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Abstract

Background: Since special efforts are necessary to vaccinate people living far from fixed 

vaccination posts, decision makers are interested in knowing the economic value of such efforts.

Methods: Using our immunization geospatial information system platform and a measles 

compartment model, we quantified the health and economic value of a 2-dose measles 

immunization outreach strategy for children <24 months of age in Kenya who are geographically 
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hard-to-reach (i.e., those living outside a specified catchment radius from fixed vaccination posts, 

which served as a proxy for access to services).

Findings: When geographically hard-to-reach children were not vaccinated, there were 1427 

total measles cases from 2016 to 2020, resulting in $9.5 million ($3.1–$18.1 million) in direct 

medical costs and productivity losses and 7504 (3338–12,903) disability-adjusted life years 

(DALYs). The outreach strategy cost $76 ($23–$142)/DALY averted (compared to no outreach) 

when 25% of geographically hard-to-reach children received MCV1, $122 ($40–$226)/DALY 

averted when 50% received MCV1, and $274 ($123–$478)/DALY averted when 100% received 

MCV1.

Conclusion: Outreach vaccination among geographically hard-to-reach populations was highly 

cost-effective in a wide variety of scenarios, offering support for investment in an effective 

outreach vaccination strategy.
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1. Introduction

The 2020 Measles and Rubella Strategic Plan aims to achieve at least 95% coverage with the 

first and second dose of the measles-containing vaccine (MCV) in all countries and districts 

globally by 2020 [1]. As special efforts are necessary to vaccinate people who live far from 

fixed vaccination posts, decision makers are interested in knowing the economic value of 

efforts to place vaccination sessions closer to these hard-to-reach populations. WHO and 

UNICEF use coverage for the first dose of diphtheria-tetanus-pertussis vaccine (DTP1) as an 

indicator of population access to routine immunization services [2]. Children who fail to 

receive DTP1 are generally considered to be hard-to-reach [3]. In 2017, 13.7 million 

children (10% of the yearly target for routine childhood immunization services) failed to 

receive DTP1 globally and can be considered hard-to-reach for the purpose of this analysis 

[4]. From 2003 to 2016, the annual incidence of confirmed measles cases in Kenya has 

ranged from 2 to 65 cases/million persons, with a consistently higher incidence among those 

in urban compared to rural residences [5].

Vaccinating such geographically hard-to-reach populations requires allocating personnel 

time and other resources to make trips to sparsely populated locations, resulting in a higher 

cost per person vaccinated but may be necessary to achieve measles elimination goals. Long 

distances to vaccination posts can be a barrier to vaccine access, especially in regions with 

transportation barriers (e.g., poor road conditions or lack of public transit). Not vaccinating 

geographically hard-to-reach target populations means deaths and suffering that could have 

been avoided, as well as increased risk for measles outbreaks that may spread to other 

locations as people travel, even affecting those who are vaccinated but may not be immune 

[6].

Therefore, determining the appropriate level of vaccination service resources for 

geographically hard-to-reach populations involves balancing the corresponding benefits and 
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costs. To reach populations geographically distant from fixed vaccination posts (i.e., health 

facilities) generally requires an outreach approach, whereby a health worker travels to these 

distant communities and conducts an outreach vaccination session [7]. Although outreach is 

a key component of the Reaching Every District strategy [8,9], there is limited economic 

evidence of conducting outreach sessions. We developed and utilized the Strategic Integrated 

Geotemporal Mapping Application (SIGMA) to quantify the number of children eligible for 

measles vaccination located beyond the fixed vaccination post catchment areas needing to be 

reached through outreach sessions, the costs entailed in reaching these children, and the 

economic value of vaccinating these children in a sample country setting.

2. Methods

2.1. Study setting

Vaccinating hard-to-reach populations is an important consideration in Kenya (test case for 

the modeling application based on SIGMA), a low-income African country with 43 million 

people [10] and 2728 health centers (Fig. 1a-b) that administer Expanded Program on 

Immunization (EPI) vaccines. While 74% [11] of the population reside in rural areas, health 

centers are clustered in more densely populated areas [Fig. 1a-b shows by overlaying the 

current fixed vaccination posts (i.e., health centers) onto the population density]. Kenya’s 

EPI schedule includes a MCV first dose (MCV1) for infants 9 months old, followed by a 

second dose (MCV2) at 18 months [12]. The MCV2 was introduced into the EPI schedule in 

2013. Although Kenya reached 93% coverage for MCV1 in 2012, coverage has decreased in 

subsequent years; in 2015, 75% of children 12–23 months old had received MCV1, and 28% 

of children 24–35 months had received MCV2 [13]. We defined the target populations of 

interest as eligible children <12 months of age (i.e., surviving infants) for MCV1 and 

eligible children 12–23 months for MCV2.

