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ABSTRACT

Background A few studies have assessed the
epidemiological impact and the cost-effectiveness
of COVID-19 vaccines in settings where most of the
population had been exposed to SARS-CoV-2 infection.
Methods We conducted a cost-effectiveness analysis of
COVID-19 vaccine in Kenya from a societal perspective
over a 1.5-year time frame. An age-structured
transmission model assumed at least 80% of the
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population to have prior natural immunity when an immune
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years) population prioritising roll-out in those over
1136/b mjgh-2022-0 09430).
50-years (80% uptake in all scenarios). Cost data were
obtained from primary analyses. We assumed vaccine
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of US$3.90–US$6.11 per dose. The cost-effectiveness
threshold was US$919.11.
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targets those over 50 years and resulted in 54% fewer
deaths (8132 (7914–8373)) than no vaccination and
was cost saving (incremental cost-effectiveness ratio,
ICER=US$−1343 (US$−1345 to US$−1341) per disability-
adjusted life-year, DALY averted). Increasing coverage to
50% and 70%, further reduced deaths by 12% (810 (757–
872) and 5% (282 (251–317) but was not cost-effective,
using Kenya’s cost-effectiveness threshold (US$919.11).
Rapid roll-out with 30% coverage averted 63% more
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INTRODUCTION
As of late May 2022, Kenya has experienced
five distinct waves of the COVID-19 pandemic

WHAT IS ALREADY KNOWN ON THIS TOPIC
⇒ The COVID-19 pandemic has led to a substantial

number of cases and deaths globally and COVID-19
vaccines are considered the main strategy of curtailing the pandemic. However, many African nations
are still at the early phase of vaccination.
⇒ Evidence on the cost-
effectiveness of COVID-
19
vaccines is useful in estimating value for money and
illustrate opportunity costs. Though, there is a need
to balance these economic outcomes against the
potential impact of vaccination.

WHAT THIS STUDY ADDS
⇒ In Kenya, a targeted vaccination strategy that priori-

tises those of an older age and is deployed at a rapid
roll-out speed achieves greater marginal health impacts and is better value for money.
⇒ Given the existing high-level population protection
to COVID-19 due to prior exposure, vaccination of
younger adults is less cost-effective in Kenya.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY
⇒ Rapid deployment of vaccines during a pandemic

averts more cases, hospitalisations and deaths and
is more cost-effective.
⇒ Against a context of constrained fiscal space for
health, it is likely more prudent for Kenya to target
those at severe risk of disease and possibly other
vulnerable populations rather than to the whole
population.

with more than 320 000 reported cases and
5600 deaths.1 While at the global level vaccines
to prevent severe disease from SARS-CoV-2 are
the main strategy for curtailing the pandemic
burden on health,2 most African nations are
still at a very early phase of vaccine roll-out,
particularly in tropical sub-
Saharan Africa,
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Epidemiological impact and cost-
effectiveness analysis of COVID-19
vaccination in Kenya
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METHODS
Study setting
Kenya is a lower-
middle income country with a gross
domestic product (GDP) per capita of US$1838.21.8 The
population as of 2019 was estimated at 47.56 million with
a predominantly young population: 50% of the population are 19 years and below and only 11% of the population are 50 years and above.9 As of late May 2022, most
COVID-19 cases were reported among those aged 20–49
years (n=2 04 756, 63%), followed by those above 50 years
(n=86 275, 27%), and lastly among those 0–19 years
(n=33 328, 10%).10 The reported case fatality rate as of
late May 2022 was 1.7% with deaths increasing with age
at 3% (163 deaths) among those 0–19 years, 23% (1,292
deaths) among those 20–49 years and 74% (4194 deaths)
among those above 50 years of age.10
Study design
This study is an impact and cost-effectiveness analysis of
COVID-19 vaccine roll-out strategies that uses cost estimates from primary costing studies and vaccine effectiveness measures from an age structured transmission
model. The costs and effects are estimated from a societal
perspective for a period of 1.5 years (1 September 2021
to 28 February 2023) starting at the peak of the Kenyan
delta wave and simulating the emergence of a partial
immune escape variant (omicron-like) from November
2021.
Intervention comparators
Primary analysis
We carry out an incremental analysis of four vaccination
coverage scenarios deployed over an 18-month period
(non-
rapid deployment), starting at 0% coverage in
September 2021 (table 1): No vaccination (0% coverage),
or 30% 50% and 70% coverage of the population older
than 18 years with prioritisation of those aged 50 years
and above (until 80% of those >50 years old are fully
vaccinated), then the remaining doses given to those
18–49 years).
Secondary analysis
We consider a secondary analysis that assesses the same
scenarios under the primary analysis but with rapid
vaccine deployment in which the targeted vaccine
coverage is attained within 6 months of starting vaccination.

