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A B S T R A C T

One of the key features of any infectious disease is whether infection generates long-lasting immunity or
whether repeated reinfection is common. In the former, the long-term dynamics are driven by the birth of
susceptible individuals while in the latter the dynamics are governed by the speed of waning immunity.
Between these two extremes a range of scenarios is possible. During the early waves of SARS-CoV-2, the
underlying paradigm was for long-lasting immunity, but more recent data and in particular the 2022 Omicron
waves have shown that reinfection can be relatively common. Here we investigate reported SARS-CoV-2 cases
in England, partitioning the data into four main waves, and consider the temporal distribution of first and
second reports of infection. We show that a simple low-dimensional statistical model of random (but scaled)
reinfection captures much of the observed dynamics, with the value of this scaling, 𝑘, providing information of
underlying epidemiological patterns. We conclude that there is considerable heterogeneity in risk of reporting
reinfection by wave, age-group and location. The high levels of reinfection in the Omicron wave (we estimate
that 18% of all Omicron cases had been previously infected, although not necessarily previously reported
infection) point to reinfection events dominating future COVID-19 dynamics. This manuscript was submitted
as part of a theme issue on ‘‘Modelling COVID-19 and Preparedness for Future Pandemics’’.
1. Introduction

The pattern of SARS-CoV-2 cases in England and elsewhere can be
conceptualised as a series of waves, often associated with the emer-
gence of a new variant. In England, there have been four main waves:
the first from January to July 2020 was due to the Wildtype variant, the
second from August 2020 to May 2021 was due to the Wildtype variant
followed by the Alpha variant, the third from May to December 2021
was attributable to the Delta variant, while the fourth wave has been
driven by the Omicron variant (with two sub-waves due to sub-types
BA.1 from December 2021 to March 2022, and BA.2 from March 2022
onwards). The scale of these waves is dependent on the characteristics
of each variant (Dyson et al., 2021) (with each variant having a higher
transmission potential than the last and by immune escape for the
Omicron variant), population mixing (Gimma et al., 2022) (impacted
by control measures and precautionary behaviour driven by perceived
risk) and population immunity (Anderson et al., 2020), with the latter
being the most relevant for the long-term dynamics.

From the start of the epidemic in January 2020 until 14th April
2022 (our chosen end date due to changes in national testing policy in
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England UK Health Security Agency (2022)), there were 18.3 million
reported infections, equivalent to 33% of the English population. This
is likely to be a considerable underestimate of the true number of
infections, especially in the early waves when testing was far more
limited. During the first wave (from the first reported cases in England
in late January 2020 until 15th July 2020) there were around 250,000
reported cases — whereas the first REACT study estimated around 3.4
million people had been infected by this time (Ward et al., 2021a).
In the second wave, testing became more wide-spread with national
testing centres and postal tests available. From April 2021 to April
2022, covering much of the third and fourth waves, free Lateral Flow
Device (LFD) tests were freely available in England, and many groups
were encouraged to perform regular tests, hence during these later
times we may expect the ratio of reported cases to infection to increase.
The number of reported cases (from both regular tests and symptomatic
testing) is likely to be influenced by age-dependent changes in testing
behaviour, reduced symptoms associated with second infections and
the reduction in symptoms due to vaccine protection. Despite these
biases, the study of identified cases and in particular individuals who
test positive on two (or more) occasions is extremely valuable.
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During the first three waves (associated with Wildtype, Alpha and
Delta variants) reported reinfections were rare; less that 1% of cases
before December 2021 were in individuals that had previously re-
ported infection. Reinfections increased dramatically during the Omi-
cron waves, with around 10% of cases from January to April 2022
having previously reported infection.

