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COVID-19 vaccine-induced protection declines over time. This waning of immunity has
been described in modelling as a lower level of protection. This study incorporated fine-
scale vaccine waning into modelling to predict the next surge of the Omicron variant of
the SARS-CoV-2 virus. In Hong Kong, the Omicron subvariant BA.2 caused a significant
epidemic wave between February and April 2022, which triggered high vaccination rates.
About half a year later, a second outbreak, dominated by a combination of BA.2, BA.4 and
BA.5 subvariants, began to spread. We developed mathematical equations to formulate
continuous changes in vaccine boosting and waning based on empirical serological data.
These equations were incorporated into a multi-strain discrete-time Susceptible-Exposed-
Infectious-Removed model. The daily number of reported cases during the first Omicron
outbreak, with daily vaccination rates, the population mobility index and daily average
temperature, were used to train the model. The model successfully predicted the size and
timing of the second surge and the variant replacement by BA.4/5. It estimated 655,893
cumulative reported cases from June 1, 2022 to 31 October 2022, which was only 2.69%
fewer than the observed cumulative number of 674,008. The model projected that
increased vaccine protection (by larger vaccine coverage or no vaccine waning) would
reduce the size of the second surge of BA.2 infections substantially but would allow more
subsequent BA.4/5 infections. Increased vaccine coverage or greater vaccine protection can
reduce the infection rate during certain periods when the immune-escape variants co-
circulate; however, new immune-escape variants spread more by out-competing the
previous strain.
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1. Introduction

Even though the public health emergency of the COVID-19 pandemic was declared over in 2023 along with mass
vaccination programmes (World Health Organization, 2023), certain factors continue to influence the dynamics of the dis-
ease, such as waning immunity and the emergence of new immune-escape variants of the virus that caused COVID-19, severe
acute respiratory syndrome coronavirus 2 (Levin et al., 2021; Najar et al., 2023; Peng et al., 2022; Thompson et al., 2021).
While modelling approaches are commonly used to make predictions regarding vaccination (Bubar et al., 2021; Liu et al.,
2022; Mahmud et al., 2022), most of these assume that vaccine protection declines at a constant rate to certain fixed
levels after the immunity has waned. Hence, vaccine protection over the days that have passed since the last injection is not
traced. Incorporation into modelling of fine-scale immune responses, such as daily changes in vaccine protection and
immune-escape properties, is expected to improve a model's predictive ability in preparation for the re-emergence of the
outbreak (Smith et al., 2021).

Hong Kong faced a significant health burden due to Omicron infections. BA.2 first entered the community in December
2021 and its spread resulted in an epidemic peak of the fifth wave around mid-March 2022 (about 60,000 cases per day)
(Yuan et al., 2022). After the outbreak had been contained, the daily number of cases became consistently low (below 1000)
between April and June. Although many people developed immunity through natural infection and vaccination, there was a
second surge in June 2022, caused by the co-circulation of BA.2 with BA.4 and BA.5 (denoted as BA.4/5). By the end of October
2022, circulation of BA.2 had declined and BA.4/5 mutant viruses predominated (The Government of Hong Kong Special
Administrative Region, 2022a). The BA.4/5 variants have a greater potential to escape vaccine protection and stronger
transmissibility than BA.2 and thus are more likely to cause vaccine breakthrough infections (Chen et al., 2023).

Before the significant growth of the fifth wave, many people in Hong Kong had not completed the full immunisation
programme (i.e. the first two doses of vaccine). In response of the outbreak, many people got vaccinated (Yuan et al., 2022).
Two brands of vaccine (BNT162b2 and SINOVAC) were available. The different vaccine brands and doses varied in their rates of
waning immunity, but in general, the two-dose vaccine protection began to decline a fewmonths after injection. Three doses
of BNT162b2 provided adequate protection, but three doses of SINOVAC produced only limited protection (Lau et al., 2024).

