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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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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.g. 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 
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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.
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