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ABSTRACT 

Research by vaccine manufacturers has resulted in the de-
velopment of new vaccines that protect against a number 
of diseases.  This has created a dilemma for how to intro-
duce such new vaccines into an already crowded Recom-
mended Childhood Immunization Schedule and prompted 
the development of vaccine products that combine several 
individual vaccines into a single injection.  Such combina-
tion vaccines permit new vaccines to be inserted into the 
immunization schedule without exposing children to an 
unacceptable number of injections during a single clinic 
visit.  This paper describes a Monte Carlo simulation with 
an integer programming model to assess and quantify the 
distributions around inclusion prices which reflect the eco-
nomic premium of these new combinations.  Each new 
vaccine competed against existing vaccines for six child-
hood diseases (hepatitis B, diphtheria, tetanus, pertussis, 
Haemophilus influenzae type b, and polio) at their March 
2000 Federal contract discount prices.   

1 INTRODUCTION 

The United States Recommended Childhood Immunization 
Schedule (CDC 2001) has become increasingly crowded, 
requiring children to endure a large number of vaccine injec-
tions over several years (Weniger et al. 1998).  Moreover, 
vaccine manufacturers have developed and are launching 
new vaccines for diseases not currently part of the schedule.  
Such new products will exacerbate this crowding dilemma.  
Children and parents have limited tolerance for multiple in-
jections during a single clinic visit (Parkman 1995).  Par-
ents/guardians may not take the time (and bear the cost) to 

 

make additional visits for deferred vaccinations (Dietz et al. 
1994, Lieu et al. 2001).  Such noncompliance with recom-
mended vaccine scheduling puts children at increased risk to 
contract diseases that the vaccines are designed to prevent.  
This may result in a significant burden and cost to both the 
family unit and the nation’s health-care system. 
 Several solutions have been proposed to overcome 
these complications.  The ideal would be a single dose oral 
vaccine that immunizes children at birth for all childhood 
diseases (Mitchell et al. 1993).  A more realistic solution is 
to develop combination vaccines (Parkman 1995) that 
combine several individual vaccines into a single injection 
(CDC 1999), reducing the number of injections and clinic 
visits needed to comply with the immunization schedule.  
In addition to reducing the number of injections during any 
single clinic visit, combination vaccines help make room in 
the schedule to protect against newly vaccine-preventable 
diseases by the immunization program.  For example, the 
United States Food and Drug Administration (FDA) ap-
proved in 2000 the first pneumococcal conjugate vaccine 
for prevention of invasive pneumococcal disease in infants 
(CDC 2000, The Medical Letter 2000).  Its inclusion in the 
schedule by the Centers for Disease Control and Preven-
tion’s Advisory Committee on Immunization Practices 
(ACIP) adds four injections during the first two years of 
life for the typical child.  
 Vaccine manufacturers have responded by developing 
several new combination vaccines.  For example, Aventis 
Pasteur, North American Vaccine (now Baxter), GlaxoS-
mithKline, and Wyeth-Lederle have worked to develop 
various pentavalent and hexavalent combination vaccines 
that immunizes against five or even all six of the diseases 
diphtheria, tetanus, pertussis, Haemophilus influenzae type 
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b, hepatitis B, and polio.  Given the increasing number of 
combination vaccines that may become available over the 
next decade, it may be difficult for health care providers 
and immunization programs to assess the relative value and 
choose among various existing and new monovalent and 
combination products to stock in their vaccine inventories.  
The question is, are the savings in direct medical (clinical) 
costs and indirect societal (consumers) costs due to re-
duced numbers of injection resulting from the use of new 
combinations sufficient to outweigh their potential higher 
purchase price?  New combinations will result in a variety 
of vaccine formularies of different sizes, with attendant 
differences in handling and stocking costs, even if they 
each might satisfy the recommended schedule.  Moreover, 
one can argue that since combination vaccines help make 
room for preventing new diseases by making room in the 
schedule, should they be credited with some portion of the 
savings that result from lower disease incidence?  All these 
questions are difficult to address.   

This paper applies Monte Carlo simulation to explore 
the distribution of economic values determined by an inte-
ger programming model for vaccine selection (Jacobson et 
al. 1999, Weniger et al. 1998).  Sewell et al. (2001) intro-
duce an integer programming model incorporating four 
combination vaccines that may become available in the 
United States (DTPa-HIB-HBV, DTPa-HIB-IPV, DTPa-
HBV-IPV, and DTPa-HIB-HBV-IPV).   The model de-
termined the inclusion price at which each of the vaccines 
would win a place in a lowest-cost formulary that would 
satisfy the immunization schedule. 