2.2. Identifying geographically hard-to-reach populations

To identify geographically hard-to-reach target populations, we used our SIGMA for 

Immunization geospatial information system (GIS) platform. SIGMA assigns fixed-

immunization post vaccination locations to a designated geographic area and then generates 

catchment radii of specified distances around each location. These catchment areas serve to 

quantify how many individuals reside within a feasible distance to immunization locations 

versus how many individuals do not (i.e. hard-to-reach populations) when overlaid onto 

geospatially explicit population data [14]. Kenyan population geospatial distribution data 

came from the 2000 Global Rural-Urban Mapping Project (GRUMP) Population Count 

Grid, v1 dataset [15]. The 2010 Cold Chain Equipment Manager [16] assessment provided 

the fixed vaccination posts. We assigned each fixed vaccination post a circular catchment 

area (radius varied: baseline 5 km, sensitivity analyses ranged from 2.5–10 km) [17]. 

Geographically hard-to-reach children were those who did not fall within any fixed 

vaccination post catchment area (21% of children <24 months with baseline fixed post 

catchment radius). These hard-to-reach target populations were assumed to be unreachable 

by existing fixed posts, thus unvaccinated against measles at baseline where no outreach 

vaccination occurred [18]. In each scenario, 100% of eligible children <12 months who were 

located within fixed or outreach vaccination location catchment areas received the MCV1 at 
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these locations (sensitivity analyses varied MCV1 coverage 80–100%). Among eligible 

children <24 months who received MCV1, we assumed 50% of those within fixed or 

outreach vaccination location catchment areas received MCV2 (varied 25–100%).

2.3. Outreach vaccination

We modeled outreach vaccination as a strategy to vaccinate geographically hard-to-reach 

target populations. Each session, a health worker would transport MCV in ≤2 vaccine 

carriers via motorbike to an outreach site, including hard-to-reach target populations located 

within a specified radius (assumed people would travel short distances to the outreach 

session and the health worker would roam the vicinity to vaccinate others). We assumed 

each session took one day and, on average, one child was vaccinated every 15 min [19] 

(sensitivity analyses ranged 2–30 min), and that each site would host as many sessions as 

needed to achieve the specified coverage level. In the event the number of outreach sessions 

exceeded one day, modeled outreach continues to the next day with the costs accruing daily 

in order to achieve the specified coverage for that location. Appendix Table 1 enumerates the 

logistics costs of vaccination outreach (e.g. per diems, vaccine carrier, motorbike, etc.).

To place potential outreach locations, we first defined the catchment area for an outreach 

location, with a baseline radius of 10 km [sensitivity analyses varied 7.5–20 km 

(independent from the radius for fixed posts)]. A mathematical algorithm placed outreach 

locations to include a percentage (10–100%) of the hard-to-reach target populations while 

minimizing overlap with other fixed and outreach catchment areas. The algorithm utilized an 

iterative scoring approach where locations were randomly placed on the map and a score 

was computed based on the objective criteria of maximizing the target populations included 

and minimizing the overlap with other locations. As inclusion of the target populations 

approached 100%, this algorithm became unstable and a modified procedure was used once 

adding a new outreach location resulted in including a fraction of a child. Then, the 

remaining land area was divided hexagonally and aggregated until an outreach site could be 

placed so that at least one child was included.

2.4. Measles transmission model

For this study, we developed a susceptible-exposed-infectious-recovered (SEIR) 

compartment model to determine the number of measles cases across all ages for each 

scenario from 2016 to 2020, capturing health impacts beyond those children vaccinated. The 

Appendix describes SEIR model, while Appendix Table 1 shows its inputs. The number of 

measles-related deaths were calculated by multiplying the number of cases by a fixed case 

fatality rate.

2.5. Costs and health effects

The Appendix also provides details on the linked economic model we developed for this 

study that translates cases into costs and health effects. Briefly, the cost of vaccination 

included the costs of vaccines, transport, portable vaccine storage, and personnel time. We 

assumed vaccination costs at fixed vaccination posts were the same for each strategy and 

were not included. The cost per measles case included the costs of care (either outpatient or 

hospitalization, based on disease severity), transportation, and caretakers’ lost productivity. 
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We used the human capital approach to quantify productivity losses due to disability and 

death, by discounting the life expectancy at age 15 (i.e., age at labor force entry) to the year 

of vaccination and using the gross domestic product (GDP) per capita as a proxy for wages 

as not to undervalue the individuals deemed hard-to-reach. Additionally, we used daily 

minimum wage to calculate the caretaker wages lost. Cost and treatment parameters came 

from the published literature and other public data sources such as WHO-CHOICE, which 

serves to provide a conservative estimate for the impact of this strategy (Appendix Table 1). 

