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Background. In South Africa (SA), >2.4 million cases of COVID-19 and >72 000 deaths were recorded between March 2020 and
1 August 2021, affecting the country’s 52 districts to various extents. SA has committed to a COVID-19 vaccine roll-out in three phases,
prioritising frontline workers, the elderly, people with comorbidities and essential workers. However, additional actions will be necessary
to support efficient allocation and equitable access for vulnerable, access-constrained communities.

Objectives. To explore various determinants of disease severity, resurgence risk and accessibility in order to aid an equitable, effective
vaccine roll-out for SA that would maximise COVID-19 epidemic control by reducing the number of COVID-19 transmissions and
resultant deaths, while at the same time reducing the risk of vaccine wastage.

Methods. For the 52 districts of SA, 26 COVID-19 indicators such as hospital admissions, deaths in hospital and mobility were ranked
and hierarchically clustered with cases to identify which indicators can be used as indicators for severity or resurgence risk. Districts were
then ranked using the estimated COVID-19 severity and resurgence risk to assist with prioritisation of vaccine roll-out. Urban and rural
accessibility were also explored as factors that could limit vaccine roll-out in hard-to-reach communities.

Results. Highly populated urban districts showed the most cases. Districts such as Buffalo City, City of Cape Town and Nelson Mandela Bay
experienced very severe first and second waves of the pandemic. Districts with high mobility, population size and density were found to be
at highest risk of resurgence. In terms of accessibility, we found that 47.2% of the population are within 5 km of a hospital with >50 beds,
and this percentage ranged from 87.0% in City of Cape Town to 0% in Namakwa district.

Conclusions. The end goal is to provide equal distribution of vaccines proportional to district populations, which will provide fair protection.
Districts with a high risk of resurgence and severity should be prioritised for vaccine roll-out, particularly the major metropolitan areas.
We provide recommendations for allocations of different vaccine types for each district that consider levels of access, numbers of doses and
cold-chain storage capability.
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As of 1 August 2021, 15 months after the first COVID-19 infections  an increased risk of diabetes in persons aged >50 years,”! and,

in South Africa (SA), the country had recorded 2 447 454 cases and
72 013 deaths.!! The pandemic experience has varied across the nine
provinces, with each province demonstrating different dynamics
and challenges in the face of the virus. Eastern Cape Province, for
example, with 11.3% of the country’s population, has contributed
12.8% of all cases nationwide but 22.2% of all deaths. Most districts
in North West and Northern Cape provinces, on the other hand,
demonstrated shorter and less dramatic first and second pandemic
waves than districts in other provinces.!!

SA districts and provinces also vary significantly with regard
to levels of urbanisation, settlement types in deep rural areas,
population density, transport infrastructure, and socioeconomic and
medical insurance status. These factors can affect resource allocation
and access to healthcare, specialised emergency services and other
basic services.**! Furthermore, urban settings were associated with

unsurprisingly, lifestyle-related conditions were found to be more
common among the poor.!®

Combined, these factors raise questions as to how COVID-19
vaccines should be distributed to ensure equitable access for all, while
also having the greatest impact on the pandemic spread. However,
good-quality health systems data are not always available, in which
case indicators of socioeconomic and demographic deprivation can
become useful in guiding the equitable allocation of resources.?

All things considered, a tailored yet effective and efficient vaccine
strategy and roll-out plan for SA will be critical in achieving epidemic
control.

SA is implementing the vaccine roll-out in three phases, based on
the vulnerability of the population, and aimed to vaccinate 67% of
the population by the end of 2021. Phase 1 of the vaccine roll-out
was targeted at healthcare workers, to compensate for the increased
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exposure to infected people and the higher risk of contracting the
virus; phase 2 targeted essential workers and persons aged >60 years,
or >18 years with comorbidities including TB and HIV, because
these factors were independently associated with higher COVID-19
lethality;"”*) and phase 3 accommodates all persons aged >18 years.”)