The cost of each injection, thus the worth of a combi-
nation vaccine that reduces their number, varies based on 
the circumstances/perspective of health-care providers and 
parents/guardians.  For a given assumed injection cost, 
there is a maximal inclusion price at which a combination 
vaccine provides a good economic value (i.e., the highest 
price at which the combination vaccine earns a place in the 
lowest-cost vaccine formulary).  Monte Carlo simulation of 
the distributions around these critical injection cost esti-
mates provide a sensitivity analysis for the resulting point 
estimates of the inclusion prices (Sewell et al. 2001) of the 
pentavalent and hexavalent vaccines studied, thus provid-
ing a more refined estimate of their economic value.    

2 MODEL ASSUMPTIONS 

The integer programming model developed for this analy-
sis captures the first five years of the Recommended 
Childhood Immunization Schedule (CDC 2001) for immu-
nization against six childhood diseases: diphtheria, tetanus, 
pertussis, Haemophilus influenzae type b, hepatitis B, and 
polio.  The economic impact of four different new vaccine 
combinations were considered: 
 

• diphtheria, tetanus, pertussis, Haemophilus influ-
enzae type b, and hepatitis B (DTPa-HIB-HBV), 
• diphtheria, tetanus, pertussis, Haemophilus influ-
enzae type b, and polio (DTPa-HIB-IPV), 

• diphtheria, tetanus, pertussis, hepatitis B, and po-
lio (DTPa-HBV-IPV), 

• diphtheria, tetanus, pertussis, Haemophilus influ-
enzae type b, hepatitis B, and polio (DTPa-HIB-
HBV-IPV). 

 
These combination vaccines were analyzed by adding 
them, one at a time, to the list of all twelve vaccine prod-
ucts for the diseases under study which were licensed and 
under contract for distribution by the Centers for Disease 
Control and Prevention (CDC) as of March 31, 2000.  
These vaccines were manufactured by five companies: 
Aventis Pasteur, Merck, North American Vaccine (now 
Baxter), GlaxoSmithKline, and Wyeth-Lederle.  

The four hypothetical combination vaccines were ana-
lyzed in those formulations from various manufacturers re-
ported to have studied them or marketed them already in 
other countries (Jacobson and Sewell 2002).  Since DTPa 
manufacturer brand matching is required (Jacobson and 
Sewell 2002), then a total of six different cases for the four 
combination vaccines had to be studied.  For DTPa-HIB-
HBV and DTPa-HBV-IPV, there is just one case 
(GlaxoSmithKline).  DTPa-HIB-IPV is linked to four 
manufacturers.  However, since the March 2000 U.S. Fed-
eral purchase prices and packaging for existing DTPa were 
the same across all the manufacturers, the results for any 
one manufacturer will be the same for any of the other 
manufacturers in regard to DTPa manufacturer brand 
matching (see Jacobson and Sewell 2002).  The only ex-
ception to this is for Aventis Pasteur, which markets a 
DTPa-HIB combination vaccine.  Therefore, the analysis 
was done separately for matching a new pentavalent or 
hexavalent vaccine for this manufacturer to its existing 
DTPa-containing products.  Jacobson and Sewell (2002) 
refer to these two additional cases as the AVP cases. 

To provide boundaries for the scope of the results pre-
sented, certain assumptions were needed.  Wherever possi-
ble, the assumptions used in the companion study (Sewell 
et al. 2001, Jacobson and Sewell 2002) were also used 
here.  The cost (objective) function components that were 
used to determine the inclusion prices for the four combi-
nation vaccines, as well determine the overall cost of the 
resulting vaccine formularies, included 

 
• the purchase price of all licensed vaccines, 
• the cost of each clinic visit, 
• the cost of vaccine preparation by medical staff, 
• the cost of administering each injection. 
 
There are several other factors that impact the cost of 

immunization (Weniger et al. 1998).  These include cold 
chain costs (i.e., the cost of providing and maintaining the 
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cold chain for vaccines that require such storage, as well as 
the costs associated with cold chain failure), product shelf 
life and vaccine expiration costs (i.e., the cost of vaccine 
wastage due to inadequate or poor inventory management), 
adverse reaction costs (i.e., the cost of treating undesirable 
side effects associated with vaccination), and the costs as-
sociated with vaccine-preventable disease incidence (i.e., 
the cost of treating the diseases that were not prevented by 
the vaccines being administered).  Unfortunately, reliable 
data is difficult to secure to support these costs, hence they 
are not included in the cost function for the integer pro-
gramming model developed here.   

