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FOREWORn

The problems of operatinga blood-supply system are universal in the
sensedescribedby Roger E. Levien, IIASA's Director: "they lie within
the boundapies of single nations and can be resolved by theip individual
actions, but ape shaped by almost all nations. "

This paper provides an overview of the theory and practice of blood
management,basedon the author's experiencein developing models of
blood-supply systemoperationsand using them to assist in installing
new blood-managementproceduresin a major system in the United States.
It is of interest both as a contribution to the theory and practice of
health-caremanagementand as an excellent example of a successfulcase
of applied systemsanalysis.

The paper is a concise record of a seminar given at IIASA on
August 13, 1979.

As a potential contribution to the IIASA International Series on
Applied SystemsAnalysis, Eric Brodheim and Gregory Prastacosare
preparing a book that will be a comprehensiveaccount of their work
in this field and its results in application, as well as the work of
others.

Dr. Prastacosis Assistant Professorof Decision Sciencesat The
Wharton School of the University of Pennsylvania; his colleague,
Dr. Brodheim, is with the OperationsResearchLaboratory of the Lindsley
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the authors won the 1979 InternationalManagementScienceAchievement
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here by permission.

Hugh J. Miser, Head
Survey Project





BLOOD MANAGEMENT SYSTEMS
An Overview of Theory and Practice

by

Gregory P. Prastacos

I. INTRODUCTION

Blood is a living tissue of unique medical value to the human body. It is

the vehicle that carries oxygen, nutrients and chemicals to all parts of the body,

and carries away all waste products. It appearsin 8 major blood types ｷ ｾ ｯ ｳ ･

frequenciesvary from 38% (0+) to 0.5% (AB-) in the human population. It is com-

posedof severalcomponents(red cells, white cells, platelets,plasma), all of

which can be extractedfrom whole blood through appropriateprocedures. Each

one of these componentsservesa separatefunction in the human organism, and

has a different use in the medical treatmentof patients. All of these com-

ponentsare perishable,with their lifetimes varying from 24 hours (platelets)

to 21 days (red cells). In this paper we restrict our attention to the manage-

ment of the suppliesof whole blood and red cells, both of which have a lifetime

of 21 days, and which, together, account for more than 95% of the transfusions

that take place in the U. S. today.

Blood is collected in units of one pint per donor at collection sites such

as a Regional Blood Center, a Hospital Blood Bank, or a mobile unit. ｾ ｮ ･ ｮ col-
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lected it undergoesa series of typing and screeningtests, and, once processed,

if needed (i.e., frozen or separatedinto components),it is shipped to a Hos-

pital Blood Bank to be stored and be available to satisfy demandsfor trans-

fusions to patients.

The Hospital Blood Bank operatesas an inventory location,storingand issuing

the appropriateblood units to satisfy transfusionrequests. During the courseof

a day the Blood Bank receivesa random number of transfusionrequestsfor each

blood type, each request for a random number of;units. Once a request for a

patient is received, the appropriatenumber of units of that type are removed

from free inventory and upon successfulcrossmatchingthey are placed on

reserve inventory for this particular patient. Any of those units that are

not transfusedare returned back to free inventory. We will define demandto be

the number of units requested,and usage to be the number of units transfused.

Any units which are not used within their 2l-day lifetime are consideredoutdated

and are discardedfrom inventory.

The problem of managingblood supplies can be examinedat two levels:

the individual hospital level, or the regional level. At the hospital level,

the objective is to determinedecision rules to be used by the Hospital Blood

Bank's managementfor the daily operationsof the Blood Bank. Such decisions

would involve quantitiesto collect or order from the Regional Blood Center,

units to issue from ｩ ｮ ｶ ｾ ｮ ｴ ｯ ｲ ｹ against transfusionrequests,portion of fresh

units to be frozen so that their lifetimes are extended,and developmentof com-

puter information systemsto provide accurateand timely information and thus
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assistwith the managementof the Blood Bank's inventory management. At the

regional level, the objective of a Regional Blood Center is to determineachiev-

able targetsof performancewithin a region, and to set up collection and dis-

tribution schedulesthat will achieve thesedesirabletargets.

This paper presentsan overview of the recent developmentsin both the theory

and practice of blood inventory management,at both the individual hospital, and

the regional levels. We feel that such a review is now neededin order to unify

existing knowledge, assessthe statusof the field, and determinedirections for

further research. The paper is divided as follows: Section 2 presentsa brief

historical overview of the ManagementScience involvement in the field •. Section 3

presentsan overview of the techniquesand ｭ ｯ ｾ ･ ｬ ｳ that are applicable to a

hospital's inventory management,and Section 4 presentsthe ones applicable to

the managementof the regional resources. Our approachis not to presentan

exhaustivereview of all the literature in the field, but rather to address

several important issues,and compareand evaluatethe achievedresults.