Initially, the Oxford AstraZeneca vaccine (AZ) was to be
used, which has the advantage of easily manageable cold-chain
requirements and a reasonable shelf life (6 months refrigerated),!'"!
making it an ideal vaccine for a resource-constrained country such
as SA. However, the vaccine was demonstrated to have limited
efficacy against the 501Y.V2 (B.1.351) variant,"'""¥ which emerged
with the second wave in Nelson Mandela Bay to rapidly become the
most prevalent variant in SA.'" Considering this limited efficacy,
the National Department of Health decided not to proceed with
the AZ vaccine,™ opting instead to roll out the Johnson & Johnson
(J&J) and Pfizer-BioNTech (Pfizer) vaccines in the short term.!'¢!7)
Although the J&J vaccine is a spike protein vaccine, it has vaccine
efficacy of 52% (prevent infection), 64% (prevent severe disease) and
100% (prevent mortality) at a 95% confidence interval for onset after
vaccination of at least 14 days and at least 28 days, respectively.!"®!
In the absence of better efficacy, J&] may be the best option for SA
for now.!"”!

The J&J vaccine, as an alternative to the AZ vaccine, with
improved variant protection,® has similar cold-chain requirements
as well as the added benefit of being a single-dose vaccine. While
the vaccine remains stable at temperatures between -25°C and
-15°C for up to 2 years, it may also be stored at routine refrigeration
temperatures of 2 - 8°C for a maximum of 3 months, allowing for
simpler distribution and storage at vaccination sites. The vaccine
should not be re-frozen if distributed at temperatures of 2 - 8°C.
Punctured vials are required to be used within 6 hours if stored
at 2 - 8°C or within 2 hours if stored at room temperature.® The
Pfizer vaccine requires more complex cold-chain management. The
vaccine is stable for up to 6 months if stored in an ultra-cold freezer
at temperatures between -90°C and -60°C. Furthermore, recent
regulatory label updates, based on additional stability data, enable
the vaccine to be stored at standard freezer temperatures of -25°C
to -15°C for a maximum period of 2 weeks, potentially offering
vaccination sites greater flexibility in managing and maintaining
vaccine distribution and supply.?"! The undiluted vaccine vials may
also be stored at vaccination sites for a further 31 days at 2 - 8°C.
Dilution with saline is required and, once mixed, the vaccine can be
left at room temperature for up to 6 hours.??! At the time of writing
(April 2021), SA had procured 30 million doses of the J&J vaccine
and 30 million doses of the Pfizer vaccine.!"*!7?3 SA is therefore likely
to administer multiple vaccine types from phase 2 onwards to reach
herd immunity across the population, and this approach creates both
opportunities and challenges. Each vaccine’s storage requirements
and deployment logistics, as well as dose schedules and planned
dosing intervals, will differ and will require significant effort and
co-ordination between national and provincial governments along
with the private sector to ensure the effective implementation of the
vaccine roll-out strategy with minimal wastage.

Mathematical modelling for the prioritisation of vaccines in
low- to middle-income countries is largely in favour of using a
short supply of vaccines to target vulnerable populations such as the
elderly and/or those with comorbidities putting them at risk. When a
supply of vaccines is larger, targeting epicentres key to transmission
of disease is a more protective approach to vulnerable populations,
although indirect.?” However, the elderly was not the risk population
targeted for vaccination in some countries such as Indonesia, which
targeted people aged <60 years.””! Local studies have addressed the

need to prioritise risk groups specific to SA, such as individuals
with TB and HIV, alongside the internationally accepted criteria of
old age, hypertension and diabetes.”* Further concerns regarding
vaccination hesitancy in SA were addressed as well.””) Nevertheless,
the geographical partitioning and distribution of vaccines above
the scope of vulnerable or exposed populations remain largely
unexplored.

Assessing the impact of the COVID-19 pandemic on each of the
districts of SA to identify pandemic patterns across the country
helps identify districts that are epicentres. With this information,
the prioritisation of vaccine distribution to fast-track herd immunity
in epicentres, where more lives could be protected, pandemic
spread reduced and vulnerable populations protected indirectly,
becomes increasingly possible. International studies have described
the principal components of the pandemic as they occurred by
hierarchical clustering to identify patterns of the pandemic across
geographical areas, both chronologically and by indicator.25*’!