Table 1 Intervention comparators and number vaccinated within 1.5 years’ time horizon
Vaccination strategy

No of >50 years who were vaccinated
(proportion of those >50 years)

No of 18-49 years who were vaccinated
(proportion of those 18-49 years)

No vaccination
30% adult coverage strategy 4 133 775 (80%)

3 186 225 (19%)

50% adult coverage strategy 4 133 775 (80%)
70% adult coverage strategy 4 133 775 (80%)

8 366 225 (41%)
13 366 225 (65%)
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with most countries at less than 10% of the adult population fully vaccinated.1 However, in contrast to other
part of the world where low vaccine coverage in high-risk
groups has led to high mortality even from the omicron
variant,3 in Kenya cross-sectional serological surveys of
anti-SARS-CoV-2 spike protein antibodies together with
transmission dynamic model forecasts indicate that about
80% of the population have been exposed to the virus at
least once and thus generated considerable immunity4
with similar estimates in the region.5 This raises the question what additional benefit can vaccination still have in
mitigating future disease burden from COVID-19?
The Kenyan government is pursuing a phased
COVID-19 vaccination strategy that aims to follow a risk-
prioritisation matrix leading sequentially to the vaccination of all adults by December 2022.6 The prioritised
population are an estimated 30% of the adult population
and include health and other essential workers, individuals at high risk of severe disease (those above 58 years,
and those above 18 years with comorbidities), and individuals at high risk of infection (individuals in congregate
settings, and those working in hospitality and transport
sectors).6 Vaccine roll-out commenced in early March
2021. As of late May, 2022 more than 18.1 million doses
had been administered with 31% of Kenya’s adult population above the age of 18 years being fully vaccinated.7
The initial procurement comprised of the Oxford/Astra
Zeneca vaccine mainly sourced through the COVID-19
Vaccines Global Access Facility (COVAX) mechanism
and bilateral negotiations, evolving more recently to
a multivaccine type deployment through additional
sources including the African Union’s African Vaccine
Acquisition Task Team mechanism.6
Economic evaluations are useful in providing evidence
of the value for money for different health interventions
and illustrates the opportunity costs of the interventions
in a setting with many competing priorities. However,
there is a need to balance these economic outcomes
against the potential impact of the interventions. Therefore, this study evaluates the potential epidemiological impact and cost-
effectiveness of different vaccine
roll-out scenarios in a Kenyan population that has already
acquired a high-level immunity due to prior infections.
The study employs a partially retrospective perspective
with vaccination scenarios beginningon September 2021
and with an immune escape variant striking in November
2021.
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Transmission modelling and parameter inference
We extended a dynamic SARS-CoV-2 transmission model
previously designed to estimate population level immunity from natural infection in Kenya by fitting to case notification and serological data4 to include additional age
structure and vaccination status. In common with other
approaches to modelling SARS-CoV-2 transmission,11 12
we assume that the rate of new infections depends on:
(1) age and setting-specific contact rates within the population, (2) frequency of Alpha, Beta and Delta variants of
SARS-CoV-2 among the infected subpopulation, (3) the
first and second dose vaccine protection against infection
in each age group which were assumed to wane over time
and (4) prior primary infections. The probability of being
infected with SARS-CoV-2 per infectious contact, and the
chance of developing symptoms on infection, increased
substantially with age (see online supplemental information and online supplemental figure 1) for details of the
transmission model).
The goal of the transmission model is to project the
health gains of the vaccine deployment strategies described
above in comparison with the no vaccine scenario. This
requires estimation of parameters pertaining to the risk
of transmission, and, of risk factors associated with infection given age, and the infecting variant of SARS-CoV-2
in the Kenyan setting. These parameters were inferred
by fitting the model to the following Kenyan epidemiological data (see online supplemental file 2 for inference
methods).
► Daily reported numbers of positive and negative PCR
tests from the Kenyan Ministry of Health COVID-19
linelist (between 1 January 2021 and 1 November
2021).
► Cross-
sectional serological surveys of (1) donor
samples from the Kenyan National Blood and Transfusion Service13 and (2) demographic surveillance
systems (between 1 January 2021 and 27 May 2021).14
We used a Bayesian hierarchical inference approach
aimed at allowing inference on reporting fraction in
counties with higher numbers of serological tests to
influence inference of reporting fraction in counties
with lower numbers of serological tests (see online
supplemental information) for details on underlying
Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430

data for age-
specific effects and details on inference
methodology).
Infection outcome modelling and risk factor inference
Bayesian inference of transmission model parameters
generated a posterior predictive distribution for the
number of SARS-CoV-2 infections in Kenya broken down
by day, county, age of infected, infecting variant of SARS-
CoV-
2, and, whether it was a primary infection event
or a reinfection event. We categorised the outcome of
each infection as being either deadly, critical (requiring
treatment in an intensive care unit (ICU)), severe
(requiring in-patient hospitalisation in a general ward),
mild or asymptomatic. Severe and critical infections
were assumed to cause admission to a health facility’s
general ward or ICU for an average of 12 days postinfection. Severe infection was assumed to lead to an average
7-day stay in a general COVID-19 ward before discharge.
Critical infection leads to an average 7-day stay in ICU,15
before transfer to a general COVID-19 ward for a further
average 7-day stay before discharge (see online supplemental information) for details on hospital durations of
stay).
Risk factors for infection outcome were inferred using
reported Kenya outcome data:
► Daily reported numbers occupying general health
facilities with COVID-19 as the diagnosed cause (1
March 2021–1 November 2021).
► Daily reported numbers occupying ICUs with
COVID-19 as the diagnosed cause (1 March 2021–1
November 2021).
► Daily reported incidence of death with COVID-19 as
the diagnosed cause (1 January 2021–1 November
2021).
Vaccination roll-out modelling
We used the fitted model to predict the course of the
pandemic from 1 September 2021 (historically this was
past the peak of the fourth wave of cases in Kenya) to
30 June 2023 and the impact of vaccination on, severe
and critical disease, and deaths. We distribute the total
number of doses planned under each vaccination
scenario to the 47 counties proportionally according to
population size above the age of 18 years.9 We assume
that the number of doses given per day will be the same
during the study period. Doses will be offered to adults
older than 50 years first, until take up of available vaccines
dropped off, which we assumed would occur once 80%
of over 50s had taken up both doses. The remaining
doses will subsequently be randomly allocated to all
18–50 years. Within the model, individuals are either
unvaccinated, partially vaccinated (14 days after receipt
of the first dose), fully vaccinated (14 days after receipt
of the second dose) or have waned vaccine effectiveness.
We assumed vaccine effectiveness against death (delta
variant) to range from 90% to 95% after the first dose
and 95% to 99% after the second dose.16 Vaccine effectiveness against severe or critical disease (delta variant) of
3
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An assumption was made that all the vaccination coverage
scenarios and deployment strategies were implemented
alongside a low intensity mix of non-pharmaceutical interventions (NPIs). The low intensity NPI is matched with how
government progressively lifted or modified the restrictions
and refers to reopening of international borders, relaxed
curfew, controlled public gatherings, controlled reopening
of restaurants and bars, controlled reopening of schools,
ban lift on mandatory use of masks and adherence to
hand hygiene from November 2020 to the time of writing
this manuscript. Further, we assume administration of the
Oxford-AstraZeneca vaccine across all vaccination strategies,
as it was the predominant vaccine in the country, at the time
of analysis.
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Values (Lb; Ub)

