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Abstract

Background: Frequently, a country will procure a single vaccine vial size, but the question
remains whether tailoring the use of different size vaccine vial presentations based on populations
or location characteristics within a single country could provide additional benefits, such as
reducing open vial wastage (OVW) or reducing missed vaccination opportunities.

Methods: Using the Highly Extensible Resource for Modeling Supply Chains (HERMES)
software, we built a simulation model of the Zambia routine vaccine supply chain. At baseline, we
distributed 10-dose Measles-Rubella (MR) vials to all locations, and then distributed 5-dose and 1-
dose MR vials to (1) all locations, (2) rural districts, (3) rural health facilities, (4) outreach sites,
and (5) locations with average MR session sizes <5 and <10 children. We ran sensitivity on each
scenario using MR vial opening thresholds of 0% and 50%, i.e. a healthcare worker opens an MR
vaccine for any number of children (0%) or if at least half will be used (50%).

Result: Replacing 10-dose MR with 5-dose MR vials everywhere led to the largest reduction in
MR OVW, saving 573,892 doses (103,161 doses with the 50% vial opening threshold) and
improving MR availability by 1% (9%). This scenario, however, increased cold chain utilization
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and led to a 1% decrease in availability of other vaccines. Tailoring 5-dose MR vials to rural health
facilities or based on average session size reduced cold transport constraints, increased total
vaccine availability (+1%) and reduced total cost per dose administered (=$0.01) compared to
baseline.

Conclusions: In Zambia, tailoring 5-dose MR vials to rural health facilities or by average
session size results in the highest total vaccine availability compared to all other scenarios
(regardless of OVT policy) by reducing open vial wastage without increasing cold chain
utilization.
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Measles-rubella; Supply chain logistics; Tailoring; Vial size

1. Introduction

Frequently, a single vaccine vial size will be procured for an entire country, but the question
remains whether tailoring the use of different size vaccine vial presentations based on
populations or location characteristics within a single country could improve the vaccine
supply chain system. Previous studies have shown how vaccine vial size can significantly
affect vaccine availability and other measures of vaccine delivery, such as open vial wastage
(OVW) and the costs of supply chain logistics and vaccines [1-5]. While ordering a single
type of vaccine presentation for an entire country may seem to simplify ordering,
procurement and management, tailoring vaccine vial sizes — particularly lyophilized
vaccines like measles-rubella (MR) which must be discarded within six hours of opening —
by location, population, or average session size may yield additional gains, such as reducing
cold chain utilization, decreasing OVW, reducing costs or increasing vaccine availability.

Using the Highly Extensible Resource for Modeling Supply Chains (HERMES) software,
we developed a discrete-event simulation model of the Zambia Expanded Programme on
Immunization (EPI) vaccine supply chain to quantify the impact of tailoring measles-rubella
(MR) vaccine vial size on supply chain performance and costs within the country. We
compared the impact of utilizing uniform vial sizes (10-dose, 5-dose and 1-dose MR)
throughout the country to strategies where vial sizes were tailored by district (rural and
urban), health facility (rural and urban), location type (fixed and outreach), and average
session size (10 children and 5 children).

2. Methods

2.1. Hermes

Our team used the HERMES software platform to create a model of the EPI vaccine supply
chain in Zambia. As described in previous publications [1,6-8], a HERMES-generated
model includes virtual representations of each storage and vaccination location, storage
device (e.qg. refrigerators and freezers), mode of transportation (e.g. trucks, motorbikes,
public transit), personnel and vaccine in the supply chain.
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2.2. Zambia vaccine supply chain and data sources

Fig. 1 shows the structure and flow of the Zambia vaccine supply chain and Table 1 includes
a list of all vaccines in the Zambia EPI, in addition to the 5-dose and 1-dose MR vaccines
introduced in the model. The HERMES team worked with John Snow, Inc. (JSI) and the
Center for Infectious Disease Research in Zambia (CIDRZ) via the Dose Per Container
Partnership (DPCP). CIDRZ provided data on each mode of transport and the characteristics
of routes between locations; the number and type of cold chain equipment at each location;
the population reached by each vaccinating location; each personnel, including personnel
costs and the percentage of time dedicated to EPI activities; and information on policies for
the frequency and size of deliveries between locations and the frequency of vaccination
sessions at each location. JSI provided information on healthcare worker behavior related to
opening a vial and data on the frequency, size, and distance of outreach sessions.

2.3. Locations and transport

The 2016 Zambia EPI vaccine supply chain is comprised of one national store, 10 provincial
stores, 103 district stores, 1933 health facilities/posts, and 1707 outreach sites. As illustrated
in Fig. 1, vaccines are first delivered from the national store to each of the provincial stores
directly on quarterly basis. The district stores then collect vaccines from the provincial stores
quarterly or monthly. Health facilities then collect vaccines from the district stores every two
weeks, monthly, or quarterly; in some cases, district stores deliver vaccines to the health
facilities, rather than having the health facilities retrieve the vaccines (represented in Fig. 1
as both up and down arrows). The average transport times for each route of the supply chain
were collected and provided by CIDRZ.

Each route between the national and district levels use cold boxes. Between districts and
health facilities, we assumed that approximately 1/3 (658 routes) used cold boxes to pick up
or retrieve vaccines, while approximately 2/3 (1275 routes) used two small vaccine carriers,
based on data collected from a subset of all health facilities. Each health facility that
conducts outreach then delivers vaccines to its respective outreach site during each
vaccination session using available modes of transport (e.g. trucks, motorbikes, or bicycles)
and vaccine carriers or cold boxes.