Objectives

In this article, we analyse the factors for consideration when
determining vaccine type and distribution strategy for a particular
demographic, socioeconomic condition, and geography at district
level in SA, based on hierarchical clustering. This approach provides
an alternative method for geographical prioritisation of vaccination
that is complementary to the targeting of vaccination to risk groups.
Our objective is to explore various determinants to enhance an
equitable, effective and efficient vaccine roll-out for SA, and thereby
to maximise COVID-19 epidemic control by reducing the number
of COVID-19 transmissions and resultant deaths. In the ‘Methods’
section, we reference specific districts, data and analyses that serve
as proxies for the COVID-19 pandemic. Similar methodology could
be suitable for use in countries in sub-Saharan Africa with similar
vulnerability profiles.

Methods

Study design

This study explored the propagation of COVID-19 cases and patterns
of the pandemic in SA at district level, along with social vulnerability
and accessibility using ranking to mathematically model the data,
to help formulate the roll-out plan for vaccines across the country’s
52 districts. The ability to distinguish and predict differences at
district level regarding the risk of infection resurgence and the
severity of pandemic impact can help strategise for the effective and
equitable deployment of the appropriately selected vaccines across
SA. The ability to identify districts at high risk of resurgence and/or
severity of COVID-19 impact could allow the targeting of epicentres
for vaccination, alongside the constant revision and allocation of
resources to help improve local health services. Several indicators
have been included in this study to appraise COVID-19 infection
levels and the severity of the infections in each of the districts to
inform vaccine strategy.

Data sources

Data related to COVID-19 cases were provided by the National
Institute for Communicable Diseases (NICD) weekly case report,
while hospital admissions and hospital-based deaths were acquired
from the NICD through the DATCOV National Hospital Surveillance
system.

Mobility data for the 52 districts of SA were provided by IRL
Consulting (https://irlconsult.com/). Mobility data were aggregated
from 1 September 2020 to 30 December 2020 for network analysis to
represent overall mobility inside and outside each district. The social
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vulnerability index (SVI) was developed based on several indicators
and is described further on in the ‘Methods’ section.

Ethical considerations

The study posed minimal risk to participants, as the information
is publicly available, anonymised and aggregated to a district level.
Ethics approval for DATCOV hospital data was obtained from the
University of the Witwatersrand Human Research Ethics Committee
(ref. no. M2010108 MED20-10-093).

Approach and analysis

Fifteen indicators were assessed for correlation with COVID-19 cases
during the first (before 1 October 2020) and second (after 1 October
2020) waves of the pandemic in SA, listed in the ‘Indicator’ column
of Table 1. Indicators such as numbers of cases, hospital admissions
and deaths (hospital bed deaths), mobility inside district and mobility
outside district were also standardised by 100 000 population,
generating 11 indicators which are listed in the ‘Standardised per
100 000 population’ column of Table 1. Overall, 26 indicators were
selected for this study. Population size and density were obtained
from GeoTerralmage.* The indicators presented in this study
have been used in the literature to model and identify patterns of
transmission of the COVID-19 pandemic. Clinical and demographic
indicators such as those related to COVID-19 cases, hospitalisations
and deaths, population size and density have been used, not always
together, at a global level and locally in SA.723133] Social vulnerability
is widely accepted to be associated with disparate COVID-19 impact
in communities,**! resembling the historical association with
death caused by infections in general.* Social vulnerability is also
an important consideration in vaccination.””*! Mobility has been
used to indicate that mass gatherings can act as key events resulting
in global spread, and similarly, at granular level, some key points
of interest associated with shopping and religious settings act as
‘superspreader events’ for COVID-19 transmission for a majority of
cases at the beginning of outbreaks.*4!!