The cost of a clinic visit was set at $40.  This value 
was used in a previous pilot demonstration of the algorithm 
(Weniger et al. 1998) to represent fixed per-visit direct and 
indirect costs associated with an immunization visit to a 
clinic.  The separate cost of vaccine preparation by the 
medical staff was classified into three categories (with as-
sociated preparation times): 

 
• liquid vaccine packaged in pre-filled syringe (0.5 

minutes) (s), 
• liquid vaccine packaged in pre-filled vial (1.5 

minutes) (v),  
• powdered (lyophilized) vaccine requiring a recon-

stitution step (3.0 minutes) (p).   
 
The times for these three categories, labeled (s) for 

pre-filled syringe, (v) for pre-filled vial, and (p) for pow-
der, were distributed around a reported mean time of 1.6 
minutes to administer an injection [10, 18bis].  A medical 
staff compensation (labor) rate of $0.50/minute was used 
before (Weniger et al. 1998), and repeated here.  Sewell et 
al. (2001) provides a list of preparation costs and the Fed-
eral discount prices for the twelve existing vaccine prod-
ucts licensed and under contract with the CDC.  Note that 
three of the vaccine products, HBV manufactured by 
GlaxoSmithKline and by Merck, and IPV manufactured by 
Aventis Pasteur, are available in both pre-filled syringes 
and liquid vial formulations.  Though their purchase prices 
are the same, the pre-filled syringes requires one fewer 
minute of preparation time, hence from an economic 
standpoint, would always be chosen over the pre-filled vi-
als.  Therefore, for these three vaccine products, only the 
pre-filled syringes are considered in the analysis.  

The cost associated with administering an injection 
can be broken down into several telescoping components 
(Weniger et al. 1998).  The first component is the actual 
direct cost of administering the vaccine, which was esti-
mated to be $5.00 for each injection (Lieu et al. 2000).  
The second component is the direct cost for repeat clinic 
visits if injections are refused by the parent/guardian (e.g., 
when four or more injections are required at a particular 
clinic visit).  This cost is estimated to be $3.00 for each in-
jection.  The third component is the indirect cost of paren-
tal/guardian lost time from work for repeat clinic visits if 
injections are refused by the parent/guardian.  This cost is 
estimated to be $12.00 for each injection.  The fourth com-
ponent is the indirect cost of “pain and emotional distress 
to the child” (hence indirectly to the parent/guardian) asso-
ciated with each injection, as measured by a par-
ent’s/guardian’s “willingness-to-pay” to avoid such pain. 
This cost has been estimated as a low of $10.00 median for 
reducing injections from 2 to 1 or 0 (Meyerhoff et al. 
2001), and a median of $25.00 each for reductions from a 
greater number of injections (Meyerhoff et al. 2001, Lieu 
et al. 2000, Kupermann et al. 2000).   

It is difficult to assess a single value/cost associated 
with administering an injection, since each parent/guardian 
and health care provider may place widely disparate values 
on each of the four components described above.  There-
fore, for a given population of parents/guardians and/or 
health care providers, one can assign a mean value for the 
cost associated with administering an injection.  The fol-
lowing three perspectives are used to set this mean cost of 
an injection: 

Perspective i) $5.00 = the marginal direct medical 
costs.  Note that this cost reflects the perspective of the 
payer (e.g., an HMO or health insurer), but not the par-
ents/guardian and society, 

Perspective ii) $20.00 = cost from Perspective i), plus 
the direct medical costs associated with repeat clinic visits 
for deferred injections, plus the indirect cost of paren-
tal/guardian lost time from work for repeat clinic visits if 
injections are refused by the parent/guardian.  Note that 
this cost captures the perspective of both the payer and so-
ciety as a whole, since it includes the indirect costs of lost 
work time by parents/guardians, 

Perspective iii) $45.00 = cost from Perspective ii) plus 
the indirect cost of $25.00 per injection for “pain and emo-
tional distress.” 

