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Abstract
Typically, vaccines distributed through the Expanded Program on Immunization (EPI) use a 2–8
°C cold chain with 4–5 stops. The PfSPZ Vaccine comprises whole live-attenuated cryopreserved
sporozoites stored in liquid nitrogen (LN2) vapor phase (LNVP) below −140 °C and would be
distributed through a LNVP cold chain. The purpose of this study was to model LNVP cold chain
distribution for the cryopreserved PfSPZ Vaccine in Tanzania, estimate the costs and compare
these costs to those that would be incurred in distributing a ‘conventional’ malaria vaccine through
the EPI. Capital and recurrent costs for storage, transportation, labor, energy usage and facilities
were determined for the birth cohort in Tanzania over five years. Costs were calculated using
WHO/UNESCO calculators. These were applied to a 2–8 °C distribution model with national,
regional, district, and health facility levels, and for the cryopreserved vaccine using a ‘modified
hub-and-spoke’ (MH-S) LNVP distribution system comprising a central national store, peripheral
health facilities and an intermediate district-level transhipment stop. Estimated costs per fully
immunized child (FIC) were $ 6.11 for the LNVP-distributed cryopreserved vaccine where the
LN2 is generated, and $ 6.04 with purchased LN2 (assuming US $ 1.00/L). The FIC costs for
distributing a conventional vaccine using the four level 2–8 °C cold chain were $ 6.10, and with a
tariff distribution system as occurs in Tanzania the FIC cost was $ 5.53. The models, therefore,
predicted little difference in 5-year distribution costs between the PfSPZ Vaccine distributed
through a MH-S LNVP cold chain and a conventional vaccine distributed through the more
traditional EPI system. A LNVP cold chain provides additional benefits through the use of durable
dry shippers because no refrigerators, freezers or refrigerated trucks are required. Thus strain at the
cold chain periphery, vaccine wastage from cold chain failures and the environmental impact of
distribution would all be reduced.
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1. Introduction
Whole organism vaccines targeting Plasmodium falciparum, currently in Phase I clinical
development, comprise live, metabolically active (but non-replicating) sporozoites [1]. The
immunogens are cryopreserved and stored in liquid nitrogen vapor phase (LNVP) below
−140 °C and would be distributed through a LNVP cold chain. A LNVP cold chain is
required because sporozoites must be cryopreserved to retain viability and stability over
time – no methods have yet been developed to thermostabilize living sporozoites by
alternate means. There are different scenarios under which these vaccines might be used,
including adoption into the Expanded Program for Immunization (EPI). Typically 6–9
vaccines [2,3], varying in number between countries, are included in the EPI and are
distributed through a 2–8 °C cold chain. Additional new, often expensive, vaccines are being
considered for the EPI [4], and new models of vaccine distribution are being evaluated to
improve efficiency and reduce costs [5–9]. The standard EPI distribution model has received
most attention in the literature (including for a hypothetical conventional malaria vaccine
[5]), and this is the only model currently available that provides a base for distribution cost
comparisons. Even if never distributed through the EPI, it is useful to compare the relative
costs of a LNVP cold chain with the costs of distributing a new vaccine through the EPI.

The EPI model comprises 3–4 levels: a national/central store [8–13], intermediate or
regional stores (occasionally, zonal stores), second-level intermediate stores/district stores,
and service points/health facilities. Considerable effort is expended to ensure 2–8 °C is
maintained, however, temperature excursions occur, particularly at the periphery [13–18],
resulting in vaccine potency loss and wastage. Reducing the number of cold chain steps to
improve efficiency and speed, and reduce stockouts and wastage [9,19–21] has been
recommended by WHO/PATH Project Optimize. Such modifications to the EPI,
implemented in Thailand, are being evaluated in Senegal, Tunisia and other countries. The
Centers for Disease Control and Prevention (CDC) has introduced a ‘hub-and-spoke’ (H-S)
distribution system for vaccines in the USA [22,23]. This program, managed by McKesson
Corp., distributes vaccines directly from two hubs to ~40,000 health facilities. Preliminary
analyses by us together with Air Liquide (personal communication) and by LEK Consulting
[24] (and personal communication), indicate that a LNVP cold chain would operate most
efficiently as an H-S network. The LNVP distribution model here is a modified H-S (MH-S)
system that includes transshipment at the district level. In Tanzania the EPI is atypical, with
a Medical Stores Department (MSD) tariff structure operating from the central store,
through distribution, to the district stores, and has been studied previously [25] for vaccine
distribution costing without capacity enhancement. Here we have compared the LNVP MH-
S to the standard EPI, a MH-S EPI, and the MSD-tariff models.

