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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
Supply chain logisti locations, (2) rural districts, (3) rural health facilities, (4) outreach sites, and (5) locations with average
pply chain logistics , g g . . i X R

Tailoring MR session sizes <5 and <10 children. We ran sensitivity on each scenario using MR vial opening thresh-
Vial size olds 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%).
Results: 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 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.

© 2018 Published by Elsevier Ltd.
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1. Introduction populations or location characteristics within a single country
could improve the vaccine supply chain system. Previous studies
Frequently, a single vaccine vial size will be procured for an have shown how vaccine vial size can significantly affect vaccine

entire country, but the question remains whether tailoring the availability and other measures of vaccine delivery, such as open
use of different size vaccine vial presentations based on vial wastage (OVW) and the costs of supply chain logistics and vac-
cines [1-5]. While ordering a single type of vaccine presentation

for an entire country may seem to simplify ordering, procurement
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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 simula-
tion 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 perfor-
mance 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), loca-
tion type (fixed and outreach), and average session size (10 chil-
dren 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.

2.2. Zambia vaccine supply chain and data sources

Fig. 1 shows the structure and flow of the Zambia vaccine sup-
ply chain and Table 1 includes a list of all vaccines in the Zambia
EP], 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 pro-
vided 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 vacci-
nating location; each personnel, including personnel costs and the
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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 pro-
vided information on healthcare worker behavior related to open-
ing 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, vac-
cines 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, dis-
trict stores deliver vaccines to the health facilities, rather than hav-
ing 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
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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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Table 1

EPI vaccine characteristics.
Presentation Number of Total volume per dose Total price per Doses per Age groups Source

doses per vial (cm?®), incl. secondary vial ($2017) person vaccinated
packaging and diluent

Measles-Rubella (MR) 10-dose 10 5.2 $6.25 2 9, 18 Months [15-17]
Measles-Rubella (MR) 5-dose 5 9.7 $4.10 [15,16]
Measles-Rubella (MR) 1-dose 1 26.1 $2.25 [15,16]
Bacille Calmette-Guerin (BCG) 20 2.26 $2.81 1 Birth [16-18]
Pentavalent (Penta) 1 14.06 $1.06 3 6, 10, 14 weeks [16-18]
Tetanus-Diphtheria (Td) 10 3 $1.10 4 Pregnant Women [16-18]
Oral polio vaccine (OPV) 20 1 $2.60 3 6, 10, 14 weeks [16-18]
Pneumococcal conjugate vaccine (PCV-10) 2 4.8 $7.00 3 6, 10, 14 weeks [16-18]
Rotavirus vaccine (Rota) 1 171 $2.32 2 6, 10 weeks [16-18]

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 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 loca-
tion and population sizes of similar facilities. The total 2017 Zam-
bian 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, ses-
sions ranged from daily to monthly, while outreach sessions ran-
ged 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 report-
edly wait for at least five children before opening a 10-dose vial
[13], we simulated two scenarios for each tailoring policy - open-
ing 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 facil-
ities. 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 out-
reach 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:

e 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

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 popula-
tion 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 dis-
trict store.

Average session size is roughly estimated by dividing the popu-
lation 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 cal-
culates 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 per-
centage 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.



Table 2

Measles-Rubella (MR) availability, doses administered, and doses wasted across each tailoring scenario of 10-dose and 5-dose MR vaccines.

Scenario Location 10-dose MR 10-dose MR total 10-dose MR  10-dose MR 5-dose MR 5-dose MR - total 5-dose MR  5-dose MR Total MR Total MR Total MR
vaccine doses doses open vial vaccine doses doses open vial vaccine doses doses
availability administered wasted wastage availability administered wasted wastage availability administered  wasted
10 dose MR all Total 77% (62%) 937,512 955,517 50% (20%) - - - - 77% (62%) 937,512 955,517
locations (758,288) (194,728) (758,288) (194,728)

Rural 92% (72%) 672,475 732,623 53% (22%) - - - - - 672,475 732,623
districts (513,762) (147,776) (513,762) (147,776)

Urban 57% (52%) 265,037 222,894 40% (16%) - - - - - 265,037 222,894

districts (244,526) (46,952) (244,526) (46,952)

Rural 97% (62%) 344,534 454,293 62% (28%) - - - - - 344,534 454,293

HFs (219,159) (87,350) (219,159) (87,350)

Urban 70% (64%) 592,978 501,223 40% (16%) - - - - - 592,978 501,223
HFs (539,129) (107,370) (539,129) (107,370)

5 dose MR all locations  Total - - - - 78% (71%) 945,569 381,625 29% (10%) 78% (71%) 945,569 381,625

(859,530) (91,567) (859,530) (91,567)

Rural - - - - 93% (82%) 676,540 309,620 31% (11%) - 676,540 309,620

districts (599,500) (71,706) (599,500) (71,706)

Urban - - - - 58% (56%) 269,029 72,005 21% (7%) - 269,029 72,005

districts (260,030) (19,861) (260,030) (19,861)