2.4. Cold storage

Among fixed vaccination locations, 1830 of 2047 reported the availability of at least one
working stationary cold storage device. The national and provincial stores have large cold
rooms, while the district stores and health facilities use various sizes and types of
refrigerators and freezers. Across the modeled health facilities, 217 did not report any
stationary cold chain equipment. These locations were assumed to use a cold box for
stationary storage and retrieve vaccines weekly from the district store using two small
vaccine carriers, based on data collected by JSI from a subset of health facilities without
existing cold storage.

2.5. Population demand

The number of vaccines ordered for each location is determined by the population demand,
which were provided for each health facility by the CIDRZ. Health facilities order enough

Vaccine. Author manuscript; available in PMC 2019 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wedlock et al.

Page 4

vaccines to meet average monthly demand, including an allowance for expected OVW as
well as enough to maintain a 25% buffer. The populations to be vaccinated include pregnant
women, newborns, and infants (grouped by age: 1-11 months and 12—24 months). For each
vaccinating location, collected data included an estimate of the total population that would
be reached by that location. We applied a 3% growth rate to the data collected in 2016 to
estimate the 2017 population [9]. To estimate the number of pregnant women and newborns
to be vaccinated at each location, we applied the crude birth rate per 1000 people to the total
population served [10]. We then applied the neonatal mortality rate per 1000 live births and
the infant mortality rate per 1000 live births to the number of newborns to estimate the
number of neonates and infants served, respectively, by each location [11,12]. For health
facilities with missing population data, we assumed a population between 1100 and 1500
people based on knowledge of clinic location and population sizes of similar facilities. The
total 2017 Zambian population modeled was 16,612,395.

2.6. Vaccination sessions

The frequency of vaccination sessions varies between locations. Data on the frequency of
vaccination sessions was provided by CIDRZ for each vaccinating location. For fixed health
facilities, sessions ranged from daily to monthly, while outreach sessions ranged from
weekly to monthly. During each MR vaccination session, the country policy for Zambia is to
open an MR vial for any number of children. However, as healthcare workers reportedly
wait for at least five children before opening a 10-dose vial [13], we simulated two scenarios
for each tailoring policy — opening an MR vial for any number of children and opening an
MR vial if at least half of the vial would be used.

Only health facilities with a reported stationary cold storage device were able to conduct
outreach. Outreach sessions were assumed to reach 55% of a health facility catchment
population, based on data collected by JSI and CIDRZ for a subset of health facilities. 50%
of outreach sessions were assumed to occur within 10 KMs of the health facility while the
other 50% occurred between 10 and 40 KMs from the health facility. Additionally, 50% of
outreach sessions were assumed to include two personnel who were paid a standard per
diem of 75 ZMW (appx. $7.50) per session, while the other 50% included one personnel.

2.7. Scenarios

The current immunization schedule in Zambia includes a 10-dose Measles-Rubella (MR)
vaccine distributed to all locations. Using this as the baseline, we then test the effects of:

. Replacing 10-dose MR vials with 5-dose and 1-dose MR vials at all
immunization locations

. Replacing 10-dose MR vaccine vials with 5-dose and 1-dose MR vials in rural
districts
. Replacing 10-dose MR vials with 5-dose and 1-dose MR vials at rural health

facilities and associated outreach locations

. Replacing 10-dose MR vials with 5-dose and 1-dose MR vials at all outreach
locations only
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. Distributing 10-dose MR to vaccinating locations with average MR session sizes
greater than 5 children and 10 children, and 5-dose MR to locations with average
session sizes greater than 5 children and 10 children

We defined districts as rural if 70% or more of a district population met the Zambian census
data definition of rural [14]. Health facilities were defined as rural if the catchment
population was 10,000 or fewer and the facility was 5 KMs or more from the district store.

Average session size is roughly estimated by dividing the population demand at a given
facility by the number of sessions per year. To better simulate reality, HERMES uses a
stochastic model of consumer arrival for vaccination. For each session, HERMES calculates
the actual session size by randomly drawing from a Poisson distribution, whose mean
parameter is the average session size.

In each scenario, reported outcomes include open vial wastage, vaccine availability (i.e. the
number of successful immunizations administered to patients as a percentage of
immunizations needed), average peak transport utilization (i.e. the maximum percentage of
available transport capacity needed to complete any shipment, averaged across all routes),
logistics costs and total costs.

3. Results

All results are the average of 24 stochastic simulations, with the standard deviation for each
scenario equaling less than 1%. Data presented in parentheses are the results when
considering an open vial threshold of 50%. Tables 2 and 3 include all results for MR
availability, MR doses administered, and MR doses wasted for each scenario.