Hopefully, our referencelist is fairly complete. Finally, Section 5 pre-

sentssome conclusionsand areasfor further research.
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II. BRIEF HISTORICAL OVERVIEW

Managing blood inventories is a very complex task. To realize the diffi-

culty of this inventory problem as comparedto most inventory problems, one

has to see the following:

1. Blood is a perishableproduct having a lifetime of 21 days. There-

fore, standardinventory theory results do not hold.

2. Its supply and demand are stochastic.

3. Its demandand usageat each hospital are different random variables.

4. There is a large variation in the sizes of hospitals to be served

within a region. They range from those transfusinga few hundreds

of units yearly, to others transfusingtens of thousandsyearly.

5. There is a large variation in the kinds of operations,and the

practicesamong hospitals. As an example, some hospitals transfuse

almost always whole blood, whereasothers almost always red cells.

6. There is a large variation in the distancesinvolved. Some

hospitals are a few hundred feet away from the Center, whereas

others are as far as hundredsof miles.

7. There is a large variation in the frequency with which the 8 blood

types appear.

Becauseof this complexity, managementscienceand operationsresearch

techniqueshave been fruitfully used to come up with efficient management

rules. The traditional theoreticaland practical approach,until recently,
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has been to decomposea region into its individual hospitals,and determine

efficient rules for each hospital. This approachestablisheda decentralized

mode of operations,where each hospital would call the Center in the morning

in order to place an order for enough units so as to bring its inventories to

"safe" values, without having to outdate a large number of units. The Center

would try to meet most of theseorders, keeping in mind the limited

supply, and thereforekeeping sufficient inventoriesback at the Center for

future orders, and for emergencies. This uncertaintyfor both the Center

(as far as the hospitals' orders) and for the hospitals (as far as

which portion of their order would be met) imposed a competition between

hospitals for their supply of blood, and resulted in poor utilization of the

regional resources. In the 1971 national survey it was reported that 25% of the

national volume of blood collectedwas outdated [17, 18]. In addition,

instancesof shortagewere reportedto be frequent, resulting in postponements

of elective surgeries,and personneland other resourceswere inefficiently used.

To addressthis problem, a National Blood Policy [48] was adopted in 1974

which called for "the introduction of systemsmanagementto blood service,"

and for the realization of the following four goals:

1. Adequate supply of blood,

2. Delivery of the highest quality blood service,

3. Patient accessibilityto blood service regardlessof economic status,

and

4. Efficient collection, processing,storageand utilization of the

national supply of blood and blood products.
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This last goal means minimizing cost by reducing outdating, and estab-

lishing regional associations for the managementand sharing of the regional

blood supplies. This has been the thrust of most of the recent research.
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III. HOSPITAL BLOOD BANK MANAGEMENT

(i) StatisticalAnalysis of Demand and Usage

In trying to determineefficient managementrules for an inventory

location, one has to analyze the statisticalpatternsof demand and

usageat that location, and derive probability models that can confidently

describethesepatterns. To addressthis issue, massive data have to be

collected and statisticaltechniques(e.g., fitting, hypothesistesting)

have to be used to derive a model.

A significant amount of work has been done on determiningthese

patternsfor Hospital Blood Banks. Among them, Elston and Pickrel [24],

Rabinowitz and Valinsky [65] and Yen [69] derived demandmodels for

individual hosoitals,and Brodheim, Hirsch and Prastacos[8, 62] have

analyzeddata from groups of several ｨ ｯ ｳ ｾ ｩ ｴ ｡ ｬ ｳ Ｌ and comparedestablished

universal models of demandand usage.

The results indicate that the daily demandpattern is the compound

distribution of the number of daily requisitions (N), and the size of each

requisition (n), where N is a Poissonrandom variable, and n is a modified

lognormal random variable. The usage U out of a requestof size n can be

approximatedby an exponential-typetruncatedprobability distribution. The

reader is referred to [62] for a comprehensivepresentationof these results.
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(ii) Ordering Policies

Probably the most important managementpolicy in any inventory

location is the location's ordering policy. This policy determines

the frequency and the size of the orders to be placed by the location

(Hospital Blood Bank) to the supplier (Regional Center). The problem

is very important in blood management,since the Blood Bank Administra-

tor has to have enough quantitiesavailable in stock so as to meet most

of the demand, without being forced to outdate an excessivenumber of

units.

