation of gross cellular morphology was made.

Osmolit

Osmolality was determined as a quality control measure to insure adequate

glycerol removal. The principle of freezing point depression was employed with a

Model 3DII osmometer (Advanced Instruments, Inc., Needham Heights, MA)

(Appendix A-2). 3" Upper permissible limit by AABB standards"'2 is 500 mOsm and

all units inciuded in the final study were acceptable by this criterion.
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Waste and Supernatant Hemoglobin

Hemoglobin concentration was measured in the waste from the

deglycerolization procedure and in the unit supernatant. These values were used as

indicators of RBC membrane damage and subsequent cellular lysis. Levels were

measured using a direct spectrophotometric procedure (Appendix A-3).3 9 Wash waste

HGB levels were determined immediately post-deglycerolization and the unit

supernatant HGB levels were determined immediately post-wash and after 24, 48, and

72 h of storage for each RBC unit.

Supematant Potassium

Supernatant potassium concentrations were determined with an ion selective

electrode by comparison against a known calibration standard (Astra 8 System,

Fullerton, CA) (Appendix A-4).40 Values were used as indicators of RBC membrane

damage and subsequent cellular lysis. Concentrations of potassium were determined

on the supernatant of each RBC unit immediately post-wash and after 24, 48, and

72 h of storage.

Complete Blood Count

The RBC count, WBC count, HGB, HCT, and MCV were determined for

each unit using a Coulter S-Plus III series instrument (Coulter Electronics, Hialeah,

FL) (Appendix A-5). 4' A prefreeze baseline determination was established for each

RBC unit as were post-deglycerolization measurements immediately post-wash and
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after 24, 48, and 72 h of storage.

Osmotic Fragility

Osmotic fragility was used to determine RBC membrane leakage and instability

induced by either waterbath or microwave oven thawing. Osmotic fragility was

determined by suspending the thawed, washed RBC in concentrations of sodium

chloride (NaC1) varying from 0.00% to 0.85% and spectrophotometrically measuring

the amount of HGB released (Appendix A-6).42 Measurements for each unit were

made immediately post-wash and after 24, 48, and 72 h of storage.

Adenosine 5'-Triphosphate

Post-transfusion RBC survival has been found to be related primarily to ATP

concentration. 43-2 Values were determined using a kit (Catalog #366-A, Sigma

Diagnostics, St. Louis, MO) for quantitative enzymatic determination based on

spectrophotometrically measurable changes in absorbance (Appendix A-7).53 A

standard of known ATP concentration (Catalog #A5394, Sigma Diagnostics, St.

Louis, MO) was assayed with each test series to insure accurate measurement. A

prefreeze baseline level was established for each RBC unit as were post-

deglycerolization levels immediaiciy post-wash and after 24, 48, and 72 h of storage.

2.3-Diphosphoglycerate

Maintenance of oxygen-transport functions in RBC has been determined to
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depend. primarily on the concentration of DPG present in the cells.4 52
,' Levels were

determined using a kit (Catalog #35-A, Sigma Diagnostics, St. Louis, MO) for

quantitative enzymatic determination based on spectrophotometrically measurable

changes in absorbance (Appendix A-8)." A standard of known DPG concentration

(Metabolite Control #53005, Sigma Diagnostics, St. Louis, MO) was assayed with

each test series to insure accurate measurement. A prefreeze baseline level was

established for each RBC unit as were post-deglycerolization levels immediately post-

wash and after 24, 48, and 72 h of storage.

Statistical Analysis

Analyses of variance (ANOVA) for mixed models with crossed and nested

factors were performed on test results using Minitab Statistical Software Release

Numbers 7.1 and 8.0 (Minitab Inc., State College, PA)." Analyses calculated means,

F-tests, and p values for all data across the testing time interval, for pools, and for

treatment type. Interaction factors were calculated for all combinations of time,

pools, and treatments (waterbath and microwave). Significance was ascribed to any

comparison with a p value less than or equal to 0.05.
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RESULTS

The present study was undertaken to examine the feasibility of using the FDA-

approved microwave plasma defroster to thaw frozen RBC. Successful application

would decrease both processing time and the threat of bacterial contamination. The

investigational focus was centered on evaluating microwave-thawed units for similar

cellular recovery and viability relative to conventional waterbath-thawed units.

A pre-study pilot was performed on unpooled, expired frozen RBC to identify

spacial constraints within the microwave bag-holder. The pilot study lead to a

modification of the standard NBRL freezing protocol, eliminating the fold in the

storage bag. Accordingly, the 24 microwave units in the main body of the study were

frozen without folding; the 23 waterbath units were folded as usual. One waterbath

control unit was eliminated from the study owing to mechanical failure along a bag

seamline during the glycerolization procedure.

The physical appearance of the majority of RBC units after thawing was

unremarkable. Visually, there were no discernible signs of hemolysis, discoloration,

aggregates, or increased viscosity in any waterbath control unit examined. Six of

24 microwave-thawed RBC units (25%) appeared to contain small chocolate brown

microaggregates. These were confined along the bag seamlines and at the access

ports.

All waterbath control units required at least the maximum allowable 40 min at

42 *C to achieve a temperature acceptable for deglycerolization. Additionally, 7 of

these units (30%) required additional room temperature (RT) incubation to achieve a
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core temperature above the required 20 'C. Thaw times for the waterbath units

ranged from 40 to 70 min with a mean of 46 min. The range of thaw times for

microwave units was from 5 min 39 sec to 12 min 20 sec. The microwave mean

thaw time was 9 min. Thaw times for the 2 groups, waterbath and microwave, were

significantly different when compared by the paired t-test (Table 1).

The mean core temperature of the waterbath control RBC units after 40 min of

waterbath immersion was 24.1 *C with a range of 13.1-35.4 'C. The microwave-

thawed RBC had a mean temperature of 29.0 'C after completing the automatic

thawing cycle. The temperature range for the microwave-thawed group was

20.0-52.3 *C. Two of the microwave units recorded abnormally high core

temperatures even though their processing times were comparable to the other units in

the treatment group. The mean core temperatures for the 2 thawing methods were

not significantly different (Table 2).

No significant difference in RBC recovery between the 2 treatment groups was

found (Tables 2,3). Red blood cell recovery using the AABB calculation yielded a

mean recovery of 84.4% for the waterbath group and 82.9% for the microwave

group. Cellular recoveries using NBRL calculations yielded mean values of 93.4% vs

92.0% for the waterbath-thawed and microwave-thawed groups respectively. It was

found that the NBRL recovery calculation on each unit was consistently. about 9%

greater than the AABB calculation, with mean values for waterbath +9.0% and for

microwave + 9.1%.

Three waterbath units (13%, n=23) and 4 microwave units (16.7%, n=24)
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TABLE 1. Thaw Time of Frozen Packed RBC
Waterbath versus Micruwave Thawing Methods

Thawing Method
Waterbath Microwave

Unit # 40 Minutes at 42C Automatic Shutoff
/Additional RT Incubation Minutes/Seconds

1 40/00 10/45
2 40/00 7740
3 40/00 9/12
4 40/00 12/20
5 40/00 7/15
6 40/00 12/07
7 40/00 7/20
8 40/00 5/39
9 *40/30 7/11

10 *40/20 6/42
11 40/00 12/15
12 # 11/15
13 *40/20 8/00
14 40/00 9/20
15 40/00 10/04
16 *40/20 10/30
17 40/00 7/33
18 40/00 10/48
19 40/00 7/30
20 40/00 11/19
21 40/00 9/40
22 *40/10 6/55
23 *40/10 7/00
24 *40/20 7/00

Waterbath Microwave
Range: 40 - 70 Min 5/39 - 12/20 Min/Sec
Mean ± SD 46 Min ± 9 Min 30 Sec 9 Min ± 2 Min 2 Sec

*Waterbath units requiring additional room temperature (RT)

incubation.