3.1. Replacing 10-dose MR with 5-dose and 1-dose MR at all vaccinating locations

Replacing 10-dose MR vials with 5-dose MR vials throughout the entire Zambian
immunization supply chain resulted in a decrease in MR open vial wastage (OVW) from
50% to 29% (20% to 10% when requiring a vial opening threshold of 50% for MR). Total
vaccine availability remained at 80% (79%); MR vaccine availability improved slightly by
1% (9%), but the availability of other antigens decreased slightly by <1% in both scenarios.
The decrease in availability of non-MR vaccines was due primarily to the increase in
average peak transport utilization from 101.6% to 102.7% (98-100.2%) which accompanied
the increase in MR vaccine volume procured. High average peak transport utilization (e.g.
greater than 100%) means that, even though some routes will have enough available
transport space, on average across all routes, there is less transport storage space available
than is needed, and some of the vaccines will not be shipped. As a proxy for coverage, the
number of MR doses administered increased in both scenarios yet was greater when
applying the practice of a vial opening threshold (from 758,288 to 859,530 doses). At a
price-per-dose of $0.82, using 5-dose vials everywhere led to a decrease in the total cost per
dose administered of all vaccines from $2.84 to $2.82 ($2.88-$2.83), due primarily to a
decrease in total vaccine procurement costs of $212,951 ($121,586). Total vaccine
procurement costs decreased as fewer doses of both MR vaccine and non-MR vaccines were
procured.
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Replacing 10-dose MR vials with 1-dose MR vials resulted in a decrease in MR OVW to 0%
both when MR was opened for any number of children and when MR was opened if at least
half of the doses would be used. Total vaccine availability, however, decreased to 76%,
including a decrease both in the availability of MR and non-MR vaccines. The average peak
transport utilization increased to 130.6% while storage utilization at the national level
increased to 99%. At a price-per-dose of $2.25, using 1-dose vials everywhere led to an
increase in total cost per dose administered to $3.01. Although vaccine procurement costs
decreased by $94,505, this was accompanied by a sharp decrease in total doses administered
(7,440,831 to 7,004,296) due to transport constraints, which drove up the total cost per dose
administered.

3.2. Replacing 10-dose MR with 5-dose and 1-dose MR at rural districts

Replacing 10-dose MR vials with 5-dose MR vials at vaccinating locations in rural districts
(n = 2813) resulted in a decrease in MR OVW from 50% to 34% (20-12% when requiring a
vial opening threshold for MR). Total vaccine availability remained at 80% (79%) — MR
vaccine availability increased by <1% (+7%) while the availability of other vaccines
decreased by <1% in both scenarios. Using 5-dose MR in rural districts increased average
peak transport utilization to 102.2% (99.7%), which had minimal impact on the flow of
other vaccines. At a price-per-dose of $0.82 for 5-dose vials, vaccine procurement costs
increased by $168,056 ($85,155) leading to an increase in the total cost per dose
administered to $2.87 without the vial opening threshold, and a decrease in total cost per
dose administered with the threshold from $2.88 to $2.86.

Replacing 10-dose MR vials with 1-dose MR vials in rural districts resulted in a decrease in
MR open vial wastage from 50% to 16% (20-5%). Total vaccine availability decreased from
80% to 78% (79-78%). Without the vial opening threshold, both MR and non-MR
availability decreased from baseline. However, with the vial opening threshold, MR
availability improved (+7%) while the availability of non-MR vaccines decreased. As a
proxy for coverage, the number of MR doses administered decreased (937,512-920,637) yet
increased with the practice of a vial opening threshold (758,288-900,728). The average peak
transport utilization increased to 123.6% (123.1%) while storage utilization at the national
level also increased to 97% in both scenarios. At a price-per-dose of $2.25, using 1-dose
vials in rural districts led to an increase in total cost per dose administered to $2.97 ($2.96).

3.3. Replacing 10-dose MR with 5-dose and 1-dose MR at rural health facilities

Replacing 10-dose MR vials with 5-dose MR vials at all rural health facilities (n = 2262)
resulted in a decrease in MR open vial wastage from 50% to 39% (20-16% when requiring a
vial opening threshold for MR). Total vaccine availability increased slightly to 81% (79%) —
MR vaccine availability increased by <1% (5%) while the availability of other vaccines
improved slightly by <1% in both scenarios. Using 5-dose MR in rural districts increased
average peak transport utilization only slightly to 101.7% (99.3%), which allowed for the
continued flow of non-MR vaccines. At a price-per-dose of $0.82 for 5-dose vials, vaccine
procurement costs increased by $98,755 ($54,393) leading to a $0.01 increase in the total
cost per dose administered to $2.85 without the vial opening threshold, and a decrease in
total cost per dose administered with the threshold from $2.88 to $2.86.
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Replacing 10-dose MR vials with 1-dose MR vials at rural health facilities resulted in a
decrease in MR open vial wastage of from 50% to 30% (20-11%). Total vaccine availability
remained at 80% and 79%. While the average peak transport utilization increased to 117.5%
(116.9%), storage utilization at the national level remained below 90%, which together
resulted in only a slight decrease in the flow of vaccines. As such, the availability of MR
changed by <1% (+10%), while the availability of all other vaccines decreased by <1% in
both scenarios. At a price-per-dose of $2.25, using 1-dose vials in rural health facilities led
to an increase in total cost per dose administered to $2.88 ($2.90) due to increased vaccine
procurement costs. Even though fewer MR doses were ordered, the larger price of the 1-dose
MR vaccine led to a net increase in total vaccine procurement costs.

3.4. Replacing 10-dose MR with 5-dose and 1-dose MR at all outreach locations

Replacing 10-dose MR vials with 5-dose MR vials at all outreach locations (n = 1933)
resulted in a decrease in MR open vial wastage from 50% to 45% (20-13%). Total vaccine
availability remained the same at 80% (79%) — MR vaccine availability increased by <1%
(+2%) while the availability of other vaccines remained the same. Using 5-dose MR in rural
districts increased average peak transport utilization only slightly to 102.1% (99.0%). At a
price-per-dose of $0.82 for 5-dose vials, the total cost per dose administered increased to
$2.85 without the vial opening threshold, and decreased from $2.88 to $2.87 with the
threshold.

Replacing 10-dose MR vials with 1-dose MR vials at outreach locations resulted in a
decrease in MR open vial wastage of from 50% to 41% (20-9%). Total vaccine availability
decreased to 78% (76%), due to a decrease in both MR availability and non-MR availability.
At a price-per-dose of $2.25, using 1-dose vials in rural health facilities led to an increase in
total cost per dose administered to $2.97 ($2.99) due to increased vaccine procurement costs
and a reduction in total doses administered because of cold chain limitations.