Sensitivity analyses varied disability-adjusted life years (DALYs) incurred per measles case, 

medical costs per case, time taken per dose administered, and proportion of geographically 

hard-to-reach target populations included.

For each scenario, the following formula calculated the incremental cost-effectiveness ratio 

(ICER) of vaccinating geographically hard-to-reach target populations through outreach:

ICER = CostsOutreach − CostNoOutreach / DALYsNoOutreach − DALYsOutreach

Outreach vaccination was considered cost-effective if the ICER was <3 times Kenya’s GDP 

per capita ($5595), highly cost-effective if <GDP per capita ($1865) [36], and economically 

dominant when it saved both costs and health effects. All costs are presented in 2018 $US, 

with future costs discounted using a 3% rate.

3. Results

3.1. No outreach to hard-to-reach populations

Assuming a 5 km catchment radius around each fixed vaccination post, 21% of eligible 

children <12 months were located outside the catchment areas and not vaccinated with 

MCV1 (Fig. 1b). If 50% of eligible children 12–23 months within the fixed vaccination 

catchment areas who received MCV1 received MCV2, failure to reach the remaining target 

population (i.e., those within both fixed and outreach catchment areas) resulted in 1427 

measles cases and 257 deaths. These cases accrued $39,000 [$18,000–$69,000 (range 

represents minimum and maximum across sensitivity analyses of key parameters)] in direct 

medical costs, $9.5 million ($3.1–$180 million) in productivity losses, and 7504 (3338–

14,366) DALYs. A 2.5 km fixed post catchment radius yielded 52% not vaccinated with 

MCV1, resulting in 46,584 cases, 8385 deaths, $1.3 million ($590,000–$2.3 million) in 

direct medical costs, $290.8million ($94.3–$550.8 million) in productivity losses and 

245,033 (109,007–469,103) DALYs. While a 10 km radius yielded 7% not receiving MCV1, 

resulting in 449 cases, 81 deaths, $12,200 ($5600–$22,000) in direct medical costs, $3.0 

million ($962,000–$5.7 million) in productivity losses, and 2360 (1050–4518) DALYs. The 

resulting number of cases for the various catchment radii were not linear as the number of 

people who could reach fixed-post immunization locations differed substantially. Thus, the 

subsequent number of children left uncovered who remained susceptible differed by 

catchment radius (e.g., three-times as many are susceptible in a 2.5 km radius than the 5 km 

radius).
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3.2. Outreach included 25% of Hard-to-Reach MCV1 target population

Table 1 shows the resulting cases and costs averted. Compared to not vaccinating the 

geographically hard-to-reach target populations, vaccinating 25% of the hard-to-reach 

eligible children <12 months with MCV1 and half of the hard-to-reach eligible children 12–

23 months who had received MCV1 with MCV2 (Fig. 1c) cost $76/DALY averted (range: 

$23–$142/DALY averted) with a 5 km fixed vaccination post catchment radius. ICERs were 

$0.56/DALY averted (dominant–$5/DALY averted) for a 2.5 km radius, and $1312/DALY 

averted ($252–$3277/DALY averted) for a 10 km radius.

3.3. Outreach included 50% of hard-to-reach MCV1 target population

Fig. 1d shows outreach locations needed to include 50% of the hard-to-reach children <12 

months. Compared to not vaccinating the geographically hard-to-reach target populations, 

vaccinating 50% of hard-to-reach children <12 months with MCV1 and 50% of hard-to-

reach children 12–23 months who received MCV1 with MCV2 cost $122/DALY averted 

($40–$226/DALY averted) with a 5 km fixed vaccination post catchment radius, $1.06/

DALY averted (dominant–$10/DALY averted) with a 2.5 km radius, and $1803/DALY 

averted ($303–$5650/DALY averted) with a 10 km radius (Table 2).

3.4. Outreach included 100% of hard-to-reach MCV1 target population

Outreach locations reached 100% of the geographically hard-to-reach children <12 months 

(Fig. 1e) and all of these children were vaccinated with MCV1. Compared to not vaccinating 

these children, vaccinating 100% of hard-to-reach children <12 months with MCV1 and 

50% of hard-to-reach children 12–23 months who received MCV1 with MCV2 cost $274/

DALY averted ($123–$478/DALY averted), $8/DALY averted (dominant–$31/DALY 

averted), and $1832/DALY averted ($1087–$4461/DALY averted) for a 5 km, 2.5 km, and 

10 km fixed vaccination post catchment radius, respectively (Table 3).