Source

US$19.75*testing rate

23

Cost-effectiveness parameters
Treatment costs (2021 US$)
Per day, per patient unit cost of management of asymptomatic COVID-19
Per day, per patient unit cost of management of mild to moderate COVID-19

US$19.75*testing rate

23

Per day, per patient unit cost of management of severe COVID-19

US$129.45

23

Per day, per patient unit cost of management of critical COVID-19

US$623.14

23

0.52%

Proportion of reported to
modelled cases

Vaccine procurement costs per dose

US$8.67 (Base cost: US$7 and
including importation costs)

22

Supplies procurement costs per dose

US$0.08

22

Vaccine delivery cost per dose (no vaccination)

US$0

22

Vaccine delivery cost per dose (30% coverage)

US$6.11

22

Vaccine delivery cost per dose (50% coverage)

US$4.16

22

Vaccine delivery cost per dose (70% coverage)

US$3.90

22

Testing rate
†Testing rate in the population
Vaccination costs (2021 US$)

Duration of disease and length of hospitalisation
Length of hospitalisation for severe episode

7 days (4–11)

Assumption

Length of ICU stay for critical episode

7 days (4–11)

15

Duration of asymptomatic disease

7 days

Assumption

Duration of mild to moderate disease

7 days

Assumption

Duration of severe disease

12 days

27

Duration of critical disease

20 days

27

DALYs
Disability weight for asymptomatic episode

0

Disability weight for mild/moderate episode

0.051 (0.032; 0.074)

28

Disability weight for severe episode

0.133 (0.088; 0.191)

28

Disability weight for critical episode

0.655 (0.579; 0.727)

29

*Average age at death

9

0–19 years

9.27 years

20–49 years

31.75 years

50–59 years

54.10 years

60–69 years

63.85 years

70–79 years

73.41 years

80+ years

86.00 years

Life expectancy

26

0–19 years

64.10 years

20–49 years

40.94 years

50–59 years

24.71 years

60–69 years

17.64 years

70–79 years

11.41 years

80+ years

4.84 years

Cost-effectiveness threshold per DALY averted

US$919.11

8 30 31

Transmission dynamic model parameters
Transmission dynamic model values

See online supplemental table S1

*Average age at death is based on the weighted mean age across the different age groups.
†Testing rate: A proxy estimate is used that is calculated as a proportion of reported cases to modelled cases across all severity levels from 1 January 2021 to
19 September 2021.
DALYs, disability-adjusted life-years; ICU, intensive care unit.

4

Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430

BMJ Glob Health: first published as 10.1136/bmjgh-2022-009430 on 1 August 2022. Downloaded from http://gh.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Table 2 Key analysis parameters
Parameter

BMJ Global Health

80%–90% and 95%–99% after the first and second dose,
respectively.16 The vaccine effectiveness against acquisition of infection per infectious contact (delta variant) was
55%–65% and 65%–80% after the first and second dose,
respectively.16 We assumed an effectiveness of 0%–35%
and 0%–69% against onward transmission, per infection
(delta variant), after either the first or second dose.17
We assume that immunity due to either past infection of
vaccination eventually wanes to 70% protection against
disease and 0% protection against infection, with a mean
time to complete waning of 460 days after the second
dose of vaccine and 5 years following natural infection.18 19 Furthermore, we assume that protection due
to prior infection combined constructively with vaccination; that is that people who had previously had a natural
infection episode of SARS-CoV-2 were further protected
Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430