3.5. Precise tailoring of 10-dose MR and 5-dose MR based on average session size

Replacing 10-dose MR vials with 5-dose MR vials at all vaccinating locations with session
sizes of <5 (n = 1,836) decreased MR vial wastage from 50% to 42% (20-17%). Total
vaccine availability improved slightly to 81% (79%) as both MR availability and non-MR
availability improved. Compared to distributing 5-dose vials to rural health facilities,
distributing to all locations with average session sizes <5 decreased average peak transport
utilization from 101.6% (98%) to 101.4% (98.8%), allowing slightly more vaccines to flow
through the system. At $0.82 per dose, vaccine costs changed from $2.84 to $2.85 ($2.88—
$2.87) depending on the vial opening threshold.

Replacing 10-dose MR vials with 5-dose MR vials at all vaccinating locations with session
sizes of <10 (n = 2635) decreased MR open vial wastage from 50% to 38% (20-14%). Total
vaccine availability improved slightly to 81% (79%) as both MR availability and non-MR
availability improved. Similar to using 5-dose vials at rural health facilities, distributing to
all locations with average session sizes <10 led to a slight increase in average peak transport
utilization from 101.6% (98%) to 102% (99.5%). At $0.82 per dose, vaccine costs changed
from $2.84 to $2.85 ($2.88-$2.86) depending on the vial opening threshold.
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4. Discussion

While using a single vaccine presentation for an entire country may simplify the ordering
process, tailoring vaccines to certain locations and populations may provide additional
benefit, depending on several factors including the vaccine cost- and volume-per-dose, vial
opening practices, and cold chain constraints. As a decision-maker, identifying the primary
outcomes of interest (e.g. reducing OVW, reducing costs, or improving vaccine availability
or timely immunization coverage) as well as the country context (policy versus practice of
vial opening threshold, current constraints on cold chain, greater reach through outreach or
fixed immunization sites) can guide which vial ordering policy may be the best fit.

In Zambia, the practice of opening a vial only if at least half will be used could directly
impact the vial ordering policy and increases the burden on the healthcare worker to make
this decision on whether to ask a child to return and risk them not returning or open a vial
and risk having high wastage. Under these conditions, any scenario using 5-dose MR vials
improves the total number of doses administered compared to using 10-dose MR vials
everywhere. Delivering 5-dose MR to all locations, rural districts, rural health facilities, and
locations with average session sizes <5 or <10 children result in an improved number of
vaccine doses administered. Delivering 5-dose MR vials to all locations primarily improves
MR doses administered, while delivering 5-dose MR vials to rural health facilities and
locations with average session sizes <5 or <10 maintains the flow of all vaccines while
improving MR availability slightly less. Further, tailoring to rural health facilities or by
session size reduces the total cost per dose administered by $0.01-$0.02.

When tailoring 5-dose MR vaccines to rural health facilities and by session sizes <5, vial
sizes more appropriately match the expected number of children per session, reducing open
vial wastage and resulting in a smaller volume of MR vaccine needing to be procured. This
leads to a decrease in existing cold transportation constraints, which allows additional MR
and non-MR vaccines to flow through the system.

These results indicate that a tailoring policy in Zambia centered on delivering 5-dose vials to
rural health facilities or by average session size may provide benefits compared to using 10-
dose or 5-dose MR vials everywhere, both when MR is opened for any number of children
or if a vial opening threshold of 50% is in effect. In each of these scenarios, total and MR
vaccine availability can improve while providing slight reductions in the total cost per dose
administered.

However, having multiple vial sizes segmented by location or session size adds a layer of
effort for supply chain managers as well as healthcare workers to identify the vial size to
use. In Zambia, where data on the frequency of vaccination sessions and expected demand at
each location were available, determining the average expected demand per session — and
subsequently choosing between 10-dose and 5-dose MR — is possible. Without these data,
countries may be able to more easily implement tailoring policies by a rural/urban
designation. Additionally, the use of both 5-dose and 10-dose MR presentations may
complicate efforts to conduct vaccination campaigns. Campaigns, which vaccinate larger
volumes of people than routine sessions, can benefit from a greater number of doses per vial
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(e.g. 10-dose MR). Supply chain managers considering conducting MR campaigns will need
to plan for either enough quantity of 10-dose MR or enough cold chain space for
transporting larger-volume 5-dose vials.

The tailoring policies which benefit the Zambia routine vaccine supply chain may not hold
in countries with more constrained cold chain systems, different average session sizes, or a
different breakdown of urban and rural health facilities. Tailoring policies addressing other
country contexts should attempt to more closely match vial size with average session size,

while considering existing cold chain constraints.

5. Limitations

A computational model is a representation of reality that makes some simplifying
assumptions and does not capture all possible factors or outcomes. One limitation of the
model is that data gaps exist. To overcome missing data in the model, we generated
assumptions based on available data and expert opinion. A second limitation of the
HERMES model is that the results are not translated into clinical effects. The model shows
changes in vaccine availability, but additional transmission models are needed to translate
these vaccine supply chain changes into any impact on clinical outcomes, such as an
increase or decrease in disease burden. A third limitation of the model is that results are not
translated directly into vaccine coverage. Population demand is estimated based on the target
population; the model does not restrict access to health facilities based on factors like
accessibility, demand, or transport costs, and, as such, does not output estimated coverage.

