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Abstract

Background: While mass COVID-19 vaccination programs are underway in high-income countries, limited avail-
ability of doses has resulted in few vaccines administered in low and middle income countries (LMICs). The COVID-19
Vaccines Global Access (COVAX) is a WHO-led initiative to promote vaccine access equity to LMICs and is providing
many of the doses available in these settings. However, initial doses are limited and countries, such as Madagascar,
need to develop prioritization schemes to maximize the benefits of vaccination with very limited supplies. There is
some consensus that dose deployment should initially target health care workers, and those who are more vulnerable
including older individuals. However, questions of geographic deployment remain, in particular associated with limits
around vaccine access and delivery capacity in underserved communities, for example in rural areas that may also
include substantial proportions of the population.

Methods: To address these questions, we developed a mathematical model of SARS-CoV-2 transmission dynamics
and simulated various vaccination allocation strategies for Madagascar. Simulated strategies were based on a number
of possible geographical prioritization schemes, testing sensitivity to initial susceptibility in the population, and evalu-
ating the potential of tests for previous infection.

Results: Using cumulative deaths due to COVID-19 as the main outcome of interest, our results indicate that distrib-
uting the number of vaccine doses according to the number of elderly living in the region or according to the popu-
lation size results in a greater reduction of mortality compared to distributing doses based on the reported number of
cases and deaths. The benefits of vaccination strategies are diminished if the burden (and thus accumulated immu-
nity) has been greatest in the most populous regions, but the overall strategy ranking remains comparable. If rapid
tests for prior immunity may be swiftly and effectively delivered, there is potential for considerable gain in mortality
averted, but considering delivery limitations modulates this.

Conclusion: At a subnational scale, our results support the strategy adopted by the COVAX initiative at a global scale.

recently, non-pharmaceutical interventions, including
social distancing, mask wearing, and travel restrictions
were the primary mitigation measures. However, the
development, approval, and distribution of several highly
effective COVID-19 vaccines has resulted in a new era of
public health response. The overall impact of mass vac-

Introduction

The COVID-19 pandemic has resulted in a global health
crisis accounting for an estimated 198 million cases and
4.2 million deaths (as of 31 July 2021) globally [1]. Until
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cination on the global pandemic will depend on access to
vaccines and ability to rapidly vaccinate populations [2].
There has been global competition to procure COVID-19
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vaccines, and many low and middle income countries
(LMICs) have been less successful than richer coun-
tries in securing vaccines[3]. COVAX is a World Health
Organization (WHO) led initiative to promote vaccine
access equity to LMICs and is set up to provide enough
doses to immunize 20% of the population through distri-
bution of multiple smaller batches [4]. Such efforts have
provided essential baseline doses to LMICs, but even
with vaccines in hand, countries face a number of logis-
tical challenges. Some COVID-19 vaccines have extreme
cold chain requirements and relatively short vaccine
shelf-life that adds difficulties in avoiding vaccine wast-
age [4]. Likewise, achieving equity in vaccine coverage
is always affected by heterogeneity in access to care [5]
and may be further complicated by vaccine hesitancy [6].
However, many LMICs have more recent experience with
mass vaccination campaigns (e.g., polio, measles) [7],
which may provide an advantage in implementation rela-
tive to wealthier settings where mass vaccination cam-
paigns have been less frequent in recent history.

Policy makers in LMICs face the central question of
how COVID-19 vaccine doses should be allocated among
populations in the face of these constraints and consid-
erations of burden. So far, mathematical models devel-
oped to address the question of vaccine dose allocation
have predominantly focused on the tradeoffs between
prioritizing younger high contact individuals (which
would reduce transmission) vs older high-risk individu-
als (which would reduce mortality on infection) [8—10].
Previous work suggests that priority should be given to
healthcare workers (HCW) and then to older adults, in
line with rankings and guidelines provided by the WHO
[8—10]. However, it should also be considered that focus-
ing on distribution across age may neglect other drivers
of inequity, such as geography and ethnicity [11]. For
LMICs, a further important issue is local availability of
personnel who can deliver doses, as numbers of HCWs
may be limited.