No human vaccines manufactured at scale currently use liquid nitrogen (LN2) or LNVP for
storage and distribution. However, LN2 is in widespread use for storage and distribution of
several veterinary vaccines [26], in livestock reproduction (particularly artificial
insemination; AI) [27,28], for transfusion blood products, and for the newer cell therapies
and anti-cancer vaccines [29,30]. The East Coast fever (ECF) vaccine, comprising an
infection-treatment regimen of Theileria parva sporozoites injected concomitantly with
oxytetracycline, is a commercial product distributed through a LN2 cold chain in rural areas
of Malawi, Tanzania and Kenya [31]. A similar infection–treatment sporozoite-based
approach for P. falciparum (PfSPZ-CVac) has just entered phase 1 trials – this would also be
distributed using a LNVP cold chain.

Many locations throughout Africa have LN2 plants, though LN2 availability and cost varies
widely. Tanzania is relatively well served – LN2 is produced commercially in Arusha (used
for ECF vaccine distribution), Dar es Salaam (and soon Bagamoyo) and bulk distributed to
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Mwanza and Mbeya. Numerous smaller plants throughout the country also generate LN2
principally to support research. Thus, a nascent LNVP cold chain network already exists in
Tanzania.

The principal purpose of this study was to generate comparative analyses of the cold chain
marginal costs for adding a new malaria vaccine to the EPI under different scenarios. Costs
were estimated for distributing a hypothetical lyophilized (conventional) malaria vaccine
through (1) a standard 2–8 °C cold chain, (2) a MH-S 2–8 °C network or (3) the Tanzanian
MSD tariff-based distribution network, and these were compared to the costs of distributing
the cryopreserved malaria vaccine using a MH-S LNVP cold chain where LN2 is (4)
purchased, or (5) generated.

2. Materials and methods
2.1. Overview

The WHO EPI calculators and available commercial pricing were used to estimate vaccine
distribution costs, including capital equipment and recurrent operating costs (energy usage,
LN2, maintenance, insurance, rent, labor), transport and storage of vaccine, vaccine diluent,
injection devices and safety boxes [32–36]. Not included were the costs of the vaccines
(currently unknown), vaccine inoculation personnel, training costs and social mobilization
costs. The 4-stop cold chain model used in the EPI and MSD-managed systems [37] for the
hypothetical conventional lyophilized malaria vaccine is indicated in Fig. 1A. The MH-S
distribution model for the cryopreserved LNVP-distributed vaccine is indicated in Fig. 1B.

Estimates of the annual birth cohort for Tanzania vary [38–40]; we used a mid-range
estimate of 1,662,925 (provided by FM, [39]) for 2011. 100% coverage was assumed with a
fully immunized child (FIC) requiring three doses. For vaccine forecasting the estimated
total number of annual doses needed ranged from 5,537,540 for year 1 to 6,232,550 in year
5 (including wastage and 3% annual population growth). The Tanzania EPI consisted, in
2011 of 1 national store in Dar es Salaam, 20 regional stores, 131 district stores, and 4,571
health facilities (dispensaries, health centers, and hospitals) [39].

Cost estimates for the conventional vaccine, diluent and safe injection equipment were based
on the single dose MMR vaccine and included packaging and storage at 2–8 °C for the
vaccine and ambient for other items. Volume estimates for the LNVP-distributed
cryopreserved vaccine were based on using cryovials similar to those currently utilized;
diluent and safe injection equipment volumes were as for the conventional vaccine. The
efficacies and shelf-lives for the cryopreserved and hypothetical conventional vaccines were,
for the purpose of this analysis, assumed to be equivalent.

2.2. Wastage rates
Vaccine wastage rates vary: we used an overall vaccine wastage rate of 10%, based on
WHO recommended rates for conventional vaccines [41,42], which includes wastage in the
vial and injection equipment, and loss due to non-use and to cold chain temperature
excursions in line with observed wastage rates [13]. Wastage rates for LNVP-distributed
vaccine would likely be lower, but were assumed here to be equivalent to those for the
conventional vaccine.

