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Abstract

Objective—Determine the effects on the vaccine cold chain of making different types of World
Health Organization (WHO) Expanded Program on Immunizations (EPI) vaccines thermostable.

Methods—Utilizing a detailed computational, discrete-event simulation model of the Niger
vaccine supply chain, we simulated the impact of making different combinations of the six current
EPI vaccines thermostable.

Findings—Making any EPI vaccine thermostable relieved existing supply chain bottlenecks
(especially at the lowest levels), increased vaccine availability of all EPI vaccines, and decreased
cold storage and transport capacity utilization. By far, the most substantial impact came from
making the pentavalent vaccine thermostable, increasing its own vaccine availability from 87% to
97% and the vaccine availabilities of all other remaining non-thermostable EPI vaccines to over
93%. By contrast, making each of the other vaccines thermostable had considerably less effect on
the remaining vaccines, failing to increase the vaccine availabilities of other vaccines to more than
89%. Making tetanus toxoid vaccine along with the pentavalent thermostable further increased the
vaccine availability of all EPI vaccines by at least 1-2%.

Conclusion—Our study shows the potential benefits of making any of Niger’s EPI vaccines
thermostable and therefore supports further development of thermostable vaccines. Eliminating
the need for refrigerators and freezers should not necessarily be the only benefit and goal of
vaccine thermostability. Rather, making even a single vaccine (or some subset of the vaccines)
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thermostable could free up significant cold storage space for other vaccines, and thereby help
alleviate supply chain bottlenecks that occur throughout the world.

thermostable; vaccines; supply chain

INTRODUCTION

METHODS

The dearth of reliable methods of keeping vaccines adequately cool or cold in many parts of
the world has motivated calls for the development of thermostable vaccines, i.e., vaccines
that do not degrade under heat or excessive cold exposure. To reach its destination, a
vaccine travels through a country's vaccine supply chain (i.e., the series of storage locations
and transport vehicles needed to get vaccines from manufacturers to vaccine recipients), and
can traverse great distances and different climates. Many locations do not have reliable
refrigerators or freezers (i.e., cold storage) or reliable means of monitoring temperatures in
these devices [1-2]. Even when cold storage is present, space within cold storage may be
limited or power availability may be intermittent and capricious[3]. One study in particular
conducted in Indonesia found that 75% of vaccine lots shipped from the central level to
peripheral levels were exposed to adverse temperatures[4]. Currently, thermostable
formulations of a number of vaccines are under development including hepatitis B;
diphtheria, tetanus and pertussis (DTP); and pentavalent (DTP, hepatitis B, Haemophilus
influenza type b) vaccines[3].

However, some have raised concerns that unless all vaccines in a country's immunization
program become thermostable, the benefit of making individual vaccines thermostable will
be limited since the country will still have to maintain a cold chain for the non-thermostable
vaccines[5]. In other words, unless technological advances can make all vaccines
thermostable, developing individual thermostable vaccines may not be worth the effort. This
is based on the belief that the greatest value of thermostable vaccines is the potential to
eliminate the need for the cold chain, which is very costly and difficult to maintain.

Nevertheless, making individual vaccines thermostable could still have benefits if their
removal from the cold chain could relieve bottlenecks in the vaccine supply chain.
Therefore, our Vaccine Logistics Modeling team developed a computational model of Niger
to simulate the effects of making different World Health Organization (WHO) Expanded
Program on Immunizations (EPI) vaccines thermostable[6]. Many health centers in Niger
have unreliable power or lack cold chain infrastructure, and therefore face difficulties in
maintaining vaccines within 2-8°C[7].

Niger Vaccine Supply Chain Model

Our team constructed a detailed discrete-event simulation computational model of the Niger
vaccine supply chain utilizing our Highly Extensible Resource for Modeling Supply Chains
(HERMES) framework. HERMES is programmed in Python and uses features provided by
the SimPy package. Previously published studies detail the structure, data, and assumptions
of our Niger supply chain model, which represents every storage location, refrigerator,
freezer and transport device in the Niger supply chain as well as shipping schedules and
policies and every EPI vaccine vial flowing through the supply chain (Figure 1)[6, 8]. This
includes Bacille Calmette-Guerin (BCG), pentavalent, yellow fever (YF), oral polio virus
(OPV), tetanus toxoid (TT), and measles (M). The model includes the type, make, model,
age, and the specific capacity of every single cold room, refrigerator, and freezer at each

Vaccine. Author manuscript; available in PMC 2013 August 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 3

location in the Niger supply chain with data collected by the 2008 WHO Cold Chain
Inventory, verified and augmented by 2009 team visits. Each vaccine vial has a specified
lifetime during which the vaccine remains effective. Exposure to temperatures beyond a
vial’s recommended range shortens this lifetime. Each immunization day, virtual patients
arrive to be vaccinated based on census and birth data from Niger. Personnel at each
location open and reconstitute (if necessary) a vaccine vial to immunize a child. Any
reconstituted but unused doses are discarded at the end of the session.

