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Abstract 1 

To allow a return to a pre-COVID-19 lifestyle, virtually every country has initiated a 2 

vaccination program to mitigate severe disease burden and control transmission; over 3 

3.6 billion vaccine doses have been administered as of July 2021. However, it remains 4 

to be seen whether herd immunity will be within reach of these programs, especially 5 

as more transmissible SARS-CoV-2 variants continue to emerge. To address this 6 

question, we developed a data-driven model of SARS-CoV-2 transmission for 7 

Shanghai, China, a population with low prior immunity from natural infection. We 8 

found that extending the vaccination program to individuals aged 3-17 years plays a 9 

key role to reach herd immunity for the original SARS-CoV-2 lineages. With a 10 

vaccine efficacy 74% against infection, vaccine-induced herd immunity would require 11 

coverages of 93% or higher. Herd immunity for new variants, such as Alpha or Delta, 12 

can only be achieved with more efficacious vaccines and coverages above 80-90%. A 13 

continuation of the current pace of vaccination in China would reach 72% coverage 14 

by September 2021; although this program would fail to reach herd immunity it 15 

would reduce deaths by 95-100% in case of an outbreak. Efforts should be taken to 16 

increase population’s confidence and willingness to be vaccinated and to guarantee 17 

highly efficacious vaccines against more transmissible variants of concern.  18 

 19 

Introduction 20 

The first-wave of novel coronavirus disease 2019 (COVID-19) in China subsided 21 

quickly after the implementation of strict containment measures and travel restrictions 22 
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starting in March 2020 1. As of July 21, 2021, the COVID-19 pandemic has caused 23 

over 191 million reported cases and 4.1 million deaths globally 2. The pandemic is far 24 

from over, as SARS-CoV-2 has undergone some significant mutations and a number 25 

of variants have become widespread due to increased transmissibility and/or immune 26 

escape characteristics – e.g., variants Alpha 3-5, Beta 6, Gamma 7, and Delta 8. After 27 

the original COVID-19 wave in early 2020, China has experienced several minor 28 

local outbreaks 9, including one detected in June 2021 in Guangdong Province caused 29 

by imported cases of Delta variant from India 10. To control this pandemic, a large 30 

share of the world needs to have immunity to SARS-CoV-2.  31 

 32 

Effective vaccines against COVID-19 represent the most viable option to suppress 33 

SARS-CoV-2 transmission globally. The effectiveness of vaccination programs 34 

depends on several key factors, including vaccine supply, willingness to receive the 35 

vaccine, vaccine efficacy, and the age groups targeted by the vaccination effort. In 36 

China, home of about 1.4 billion people (~18% of the world population), 1.5 billion 37 

doses have been administered as of July 20, 2021 11. This figure corresponds to 52.7% 38 

of the whole population and 68.6% of the target population (i.e., individuals aged 18 39 

years and above). However, it remains to be seen if and when the vaccine coverage 40 

may reach a level sufficient to achieve herd immunity. Countries around the globe are 41 

facing the same question.  42 

 43 

The classical herd immunity level is defined as 1-1/R0, where R0 is the basic 44 
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reproduction number – the average number of infections generated by a typical 45 

infectious individual in a fully susceptible population 12. For a vaccine with efficacy 46 

VE that gives life-long protection, the level of herd immunity required to stop 47 

transmission is (1-1/R0)/VE. However, this estimate is an oversimplification of a 48 

complex phenomenon as it ignores the heterogeneities of actual human population 49 

(e.g., social mixing patterns, age-specific susceptibility to infection) 13,14 as well as of 50 

vaccination (e.g., lifelong immunity, sterilizing vaccine). To overcome this limitation, 51 

here we integrate contact survey data collected in Shanghai, China 15 as well as 52 

official demographic statistics of the Shanghai population, and develop an age-53 

structured stochastic model to simulate SARS-CoV-2 transmission triggered by case 54 

importation (Fig.S1 in SI Appendix). We then use this model to evaluate whether herd 55 

immunity is achievable or not via mass vaccination and to explore the way forward to 56 

achieve suppression of SARS-CoV-2 transmission.  57 

 58 

Results 59 

Modeling SARS-CoV-2 transmission and vaccination 60 

In the susceptible-infectious-removed SIR transmission model, we account for 61 

Shanghai-specific age structure, heterogeneous mixing patterns by age, and 62 

heterogeneous susceptibility to infection by age. The number of symptomatic cases, 63 

hospitalizations, ICU admissions, and deaths are then derived from estimated number 64 

of infections. A qualitative model description is reported in the Methods section, a 65 

summary of model parameters, and data sources is reported in SI Appendix Table S1.  66 
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The model allows the explicit simulation of the vaccination strategy currently used in 67 