Here, we explore the question of how regional vaccine
dose distribution might be designed to minimize the bur-
den of COVID-19 in Madagascar in the light of these fea-
tures. We leverage data collected as part of a dashboard
(www.covid19mg.org) that collates official reported cases
of COVID-19 and census information. To date, Madagas-
car has officially reported a total of 47 295 cases and 996
deaths since March 20th 2020 (December 20th 2021).
Most cases (29 138) and deaths (471) are reported from
the capital region of Analamanga, also the most popu-
lated region in the country with approximately 3 620 000
people representing 14% of the population. However,
there is considerable uncertainty as to the burden of the
disease on the Malagasy population to date, especially in
rural areas where there is limited access to testing and
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reporting rates are likely to be low [12]. As prior infec-
tion by SARS-CoV-2 does generate immunity likely to be
protective [13] against disease if not reinfection [14, 15],
subnational variation in the trajectory of the pandemic to
this point could influence the dose deployment strategy
among regions that minimizes burden. There are inevi-
table uncertainties around the deployment of vaccination
in Madagascar, including variation in initially susceptible
populations across regions, numbers of active health care
workers, etc. It is important to identify national alloca-
tion strategies that are robust to such regional variation.

On April 3rd 2021, Madagascar initiated the necessary
steps to re-join COVAX and distributed the first doses of
vaccines to healthcare workers and vulnerable popula-
tions on May 10th. As of July 20th 2021, 197 000 doses
of an initial batch comprising 250 000 ChAdOx1-nCOV
(Covishield™) vaccines were administered represent-
ing 0.73% of the national population (ourworldindata.
org). These doses were distributed between the 22 differ-
ent regions based on population size of each region. To
inform the next steps in vaccine dose allocation strategies
in Madagascar, we synthesize data on the regional distri-
bution of elderly population and the number of reported
cases and deaths in the country. Building from this back-
ground, we develop a mathematical model to investigate
the optimal vaccine deployment strategy in the context
of realistic constraints for mass vaccination campaigns
based on health care worker availability, and known fea-
tures of the burden of infection over age. We contrast
four possible strategies for distribution based on a) pop-
ulation size, b) number of individuals over 60 years old,
¢) the number of reported cases, and d) the number of
COVID-19 deaths by region. These strategies weigh dif-
ferent factors, i.e. those most at risk versus areas with the
highest burden of the disease, and allow for a compari-
son of implementable strategies by weighing the overall
number of deaths averted through each approach. Since
deployment of vaccines to areas that had experienced
large-scale outbreaks in the first waves of the infection
might be less beneficial than deployment to less affected
regions as a result of existing immunity in the population,
we also evaluate sensitivity of our predictions to under-
lying susceptibility in the population, and explore the
potential of rapid tests for seropositivity to guide vaccine
distribution and avert mortality.

Methods

Data sources: demography, HCWs, and SARS-CoV-2 case
distribution

Regional population size and age distribution were
obtained from the 2018 census (Madagascar Institute of
Statistics, INSTAT). The number of healthcare workers
in each region was obtained from UNICEF database for
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Madagascar. SARS-CoV-2 cases and COVID-19 deaths
were obtained from a dashboard (www.covid19mg.org)
which compiles data communicated by the Ministry of
Health on a daily basis. These data comprise PCR-con-
firmed cases, deaths per region as well as the number of
tests performed nationally. Using these data, we ranked
each region based on the size and the age distribution of
the population and the number of healthcare workers in
the region on the one hand and the situation with regards
to the COVID-19 epidemic (officially reported cases and
deaths) on the other hand.