The indicators were normalised by ranking among the 52 districts
of SA. Normalisation by ranking was the method of choice because,
firstly, the data were not normally distributed and indicator ranges
were very diverse, and secondly, normalisation allows equitable

Table 1. COVID-19 indicators explored in the study
Standardised per 100 000

Indicator population

Cases W1 Cases W1/100k
Cases W2 Cases W2/100k
Cases W3 Cases W3/100k

Hospitalisations W1 Hospitalisations W1/100k

Hospitalisations W2 Hospitalisations W2/100k

Hospitalisations W3 Hospitalisations W3/100k
Deaths W1 Deaths W1/100k
Deaths W2 Deaths W2/100k
Deaths W3 Deaths W3/100k

Mobility, inside
Mobility, outside

Mobility, inside/100k
Mobility, outside/100k

Population size n/a
Population density n/a
Social vulnerability index n/a
Proportion aged =60 years n/a

W1 = first wave of the pandemic; W2 = second wave;
W3 = third wave; n/a = not applicable.
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consideration of districts based on ranking of severity and infection
level, allowing equitable prioritising of epicentres in SA.

Ranked indicators were then grouped according to hierarchical
clusters and averaged to represent either COVID-19 severity or
resurgence risk. Indicator choice grouping was assisted by hierarchical
clustering using the ‘pheatmap’ package!® in R 4.0.4.1%) Hierarchical
clustering was used for correlating indicators with COVID-19 cases
and clustering districts with similar ranks for the indicators used.
Hierarchical clustering begins with treating each observation as a
single cluster and then merging individual observations into larger
clusters based on the shortest pairwise distance/difference between
observations. Iterations continue until the distance between the
formed clusters does not improve. The length of the branches of the
dendrograms represent the pairwise distance between observations
and clusters.

The SVI is weighted at enumerated area (EA) by population size,
population density, household size, economic status (National Living
Index), and reliance on public transport (Table 2). Each EA was given
a ranking based on the decile that it fell within for each indicator. The
total scores were then adjusted to fall within the range of 0 to 1, with
a low SVI score indicating higher social vulnerability.

To determine the areas where a vaccine that requires —20°C storage
would be optimally suited, we assumed that areas that have a hospital
with 250 beds (68% of hospitals) would serve as good proxies for
cold-chain storage capacity. We further calculated the combined
catchment population within 5 km of these hospitals to determine the
population that could be reached by vaccines with stricter cold-chain
requirements and a multi-dose schedule such as the Pfizer vaccine.
The population reachable was calculated as the populations of EAs
that have a centroid within 5 km of the healthcare facilities that could
have capacity (=50 beds) to vaccinate surrounding communities.

Results

Cumulative cases, hospitalisations and deaths, standardised per
100 000 population, for the first and second wave of the pandemic
were hierarchically clustered together and were selected as indicators
representative of the severity of the pandemic (Fig. 1). On the other
hand, cumulative cases, hospitalisations and deaths for the first and
second waves were clustered together with mobility inside of district,
population size and population density (Fig. 1). These indicators
were selected to indicate risk of resurgence of the pandemic. The
average rank for the indicators for severity and resurgence are shown
in Fig. 2A and B. The 52 districts formed 5 distinct hierarchical
clusters, denominated as tier 1 to tier 5 districts. The 9 districts in
the top cluster (tier 1) rank highly across most indicators, including
population size and COVID-19 cases, as well as when standardised by
100 000 population. The second tier (tier 2) is characterised by cases
and severity during all three waves of the pandemic, at a lower overall

Table 2. Indicators used for social vulnerability index

Possible

Description Source score
Population density GeoTerralmage*! 10
Population per enumerator area  GeoTerralmage 10
Household size GeoTerralmage 10
National living index GeoTerralmage 15
Primary land use GeoTerralmage 5
Vehicle ownership Stats SA 2011 census 10

Total 60

Stats SA = Statistics South Africa.
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Fig. 1. Hierarchically clustered heatmap of the 52 districts of South Africa and 25 considered indicators for risk of COVID-19 impact severity and likelihood
of resurgence. (A) The blue-yellow colour scale of tiles represents the rank from the lowest rank (1) to the highest (52) for the districts. There are five
clusters of districts denominated as tiers. The tiers are ranked from 1, with the highest priority for vaccination, to 5, with the lowest priority. There are
four clusters of COVID-19 indicators. The resurgence cluster is described by indicators that correlate with cases, hospitalisations and deaths. The severity
cluster is characterised by indicators standardised per 100 000 population, which we describe as factors associated with COVID-19 severity. The wave