China: random distribution of vaccines to adults aged 18+ years (strategy 1). Two of 68 

the SARS-CoV-2 vaccines (i.e., CoronaVac and BBIBP-Corv) used in China have 69 

been licensed for children aged 3 to 17 years 16; however, as of July 21, 2021 children 70 

are not included among the target population for vaccination. To explore the 71 

contribution of vaccinating children aged 3-17 years to achieving herd immunity, we 72 

test two alternative strategies: i) same as strategy 1, but extended to individuals aged 73 

3+ years starting from September 1, 2021 (strategy 2); ii) random distribution of 74 

vaccines to individuals aged 3+ years since the start of vaccination programs (strategy 75 

3).  76 

 77 

All individuals with vaccine contraindications or pregnant women (2.15% of the 78 

population) are excluded from the target population of the focus vaccination programs 79 

(see Sec. 4 of SI Appendix for details). The vaccine schedule requires two doses and 80 

VE is set at 73.5% against infection, in line with clinical trial data 17. In the baseline 81 

scenario, we assume that forty infected individuals 18 are introduced in the population 82 

on September 1, 2021, and R0=2.5 in the absence of interventions, as estimated for the 83 

historical SARS-CoV-2 lineage in China 19-22. This is an optimistic scenario for 84 

SARS-CoV-2 transmission in 2021; however we also present simulations 85 

corresponding to highly transmissible variants currently circulating globally, with R0 86 

up to 6. We do not assume any social distancing in the main scenario, although we run 87 

sensitivity analyses with different levels of non-pharmaceutical interventions (NPIs). 88 
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The proportion of the population immune from natural infection is considered near 89 

0% at the start of simulations. The number of vaccine doses administered per day 90 

(vaccination capacity) exponentially increases and is capped at 1.22% of the 91 

population (see Sec. 5 of SI Appendix for details). As of September 1, 2021, the 92 

projected vaccination coverage is 71.2% of the population (Fig.1A-C).  93 

 94 

Baseline scenario  95 

By forward simulating one year and assuming no vaccine hesitancy, continued 96 

vaccination efforts lead to a final coverage of 97.6% of the target population, which 97 

corresponds to 86.4% of the total population for strategy 1 and 95.6% for strategies 2 98 

and 3 (Fig. 1A-C). Under any scenario, the mean incidence of newly infected 99 

individuals never reaches 20 over 10,000 residents (Fig. 1D-F). We estimated the 100 

impact of vaccination on reproduction number by using the next-generation matrix 101 

approach 23 (see Sec. 2-3 of SI Appendix for details). We estimated that the effective 102 

reproduction number at the time the infection is seeded (Re) is still well above the 103 

epidemic threshold, namely 1.72 (95%CI: 1.37-2.13), 1.73 (95%CI: 1.44-2.06), and 104 

1.18 (95%CI: 1.17-1.19) for strategy 1-3, respectively. These estimates suggest that 105 

the vaccine coverage on September 1, 2021 is not enough to prevent onward 106 

transmission, regardless of the vaccination strategy. Re is estimated to cross the 107 

epidemic threshold (i.e., 1) on January 22, 2022, October 6, 2021 and September 16, 108 

2021 for strategy 1, 2, and 3, respectively (Fig. 1G-I). Compared with strategy 1, with 109 

an infection attack rate of 5.54% (95%CI: 2.35-7.78%), strategy 2 and 3 are 110 
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associated with infection attack rates lower than 4 per 100,000 (Fig.1J-L). 111 

 112 

Although vaccine-induced immunity is not enough to prevent viral circulation, all the 113 

scenarios considered are associated with substantial mitigation of COVID-19 burden. 114 

We estimate the infection attack rate for the three vaccination strategies to decrease by 115 

more than 90% with respect to a reference scenario with no interventions, with 116 

cumulative infection attack rates in the range of 554 to 0.12 per 10,000 individuals. 117 

Strategy 2-3 achieve the highest reduction (close to 100%) thanks to the inclusion of 118 

the age group 3-17 years in the target population of the vaccination program (Fig. 2A-119 

B). Similar reductions are obtained also for other metrics of COVID-19 burden (e.g., 120 

hospitalized cases, individuals requiring an ICU; see Fig. S3 in SI Appendix). Nearly 121 

no difference in the reduction of overall number of deaths is observed among the three 122 

strategies (reduction close to 100%), with cumulative number of deaths no larger than 123 

1 per 10,000 individuals. This pattern is explained by the substantially lower case 124 

fatality ratio in individuals 0-17 years (0.51%) compared to other age groups (Fig. 125 