2. Methods

England has had multiple methods of testing for SARS-CoV-2 infec-
tion operating in parallel. These can be split into: Pillar 1 testing —
generally PCR-based in hospitals and care homes; and Pillar 2 testing
— generally at home or in testing centres (Department of Health and
Social Care, 2020). The nature of Pillar 2 testing has changed over
the course of the pandemic, with such testing largely absent during
the first wave. Subsequently, during the second and third waves of
the pandemic PCR testing was advised for all symptomatic infections
and as a follow-up to positive LFD tests, with PCR comprising 95% of
all positive Pillar 2 tests in 2020 and 2021. From early 2022 onward
LFD tests dominate. Here, we do not distinguish between the type of
test, but use episode number and an anonymised unique identifier to
link first and second infections — we combine reported cases from
both Pillar 1 and Pillar 2 test, LFD and PCR positive tests without
discriminating. It is worth noting that PCR (polymerase chain reaction)
detects the presence of viral genetic material, it is highly sensitive and
therefore often seen as the gold-standard but can continue to detect
virus after the infectious period; by contract LFD (lateral flow devices)
detect the presence of antigen, have slightly lower sensitivity and are
generally considered to be a marker of infectiousness (Dinnes et al.,
2021; Smith et al., 2021). We label 𝐶𝑡,𝑇 to be the number of individual
reported cases that first test positive on day 𝑡 and then subsequently
on day 𝑇 (𝑇 > 𝑡 + 90); we also define 𝑃𝑡 as the total number of
all positive tests on day 𝑡, irrespective of whether they are a first or
subsequent infection. We note that there is a 90-day threshold imposed
on the data we receive, such that a new episode is only defined if it
is more the 90 days since the last positive test. This 90-day threshold
ensures that long-duration infections with multiple positive tests are
not counted as repeat infections (Harvey et al., 2021); however this
threshold could hide some rapid reinfection or might not exclude all
long-duration infections — we will see that secondary episodes at 90
days are relative common.

As such 𝐶𝑖,𝑗 is a matrix of values, where 𝑖 and 𝑗 convey information
on the likely variants while the value of 𝐶 informs on the time-varying
testing behaviour and the level of cross-protection. Examining all the
positive tests in England from late January 2020 to 14 April 2022, we
find that approximately 95% are first reports, 5% are second reports
and only 0.064% (approximately 12,000 cases) are third or subsequent
reports of infection. For this reason we restrict our attention to first and
second reports only, which simplifies the interaction between variants
and reporting interval that needs to be considered.

We partition the period January 2020 to April 2022 into four
distinct waves and note the dominant variant(s): Wave 1, Wildtype
(from the first case on 30th January–15th July 2020); Wave 2, Wildtype
and Alpha (16th July 2020–30th April 2021); Wave 3, Delta (1st
May–12th December 2021); and Wave 4, Omicron, both BA.1 and
BA.2 (from 12th December 2021 until 12th April 2022 when testing
dramatically declined). The boundaries between the waves are chosen
to correspond to local troughs in reported cases separating the main
peaks of infection; the exception is the transition to Wave 4 on 12th
December 2021 which corresponds to the switch from predominantly
Delta infections to predominantly Omicron. We compare the data on
first and second reported cases (𝐶𝑡,𝑇 ) at times 𝑡 and 𝑇 , to a simple
model (𝑀𝑡,𝑇 ) in which reinfection is a random process, that could have
wave-specific scaling:

𝐶 ∼ 𝑀 = 𝑘
𝑃𝑡𝑃𝑇 ,
2

𝑡,𝑇 𝑡,𝑇 𝑤𝑡 ,𝑤𝑇 𝑁
where 𝑁 is the population size (approximately 56 million for England),
𝑃𝑡 is the number of cases at time 𝑡 (we note that 𝑃𝑡 ≫

∑

𝑇 𝐶𝑡,𝑇 as
refers to all cases, whereas 𝐶 are only individuals that report two

r more infections) and 𝑤𝑡 refers to the wave number at a particular
ime point. Under this formulation, 𝑘 would be 1 for a homogeneous
nfection obeying the SIS paradigm with no immunity and equal risk of
eporting all cases, so that a proportion 𝑃𝑡∕𝑁 of the 𝑃𝑇 reported cases
re expected to have reported previous infection at time 𝑡. Immunity
ill act to reduce 𝑘; we expect 𝑘 ∝ (1−𝜌) where 𝜌 informs about degree
f cross-protection afforded by previous infection (or alternatively 1−𝜌
s the relative risk of reinfection); however, heterogeneity in the risk of
nfection and reporting within the population will act to increase 𝑘 - as
he effective population size experiencing and reporting infection will
e smaller.