3 cluster is described by indicators that rank similarly with cases during wave 3. The SVI indicator did not cluster together with other COVID-19 indicators.
(B) Geographically depicted district tiers. The second-smallest cluster is described by indicators that rank similarly with active cases (in the last 14 days of

reporting). (SVI = social vulnerability index.)

rank than tier 1. The third tier is characterised by low resurgence for
waves 1 and 2 with elevated severity, while for wave 3, resurgence
and severity indicators rank considerably higher. The fourth tier
is characterised by medium ranking resurgence with low severity.
The lowest tier (tier 5) is more sparsely populated, and similarly,
the numbers of COVID-19 cases are lower and outside mobility is
also low, although when standardised per 100 000 population, some
of the districts rank higher for the COVID-19 clinical indicators,
cumulative cases, hospitalisations and deaths for the first and second
waves of the pandemic.

As an additional and yet critical factor, social vulnerability was
calculated and disaggregated for urban and rural areas, given that in
urban areas, most of the population lives within 5 km of a healthcare
facility and/or residents can easily access public transport and get to
a healthcare facility. In rural areas, many residents fall outside the
5 km distance to a healthcare facility, and reliance on public transport
is increased (Fig. 3). The map in Fig. 3 shows that there is urban and
rural variability across the districts in SA, with the metropolitan
municipalities showing the highest proportion of urban populations.
Secondly, the map highlights the variation within districts across
urban/rural spread and social vulnerability.

The risk of severity and resurgence, population size, vaccination
tier, and the proportion of the population that could be reached
with vaccines with stricter cold-chain requirements and multi-dose
schedules such as the Pfizer vaccine (‘Pfizer, %’) for each district
are described in Table 3. The most severely affected districts were
Buffalo City, Nelson Mandela Bay, Garden Route, City of Cape Town,
eThekwini and West Rand. The districts most at risk of resurging with

numerous cases were City of Johannesburg, Ekurhuleni, eThekwini,
City of Tshwane, City of Cape Town and West Rand. The top five
districts for resurgence risk are urban, and they are also the five most
populated districts of SA. A resurgence risk provides a priority-based
cueing system for vaccine distribution in the event that vaccines are
not readily available to be distributed simultaneously. In Table 3, the
tiers are representative of hierarchical clusters in Fig. 1, and further
classified by urban/rural status.

Distribution of single-dose and multi-dose vaccines

Over 27 million people live within 5 km of a hospital with =50 beds,
which equates to 47.2% of the population. This proportion of Pfizer
allocation ranges from City of Cape Town, which is the district with
the highest proportion (86%), to Namakwa district (0%), which
is suggested to only handle vaccines which require a cold chain
that is easier to accommodate and are single dose, such as the J&]J
vaccine. The eight urban metropolitan municipalities have the
highest proportion of Pfizer allocation and are suggested to receive
the majority of the Pfizer vaccines. Interestingly, there are some
non-metropolitan districts with relatively high proportions of Pfizer
allocation, such as Garden Route and Cape Winelands (55% and 51%,
respectively).

Discussion

Beyond simple choice of vaccine based on variant sensitivity, choice
of vaccines is of great importance in resource-constrained settings
such as those that exist in SA, given the inherent logistics and
distribution challenges, cold-chain storage requirements and short
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Table 3. District population size, COVID-19 severity and resurgence risk ranking