The study aimed to incorporate fine-scale waning immunity into epidemic modelling to predict the second surge of the
outbreak and to understand the impact of vaccine waning on the replacement of BA.2 by the new immune-escape variants.
2. Data and methods

2.1. Data sources

Our study focused on the fifth epidemic wave of COVID-19 in Hong Kong, which began in December 2021. We collated
epidemiological data from publicly available data sources; the numbers of COVID-19 BA.2 cases that were reported daily in
Hong Kong from December 25, 2021 to October 30, 2022 (the study period) were collected from the local COVID-19 thematic
website (The Government of Hong Kong Special Administrative Region, 2022b). After August 1, 2022, daily figures for the
reported mutations BA.4/5 were estimated by multiplying the daily proportions of different cases, reported in press release
from the Department of Health (2022) by the numbers of total cases, also reported daily. The daily numbers of vaccinations
(the first/second/third doses) were collected from 2022, a portal through which users can access open data from the Hong
Kong Government. The data that were used to estimate the vaccine protection function with waning immunity were taken
from previous studies (Chen et al., 2023; Lau et al., 2024).

Dailymean temperatures during the study periodwere collected from the Kong, 2022. The daily averagemobility index for
Hong Kong between December 25, 2021 and October 15, 2022 was collected from OurWorld in, 2022. The mobility data from
October 16, 2022 to 31 October 2022 were estimated using the average mobility index from 15 August to October 15, 2022.
Other data, such as the values of some parameters from previous studies, are listed in Supplementary Table S3.
2.2. Study flow

First, we developed mathematical formulae to represent the boosting and waning of vaccine-induced protection. The
pattern of waning immunity was obtained after fitting the formulae to the vaccine protection information, which was derived
from serological data. Next, we developed a two-strain Susceptible-Exposed-Infectious-Removed (SEIR) model embedding
the boosting and waning of vaccine protection using discrete-time simulation. The model was trained using the daily number
of cases that occurred during the first outbreak driven by Omicron BA.2. Then the trained model was used to predict the
second outbreak, which was driven by the strains BA.2 and BA.4/5. The model was used to simulate the dynamics of the
outbreak with and without waning immunity, and the results were compared (see Fig. 1A for the study flow).

2.2.1. Formulation of vaccine waning immunity
A generalised growth and decay function combined with exponential components (Menegale et al., 2023) was developed

from empirical serological data to represent the changing protection from the j th dose over time (Chen et al., 2023; Khoury
et al., 2021; Lau et al., 2024). The protections from the second and third doses were formulated as follows:
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Fig. 1. Model schematic and study flow. (A) The whole study flow. (B) A simple schematic of the SEIR model with vaccine waning. Individuals were classified into
the following groups: S (Susceptible, without any vaccination and had never been infected), V (Vaccinated), E (Exposed but not yet infected), I (Infectious), and R
(Recovered, including hospital confirmed, recovered and removed). (C) Detailed daily time-step of vaccine protection in vaccinated individuals V in Fig. 1B. The
subscripts j and k represent the status of individuals who have received the jth dose since k days ago.
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Pj;kj ¼ cj � Boosting
�
kj
� �Waning

�
kj
�ðj¼1;2;3Þ (1)

where Pj;kj was vaccine protection; j ¼ 1;2;3 was the number of doses; and kj was the number of days since the injection of
the jth dose. The function k12½1;30� represented the first dose and kj2½1;200�when j ¼ 2;3; the second and third doses. We
split the change of protection into two parts: immune boosting and waning. Boosting ¼ 1� expð� aðkj � 1ÞÞ, which repre-
sented the increase of protection. The factor a was formulated such that when a ¼ lnðxÞ

m�1, the boosting protection reached
(1� x�1Þ � 100% on the m th day. For example, if we assumed that x ¼ 50 and m ¼ 7, the protection would reach 98% after
seven days if immunity did not wane (Fig. 2A).Waning ¼ expð� bðkj � 1ÞÞ, which represented the decrease of protection. The
factor bwas formulated such that when b ¼ lnðxÞ

m�1, the protectionwaned to ðx�1Þ � 100% on them th day. If individuals received
three doses of BNT162b2, we assumed that the waning protection remained 1/3 on the 90th day: b ¼ ln 3=89. If these in-
dividuals took other vaccination regimens, we assumed that the waning protection remained 1/4 on the 90th day: b ¼ ln 4=
89, which means that the immunity of these vaccination regimens waned at a faster rate (Fig. 2B). The factors a and b
controlled the levels of the boosting and waning functions. The factor cj was a scaling factor that set the maximum level of
vaccine protection from the j th dose.