A number of theoreticaland empirical studieshave addressedthis

problem. The theoreticalproblem is as follows: Given unit penalty

costs s and w to be paid by the Hospital Blood Bank for any units short

or outdated,and known probability distributions for the demandand

usageof blood at the hospital, determine the optimal ordering policy

so as to minimize the total expectedaveragecost.

To our knowledge, all analytical researchon this problem has

addressedthis issue for generalperishableproducts, and has thus made

the simplifying assumptionthat demandand usageare identical.

Nahmias [41, 44J, Nahmias and Pierskalla [45, 461 and Fries [27]

determinedthe optimal ordering policy for a product with a general

lifetime of m periods. They showed that the optimal policy is very

complex, and to compute it one has to solve an (m-l)-dimensionaldynamic

program. In the caseof blood, m is very high (m=2l), and so a practical

solution is extremely difficult to obtain. As a result of this, Cohen [12],
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Chazanand Gal [11] t and Nahmias [43] have examinedthe simpler policies

where the daily order is such as to bring the total inventory up to a

certain level. SimilarlYt Brodheims Derman and Prastacos[7] and

Cosmetatosand Prastacos[15] have examinedpolicies where a constant

order is receiveddaily by the hospital. Sensitivity tests performed by

Nahmias [42] on the performanceof the single critical number order

policYt as comparedto the optimal policYt indicated that this policy

is very close to the optimal onet and therefore constitutesa good

substitute.

Simulationt as well as other empirical methodst have also been

extensivelyused in the evaluationof alternativepolicies and the

derivation of optimal inventory levels. This approachoffers the ad-

vantageof using accurateinput data of a Hospital Blood Bank's historYt

and also of differentiating betweendemandand usage. This secondfeature

gives a definite advantageto this approacht over the analytical models

outlined abovet in determiningappropriateinventory levels for Hospital

Blood Banks. Among the works using this approachwe mention those by

Elston and Pickrel [25] t Brodheim, Hirsch and Prastacos[8] t Cohen and

Pierskalla [13 t 14] t and Rabinowitz and Valinsky [65].

(iii) Issuing Policies

Almost as important as the ordering policy is the issuing cross-

matching policy used to satisfy requestsfor crossmatch. To see this

one has to rememberthat blood is a perishableproductt and that not all
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units issuedare eventually transfused;instead, a significant portion

(in most casesmore than 50%) returns to inventory and is avail-

able for future requisitions.

Again, most analytical models have been developedfor general

perishableproducts, and have thus assumedthat demandand usageare

identical. For this case it has been shown [56] that issuing the oldest

units first (FIFO) minimizes the averagequantitiesshort and outdated

at the inventory location. Recently, Prastacosand Brodheim [62] took into

account the difference between demandand usage, and developedan analytical

model for issuing units in a decreasingage sequencefrom inventory (i.e.,

FIFO), but assigningthem to the patients that maximize the likelihood of

using them. They showed that this "modified FIFO-maximum likelihood to be

used" policy (FIFO-MLU) minimizes outdating and shortages,and they ran simula-

tion experimentsto evaluatethe improvement over pure FIFO.

Other sophisticatedissuing policies are in use at many Hospital

Blood Banks. The most connnon one is "double crossmatching,"in which two

patientsof the same type shareat least one unit in reserve. This policy

has been examined, among others, by Rabinowitz [64]. Another policy ｴ ｾ ｡ ｴ

is often practicedand has been examinedby Pegels et al. [53], is a

mixture of FIFO and random issuing policy. No analytical models have been

developedfor thesepolicies, but simulation has been extensivelyused

to provide measuresof their performance.
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(iv) Other ManagementPolicies

To improve the efficiency of the Hospital Blood Bank's operation,

without reducing the quality of health care delivered to patients, two

technological/managementalternativeshave been examined: (a) utilizing

frozen red cells, and (b) changing the legal shelf life of whole blood

and red cells.

Freezingred cells is a way of alleviating shortagescausedby

seasonalinventory imbalances,or unusually high demandfor rare blood

types. In addition, the techniqueof freezing-thawinghas also been

shown to provide red cells superior in oxygen transport capability to

those of fresh blood [66]. However, the freezing processis very ex-

pensive, and, if implementedon a significant portion of the fresh

units, it will increasethe operatingcosts considerably.

Another way of extending the lifetime of blood is through the use

os specialblood bags containing citrate-phosphate-dextrose(CPD). In

this case, the lifetime is extendedto 28 days. This procedureis being

used in Canada [53], and is also being partially implementedin the

United States.