We consider two particular forms of 𝑘, estimated such that 𝑀𝑡,𝑇
is a good fit to 𝐶𝑡,𝑇 , in terms of maximising the likelihood (assuming
hat reinfection events are Poisson distributed; alternative assumptions
uch as calculated the likelihood based on a Binomial distribution, such
hat some fraction of cases are reinfections, or simply matching the
otal number of reinfection events over the entire time period being
onsidered, produce very similar estimates). Firstly, a homogeneous
odel where just two values of 𝑘 are used, an initial value for the

irst three waves when reinfection was rare, and a second higher value
uring the fourth Omicron wave when the degree of protection was
ower and reinfection was more common:

𝑤,𝑊 =
{

𝐾1 𝑊 = 4 (Omicron wave)
𝐾0 otherwise

lternatively, we can compute a different 𝑘𝑤,𝑊 for every pair of waves
noting that 𝑤 ≤ 𝑊 ).

To delve into the interactions within and between waves in more
etail, we consider the different pairs of waves and the delay, 𝑑,
etween first and second infections in waves 𝑤 and 𝑊 as captured by
𝑤,𝑊
𝑑 =

∑

𝑡
𝐶𝑡,𝑡+𝑑 𝐼(𝑡 = 𝑤) 𝐼(𝑡 + 𝑑 = 𝑊 ),

here 𝐼 is an indicator function (it is 1 is the input is true or 0
therwise) and is used to identify if a time period is associated with
particular wave. The simple model, 𝑀𝑡,𝑇 (making either the homo-

eneous and variant-specific assumptions for 𝑘) can also be used to
enerate a similar function:
𝑤,𝑊
𝑑 =

∑

𝑡
𝑀𝑡,𝑡+𝑑 𝐼(𝑡 = 𝑤) 𝐼(𝑡 + 𝑑 = 𝑊 ),

apturing the expected pattern of reported reinfection events over time.
We therefore use the estimated values of 𝑘 to understand the general

atterns of reinfection between waves, noting that both greater risk of
e-infection or greater heterogeneity can lead to an increased value of
, such that we cannot uniquely attribute every change in 𝑘 to a direct
pidemiological cause — although the relative level of reported cases
rovides some guidance. We use the comparison between 𝐷 and 𝑆 to
xplore the finer structure within each wave, and to assess longer-term
rends.

. Results

Figs. 1 and S1 graphically compare the data (𝐶𝑡,𝑇 ) to the simple
odels of reinfection (𝑀𝑡,𝑇 ). Focusing on the homogeneous assumption

or 𝑘 (Fig. 1) we estimate that 𝐾0 = 0.184 (95% CI 0.182 − 0.185) and
𝐾1 = 0.648 (95% CI 0.646 − 0.649) which taken together explain 51%
nd 85% of the variance in reinfection data in the pre-Omicron (waves
–3) and Omicron periods (wave 4) respectively. (That is, var(𝐶𝑡,𝑇 −