2.3. Vaccine storage costs
Cold rooms were specified for national and regional stores, and 2–8 °C refrigerators and ice-
pack freezers for district stores, and 2–8 °C refrigerators at health facilities. All equipment
for 2–8 °C storage was selected from the WHO/UNICEF Product Information sheets of
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approved EPI cold chain equipment [33–36], standardized by manufacturer to reduce repair
costs, and selected based on the minimum storage volume needed and the energy source
used. The life span of this equipment was taken as 5 years [36] (10 years for cold rooms).
Power for 2–8 °C cold chain equipment was electricity, except for liquefied petroleum gas
(LPG) or kerosene for refrigerators at health facilities. Current prices in effect in Tanzania in
February 2011 [43] were used for electricity, LPG and kerosene. Backup generators were
included for the national and regional stores. MSD tariffs were applied at February 2011
rates to distribution model number 3. The LNVP cold chain included purchased or generated
LN2, bulk storage containers for LN2, and LNVP cryostorage tanks for vaccine storage only
at the national store. The costs for these items, as well as dry shippers for transport, were
estimated based on current prices from commercial suppliers.

2.4. Vaccine transport costs
Estimated vehicle requirements were based on vaccine volume (including diluent, safe
injection equipment), numbers of stores, distances and the frequency of shipments [44].
Shipment and storage at 2–8 °C has been included for diluent, however if no diluent is
needed (a possibility) this would reduce these costs for the cryopreserved vaccine. In the
MH-S models, transit from national store to district stores (2–8 °C) or district transshipment
points (LNVP) was estimated at 1–2 days, with one round-trip/week serving 10 district
stores/points. Each district would serve up to 18 health facilities/week. For 2–8 °C transport,
refrigerated trucks were included from national to regional stores, and for MH-S, from
national to district stores. Pick-up trucks or vans were factored for regional to district store
transport, and motorcycles between district stores/points and health facilities. A 20% annual
replacement rate for cold boxes was assumed. Vehicle purchase, maintenance, insurance,
and other costs including gasoline, diesel and driver pay were obtained from commercial
vendors in Tanzania current at February 2011.

For the LNVP distribution, vaccine would be loaded into dry shippers at the national store
and would remain in these shippers through to administration at the health facilities or until
returned to the national store (Fig. 1B). Non-refrigerated large trucks would transport dry
shippers to each district level transshipment point every two weeks, with onward transport
by motorcycles to health facilities. To ensure a continuous supply of cryopreserved vaccine,
each health facility would require 3 dry shippers on six-week rotations (n = 13,713 total; 8.3
round trips/dry shipper/year). An annual replacement rate of 10% was assumed for dry
shippers.

2.5. Labor costs
Personnel costs were included at all levels based on EPI estimates, including managers,
surveillance staff, and general staff as well as truck and motorcycle drivers. Technicians at
each distribution level were assumed to devote 10% of time to monitoring the 2–8 °C
vaccine and 10% to repackaging and preparing onward shipments. Similar costs were
assumed for the LNVP distribution models.

2.6. Other costs
Costs for training, immunization (doctors, nurses, and village health workers) and social
mobilization activities were not included. Costs for these components were considered to be
equivalent for each model, nevertheless, once information becomes available to estimate
these costs, they should be added to the models.
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3. Results
3.1. Overall costs

Total costs, from vaccine receipt at the national store to administration in the health facility,
with 100% coverage for the birth cohort for five years, was estimated for the LNVP-
distributed cryopreserved vaccine to be $ 54.0 million using generated LN2 and $53.4
million using purchased LN2 (Table 1). Comparable costs for an EPI-distributed
conventional malaria vaccine were estimated to be $ 53.8 million, and $ 53.4 million for a
MH-S model. Costs for MSD-managed conventional vaccine distribution were $ 48.8
million. These translate to per-FIC costs of $ 6.04 and $ 6.11 for the cryopreserved vaccine
using purchased or generated LN2, respectively (Table 1), $ 6.10 and $ 6.04 for the
conventional vaccine delivered using the standard EPI or MH-S EPI, respectively, and $
5.53 for the MSD-managed EPI.