# Unit broken during processing.

SD=Standard Deviation
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TABLE 2. Core Temperature and AABB Recovery
Waterbath and Microwave-Thawed RBC Units

Thawing Method
Waterbath Microwave

Unit Number Temp AABB Temp AABB
OC Recovery(%) OC Recovery(%)

1 24.2 82.4 37.2 87.7
2 27.1 91.0 1152.3 *62.9
3 28.2 85.1 29.4 82.1
4 35.4 86.2 20.7 82.1
5 25.7 93.2 24.8 *69.1
6 29.0 86.5 20.0 87.5
7 26.2 82.2 29.7 95.3
8 22.9 86.6 30.2 81.5
9 13.8 *67.3 30.5 81.9

10 13.1 82.8 29.0 83.0
11 20.6 86.3 22.8 89.9
12 # # 20.5 87.3
13 17.5 *78.4 32.0 88.1
14 23.3 81.9 20.0 *75.6
15 25.2 83.5 ý48.8 84.1
16 17.1 80.2 20.0 80.9
17 28.1 88.5 26.8 82.6
18 29.5 91.3 24.3 86.6
19 29.5 91.0 32.9 85.7
20 32.3 85.0 24.2 82.9
21 30.5 86.1 21.6 *74.9
22 19.1 87.6 31.6 86.0
23 19.0 *78.3 32.0 84.8
24 15.8 80.6 33.5 87.5

Mean 24.1 84.4 29.0 82.9
SD ±6.1 ±5.5 ±8.4 ±6.8

Mean Core Temperatures and RBC Recoveries do not differ
significantly regardless of thawing method (pŽ0.05).

* Unacceptable Recovery (less than 80%)
# Unit broken during processing

a Abnormal core temperature
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TABLE 3. AABB and NBRL Red Blood Cell Recovery
Waterbath and Microwave-Thawed Units

Freeze-Thaw-Wash Waterbath Microwave
Recovery (%) n=23 n=24

AABB Mean 84.4 82.9
SD 5.5 6.8
SE 1.2 1.4
Range 67.3-93.2 62.9-95.3
p value=0.42 NS NS

NBRL Mean 93.4 92.0
SD 6.5 8.0
SE 1.4 1.6
Range 74.9-104.0 68.0-107.4
p value=0.53 NS NS

Mean Difference +9.0 +9.1

SD=Standard Deviation
SE=-Standard Error
NS=Not Statistically Significant
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failed to achieve the required 80% RBC recovery (Table 2). The RBC units with

poor recoveries in the waterbath treatment group were those requiring additional RT

incubation to reach an acceptable deglycerolization temperature. No common factor

was evident in the microwave-thawed units with poor recovery.

Microscopic examination of the RBC smears made over the 72 h storage

period on each unit revealed an increase in cell size in both waterbath-thawed

and microwave-thawed samples. Increases in the 2 treatment groups were similar.

The empirical observation was confirmed by automated MCV measurements which

registered the same pattern of cell size increase over the test period. The only visible

anomaly noted by microscopic observation was the appearance of rare, small, cell

clusters. These clusters appeared consistently on smears, from immediately post-thaw

through 72 h of storage, from the microwave units previously noted to contain

microaggregates at the time of thawing. The clusters consisted of spherical cells

(spherocytes), disc-shaped cells (ovalocytes), and fragmented cells (schistocytes) not

noted in adjacent unaggregated areas of the slide.

Osmolality for all units ranged from 300-346 mOsm and all units were

acceptable for further evaluation. There was no significant mean difference

(313 vs 316 mOsm, respectively) between control and microwave units.

There was no significant difference in the HGB concentrations found in the

deglycerolization waste for waterbath- or microwave-thawed units. Since this was the

case, the percentage of hemoglobin lost from each unit was calculated and then used

to validate and compare AABB and NBRL recovery calculations. Mathematically, the
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percentage of lost RBC and the percentage of recovered RBC for each unit should

approximate, within reasonable test limitations, the original starting cell mass of the

unit. When AABB recovery figures were used the additive total of the 2 percentages

closely reflected 100% of the original unit mass. Recovery percentages using NBRL

calculations were found to yield totals in excess of the original total red blood cell

mass. For example, if the mean 15.2% waste hemoglobin was added to the mean

calculated waterbath recovery, AABB 84.4 vs NBRL 93.4, the total original cell mass

would be 99.6% vs 108.6% respectively.

Supeinatant HGB and potassium concentrations were measured for both

waterbath-thawed and microwave-thawed RBC units immediately following washing

and after 24, 48, and 72 h of storage (Fig 1,2). Hemoglobin levels rose markedly

over the storage period for both waterbath and microwave RBC units. The same

pattern of increasing concentration over time was seen in supernatant potassium

values. There was a significant difference in the supernatant HGB levels between the

2 thaw groups. Microwave-thawed units demonstrated initially greater concentrations

of HGB which remained elevated above control levels throughout the storage period.

In contrast, concentrations of supernatant potassium varied little between the

microwave- and waterbath-thawed RBC. Statistically there was no difference for this

analyte between the 2 treatment groups.

Automated complete blood counts immediately post-thaw and after 24, 48, and

72 h of storage were used to monitor RBC, WBC, HGB, HCT, and MCV levels for

all 47 units under investigation (Table 4). Statistical comparisons were done to
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FIgure 1. Comparison of supernatant hemoglobin concentration (mg/dL) in
waterbath-thawed (n=23, solid bars) versus microwave-thawed (n=24, hatched bars)
red blood cells over a 72 hour post-thaw period. A significant difference was seen
between the two thawing methods (p.<0.05).
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Figure 2. Comparison of supernatant potassium concentration (mmol/L) in
waterbath-thawed (n=23, solid bars) versus microwave-thawed (n=24, hatched bars)
red blood cells over a 72 hour post-thaw period. No significant difference between
thawing methods was seen (p >0.05).
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TABLE 4. Complete Blood Count Parameters
Waterbath versus Microwave-Thawed Units

Storage/Test Interval
Imnediately 24 48 72
Post Thaw Hours Hours Hours

Red Blood Cells (X 100 /uLI)

Waterbath 3.97 3.99 4.01 4.01
Microwave 3.86 3.90 3.91 3.90

Variance over Time p=0. 7 1 (NS)
Treatment Variance p--0.19 (NS)
SE: Waterbath 0.03, Microwave 0.04

White Blood Cells (X 103 /&L)

Waterbath 0.1 0.1 0.1 0.1
Microwave 0.5 0.6 0.5 0.6

Variance over Time p=0.39 (NS)
Treatment Variance p=0.01 (*S)
SE: Waterbath 0.01, Microwave 0.09

Hemoglobin (g/dL)

Waterbath 11.7 11.7 11.8 11.7
Microwave 11.5 11.5 11.5 11.5

Variance over Time p=0.6 9 (NS)
Treatment Variance p=0.32 (NS)
SE: Waterbath 0.07, Microwave 0.12

Hematocrit (%)

Waterbath 35.7 36.3 36.5 36.7
Microwave 34.9 35.5 35.8 35.9

Variance over Time p=0.96 (NS)
Treatment Variance p=0.25 (NS)
SE: Waterbath 0.22, Microwave 0.35

Mean Cell volume (fL)

Waterbath 89.9 90.8 91.2 91.6
Microwave 90.3 91.1 91.5 92.0

Variance over Time p---50.0001 (*S)
Treatment Variance p= 0.07 (NS)
SE: Waterbath 0.16, Microwave 0.16

Waterbath Group n=23, Microwave Group n=24
NS: Not Significant (p;0.05)

S: Significant (p:0.05)
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determine the effect of both thawing method and storage time on each assay. The

RBC, WBC, HGB, and HCT levels in both waterbath and microwave units showed

no significant change over the 72 h storage interval. The mean RBC count for the

control units was 4.0 x 106/FL and 3.9 x 106/jtL for the microwave units. WBC

means were 0.1 and 0.6 x 103/FL for control and microwave units respectively over

the 72 h storage perioc. The mean HGB levels were 11.7 g/dL for the waterbath

control units and 11.5 g/dL for microwave-thawed units. Hemoglobin and HCT

levels revealed the standard multiplicative relationship with HCT levels reflecting

approximately 3 times the HGB levels.

In contrast, MCV levels in both waterbath control and microwave units rose

significantly over the storage interval. The MCV of the control units increased from

a mean of 89.9 fL immediately post-wash to a mean of 91.6 fL after 72 h.

Microwave-thawed RBC showed a similar increase in mean MCV over the storage

interval rising from 90.3 IL to 92.0 fL. Values of MCV were not significantly

different when the 2 thaw methods were compared. Only 1 parameter, WBC count,

exhibited a significant difference between the 2 thawing methods. WBC counts

remained at means of 0.1 and 0.6 x 103/AL for control and microwave units

respectively over the 72 h test period. The elevated WBC counts in the microwave

units were attributed to the visible microaggregates seen in 7 of the 24 units tested.

The remaining 17 microwave-thawed units had WBC counts that were not

significantly different from the controls.

Osmotic fragility in both waterbath control RBC and microwave-thawed RBC
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did not significantly change over the 72 h storage interval (Figure 3). Percent

hemolysis seen at each NaCl concentration was not significantly different between

units thawed using the conventional waterbath method and the experimental

microwave method.