The following assumptions are used in this analysis: 
The Recommended Childhood Immunization Schedule 
(CDC 2001) was followed for immunization against the six 
diseases of interest.  Injections can be administered in 
months 0-1 (within one month of birth), 2, 4, 6, 12-18, and 
60, providing six opportunities (months/periods) to admin-
ister vaccines; only one clinic visit can occur in each of 
these months/periods; and all injections in a given 
month/period are administered in a single clinic visit; only 
the twelve vaccines under Federal CDC contract as of 
March 2000 are included in the model (plus one of the four 
combination vaccines under study); HIB vaccines can only 
be administered in month 2 or later; the first HBV injection 
is administered in an outpatient visit in month 0-1; if HIB 
vaccine products by Merck are administered in both 
months 2 and 4, then no HIB vaccine is required in month 
6; same-manufacturer brand matching for sequential doses 
is required for DTPa vaccines, but not for HIB, HBV, and 
IPV vaccines; extravaccination is permitted for HBV, 
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HIB, and IPV vaccines, but not for DTPa vaccines; the 
DTPa-HIB vaccine by Aventis-Pasteur can only be admin-
istered in the 12-18 or 60 month periods; the vaccine prices 
are the Federally-negotiated discount prices effective 
March 2000 (use of higher private-sector vaccine prices 
would produce correspondingly higher inclusion prices). 

Note that these assumptions are based on the guide-
lines as set forth in the Recommended Childhood Immuni-
zation Schedule (CDC 2001).  Individual situations that 
deviate from this schedule are not considered, and are be-
yond the scope of this study.   

3 MODEL DESCRIPTION 

An integer programming model was developed to deter-
mine the inclusion prices for the four different combination 
vaccines (Sewell et al. 2001).  Monte Carlo simulation was 
then applied in conjunction with this model to estimate the 
distribution for these inclusion prices for a given popula-
tion of parents/guardians (as defined by different injection 
cost distributions). 

The decision variables for the integer programming 
model are all either non-negative integers or binary (0-1).  A 
set of binary decision variables is defined for each month in 
which a particular vaccine (by manufacturer) can be admin-
istered (months 0-1, 2, 4, 6, 12-18, and 60), where a value of 
one (zero) indicates that the vaccine combination should 
(not) be administered in that month.  The decision variables 
are also indexed by the particular manufacturer of each vac-
cine.  The resulting integer programming model contains 96 
integer variables, of which 90 are binary variables, and 51 
constraints.  The integer programming model was created 
using AMPL Plus 1.6 and solved using the CPLEX 6.5 LP 
and MIP Solver on a Pentium 550Mhz IBM-compatible per-
sonal computer.  For complete details on the integer pro-
gramming model, see Jacobson and Sewell (2002). 

The Monte Carlo simulation sampled possible injection 
costs from various distributions, where each distribution cor-
responded to the potential values that various populations of 
health-care providers and parents/guardians might place on 
avoiding an injection.  Three different probability distribu-
tions for the injection cost were considered, each with three 
different mean injection costs corresponding to the three 
perspectives ($5, $20, $45) described in Section 2.  To pro-
vide a breadth of probability distribution classes, a uniform 
distribution, a normal distribution, and an exponential distri-
bution for the cost of administering an injection were used.  
For the uniform distribution case, the distributions used were 
U[$0, $10], U[$0, $40], and U[$0, $90].  For the normal dis-
tribution, the distributions used were N(µ = $5, σ = $1), N(µ 
= $20, σ = $4), and N(µ = $45, σ = $9).  For the exponential 
distribution, the distributions used were exponential with 
means $5, $20, and $45.  It would be very difficult to deter-
mine the exact distribution for a population of health-care 
providers and parents/guardians for the cost of administering 
an injection.  Therefore, the three distributions were chosen 
to provide different levels for the coefficients of variation 
(σ/µ).  In particular, the uniform distributions all have coef-
ficients of variation 2/(12)1/2 ≈ 0.577 (which is moderate), 
the normal distributions all have coefficients of variation 0.2 
(which is small), and the exponential distributions all have 
coefficients of variation 1.0 (which is large).  Therefore a 
total of nine Monte Carlo simulation experiments were run 
for each of the four combination vaccines. 

For a given combination vaccine, each Monte Carlo 
simulation experiment generated a total of 500 vaccine in-
jection costs, where each such cost was used as an input to 
the integer programming model.  The resulting integer 
programming model was then solved to determine the in-
clusion price for the combination vaccine such that the re-
sulting vaccine formulary contained this combination vac-
cine for one, two, or three doses in the schedule.  Note that 
when the two-dose vaccine formulary is not reported, this 
means that the inclusion price at which the combination 
vaccine enters the resulting vaccine formulary for two 
doses and for three doses are the same.  Each set of Monte 
Carlo experiments for each of the combination vaccines 
took approximately five hours to execute. 