The vaccine protection reached a maximum on the seventh day after injection and decreased by about 70% after 100 days
(Fig. 2CD). The maximumvaccine protection if there was nowaning mechanism, represented by cj, was estimated by the least
square method using data that are shown in Supplementary Tables S1 and S2. The average level of protection from different
vaccine regimens was used to represent the vaccine protection in the population in our model (Supplementary Table S3, The
proportions of different vaccination schemes).

2.2.2. Infectious disease modelling
The time-varying transmission rate b was determined by several factors, such as vaccine protection, temperature and

population mobility:
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Fig. 2. The waning and boosting tendencies of vaccine protection. (A) Boosting tendency of vaccine protection after injection. (B) Waning tendency of vaccine
protection after injection for two different conditions. The red curve represents individuals who had received three doses of BNT162b2, for whom the waning
protection remained 1/3 on the 90th day: b ¼ ln 3=89. The green curve represents individuals taking other three vaccine regimens (two doses of BNT162b2, two
doses of SINOVAC and three doses of SINOVAC) with a faster waning rate, for whom the waning protection remained 1/4 on the 90th day: b ¼ ln 4= 89.
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btj;kj ¼C0 �
�
1� Pj;kj

�
� r0 � WtðTtÞ � Mt (2)

in which subscripts j and k denoted that individuals had received the jth dose k days previously; and C0 was the average
number of contacts per person per day (Liang et al., 2022); Pj;kj was the vaccine protection (see eq. (1)); r0 was the estimated
probability of successful infection after each contact with BA.2; Wt represented the non-linear effect of daily temperature Tt
on the transmission rate (Supplementary Fig. S1AC). Mt was the daily average mobility rate (Supplementary Fig. S1B) (Our
World in, 2022);

A two-strain model with waning immunity of vaccines was developed based on an SEIR framework (Fig. 1B) (Dick et al.,
2021; He et al., 2020). The use of discrete-time simulation enabled the model to track the number of doses and days since the
last infection among vaccinated individuals (Fig. 1C). We assumed that the numbers of people who received their first vaccine
doses were set according to the actual data before March 26, 2022 (the end date of the fifth epidemic wave: the number of
daily new cases was lower than 10,000) and as 1% of the number of the daily S group after that period. Based on the average
dose interval (i.e. 30 days after the injection of the first dose), the model calculated the numbers of people who received their
second or third doses each day and had not been infected. After March 5, 2022, the average interval between the second and
third doses was shortened from 200 to 90 days for the general population (whowould receive their second doses after March
5, 2022) (The Government of Hong Kong Special, 2022) while that interval for some special groups (e.g. infants, adolescents
aged between 12 and 17 years who received two doses of BNT162b2 vaccine, and pregnant women) remained unchanged at
200 days. We assumed that 10% of the population belonged to the special groups (Supplementary Fig. S2, Mathematical
expression of discrete-time vaccinated SEIR model).

The model assumed that the probability of being infected with BA.4/5 (rM; see Supplementary: Cross immunity model)
was about 1.5 times that for BA.2 (r0; see eq. (3)) (Esterman, 2022). Meanwhile, the mutations BA.4/5 were more likely to
escape the protection provided by vaccines. Thus, we assumed that one or two doses of vaccine did not induce protection
against BA.4/5 (Chen et al., 2023; P�erez-Then et al., 2022), so it was assumed that the protection of one or two doses of vaccine
against BA.4/5 disappeared. Based on the above literature data (Chen et al., 2023), a new formulation of waning immunity
from three doses of SINOVAC against BA.4/5 was constructed. It was known that individuals were infected with only one of
these three subvariants (BA2 or BA.4/5) and those who recovered developed very strong protection against both these
mutations, at least during the study period (i.e. between January 2022 and October 2022) (Fig. 1B).

2.2.3. Model training and forecast
For training, we fitted the model to the daily number of reported cases during the first Omicron outbreak, between

December 25, 2021 and April 22, 2022 (the training period) and took into account other factors (i.e. weather and mobility).
Next, the parameterised model was used to predict the daily numbers of cases with BA.2 and with BA.4/5, as well as the
number of individuals who received each vaccine dose between April 23, 2022 and 31 October 2022 (the prediction period).
The model assumed that 38% of infectious cases were detected and reported, in line with previous studies (Yuan et al., 2022;
Lau et al., 2024). In addition, a null model that did not include waning immunity (i.e. with constant vaccine protection) was
developed for comparison, to validate the effect of the gradual change in immunity. The null model was trained during the
same training period.