ATP concentrations for both groups of thawed RBC were measured before

freezing, immediately post-wash, and after 24, 48, and 72 h of storage (Figure 4).

Concentrations were similar for the 2 treatment groups, waterbath and microwave,

indicating that the thawing method had no effect on the recovery of the analyte. Red

blood cell ATP levels in both thawing groups were higher immediately after washing

and showed a significant downward trend over the 72 h storage period. The

waterbath control units immediately post-wash showed a mean level of 5.2 Amol/g or

131% of the prefreeze level. This decreased to a mean of 4.3 Amol/g or 110% of the

prefreeze level by the end of the 72 h storage period. Microwave-thawed units

declined from a similar post-wash mean of 5.1 /mol/g (130%) to 4.5 /zmol/g (113%)

after 72 h.

Concentrations of DPG were also tested at the same intervals for both

treatment groups and similarly showed a significant decrease over the storage period.

Values did not differ significantly between the 2 treatment groups (Figure 5). The

mean value for the waterbath control units declined from a post-wash value of

7.8 umol/g to 4.6 /mol/g after 72 h of storage. The DPG concentration for

waterbath-thawed units immediately post-wash was 106% of the prefreeze level and

dropped to 63% after 72 h of storage. The microwave treatment group exhibited a
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FIgure 3. Osmotic fragility determined by using varying concentrations of sodium
chloride for waterbath-thawed (n=23, thick line) versus microwave-thawed (n=24,
thin line) red blood cells. No significant difference (p >0.05) between values for
thawing methods was seen.
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Figure 4.

A. Comparison of Adenosine 5'-Triphosphate concentration (jtmol/g) in
waterbath-thawed (n=23, solid bars) versus microwave-thawed (n=24, hatched bars)
red blood cells over a 72 hour post-thaw period. No significant difference between
thawing methods was seen (p_>0.05).

B. Percent of prefreeze ATP recovered in waterbath-thawed (solid bars)
versus microwave-thawed (hatched bars) red blood cells over a 72 hour post-thaw
period.
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Figure 5.

A. Comparison of 2,3-Diphosphoglycerate concentration (•tmol/g) in
waterbath-thawed (n=23, solid bars) versus microwave-thawed (n=24, hatched bars)
red blood cells over a 72 hour post-thaw period. No significant difference between
thawing methods was seen (p> Ž0.05).

B. Percent of prefreeze DPG recovered in waterbath-thawed (solid bars)
versus microwave-thawed (hatched bars) red blood cells over a 72 hour post-thaw
period.
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similar mean post-wash concentration of 7.4 1mol/g (101%) which declined to

4.5 ,4mol/g (63%) at the end of the 72 h storage period.
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DISCUSSION

Opposition to applying microwave radiation to cellular products has been

focused on the concern that hot spots would develop and prevent the even distribution

of the electromagnetic waves." This disruption of the wave pattern would

theoretically prevent uniform temperature exposure in the product and promote

membrane damage in the overheated areas. The present study sought to dispel these

concerns by evaluating the effect of microwave thawing on frozen RBC using

controlled conditions and continuous mixing. It was anticipated that the high lipid

content of the RBC membrane, with its hydrophobic qualities and low dielectric

constant, would protect the membrane from significant structural damage. The

hydrophilic amino acid residues contained in the underlying cytoskeleton would then

facilitate warming and therefore thawing. As thawing commenced, the mixing would

ensure that the liquid blood remained in contact with the moderating influence of the

remaining frozen blood.

An initial concern was that the standard glycerolization protocol required that

a fold be placed in the primary blood bag prior to freezing. A pilot investigation

resulted in a change in the bag configuration. This modification involved draining,

rolling, and clipping the bottom section of the primary bag to reduced expansion

space available to the liquid RBC. This eliminated visibly unequal microwave heating

by eliminating the folded smaller sequestered section. No additional handling time

was incurred because this step replaced the now superfluous overwrap procedure.

Unexpectedly, visible microaggregates were found in 25 % of the microwave-
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thawed units. No common causative factor was discovered though several

possibilities, such as microwave thawing position and exposure interval, were

investigated and discounted. A similar instance of discoloration and aggregation of

RBC occurring in a microwave blood warmer has been reported."8 Studies by Slater

reported no visible change in appearance of frozen RBC when they were microwave

thawed while suspended in a heat dispersing media."

Elevated WBC counts (Table 4) and morphological anomalies also occurred in

the units with visibly abnormal appearances. It was felt that the aggregates were not

lysed sufficiently rapidly to prevent their incorrect enumeration as WBC in the

automated cycle of the test instrument. The presence of abnormal cell morphology

suggested that local areas of overheating occurred in these units. Similar

morphological phenomena have been documented to occur in whole blood heated to

temperatures above 49 'C57 or in saline-suspended cells heated above 37 OC. 5̀  Core

temperatures recorded in the present study, with 2 exceptions, were below these

temperatures and no significant difference between the experimental thaw groups was

observed (Table 2). However, because each unit was mixed before the core

temperature was recorded a small quantity of the blood in each unit may have been

overheated without detection. The unchanged osmotic fragilities observed (Figure 3)

suggested that, if this occurred, only a small percentage of cells were involved. This

supposition is supported by earlier studies reporting stable osmotic fragilities at the

temperatures observed in the present study.'6.34,30•59°60

The high temperatures reached by 2 of the microwave-thawed units exceeded
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the AABB standard"' for all RBC preparations. This standard requires that RBC not

be heated to above 38 'C. This standard does not seem unnecessarily restrictive,

because as already noted, brief exposure of saline-suspended RBC to temperatures

above 37 °C caused observable cell damage. 57"

Under the most ideal conditions, the thawing time for a frozen RBC unit has

been reported to be at least 30 min'' 4 although 1 researcher cited the seemingly

unrealistic average unit thaw time of 10 min.46',49.6' The present study found that a

significant percentage of control units (30%) did not reach an acceptable

deglycerolization temperature even after the maximum allowabie 40 min waterbath

immersion. In fact, waterbath-thawed units often required additional RT incubation

(Table 1). This under-estimation of conventional thawing time makes microwave

processing an even more attractive proposition. In the present study, mean savings in

thaw time of 80% was realized using microwave processing. This equated to savings

ranging from 27-65 min.

The wide range of microwave thaw times for equal-sized units was puzzling

(Table 1). One explanation involved the position of the unit relative to the point of

origin of the electromagnetic wave within the chamber of the microwave oven. This

was discounted when no consistent pattern was evident when comparing the 4 possible

positions of the bag-holder in the microwave and their individual thawing times. A

more feasible, but untested, explanation involved a variation in the final water and

glycerol content in the frozen RBC.'243 Small differences in glycerolization would

not impair function or recovery of the surviving cells but would affect microwave
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absorptivity. Variation in thaw time could be attributed to either residual water

retention by the cells during glycerolization or to differences in mixing because of

small variations in hematocrit. 62 Because the highly polar water molecule is the

primary action point of microwave energy, and because microwave heating is

proportional to water content,6 any difference in content would effect thaw rate. The

high dielectric constants of water, glycerol, and protein all contribute to high

microwave absorbing capacity and could vary slightly in each unit.

It was interesting to note that 3 overwrapped waterbath-thawed units developed

leaks and allowed direct contact between water in the bath and the blood bags. These

units required no additional RT incubation and were the only waterbath units to

exceed core temperatures of 30 'C. This confirmed the decrease in thaw time

expected without the overwrap interface but unacceptably exposed the units to

bacterial contamination. Similar decreased thaw times for unwrapped frozen blood

products have been recorded in previous studies.3- 667

Red blood cell recovery was unpredictable regardless of thaw method and even

conventional waterbath processing did not ensure the required 80% recovery

(Table 2). Mean NBRL recoveries of approximately 90% correlated well with those

seen in a previous study. 6 ' It was noted that recovery of microwave-thawed RBC

performed at least as well as waterbath-thawed RBC.

Both supernatant HGB and potassium concentrations for all RBC units tested

increased markedly from immediately post-wash through the 72 h storage interval (Fig

1,2). The increase in concentrations conformed with those reported by Valeri.6 '
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Microwave-thawed RBC units exhibited significantly higher concentrations of

supernatant HGB initially, which increased to more elevated levels at the end of 72 h

of storage. No significant difference in potassium values were noted between the

2 thaw groups. Radioactive marker tests were not available to differentiate between

active and passive transport mechanisms involved in the ion exchange. Previous

studies have related microwave exposure to a decrease in active cation transport and

an increase in passive diffusion associated with membrane phase transition." Ham7

and Staples"2 postulated that improper heating of RBC resulted not only in overt

hemolysis but also produced a population of damaged but intact RBC with shortened

survival. Such a result would be seen as a continual and accelerated lysis throughout

the shelf-life of the product. McCullough"3 also theorized that the observed elevation

in concentrations of HGB and potassium may be related to microwave-induced

damage producing RBC membrane disruption with subsequent leakage and hemolysis.