3.5. Sensitivity analyses

Fig. 2 shows the impact of key parameters (varied from their minimum to maximum) on the 

cost-effectiveness of outreach when 25% of the geographically hard-to-reach children <12 

months were included in outreach catchment areas. Fixed catchment area radius and the 

proportion vaccinated with MCV2 had the greatest impact on cost-effectiveness. Increasing 

either of these parameters increased the ICER for any given scenario, while also causing the 

ICER to rise at a steeper rate as coverage of hard-to-reach populations increased. The trends 

(i.e., the parameters that have the greatest impact on the ICER) hold when increasing the 

proportion of the hard-to-reach target populations. Fig. 3 shows how the ICER varies when 

ranging the proportion of hard-to-reach children <12 months included in the outreach 

catchment areas from 10% to 100%.

Reduced MCV1 coverage among eligible children <12 months located within fixed 

catchment areas increased the number of measles cases in each scenario. MCV1 coverage of 

95% of children <12 months located within fixed post catchment areas resulted in 3180 

measles cases, yielding $87,000 ($40,000–$154,000) in direct medical costs, $16.9 million 

($6.8–$40.1 million) in productivity losses, and 16,729 (7442–32,026) DALYs (assuming no 

outreach vaccination, a 5 km catchment radius for fixed posts, and 50% MCV2 coverage 
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among children 12–23 months who received MCV1). Compared to not vaccinating the 

geographically hard-to-reach target populations, vaccinating 25% of hard-to-reach eligible 

children <12 months with MCV1 was cost-effective [ICER: $25 (dominant–$507)/DALY 

averted] with a 5 km fixed vaccination post catchment. Outreach cost $40/DALY averted 

($1–$754/DALY averted) when vaccinating 50% of hard-to-reach children <12 months and 

$101/DALY averted ($19–1376/DALY averted) when vaccinating 100% compared to no 

vaccination.

An MCV1 coverage of 80% of the target population within fixed catchment areas led to 

18,756 cases, resulting in $510,000 ($236,000–$906,000) in direct medical costs, $124.4 

million ($40.2–$236.6 million) in productivity losses, and 98,657 (43,889–188,873) DALYs. 

This reduction resulted in an ICER of $2/DALY averted (dominant–$21/DALY averted) 

when vaccinating 25% of hard-to-reach eligible children <12 months with MCV1, $3/DALY 

averted (dominant–$30/DALY averted) when vaccinating 50% of children and $11/DALY 

averted ($1–$74/DALY averted) when achieving 100% coverage.

4. Discussion

Our results quantified the potential cost-effectiveness and health benefits of immunizing 

geographically hard-to-reach target populations in Kenya against measles and showed that 

doing so in most scenarios would be highly cost-effective. This stems from the substantial 

costs and early mortality resulting from measles cases, which ends up overshadowing the 

costs associated with outreach vaccination sessions. Outreach vaccination sessions require 

personnel time, transport, and storage devices to carry and administer the vaccines, so they 

can appear costly since special arrangements need to be made to vaccinate relatively few 

people. When conducting outreach sessions to vaccinate hard-to-reach populations, our 

study found each additional increase in the proportion of these children vaccinated yielded a 

greater increase in ICER, as compared to lower levels of the proportion vaccinated. For 

example, a 15% increase in the proportion of geographically hard-to-reach eligible children 

<12 months vaccinated from 10% to 25% would raise the ICER from $54 to $76/DALY 

averted; in contrast, a 15% increase from 75% to 90% would raise the ICER from $183 to 

$221/DALY averted. To put this into context, a universal childhood rotavirus vaccination 

program in Kenya cost $142–288/DALY averted (in 2011 $US) [21] and routine infant 

vaccination with a typhoid conjugate vaccine $2390/DALY averted in urban and $6931/

DALY averted in rural Kenya (2015 international dollars) [22].

Based on GDP per capita thresholds, our results demonstrated that immunizing 

geographically hard-to-reach populations in Kenya would be highly cost-effective. However, 

it should be noted that appropriate thresholds may depend on the context and resources 

[23,24]. Other thresholds proposed are opportunity-cost based (i.e., the cost of not 

prioritizing outreach over other health interventions), which can inform resource allocation 

decisions and suggest that the routinely used GDP thresholds may be too high [24]. Even 

with a lower threshold, our results suggest that immunizing hard-to-reach populations could 

be an efficient investment.
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The two key drivers of outreach vaccination cost-effectiveness were the fixed vaccination 

post catchment area size and the proportion of the hard-to-reach target population that 

received MCV2. Even though hard-to-reach populations are a small proportion of most 

countries’ populations and located in remote areas, if not immunized they can still produce 

measles outbreaks because of mobility and mixing. Outbreaks costs can surpass the 

additional costs of conducting outreach. Computational modeling to quantify the costs and 

early mortality averted by vaccination can demonstrate how these benefits may outweigh the 

costs associated with outreach programs. Such evidence can support decision makers in 

planning and investing resources to have the greatest potential impact and ultimately reduce 

inequities in vaccination access.