Finally, we projected outbreak dynamics under three scenarios with different combinations of interventions.
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(1) the social distance policy was strengthened, so that the mobility index was decreased by 10% from 1 September to 30
September compared with the original forecast data;

(2) vaccine coverage was increased with a booster dose to ensure that 100% of those people who had never been infected
completed three doses. This intervention aimed to explore whether a larger scale of vaccine coverage combined with
the recovered group could control the spread of new variants; and

(3) both of the above measures were implemented simultaneously.
3. Results

3.1. Vaccine protection taking account of waning immunity

The empirical patterns of vaccine waning immunity were reproduced using mathematical formulae. The level of vaccine
protection rose and reduced differently across a variety of injection regimens. Two doses of either of the two brands induced
relatively low protection against BA.2 (Fig. 3A). The booster dose increased protection but the effect waned after a few
months. For example, the maximum level of vaccine protection from three doses of BNT162b2 reached 45.33%, and this
declined to 14.68% after 100 days (Fig. 3B). Additionally, this vaccinewas less effective against BA.4/5 comparedwith BA.2. The
highest average protection from the three-dose vaccine reached 42.11% against BA.2 but this protection level was reduced to
10.72% against BA.4/5 (Fig. 3CD).
3.2. Predictions of vaccination rates and the second outbreak

Before training the model, we validated the predictions of vaccination rates. The predicted numbers of total daily in-
jections of the second and third doses of vaccine successfully captured the actual daily numbers of these doses during the first
outbreak at the required dosage intervals (Fig. 4AB). The numbers of second doses were markedly higher than those of third
doses during the study period (Fig. 4C). To improve the prediction of the daily numbers of third doses, the probability that
Fig. 3. Changes in vaccine protection. (A) The modelled vaccine protection curves of two doses over time. The red curve represents the estimated protection of
two doses of BNT162b2 and the green curve represents the estimated protection of two doses of SINOVAC. b ¼ ln 4=89 for both curves. (B) The modelled vaccine
protection curves for three doses. The curves represent the model's estimated protection after the third dose using different vaccination brands. b ¼ ln 4= 89 for
the green curve and b ¼ ln 3=89 for the red curve. (C) The protection against mutations BA.4/5 from three doses of vaccine. All circular data points presented in
Fig. 3ABC are observed vaccine protection data from references (Chen et al., 2023; Lau et al., 2024). (D) Weighted average vaccine protection from different
vaccine brands against variant BA.2. The orange curve is the mean of the two curves in A. The solid blue curve is the mean of the four curves in B.
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Fig. 4. Training of the model and its predictions of the dynamics of vaccination and transmission. (A) Predicted daily numbers of vaccinations. The daily number
of first-dose injections before the vertical dashed line was used to simulate the number of vaccinations of other doses or during the other period (i.e. after the
dashed line). (B) Observed daily numbers of vaccinations. (C) Daily vaccine coverage. (D) Model-simulated transmission dynamics during the training (i.e. before
the vertical dashed line) and prediction (i.e. after the vertical dashed line) periods. The solid red curve represents the simulated daily numbers of reported
infectious cases (under the detection rate of 38%) when waning immunity was taken into account. The green points represent the observed numbers of daily
reported cases. (E) The model-simulated transmission dynamics with waning immunity (detailed subgroups in D). (F) The model-simulated transmission dy-
namics without waning immunity.
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susceptible individuals with full immunisation would get booster doses after the required time interval was set to 70%. It is
worth noting that, during ourmodel simulation, to separate the protective effect of vaccination from rates of natural infection,
only people who had been vaccinated without being previously infected were tracked. The protection of vaccinated in-
dividuals who were later infected was determined by natural infection.