𝑀𝑡,𝑇 )∕var(𝐶𝑡,𝑇 ) is 0.51 for 𝑇 in the first three waves and 0.85 for 𝑇
in the fourth wave; with much of the remaining variance due to the
relatively small and integer nature of 𝐶, whereas 𝑀 is represents a
continuous expectation.) The top panel of Fig. 1 is simply the number of

reported cases over time (𝑃𝑡), with reinfections in dark grey; the bottom
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Fig. 1. A comparison of reported first and second infections in England to the simple homogeneous assumption model. The central panel shows reinfection data (𝐶𝑡,𝑇
upper-left triangle) and the corresponding model fit (in particular we show a Poisson sample of 𝑀𝑡,𝑇 in the lower-right triangle, to allow a better visual comparison when 𝑀𝑡,𝑇 is
low), brighter colours correspond to more reported reinfections, while grey is zero reinfections in the data or model. The upper panel shows the total number of reported cases
(pale grey) and the number of second reported cases (dark grey); the lower panel shows the number of reported first cases for those that report twice, while the right-hand panel
shows the second reports — note that second reported cases during the Omicron wave (after 12th December 2021) are plotted on a different scale for clarity.
panel is the number of first cases of individuals who report a secondary
infection (∑𝑇 𝐶𝑡,𝑇 , plotted against 𝑡), while the right-hand panel is the
number of secondary reported infections (∑𝑠 𝐶𝑠,𝑡, plotted against 𝑡).
We note that due to the much larger number of reinfection events
for Omicron (presumably caused by a lower 𝜌 value and less cross-
protection from previous infection, reflected in 𝐾1 > 𝐾0), we have been
forced to use two different scales for the pre-Omicron and Omicron
periods, as captured by the top and bottom axes. Finally, the middle
panel shows the data on reinfections (𝐶𝑡,𝑇 upper-left triangle) and the
simple model (𝑀𝑡,𝑇 lower-right triangular) — we note that the bottom
and right panels are therefore the appropriate projections of the sum
of the matrix of data (𝐶𝑡,𝑇 ). From inspection, it is clear that reinfection
is far more common in the Omicron waves (as exemplified by 𝐾1 being
at least three times larger than 𝐾0), and that the simple model captures
the bulk patterns of reinfection, even with this homogeneous set of
assumptions for 𝑘.
3

Figure S1 shows similar results for the model in which 𝑘 is wave
specific, with the four main UK waves (associated with Wildtype,
Wildtype/Alpha, Delta and Omicron). This greater heterogeneity in 𝑘
explains more of the variance in 𝐶𝑡,𝑇 : 56% and 90% for the pre-Omicron
and Omicron periods respectively. The relatively small improvement in
the pre-Omicron results (compared to a single 𝑘 value) is because 𝐶𝑡,𝑇
is dominated by the single combination of reinfections in wave 3 (Delta
variant) after an initial infection in wave 2.

We now consider the data transformed to examine the separation
between first and second cases for each wave (𝐷𝑤,𝑊

𝑑 , Fig. 2), which
in plotted in the same upper triangular form as the data in Fig. 1.
To this data we add lines as produced from the simple model (𝑆𝑤,𝑊

𝑑 )
with both the homogeneous (dashed line) and wave-specific (solid line)
assumptions for 𝑘.

For Wildtype–Wildtype reinfections in wave 1 (Fig. 2, bottom left),
the value of 𝑘 for the variant-specific model is large (approximately
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Fig. 2. Wave–wave interactions for reported reinfections. Each panel in the upper-left triangle shows the number of reported cases with a given delay between the first and
second report (𝐷𝑤,𝑊

𝑑 , coloured dots), separated by the associated waves. For each, we also show the same numbers based on the simple model with both the wave-specific (solid
lines) and homogeneous (dashed lines) assumptions for 𝑘. Note, to enable visual inspection of the empirical data compared to the simple model, we have used different 𝑦-axis
ranges across subplots. The two panels in the bottom right perform a comparison of data (𝐷𝑤,𝑊

𝑑 ) and model (𝑆𝑤,𝑊
𝑑 , using the homogeneous assumption) when the second cases

are from the pre-Omicron (𝑊 ≤ 3) and Omicron (𝑊 = 4) waves respectively, enabling us to detect temporal trends, shown as a linear fit to the points.
Table 1
The scaling parameter 𝑘𝑤1 ,𝑤2

that generates the best fit between the simple model and the data in terms of maximising the likelihood (together with 95% confidence intervals)
assuming that the data represent a Poisson sample with a mean given by the model prediction (𝑀𝑡,𝑇 ). We maintain the same upper-triangular structure as seen in Fig. 1 and Fig. 2
for ease of comparison.