SARS-CoV-2 transmission model of Madagascar

We constructed an age-structured, stochastic SEAIR
(susceptible, exposed, asymptomatic infection, symp-
tomatic infection, and removed) transmission model by
expanding previous work [16, 17] (see Supplementary
figure S1). With this model, we simulated the trajectory
of SARS-CoV-2 cases in each of the 22 regions of Mada-
gascar under different assumptions about vaccination
deployment among the regions (detailed below). For each
region, the demography (age-structure and population
size) was defined based on INSTAT statistics described
above, while contact matrices were based on the social
mixing patterns in the Mozambican population [18],
since there is no contact matrix data available for Mad-
agascar. We set RO (the number of new infections per
infectious individual in a completely susceptible popula-
tion) to 2.5 as in [16] and simulated our model for a year.
We also explored the effects of different RO by conduct-
ing sensitivity analyses with RO varying from 2.5 to 5.08
as in [19] (see Supplementary figure S2). To quantify the
burden of infection, we used the age-specific mortal-
ity risk (infection fatality rate by age) [20, 21], and each
vaccination scenario was compared to a ‘no vaccination’
scenario. We explored a range of different starting pro-
portions of the population susceptible, to reflect poten-
tially varied histories of infection in each region. We
initiated the outbreak by seeding 1 individual per 100 000
inhabitants in each region (median: 9 people per region,
range: 3—36).

Vaccination

To compare the impact of varying vaccine distribution
among the 22 regions of Madagascar on total mortality,
we assumed that the country received a single batch of
COVID-19 vaccines that was sufficient to vaccinate 20%
of the population. In our baseline scenario, we assume
that 70% of those eligible for vaccination, regardless of
age, will accept to be vaccinated with their full sched-
uled doses (Transparency International, unpublished).
We initially do not assume that any information regard-
ing previous infection status would be available, i.e.
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individuals who were previously infected may be vacci-
nated. The vaccine is assumed to work uniformly across
age groups and be transmission and infection blocking
with an efficacy of 76%, chosen to approximate the clini-
cal vaccine efficacy against symptomatic infection seen
for the ChAdOx1 nCoV-19 (AZD1222) [22, 23]. Finally,
we assume that 50% of healthcare workers in each region
would be mandated to vaccinate 20 people a day, based
on experience of vaccination programs in Antananarivo.
Vaccination follows an oldest-first strategy where vac-
cines are administered to individuals aged 60 years or
older first. After all accepting individuals in the eligible
group are vaccinated, individuals from the next (younger)
age group are vaccinated and so on until all available
doses are administered.

We then considered five allocation strategies of avail-
able doses:

1. Doses are distributed to regions uniformly (each
region receives 4.5% of available vaccines)

2. Doses are distributed to regions based on population
size (pro-rata),

3. Doses are allocated based on the distribution of peo-
ple aged over 60 years between the regions (age),

4. Doses are distributed to regions based on the num-
ber of cases reported (cases),

5. Doses are distributed to regions based on the num-
ber of deaths reported (deaths)

The number of cases and deaths per region was
obtained from the Madagascar COVID-19 dashboard
(www.covid19mg.org) which collates the reported con-
firmed cases and deaths per region daily. For each allo-
cation strategy, we then estimated the number of deaths
and compared this value to a scenario without vaccina-
tion to calculate the number of averted deaths.

For each allocation strategy, we also varied the number
of total doses available nationally (from 0 to 26 million
covering 0-100% of the population), the vaccine accept-
ance rate (from 0-100%), the speed of rollout which is
equivalent to the number of vaccinators per region (10—
100% of healthcare workers in the region) and when the
vaccination campaign began (0-200 days).