2C-D) 24.  126 

 127 

These results were based on the assumption of an “all-or-nothing” vaccine (i.e., a 128 

vaccinated individual will either develop full protection with probability given by the 129 

vaccine efficacy or zero protection). To test the robustness of our findings to this 130 

assumption, we also tested a “leaky” vaccine (i.e., the susceptibility to infection of 131 

any vaccinated individual is reduced by a factor equal to the vaccine efficacy 25 ) and 132 
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we obtained very consistent results with respect to the baseline analysis (Fig. S4 in SI 133 

Appendix). Moreover, the obtained results are confirmed when the initial number of 134 

seeds is varied in the range from 10 to 100 (Fig. S5 in SI Appendix), and when equal 135 

susceptibility to infection by age is assumed (Fig. S6 in SI Appendix). Finally, we also 136 

conducted a counterfactual analysis where we assume that a part of the population 137 

was already immune before the start of the vaccination campaign (similar to the 138 

situation in Western countries). Under this assumption, we found that a 10% initial 139 

immunity proportion would lead to Re below the epidemic threshold for strategy 3 140 

before September 1, the start date of the simulations (Fig. S7 in SI Appendix). 141 

 142 

As regard the parameters regulating the vaccination process, we found that the 143 

(overall) vaccine efficacy has the largest impact, followed by the vaccine efficacy of 144 

individuals aged 3-17 and 60+ relative to individuals aged 18-59 years (Fig. S8 and 145 

S9 in SI Appendix). On the other hand, the time between vaccination and maximum 146 

protection and the time interval between the first and second dose have a more 147 

moderate impact on the overall effectiveness of the analyzed vaccination strategies 148 

(Fig. S10 and S11 in SI Appendix). 149 

 150 

Scenario 1: Delaying the start of the epidemic 151 

The findings presented thus far suggest that herd immunity cannot be built through 152 

vaccination by September 1, 2021. Next, we test to what extent the start of a new 153 

epidemic wave needs to be delayed (e.g., by keeping strict restriction for international 154 
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travels) to allow the immunity to build up in the population, potentially reaching herd 155 

immunity levels. According to the daily vaccine capacity used in the baseline scenario 156 

(based on the history of daily vaccination capacity data up to May 23, 2021), we 157 

estimate that Re remains above the epidemic threshold for strategy 1 even if the 158 

epidemic is delayed to November 1, 2021 (Fig. 3A and Fig. S12 in SI Appendix). 159 

However, simulation results show that for strategy 2 and 3 it is possible to decrease Re 160 

below the epidemic threshold when the epidemic start is delayed until after November 161 

1, 2021- at that time, the vaccination coverage is estimated to reach 95.6%. In 162 

addition, in this case, strategies 2 and 3 lead to a higher reduction of the infection 163 

attack rate with respect to the scenario with no intervention (less than 0.4 per 100,000 164 

individuals for an epidemic starting on November 1, 2021 - Fig. 3B-C). The estimated 165 

cumulative number of deaths is estimated to be reduced by more than 95% (Fig. S13 166 

in SI Appendix). 167 

 168 

Scenario 2: Adopting NPIs in case of a new outbreak 169 

The results presented so far suggest that herd immunity is not achievable at any time 170 

point without targeting also individuals 17 years old or younger (strategy 1). Adopting 171 

NPIs as a response to an epidemic outbreak can lower the transmission potential of 172 

the virus. It is thus worth investigating the synergetic effect of vaccination programs 173 

combined with NPIs of different intensity. It is important to note that we do not 174 

explicitly model every single measure to limit transmission (e.g., case isolation, 175 

contact tracing, wearing masks, social distancing, improved hygiene). These measures 176 
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are implicit as concerted strategies that result in a decreased reproduction number. We 177 

define the value of the reproduction number in a fully susceptible population and 178 

under a certain level of NPIs as R
NPIs 

0 . We explored R
NPIs 

0 in the range 1.1-2.3. 179 

 180 

The reproduction number on September 1, 2021 for strategy 1 and 2 can be reduced to 181 

below the epidemic threshold when R
NPIs 

0 =1.1 only, while strategy 3 can lead to a 182 

drastic decrease in 𝑅𝑒, reaching herd immunity when R
NPIs 

0 <2.1 (Fig. 3D). By forward 183 

vaccinating and simulating 1 year of epidemic, substantial infections could be reduced 184 

thanks to the synergetic effect of vaccination and NPIs (Fig. 3E-F), with a reduction 185 

of more than 95% of deaths as compared with no intervention scenario (Fig. S15 in SI 186 

Appendix). 187 

 188 

Scenario 3: Delaying the start of the epidemic and adopting NPIs 189 

To further improve the potential for vaccination-induced herd immunity against the 190 