Rural - - - - 98% (80%) 345,859 216,526 38% (14%) - 345,859 216,526

HFs (282,567) (45,229) (282,567) (45,229)

Urban - - - - 71% (68%) 599,710 165,099 21% (7%) - 599,710 165,099

HFs (576,963) (46,338) (576,963) (46,338)

5 dose MR rural Total 53% (49%) 254,333 172,727 40% (16%) 93% (82%) 686,745 309,933 31% (11%) 77% (69%) 941,078 482,660
districts; 10 dose (234,892) (45,965) (609,387) (72,125) (844,279) (118090)

urban districts Rural - 0 0 - 93% (82%) 686,745 309,933 31% (11%) - 686,745 309,933

districts (609,387) (72,125) (609,387) (72125)

Urban 53% (49%) 254,333 172,727 40% (16%) 0% (0%) 0 0 - - 254,333 172,727

districts (234,892) (45,965) (234,892) (45965)

Rural 97% (65%) 56,824 (37,867) 56,059 58% (31%) 98% (79%) 290,199 184,447 39% (14%) - 347,023 240,506

HFs (17,928) (235,667) (37,498) (273,534) (55426)

Urban 51% (51%) 197,509 116,668 31% (13%) 89% (84%) 396,546 125,486 24% (8%) - 594,055 242,154

HFs (197,025) (29,803) (373,720) (34,632) (570,745) (64435)

5 dose MR rural HFs; Total 69% (62%) 591,216 397,312 40% (17%) 97% (80%) 350,023 216,321 38% (14%) 77% (67%) 941,239 614,133
10 dose urban HFs (535,067) (107,053) (286,941) (45,371) (822,008) (152424)

Rural 89% (77%) 392,956 281,400 44% (19%) 98% (79%) 290,291 185,134 39% - 683,247 466,534
districts (340,500) (77,394) (235,578) (37,477) (576,078) (114871)

Urban 48% (47%) 198,260 115,912 31% (13%) 96% (83%) 59,732 (51,363) 31,687 35% - 257,992 147,599

districts (194,567) (29,693) (7,889) (245,930) (37582)

Rural - 0 0 - 97% (80%) 350,023 216,821 38% (14%) - 350,023 216,821

HFs (286,941) (45,371) (286,941) (45371)

Urban 69% (62%) 591,216 397,312 40% (17%) 0% (0%) 0 0 - - 591,216 397,312
HFs (535,067) (107,053) (535,067) (107053)

5 dose MR outreach; Total 78% (54%) 442,769 649,429 59% (20%) 77% (73%) 496,702 128,615 20% (8%) 77% (64%) 939,471 778,044
10 dose fixed (306,108) (78,877) (473,725) (41,032) (779,833) (119909)

Rural 93% (58%) 320,245 512,021 63% (22%) 92% (87%) 353,566 100,399 22% (9%) - 673,811 612,420

districts (199,566) (57,887) (333,897) (31,973) (533,463) (89860)

Urban 57% (50%) 122,524 137,408 47% (16%) 57% (55%) 143,136 28,216 16% (6%) - 265,660 165,624

districts (106,542) (20,990) (139,828) (9,064) (246,370) (30054)

Rural 98% (47%) 162,277 (76,896) 323,293 70% (26%) 96% (88%) 181,496 68,519 27% (12%) - 343,773 391,812

HFs (27,430) (165,920) (22,047) (242,816) (49477)

Urban 71% (58%) 280,492 326,136 49% (18%) 70% (69%) 315,206 60,096 16% (6%) - 595,698 386,232

HFs (229,212) (51,448) (307,805) (18,990) (537,017) (70438)

5 dose MR to average Total 71% (62%) 656,869 526,405 44% (18%) 95% (80%) 290,677 163,656 36% (13%) 77% (66%) 947,546 690,061
session sizes <5 (567,547) (128061) (246,532) (35631) (814079) (163692)
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5 dose MR to average
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41,638
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50 (20%) 94 (82%)
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108,061

(32908)
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286,764 (237374)

115,466 65 (30%) 97 (80%)

(15319)

63,181 (36203)
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(273577)
598,578

288,658
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224,107 (210392)

36 (15%) 90 (84%)

213,474
(60497)

61% (56%) 374,471

Urban
HFs

(556903)

(20399)

(346511)

health facility.

measles-rubella vaccine; HF =

*MR

**Results presented in parentheses are when an MR vial is opened if at least half of the doses are used.
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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 avail-
ability 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 vac-
cine 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 procure-
ment costs decreased as fewer doses of both MR vaccine and
non-MR vaccines were procured.

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 con-
straints, 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) lead-
ing 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 dis-
tricts 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



Table 3
Measles-Rubella (MR) availability, doses administered, and doses wasted across each tailoring scenario of 10-dose and 1-dose MR vaccines.