Wave Wave, first case

second case 1 2 3 4

4 0.768 (0.759 - 0.776) 0.735 (0.733 - 0.737) 0.591 (0.589 - 0.593) 0.236 (0.231 - 0.240)
3 0.132 (0.127 - 0.136) 0.183 (0.181 - 0.184) 0.128 (0.125 - 0.131) –
2 0.350 (0.341 - 0.359) 0.334 (0.326 - 0.341) – –
1 3.859 (2.918 - 5.101) – – –
3.859), suggesting that reinfection with wildtype is much more com-
mon than expected from case numbers; we attribute this to the extreme
heterogeneity in reporting leading to a much smaller effective popula-
tion size, as only a small fraction of the population was likely to be
tested (in general only those severely ill and requiring hospital treat-
ment). (All values of 𝑘 for the variant-specific assumption together with
95% confidence intervals, are given in Table 1.) Reinfections in wave
2 show a similar pattern to our observations for wave 1 (Fig. 2, row 3),
where the wave-specific model 𝑘 is larger (0.350 and 0.334) than in
the homogeneous model (0.184), but far smaller than for wave 1 due
to increased population-level testing. The model generally captures the
timing of wave 2 reinfections but substantially underestimates rapid
reinfection (days 90–150) in the transition between wave 1 and wave 2
(which would correspond to Wildtype–Wildtype reinfections), although
the total number of such reinfections is relatively small.

Delta variant reinfections during wave 3 (Fig. 2, row 2) show far
more agreement between the simple model and the data. Secondary
cases with Delta after a primary case in wave 2 (Fig. 2, row 2 column
2) numerically dominate, and for such reports the wave-specific and
homogeneous models generate similar 𝑘 values (𝑘2,3 = 0.183 compared
to 𝐾0 = 0.184). The fact that 𝑘 is less than one is a reflection of the
protection afforded by the primary case; however, it does not suggest
that the degree of cross-protection, 𝜌, is around 82% (1−𝑘2,3), as due to
heterogeneity in infection and reporting risk, the effective population
size is likely to be far smaller than the true population size. We note a
4

slightly reduced level of reinfection (for Delta reinfection after wave 1
cases, although the numbers are again small, and for Delta after Delta)
in the data and variant-specific model compared to the homogeneous
model, which may be a signal of greater cross-protection.

Lastly, for reinfections in the Omicron (fourth) wave, (Fig. 2, top
row) the data and models are in relatively good agreement, with
both models generating similar fits. The estimated values of 𝑘 are
all relatively large (0.591 to 0.766) which we attribute to high rates
of reinfections due to limited cross protection. The exception to this
pattern is Omicron–Omicron pairs where the variant-specific 𝑘 is 0.236,
suggesting that there is a higher degree of protection against the same
variant. Considering the temporal pattern in more detail, we note that
𝑘 decreases from initial cases during wave 1 through to initial cases
with Delta in wave 3, hinting a decline in cross-protection over time.
In addition, within each subplot there is a tendency for the model
to slightly overestimate the number of most recent reinfections or
underestimate the number of longer duration reinfections — which
again suggests a slight decline in cross-protection over time.

To explore this temporal aspect in more detail, we compare the
data, 𝐷𝑤,𝑊

𝑑 , with the model, 𝑆𝑤,𝑊
𝑑 (by plotting 𝐷𝑑∕𝑆𝑑 against 𝑑).