The resulting set of inclusion prices for each new com-
bination vaccine was used to create (estimate) the distribu-
tion of inclusion prices for the combination vaccines.  This 
distribution can be used, for example, to determine the prob-
ability that the population of parents/guardians will choose 
the combination vaccine (over existing vaccines) at a given 
inclusion price.  Therefore, the inclusion price distribution 
provides valuable information for vaccine manufacturers, 
since it provides a tool for estimating the market share that 
can be secured from a particular population (based on the 
injection cost distribution).  By using different injection cost 
distributions, the sensitivity of the form of this distribution 
on the inclusion price distribution can be assessed.   

4 METHODOLOGY AND RESULTS 

The results of the Monte Carlo simulation experiments for 
the six different cases described above (Jacobson and 
Sewell 2002) provide the inclusion price distributions for 
nine different distributions of injection costs, representing 
an anticipated range of economic perspectives of health 
care providers/parents/guardians.  This information allows 
vaccine purchasers such as public health officials and 
health care providers to compare the offered price of a new 
vaccine against the inclusion prices calculated at varying 
percentiles as an indication of the frequency with which it 
represents a “good buy”.  

For each of the six combination vaccine cases, and for 
each of the nine Monte Carlo simulation experiments, the 
integer programming model was used to solve for 500 inclu-
sion prices for the one dose vaccine formulary and 500 in-
clusion prices for the two or three dose optimal formulary.  
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Each of the 500 inclusion prices obtained from the Monte 
Carlo simulation experiments required the integer program-
ming model to be solved several times.  This was done using 
a bisection search algorithm (Burden and Faires 1997), 
where an upper and lower bound for the inclusion price of 
the combination vaccine was set, and based on whether the 
upper or lower bound resulted in the vaccine entering the op-
timal formulary, the middle point between the upper and 
lower bound replaced either the upper or the lower bound.  

Each set of 500 inclusion prices was used to compute a 
mean (X) and a standard deviation (s) for the these prices, as 
well as the 20th percentile inclusion price, the 50th (median) 
percentile inclusion price, and the 80th percentile inclusion 
price.  At the 20th percentile inclusion price, 20 percent of a 
population of “rational vaccine purchasers” would still not 
purchase a new vaccine offered at that price because it does 
not provide good economic value because of their determi-
nation of the costs of an injection.  Similarly, the 80th per-
centile inclusion price corresponds to the price of the combi-
nation vaccine at which 80% of the population will not 
purchase the vaccine, for the designated number of doses.  
All these values are reported in Jacobson and Sewell (2002).   