6. Conclusions

When deciding to wholly replace or tailor vaccine presentations within a country, multiple
factors need to be considered, including the size and cost per dose, vial opening practices,
average session sizes, and existing cold chain constraints. In Zambia, tailoring MR vials at
the health facility level or by average session size may provide some benefit compared to
using 5-dose MR vials everywhere (e.g. reduce the total cost per dose administered, improve
MR availability, and maintain the flow of all vaccines), while improving total vaccine
availability and OVW compared to delivering 10-dose MR everywhere. Under certain
conditions, using 1-dose MR vials in certain locations may provide an additional benefit.
Additional evidence is needed to understand the feasibility of multiple vial sizes in a single
system and the trade-offs on any implementation of this potential change.
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Fig. 1.

Zambia EPI Vaccine Supply Chain. The Zambia EPI supply chain consists of 4 fixed levels
(National, Provincial, District, and Health Facility/Post) and a number of outreach locations.
The figure above identifies the number of locations modeled at each level, and the frequency
and direction of delivery between each level.

Vaccine. Author manuscript; available in PMC 2019 June 11.



Page 12

Wedlock et al.

[81-91] $}9am 0T'9 [ A4 T.T T (e30) dura2RA STUIABIOY
[sT-91] S$H89M ¥T'0T'9 € 00'L$ 8 2 (0T-ADd) duroden ayefinfuod [easosownaud
[81-91] SY9aM T'0T'9 € 09°C$ T 0z (AdO) aurdden orjod [e10
[81-91]  uswom Jueubaig 4 oT'T$ € 0t (pL) eusyIydia-snueseL
[sT-91] S$H89M ¥T'0T'9 € 90'T$ 90vT 1 (e3uad) Juafenejuad
[81-91] yug T 18'C$ 9z 0T (909) uLeno-ayawyeD ajj10eg
[or'sT] T4 1'9¢ 1 3s0p-T (YIN) BI13aNY-S3IseaN
[o1'T] oT'v$ L6 S 3as0p-G (HIN) el19any-sajsealN
[£1-6T] SUION 8T ‘6 [ G2'9% A 0t as0p-0T (YIA) el19aNny-sa|sealn
juan|ip pue buibexoed
pareuldIeA uosJad (2702%) lrein  Adepuodas “joul ‘(;Wwd)  jelA sad sasop
904Nn0S sdnouf eby  Jad sesog  Jad ao1d [elol  asop Jad awnjoA eloL JO JaquinN uolnejuasaid

"$O11S1I8)0RIBYD BUIDJBA |dT

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Vaccine. Author manuscript; available in PMC 2019 June 11.



Page 13

Wedlock et al.