Risk ranking, %

District name District short Population size, n (%)  Pfizer, %* Severity Resurgence Tier"
City of Cape Town CPT 4322032 (7.49) 87.0 39.0 51.4 lu
City of Johannesburg JHB 5538 045 (9.59) 85.4 24.1 50.9 lu
Mangaung MAN 855 858 (1.48) 69.9 35.4 39.2 lu
Nelson Mandela Bay NMA 1220 615 (2.11) 67.6 40.5 46.7 lu
City of Tshwane TSH 3522325 (6.1) 67.6 29.1 48.6 1u
Ethekwini ETH 4055 969 (7.03) 63.0 314 50.1 lu
Ekurhuleni EKU 3 781 377 (6.55) 61.8 239 48.7 lu
Cape Winelands DC2 887 736 (1.54) 55.4 35.3 39.2 2
Buffalo City BUF 785 776 (1.36) 52.9 41.3 41.9 2u
Frances Baard DC9 396 415 (0.69) 52.7 31.6 18.8 2
Garden Route DC4 608 741 (1.05) 51.3 40.1 33.7 2
West Rand DC48 922 640 (1.6) 49.1 32.8 39.8 1
Sedibeng DC42 952 653 (1.65) 48.6 30.0 37.7 1
Thabo Mofutsanyana DC19 762 075 (1.32) 45.7 22.1 24.8 2
Umgungundlovu DC22 1133 836 (1.96) 449 28.3 40.8 2
Dr Kenneth Kaunda DC40 781 512 (1.35) 44.4 22.1 31.0 2
Gert Sibande DC30 1198 609 (2.08) 43.2 14.3 31.1 4
Central Karoo DC5 71964 (0.12) 41.7 33.4 2.9 5
Fezile Dabi DC20 524 382 (0.91) 39.5 24.7 18.8 2
Amajuba DC25 555 003 (0.96) 38.6 22.2 21.8 2
Waterberg DC36 758 798 (1.31) 354 11.3 17.1 4
Sarah Baartman DC10 463 931 (0.8) 35.1 35.0 224 2
Lejweleputswa DC18 664 593 (1.15) 34.3 29.6 24.6 2
Ehlanzeni DC32 1776 616 (3.08) 32.1 11.3 36.7 4
Z F Mgcawu DC8 264 174 (0.46) 31.9 21.9 7.9 5
Capricorn DC35 1300 946 (2.25) 30.8 19.9 35.3 4
Nkangala DC31 1 548 649 (2.68) 28.8 10.7 34.8 4
Mopani DC33 1167 598 (2.02) 26.9 7.7 26.2 4
Ngaka Modiri Molema DC38 912 696 (1.58) 26.9 5.6 17.4 4
Bojanala DC37 1815 045 (3.14) 26.4 14.6 37.3 4
John Taolo Gaetsewe DC45 255 988 (0.44) 24.7 10.9 52 5
Overberg DC3 289932 (0.5) 22.7 30.9 17.2 2
Vhembe DC34 1409 512 (2.44) 22.4 4.1 23.0 4
Ilembe DC29 669 417 (1.16) 224 21.3 26.1 3
Dr Ruth Segomotsi Mompati DC39 469 702 (0.81) 222 8.1 7.7 5
Chris Hani DC13 728 962 (1.26) 21.3 37.9 29.6 3
West Coast DC1 440 698 (0.76) 18.1 24.3 19.1 2
Umzinyathl DC24 543 376 (0.94) 17.8 10.3 13.3 3
O R Tambo DC15 1387913 (2.4) 17.4 15.7 34.7 3
King Cetshwayo DC28 979 042 (1.7) 17.3 26.0 36.7 2
Harry Gwala DC43 503 344 (0.87) 17.0 17.3 15.8 3
Ugu DC21 714 567 (1.24) 15.4 26.9 28.7 3
Pixley Ka Seme DC7 197 560 (0.34) 15.3 26.7 5.7 5
Amathole DC12 807 907 (1.4) 14.9 31.9 29.6 3
Sekhukhune DC47 1160 421 (2.01) 14.4 2.1 18.4 4
Zululand DC26 845 549 (1.46) 13.6 11.3 19.6 3
Joe Gqabi DCl14 334 392 (0.58) 13.3 26.6 11.7 3
Alfred Nzo DC44 793 238 (1.37) 11.1 13.3 20.1 3
Umbkhanyakude DC27 673 680 (1.17) 10.3 3.9 11.9 3
Uthukela DC23 710 939 (1.23) 9.8 16.4 20.4 3
Xhariep DCl16 147 440 (0.26) 3.5 21.1 3.0 5
Namakwa DCe 111 418 (0.19) 0.0 25.3 3.2 5

*Proportion of the population that could be reached with vaccines with stricter cold-chain requirements and multi-dose schedules such as the Pfizer vaccine.
o’ annotation of the tier marks the eight urban districts in South Africa. The other districts are classified as rural.
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shelf-life constraints. These factors need to
be borne in mind, in addition to variant
protection, and would require additional
infrastructure and human resource
investments to ensure that equal and
equitable distribution can be achieved. In
this article we provide a novel approach
to consider how vaccines can be equitably
distributed in resource-constrained settings
such as SA. We showed that COVID-19 data
can be used to prioritise districts for vaccine
roll-out and used geographical accessibility
to highlight districts that should receive two-
dose vaccines.