Pegels et ale [50, 53], Bodily [4], Cumming et al, [16], Elston (23],

and Kahn et al. [37], among others, have conductedexter.sive simulation

runs to examine the effect of the above policies on the hospital'sblood

inventory behavior. Their studies showed that the main effect of the

freezing policy is an increasein the stabilizationof the Hospital Blood

Bank's operation,while the number of units outdateddaily remains
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approximatelyconstant. When the lifetime is extendedto 28 days, then,

if collections remain constantso does the quantity outdating, but, if

collections vary so as to keep inventoriesthe same as under the 21-day

lifetime, then outdating could be significantly reduced.

(v) Computer-BasedInformation Systems

In order to handle the large size of data, and provide timely and

accuratereports, as well as support for managementdecisions,a variety

of computer-basedinformation systemshave been reported in the literature.

Among them we mention the ones by Hirsch et al, [30], Masouredis et al. [40] ,

Hogman and Ramgren [31], Pegels et al. [52], and Prastacos et al. [63] •
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IV. REGIONAL MANAGEMENT

A regional blood distribution system can be characterizedby three sets of

specifications: (i) the network configuration of the system, (ii) the allocation

policies, and (iii) the pricing mechanismin effect.

The most common network configuration is the tree network in which a

Regional Center (highest echelon) supplies (or storesblood at) the Local Centers

(middle echelons),each of which, in turn, suppliesa number of hospitals (lower

echelons). A special form of a tree network is the star network, where there

are no Local Centersand the Regional Center suppliesdirectly the hospitals.

One can see that the star network is also the smallest substructureof any net-

work structure.

The ordering or allocation policies that are usually in effect in a regional

blood managementsystemare characterizedby one, or a combination, of the fol-

lowing modes of operation: (i) decentralizeddecision making, where the ordering

originatesfrom the lower echelonsof the network and is basedon each echelon's

decision function, and (ii) centralizeddecision making, where the higher echelon

decideson the quantities to be allocatedto the lower echelonsso as to minimize

a total expectedcost in the region.

In combination with the above, the Regional Center togetherwith the

hospitalshas to establisha pricing mechanismthrough which each hospital

will reimbursethe Center for some, or all, of the blood supply shipped to that

hospital. Three typical pricing mechanismsare: (i) the hospital receives
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units to keep until used or outdated,and pays for all units received

(retention system); (ii) the hospital receives units "on loan" from the

Center and pays for them only if the units are used; otherwise the units

are returnedto the Center after a fixed period of time (rotation system);

and (iii) a combinationof the above.

(i) DecentralizedDecision Making

In a decentralizedmanagementsystemeach Hospital Blood Bank

tries to determineappropriateorder quantities so as to meet most

of its daily demandwithout having to outdatean excessivenumber of

units. To reach a working compromisebetweenanticipatedshortages

and outdates,unit costs are assignedto every unit short or outdated,

and the techniquesoutlined in section III (ii) are used.

In this case, the Center'sobjective is to determine its inventory

levels (or, collection levels) so as to be able to meet most of the

orders placed by the hospitalswithout outdating excessively,as well

as the ages of units to issue against theseorders. This problem was

examinedby Yen [69], who proved that, under certain conditions, an

optimal ordering policy exists, and that the optimal age-allocation

policy to fill the locations' demandsis the one where each location

receivesan allocation of all ages proportional to its ordering amount

with respectto the total ordering amount from all locations.

An inherent difficulty in the developmentof a decentralizedmanage-

ment system is its dependenceon the assignedunit penalty costs s and w,
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since, in· the caseof blood, these costs are very difficult to estimate,

and are mostly subjective. Some of the costs that have been reported in

the literature are s=55, w=25, or s=30, w=15, etc. It is understoodthat

different costs lead to different policies for the hospitalsand the

Center. We show that this problem does not exist in a Centralized

ManagementSystem.

An additional problem of a DecentralizedBlood ManagementSystem is

that it will, almost always, result in high outdating. To see this, one

has to consider the following: all hospitalswill decide on inventory

levels that will be sufficient to satisfy its daily demandwith a pro-

1
bability of at least 80-90%. Such inventoriesgenerally correspond ｾ ｯ

2-3 days of supply in stock for the common blood types, and to 7-10 days

of supply for the rarer blood types, and will, therefore, eventually result

in excessiveoutdating.

It is, hopefully, clear now that, to reduce outdating, some form of

CentralizedBlood ManagementSystem has to be implementedthrough which

hospitalswill share (insteadof competing for) the regional blood resources.