This analysis suggests that the combination vaccines 
provide good economic value.  For example, if a health 
care provider believes that for their patient population, the 
cost of an injection follows a normal distribution with 
mean $20 and standard deviation $4, and this provider 
wishes to stock combination vaccine DTPa-HIB-HBV for 
administration of two doses per child during the first five 
years of the immunization schedule, with a child already 
having been administered a birth dose of HBV, then if the 
price of this combination vaccine is $36, approximately 
20% of rational purchasers of vaccine for this provider’s 
patients would be willing to bear the cost of this combina-
tion instead of using the currently licensed vaccines.  How-
ever, if the price is dropped to $31, then approximately 
80% of vaccine purchasers will be willing to bear the cost 
of this combination over taking the currently licensed vac-
cine injections.  On the other hand, if the vaccine purchaser 
believes that the cost of an injection follows an exponential 
distribution with mean $20 (hence the population has a lar-
ger coefficient of variation for their injection cost distribu-
tion), then the 20% and 80% prices are $42 and $28 
respectively.  Therefore, higher coefficients of variation 
tend to result in a wider variation in combination vaccine 
prices.  This information provides health care providers 
with valuable practical information on how many doses of 
this combination should be stocked.  This also provides 
useful formulary information for health care providers, as 
well as information that can benefit suppliers and insurance 
companies in assessing a priori the impact of combination 
vaccines on ordering and reimbursement processing, 
respectively.  Similar results and analysis can be obtained 
from each of the other vaccines and distributions. 
The standard deviations of the inclusion prices are posi-
tively related to the standard deviations of the injection cost 
distributions.  For example, for the one dose formulary, the 
values for s corresponding to the three injection cost distri-
butions (uniform, normal and exponential distributions with 
mean $20, hence their standard deviations are $5.77, $4, and 
$20, respectively) are $12, $4, and $22, respectively.  This 
means that for a U[0, $40] injection cost distribution, the 
standard deviation for the inclusion prices of  DTPa-HBV-
IPV is $5.77, while for an exponential distribution with in-
jection cost mean $20, the standard deviation for the inclu-
sion prices of  DTPa-HBV-IPV is $22.  Therefore, as the 
injection cost distribution standard deviation increases, the 
inclusion price distribution also increases, though this rela-
tionship may be nonlinear (particularly for the uniform dis-
tribution) and depends on the form of the injection cost dis-
tribution.  One consequence of this observation is that health 
care providers are more easily able to predict the volume of 
various combination vaccines to stock in their formularies 
based on the homogeneity of their assumed injection costs 
(which affects the economic value of the multivalent combi-
nations) as well as the quantified willingness (to pay) of 
their patients to avoid injections.  Moreover, vaccine manu-
facturers must be more sensitive to how they set the price of 
their combination vaccines for such populations, since small 
changes in their price can lead to significant changes in the 
volume of vaccines that they are able to sell.  
 The results presented in Jacobson and Sewell (2002) are 
based on the Federally negotiated prices for the twelve vac-
cines currently under contract with the CDC, hence repre-
sent the maximum Federal prices at which the four combina-
tion vaccines enter the vaccine formulary one and two or 
three times.  These values only apply for vaccine providers 
eligible for publicly purchased vaccine.  The higher prices of 
existing vaccines in the private-sector would produce corre-
spondingly higher inclusion prices for the pentavalent and 
hexavalent vaccines studied.  Note that for DTPa-HIB-IPV, 
three doses rather than two doses are reported since three 
doses of this vaccine can be used without any extravaccina-
tion occurring.  The other combination vaccines result in ex-
travaccination occurring if administered three times.   
 The nine distributions for the cost of an injection ana-
lyzed for each of the six cases resulted in a total of fifty-
four Monte Carlo experiments.  For each Monte Carlo ex-
periment, a histogram plot of the inclusion prices was ob-
tained.  For the normal and exponential distributions, the 
histogram plot shape for the inclusion prices preserves 
these distributions, with shifted means and variances as re-
ported in Jacobson and Sewell (2002).  However, for the 
uniform distributions, the histogram plots for the inclusion 
prices do not appear to preserve the shape of the uniform 
distribution (see Jacobson and Sewell 2002).  Figures 1-3 
provide these histogram plots for the DTPa-HBV-IPV 
vaccine product reported in Jacobson and Sewell (2002), 
with injection cost distributions U($0, $40), N($20, $4), 
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and exponential with mean $20, respectively.  Given that 
the distributions are preserved for the normal and the ex-
ponential injection cost distributions suggest a possible lin-
ear relationship between the cost of an injection and the in-
clusion prices; this is consistent with the relationship 
between these injection cost distribution standard devia-
tions and the inclusion price standard deviations.  How-
ever, the result in Figure 1 suggests that this is not the case 
for the uniform distribution, which may be due in part to 
the fact that for the uniform injection cost distribution, 
many of the injection costs may be close to zero.  There-
fore, each injection cost distribution must be treated indi-
vidually to determine the correct inclusion price distribu-
tion for a given combination vaccine for a particular 
population.    
 The inclusion prices reported in Jacobson and Sewell 
(2002) also provide valuable marketing information for 
vaccine manufacturers.  For example, if the manufacturer 
of a combination vaccine would like to target their product 
at a particular sector of a community that places a high 
value on the cost of an injection (e.g., exponential with 
mean µ = $45), then the manufacturer can price their prod-
uct accordingly and know what fraction of that sector will 
be willing to pay that price.    
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Figure 1: Inclusion (Maximal) Price Distribution for 
DTPa-HBV-IPV with U(0,40) Injection Cost Distribution 

5 CONCLUSIONS AND LIMITATIONS  
OF RESULTS 

This paper uses Monte Carlo simulation and integer pro-
gram modeling to determine inclusion price distributions 
for four combination vaccines that are being developed for 
immunization against six childhood diseases.  The results 
reflect the cost premiums that combination vaccines merit 
over separate vaccines based on the cost values (and their 
distribution) assigned to administering each injection.  Fur-
ther developments and innovations in this area by vaccine 
manufacturers can be driven by the resulting economic and 
societal benefits measured by such analyses. 
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Figure 2: Inclusion (Maximal) Price Distribution for 
DTPa-HBV-IPV with N(20,4) Injection Cost Distribution 
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Figure 3: Inclusion (Maximal) Price Distribution for 
DTPa-HBV-IPV with Exp(20) Injection Cost Distribution 