Converting Vaccines into Thermostable Formulations

The packaged volumes and temperature profile for each vaccine (Table 1) govern where
(freezer versus refrigerator versus room temperature) each vaccine can and should be kept
while in storage or transport[9-10]. It also determines the shelf-life of a vaccine. Converting
a vaccine into a thermostable formulation means that the vaccine no longer requires cold
storage or could be kept out of cold storage long enough to traverse locations and routes that
may experience cold storage constraints resulting in bottlenecks and would have a shelf-life
equivalent to established upper limits. Our experiments involved making various
combinations of the EPI vaccines thermostable.

Measured Outcomes

Each simulation experiment generated the following measures of supply chain performance:
»  Vaccine Availability (for each vaccine type at each immunization location)

This measures the proportion of patients arriving at each immunization session for
which vaccines were available for administration. This is calculated by the
following:

Vaccine Availability = Number of patients receiving vaccine/Number of
patients presenting at immunization locations to be vaccinated

»  Transport Capacity Utilization

This measures the amount of cold storage space used by vaccines during
transportation for each transport device (e.g., truck, cold box, or vaccine carrier).
This is calculated by the following:

Transport Capacity Utilization = Transport space consumed in vehicle per
shipment/Total transport space available in vehicle per shipment

»  Storage Capacity Utilization

This measures the proportion of available storage space used by vaccines in cold
rooms, refrigerators, and freezers at each level in the supply chain. This is
calculated by the following:

Storage Capacity Utilization = Storage space consumed in cold chain
equipment per storage period/Total storage space available in cold chain
equipment

For transport, thermostable vaccines could then be placed in one of the following alternative
locations: (1) the remaining space in the bed of a 4x4 truck, (2) the backseat of a double cab,
or (3) a transport vehicle/mode that is not currently part of the cold chain but may be easier
to utilize.

Sensitivity Analyses

Sensitivity analyses explored the impact of varying storage capacity utilization and transport
capacity utilization (range: 50% to 100%). Previously published studies have tested the
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model on additional parameters, including inventory loss, shipping demand, population
demand and percent of target population arriving to be vaccinated [6, 8].

Computational Details

Each simulation run represented vaccine supply chain operations for one year. Reported
results are means over ten runs.

RESULTS

Making any of the EPI vaccines thermostable had a positive impact on the supply chain,
relieving existing bottlenecks (especially at the district and integrated health center levels),
increasing the vaccine availabilities of all EPI vaccines and decreasing the cold capacity
utilization during both storage and transport. Reducing the available capacity to 50% or 85%
did not significantly affect the pattern of results (i.e., which vaccine removals have the
greatest or least effects). However, reducing the capacity to 50% available space resulted in
a greater number of bottlenecks at storage locations and along transport segments,
considerably lowering vaccine availabilities. Due to the fact that as available storage
capacity decreases, the benefit of a thermostable vaccine increases, we take a conservative
approach and report scenarios with 100% available storage capacity. We also assume a 1%
vaccine inventory loss rate and a 1% vaccine transport loss rate from expiration or
mishandling of vaccines. All results reported in the manuscript have standard deviations less
than 1%, while cold capacity utilization (presented in Tables 2 and 3) report standard
deviations greater than 1%.

Making a Single Vaccine Thermostable

By far the most substantial impact came from making the pentavalent thermostable. Figure 2
shows how making each EPI vaccine thermostable affects the vaccine availabilities of all the
other EPI vaccines. As seen in Figure 2, a thermostable pentavalent increased its own
vaccine availability from 87% to 97% and the vaccine availabilities of all other remaining
non-thermostable EPI vaccines to over 93%. While each thermostable vaccine increased its
own vaccine availability significantly more than it increased the remaining vaccines, a
thermostable pentavalent increased all remaining vaccines more than their respective
thermostable forms could increase their vaccine availability. Removing the pentavalent had
the largest impact on relieving bottlenecks in storage at the district level. Without these
storage bottlenecks, more vaccine could be held at district stores. While transport
bottlenecks exist between the district and IHC levels, shipments are collection-based, which
means that even though the first shipments are overfilled, they can return to collect
additional vaccines in subsequent shipments. The thermostable pentavalent increased the TT
availability from 87% to 97% (versus a thermostable TT which increased the TT availability
to only 95%), the YF availability from 85% to 93% (versus a thermostable YF which
increased the YF availability to only 91%), the BCG availability from 85% to 93% (versus a
thermostable BCG which increased the BCG availability to only 91%), the M availability
from 85% to 94% (versus a thermostable M which increased the M availability to only
92%), and the OPV availability from 87% to 95% (versus a thermostable OPV which
increased the OPV availability to only 94%). By contrast, making each of the other vaccines
thermostable had considerably less effect on the remaining EPI vaccines, failing to increase
the vaccine availabilities of other vaccines to more than 89%.