We contrast when the second infection, 𝑊 , occurs during any of the
first three waves, with when reinfection occurs in the fourth Omicron
wave (Fig. 2, bottom right). We perform this comparison using the
homogeneous model (𝑘 = 𝐾0 pre-Omicron or 𝑘 = 𝐾1 for Omicron) as
this removes the temporal component that is inherent within the wave-
specific assumptions. In the pre-Omicron period we observe a slight but
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statistically significant (𝑝 < 10−7) decline in 𝐷𝑑∕𝑆𝑑 with the separation
between cases, 𝑑; whereas during Omicron the trend is stronger and in
the opposite direction (𝑝 < 10−100). Therefore during the Omicron wave,
the model (with homogeneous assumption for 𝑘) tends to underestimate
the number of recent reported reinfections, and consequently overesti-
mate the number of longer separation reinfections; the trend of more
infections at longer separations may be a signal of waning immunity.

We can use the analysis of these reported reinfection patterns to
generate estimates of the total level of reinfection. For the four waves
considered here, we estimate a reporting rate of 7.3% (6.6–8.0%) in
wave 1, 32% (28%–38%) in wave 2, 56% (46%–65%) in wave 3 and
31% (25%–40%) in wave 4, using the fitted Warwick model (Keeling
et al., 2021a, 2022a,c). This agrees with primary measurements: esti-
mates from the REACT-2 study (Ward et al., 2021b) lead to a 7.5%
(7.2–7.9%) reporting rate in wave 1 (based on measurements that
6.0% (5.8–6.1%) were infected in the first wave (Ward et al., 2021a)),
while cumulative incidence estimates from the ONS study (Office for
National Statistics, 2022) lead to a 38% (36%–41%) and 42% (39%–
46%) reporting rate for waves 2 and 3 respectively (fig. S3). Using
this level of reporting through time, and assuming that reported cases
are representative of all infections, we can estimate the true level of
reinfection (after 90-days) over the course of the pandemic. For wave
1, the amount of reinfection is low at around 0.6% (0.5–0.7%), for
waves 2 and 3 this increases to 2.5% (2.2–2.8%) and 2.3% (2.0–2.5%)
respectively, but for wave 4 and the Omicron variant this increases
to 18% (16%–20%). We note that the pre-Omicron figures are lower
that those generated by the SIREN study (Hall et al., 2022) in which
around 7.1% of infections from December 2020 to September 2021
(during the Alpha and Delta waves) were reinfections; we attribute this
to the far higher risks of infection for the health care workers that were
recruited to the SIREN study. These results are strongly suggestive that
the future dynamics of SARS-CoV-2 will be contingent on reinfections
within the population, although the extent to which these are mild or
severe infections will be driven by the characteristics of new variants
that emerge.

Finally, we perform the same analysis but on subsets of the pop-
ulation; in particular we partition the population by age and location
(Fig. 3). We calculate 𝑘 in the pre-omicron waves (Fig. 3, blue) and
Omicron wave (Fig. 3, red). Both show distinct deviation from the
population average values (𝐾0 = 0.184 and 𝐾1 = 0.648), with patterns
that differ between pre-Omicron and Omicron waves. Pre-Omicron
(January 2020 to December 2021, Fig. 3 left) the scaling parameter
𝑘 is large for those over 60, those between 20 and 30, and those
under 5 (there are more reported reinfections than expected from
population averages); for the Omicron wave, it is only the 7–11 year
olds and 20–22 year olds that are appreciably greater than 𝐾1, with
he 70–80 year olds showing a substantially reduced level of reported
einfection compared to population-level expectations. Spatially, in the
re-Omicron waves, there is greater reporting reinfection than expected
n Cornwall, Devon and East Anglia; whereas during the Omicron wave,
e observe that it is predominantly Southern Central England that has

ower than expected reinfection.