(09868) 0z'z19  (€9t'€€S) TT8'€L9 (%6) %2z (€26'T€) 66E'00T  (268'€€€) 995'€GE  (%6/8) %26  (%2z) %e9  (188'2G) T20'2TS  (995'66T) Gv2'0cE  (%8S) %E6  SMISIP [einy
paxiy
asop 0T
‘yoealino
HN
(6066TT) ¥70'822  (€€8'6L2) TLv'6€6  (%¥9) %L.  (%8) %0z  (2€0'Ty) GT9'82T  (Gel'elv) 20L'96y  (%EL) %LL  (%02) %6S  (228'8L) 62v'6¥9  (80T'Q0E) 69L'chy  (%¥S) %8. leloL asop G
(e50201) z1E'26€  (290'SES) 9T2'T6S 0 0 (960) %0 (%.T) %0y  (€50°20T) ¢T€'26€  (190'GES) 9TZ'T6S  (%629) %69 S4H uegin
(tre5v) T28'9T  (T¥6'982) £20'06€ (%vT) %8s (T/€'Gh) T28'9TZ  (T¥6'982) €20°05€  (%08) %.6 0 0 S4H [einy
(z852€) 66G'2vT  (0£6'Gv2) 266'2G2 %G€ (688'2) 189'T€ (€9€'16) 2€2'6G  (%€8) %96  (WET) %TE  (€69'627) ¢T6'GTT  (L9G'76T) 092'86T  (%L¥) %87  SIOLISIP Uedin
(T/8¥TT) ¥€5'99F  (8L0'9.8) L¥72'€89 %6E  (LL¥'1€) ¥ET'SBT  (8/G'GEC) T62'062  (%661) %86  (%6T) %y  (v6€'2.) 00¥'T8Z  (00S'0VE) 956'26€  (%LL) %68  SIMISIP [einy
S4H
uequn
asop
OT!S4H <
e g
(vevesT) €€T'vT9  (800'228) 6€2'Tv6  (%L9) %L (%¥T) %8E  (TLE'SY) T28'9Te  (Tv6'982) €20'0S€  (%08) %16 (%LT) %0y  (€50'20T) 2T€'268  (190°GES) 9T2'T6S  (%29) %69 [eloL 30ps S
3
(sevv9) vST'2ve  (SvL'0LS) SS0'V6S - (w8)wbz (ze9've) 98v'SeT  (02L'eL€) 9vS'96E  (%v8) %68  (%ET) %Te  (€08'62) 899'9TT  (S20'26T) 605'L6T  (%TS) %IS S4H ueqin =
o
(9zvss) 0s'ove  (veS'eLe) €20'LvE (%v7) %6 (86v'2€) Lvv'y8T  (199'GE2) 66T'06C  (%664) %86  (%T€) %8S (826'271) 650'9  (198'2€) v28'95  (%S9) %L6 SAHEINY ooan O
(qoest) L2l'eLT  (268'7€2) EEE'YSE 0 0 (%0)%0  (%9T) %0r  (596'Sy) L2L'2LT  (268'7ET) EEEWST  (%66Y) %ES  SIOLASIP Uegin mwmmg% 2
(SzTzL) €e6'60€  (£8€'609) Gv72'989 (%1T) %1e  (S2T'z.) €€6'60€  (18€'609) G72'989  (%T8) %E6 0 0 SIOLISIP [eny wm_:w_n m
el YN =
(060811) 099'287  (6.2'v¥8) 8L0'TW6  (%69) %L  (%TT) %Te  (S2T'2.) €€6'60€  (18€'609) Gv2'989  (%e8) %e6  (%9T) %60v  (S96'Sw) 22221 (268'vEe) €€€'vSe  (%6V) %ES [e1ol asopg &
(8e€'9y) 660'S9T  (€96'9.5) OTL'66S - (WD) %tz  (8ec'oy) 660'SOT  (€96'9.5) 0TL'66S  (%89) %TL - - - - S4H ueqin M
(622'sy) 926'91¢  (195'282) 658'Sve (%vT) %8s (6zz'sh) 925'9Tz  (195'282) 6G8'GPE  (%08) %86 - - - - S4H [einy g
(198'6T) 500’22 (0€0°09¢) 620'692 (%) %tz (198'6T) G00'2.  (0£0'092) 620'692  (%69S) %8S - - - - spusIp uegin m
c
(902'72) 029'60€  (005'665) OVS'9L9 (%T1) %Te  (902'T2) 029'60€  (005'66S) 0v5'929  (%28) %E6 SILISIP [eINY g
SuoNeI0| m
IEYN 5
(£95'76) G29'T8  (0€G'6G8) 695'Gv6  (%TL) %8L  (%0T) %62  (295'T6) G29'T8E  (0€5'6G8) 695'Gr6  (%TL) %8.L - - - - [eloL asop g <
[
(02£'20T) €22'10S  (62T'6€S) 826265 (969T) %0r  (02€'20T) €22'T0S  (621'6€G) 826'26G  (%19) %0.L S4H uegin m
Q
(0se'28) €62'7S7  (BST'6T2) ¥ES'VIE (%682) %29 (0G€'8) €62'%Gr  (6ST'6T2) ¥ES'WVE  (%29) %.6 S4H [einy S
(zs6'ov) ¥68'z2¢  (92G'7¥2) 1€0'592C - - - - - (woT) w0y (cS6'9v) v68'czz  (92S'vre) 1€0'G9Z  (%2S) %.G  SIOMISIp uedun
(912'197) €29'2eL  (291'€TS) SL¥'2L9 - - - - - (wz2) wes  (922'19T) €29'ceL  (29L'€TS) GLv'2l9  (%2l) %26 SWLISIP [eIny
SuoNeI0|
Ile YN
(822'v6T) L15'666  (882'8G2) 216266 (%29) %..L - - - - (%02) %0S  (8z/'v6T) LT6'GS6  (882'8GL) ¢16'2€6  (%629) %l. lelol  3sop 0T
pajlsem paJaisiulwpe abeisem palsem paJaisiulpe  Aujige|rene abeysem palsem paJaisiuiwpe  ANjigejreae
sasop sasop I [ein uado sasop sasop auld9eA leiA uado sasop sasop |uldeA
HIN [eloL HWN[EI0L NN [eI0L A 3s0p-§ HIN 9S0p-G  [e10} - HIN 3SOP-G  HIN SOP-G  HIA 9sOp-0T HIN 9S0p-0T €103 HIA 9S0p-0T  HIAl 3S0P-0T uoIe0T  OLIBURIS

"SBUID0RA YA 8SOP-G pue 3sop-(T JO OLIBUSIS BULIO|IR) YIra SSOI0R PalSeM S3sop pue ‘paialsiulupe sasop ‘Aljige|reae (YAl eljagny-sa|sesin

Author Manuscript

Author Manuscript

¢ dlqel

Author Manuscript

Author Manuscript



Page 14

Wedlock et al.