The effects of making TT, YF, BCG or M thermostable were fairly comparable. Making the
OPV thermostable had the least effect. Of these latter vaccines, TT had the greatest effect
due to its relatively large size and number of doses per fully immunized child (FIC). The
vaccine availability never reaches 100% because some vaccines are lost due to breakage
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along the way or open vial waste, with the highest rates for those vaccines requiring
reconstitution; BCG, M, and YF at 84%, 68%, and 68%, respectively. Additionally, a 25%
buffer vaccine stock ordering policy is implemented throughout the supply chain, which
over-supplies some locations and under-supplies others. Finally, as all vaccines are
transported together in the same vehicle from location to location, regardless of their
temperature profile, transport bottlenecks still exist, preventing all vaccines from reaching
their target patients.

Table 2 delineates the impact on the mean (as well as the minimum and maximum) cold
storage capacity utilization, at all levels when different vaccines are made thermostable.
With vaccine availabilities, the greatest benefit occurred when the pentavalent became
thermostable and the least benefit occurred when the OPV became thermostable.

As seen in Table 3, the most significant bottleneck is cold transport capacity. At baseline,
transport capacity utilization for many shipping routes exceeds 100% with each percentage
above 100% representing transport overfill, i.e., vaccines that cannot be shipped due to lack
of space. Making pentavalent thermostable reduced transport capacity utilization in most
locations below 100%, meaning that occasions when vaccines cannot be shipped from being
common to being rare. Making other vaccines thermostable did alleviate transport
bottlenecks but not to the level of the pentavalent.

The substantial impact of making the pentavalent thermostable stems from its large size per
dose (i.e., the only single dose vial in the EPI) and frequency of administration, i.e., three
doses per person (Table 1). Therefore, the pentavalent occupies a disproportionately large
amount of space in the cold chain. The TT, YF, BCG and M are more similar in size (range
of packaged volume per dose: 1.0-3.0cm3) and regimen and therefore had similar effects
across all levels. The least effect came from making the OPV thermostable. OPV is stored in
freezers for the majority of the supply chain until the IHC level where it is stored in the
refrigerator and therefore competes for space with other vaccines.

Making More than One Vaccine Thermostable

If making the pentavalent thermostable has by far the greatest impact, what gains are
possible from making other vaccines thermostable in addition to the pentavalent? As Figure
2 shows, making TT along with the pentavalent thermostable further increased the vaccine
availability of all EPI vaccines by at least 1-2%. Additional gains occurred when YF is
added to the thermostable group. However, after these three vaccines (i.e., pentavalent, TT
and YF) became thermostable, benefits were minimal by making the BCG, M or OPV
thermostable (unless of course the need for the cold chain is completely eliminated, or if
there are regular campaigns which are relatively common with M and OPV). This is because
making the pentavalent, TT, and YF thermostable pushed the vaccine availabilities of all
vaccines close to 96% with the remaining 4% due to factors unrelated to thermostability
such as breakage and open vial waste, with the highest waste estimates being for those
vaccines requiring reconstitution; e.g., BCG, M, and YF at 85%, 68%, and 68%,
respectively. The order in which vaccines were removed from the cold chain was
determined based on which vaccines had the greatest impact on alleviating bottlenecks and
increasing vaccine availability, which largely depends on a vaccines packaged volume per
dose and number of doses per FIC.

Storage and transport capacity utilization followed a similar trend as seen in Tables 2 and 3
respectively. Thermostable pentavalent, TT, and YF essentially brought storage and
transport cold capacity utilization across all levels well below 100%. Of course, making all
vaccines thermostable brought cold capacity utilization down to 0% everywhere.
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DISCUSSION

Our results support the further development of thermostable vaccines by demonstrating that
even making only one vaccine thermostable could help alleviate bottlenecks. Eliminating the
need for refrigerators and freezers should not necessarily be the only benefit and goal of
vaccine thermostability. Even countries with currently well-functioning supply chains could
experience bottlenecks when new vaccines (rotavirus, pneumococcal, dengue) are
introduced over the next decade[11].