from reinfection by vaccination (see online supplemental
information and online supplemental figures 2–4).
Immune escape variant
The scenarios investigated in this paper involve the
rapid spread of a new variant of SARS-CoV-2 that, due to
evolutionary adaptation, partially avoids protection from
infection due to prior naturally acquired immunity and/
or vaccination. Concretely, we assume that the immune
escape variant enters Kenya in early November 2021 and
rapidly dominates transmission by 15 November 2021.
Compared with homologous protection against reinfection with the Delta variant, the protection afforded by
prior infection and/or vaccination against acquiring the
novel immune escape variant is assumed to be decreased
by 50%, with all epidemiological rates increased such that
5
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Figure 1 Model-based projections and vaccine scenarios: model-based prediction intervals for daily occupancy of general
wards in health facilities in Kenya (top), daily occupancy of intensive care units in Kenya (middle) and daily reported incidence
of death with COVID-19 in Kenya (bottom). All scatter points represented data used in inference of the infection outcome
model. Grey curves are the posterior mean model prediction (background shading 95% CIs) with no vaccinations. Coloured
curves represent a target of 30% (blue), 50% (red) and 70% (green) of over 18-year-old population in Kenya over 18 months
(solid) or 6 months (dashed). Insets: projections of cumulative number of severe (top), critical (middle) and deadly (bottom)
cases after 1 September 2021 under each vaccine target scenario. ICU, intensive care unit.
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8132
(7914 to 8373)
810
(757 to 872)
282
(251 to 317)

30% coverage 32
(24 to 38)

50% coverage 4
(3 to 5)

70% coverage 2
(1 to 3)

9433
(9197 to 9711)
250
(201 to 296)
161
(106 to 208)

30% coverage 39
(29 to 48)

50% coverage 1
(0.5 to 2)

70% coverage 0.5
(−0.05 to 1)

731
(713 to 765)

620
(599 to 655)

545
(524 to 582)

787
(740 to 882)

763
(742 to 801)

658
(636 to 699)

614
(589 to 659)

787
(740 to 882)

86
(82 to 89)

88
(85 to 92)

93
(89 to 96)

247
(243 to 252)

96
(92 to 100)

101
(97 to 104)

114
(110 to 118)

247
(243 to 252)

4908
(4903 to 4913)

−905
(−907 to −902)
Dominant

–

7598
(7592 to 7605)

−175
(−178 to −173)
Dominant

–

ICER
(3)

−1,230
(−1232 to −1227)
Dominant

–

−603
(−605 to −600)
Dominant

–

–

ICER
(1)

646
(644 to 649)

–

61 093
(61 040 to 61
146)

12 958
(12 949 to 12
967)

44 250
56 074
75 768
115 100
(44 126 to 44 374) (55 919 to 56 230) (75 560 to 75 976) (114 788 to
115 413)

232 667
(232 036 to
233 298)

102 582
(102 430 to
102 733)

4357
(4354 to 4360)

–

123 967
(123 863 to
124 072)

28 878
(28 860 to 28
896)

1278
5595
(1275 to 1280) (5592 to 5598)

–

ICER
(2)

18 257
23 582
32 440
50 096
(18 226 to 18 287) (23 543 to 23 620) (32 389 to.32 491) (50 020 to 50
173)

−1,607
(−1609 to −1604)
Dominant

–

22 623
29 075
39 791
(22 602 to 22 645) (29 048 to 29 101) 39 756 to 39 827)

3291
(3287 to 3295)

−1343
(−1345 to −1341)
Dominant

–

ICER
(4)

One-way sensitivity analysis of under-reporting in hospitalisations
and deaths (factor of under-reporting)

ICER (4), ICER (3), ICER (2) and ICER (1)= under-reporting factors for hospitalisation and deaths used were 4, 3, 2 and 1, respectively. Total averted infections=rounded off to the nearest 100 000; Total
Cost=rounded off to the nearest 1 000 000; Total DALY rounded off to the nearest 1000; Total deaths and ICERs=rounded off to the nearest whole number.
*Averted SARS-Cov-2 infections and deaths = This is the incremental averted infections/deaths compared with the vaccination strategy that appears in the row above.
†ICER=Baseline ICER used in analysis where under-reporting in hospitalisations and deaths is adjusted with a factor of 5.
DALYs, disability-adjusted life-years; ICER, incremental cost-effectiveness ratio.

–

No vaccination –

Rapid vaccination strategy (administered within 6 months)

–

No vaccination –

Total DALYs
†ICER, (US$ per
(thousands)
DALY averted)
Median (2.5–
Mean (95% CI)
97.5th percentile)

Total costs (US$
millions) Median
(2.5–97.5th
percentile)

*Averted SARS-CoV-2
infections per 100 000
Median (2.5–97.5th
percentile)

*Averted SARS-
CoV-2 deaths
Median (2.5–
97.5th percentile)

Economic outcomes

Health outcomes

Projected clinical outcomes, costs and the cost-effectiveness of different vaccination strategies in Kenya from a societal perspective
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Non-rapid vaccination strategy (administered within 1.5 years)