To investigate the effect of any potential existing immu-
nity from prior infections, we considered two sets of
initial conditions. In the first instance we assumed that
100% of the population was susceptible, all locations ini-
tially included 1 infected individual per 100,000 inhabit-
ants (range 3-36), and the vaccination campaign would
begin soon after the beginning of the simulation (within
10 days). In the second instance, we assumed that there
is a baseline level of population-level immunity based
on a uniform value for the entire country (0—40%) or
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proportional to reported cases (0-20%). We further
explore the effects of the duration of immunity, by run-
ning sensitivity analyses in which immunity is wan-
ing and both recovered and vaccinated individuals lost
immunity after 6 months. (Supplementary figure S3).
Finally, to assess the benefit of targeting seronegative
individuals through rapid testing, we included age-strat-
ified seroprevalence and simulated different approaches
to vaccine distribution.

Results

Considering either population size, number of health-
care workers (Fig. 1A,B), number of reported cases,
or numbers of confirmed deaths (Fig. 1C,D) provides
broadly similar overall priority rankings of regions (col-
ours), with the region of Analamanga (AN, which con-
tains the capital city, Antananarivo), consistently ranking
highest, and the smaller, less densely populated regions
(e.g., MK: Melaky) ranking lower.
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To probe this simple ranking by additionally evaluating
the underlying dynamics of infection and vaccine distri-
bution, we simulated five different vaccine distribution
scenarios among the 22 regions of Madagascar assum-
ing availability of a single batch of vaccines sufficient to
vaccinate 20% of the population, and distributing doses
uniformly (uniform), based on population size (pro-rata),
the distribution of older individuals, defined as individu-
als 60+years of age (age), reported cases (cases), and
deaths (deaths). As expected based on Fig. 1, there was a
strong correlation between the strategies, and in all sce-
narios, Analamanga (the region containing the capital
city) receives the largest number of vaccines (Fig. 2) since
it is the highest in all categories considered. We note that
this initial prioritization assumes equal starting popula-
tion immunity, further evaluated below.

Overall, under the baseline scenario modeled (Fig. 3A,
assuming enough doses to immunize 20% of the popula-
tion using a 76% efficacious vaccine with an acceptance
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rate of 70%, and assume that the population is fully sus-
ceptible at the start), any vaccination allocation strat-
egy reduces the estimated number of deaths by 30—-40%
(Fig. 3), and allocating available vaccines between regions
based on the population size (pro rata) or the distribu-
tion of elderly generally outperform the other strate-
gies (up to 10% more, Fig. 3A). This is consistent across
a spectrum of vaccine supply, vaccine acceptance, and
speed of vaccine rollout (Fig. 3B-D).The pro rata distri-
bution of vaccines between regions or allocating doses
according to the regional distribution of older people
outperform distribution according to numbers of cases
(or deaths) since all else equal, weighting by numbers of
older individuals (which correlates with number of indi-
viduals) targets doses towards the most vulnerable [8]. As
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this quantity correlates with the number of Health Care
Workers across regions (Fig. 1B), formally modeling dose
delivery does not reverse this relationship. However, if
the vaccination campaign starts relatively late during the
outbreak, all strategies perform equally to reduce mortal-
ity compared to a scenario without vaccination (Fig. 3E)
as the gains are relatively slight at this stage.

As the impact of previous waves of SARS-CoV-2
(www.covid19mg.org) on population immunity is not
completely characterized [24], we evaluate two extreme
scenarios: even levels of existing immunity across the
country (Fig. 4A, solid lines, assuming for simplicity that
seropositivity and immunity are equivalent), and lev-
els of immunity defined by reported numbers of cases
(Fig. 4A dashed lines). As population immunity increases

40.0% A

42, — - o - —_ = mmm ow

] allocation strategy

5 30.0% 1

IS pro-rata

£ age

C

9 cases

S 20.0% 1 deaths

=] .