After 72 h, both control and microwave RBC units exceeded the AABB

guideline for supernatant HGB concentration of less than 200 mg/dL."'2 Waterbath-

thawed units had acceptable transfusion levels through 48 h of storage achieving a

mean value of 195 mg/dL while, after this same period, microwave-thawed units

averaged an unacceptable 222 mg/dL. However, if the current guidelines for

transfusion within 24 h post-deglycerolization1 '2.'3 were followed, all units would have

been acceptable for transfusion throughout the mandated 24 h maximum storage

interval.

No changes in CBC parameters, except MCV, were evident over the
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monitoring period (Table 3). Measurement of RBC indices in control and microwave

RBC units showed a progressive increase in MCV over time which was attributed to

the decreasing pH and DPG levels. As DPG decreased, chloride would move into thl_

cell to maintain electroneutrality. Water would accompany this inward movement of

chloride and would produce the cellular swelling noted. Cellular acidification from

metabolic waste products such as lactate would also produce a decrease in net

negative charge of the intracellular solutes. Again, to maintain electroneutrality,

chloride and water would move into the cell and cause swelling. These reactions

have been previously documented by Jacobs.57

That ATP measurements reflect the red cell membrane integrity, and thus post-

transfusion survival, has been documented.43 52 The absence of a significant difference

in ATP levels in the 2 experimental thaw groups suggested that no appreciable

alteration in RBC metabolic function resulted from microwave thawing (Figure 4).

Peckl 3 reported that ATP concentrations greater than 40% of starting levels provided

RBC viability greater than the required 70%.I.2 Overall, the ATP levels obtained on

all units, whether waterbath-thawed or microwave-thawed, were greater than 40% of

the starting levels throughout the 72 h interval (Figure 4B).

Both thaw groups in the present study exhibited ATP concentrations elevated

above prefreeze values implying an alteration in normal homeostatic control. Further,

ATP concentrations decreased more slowly in the RBC exposed to microwave thawing

than in the waterbath control RBC. This paralleled a report by Fisher who

documented a similar elevation in ATP in microwave-warmed RBC.32 The elevated



43

ATP. levels noted in the present study were contrary to past reports that both ATP and

DPG were unaffected by the freezing process52 but agreed with reports that found the

phosphate in the post-thaw wash solution caused elevated ATP during subsequent

storage of the cells.,"' Linko et aL reported a tendency for ATP and DPG to

decrease after prolonged waterbath immersion but found that there was a tendency for

both to increase following electromagnetic warming. They concluded that the

radiation appeared to influence RBC metabolism in a manner not fully explained by

temperature alone.17

The DPG concentration immediately post-thaw reflected prefreeze levels. The

discrepancy between the past and present research with regard to this measure may

reflect the fact that, in past studies, the immersion times varied widely for waterbath

units and exceeded 60 min in the study by Linko."7 Maintenance of DPG

concentrations is associated with the ability of hemoglobin to capture, transport, and

release oxygen."''2 ' Since the purpose of most blood transfusions is to supply viable

RBC to a deficient recipient ind thus to increase the capacity for oxygen transport,

any manipulation negatively impacting on normal recovery must be avoided. In the

present investigation, DPG concentration in microwave-thawed RBC were not

significantly different from those seen in the waterbath-thawed cells and both showed

a rapid decline post-thaw (Figure 5). A contributing factor to the rapid decrease in

DPG concentrations was the presence of chloride in the wash solution which has

previously been associated with depressed DPG.9 The loss of DPG noted in both

treatment groups could also be a side effect of the decreased pH.70
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Overall, the microwave-thawed RBC units compared favorably with those units

thawed by conventional waterbath method indicating that functional and biologic

integrity of the blood was not altered by the electromagnetic radiation. Significant

differences were noted only in supernatant HGB levels and WBC counts. However,

the increase in supernatant HGB was not clinically significant at the approved life

span of the processed product and would be of even less concern in that the majority

of supernatant would be removed prior to transfusion. This conclusion would not

hold for military contingencies where deglycerolized RBC may be transfused up to

3 days post-thaw. The presence of microaggregates in 25% of the microwave-thawed

RBC units was of concern. These aggregates could promote deleterious pulmonary

side effects if not removed by standard filtration. The elevation of ATP levels may

reflect metabolic stimulation beneficial to prolonged cell survival and function.

Significant savings in processing time were realized when the modified microwave

oven was used to thaw frozen RBC. However, the treatment was not predictable with

regard to the length of processing time and core temperature resulting from

electromagnetic exposure.
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APPENDIX A. TEST METHODOLOGY

1. Sickle Dex

Red blood cells from persons with sickle cell trait or disease will tolerate

glycerolization but will hemolyze during deglycerolization. This characteristic would

artificially skew the test model under investigation for any pool containing such a

unit. Accordingly, all RBC units used were screened for the presence of

hemoglobin S (HgbS) prior to pooling and, if positive, were excluded. Sickle cell

screening was accomplished using a commercial kit (Baxter Healthcare Corporation,

Miami, FL).37

The principle of the test involved the lysis of RBC by saponin to free the cellular

HGB. The released HGB was then reduced by sodium dithionite in a phosphate

buffer base. Reduced HgbS was characterized by its low solubility in the buffer and

persistent turbidity was seen. In contrast, normal HGB exhibited no visible turbidity.

Two mL volumes (serological pipette, Costar Corporation, Cambridge, MA) of

sickle cell reagent were placed in labeled 12x75 mm glass test tubes (Becton,

Dickenson, & Company, Lincoln Park, NJ). A segment from each unit to be tested

was obtained and mixed. Using an adjustable pipette (Medical Laboratory

Automation, Inc., Mount Vernon, NY) with a disposable tip (Fisher Scientific,

Pittsburgh, PA), 20 /L from each segment was added to the tubes containing the

buffer. Pipette tips were changed for each sample. The test tubes were covered with

parafilm (American Can Company, Greenwich, CT) and mixed by inversion. The
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tubes were allowed to stand for 5 min at RT and then examined for evidence of

turbidity. Known positive and negative cell controls- (Baxter Healthcare Corporation,

Miami, FL) were tested to monitor proper reagent function. Evidence of turbidity

was reason for exclusion of the donor unit from the experimental pool.

2. Osmolality

Each RBC unit, waterbath- and microwave-thawed, had the osmolality of its

supernatant determined immediately post-deglycerolization. Hyperosmolality in the

supernatant ()500 mOsm) indicated inadequate glycerol removal and excluded the unit

from the experimental pool. The exclusion was necessary to rule out the inhibitory

effect on RBC function and survival associated with excessive glycerol retention.

The Model 3DII osmometer (Advanced Instruments, Inc., Needham Heights,

MA)3P was used to determine osmolality by freezing point depression. This

instrument supercooled a 300 usL sample (Oxford Adjustable pipette and tips,

Nichiryo Corporation, Japan) to below its freezing point and then vibrated the sample

to induce ice crystal formation. The resulting heat of fusion elevated the temperature

of the sample to its freezing point. This endpoint was determined by comparison to a

standard calibration curve. The result was reported in milliosmols/kg (mOsm). A

known 100 mOsm sodium chloride (NaCl) standard supplied by the manufacturer was

assayed to monitor function of the instrument.

3. Waste and Suprnatant Hemoglobin

The concentration of HGB in wash waste and in the supernatant of each unit
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immediately post-wash, and after 24, 48, and 72 h of storage was tested using the

cyanmethemoglobin technique.39 Drabkin's reagent (Stanbio Laboratory, Inc., San

Antonio, TX) was reconstituted in 2 L of purified deionized water (EI duPont

deNemours & Company, Wilmington, DE) prior to use. All tests were performed in

duplicate. A known whole blood control (Normal Control, Coulter Electronics,

Hialeah, FL) was assayed to monitor proper reagent and instrument function.

Pipettes (2, 5, and 10 mL sizes, Costar Corporation, Cambridge, MA) were used

where appropriate. For sample sizes of 1 mL or less an adjustable pipette (Medical

Laboratory Automation, Inc., Mount Vernon, NY) with a disposable tip (Fisher

Scientific, Pittsburgh, PA) was used. Absorbance values were determined using the

Lambda Array 3840 Spectrophotometer (Perkin Elmer, Norwalk, CT).`

Using Drabkin's reagent, HGB and it derivatives were oxidized by ferricyanide to

methemoglobin. Cyanmethemoglobin was in turn formed from the methemoglobin by

its reaction with cyanide. Formation of the complex was monitored by a peak

absorbance ([A]) at 540 nm. The [A] obtained was directly proportional to the total

HGB concentration in the sample.