While making vaccines truly thermostable for extensive durations is very challenging,
promising steps have occurred. In recent years, researchers have explored both liquid and
freeze dried possibilities[3]. So far, the hepatitis B formulation has shown the most
promise[12]. While Cambridge Biostability's work towards stabilizing the pentavalent was
terminated, others are now taking on the challenge[13-14]. Trials of a needle-free and
thermostable aerosol formulation of the measles vaccine have yielded encouraging
immunogenic responses[15]. Nova Laboratories continues research on spray-dried powder
vaccines that would remain viable at even elevated temperatures[16]. International interest
and funding (e.g., Bill and Melinda Gates Foundation Grand Challenges in Global Health
and the Wellcome Trust) has grown over the past several years[17-18]. Our previous studies
show that introductions of new vaccines (e.g., pneumococcal and rotavirus) could disrupt the
cold chain. Making these new vaccines thermostable could prevent these disruptions. Our
study also suggests that there is value even when vaccines can be kept out of the cold chain
just long enough to traverse locations and routes that have cold storage constraints (e.g., a
few days for transport routes and at most a month for most storage locations).

A key finding from this study is the dynamic benefits that making vaccines thermostable
would have not only on delivery of the thermostable vaccine but also all other vaccines in
the supply chain. While one may expect that making larger vaccines (e.g., pentavalent)
thermostable would have greater benefits on vaccine distribution, it can be difficult
quantifying the full scope of these effects without using a detailed supply chain simulation
model of the supply chain. Simpler "back-of-the-envelope™ calculations likely will miss and
underestimate many of these benefits. Of course, making vaccines thermostable is certainly
not the only or necessarily the best way of relieving supply chain bottlenecks (e.g., changing
vaccine vial sizes or ordering policies)[19-20]. Making vaccines thermostable in
combination with other measures could further improve supply chain performance. Our
HERMES platform could serve as virtual laboratory to determine these potentially additive
(or even multiplicative) benefits in future studies.

Our study also may help funders, policy makers, scientists, and manufacturers prioritize
which vaccines to make thermostable, delineating the potential differential benefits of each
on the vaccine supply chain. It favors prioritizing development of a thermostable pentavalent
over that of other EPI vaccines. Of course, many other factors affect the prioritization of
vaccine thermostability research. Certainly, technical feasibility is paramount. Disease
burden also can help guide prioritization. Efforts to reduce vaccine wastage and increase
vaccine accessibility also influence decisions in regards to changing the way the supply
chain works. An economic study conducted in Cambodia, Ghana and Bangladesh of single
dose thermostable vaccines proved to be cost-effective by both WHO standards and the
World Bank[21]. However, while this evidence is helpful, it is difficult to accurately
estimate pricing of such vaccines. In addition, clinical trials will also affect the overall
program costs[3].

While technical feasibility and disease burden should be the primary drivers, ultimately,
effects on the vaccine supply chain should also play a role on guiding vaccine
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thermostability research agendas. Neglecting supply chain effects can lead to unpleasant
surprises, as evidenced by the rotavirus vaccine introduction in Latin America which
unexpectedly caused supply chain bottlenecks[22]. After all, vaccines must be able to reach
the population to be effective. Since retrospective and prospective supply chain studies can
be prohibitively costly, impractical and difficult to perform, computational models of
vaccine supply chains can play an important role in predicting the potential impact of new
vaccine technology introduction[11].

All models are simplified representations of real life and cannot capture every detail and
possibility associated with the vaccine cold chain[23-24]. Our experiments assumed that the
physical characteristics (e.g., size and number of doses per vial) of a vaccine would remain
the same for thermostable formulations. Another assumption is that transport vehicles would
have adequate non-cold storage capacity to carry thermostable vaccines, based on
calculations of the available storage space (e.g., the back of a 4 x 4 truck minus what would
be occupied by cold boxes). However, in reality, the vehicles may be carrying other items
(e.g., other medical devices, tools, dried foods, etc.) that occupy non-cold space. Our study
in fact may underestimate the logistical benefits of thermostable vaccines. It assumed that
refrigerators and freezers in the Niger supply chain were fully functioning and able to
maintain their prescribed temperatures. Instead, many refrigerators and freezers experience
temperature fluctuations above and below their indicated ranges[25]. Many refrigerators and
freezers are older and can malfunction. Power sources can be unreliable.

CONCLUSION

Our study shows the potential benefits of making any vaccine thermostable and therefore
supports further development of thermostable vaccines. Eliminating the entire cold chain
should not necessarily be the only benefit and goal of vaccine thermostability. Indeed,
making single vaccines thermostable could help alleviate supply chain bottlenecks
throughout the world. Our study also may help funders, policy makers, scientists, and
manufacturers prioritize which vaccines to make thermostable, delineating the potential
differential benefits of each on the vaccine supply chain. It favors prioritizing development
of a thermostable pentavalent vaccine over that of other EPI vaccines.
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