(ii) CentralizedDecision Making

A number of successfullyimplementedcentralizedregional blood

managementsystemshave been reported in the literature [9, 28, 68].

1
From a survey performed on 38 hospitals in Long Island, it-was determined

that, almost unanimously, acceptablestocking levels correspondto 95% probability
of meeting the demand [9].
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Most of them are basedon empirically derived managementrules, and have

been developedas improvementsover previous decentralizedsystems.

In a centralizedsystemthe Regional Blood Center allocatesthe

available regional resourcesso as to minimize the total outdating,

shortageand delivery cost in the region. Prastacos[57, 58] examined

this problem and derived propertiesof optimal and approximatelyoptimal

allocation policies for rotation and retention systemsof generalperishable

ｰ ｾ ｣ ､ ｵ ｣ ｴ ｳ Ｎ The following gratifying results were shown to hold:

(i) the optimal allocation policy is independentof the unit

penalty costs. It minimizes both expectedshortagesand expected

outdates,simultaneously(conservationequation).

(ii) the optimal allocation policy is the one which allocatesthe

regional supply so as to equalizethe prcbabilities of outdating

among hospitals,as well as the probabilities of shortage.

(iii) this optimal policy can be computed in closed form for most

probability distributions.

Using theseresults as the basis,Prastacosand Brodheim [61]

developedan interactive computer-basedplanning systemto be used by

the Regional Blood Center in order to determine:

(i) the minimum possibleshortageand outdating targets that

can be achieved in the region,

(ii) the level of collections neededto achieve these desirable

targets,and
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(iii) the distribution scheduleto hospitals, to achieve these

targets.

The system is basedon a mathematicalprogrammingmodel which uses the

above results as constraintsand uses a "grid" algorithm to obtain the

optimal solutions.

This managementsystem, togetherwith advancesin the automated

handling and processingof blood reported by Brodheim et al.[6, 2]

has been implementedin Long Island, New York [9, 10]. The system

replaceda typical decentralizedsystemthat was in effect before; it

has establisheda routine operation in the managementof the blood

resources,and has drastically reducedshortagesand outdatesin the

region. The systemhas receivedwide recognition [9], and was recently

awarded the 1979 InternationalManagementScience AchievementAward for

excellencein the practice of ManagementScience.
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v. CONCLUSIONS AND EXTENSIONS

In summary, the following conclusionscan be drawn from the previous

review:

(i) ManagementScienceand OperationsResearchhas been a useful tool

in developing systemsfor the efficient managementof blood supplies.

It has addressedproblems that relate to the inventory managementof a

Hospital Blood Bank, as well as to the managementof the regional

supplies.

(ii) The issuesrelating to the managementof a Hospital Blood Bank

include the statisticalanalysis of the demandand usagepatternsfor

blood, ordering policies, issuing policies, and other managementpolicies.

The most effective and widely used techniquehas been simulation. In

addition, many analytical models have been developedwhich, even though

they make a number of simplifying assumptions,provide an insight into

the solution, as well as useful bounds and approximations.

(iii) Recently, the direction of both researchand practice is shifting

towards regional managementsystems. The reason is that a regional

managementsystemwhich promotes the sharing of the regional resources,

and in which the hospital allocations are decided according to regional

objectives, seemsto be more efficient than the traditional decentralized

system, which, by nature, establishesthe competition betweenHospit3l Blood

Banks.
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Some of the areaswhere further researchis neededare listed below.

They all relate to regional management:

(i) Optimal design of regional networks. This refers to the questions

of defining a "blood region," designatingLocal and Regional Centers,

and partitioning the set of HBBs into clusters,each cluster to be served

by a Local or Regional Center. The methodologiesand techniquesthat

will be developedto addressthese questionsand the answersthat will

be provided will set the national guidelines for a widely implemented

regionalization.

(ii) Analysis of alternativeregional managementschemes. This refers

to a comprehensivecomparativeevaluationof alternativemanagementand

pricing structures. The results of this analysiswill assistthe RBC in

the selectionand implementationof the most appropriateone among those

structures. Finally,

(iii) Operational issues in product delivery. This refers to questions

involving the design of delivery routes, as well as the incorporationof

the other blood products in the delivery schedules.

It is our hope that these studieswill contribute not only to the development

of appropriatemethodologicaltechniques,but also to the understandingof issues

involved in the implementationof alternativeregional structures,and of the

incentives and framework they provide for efficient blood inventory management,

and thus contribute to the realization of the goals of the National Blood Policy.
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