Although global investment for immunization programs over the past 15 years have focused 

extensively on vaccine introduction, a key objective of both the 2011–2020 Global Vaccine 

Action Plan [25] as well as Gavi, the Vaccine Alliance, 2016–2020 Strategy [26] is to ensure 

equitable vaccination coverage within countries. While many studies have demonstrated the 

cost-effectiveness of vaccination, few studies capture the costs of interventions to increase 

immunization coverage [27] such as additional efforts to reach subpopulations who may be 

isolated by geographic or cultural regions.

The total outreach vaccination strategy costs in our application ranged from $131,000 (when 

25% of hard-to-reach children were included and only 25% received MCV2 outside of a 

fixed post catchment radius of 10 km) to $4.3 million (when 100% of hard-to-reach children 

were included and reached with MCV2 outside of a 2.5 km fixed post radius). By 

comparison, the total budget across all counties allocated to health in FY2016/17 was 

approximately $917.7 million (2018 USD) while government budget allocations to the 

national Ministry of Health were $601.5 million (2018 USD) [28]; assuming our 

hypothetical intervention costs were entirely incremental to the existing system (i.e., not 

accounting for any current investments in outreach vaccination), this would represent 

approximately 0.01% to 0.28% of total national and county government health budgets. An 

important consideration for the affordability of any such intervention to strengthen 

immunization is ensuring that budgeted amounts are actually disbursed as planned to 

provide sufficient resources for primary health care service delivery, especially at county 

level in Kenya in the context of devolution.

Our findings support the utility of ensuring national immunization programs incorporate an 

effective outreach vaccination strategy. As national coverage rates increase from augmenting 

coverage in areas that have adequate access to established vaccination locations, countries 

should also ensure they address hard-to-reach populations, including those geographically 

distant from fixed vaccination posts. Better quantifying the value of outreach can help 

national immunization programs and supporting organizations justify investment in an 

effective outreach vaccination strategy to ensure sufficient routine vaccination of hard-to-

reach target populations.

While this study focused on geographically hard-to-reach populations, future studies could 

examine the value of reaching other hard-to-reach populations, such as those based on 

socioeconomic, educational, or religious/cultural barriers (which may overlap with one 
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another and with geographic barriers). Additionally, some populations may be difficult to 

reach given their itinerant status. This may be relevant especially in the context of Kenya 

where lower socio-economic status and lower levels of parents’ education have been found 

to be associated with lower measles immunization [29].

4.1. Limitations

The measles transmission model assumed homogenous mixing and did not incorporate the 

effects of death from infection, although these features are not expected to substantially alter 

results. This analysis projected currently available population data assuming a uniform 

population growth rate, which should provide reasonable estimates but may miss 

heterogeneity in population growth. We mapped fixed post-catchment areas based on 

straight-line distances from the posts, which does not capture variations in travel times that 

may have a greater impact on accessibility than distance alone; additionally, the 5 km radius 

was not necessarily an exact 5 km radius for every location. When Kenya-specific measles 

cost and treatment parameters were not available, our inputs drew from proxy countries. Our 

model did not represent all of the possible factors that may affect the costs and impacts of 

outreach programs. For example, traveling across particular terrain can increase costs by 

substantially decreasing travel speed, and different information, education, and 

communication (IEC) or social mobilization activities may have varying costs and 

effectiveness in raising awareness and facilitating vaccination acceptance among the target 

population. Vaccine costs did not account for the cost of syringes, safety boxes, or other 

administration supplies. Furthermore, our study did not consider the feasibility of 

conducting outreach sessions, such as trying to reach places that are inaccessible by the 

model transport means and overcoming cultural or linguistic barriers that can lead to vaccine 

refusal and ultimately diminish the health and economic benefits of the outreach sessions; 

rather, we assume a best-case scenario (100% of the target population in the defined 

outreach catchment area would be reached). Thus, scenarios with smaller radii for outreach 

catchment areas may therefore be more realistic estimates of the hard-to-reach target 

population that would be vaccinated (which would make the ICER more favorable but 

decrease the number of children vaccinated via outreach compared to larger radii). 

Additionally, our baseline scenario assumed no outreach sessions occurred; in reality, Kenya 

currently includes outreach strategies as part of its interventions package to ensure high 

vaccination coverage, so our baseline scenario would underestimate the current reality of 

immunization program performance. Conversely, our study may underestimate the value of 

reaching hard-to-reach target populations, as it assumed no cross-border measles 

transmission (potentially underestimating measles cases) and included only the benefits of 

increasing coverage for MCV and no other vaccines. Finally, while many of the conditions 

in Kenya are not unique to Kenya, future studies may explore similar questions in other 

countries to determine how results may vary from country to country.