The inclusion price distributions given for the four 
combination vaccines (Jacobson and Sewell 2002) provide 
useful information for determining what fraction of a pur-
chasing population would use a given pentavalent or 
hexavalent combination vaccine at a specified price.  Note 
that these distributions are highly sensitive to the data de-
scribed in Section 2, including the price of each vaccine, 
the removal or addition of any vaccine product, and the 
formulation and packaging (hence the preparation costs) 
for each vaccine product (Jacobson and Sewell 2002).  
Note that this study did not attempt to match each of the 
combination vaccines against each other, but rather looks 
at the effect of adding each combination vaccine individu-
ally to the currently available and licensed vaccine prod-
ucts.  As these combination vaccines are priced in the mar-
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ketplace), such a study would be appropriate and useful to 
help health care providers assess whether any or all such 
products have a place within their vaccine formulary.   

Other factors stated in Section 2 that also impact the 
overall cost of immunization would add an additional level 
of realism to the results reported here.  As data is collected 
to determine such costs, the resulting cost components can 
be incorporated into the integer programming model, hence 
provide more accurate combination vaccine inclusion price 
distributions.  However, the costs associated with vaccine-
preventable disease incidence may lead to non-linear cost 
functions, resulting in non-linear integer programming 
models.  The nature of this non-linearity (e.g., convexity, 
multi-modal) will determine whether the approach used in 
this paper can be extended to handle such cost factors, or 
whether a new modeling approach is required. 

The inclusion price distributions for the four combina-
tion vaccines are obtained based on the assumptions stated 
in Section 2.  Note that the effect of issues such as brand 
loyalty and other behavioral factors were not included in 
the study hence the results reported do not capture such 
factors.  In addition, the data used to obtain these distribu-
tions, such as the injection cost distributions and the cost of 
vaccine preparation, are highly dependent on specific fac-
tors germane to each individual health care provider or 
clinic, hence any changes in these data can result in 
changes to the inclusion price distributions for the combi-
nation vaccines.  Therefore, given these limitations, the 
values reported in Jacobson and Sewell (2002) should 
serve as general guidelines, rather than precise values as to 
how the combination vaccines should be valued in the 
marketplace, since any or all of these other factors may 
serve to either increase or decrease such values.    

As new vaccine combination products enter the market 
and become licensed for administration, the combinatorial 
explosion of choices available to health care providers will 
make it even more challenging to make sound economic 
decisions.  The operations research modeling approach 
presented is this paper provides a systematic methodology 
to address such issues, hence encourages intelligent and 
cost effective decision-making in the rapidly expanding 
combination vaccine development arena.  Moreover, once 
these combination vaccines are priced in the marketplace, 
healthcare providers and insurance companies can use the 
operations research modeling approach used in this study 
to assess whether such products provide a good value for 
their particular patient population and circumstances.      

ACKNOWLEDGMENTS 

This paper is based on research reported in Jacobson and 
Sewell (2002).  The first author is supported in part by the 
Air Force Office of Scientific Research (F49620-01-1-
0007) and the National Science Foundation (DMI-
9907980). 
REFERENCES 

Burden, R.L. and J.D. Faires. 1997. Numerical Analysis, 6th 
Edition, New York: Brookes-Cole Publishing Co. 

CDC. 1999. Combination vaccines for childhood immuni-
zation. Morbidity and Mortality Weekly Report, 48 
(RR-5): 1-15.  

CDC. 2000. Preventing pneumococcal disease among in-
fants and young children. Morbidity and Mortality 
Weekly Report 49 (RR09): 1-38.  

CDC. 2001. Recommended childhood immunization 
schedule — United States, 2001. Morbidity and Mor-
tality Weekly Report 50 (1): 7-10, 19.  

Dietz, V.J., J. Stevenson, E.R. Zell, S. Cochi, S. Hadler and 
D. Eddins. 1994. Potential impact on vaccination cov-
erage levels by administering vaccines simultaneously 
and reducing dropout rates. Archives of Pediatric and 
Adolescent Medicine 148: 943-949. 

Jacobson, S.H., E.C. Sewell, R. Deuson, and B.G. Weniger. 
1999. An integer programming model for vaccine pro-
curement and delivery for childhood immunization: a 
Pilot Study. Health Care Management Science 2: 1-9. 

Jacobson, S.H. and E.C. Sewell. 2002. Using Monte Carlo 
simulation to determine combination vaccine price dis-
tributions for childhood diseases. Health Care Man-
agement Science 5(1) (to appear). 