After incorporating the varying numbers of doses, the model successfully predicted the trend of the evolution of COVID-
19's second surge that followed the fifth epidemic wave, including its size and arrival date (Fig. 4D). In the model outcome,
this surge resulted in cumulative reported cases of 655,893 people (8.77% of the population) between June 1, 2022 and 31
October 2022. This figure was only 2.69% less than the observed cumulative number of 674,008. Furthermore, the epidemic
peak was predicted to occur on 15 September with 11,030 daily reported cases; this prediction was comparable with the
observed peak on 8 September with 10,910 daily reported cases (Fig. 4D).
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The second surge involved the co-circulation of variants BA.2 and BA.4/5, with BA.4/5 being the dominant strain (Fig. 5A).
There were two hidden sub-peaks, each associated with a different variant: BA.2 reached a relatively lower peak in early
August (9 August, 4059 cases), while BA.4/5 reached a higher peak in mid-September (18 September, 9455 cases). These
separate peaks can be explained by many people being infected during the initial fifth wave, a large number of whom
recovered. This increased community protection and led the second surge to be smaller than the first (Fig. 4D). Additionally,
vaccination was more effective at suppressing BA.2 but less protective against BA.4/5 (Fig. 5A).

3.3. Impacts of vaccine waning on the spread of immune-escape

To verify the impact of waning immunity, a null model that did not take it into account was developed for comparison.
Under this alternative hypothesis, the average levels of protection of the second and third doses of vaccines were maintained
at the maximum values. It was found that the null model did not capture the actual transmission dynamics well. Without
waning immunity, the level of the early second surge caused by BA.2 was lower. However, a larger outbreak was actually
observed occurred in the model after BA.4/5 emerged with a delay (Fig. 4EF). When waning immunity was considered, the
protection against BA.4/5 among vaccinated individuals who had not been infected was initially lower than that shown in the
null model before the second surge of BA.2, but the population immunity rose more quickly due to the second surge
(Supplementary Fig. S4).

3.4. Impacts of control measures on the spread of immune-escape

We projected the second surge under three different social distancing and vaccination scenarios and compared the
outcomes with those that were found under the previous settings (Table 1). In the first scenario, when population mobility
was reduced by 10% (compared with the observed data) between September 1, 2022 and September 30, 2022, the number of
cases was reduced by 10.03% during the period (Table 1 and Fig. 5B). The number of cumulative cases of BA.2 was reduced by
2.23% and the number for BA.4/5 was reduced by 13.38%. In the second scenario, the probability that all susceptible in-
dividuals with full immunisation would get booster doses after the required time interval was increased from 70% to 100%
Fig. 5. Model projections with different levels of intervention for variants BA.2 and BA.4/5. (A) The numbers of predicted infectious cases with certain in-
terventions and under actual interventions. The figure is an extension of Fig. 4D. (B) Results of modelled implementation of stricter social distancing policy. The
two vertical dashed lines represent the period (1 September-30 September) when the mobility index was reduced by 10%. The pink line represents the predicted
case with intervention, purple dashed line represents the original predicted cases without any intervention. (C) Vaccine coverage of booster doses is improved to
100%. The model assumed that the population would be fully vaccinated through booster doses after 1 June. (D) Results of modelling of implementation of both
more stringent social distancing and total booster dose coverage policies. Vertical dashed lines indicate the same period as (B) when the social distancing policy is
tightened.
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Table 1
Cumulative cases of COVID-19 during the second surge under different control measures. The predicted numbers of cases between June 1, 2022 and 31
October 2022 were calculated. Percentage changes in the numbers of cases compared with the existing interventions are shown.

#Total cases #Cases (BA.2) #Cases (BA.4/5)

Existing interventions 655893 229756 426138
10% reduced mobility index (between 1 Sep. and 30 Sep.) 593745 (�9.48%) 224642 (�2.23%) 369103 (�13.38%)
100% vaccine coverage (after June 1, 2022) 631152 (�3.77%) 197526 (�14.03%) 433627 (þ1.76%)
Combination of the two interventions above 565953 (�13.71%) 193039 (�15.98%) 372914 (�12.49%)
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after 1 June. A 3.77% reduction in the number of cumulative cases during this period was observed (Table 1 and Fig. 5C). Under
this scenario of complete vaccine coverage, the number of cumulative cases due to BA.2 was reduced significantly (�14.03%),
but the cumulative number due to BA.4/5 was slightly increased (þ1.76%). If both the social distance policy and achievement
of higher vaccination coverage were implemented, the number of cases due to BA.2 was reduced by 15.98% and those due to
BA.4/5 were reduced by 12.49%, resulting in a 13.71% reduction in the total number of cases during the second surge (Table 1
and Fig. 5D).