5. Conclusions

Immunizing geographically hard-to-reach target populations in Kenya with the measles 

vaccine can be cost-effective and even highly cost-effective under a wide range of modeling 

scenarios. This provides support for investment into effective strategies to vaccinate these 

Lee et al. Page 9

Vaccine. Author manuscript; available in PMC 2019 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



populations, even though they do not represent the majority of Kenya’s population and 

outreach sessions are more expensive per person vaccinated compared to fixed sessions.
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Appendix

Measles transmission model

The SEIR model divided the country into 1 square kilometer (km) cells with homogeneous 

mixing occurring among the population of each cell. The following set of equations 

governed the change in the number of people in each compartment (Susceptible (S), 

Exposed (E), Infectious (I), and Recovered (R)) in each cell over time:

dS/dt = μ 1 − v N − βSI/N − εS

dE/dt = βSI/N − σE − εE

dI/dt = σE − γI − εI

dR/dt = μvN + γI − εR

N = S + E + I + R

µ is the birth rate for the population and ε the mortality rate, which were assumed to be 

equal to maintain a constant population. γ and σ are the reciprocal of the mean latent (8 

days) and infectious periods (7 days), respectively. β is the transmission coefficient and 

relates to the basic reproduction number (Ro) through the formula β = Ro (γ + ε) and varied 

seasonally according to kernel similar to the one proposed by Ferrari et al. in their 

metapopulation model of Niger [30] with the form (t) = (1 + 0.6cos(2πt)). We assumed an 

Ro of 15 for measles. The following formula determined, ν, the immunization rate:

v = (coverage f irstdose − coverageseconddose)e f f icacy f irstdose
+ coverageseconddosee f f icacyseconddose
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We assumed an initial population immunity to measles of 95%, due to either prior illness or 

vaccination, among people outside of the MCV target populations of children <24 months. 

Immunity within the target populations was based on vaccination coverage rates as estimated 

by SIGMA: 100% of eligible children <12 months located within fixed or outreach location 

catchment areas were assumed to be vaccinated with MCV1 in every scenario with 

sensitivity analyses varying the proportion of children 12–23 months who had already 

received MCV1 who were vaccinated with MCV2 from 25 to 100%), while no individuals in 

the target populations located outside of fixed or outreach catchment areas received either 

dose of MCV. Our model assumed no cross-border disease transmission between Kenya and 

neighboring countries. P is the probability of ξ infectious people migrating from one cell to 

an adjacent cell, which would allow measles to spread between cells. Transmission between 

cells in the model was accomplished by a coupling term that allowed infectious people and 

susceptible people to migrate between cells. To keep the population constant per cell, an 

equal number of infectious and susceptible people were transferred between each cell. Each 

simulation run entailed annual seeds of 10 infectious persons per year in random grid cells 

with a preference towards grid cells with the largest populations. We determined the number 

of seeds to use through calibration, which entailed running the model to match the number 

ofcases to historical surveillance data.

Table 1

Model inputs, ranges, and sources.

Parameter Value (Range) Point estimate Source

Acute Cost of Illness*

Bed days per hospitalization 1.33 (0.67–2.00) Thompson et al. [31] (Global data)

Outpatient visits per non-hospitalized case 0.50 (0.25–0.75) Thompson et al. [31] (Global data)

Outpatient home care days per non-
hospitalized case

3.50 (1.75–5.25) Thompson et al. [31] (Global data)

Post-hospital home care days per hospitalized 
case

1.00 (0.50–1.50) Thompson et al. [31] (Global data)

Inpatient secondary hospital cost per bed day $7.11 (6.75–7.47) WHO-CHOICE [32] (Country specific data)

Outpatient health center without any inpatient 
beds cost per visit, rural

$1.77 (1.66–1.87) WHO-CHOICE [32] (Country specific data)

Outpatient primary hospital cost per visit, 
urban

$2.48 (2.33–2.64) WHO-CHOICE [32] (Country specific data)

Percentage living in urban areas 0.25% World Bank [11] (Country specific data)

Daily minimum wage $1.99 (1.81–3.65) US State Department [33] (Country specific 
data)

Medication costs (acute measles) $3.32 (2.09–5.46) Thompson et al. [31] (Low and middle-income 
country data)

Transportation costs per patient $3.54 (1.56–6.24) Kim et al. [34] (Low and middle income 
country data)