Table 3
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Cost estimates
The cost estimates used in this study were derived using
a hybrid method that involved both an ingredients
approach (bottom-up) and a top-down approach.20 21 The
analysis used economic costs, which reflect the opportunity cost and incorporated both recurrent and capital
costs. Capital costs were annuitised using a discount rate
of 3% over their useful life. Costs incurred in other years
were adjusted for inflation using the GDP deflator and
reported in 2021 United States Dollars. Key model cost
input parameters are shown in table 2 and the three main
cost components are described below. The costs of NPIs
were excluded as all vaccination strategies employed
the same NPI regimen (low NPI intensity) and would
therefore not change the reported incremental cost-
effectiveness ratios (ICERs).
Vaccination costs
We included vaccine and related supplies costs, as well
as vaccine delivery costs. Vaccine and related supply
costs were the economic costs to purchase the vaccine
and related supplies such as syringes and safety boxes
through the COVAX facility. A base cost of US$7 was
used for vaccine procurement, which is the country’s
procurement cost from the COVAX facility. Additionally,
the freight costs, insurance costs, import declaration fees,
clearance fees and the railway development levy associated with the vaccines and its supplies were included.
Vaccine and syringe wastage rates of 10% were assumed.22
Vaccine delivery costs referred to costs associated with
delivering COVID-19 immunisations to the adult population and were estimated across six components (1)
vaccine supply chain (2) vaccine safety monitoring and
adverse events following immunisation management (3)
training (4) advocacy, communication and social mobilisation (5) data management, monitoring and supervision
(6) vaccine administration. The resource used and costs
were estimated through the analysis of programmatic
budgets, and through key informant interviews. Details
of the vaccine procurement and delivery cost analysis and
results are reported elsewhere.22 This analysis assumed
equivalent vaccine delivery costs for both the rapid and
non-rapid vaccination strategies.
Treatment costs
The direct medical costs of COVID-19 treatment were
sourced from a recently conducted study that examined
the unit costs for COVID-19 case management in Kenya.23
This costing analysis employed an ingredients-
based
Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430

approach to estimate healthcare costs across the disease
severity categories; with the exclusion of adverse events
costs.23
Productivity losses
Productivity losses due to illness and mortality were estimated using a human capital approach.24 The impact
of COVID-19 on lost time through illness or morbidity
was estimated by accounting for the average Kenyan’s
productivity measure (GDP per capita) and duration
of disease/duration of quarantine; the latter was used
where duration of illness was less than the 14-day quarantine period in Kenya. For asymptomatic and mild disease,
the testing rate was accounted for and an assumption was
made that only those in the informal sector are likely not
to be productive as they isolate. Further, the economic
impact of COVID-19-related mortality was estimated by
considering the years of life lost (YLL) because of premature mortality and the average productivity measure. We
did not account for productivity losses from long COVID-
19, as the burden is poorly defined in our setting (see
equation (a) in the online supplemental information).
Disability-adjusted life-years
The outcome of the cost-
effectiveness analysis was
reported in terms of disability-adjusted life-years (DALYs);
the sum of YLL and years lost due to disability25 (see equations b, c and d in online supplemental information).
DALYs were calculated considering a discount rate of
3%, the Kenyan 2019 standardised life expectancies,26
assumed duration of illness of 7 days for asymptomatic
and mild disease and 12 and 20 days for severe and critical disease, respectively,27 as well as disability weights.
COVID-19 is a novel disease, and its disability weights
are currently not available. Therefore, for asymptomatic COVID-19 disease we assumed a disability weight
of 0. For mild-
to-
moderate COVID-
19 symptoms and
severe disease, we used disability weights from the 2013
Global Burden of disease of 0.051 (0.032–0.074) and
0.133 (0.088–0.190) assigned to infectious disease with
moderate acute episodes and severe episodes, respectively.28 For critical disease, we assume disability weights
of 0.655 (0.579–0.727) assigned to ICU admissions.29 This
analysis did not incorporate age-weighting in the DALYs.
These input parameters are reported in table 2.
The ICER was the measure of cost-effectiveness calculated as the net change in total costs and DALYs averted
between comparators. The ICER was compared with
the opportunity cost-based on Kenya’s cost-effectiveness
threshold (US$919.11).30 31
(

) (

)

	 ICER = Costindex − Costbaseline / DALYbaseline − DALYindex 
Where
Costindex=cost of strategy of interest.
Costbaseline=cost of the next less effective strategy.
DALYindex=total DALYs under the strategy of interest.
DALYbaseline=total DALYs under the next less effective
strategy.
7
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the mean generation time of transmission is reduced by
30% compared with the transmission of the Delta variant.
However, we also assume that the fundamental reproductive number and risk factors for severe, critical and
deadly outcomes are unchanged compared with Delta
(see online supplemental information for the details of
how a 50% decrease in protection from infection was
implemented).
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Sensitivity analysis for the model
Vaccine effectiveness against different epidemiological
outcomes such as the acquisition of disease, onward
transmission, severe disease and death does vary with
age, duration between vaccination and testing of efficacy,
variant of infection and type of vaccine being used among
other factors.32–35 Therefore, to determine the robustness
of the epidemiological model predictions to the vaccine
effectiveness parameter values, we performed a sensitivity
analysis across a range of values using a vaccine waning
effectiveness model fitted to the UK Health Security
Agency COVID-19 data.16 17
A univariate sensitivity analysis was done on the
economic model to determine the robustness of the
unit cost estimates with variations in vaccine procurement costs (base cost of US$3 and US$10 used) and
discounting rates of DALYs (rate of 0% used). Further,
given the current evidence gap to confidently determine
the magnitude of underreporting of COVID-19 deaths,36
the baseline cost-effectiveness analysis assumed an under-
reporting of hospitalisation and deaths by a factor of 5
and a one-way sensitivity analysis was done by varying the
under-reporting factor (1–4).
A probabilistic sensitivity analysis to explore the influence of some economic parameters on the ICERs was
done using Sobol sampling and was based on the statistical distributions in online supplemental table S2.
Sobol sequences belong to the family of quasi-random
sequences which are designed to generate samples of
multiple parameters as uniformly as possible over the
multidimensional parameter space.37 For the parameters
used in the probabilistic sensitivity analysis, the statistical
distributions were chosen to model the available prior
knowledge represented by existing data, as reported in
table 2. For the cost estimates range, a 20% increase or
decrease was assumed for the parameters.
All code and data for the transmission model and
economic evaluation analysis underlying this study is
accessible at the Github open code repository.38
Patient and stakeholder involvement
No patients were involved in this study. The results of the
study will be disseminated to key policy-makers and relevant stakeholders involved in COVID-19 vaccine deployment in Kenya. See online supplemental file 1 for author
reflexivity.
RESULTS
Clinical impacts of vaccination strategies and scenarios
The non-rapid deployment of vaccinating 30% of the
adult population results in 10% (32 (24–38) per 100 000)
fewer infections, 54% (8132 (7914–8373) fewer deaths
compared with no vaccination, and 978 (949–1005)
8