The HGB concentration in the sample was calculated using a constant (K) derived

from a calibration curve. The curve was established using varying concentrations of a

known 18.0 grams per deciliter (g/dL) standard (Sigma Chemical Company, St Louis,

MO). The working concentrations were produced by diluting the standard in

Drabkin's reagent in the following manner:
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Final HGB
Concentration Drabkin's Reagent(mL) Standard(mL)

0.0 g/dL 6.0 0.0
4.5 g/dL 4.5 1.5
9.0 g/dL 3.0 3.0

13.5 g/dL 1.5 4.5
18.0 g/dL 0.0 6.0

During testing, the sample size was modified to adjust for the amount of HGB

present in the waste and supernatant samples vs that present in whole blood samples.

A conversion factor of 15.06 was included irf calculations because of the modification

(1:251 standard dilution vs 1:16.67 supernatant dilution).

The test procedure involved diluting 300 1AL of the waste or supernatant in

4.7 mL of Drabkin's reagent (vs 20 uL in 5.0 mL for whole blood control) in a

10 mL tube (Superior Healthcare Group Inc., Cumberland, RI). The tube was

capped, mixed by inversion, and allowed to stand for at least 3 min. The mixture

was then transferred to a 5.0 mL cuvette (Columbia Diagnostics, Inc., Springfield,

VA) and the [A] at 540 nm determined. The spectrophotometer was adjusted to zero

with Drabkin's reagent.

Absorbance values were used to calculate HGB levels using the following

equations:

Supernatant Hemoglobin (mg/dL) = K X Sam.kpeAl X 1000
15.06

Waste Hemoglobin (g) = mg/dL Hemoglobin X Waste Volume (mL
100,000
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4. Supernatant Potassium

Supernatant potassium concentrations were determined for each RBC unit

immediately post-deglycerolization and after 24, 48, and 72 h of storage. An Astra

Automated STAT-Routine Analyzer (Astra 8 System, Fullerton, CA)' was used.

Concentrations were calculated directly against the manufacturer's known calibration

standard. A 50 ,L specimen was automatically sampled by the instrument.

The test module utilized an ion-exchange membrane to determine the level of

potassium present in a buffered solution. The cavities of the membrane system

roughly equalled the diameter of the potassium ion. When an ion exchange occurred,

a voltage change took place within the membrane and was measured by voltage-

sensitive circuits within the system.

5. Complete Blood Count

Each unit was tested to establish a prefreeze baseline CBC and a CBC at the time

of the wash and after 24, 48, and 72 h of storage. The automated Coulter S-Plus III

(Coulter Electronics, Hialeah, FL)4' was used. Manufacturer's tri-level controls

monitored proper function of the instrument. Levels for RBC, WBC, HGB, HCT,

and MCV were repeated in duplicate for each sample at each test interval. Instrument

sample size was 200 1L; 1.6 siL for RBC/MCV determinations and 28.0 AL for

WBC/HGB determinations.

The method used for cell counting and sizing was the detection and measurement

of changes in electrical resistance produced when a cell, suspended in a conductive

reagent, traversed a small aperture. The conductive reagent employed depended upon
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the cell under investigation and lysed all unwanted cells. Hemoglobin concentration

was determined photometrically against a blank-reference voltage retained in the

analyzer. The MCV was calculated directly from the voltage pulse heights. The

HCT was calculated from the RBC count and the MCV value.

The units for the various analytes measured were:

RBC ..... x 106 cells//iL
WBC ..... x 10i cells//AL
HGB ..... g/dL
HCT ..... Percent (%)
MCV ..... Femtoliter (fL)

6. Osmotic Fragility

Each experimental RBC unit was tested immediately post-wash and after 24, 48,

and 72 h of storage to determine if the thawing protocol had induced membrane

instability. Any instability would shift the hemolysis seen in the series of NaCI

dilutions used to detect osmotic fragility.' 2 The test also served as a measure of

surface-to-volume ratio.

A series of dilutions was prepared from a 1 % NaC1 stock solution. This stock

solution was made by suspending 5.0 g of NaCl crystals in 500 mL of deionized

water. An analytical balance, a Grade 'A' volumetric flask (Lurex, Vineland, NJ),

and purified deionized water (El duPont deNemours & Company, Wilmington, DE)

were used. The dilution series was generated weekly from the stock solution, stored

at 2-6 *C, and warmed to RT before use. Serological pipettes (Costar Corporation,

Cambridge, MA) in 2, 5, and 10 mL sizes along with a 100 mL graduated cylinder
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(Lurex, Vineland, NJ) were used as needed to accomplish dilution steps. The

concentration series were produced as follows:

NaCI %, Final Stock Distilled
Concentration % NaC1 (mL) Water (mL)

0.85 68.0 12.0
0.65 52.0 28.0
0.60 48.0 32.0
0.55 44.0 36.0
0.50 40.0 40.0
0.45 36.0 44.0
0.40 32.0 48.0
0.35 28.0 52.0
0.30 24.0 56.0
0.00 0.0 80.0

For each test, a series of ten 12x75 mm test tubes were labeled (0.85 through

0.00) and 2.5 mL of the appropriate NaCl concentration was added. A well-mixed

50 ,L RBC sample was added to each of the 10 tubes. An adjustable pipette

(Medical Laboratory Automation, Inc., Mount Vernon, NY) with a disposable tip

(Fisher Scientific, Pittsburgh, PA) was used. A new pipette tip was used for each

transfer. Each lube was covered with parafilm (American Can Company, Greenwich,

CT) and mixed by inversion. A known normal control was processed in the same

manner. The tubes were incubated at RT for 30 min, mixed gently, and centrifuged

at 2000 rpm (920 x g) for 5 min using a calibrated Dynac II centrifuge (Becton,

Dickenson, & Company, Lincoln Park, NJ).

After centrifugation, the supernatant of each tube was removed, placed in an

ultraviolet semi-microcuvette (Fisher Scientific, Pittsburgh, PA), and its optical

density (O.D.) read at 540 nm using the Lambda Array 3840 Spectrophotometer
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(Perkin Elmer, Norwalk, CT)."' The spectrophotometer was adjusted to zero using

deionized water.

The percentage of hemolysis in each tube (x) was calculated using the

following equation:

O.D.(x) - O.D.(oss%)
% Hemolysis = X100

O.D.(o.oo•%)- O.D.(0.85s )

Hemolysis patterns for the waterbath-thawed units were compared to the patterns seen

in the microwave-thawed units.

7. Adenosine 5'-Triphosphate

Adenosine 5'-triphosphate (ATP) concentrations were monitored as a means of

predicting post-transfusion survival. Testing was done prefreeze, immediately post-

wash and after 24, 48, and 72 h of storage. A quantitative analysis kit (Catalog #366-

A, Sigma Diagnostics, St. Louis, MO)53 measuring a series of enzymatic reactions

was used. The Lambda Array 3840 Spectrophotometer (Perkin Elmer, Norwalk,

CT) 71 recorded the reaction in disposable 5 mL polystyrene cuvettes (Columbia

Diagnostics, Inc., Springfield, VA). Tests were performed in duplicate and a known

standard (Catalog #A5384, Sigma Diagnostics, St. Louis, MO) monitored accuracy.

Deionized water (EI duPont deNemours & Company, Wilmington, DE) was used in

the test and to adjust the spectrophotometer to zero. Disposable 2, 5, and 10 mL

serological pipettes (Costar Corporation, Cambridge, MA) and centrifuge tubes

(Superior Healthcare Group Inc., Cumberland, RI) were used. For sample sizes of
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1 mL or less an adjustable pipette (Medical Laboratory Automation, Inc., Mount

Vernon, NY) with a disposable tip (Fisher Scientific, Pittsburgh, PA) was used.

The first reaction in the series, catalyzed by phosphoglycerate phosphokinase

(PGK), converted ATP to adenosine diphosphate (ADP) and 1,3-diphosphoglycerate.

The second reaction, catalyzed by glyceraldehyde phosphate dehydrogenase (GAPD),

converted the resulting 1,3-diphosphoglycerate to glyceraldehyde-3-phosphate while

NADH was oxidized to nicotinamide adenine dinucleotide (NAD). This last reaction

produced a spectrophotometrically measurable reduction in [A] at 340 nm.