Probability of survival from age 1–15 0.95 (0.93–1.00) WHO Global Health Observatory [35] 
(Country specific data)

GDP per capita in 2018 (USD) $1865 (12882378) World Bank [36] (Country specific data)

Life expectancy at age 15 (productive age) 54.19 (52.5755.82) UN Population Division [37] (Country specific 
data)

Duration acute infection (days) 14 (7–21) WHO Measles Model [38] CDC (Global data)
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Parameter Value (Range) Point estimate Source

Disability weight, acute infection (untreated) 0.13 (0.09–0.19) Salomon et al. [39] (Global data)

Disability weight, acute infection (treated) 0.05 (0.03–0.08) Salomon et al. [39] (Global data)

Discount rate for costs and DALYs
◊

3% Gold et al. [40] (Global data)

Age at vaccination (years) 2.88 (0.75–5.00) WHO Measles Model [38] (Global data)

Percentage of care-seeking patients 
hospitalized

0.25% (0.13–0.38) Thompson et al. [31] (Low and middle income 
country data)

Percentage of patients with fever seeking care 0.63% (0.14–0.72) World Bank [11] (Country specific data)

Age of infection (years) 2.14 (2.00–2.31) WHO Measles Model [38] (Jordan data)

Case fatality rate (CFR) 0.18 (0.08–0.41) Wolfson et al. [41] (Country specific data)

 

Country Parameters

Total population in 2015 46,100,000 World Bank [36] (Country specific data)

Birth rates (per 1000 persons) from 2000 to 
2015

34.1–38.4 World Bank [36] (Country specific data)

Birth rates (per 1000 persons) from 2016 to 
2020

30.7–32.9 Projected from World Bank data [36] (Country 
specific data)

Neonatal mortality rate (per 1000 live births) 
from 2000 to 2015

31.7–53.1 World Bank [36] (Country specific data)

Infant mortality rate (per 1000 live births) 
from 2000 to 2015

35.5–66.5 World Bank [36] (Country specific data)

 

Logistics

Cost of vial of 10 dose measles vaccine $1.28 UNICEF [42] (Low and middle income 
country data)

Cost of health care worker per day of outreach $7.0 cMYP
§
 [43] (Country specific data)

Amortization of motorbike per km $0.13 cMYP
§
 [43] (Country specific data)

Amortization of vaccine carrier per year $2.6 WHO PQS [44]
^
 (Global data)

Time (minutes) required per vaccine dose 
administered in outreach

15 (2–30) WHO [19] (Global data)

Catchment area radius of each fixed 
vaccination post (km)

5 (2.5–10) WHO [45] (Global data)

Catchment area radius of each outreach 
vaccination site (km)

10 (7.5–20) Webber [46] (Global data)

 

Transmission Model Parameters

Mean latent period of measles (days) 8.0 Anderson and May [47] (Global data)

Mean infectious period of measles (days) 7.0 Anderson and May [47] (Global data)

Basic reproduction number (RO) of measles 15 Anderson and May [47] (Global data)

Efficacy of first dose of measles vaccine 77% Uzicanin and Zimmerman [48] (Global data)

Efficacy of second dose of measles vaccine 94% Uzicanin and Zimmerman [48] (Global data)

Initial population immunity to measles 95% Ferrari et al. [30] (Niger data)

P, probability of infectious measles cases 
being migrated

0.07 Model calibration

ξ, magnitude of infectious measles case 
migration

0.012 Model calibration

MCV1 coverage across Kenya population from 
2011 to 2015

75–87% WHO and UNICEF [13] (coverage for target 
population assumed for as a whole) population
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Parameter Value (Range) Point estimate Source

MCV2 coverage across Kenya population in 
2015

28% WHO and UNICEF [13] (coverage for target 
population assumed for as a whole) population

Percentage of vaccinated population that 
receives second dose of MCV

50% (25–100%) Sensitivity analyses

*
Parameters shown are for acute infection. Sequelae (blindness, diarrhea, acute encephalitis, pneumonia, and subacute 

sclerosing panencephalitis) are omitted from the table as they contributed a relatively small proportion of disease burden 
and costs but were included in the model. Acute infection was used as a proxy for measles infection, as the Global Burden 
of Disease Study 2013 does not include a specific measles weight.
◊
DALY = Disability-adjusted life-year, defined as the number of years lost due to ill-health, disability or early death.

§
cMYP = Comprehensive multi-year plan.

^
PQS = World Health Organization Performance, Quality and Safety process.

As validation, the model and its parameterization was able to reproduce reported measles 

surveillance data from 2011 to 2015 for Kenya using World Health Organization (WHO) and 

United Nations Children’s Fund (UNICEF) vaccine coverage estimates.