people would need to be vaccinated to prevent 1 death.
An increase of vaccine coverage of the adult population
to 50% results in a further 1% (4 (3–5) per 100 000)
reduction in infections, a further 12% (810 (757–872)
reduction in deaths, and 5617 (5218–6011) more people
would need to be vaccinated to prevent an additional
death. Similarly, an increase of vaccine coverage to 70%
leads to a 1% reduction in cases, a 5% reduction in
deaths, and 17 730 (15 773–19 920) more people would
need to be vaccinated to prevent an additional death
compared with the 50% vaccination coverage.
In the rapid vaccine roll-out strategy, the 30% vaccine
coverage averts 12% of cases preventing an average of
39 (29–48) per 100 000 infections and 63% of deaths
saving an average of 9433 (9197–9711) lives compared
with no vaccination. Therefore, 843 (819 to 864) people
would need to be vaccinated to prevent a death. The 30%
coverage under a rapid deployment averts more cases
and saves more lives compared with a non-rapid roll-out
with the same level of coverage (see table 3 and figure 1.)
Cost-effectiveness of vaccination strategies
Table 3 shows the total costs, DALYs and ICERs of the
vaccination scenarios considered in the analysis from a
societal perspective. Under the non-
rapid vaccination
scenario, vaccinating 30% of the adult population is cost-
saving (ICER=US$−1343 (US$−1345 to US$−1341) per
DALY averted) and hence highly cost-effective. Increasing
vaccine coverage to 50% of the adult population was not
cost-
effective (ICER=US$3291 (US$3287 to US$3295)
per DALY averted) compared with 30% coverage. Similarly, increasing vaccine coverage to 70% was deemed not
cost-
effective (ICER=US$22 623 (US$22 602 to US$22
645) per DALY averted) compared with 50% coverage at
a cost-effectiveness threshold of US$919.11.
Under the rapid vaccination scenario, a 30%
vaccine coverage strategy was even more cost-effective
ICER=US$−1607 (US$−1609 to US$−1604) per DALY
averted compared with no vaccination. The ICERs of 50%
and 70% coverage strategies under the rapid scenario
are US$18 257 (US$18 226 to US$18 287) and US$44 250
(US$44 126 to US$44 374) per DALY averted compared
with 30% and 50% coverage strategies, respectively, and
hence are not cost-effective.
Sensitivity analysis
Table 3 presents the univariate sensitivity analysis of
under-reporting of hospitalisations and deaths, from a
societal perspective. Assuming no under-
reporting or
adjusting the under-reporting factor to 2, results in all
the scenarios having ICERs above the cost-effectiveness
threshold, except the 30% coverage with a rapid deployment. On the other hand, with an under-reporting factor
of 3 or 4, 30% coverage with a rapid and non-rapid vaccination scenario remained cost saving.
Online supplemental figure S5 summarises the
effects of vaccine prices and discounting rates of
DALYs on the ICER. Vaccine prices, of the two
Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430
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ICERs are estimated within each of the two roll-out
scenarios slow and rapid and are not comparable between
the two vaccine-deployment cases except when the baseline is no vaccination.
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parameters had the largest effect on the ICERs:
leading to a 32%–103% decrease and a 36%–77%
increase in ICERs across the different vaccination
scenarios.
The one-way sensitivity analysis focusing solely on a
health system’s perspective is presented in online supplemental table S3. When considering this perspective, the
total costs across the vaccination strategies increase as
coverage increases, as reported from a societal perspective. However, the no vaccination scenario affords
the least costs (US$313 million). The reported ICERs
increase with increased coverage and the 30% coverage
with a non-rapid and rapid vaccination pace are below
the threshold: ICER=US$555 (US$553 to US$557)
and US$291 (US$290 to US$295) per DALY averted,

respectively, and considered cost-effective from a health
system’s perspective.
Figure 2 represents the findings of the probabilistic
sensitivity analysis from a societal perspective. The region
below the cost-effectiveness threshold line and within the
grey region, shows all the points that are cost-effective at
a cost-effectiveness threshold of US$919.11. For instance,
the dominance of the 30% coverage scenarios (ie, more
effectiveness at a lower cost) compared with no vaccination, was shown in 100% of the replications (ie, 100%
of the cost-effect pairs were in the southeast quadrant).
Further, 100% of the replications for 50% coverage
and 70% coverage strategies (both rapid and non-rapid
roll-out) were in the northeast quadrant (implying that
these strategies were more costly but also more effective