We found that COVID-19 severity risk,
COVID-19 resurgence risk, urban and rural
vulnerability, and geographical accessibility
were all important factors to consider when
determining how to guide equitable access
to the two available vaccine types across
districts in SA.

The data examined here provide several
insights into the co-ordination of vaccine
roll-out and general pandemic management
across SA going forward. Firstly, the number
of cases correlates with the population size
and density of the district, with most cases
having been recorded among the urban
districts with the largest population sizes
(Fig. 1 and Table 3). While this finding is
not surprising, it does give a reason for
equal distribution of vaccines per capita, in
that the proportion of vaccines distributed
to districts should be proportional to the
population size of the districts. Further,
population density on its own was not
considered a risk factor, as found in another
study.** However, we found that the districts
with the highest ranking prevalence have
both high-ranking population size and
density, suggesting that in highly populated
areas with high population density,
COVID-19 prevalence ranks high as well. In
our findings we also present tiers of districts
for vaccine prioritisation apart from the
pandemic indicators.

Severity risk highlights which districts
coped poorly with the first and second
waves, flagging them for intervention for
improvements in the healthcare system. The
timing and severity of the COVID-19 impact
differed significantly between districts and
provinces across the country. For example,
many of the districts in Western Cape,
Eastern Cape and KwaZulu-Natal provinces,
near the coastline of SA, experienced severe
COVID-19 impact during the first and
second waves (Fig. 2A). In the short term,
disease surveillance systems, contact tracing,
communication strategies, infrastructure
and quality of healthcare improvement, in
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Fig. 2. Severity and resurgence risk of the COVID-19 pandemic. (A) COVID-19 severity calculated from
cases, hospitalisations and deaths per 100 000 population from the first and second waves of the pandemic
in South Africa. (B) District ranking for COVID-19 resurgence risk. Red represents the areas at highest risk

and green represents the areas at lowest risk.

addition to vaccination strategies, need to
be implemented with diligence. Thirdly,
resurgence indicators showed which districts
are at most risk of a third wave, considering
that the same districts had high-ranking
outbreaks for the first and second waves
of the pandemic. These should be targeted
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for priority roll-out to reduce spread and
minimise losses (Fig. 2). Third-wave indi-
cators, a wave that was ongoing at the time
of writing, were hierarchically clustered
with mobility outside a district, probably
indicating that COVID-19 cases initiate
in districts with elevated travel outside.
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Fig. 3. Spatial distribution of social vulnerability disaggregated by urban and rural classification.

However, cases build up in greater part as a result of mobility inside
districts, as observed by the clustering of indicators of complete waves
with mobility inside districts (Fig. 1). In the current situation there
are insufficient vaccines and vaccinators available to cover an entire
district at the same time. To make the best use of available resources,
the methodology presented here could be extended to investigate
within a district so that higher-priority areas can start vaccinations
first using the most appropriate type of vaccine.

Then, in addition to population size, severity and resurgence risk
within each district, particularly at the more granular level, and social
vulnerability and health facility access should be considered when
determining the vaccine type. Single-dose vaccines may be more
appropriate for vulnerable populations that cannot easily get access
to a second dose. In rural areas, many residents fall outside the 5 km
distance to a healthcare facility, and the reliance on public transport
is increased together with social vulnerability. In those rural areas,
mobile vaccination sites and transport adequate for unpaved roads
would need to be provided to vaccinate communities that are hard
to reach. In the end, a combination of official vaccination sites and
ad hoc vaccination sites at schools, stadiums and other large venues
that are generally easy to access will have to be implemented.!*!