. Discussion

We have passed the point in the pandemic where the overwhelm-
ng majority of people in England have already been infected, with
stimates of 70.7% (90% credible interval: 66.0–75.6%) infected by
1th February 2022 (Office for National Statistics, 2022) — although
any of these will have been mild or asymptomatic infections and not

eported. The ability of SARS-CoV-2 to reinfect individuals is a key
actor in both its persistence and control in the longer-term and the
ransition to endemicity (Keeling et al., 2021b; Rustom and Halloran,
021). Here, using detailed individual-level case reports for England
rom the start of the pandemic (January 2020) to 14th April 2022,
e consider the pattern of reported cases and the number of reported
5

reinfection events. By far the most striking patterns are the massive
increase in reported reinfection during the Omicron waves, and the
general agreement between the data and a simple model of random
reinfection.

The fact that the random model fits the data so well, even using the
homogeneous assumption for 𝑘 (which involves the fitting of just two
scaling quantities), strongly suggests that there are at most sparse im-
munological signals in this data. The data are well captured by a model
in which reinfections occur randomly in a subset of the population
(accounting for protection from past infection, heterogeneous risk of
infection and heterogeneous likelihood of testing in a single parameter,
𝑘), with only a minimal impact of the temporal separation between
infections. For second reported infections with Omicron during wave
4, there is a slight signal of waning immunity — reporting reinfection
when the initial infection was over 18 months ago is 35% more likely
than reporting reinfection when the initial infection was less than 6
months ago given the relative abundance of reported cases over these
periods (Fig. 2, bottom-right). However, before Omicron this trend was
reversed (although weaker) with shorter separations being relatively
more likely (Fig. 2, bottom column 3).

The scaling parameter 𝑘 is seen to vary substantially between waves,
nd between ages and spatial locations. 𝑘 is a combination of two
actors — the degree of protection offered by past infection (which
educes 𝑘) and the degree of population heterogeneity (which increases
); in general it is impossible to disentangle these two elements, from
alone; however combining changes in 𝑘 with changes in reported

ases and reinfections offers some insights. The large jump in the
umber of reported reinfections in the Omicron wave suggests that the
ssociated increase in 𝑘 is primarily associated with a reduction in cross

protection. In contrast, we believe that the high value in the first wave
(𝑘1,1 = 3.86) reflects the narrow subset of the population that would
be tested for SARS-CoV-2 infection, thereby reducing the effective
population size. In particular, given the same pattern of infection, the
value of 𝑘 will double if only half the population would report an
infection, as the effective population size is halved. This basic concept
can be extended, with heterogeneity in risk of infection or the chance
of reporting leading to a increase in 𝑘. Moreover, vaccination is likely
to increase 𝑘 if both first and second case are post vaccination roll-out,
as this changes the heterogeneity in risk across the population (those
unvaccinated have a higher chance of infection).

The age data require more care to interpret. In the Omicron wave
(Fig. 3, top-right), the shape of 𝑘 closely follows the pattern of reported
reinfections, suggesting that the low in 70–80 years old is due to
increased cross protection (or behavioural changes) following previous
infection, leading to relatively fewer cases. In contrast, the high 𝑘
value and low reinfection probability in 7–11 year olds hints at highly
heterogeneous levels of infection and reporting, potentially due to a
subset of this age-group regularly self-testing. The patterns pre-Omicron
(Fig. 3, top-left) show that the elderly age-groups have high 𝑘 and
relatively low reported reinfections, suggestive of dynamics driven
by population heterogeneity and again increased testing in a smaller
subset of the population.

There are some important caveats to this work. Firstly, we are only
dealing with reported cases; this either requires symptomatic illness
followed by testing (and reporting) or periodic testing to detect mild
or asymptomatic infection. This is important for four main reasons.
The pattern of testing has changed throughout the pandemic as dif-
ferent forms of testing have become available, in the first wave testing
was of severely ill patients only and using PCR, whereas from April
2021 to April 2022 free lateral flow device (LFD) tests were available
nationally. There is also a strong age-bias in testing with younger indi-
viduals more likely to test regularly and therefore detect asymptomatic
infections. We note that there is evidence that for individuals that are
infected more than once, the most common pattern is for just one severe
episode with other infections being mild or asymptomatic (Mensah