Figure 3 Cost-effectiveness acceptability curves (CEAC) showing the probability that each index scenario is cost-effective
compared with the comparator over a range of cost-effectiveness thresholds (k=cost-effectiveness thresholds, pr=probability
of cost-effectiveness).
Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430
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Figure 2 Probabilistic sensitivity analysis of different vaccination strategies from a societal perspective. The first row shows
the vaccine scenarios comparisons under a non-rapid roll-out pace while the second row shows the rapid roll-out results.
Each grey dot represents a pair of values of incremental cost and incremental effectiveness and the red point is the mean ICER
points for each vaccine comparison. The grey shaded area below the diagonal cost-effectiveness threshold line (k=US$919.11)
shows the cost-effective region. DALY, disability-adjusted life-year; ICER, incremental cost-effectiveness ratio.
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DISCUSSION
We assessed the epidemiological impact and cost-
effectiveness of a range of COVID-19 vaccine deployment
strategies and scenarios in Kenya. Our findings show
that if Kenya had started with a full-
scale vaccination
programme in September 2021 and with an omicron-like
variant introduced in November 2021, the deployment of
COVID-19 vaccines in the Kenya population would likely
avert a substantial number of cases, hospitalisations and
deaths from COVID-19. We find that a strategy to vaccinate mostly older adults (80% of those over 50 years) who
are at high risk of severe disease but which achieves low
(30%) overall population coverage, yields the greatest
reductions in severe infections and deaths per fully vaccinated adult. The marginal health benefits decrease with
higher vaccine coverage levels (50% and 70%) as an
increasing proportion of low risk younger adults, most
with some immunity from previous infection, are vaccinated. These diminishing returns of increased coverage
result in only the programme for older adults (ie, the
effective while the
30% coverage scenario) being cost-
expansion to younger age groups (ie, 50% and 70%) was
found not cost-effective. Further, where an upsurge of
SARS-CoV-2 occurs shortly after scale-up of vaccination
(as modelled in this study) then deployment strategies
that achieve rapid coverage of the target groups are more
effective compared with slow vaccine deployment strategies.
Our findings are similar to evidence from South
Africa, Madagascar, Pakistan, UK and USA that found
vaccinating their population would decrease COVID-19
infections and deaths compared with a no vaccination
scenario11 39–42 and increasing vaccination coverage would
increase the clinical benefits.39 41 The South African study
also found that a rapid vaccination roll-out pace resulted
in ‘better’ clinical outcomes (infections and deaths
averted) and economic effectiveness compared with
a non-rapid roll-out pace.39 The studies done in Madagascar, UK and USA reported a greater impact when
distribution of vaccines was prioritised according to the
number of people of an older age in the region or among
the elderly, reflecting similar findings to our study.11 40 42
However, in contrast to the South African and Pakistan
studies39 41 who found that higher coverage scenarios
10