° == uniform

o}

any

10.0%
0.0% 10.0% 20.0% 30.0% 40.0%
Underlying seroprevalence
80% 1 80%

2 . 2

8 60%1 e T 60%1

o / I}

1S 1S

£ £

S 40%1 S a0% ] paittt

3 _ 3 S — -

T o \

20% 20% e
0.0% 10.0%  20.0%  30.0%  40.0% 0.0% 10.0%  20.0%  30.0%  40.0%
Underlying seroprevalence Underlying seroprevalence

Fig. 4 The impact of baseline population-level seropositivity on the reduction in mortality. A) The reduction in mortality by allocation strategy
if population seropositivity varies between 0-40%. Two scenarios were considered: if seropositivity was distributed uniformly (solid) and by the
reported number of cases (dashed lines). To avoid more than 100% seropositivity in regions with the highest number of reported cases, the case
distribution maximum population-level seropositivity explored was 20% (see Supplementary Information). B) We further explored strategies where
only susceptible individuals arrived at vaccination sites (dotted line) versus those with no prior information about immune status (solid line) for a
range of seropositivity values (distributed uniformly). Vaccinating only susceptible individuals has the greatest reduction in mortality. C) We also
investigated if testing at a vaccination site was done prior to vaccination with only seronegative individuals vaccinated (dotted line) or no prior
information about immune status (solid line). These two scenarios performed similarly



http://www.covid19mg.org

Rasambainarivo et al. BMC Public Health (2022) 22:724

(Fig. 4A, x axis) the proportion of deaths averted rela-
tive to a scenario of no vaccination declines since fewer
vaccines are delivered to individuals who are suscepti-
ble; however, the pro-rata and population based alloca-
tion still out-perform the other strategies. Allocation by
cases and deaths performs much worse if it is assumed
that immunity is distributed according to population or
deaths, since doses are then targeted predominantly to
the regions with lower proportions of susceptible individ-
uals due to existing immunity (Fig. 4A, pink and purple
dashed lines fall fastest).

Rapid testing for sero-status (indicative of immunity)
is a potential strategy to direct the deployment of doses
towards those who more urgently require vaccination, as
they lack prior natural immunity. We explore this by eval-
uating the percentage of deaths averted if only suscepti-
ble individuals are vaccinated (Fig. 4B). By contrast with
a scenario where vaccine doses are distributed uniformly
(Fig. 4B, solid lines), when only susceptible individuals
are vaccinated, the percent of deaths averted relative to
the no-vaccination case increases with the proportion
of the population initially immune (Fig. 4B, dotted lines,
gains of up to 40%), since vaccines are targeted to those
who need them. However, this scenario requires all indi-
viduals to know their immune status prior to going to the
health centres for vaccination (and the serological tests
to be perfect), which is likely to be unrealistic. If, instead,
we assume that testing occurs at health centres, thus con-
suming some proportion of available health care worker
time, and slowing down the overall speed of vaccination
(although still assuming the tests are perfect), this strat-
egy outperforms distribution regardless of serostatus;
however, initial gains in terms of deaths averted drop off
as the proportion of the population immune increases
(Fig. 4C, dotted lines start falling at around 25% of the
population immune). The gains eventually even fall below
the percent of deaths averted under the uniform distribu-
tion of doses once the proportion seropositive is greater
than 30%, since so many individuals will be turned away
from health centres.

Discussion

High levels of SARS-CoV-2 transmission continues to
cause a global public health crisis. Mass vaccination
of populations is the most effective strategy to prevent
unnecessary morbidity and mortality. However, limited
global vaccine supplies compel countries to prioritize
among populations, and to do so in the context of an
array of logistical constraints (expiration dates, health-
care worker availability, cold chains, etc.). Here, we use
a stochastic age-structured model to identify dose allo-
cation strategies that have the potential to minimize
COVID-19 related deaths in Madagascar given vaccines
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provided by the COVAX initiative, and accounting for
health care worker distribution across the country as a
proxy for vaccine and care accessibility.