In terms of ease of vaccine roll-out, with regard to cold-chain
requirements, there are only 8 urban districts in South Africa,
mostly classified in tier 1u, and an additional 3 districts with >50%
proportion of Pfizer allocation. In these districts, the vaccines with

strict cold-chain requirements or those requiring multiple doses
should be distributed, like Pfizer which requires storage at —-20°C
for a maximum of 2 weeks and is viable for only 5 days when stored
at standard refrigeration temperatures!®?!! (Fig. 4). While 44 of the
districts are classified as rural, in most districts there is still estimated
capacity for some Pfizer vaccines, for example in Z F Mgcawu (DC8)
and Umkhanyakude (DC27) (Figs 3 and 4). This capacity of rural
districts to accommodate the administration of vaccines with strict
cold-chain requirements and two-dose schedules may allow more of
these vaccines to be rolled out in the accessible areas of rural districts,
which may be transmission hotspots because they attract numerous
individuals in concentrated areas.*"!

Ultimately, Pfizer vaccines should be distributed according to
the proportion of the population that has good access to potential
vaccine sites, allowing for minimal wastage and accessibility of the
second dose for the surrounding population. Even in urban areas,
good vaccine logistics and supply chain co-ordination are necessary
to enhance optimal utilisation at sites, as even these districts have
some areas with more vulnerable individuals with limited access to
vaccination sites.!"”)

In summary, we have presented several factors to consider when
determining equal and equitable vaccine roll-out to districts in SA
based on numerous COVID-19 indicators and accessibility. These
approaches can guide national and provincial governments on how
to determine the optimal allocation of vaccines based on COVID-19
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Fig. 4. District proportional capacity to distribute Pfizer vaccines (vaccines with stricter cold-chain requirements and/or multi-dose).

risk, vaccine type, dose number and cold-chain storage requirements
to ensure minimal wastage and prevent the most deaths.

Study limitations
Regarding data availability, a limitation of this study is that we did
not have information on which vaccine sites would be used by
each district, and what each site’s cold-chain storage capacity was.
Once districts have suggested potential sites and conducted facility
cold-chain capacity audits, further work can be done to determine
a more precise allocation of vaccine types. A further limitation is
that we did not have access to seroprevalence data that could be
factored into the resurgence risk calculation, as some level of herd
immunity may decrease a districts resurgence risk. Nevertheless,
new variants have been shown to replace the old ones systematically,
and to our knowledge the location and time of emergence of new
variants cannot be predicted yet. Concern is already mounting over
the emergence of variants with resistance to the immunity provided
by vaccines, with possibly increased virulence and transmissibility.*!
The DATCOV data have a noted limitation, as not all hospitals
report completely accurately and timeously on the system, affecting
data on the reported hospital admissions and hospital-based deaths.
The methodology presented in this study applies mathematical
modelling to risk ranking and estimation of cold-chain capability,

which means that a general output is not predicted per se. However,
we are describing the factors that rank high together with cases and
deaths. This methodology is also limited by the occurrence of cases
in districts during the first waves, i.e. if cases did not develop during
the first waves, the risk ranking reflected low risk, regardless of later
developments. This limitation is unavoidable, as the pandemic did
not start everywhere simultaneously while analysis had to have a
start date, but must still be borne in mind when considering the
risk ranking of those regions that were relatively unaffected by the
first wave. In light of this, the methodology here may produce more
accurate risk ranking with more data from future pandemic waves.

Conclusions

Equal distribution of vaccines proportional to district populations
will provide fair protection across SA. Districts with a high risk of
resurgence and severity should be equitably prioritised for vaccination
under limited vaccine availability. We found that indicators such as
cases, hospitalisations and deaths alongside population size and
density can identify the districts more prone to resurge. Districts
that experienced severe impact from the COVID-19 pandemic,
without high prevalence, need support to improve the accessibility
and quality of healthcare in addition to vaccination. Using resurgence
and severity indicators, this study was able to apply these risk factors
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to rank or prioritise districts for vaccine distribution. Vaccine types
should be allocated to districts based on their levels of accessibility to
vaccine sites with appropriate cold-chain storage requirements.
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