et al., 2022; Office for National Statistics, 2021) — this means that
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Fig. 3. The values of the scaling 𝑘 when partitioning the data by age or spatial location, in comparison to the homogeneous assumption 𝑘 = 𝐾0 or 𝐾1. Top row shows
the mean value of 𝑘 in one-year age groups (from 0 to 90+), together with 95% confidence intervals, the left-hand figure (blue) is for waves 1–3 pre-Omicron, while the right-hand
figure (red) is for Omicron wave 4. The grey bars (and right-hand y-axis) show the percentage of all reported cases that are reinfections (∑𝑡,𝑇 𝐶𝑡,𝑇 ∕

∑

𝑇 𝑃𝑇 ). The lower panels
are when the data is partitioned by Lower Tier Local Authority (LTLA) of which there are 317 in England; darker colours refer to higher 𝑘 values, with 𝐾0 (pre-Omicron waves
national average value for 𝑘) and 𝐾1 (Omicron wave national average value for 𝑘) shown on the colorbar.
reporting of multiple infections is likely to be an underestimate unless
there is regular asymptomatic testing. In addition, the action of the
vaccine reduces the amount of symptomatic illness, which again intro-
duces a temporal and age-dependent bias. Finally, only positive tests
separated by 90 days are recorded as a new reported episode, meaning
that shorter separations between reinfection events are not included
and long-duration persistent infections, although rare, may be recorded
as multiple episodes.

Secondly, we have subdivided the timeline into four periods, roughly
corresponding to the four main waves; while waves 1, 3 and 4 are
dominated by Wildtype, Delta and Omicron variants respectively, wave
2 is a mixture of Wildtype and Alpha. An alternative characterisation,
splitting wave 2 into Wildtype and Alpha dominated periods (fig. S2),
does not greatly improve the fit; in particular there are problems
capturing reported reinfections with Wildtype variants in wave 2 after
initial infection in wave 1. Our definition of waves is not rigorous, but
we generally transition at the point of minimum reported infections,
such that the precise timing of the transition does not affect the bulk
proprieties reported; the only exception to this rule is the transition
between waves 3 and 4, which is aligned with the dominance of the
Omicron variant. In addition, we do not split the two Omicron waves
6

attributable to BA.1 (during December 2021, January and February
2022) and BA.2 (mainly during March and April 2022), this is due
to the short time-scales involved — the 90 day minimum separation
between reported infections means that we are left with relatively little
discriminatory power and certainly no prospect of have recorded two
infections within the BA.2 time period.

Finally, the pattern of reported reinfection events as a function
of the time between them (Fig. 2) is largely driven by the timing of
the infection waves. Thus while it is intuitively tempting to seek a
immunological explanation of the observed pattern of declining rein-
fection events with separation for cases within the same wave (diagonal
subplots in Fig. 2), the decline in reinfection events is a facet of
the waves of infection and is echoed in the behaviour of the simple
model. When infection has largely peaked in a single wave, the most
common separation between any two infection events is short with long
separations corresponding to rarer infection events at the start and end
of the wave.

These results indicate that reported reinfection events are very much
driven by the contemporary and historic pattern of reported cases, with
factors such as waning immunity playing a limited role. Heterogene-
ity is most profound in the difference between pre-Omicron (before



Journal of Theoretical Biology 556 (2023) 111299M.J. Keeling
December 2021) and Omicron (after December 2021) waves, and the
differences between age-groups. Taken together, our results suggest
that periodic reinfection is highly likely especially in an environment
where new variants are constantly emerging. We predict that the Omi-
cron wave (15th December 2021 to April 2022) was associated with
18% (16%–20%) of cases being reinfections. This pattern of reinfections
aligns most closely with an SIRS-paradigm, such that we may expect
seasonal waves of infection driven by waning immunity and virus
evolution.
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