-
—
(5]
S
"Pasn aJe $3S0p aY JO J[ey 15e3| Je 41 Pauado SI [eIA YAl Ue Usym aJe sasayjusied ul pajussald synsey
Hked
o
‘A1[198) Y1jeay = 4H ‘auIddeA B[|agni-sa|seawl = YA Q
*=
‘al
(96808) 859'88¢  (€06955) 825865 (%6) wsc  (66£02) ¥8T'SL  (26€0T2) LOT'Vee (%v8) 06 (%sT)9¢  (L6V09) vLv'eTe  (TTGOVE) TLv'vle  (%9S) %19 S4H ueqin £
(5]
(v2L19) 6v9'282  (LLS€L2) S6'6VE - (weT) w8e  (SSv9€) €8T'CLT  (vL€L€T) ¥92'982 (%08) L6 (%0€) G99  (6TEST) 99Y'STT (€029¢) T8T'€9  (%09S) %.6 S4H [eany 2
(8062€) T90'80T  (0868%2) £25'092 - (%er) wze (6990T) 8€9'TH (ezz61) L2¢€'88 (%28)16 (%2T) 82 (6€222) €2v'99  (LGL69T) 9v2'2iT  (%bh) %Sy SIOHISIP ueqn m
(zoLe6) sve'8oy  (66v789) 676'289 (e11) %eE  (ST19V) 62L'S07  (2vssoe) eva'zey  (%28) v6 (k0z)0s  (12689) 9T9'292  (1962T2) 907’592 (%2l) %06 SWMISIP [eIny g
0T sozIs w
uoisses 2
waewém
0LHN o
(07T92€T) G0£'9.6  (08v0€8) 22G'8v6  (%689) %LL  (WTT) %ee  (¥619G) 99€'2ve  (G9L'Lvy) 018'0TG  (%28) %6  (%LT) %EY (91852) 6€6'82¢  (STL'z8€) 289'L6y  (%9S) %9 feloL 3s0p G m
=}
(89886) sGz'6ve  (608LYS) 0TE'86S - (%6) wlz (9982) 02'0€ (962'82) 8Y9'8  (%¥8) %16  (%9T) %8E (zT0T6) S8Y'STE  (ETG'69%) 299'€TS  (%T9) %99 S4H uegqin <
[
(vz8v9) L08'0ve  (692992) 9€T'6VE - (wrT) wee  (G1L22) 988'2€T  (S€2'89T) 0£0'90Z  (%661) %16 (%L2) %6S (6v02€) T26'202  (#€0'86) 902'€PT  (%99) %.6 S4H [einy .m
Q
(8912p) 9€2'0eT  (695G¥2) 615092 - (%9T) %0y (€£95) 160'52 (ov1'0€) 00026 (%LL) %G6  (%ST) %2E (5e99€) GvT'S0T  (62v'GTT) 616'€2Z  (%6Y) %TS  SIOHISIP ueqin S
(vzsTer) 928'65G  (80989S) £96'989 - (wer) wse  (86662) 995'8€T  (T6€'9TZ) £29'€G  (%18) %S6  (%12) %6Y (9za16) 092'T2y  (LTT'z8€) 062'€Ey  (%¥L) %06  SWLISIP [eINY
G > $9zIS
uolsses
abesane
01N
(269€9T) 7190069  (6,0vT8) 9¥S'Lv6  (%99) %LL  (%ET) %9e  (T€9SE) 959'€9T  (2€5'r2) £29'062  (%608) %S6  (%8T) %vy  (19082T) GO'92S  (LvS'299) 698'959  (%629) %TL feloL 3s0p G
(8ev0.) zez'ose  (LT0'LES) 869'G6S - (%9 %9oT  (066'8T) 960°09  (508'20€) 902'STE  (9669) %0L  (%8T) %6y  (87¥'1G) 9€T'92e  (2T2'622) 26v'082  (%68S) %TL S4H uegin
(LLv6Y) 218'T6E  (9T8'2C) €LL'EVE (weT) wiz  (Lv0'22) 615'89  (026'G9T) 967'T8T  (%688) %96  (%92) %0.  (0ev'L2) €62'cce  (968'9L) L22'29T  (%Llb) %86 S4H [einy
(¥500€) ¥29's9T  (02€'9¥2) 099'G92 (%9) %971 (#90'6) 912’82 (828'6€T) 9ET'erT  (%SGS) %G (%9T) %y (066'02) 80V'LET  (2vG'90T) ¥2S'22T  (%0S) %.G  SWLISIP Uegin
paisem paJjasiuliwpe >u___nm__m>m mmmumm\s palsem paJalsiuiupe >u___nm__m>m woMHmmg palsem paJiajsiuiwpe \ﬁ___nm__mZm
S9sS0p Sasop 3UIdJeA [eIn uado Sasop S9sop auldJeA [eIn uado Sasop S9sop 9uIdJeA
I [el0L HWNEI0L  MHIN[eI0L NN 8S0p-§ N 8S0P-G  [B101- HIN 8S0P-G  MHIN 8S0P-G  MIA 8S0P-0T N 8S0P-0T  [101 HIAI 8S0P-0T  HIN 8S0P-0T UOITBO0T]  OLIBU’DS

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 15

Wedlock et al.