3.5. Sensitivity analysis (supplementary: sensitivity analysis)

We ran sensitivity analyses to assess the effect of changes in the parameter r (r0 and rM , the probabilities of being infected
by BA.2 and BA.4/5) on our results. To account for uncertainty in a change of parameter r during the second surge, we tested
increases and decreases of r by 5% and 10%.

Changes in parameter r significantly influenced the predictive results. Increased transmissibility of the virus increased
community protection through natural infection, and such an increase could help to avoid some infections in another
epidemic surge. The input into the model of strengthened transmissibility of the virus did not lead to good predictions of the
general trend of the second surge (Supplementary Fig. S3AB). The model showed that weakened transmissibility of the virus
would delay the peak date and slow the rise in the daily number of cases (Supplementary Figure S3CD).

4. Conclusion and discussion

The study demonstrated that incorporating fine-scale waning immunity into modelling could produce accurate forecasts
of the vaccination rates and the second surge of the outbreak. The model developed here simulated daily changes in levels of
vaccine protection over time among vaccinated individuals, rather than a single protective status (e.g. a reduced, fixed level of
protection). This approach, implemented through discrete-time simulation, overcame the limitation of classical compart-
mental models in calculating both the dynamics of vaccine-induced immunity and the number of people eligible to receive
the next dose.

In addition to immune escape, the comparison of the predictions between the models with waning and constant im-
munity suggested that vaccine's waning protection was a key factor that shaped this second surge, which involved both BA.2
and BA.4/5. Without the effect of vaccine waning, the surge would have been dominated by delayed but larger spreads of
BA.4/5 compared with what happened (Fig. 4F). Other factors, such as temperature and population mobility, had limited
influence on the second surge. The winter temperatures were likely to have enhanced virus transmission significantly during
the early period of the fifth wave (Supplementary Fig. S1A). Warmer temperatures around September were less likely to be
the main driver. Moreover, when the mobility index was reduced in the model, the peak of the fifth epidemic wave was
maintained. After mid-April 2022, in reality, the mobility index continued to rise, reaching about 90% of the pre-pandemic
level by the end of June (Supplementary Fig. S1B), but the number of daily cases remained low (Fig. 4D). These data indi-
cate that the second surge did not result mainly from the temperature change or the relaxation of social distancing measures.

Although increased vaccine coverage can reduce infection incidence during certain periods (Imai et al., 2023), our data
suggest that when immune-escape variants co-circulate, themaintenance of strong vaccine protectionmay ultimately cause a
larger second surge that is dominated by the escape variant. This can be explained by the reduced cross-protection from
natural infection with the original strain against the immune-escape variants. Hence, when a strategy of vaccination (or the
timing of vaccination) is designed, the pattern of waning immunity should be considered along with other factors, such as
immune-escape and disease severity, to achieve long-term benefits (Liu & Lou, 2022).

Even though the model successfully predicted the second surge, we found that the actual number of reported cases
reduced more rapidly after the epidemic peak was reached than the numbers predicted in our model. This discrepancy may
be due to various factors. First, people may have taken some precautionarymeasures to protect themselves during the growth
of the outbreak. Second, some policies were introduced that would have helped control the epidemic. For example, a “Vaccine
Pass” required citizens to receive three doses of the COVID-19 vaccine as soon as possible (The Government of Hong Kong
Special Administrative Region, 2022c). Furthermore, the detection rate may have fallen after the end of the initial Omicron
outbreak.

Our study contained certain limitations. First, we assumed that individuals who recovered from COVID-19 had strong
immunity during the study period, whereas theymay have been re-infected a long time later (Kojima& Klausner, 2022; Kwok
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et al., 2021). Second, the vaccine was assumed to be equally protective across different age groups. However, certain groups of
people, such as the elderly, pregnant women and children, can be more susceptible to COVID-19. Third, the model did not
account for the fourth dose, which was significant to obtain higher vaccine protection across the population (Bar-On et al.,
2022; Gazit et al., 2022). The fourth dose provided little coverage during the study period, reaching about 7.2% of the total
population (DATA.GOV.HK., 2022).
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