had higher marginal impacts, we found that a minimal
vaccine coverage of 30% of the adult Kenyan population
targeting older age groups had the highest marginal
impact. These differences could be explained by differences in the demographic profiles of the different populations of study. Higher population coverage with the
COVID-19 vaccines have greater health impacts in countries that have higher proportions of the elderly and/or
low previous exposure to COVID-19.
Using a societal perspective (that incorporates health
system costs and productivity losses), we find that
COVID-
19 vaccination in Kenya is most cost-
effective
when targeted at older age groups in the population. This
is because all our scenarios have the elderly covered first,
and the incremental impact of increasing vaccination
coverage among younger populations was less value for
money. Given that the proportion of the elderly population in Kenya is low (11% of total population are aged 50
years and above),9 targeting the COVID-19 vaccine to this
vulnerable population achieves high cost-
effectiveness
at relatively low population-level vaccine coverage; 30%
coverage of the population ensures that the maximal
80% of the older age group is vaccinated and a very low
coverage of the younger age group (19%). Accounting
for productivity losses improves the cost-
effectiveness
profile of COVID-19 vaccines, compared with when only
direct health system costs are considered. For instance,
for the 30% coverage scenarios with both a non-rapid and
rapid deployment pace, the ICERs decreased on average
by 342% and 652%, when the societal perspective was
considered as opposed to the health system perspective,
and as a result improving the cost-effectiveness profile.
This underlines the limitations of using a narrow health
system perspective that ignores broader societal costs of
health system interventions. This is even more so for a
vaccine deployed in a pandemic that has substantial socioeconomic impacts, in addition to health impacts. These
findings mirror cost-effectiveness studies of COVID-19
vaccination done in Turkey and Pakistan that found that
although COVID-
19 vaccination strategies were cost-
effective from a health system’s perspective, they were
cost saving from a societal perspective.41 43 This is in line
with arguments from studies that estimate the public
health value and impact of vaccination, which argue the
need to broaden the perspectives for cost-effectiveness
analysis of vaccines, as their impact is far-reaching, especially in the context of a pandemic.44–46
These findings have implications for COVID-
19 vaccination policy in Kenya and other low-income and middle-
income countries settings with comparable demographic
and COVID-19 epidemiological profiles. First, not unexpectedly, where an outbreak is imminent efforts to rapidly deploy
the vaccine not only avert more cases, hospitalisation, and
deaths, but are also more cost-effective. By extension, had
Kenya been able to deploy vaccines more rapidly, benefits
would have been greater. Second, COVID-
19 vaccination
is likely to offer the best value for money when targeted to
older age groups and possibly other vulnerable groups (such
Orangi S, et al. BMJ Global Health 2022;7:e009430. doi:10.1136/bmjgh-2022-009430
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compared with the 30% and 50% coverage strategies,
respectively).
Figure 3 presents the cost-
effectiveness acceptability
curves of the analysis from a societal perspective based
on a range of cost-effectiveness thresholds. Under the
non-
rapid vaccination roll-
out and given a US$3300
willingness to pay threshold, the probability of the 50%
coverage strategy being cost-effective compared with 30%
coverage would be 0.5. Further, there was 0.5 probability
that the 70% coverage in comparison to 50% coverage
would be cost-effective at a threshold of US$22 600 in the
non-rapid deployment.
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variant is likely to favour slower vaccine roll-out. Fourth,
assumptions about wanning immunity (natural and
vaccine) and varying protection depending on variants
affect the results. We; therefore, acknowledge the need
to further investigate duration of protection accorded by
both vaccines and natural immunity. Fifth, at the time of
writing this (May 2022—over 1 year after the start of the
vaccination campaign in Kenya), only 1% of the adult
population had received booster doses.47 As a result, we
did not include booster doses in this analysis but recognise that their inclusion may change the findings by
improving the epidemiological impact of the vaccines as
well as increase the costs of the vaccination programme.
Sixth, in relation to the economic evaluation, although
the cost-effectiveness analysis was conducted from a societal perspective, some costs have not been fully captured
due to unavailability of data. These costs include household indirect costs incurred due to COVID-19 illness (eg,
transport costs), costs as a result of long-COVID, and
reduced productivity for those in the formal sector with
asymptomatic/mild disease. In the latter, although we
assume that they can resume work from home/places of
quarantine they may have reduced productivity which is
not captured in this analysis. These costs not captured
in the analysis are however expected to be minimal.
Seventh, the analysis assumed similar vaccine delivery
costs for both rapid and non-rapid vaccination across
similar coverage levels. However, it is likely that the rapid
vaccination scenario may need more resources, especially
cold chain equipment to hold larger batches of vaccines
at a time. Eighth, the reported uncertainty of the ICER
likely does not capture the full extent of the uncertainty,
given the uncertainty of the costs of a yet to be established adult vaccination programme in Kenya. Lastly, the
economic evaluation considers a 1.5-
year time frame,
potentially excluding costs and benefits of COVID-
19
that may accrue over a longer period of time.
CONCLUSION
This study contributes to the growing body of literature
on the health impact and cost-effectiveness of COVID-19
vaccines. Kenya will achieve both greater marginal health
impacts and better value for money if it prioritises a
targeted vaccination strategy among those at increased
risk of severe disease and at a rapid roll-out speed. The
cost-
effectiveness of the COVID-
19 vaccine should be
considered alongside other priority setting considerations in the Kenyan context.
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as those with risk increasing comorbidities) with high risk
of severe disease and death, rather than to the whole population, in settings with overall low risk of severe disease and
deaths, and high natural immunity due to previous exposure. This has several further implications. Kenya and other
similar settings will achieve better health impacts and value
for money with relatively small numbers of vaccines targeting
the high-risk sections of the population. Against a context of
constrained fiscal space for health, it is likely more prudent
for Kenya and other African countries to target the vulnerable
rather than whole populations. This consideration is likely
to be even more relevant as African countries consider two
shifts; the eligibility of children (below the age of 18 years)
to COVID-19 vaccination and the transition to endemicity. If
an endemic scenario will require annual vaccinations, Kenya
and other African countries are unlikely to afford yearly
vaccinations of their entire population. It is also apparent
that such a strategy (vaccinating the entire population) is
unlikely to be cost-effective, necessitating the need for Kenya
and other African countries with comparable demographic
and epidemic profiles to be both pragmatic and evidence-
based in setting COVID-19 vaccine coverage policies and
targets that are both feasible, effective and cost-effective in
their contexts (rather than replicating high income country
strategies).
These results should be interpreted within the context
of several limitations. First, our results are dependent
on model assumptions and input parameters, as is the
case with all modelling studies. We selected transmission model parameters based on published literature
and available observation data. However, some data were
limited, lacking or uncertain and therefore we assumed
our ‘best’ estimate for Kenya. For example, we used estimates of vaccine effectiveness based on UK data and
assume a duration of 14 days between vaccination and
peak efficacy within our model structure. We noted from
literature,32–35 vaccine effectiveness varies with age, duration between vaccination and testing of efficacy, variant
of infection and the type of vaccine among other factors.
The model does not consider the different professions
of the population such as essential workers (healthcare
workers, teachers, among others) as it focusses on age
as the key risk group. However, front-line workers may
be important to target since preventing infection among
them lessens the potential impact on health and learning
capacity. The latter might become more influential
in the future with new vaccines if they are more effective in preventing re-infection and mild symptoms than
current generation of vaccines. Second, sub-
Saharan
African countries like Kenya have notably reported
lower cases and deaths compared with other countries
across the globe, this could be attributed to their lower
testing capacity. Hence, we assumed an under-reporting
factor of 1:5 in hospitalised cases and deaths. Third, we
instituted vaccination roll-out near in time to the introduction of a new variant, which enhances the benefit
of rapid over slow roll-
out. Distance between vaccine
introduction and the emergence of an immune escape
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