A protein-free filtrate (PFF) was prepared for testing from each unit by mixing

1.0 mL of 12% trichloroacetic acid and 1.0 mL of the sample in a centrifuge tube.

After 5 min on ice the sample was centrifuged at 3000 rpm (1380 x g) for 10 min

(Dynac II, Becton, Dickenson, & Company, Lincoln Park, NJ). A 500 AL aliquot of

the PFF was then mixed with 1.0 mL of buffered 3-phosphoglyceric acid and 1.5 mL

deionized water in a 300 ug NADH vial. This mixture was transferred to a cuvette

and the initial [A] at 340 nm recorded. Then, 40 14L of GAPD/PGK enzyme mixture

(glyceraldehyde 3-phosphate dehydrogenase ansd 3-phosphoglyceric phosphokinase)

was added, mixed, and the [A] recorded over a 10 min interval. The final [A] was

the minimum [A] recorded during the 10 min interval.

Absorbance values were used to calculate the ATP level using the following

equations:

Step 1. A[A] = Initial [A] - Final [A]

Step 2. Hemoglobin ATP (ptmol/g) - A[Al X 195
Unit HGB (g/dL)
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The factor 195 was derived as follows:

195 = 3.04 X 100
6.22 X 0.25

3.04 = Volume (mL) of liquid in cuvette.
100 = Conversion of concentration per 1 mL to per dL.

6.22 = Millimolar absorptivity of NADH at 340 nm.
0.25 = Sample volume.

8. 2.3-Diphosphoglycerat¢

Diphosphoglycerate (DPG) concentrations were monitored as a means of

predicting the oxygen-transport ability of the thawed RBC. Testing was done

prefreeze, immediately post-wash and after 24,. 48, and 72 h of storage. A

quantitative analysis kit (Catalog #35-A, Sigma Diagnostics, St. Louis, MO)5 2

measuring a series of enzymatic reactions was used. The Lambda Array 3840

Spectrophotometer (Perkin Elmer, Norwalk, CT)7' recorded the reaction in disposable

5 mL polystyrene cuvettes (Columbia Diagnostics, Inc., Springfield, VA). Tests

were performed in duplicate and a known standard (Catalog #53005, Sigma

Diagnostics, St. Louis, MO) monitored accuracy. Deionized water (El duPont

deNemours & Company, Wilmington, DE) was used in the test and to adjust the

spectrophotometer to zero. Disposable 2, 5, and 10 mL serological pipettes (Costar

Corporation, Cambridge, MA) and centrifuge tubes (Superior Healthcare Group, Inc.,

Cumberland, RI) were used. For sample sizes of 1 mL or less an adjustable pipette

(Medical Laboratory Automation, Inc., Mount Vernon, NY) with a disposable tip

(Fisher Scientific, Pittsburgh, PA) was used.

A series of enzymatic reactions produced a measurable reduction in [A] at
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340 nm. In a reaction catalyzed by 2,3-diphosphoglycerate phosphatase and 2-

phosphoglycolic acid, DPG was hydrolyzed to 3-phosphoglycerate (3-PGA) and

phosphorus. The 3-PGA then reacted with ATP in the presence of 3-

phosphoglycerate phosphokinase to form 1,3-diphosphoglycerate (1,3-DPG) and ADP.

The 1,3-DPG formed oxidized NADH to NAD which caused an observable reduction

in [A].

A PFF was prepared from each unit by mixing 3.0 mL of 8% trichloroacetic

acid and 1.0 mL of the sample in a centrifuge tube. After 5 min on ice the sample

was centrifuged at 3000 rpm (1380 x g) for 10 min (Dynac II, Becton, Dickenson, &

Company, Lincoln Park, NJ). A 250 IL aliquot of the PFF was then mixed with

2.5 mL NtDH solution and 100 AL of ATP solution. Next, 20 $L of GAPD/PGK

enzyme mixture and 20 jiL of phosphoglycerate mutase were added. After an

additional 5 min RT incubation, the initial [A] at 340 nm was recorded. In the final

reaction step, 100 uL of phosphoglycolic acid solution was added and the entire

mixture incubated for 30 min at RT. Final [A] was then recorded.

Absorbance values were used to calculate the DPG level using the following

equations:

Step 1. &[A] = Initial [A] - Final [A]

Step 2. Corrected &[A] = &[A] - 0.030

The factor 0.030 corrected for the change in volume caused by the addition of
the phosphoglycolic acid.

Step 3. Blood DPG (umol/mL) = Corrected 4[A] X 7.7
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The factor 7.7 was derived as follows:

7.7 = 299
6.22 X 0.0625

2.99 = Volume (mL) of liquid in cuvette.
6.22 = Micromolar absorptivity of NADH at 340 nm.
0.0625 = Volume (mL) of original sample.

Step 4. Hemoglobin DPG (umol/g) = Blood DPG (umol/mL) X 100
Hemoglobin (g/dL)
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"APPENDIX B. LIST OF ABBREVIATIONS

[A] ........................................... Absorbance

AABB ......................... American Association of Blood Banks

ATP .................................. Adenosine 5'-triphophate

CBC .................................... Complete Blood Count

DPG ................................... 2,3-Diphosphoglycerate

FDA .............................. Food and Drug Administration

fL, ........................................... Fem toliter(s)

g .............................................. Gram (s)

g/dL ..................................... Grams per Deciliter

h .. .... ...... ................. .... ............. H our(s)

HCT .......................................... Hematocrit

HGB .......................................... Hemoglobin

HgbS ........................................ Hemoglobin S

H z . ....................................... ...... H ertz

K . ..... ..... ......... ....... .... .. ....... ...... Constant

Kg ........................................... Kilogram(s)

L ... .... ........... ................... .......... Lite r(s)

MCV ..................................... Mean Cell Volume

mg .......................................... M illigram(s)

mg/dL ................................. Milligram(s) per deciliter

M Hz ........................................... M illihertz
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m in ... .... .................. ...... ... .......... M inute(s)

mL.. ............................................ Milliliter(s)

mm ........................................... Millimeter(s)

mOsm ........................................... Milliosmols/kg

NaCI ....................................... Sodium Chloride

NBS ............................... National Bureau of Standards

nm . ......................................... Nanometer(s)

NBRL ........................... Naval Blood Research Laboratory

O.D . ........................................ Optical Density

PFF . ..................................... Protein-Free Filtrate

RBC ...................................... Red Blood Cell(s)

rpm ..................................... Revolutions per Minute

RT ...................................... Room Temperature

SD -....................................... Standard Deviation

SE ......................................... Standard Error

sec, ............................................ Second(s)

vs ..... ... .. ......... .. ........... ......... ...... V ersus

WBC .................................... W hite Blood Cell(s)

Ag .......................................... M icrogram(s)

uL .......................................... M icroliter(s)

1hmol/g .................................. Micromoles per Gram

A . . . . . . . .. . . . .. . . .. . . . . . . .. . . .. . . . . . . . .. . . . . .. . .C hange
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"C ....... .............................. .. Degrees Centigrade

% ...... ...................................... . Percent

) ........................................ Greater than



AN ASSESSMENT OF RAPID MICROWAVE THAWING
FOR FROZEN RED BLOOD CELLS

Capt Dianne C. Davis
USAF, BSC, Blood Bank Fellow

The thawing of frozen red blood cells is currently regulated

under standards overseen by the Food and Drug Administration (FDA)

and the American Association of Blood Banks (AABB). The standard

regarding frozen red cells requires thawing occur in either a

waterbath or a dry-warmer environment maintained at 37 or 42

degrees Centigrade. Established during early freeze/thaw

experiments, these protocols were set to insure recovery of at

least 80 percent of the original red cell mass and a cellular

viability 24-hour post transfusion of at least 70 percent.

Adherence to these stipulations render existing thawing practices

both time consuming and susceptible to covert bacterial

contamination.

Currently, waterbath thawing can add up to 40 minutes to the

processing time required to ready a frozen red blood cell unit for

transfusion. This can prove life-threatening to patients in

emergency situations. Further, the Military Blood Program Office's

Program 2004 establishes prepositioned frozen blood products at

strategic locations for wartime contingencies. Extended thawing

times using waterbaths when the majority of available products are

frozen significantly blunts the efficiency of wartime medical

interventions. The thawing of large volumes of blood in short

periods of time is a virtual impossibility.