3.2. Capital and recurrent costs
Capital investment and recurrent costs for each model for the five year period are indicated
in Table 1. Capital costs accounted for 55.9% of year 01 total costs (21.7% over 5 years) for
the conventional vaccine standard EPI model and 56.7% for the cryopreserved vaccine
(23.7% over 5 years) when purchasing LN2, and 66.1% (29.5% over 5 years) with generated
LN2. Overall, capital investment was calculated to be $ 1.0 million more for the LNVP-
distributed vaccine using purchased LN2 and $ 4.2 million more for generated LN2 than for
the standard EPI model although total overall costs were similar ($ 53.4, $ 53.8 and $ 54.0
million, respectively). Recurrent costs for the LNVP model using purchased and generated
LN2 were, over five years, $ 1.5 million and $ 4.1 million lower, respectively, than for the
standard EPI-delivered conventional vaccine, and were similar or lower, respectively, than
for the conventional vaccine delivered through the EPI-MSD or EPI-MH-S models.

3.3. Distribution levels
Total costs over five years apportioned to national, regional, district and health facility levels
are indicated in Table 2. Proportionally, the cost distribution as a percentage of the total was
greater at the national level for the cryopreserved vaccine (48.9–50.6%) than for the
conventional vaccine (10%). Conversely, for all distribution models for the conventional
vaccine, costs at the district level (31.3–37.9%) and health facilities level (40.9–46.7%),
were proportionally greater than for either cryopreserved vaccine distribution model (23.9%
and 25.3% for district, and 25.7% and 25.4% for health facilities, respectively). For the
LNVP-distributed vaccine models, dry shippers were included at the national level.

3.4. Cost categories
Cost breakdowns into the main component categories are indicated in Table 3. Three
components with notable differences were: storage, transport and facilities rent. Storage
costs over 5 years were lower for cryopreserved vaccine models, absolutely ($ 5.5 and $ 8.7
million vs. $ 11.9 million) and proportionally (10.2% and 16.3% vs. 22.0%) compared to the
standard EPI model. Non-labor transportation costs were higher for both cryopreserved
vaccine models ($19.7 million; at 36.4% and 36.9% of total costs) than for the conventional
EPI vaccine model ($ 15.4 million, equivalent to 28.6%), largely reflecting inclusion of dry
shippers in this category. Facilities rental costs were moderately lower ($ 11.3 million,
21.2%) for cryopreserved vaccine models using purchased LN2 and higher ($ 15.1 million,
28.0%) using generated LN2, compared to the conventional EPI model ($ 12.3 million,
23.0%).
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4. Discussion
A LNVP cold chain designed to distribute a cryopreserved malaria vaccine would require
new capital investment and incur new recurrent costs. Realistically, LNVP distribution
would likely be most efficient operating outside the EPI, nevertheless, the EPI is the best
comparator for costing: additional costs would be incurred by adding any new vaccine into
the EPI whether distributed through a LNVP or a 2–8 °C cold chain.

Preliminary analyses indicated that a MH-S design is optimal for a LNVP cold chain. The
MH-S model, by comparison to a true hub-and-spoke model, incorporates a transshipment
point at the district level (Fig. 1B); this functions as an exchange point for dry shippers. The
central component of LNVP MH-S distribution is the dry shipper. Dry shippers would
circulate on overlapping 6-week schedules: week 1 – transport from the national store to the
health facility; weeks 2 and 3 – temporary storage at the health facility for immunizations;
week 4 – return to the national store; weeks 5 and 6 – cleaning, recharging and restocking.
The ability to provide a significantly extended storage time in dry shippers also reduces the
risk of vaccine wastage resulting from transport delays and storage, which is a relatively
frequent event with 2–8 °C cold chains. At the district transshipment point during its return
journey, the courier with the empty dry shipper exchanges this for a new, stocked, dry
shipper that is conveyed to the health facility (outbound dry shippers remain sealed after
loading at the central store until they arrive at each health facility). Thus, each health facility
is kept continuously supplied with vaccine through new shipments arriving every two
weeks.