(828'26) G¥9'22G  (¥8T'GSS) 085'0.9 - - - [AZN%S %16 (%z2) we9  (828'29) G¥9'22S  (2v¥'002) 8€8'STE  (%LS) %06 SIOLISIp [einy
paxiy
asop 0T
‘yoealno
HN
(882'22) SET'629  (729'€81) 962'2T6  (%¥9) %GL - - 2TT'98Y %S.  (%T2) %09  (882'2) GeT'629  (295'162) v¥1'92y  (%2S) %G. lel0l asop T
(ov8'901) LL€'v6E  (028'SES) ¥07'88S - - - 0 - (wiT) %oy (0v8'90T) L/€'v6E  (028'GES) YOV'88S  (%29) %69 S4H ueqin
0 (06T'8¥€) 06T'8YE - - - 06T'87E %6 - 0 0 - S4H [einy
(9s¥'62) €00'06  (605'7S2) T6T'2GC - - - GZE'65 %96  (%ET) %TE (967'62) €00'06  (¥8T'S6T) 998'26T (%L7) %8y SIOLISIP Uedn
(9r€'22) v1€'70€  (00G'629) €£0v'6.9 - - - G98'88¢ %16 (%6T) %y (9/€'2L) v2€'70€  (SE9'0VE) 8EG'06E (%.2)%88 SIOLISIp [einy
S4H
ueqin
asop
0T ‘s4H
ledn1 YN
(ov8'901) L2€'v6E  (0TO'¥88) ¥65'9€6  (%2L) %.L - - 06T'87E %6 (%.T) %0y  (0¥8'90T) L2€'76€  (028'GES) ¥OV'88G  (%29) %69 lelol asop T
(€09'62) 282'88  (615'7./S) 9/€'GLS - - - 17508 %98  (%ET) %TE (€09'627) 28288 (8EQ'V6T) GEB'V6T (%LY) %Ly S4H ueqin
(8€5'91) 166'€8  (9T6'GeE) 29Z'GvE - - - €15'G82 %96  (%62) %8S (8€5'91) 265'€8 (eve'or) 689'6G  (%6S9) %96 SHIBINY oo ngip
(6vT'ov) 6/€'2LT  (T8E'VET) ¥2S' VST - - - 0 %0 (%9T) %or  (6¥T'9%) 6/€'2LT  (I8E'VET) ¥2S'vST (%6Y) %ES  SLOIYLSIA ueqin ° w%g%
0 (€TT'999) £TT'999 - - - €TT'999 %06 - 0 0 - SPLISIp [eany  ‘SILISIP
ledns YN
(6vT'9v) 62€'2LT  (¥6¥006) 2€9'026  (%irL) %GL - - €TT'999 %06 (%9T) %0v  (6vT'9v) 6.€'2LT  (I8E'VET) ¥2G' VS (%67) %ES lelol asop T
0 617855 - - - 6.%'85G %S9 - - - - S4H ueqin
0 8ET'OvE - - - 8ET'OVE %96 - - - - S4H leany
0 vee'Lee - - - vze'LeT %05 - - - - SIOLISIP Ueqin
0 €62'299 £62'299 %06 SIoLISIp [einy
Suo1eIO|
11e 4N
0 9T9'v06  (%WL) %L - - 9T9'%06 %L - - - - [eloL asop T
(02£'20T) €22'10S  (62T'6€S) 826265 - - - - - (%91) %or  (02€'20T) €22'T06  (62T'6€S) 826'26G  (%¥9) %0L S4H ueqin
(0se'28) €62'7S7  (BST'6T2) ¥ES'VIE - - - - - (wB2) wz9  (0se'l8) e6z'vSy  (BST'6TZ) vES'vYE  (%29) %.6 S4H [einy
(zs6'ov) ¥68'22¢  (92G'7¥2) 1€0'592 - - - - - (w9r) wor  (2S6'9v) v68'cZz  (92S'vE) L€0'G9Z (%28) %.S SIOLISIP Uedun
(912'197) €29'2eL  (291'€TS) SL¥'2L9 - - - - - (wzo) wes  (922'19T) €29'ceL  (292°€TS) GL¥'2L9 (%z2) %26 SIOLISIp [einy
Suol1ed0|
11e 4N
(822'v6T) L15'666  (882'8G2) 216266 (%29) %..L - - - - (%02) %0S  (822'v6T) L15'GS6  (882'8GL) 216'2€6  (%29) %lL lelol 3s0p 0T
paJaisiuiwpe
paisem paJalsiuiwpe abeisem paisem sasop abeisem paisem paJalsiuiwpe
Sasop sasop 1 [e1n uado S3s0p [e101 1 [e1n uado Sasop sasop BUI20BA
A [e30L HNIEIOL  MIN[eI0L  HIN3SOP-T  MHINBSOP-T - HIN3SOP-T  MIN 8SOp-T  HIA 850p-0T N 8SOP-0T  [B30} HIN 8S0P-0T  HIN 8S0p-0T uoned0T  OLIBUBIS

"SBUIDORA YA 8SOP-T pue 8s0p-QT JO 0LIBUSDS BULIO|IR) Yora SSOI0R PalSeM Sasop pue ‘paialsiuiipe sasop ‘Aljige|reae (YIA) eljagqny-sa|sesin

Author Manuscript

€ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2019 June 11.

Vaccine. Author manuscript



Page 16

Wedlock et al.

"pasn aJe s3sop 3y} JO J[ey 1sea] 18 JI pauado SI [eIA YN UB UBYM aJe sasaypuaied ul pajussaid s)nsey

*¥

"R1984 Y)esy = 4H ‘aU199eA e||agni-sa|sesl = HIA
*

(20L'6¥) 0T2'eSz  (¥TL'02S) 666'G9S - - - TTH'T0E %99 (%8T) w6y  (L0L'6Y) 0TZ'eSc  (E0£'6T2) 885'792  (%SS) %99 S4H uegqin
(e6'12) 9z6'sLe  (856'292) 9G2'9VE - - - 00L'%8T %96 (%92) %0.L  (€15'.2) 9z6'GLe  (852'8L) 9SS'TIT (%) %96 S4H leany
(09v'6T) 06¥'T0T  (68+'822) GL9'THC - - - 69€'TET %1S  (%T) %8y  (09%'6T) 06¥'TOT  (0ZT'26) 90€'0TT  (%b) %05 SJOLISIP Uegdin
paiaisiuiwpe
paisem pajasiuiwpe  Aljige|rese abeisem paisem sesop  Aujigejrene abeisem palsem paJialsiuiwpe Aljigejrene
sasop sasop 3UIdJeA Jein uado sasop |e10} JUIdoeA lein uado sasop Sasop QUIdeA
HN [e10L YN [BI0L  HINTRIOL  HINSSOP-T  MIN3SOP-T  -HIN3SOP-T N 9SOP-T  MIA 8S0p-0T HIN 8S0P-0T  [e101 HIA 8S0P-0T  HIN 8S0p-0T uonEOo]  OLIBUSDS

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

; available in PMC 2019 June 11.

Vaccine. Author manuscript



	Abstract
	Introduction
	Methods
	Hermes
	Zambia vaccine supply chain and data sources
	Locations and transport
	Cold storage
	Population demand
	Vaccination sessions
	Scenarios

	Results
	Replacing 10-dose MR with 5-dose and 1-dose MR at all vaccinating locations
	Replacing 10-dose MR with 5-dose and 1-dose MR at rural districts
	Replacing 10-dose MR with 5-dose and 1-dose MR at rural health facilities
	Replacing 10-dose MR with 5-dose and 1-dose MR at all outreach locations
	Precise tailoring of 10-dose MR and 5-dose MR based on average session size

	Discussion
	Limitations
	Conclusions
	References
	Fig. 1.
	Table 1
	Table 2
	Table 3