This study plans to investigate the use of rapid microwave

thawing in relation to time saved and its impact upon cell mass

recovery and viability. Parallel studies will be undertaken in

which pools of red cells will be frozen and thawed using the

standard Naval Blood Research Laboratory (NBRL) protocol and

varying only in the thawing environment. Comparative data will be

collected on thaw time, final temperature, red cell recovery,

supernatant hemoglobin, extracellular potassium, and viability

measurements including osmotic fragility, adenosine 5'-triphosphate

(ATP) and 2,3-diphosphoglycerate (DPG) levels. Evaluations will

center on determining if microwave processing using a FDA-approved

plasma defroster will negatively impact on cell membrane integrity.

The study's goal is to establish a rapid thawing protocol

which could serve as an alternative to or replacement for the

current waterbath protocols. If the microwave protocol proves

equivalent in terms of the study's parameters, benefits will be

apparent in terms of time savings per unit processed and will

eliminate the threat of bacterial contamination present in the

current waterbath thawing method.

Liquid blood designated excess by the National Naval Medical

Center's Blood Bank will be used for this study. The final sample

size will be approximately 40 units. ABO-compatible units will be

pooled and divided into 250 mL portions. A complete cell count,

ATF level, DPG level, and final volume by weight will be determined

on each 250 mL unit. The method of freezing will follow the high

glycerol, low temperature protocol endorsed by the Department of

Defense for 800 mL storage bags as published by the NBRL. After



varyi'ng lengths of storage at o. below -65 degrees Ct-ntigrade, the

paired units will be thawed independently using either a 42 degree

Centigrade waterbath or the FDA-approved microwave plasma

defroster. When completely thawed, the unit will be removed, time

noted, and internal temperature determined.

After deglycerolization each unit will be weighed and sampled

immediately, at 24, 48, and 72 hours post thaw for the following

tests: CBC, osmolality, osmotic fragility, supernatant hemoglobin,

extracellular potassium, ATP, and 2,3-DPG. Red cell post-

transfusion survival has been found to be related primarily to ATP

level. Maintenance of oxygen-transport functions depend primarily

on 2,3-DPG level. Freeze-Thaw-Wash recoveries will also be

calculated.

ASSAYS

ATP (Adenosine-5'-triphosphate)

Levels will be determined using a kit for quantitative

enzymatic determination. In a series of enzymatic reactions, NADH

is oxidized to NAD causing a spectrophotometrically measurable

reduction in absorbance at 340 nm. A standard of known ATP

concentration will be ran with each test group to insure accurate

methodology.

2,3-DPG (2,3-diphosphoglyceric acid)

Levels will be determined using a kit for quantitative

enzymatic determination. In a series of enzymatic reactions, NADH

is oxidized to NAD causing a spectrophotometrically measurable

reduction in absorbance at 340 nm. A control of known DPG



concentration will be ran with each test group to insure accurate

methodo ogy.

Supernatant Hemoglobin

Supernatant hemoglobin levels will be measured with a direct

spectLophotometric procedure.

Extracellular Potassium

Supernatant potassium levels will be measured directly by ion

selective electrode against a known calibration standard.

CBC (Complete Blood Count)

The hemoglobin, hematocrit, and mean cell volume will be

determined on a Coulter S-Plus III series instrument.

Freeze-Thaw-Wash Red Cell Recovery

The percent of red cell recovery post-deglycerolization will

be calculated using two different accepted methods, AABB and NBRL.

Osmolality

Osmolality will be determined following deglycerolization as

a quality control measure to insure adequate glycerol removal.

Normal red cell function and post-transfusion survival are both a

function of the adequacy of glycerol removal. The principle of

freezing point depression will be used.

Osmotic Fragility

This test will be used to determine increased membrane leakage

and instability induced by microwave treatment. Osmotic fragility

will be determined by suspending the processed cells in various

concentrations of sodium chloride. The red cells suspended in the

hypotonic saline diluents will swell, become fragile, and at some



point will eventually lyse. The released hemoglobin serves as

marker of lysis and will be measured spectrophotometrically.

Statistical Analysis

Standard statistical analyses for paired sample studies will

be used to analyze the data for significance of differences between

the control waterbath-thawed group and the microwave-thawed group.

Analysis of variance will be applied for calculation of the mean,

standard deviation, and the confidence limits. Appropriate graphs

and plots will be constructed to visually display data.
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A) ABSTRACT

The thawing of frozen red blood cells is currently regulated
under standards overseen by the Food and Drug Administration (FDA)
and the American Association of Blood Banks (AABB). The standard
regarding frozen red cells requires thawing occur in either a
waterbath or dry-warmer environment maintained at 37 degrees
Centigrade. Established during early freeze/thaw experiments,
these protocols were set to insure recovery of at least 80% of the
original red cell mass and a cellular viability 24-hour post
transfusion of at least 70%. Adherence to these stipulations
rendered existing thawing practices both time consuming and
susceptible to covert bacterial contamination. This study plans to
investigate the use of rapid microwave thawing in relation to time
saved and its impact upon cell mass recovery and viability.
Parallel studies will be undertaken in which pools of red cells
will be frozen and thawed using a standard Naval Blood Research
Laboratory protocol (approved by the FDA) with variance only in the
thawing environment. Comparative data will be collected on thaw
time, final temperature, red cell recovery, supernatant hemoglobin,
extracellular potassium, and viability measurements (osmotic
fragility, adenosine 5'-triphosphate and 2,3-diphosphoglycerate
levels). Evaluations will center on determining if microwave
processing will negatively impact on cell membrane integrity.
Successfully establishing this alternative methodology would show
major benefits in time savings during routine or wartime
application.
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B) SPECIFIC AIMS

The proposed investigation is structured to assess the impact
of rapid microwave thawing on frozen red blood cells. The goal is
to establish a rapid thawing protocol which could serve as an
alternative to or replacement for the current waterbath protocol.
The investigational design centers on confirming equivalent red
cell recovery and viability in microwave thawed cells verses
waterbath thawed cells. If the microwave protocol proves
equivalent in terms of the study's parameters, benefits will be
apparent in terms of time savings per unit processed and will
eliminate the threat of bacterial contamination present in the
current waterbath thawing method.

C) BACKGROUND AND SIGNIFICANCE

The standard method established by blood bank regulatory
agencies for thawing frozen red blood cells involves 37 degree
Centigrade waterbath immersion (1-3). Additionally, current
standard of care also includes an overwrapping of the blood storage
bag in a sealed secondary pouch (4). The overwrap serves to limit
possible exposure of the primary blood bag to bacterial
contaminants inherent to all waterbath systems. Unfortunately this
overwrap also creates an air-water interface detrimental to heat
exchange and contributory to unacceptably extended thawing times.

The most significant benefit in using microwaves to thaw a
frozen product is the rapidity at which the desired temperature is
reached. Currently, waterbath thawing can add up to 40 minutes to
the processing time required to ready a frozen red blood -ell unit
for transfusion (4). This can prove life-threatening to patients
in emergency situations. Further, the Military Blood Program
Office's Program 2004 establishes prepositioned frozen blood
products at strategic locations for wartime contingencies (5).
Extended thawing times using waterbaths when the majority of
available products are frozen would significantly brunt the
efficiency of wartime medical interventions. The thawing of large
volumes of blood in short periods of time would be a virtual
impossibility.

Recent studies have been conducted, primarily with fresh
frozen plasma, to identify a alternative method of thawing frozen
blood products using microwave technology (6-22). Efforts centered
on significantly decreasing thaw times while maintaining the
coagulation function of the plasma product. These studies have



Page 3
19 Jul 91

AN ASSESSMENT OF RAPID MICROWAVE THAWING
FOR FROZEN RED BLOOD CELLS

proven microwave thawing of fresh frozen plasma is an acceptable
alternative under specific circumstances. The data from these
studies lead the FDA to approve a structurally modified microwave
equipped with rotating chambers for plasma thawing (22, 23). This
microwave will be used for the thawing of frozen cells in this
research proposal.

Early 1940's studies by Ham on red cells concluded that heat
affected the integrity of the membrane which resulted in changes in
morphology. Also observed was an increase in osmotic fragility of
the cells and in some instances gross hemolysis (24).

The majority of later microwave studies centered on providing
warmed blood in surgical cases where large transfusion volumes were
required (7, 11-18, 21). Though centered on heating blood from
refrigerated storage temperature, not thawing from sub-zero
temperatures, these studies are important in delineating possible
effects of microwave treatment of red cells. Leonard et al. in
1971 concluded microwave radiation did not reduce cell viability.
This conclusion was based on the absence of significant ATP
variations between warmed and unwarmed units (17).