Costs and health effects

Appendix Table 1 shows input parameters related to cost and health effects using Kenya-

specific values when available. Costs of vaccination included the costs of vaccines and 

transport (based on the roundtrip distance between the closest fixed vaccination post and the 

outreach location; included driver per diems and vehicle maintenance, amortization, and 

fuel), portable vaccine storage (equipment maintenance and amortization), and personnel 

time.

To estimate the costs per measles case, we summed costs of care, transportation, and 

caretakers’ lost productivity. We applied the hospital admittance rate based on disease 

severity to outpatients seeking care from hospitals to determine the facility level case 

receiving care. We estimated treatment costs for these cases by location and facility level, 

based on facility level estimated costs of care. The cost per trip to a healthcare facility for 

each outpatient visit and hospital stay was used to estimate transportation costs. To calculate 

caretaker productivity losses, we multiplied a caretaker’s estimated daily productivity by the 

duration of hospitalization.

We used the human capital approach to quantify productivity losses due to disability and 

death. Measles cost and treatment parameters came from the published literature and other 

public data sources (Appendix). Estimating the number of productive life years lost due to 

disability entailed multiplying total cases of disability by life expectancy from age 15 (i.e., 

age at labor force entry), discounted to the vaccination year. We multiplied this discounted 

life expectancy by the Gross Domestic Product (GDP) per capita to quantify productivity 

losses due to disability. The same approach estimated productivity losses due to death, with 

total deaths multiplied by the probability of survival to age 15 and by the measles-specific 

life expectancy at death (discounted to year of vaccination) and GDP per capita. Sensitivity 

analyses varied disability-adjusted life years (DALYs) incurred per measles case, medical 

costs per measles case, time taken per dose administered in outreach, and proportion of 

geographically hard-to-reach target populations included.
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For each scenario, we calculated the incremental cost-effectiveness ratio (ICER) of 

vaccinating geographically hard-to-reach target populations through the outreach strategy 

compared to not vaccinating, by taking the ratio between additional costs and DALYs 

averted due to outreach vaccination. We assumed vaccination costs at fixed vaccination posts 

were the same for each strategy and were not included. Outreach vaccination was considered 

cost-effective if the ICER was < 3*GDP per capita for Kenya ($5595) and highly cost-

effective if < GDP per capita ($1865) [36]. Outreach vaccination was economically 

dominant when it saved both costs and health effects.
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Fig. 1. 
Maps of Kenyan population and fixed and proposed outreach vaccination locations used to 

model cost-effectiveness of vaccinating geographically hard-to-reach target populations with 

measles 1st and 2nd doses, 2016–2020. (a) Displays the population density where darker 

shaded regions are more densely populated; (b) shows in blue the assumed 5 km (km) in 

radius catchment areas of each existing fixed vaccination post; (c), (d), and (e) overlay in red 

the 10 km in radius catchment areas for proposed outreach locations necessary to include 

25%, 50% and 75% of the geographically hard-to-reach children <12months, respectively. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 2. 
Univariate sensitivity analysis for incremental cost-effectiveness ratios (ICERs) of 

vaccinating 25% of the hard-to-reach eligible children < 12 months with MCV1 and 50% of 

hard-to-reach eligible children 12–23 months who had received MCV1 with MCV2 through 

proposed outreach vaccination sessions in Kenya. Bars show how ICERs change from the 

baseline of $76 with varying inputs for each parameter. The most impactful parameters are 

displayed at the top of the diagram. Black bars represent parameter estimates lower than 

base case, while grey bars represent parameter estimates higher than base case. Note: Base 

case estimate ranges were calculated by varying the following variables by the given values 

listed: Fixed vaccination post radius of 5 km (2–10km); Outreach vaccination location 

catchment area radius of 10 km (0–20 km); Measles second dose coverage among 

individuals who receive a first measles vaccination dose at 50% (0–100%); Disability-

adjusted life years (DALYs) averted mean (minimum-maximum); Logistics cost assuming a 

child is vaccinated every 15 min (2–30 min); Hard-to-reach target population for MCV1 

included in outreach vaccination catchment areas at 25% (10–100%); Direct medical cost 

mean (minimum-maximum).
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Fig. 3. 
Incremental cost-effectiveness ratio (ICER) for vaccinating the geographically hard-to-reach 

target populations with measles 1st and 2nd dose vaccines through proposed outreach 

vaccination sessions in Kenya. Note: Results assume fixed vaccination post catchment radius 

of 5 km (km), outreach vaccination post catchment radius of 10 km, measles second dose 

vaccination coverage among individuals who receive a first measles vaccine dose of 50%, 

and logistics costs assuming a child is immunized every 15 min. The target population refers 

to children under 24 months of age.
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