Scenario Location 10-dose MR 10-dose MR total 10-dose MR  10-dose MR 1-dose MR 1-dose MR - total 1-dose MR  1-dose MR Total MR Total MR Total MR
vaccine doses doses open vial vaccine doses doses open vial vaccine doses doses
availability administered wasted wastage availability administered wasted wastage availability administered  wasted

10 dose MR all Total 77% (62%) 937,512 955,517 50% (20%) - - - - 77% (62%) 937,512 955,517

locations (758,288) (194,728) (758,288) (194,728)
Rural 92% (72%) 672,475 732,623 53% (22%) - - - - - 672,475 732,623
districts (513,762) (147,776) (513,762) (147,776)
Urban 57% (52%) 265,037 222,894 40% (16%) - - - - - 265,037 222,894
districts (244,526) (46,952) (244,526) (46,952)
Rural HFs  97% (62%) 344,534 454,293 62% (28%) - - - - - 344,534 454,293
(219,159) (87,350) (219,159) (87,350)
Urban 70% (64%) 592,978 501,223 40% (16%) - - - - - 592,978 501,223
HFs (539,129) (107,370) (539,129) (107,370)
1 dose MR all locations  Total - - - - 74% 904,616 - - 74% (74%) 904,616 0
Rural - - - - 90% 667,293 - - - 667,293 0
districts
Urban - - - - 50% 237,324 - - - 237,324 0
districts
Rural HFs - - - - 96% 346,138 - - - 346,138 0
Urban - - - - 65% 558,479 - - - 558,479 0
HFs
1 dose MR rural Total 53% (49%) 254,524 172,379 40% (16%) 90% 666,113 - - 75% (74%) 920,637 172,379
districts; 10 dose (234,381) (46,149) (900494) (46,149)
urban districts Rural - 0 0 - 90% 666,113 - - - 666,113 0
districts (666,113)
Urban 53% (49%) 254,524 172,379 40% (16%) 0% 0 - - - 254,524 172,379
DISTRICTS (234,381) (46,149) (234,381) (46,149)
Rural HFs  96% (65%) 59,689 (40,343) 83,597 58% (29%) 96% 285,573 - - - 345,262 83,597
(16,538) (325,916) (16,538)
Urban 47% (47%) 194,835 88,782 31% (13%) 86% 380,541 - - - 575,376 88,782
HFs (194,038) (29,603) (574,579) (29,603)
1 dose MR rural HFs; Total 69% (62%) 588,404 394,377 40% (17%) 97% 348,190 - - 77% (72%) 936,594 394,377
10 dose urban HFs (535,820) (106,840) (884,010) (106,840)
Rural 88% (77%) 390,538 304,374 44% (19%) 97% 288,865 - - - 679,403 304,374
districts (340,635) (77,376) (629,500) (77,376)
Urban 48% (47%) 197,866 90,003 31% (13%) 96% 59,325 - - - 257,191 90,003
districts (195,184) (29,456) (254,509) (29,456)
Rural HFs - 0 0 - 97% 348,190 - - - 348,190 0
(348,190)
Urban 69% (62%) 588,404 394,377 40% (17%) - 0 - - - 588,404 394,377
HFs (535,820) (106,840) (535,820) (106,840)
1 dose MR outreach; Total 75% (52%) 426,144 629,135 60% (21%) 75% 486,112 - - 75% (64%) 912,256 629,135
10 dose fixed (297,562) (77,288) (783,674) (77,288)
Rural 90% (57%) 315,838 527,645 63% (22%) 91% 354,742 - - - 670,580 527,645
districts (200,442) (57,828) (555,184) (57,828)
Urban 50% (44%) 110,306 (97,120) 101,490 48% (17%) 51% 131,369 - - - 241,675 101,490
districts (19,460) (228,489) (19,460)
Rural HFs  96% (46%) 161,556 (78,258) 375,926 70% (26%) 96% 184,700 - - - 346,256 375,926
(27,573) (262,958) (27,573)
Urban 66% (55%) 264,588 253,210 49% (18%) 66% 301,411 - - - 565,999 253,210
HFs (219,303) (49,707) (520,714) (49,707)

*MR = measles-rubella vaccine; HF = health facility.
**Results presented in parentheses are when an MR vial is opened if at least half of the doses are used.
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threshold (758,288-900,728). The average peak transport utiliza-
tion 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.

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 uti-
lization 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 avail-
ability. 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 adminis-
tered 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 vaccinat-
ing 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 vaccinat-
ing locations with session sizes of <10 (n=2635) decreased MR
open vial wastage from 50% to 38% (20-14%). Total vaccine avail-
ability 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) depend-
ing on the vial opening threshold.

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, depend-
ing 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 con-
straints 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 every-
where. 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 transporta-
tion 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
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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 vol-
umes of people than routine sessions, can benefit from a greater
number of doses per vial (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 break-
down 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 exist-
ing 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 trans-
lated 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 bur-
den. 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 every-
where (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 deliver-

ing 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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