Subsequent warming studies determined, in some cases,
increased hemolysis in microwaved units. This was seen in the form
of increased supernatant hemoglobin. Investigators concluded
uneven warming and high cell water content inhibited penetration of
the electromagnetic energy (14). Later studies proved this effect
could be avoided providing the unit was rotated properly within the
heating field (25).

A study examining warming of red cells in a microwave modified
with a rotating blood holder was conduct by Roth-Henschker et al.
The modification allowed mixing to induce uniform warming and
incorporated an automatic temperature monitoring device. Their
conclusion was that microwave warming up to 32 degrees Centigrade
with adequate mixing was safe as long as small volumes, hematocrits
over 70% and increased viscosities were avoided (26).

However, none of these investigations specifically addressed
frozen red cell thawing by microwave energy. Only limited
information is available that suggests microwave energy can be
applied to frozen red blood cell thawing. Slater examined the use
of an unmodified carousel microwave and red cells immersed in a
heat-dispersing medium such as sand, glycerol, and tap water. In
this study units processed by microwave thawed five times faster
than control units thawed in a waterbath. Red cell integrity was
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well maintained as evidenced by stable ATP and 2,3-DPG levels. A
clinically insignificant elevation of supernatant hemoglobin was
demonstrated in the microwaved units (27).

This proposed study will further investigate the possibility
of thawing frozen red blood cells using microwave energy.
Modifications on previous studies include use of the single FDA-
approved. plasma microwave with modified mixing arms and automatic
temperature sensing and cut-off devices. No heat-dispersing medium
will be employed. Data will be accumulated to assess the time
savings and membrane effects of the electromagnetic heat
generation.

D) PRELIMINARY STUDIES

LCDR Sla+er's Master of Science thesis for the Graduate
College of Bowling Green State University studied thawing of frozen
blood products in a unmodified microwave as referenced above (27).

E) EXPERIMENTAL DESIGN

Liquid blood designated excess by the Blood Bank will be used
for this study. The final sample size will be forty units. ABO-
compatible units will be pooled and divided into 200 mL portions.
A complete cell count (CBC) and final volume by weight will be
determined on each 200 mL unit. The method of freezing will follow
the high glycerol, low temperature protocol endorsed by the
Department of Defense for 800 mL storage bags as published by the
Naval Blood Research Laboratory (28). After varying lengths of
storage at -80 degrees Centigrade, the paired units will be thawed
independently using either a 37 degree Centigrade waterbath or the
FDA-approved microwave plasma defroster. The thaw time for each
unit will be recorded along with the internal unit temperature at
the thawing endpoint.

The waterbath used will be a covered, thermostatically
controlled, circulating waterbath with no more than one unit thawed
at a time. Each unit will be enclosed, as accepted in standard
practice, in a protective overwrap. The unit will be weighted to
remain totally submerged during thawing and examined at five minute
intervals. When completely thawed, the unit will be removed, time
noted, and internal temperature determined. Maximum allowable
waterbath immersion time will be 40 minutes as recommended by the
freezing protocol. Microwave thawing will be accomplished in the
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WesLabs Plasma Defroster manufactured by Westmorland Laboratories
Inc. The microwave thawed units will not be overwrapped. Time
interval to the thawed endpoint and the final internal temperature
will be determined.

Sampling will be performed using a sterile plasma transfer
system and aseptic technique. Samples will be maintained either on
wet ice or in a 1-6 degree Centigrade refrigerator and tested
immediately following aliquoting. Samples will be obtained pre-
freeze, post-thaw, and post-deglycerolization. Further sampling
will be done at 24, 48, and 72 hours.

Temperature measurements post-thaw will be taken using a YSI
Tele-Thermometer with YSI 400 series probe. The probe will be
inserted fully into the units immediately following removal from
the thawing chamber. Any unusual physical appearance in the
product following thawing will be noted. Thaw times will be
measured using a calibrated laboratory timer.

After deglycerolization each unit will be weighed and sampled
immediately, at 24, 48, and 72 hours post thaw for the following
tests: CBC, osmolality, osmotic fragility, supernatant hemoglobin,
extracellular potassium, ATP, and 2,3-DPG. Red cell post-
transfusion survival has been found to be related primarily to ATP
level. Maintenance of oxygen-transport functions depend primarily
on 2,3-DPG level. Freeze-Thaw and Freeze-Thaw-Wash recoveries will
also be calculated.

ASSAYS

ATP (Adenosine-5'-triphosphate)
Levels will be determined using a kit for quantitative

enzymatic determination (Catalog #366-A, Sigma Diagnostics, St.
Louis, MO.). In a series of enzymatic reactions, NADH is oxidized
to NAD causing a spectrophotometrically measurable reduction in
absorbance at 340 nm. A standard of known ATP concentration will
be ran with each test group to insure accurate methodology (Catalog
#A5394, Sigma Diagnostics, St. Louis, MO.). The Perkin Elmer
Lambda Array 3840 Spectrophotometer will be used. Pre-freeze and
post-deglycerolization measurements at time zero and 24, 48, and 72
hours will be made (29).

2,3-DPG (2,3-diphosphoglyceric acid)
Levels will be determined using a kit for quantitative

enzymatic determination (Catalog #35-A, Sigma Diagnostics, St.
Louis, MO.). In a series of enzymatic reactions, KADH is oxidized
to NAD causing a spectrophotometrically measurable reduction in
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absorbance at 340 nm. A control of known DPG concentration will be
ran with each test group to insure accurate methodology (Catalog
#53005, Metabolite Control, Sigma Diagnostics, St. Louis, MO.).
The Perkin Elmer Lambda Array 3840 Spectrophotometer will be used.
Pre-freeze and post-deglycerolization measurements at time zero and
24, 48, and 72 hours will be made (30).

Supernatant Hemoglobin
Plasma hemoglobin levels will be measured with a direct

spectrophotometric procedure using the Perkin Elmer Lambda Array
3840 Spectrophotometer. Samples will be diluted 1:10 (0.3 mL of
sample to 2.7 mL of Tris Buffer) and wavelength measurements taken
at 450 nm, 415 nm, and 380 nm. Absorbance at 415 nm corresponds
with the sample's hemoglobin concentration which will be corrected
for triglyceride and bilirubin interferences at 380 nm and 450 nm
respectively. Pre-freeze, post-thaw, and post-deglycerolization
measurements at time zero and 24, 48, and 72 hours will be made.

Extracellular Potassium
Plasma potassium levels will be measured directly by ion

selective electrode against a known calibration standard (Astra 8
System, Fullerton, CA.). Pre-freeze, post-thaw, and post-
deglycerolization measurements at time zero and 24, 48, and 72
hours will be made.

CBC (Complete Blood Count)
The hemoglobin (HGB), hematocrit (HCT), and mean cell volume

(MCV) will be determined on a Coulter S-Plus III series instrument.
Pre-freeze and post-deglycerolization measurements at time zero and
24, 48, and 72 hours will be made.

Freeze-Thaw-Wash Red Cell Recovery
The percent of red cell recovery post-deglycerolization will

be calculated using the formula: (Net weight (grams) of
deglycerolized RBC X Hct) divided by (Net weight (grams) of pre-
freeze RBC X Hct) times 100 (2).

Osmolality
Osmolality will be determined following deglyczolization as

a quality control measure to insure adequate glycerol removal.
Normal red cell function and post-transfusion survival are both a
function of the adequacy of glycerol removal. The principle of
freezing point depression on the Advanced Instruments Model 3DII
will be used. A glycerol content of 1% produces osmolality of
approximately 420 mOsm. Deglycerolized units with osmolality up to
500 mOsm apparently can be transfused without hemolysis and the
range permissible by AABB standards is 420 to 500 mOsm. No unit
exceeding 500 mOsm will be included in the final comparisons.
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Osmotic Fragility
This test will be used to determine increased membrane leakage

and instability induced by microwave treatment. Osmotic fragility
will be determined by suspending the processed cells in various
concentrations of sodium chloride (Catalog #5830. Becton-Dickinson,
Rutherford, NJ.). The concentrations will vary from 0.00% to 0.85%
NaCI. The red cells suspended in the hypotonic saline diluents
will swell, become fragile, and at some point will eventually lyse.
The released hemoglobin serves as a marker of lysis and will be
measured spectrophotometrically using the Perkin Elmer Lambda Array
3840 Spectrophotometer (31).

F) Statistical Analysis

The paired Student's t-test and the Wilcoxon Rank-Sum test
will be used to analyze the data for significance of differer.es
between the control waterbath-thawed group and the microwave-thawed
group. Analysis of variance will be applied for calculation of the
mean, standard deviation, and the confidence limits. Appropriate
graphs and plots will be constructed to visually display data.