At a subnational scale, our results support a regional
distribution strategy based on demographic parameters
(population size) to allocate available doses of SARS-CoV
2 vaccines in order to achieve the highest reduction in
mortality. A distribution policy based on the population
size of each region is intuitively appealing as it is equi-
table and straightforward to implement. Indeed, pro-rata
distribution of critical medicines has been used during
a number of previous health crises. For example, during
the 2009 HIN1 pandemic, the US Health and Human
Services Pandemic Influenza Plan recommended that
the different states of the USA receive pandemic vaccines
in proportion to the size of its population. Additionally,
researchers found that a simpler pro-rata allocation of
antiviral drugs is as effective as optimal strategies target-
ing specific high risk groups in each region, and easier to
implement [25, 26].

Given that Madagascar has now experienced multiple
waves of infection (www.covidl9mg.org) and that esti-
mates of seroprevalence from blood donors in Mada-
gascar show elevated population immunity [23], we also
investigated strategies to take previous infection and thus
immunity into account. Unsurprisingly, vaccinating only
seronegative individuals allows for doses to be reallocated
and expand protection to a larger population [8, 27, 28].
However, we note that assessing seropositivity via rapid
testing at health facilities could slow the speed of vac-
cine delivery, which, in situations of high seropositivity,
could reduce benefits in terms of mortality reductions.
The benefit of additional testing to identify seronegative
individuals must be weighed against the logistical chal-
lenges of testing, test accuracy [29], and ethical issues for
the allocation of doses based on serostatus.

While allocating doses based on population size
reduced mortality more effectively than allocation
based on cases (or deaths), large heterogeneity in test-
ing capacity between regions, and reporting issues have
likely resulted in underestimates of the true burden of
the pandemic, and, importantly, in a possibly spatially
biased way. Although our analysis suggests that allo-
cation based on size is robust to a number of assump-
tions about underlying population immunity, additional
investigation, including analyzing mortality records
available in the capital city of Madagascar [30] and
other regions, could improve estimates of transmis-
sion and identify communities where the pandemic has
been particularly severe. Our analysis assumes similar
starting dates for the outbreak in each of the 22 regions
and neglects potential subnational heterogeneity in
connectivity and contact within them [31]. The latter
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assumption leads to unrealistically rapid growth in case
numbers within each region, such that estimates of
reductions in mortality, although comparable, may be
overly pessimistic. We also did not take into account
time-varying estimates of transmission (Rt) resulting
from the introduction of non-pharmaceutical inter-
ventions in Madagascar, given uncertainty around the
magnitude of these effects emerging from data sparse-
ness. Additional analyses that integrate data streams to
better bound temporal and spatial variation in trans-
mission could further elucidate how different allocation
strategies would perform. Further, we only explored a
single dose vaccination strategy, and did not evaluate
the impact of various vaccines being distributed simul-
taneously. We also assumed that seropositivity and
immunity were equivalent, but decision making around
the value of rapid tests for vaccine allocation will be
shaped by their sensitivity and specificity [29], which
may be population specific [32]) and requires care-
ful evaluation in Madagascar. Finally, we assumed that
immunity from previous infection and from vaccina-
tion were equivalent and long lasting. With increasing
concern about the duration of immunity and the preva-
lence of breakthrough infections, we ran sensitivity
analyses to explore the effects of the duration of immu-
nity. Our results indicate that with waning immunity,
the overall effects of vaccination are reduced compared
to a scenario without waning immunity. However, the
relative ranking of the different strategies remain iden-
tical regardless of the duration of immunity (Figure S3).

To conclude, it is clear that the speed of vaccine
deployment will shape the burden of SARS-CoV-2.
However, logistical limitations associated with health-
care worker numbers lead to inevitable limits associ-
ated with speed, complicating allocation across regions.
Our analysis probes approaches of dose allocation
across regions that most reduce mortality assuming
vaccination occurs as fast as possible given these con-
straints, finding that allocation by population yields
consistently high benefits. However, Madagascar, and
many other countries worldwide fundamentally require
access to more vaccine doses. Vaccine equity is the
largest global issue of the present moment.
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