Dry shippers are triple walled vessels that contain an insulating vacuum between the outer
and central walls and porous material that absorbs LN2 by capillary action to provide the
refrigerant, between the central and inner walls. They are highly resilient, have an additional
outer protective casing, are continuously reusable, and would optimally transport 100–200
cryovials each per shipment. No cold chain storage equipment is needed at regional or
district levels nor at health facilities. Dry shippers are independent of electricity and require
no or minimal maintenance, and incur a minimal space (rent) requirement. With no added
equipment (or equipment maintenance) at the periphery, strain on this normally weaker
portion of the cold chain is reduced. LNVP distribution also does not need refrigerated
trucks. By contrast, the 2–8 °C cold chain uses refrigerated trucks, and trucks with cold
boxes that have a limited holding time from ~3 days to a few hours [36], for transportation.
Collectively, costs peripheral to the national store are considerably lower in the LNVP
distribution models ($ 26.7 million and $ 27.2 million) vs. the standard EPI model ($48.4
million).

The LNVP distribution models potentially have a lower environmental impact due to (a) the
longer life span of dry shippers compared to 2–8 °C cold boxes and ice packs, (b) the non-
requirement for refrigerated trucks with their higher fuel consumption and maintenance
requirements, and, (c) the independence, after LN2 has been generated, from electricity or
LPG. The projected overall non-transport energy needs (including energy used in LN2
generation, which comprises 5.6% of National level storage costs) of the LNVP distribution
models were 90–92% lower than for the conventional vaccine models.

Overall, costs were more centralized with the LNVP distribution models, with national level
costs comprising 48.9–50.6% of total costs compared to 10.0% for the conventional EPI
vaccine distribution model. This was accounted for by greater capital investment in the
LNVP distribution models. The least expensive model was the MSD-tariff distribution
model used with the conventional vaccine, likely due to spare capacity in the tariff structure,
while for all other models, overall total costs were similar.
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Either purchased or generated LN2 would only be required at the central National store. We
factored a bulk purchase cost for LN2 of $ 1.00/L. The current market for LN2 in Tanzania
is relatively small and commercially-sourced LN2 is currently (2011/2012) approximately
Sh3,000 TZ ($ 1.90)/L. Typically, as LN2 markets grow, LN2 cost falls (<$ 0.25/L in the
USA). Overall total cost equivalence for the two LNVP models would occur with a LN2
purchase cost of $ 1.09/L. With LN2 purchased at the current price in Tanzania, the overall
distribution costs would be $ 1.6 million higher and the per-FIC cost $ 0.96 higher.
Conversely, with LN2 costs comparable to those in the USA, the per-FIC cost would decline
by $ 0.80 to $ 5.24.

There is a general misconception [45] that LNVP cold chain distribution is untested and
would be novel and expensive. However, LN2-based cold chains are in widespread use [26–
30], particularly in the anti-cancer, regenerative medicine/cell therapy and veterinary fields –
the latter distributing >600 M units/year globally, including within sub-Saharan Africa. Six
recent clinical trials in the USA, The Netherlands, United Kingdom, Tanzania and Germany
([46] and Lyke et al.; Bijker et al.; Sheehy et al.; Abdulla et al., al, and Mordmüeller et al.,
publications pending), and successful tests of the cold chain to clinical sites in Burkina Faso
and Ghana, using cryopreserved PfSPZ, have demonstrated LNVP cold chain reliability, that
LNVP-stored and distributed PfSPZ are stable and that cryopreserved non-attenuated PfSPZ
are highly infectious to human volunteers.

We show here that the costs associated with a LNVP distribution system are very
competitive with those of 2–8 °C cold chain distribution models. Incorporating additional
vaccines or therapies into the same LNVP distribution network could provide further
economies of scale. For the purpose of this cost analysis, we assumed equal efficacies and
stabilities for both the conventional and cryopreserved vaccines and looked only at
distribution costs. As additional information becomes available on the cryopreserved
vaccine and particularly protective efficacy, other economic analyses, including cost-
effectiveness, cost-utility, and cost-benefit, should be performed. The licensure and
introduction of a highly effective malaria vaccine has the potential to save millions of lives
from malaria, significantly impact the economies of affected countries, and be a key tool in
malaria eradication.
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Fig. 1.
Overview of vaccine distribution cold chain models. (A) EPI distribution in Tanzania. (B)
Cryopreserved vaccine in LNVP modified hub-and-spoke distribution model.
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