Kuppermann, M., R.F. Nease Jr., L.M. Ackerson, S.B. 
Black,  H.R. Shinefield, and T.A. Lieu. 2000. Parents’ 
preferences for outcomes associated with childhood 
vaccinations. Pediatric Infectious Disease Journal 19: 
129-133. 

Lieu, T.A., S.B. Black, G.T. Ray, K.E. Martin H.R. Shine-
field, and B.G. Weniger. 2000. The hidden costs of in-
fant vaccination. Vaccine. 19 (1): 33-41.  

Lieu, T.A., R.L. Davis, A.M. Capra, L.K. Mell, C.P. Que-
senberry, K.E. Martin, A. Zavitkovsky, S.B. Black, 
H.R. Shinefield, R.S. Thompson, and L.E. Rodewald. 
2001.  Variation in clinician recommendations for 
multiple injections during adoption of inactivated po-
lio vaccine. Pediatrics. 107 (4): E49.  

Madlon-Kay, D. and P. Harper. 1994. Too many shots? 
parent, nurse and physician attitudes toward multiple 
simultaneous childhood vaccinations. Archives of 
Family Medicine. 3: 610-613. 

The Medical Letter. 2000. A pneumococcal conjugate vac-
cine for infants and children. Editor: M. Abramowicz, 
1074: 25-27.  

Meyerhoff A.S., B.G. Weniger, and R.J. Jacobs.  2001. 
Value parents place on reducing pain and emotional 
distress of childhood vaccine injections.  Pediatric In-
fectious Disease Journal. (in press).. 

Mitchell, V.S., N.M. Philiposi and J.P. Sanford. 1993. Edi-
tors, The Children’s Vaccine Initiative: Achieving the 
Vision. Washington, DC: National Academy Press. 



Jacobson, Sewell, and Weniger 

 
Parkman, P.D. 1995. Combined and simultaneously admin-

istered vaccines: a brief history,� in Combined and 
Vaccines and Simultaneous Administration: Current 
Issues and Perspectives, Annals of the New York 
Academy of Sciences. New York. 754: 1-9. 

Sewell, E.C., S.H. Jacobson and B.G. Weniger. 2001.  
�Reverse engineering� a formulary selection algorithm 
to determine the economic value of pentavalent and 
hexavalent combination vaccines. Pediatric Infectious 
Disease Journal 20(11). 

Weniger, B.G., R.T. Chen, S.H. Jacobson, E.C. Sewell, R. 
Deuson, J.R. Livengood and W.A. Orenstein. 1998. 
Addressing the challenges to immunization practice 
with an economic algorithm for vaccine selection. 
Vaccine 16 (19): 1885-1897. 

AUTHOR BIOGRAPHIES 

SHELDON H. JACOBSON is an Associate Professor in the 
Department of Mechanical & Industrial Engineering at the 
University of Illinois (Urbana-Champaign).  He has also 
served on the faculties at Virginia Tech and Case Western Re-
serve University.  He has a B.Sc. and M.Sc. (in Mathematics) 
from McGill University and a Ph.D. (in Operations Research) 
from Cornell University.  His research interests include simu-
lation optimization, complexity issues in simulation models, 
and stochastic algorithms for discrete optimization problems.  
His research has been applied in manufacturing, service, and 
health care industries.  His e-mail address is <shj@uiuc. 
edu>. His web site is <www.staff.uiuc.edu/~shj/ 
shj.html>. 
 
EDWARD C. SEWELL is an Associate Professor and 
Chairman in the Department of Mathematics and Statistics at 
Southern Illinois University Edwardsville.  He has also served 
on the faculty at Washington University.  He has a B.S. from 
the University of Missouri at Rolla, a M.S. from St. Louis 
University (both in Mathematics), and a Ph.D. (in Operations 
Research) from Cornell University.  His research interests in-
clude combinatorial optimization, integer programming and 
scheduling. His email address is <esewell@siue.edu>. 
 
BRUCE G. WENIGER is the Assistant Chief for Vaccine 
Development within the Vaccine Safety and Development 
Branch of the National Immunization Program, Centers for 
Disease Control and Prevention, Atlanta, GA.  He is also Ad-
junct Associate Professor in the Emory University School of 
Public Health.  He received his MD and MPH  (Epidemiol-
ogy) from the University of California, Los Angeles, trained 
in pediatrics, and is board certified in preventive medicine and 
public health.  His interests include vaccine economics and 
development policy, research and promotion of needle-free jet 
injection technologies, and improvements in vaccine packag-
ing and labeling.  His email address is <bgw2@cdc.gov>. 

 


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