SARS-CoV-2 and reduce COVID-19 burden, here we tested the combination of the 191 

two scenarios mentioned above: delaying the start of the epidemic and adopting NPIs 192 

of different level of intensity in response to a new outbreak. 193 

 194 

Should an epidemic start in mid-September 2021, herd immunity would be achievable 195 

only for strategy 3 (Fig. 4C). If the epidemic is further delayed to October 2021 and 196 

moderate NPIs are adopted, strategy 2 can succeed in blocking transmission (Fig. 4B). 197 

In the case of strategy 1 (i.e., the vaccination policy excluding underage individuals), 198 
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strict NPIs should be adopted to prevent a major epidemic wave (Fig. 4A and Fig. 199 

S16-17 in SI Appendix). 200 

 201 

Herd immunity threshold 202 

We explored the vaccination-induced herd immunity threshold in the absence of 203 

transmission by estimating Re under different fixed vaccine coverage. We estimated 204 

that Re decreases below 1.0 only for strategy 2 and 3 (Fig. 5A). The estimated herd 205 

immunity threshold under these two strategies is 92.8% and 80.8%, respectively, 206 

which suggests that level of immunity needed to lead the effective reproduction 207 

number below the epidemic threshold is lower if vaccination is extended to 208 

individuals aged 3-17 years early on. In particular, we estimated that for strategy 2 the 209 

required immunity level (92.8%) could be reached on October 5, 2021 (Fig.5B).  210 

 211 

We also estimated the infection attack rate under different vaccination coverages 212 

under the assumption that vaccination stops at the time the epidemic is seeded. This 213 

purely hypothetical scenario shows that when the adult population (18+ years of age) 214 

is vaccinated (strategy 1), despite a fairly high estimated reproduction number (1.68), 215 

the estimated infection attack rate is relatively low (5.94%) (Fig. 5A and 5C). In fact, 216 

given the age-targeted vaccination program and the lack of natural immunity, the 217 

susceptible population is mostly concentrated in the young population. The high 218 

number of contacts in younger age groups, combined with the high vaccination 219 

coverage in the rest of the population, lead to a fairly high reproduction number but, 220 
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at the same time, the infections are focused on a small segment of the population only 221 

(young individuals) and thus the overall infection attack rate remains fairly low. 222 

 223 

The effectiveness of age-targeted vaccination strategies depend on the age-mixing 224 

patterns of the population 26. To test the robustness of our findings, we tested an 225 

alternative contact matrix for China 27 and we found consistent results (Fig. S18-19 in 226 

SI Appendix). In addition, to explore to what extent vaccine efficacy affects the herd 227 

immunity threshold, we estimate Re by increasing the efficacy against infection to 228 

85% and 95%. Our results show that, although Re decreases, the results for strategy 1 229 

and 2 are rather consistent with those obtained in the main analysis (Fig. S20 in SI 230 

Appendix). In contrast, for strategy 3 the threshold is estimated to be substantially 231 

lower 63.0% in the case of a 95% efficacious vaccine (Fig. S20 in SI Appendix). 232 

 233 

SARS-CoV-2 variants  234 

Given the global epidemiological situation of COVID-19 as of July 2021, it is likely 235 

that, should a major epidemic wave start to unfold in China, it will be caused by a 236 

SARS-CoV-2 variant. Four SARS-CoV-2 variants of concern (Alpha, Beta, Gamma, 237 

and Delta) are considered in our analysis, each of which is characterized by a specific 238 

transmissibility (Tab. S2 in SI Appendix). Moreover, given the uncertainty 239 

surrounding the estimates of vaccine efficacy against them, we explored VE in the 240 

range 60-100%.  241 

 242 
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Our results show that, for any of these four variants, herd immunity is unattainable for 243 

a vaccine with 73.5% efficacy as in the baseline scenario, even in the extreme case 244 

where the vaccine coverage is 100% (Fig. 6). Vaccine-induced herd immunity may 245 

only be achievable with higher VE and high coverage. For example, for a vaccine 246 

with 90% efficacy against the Alpha variant, more than 83% of the population would 247 

need to be vaccinated to reach herd immunity (Fig. 6). Similarly, for a vaccine 90% 248 

efficacious against Delta, herd immunity would require more than 92% of the 249 

population vaccinated (Fig. 6). 250 

 251 

Discussion 252 

Our study evaluates the feasibility of reaching herd immunity against SARS-CoV-2 253 

through vaccination, considering heterogeneity in population age structure, age-254 

specific contact patterns, vaccine efficacy, as well as biological characteristics of the 255 

historical SARS-CoV-2 lineages and variants. Our findings show the key role of 256 

extending the vaccination program to school-aged children in order to reach herd 257 

immunity. Considering the vaccination capacity in China in July 2021, an expansion 258 

of vaccination program to the population aged 3 years or more would achieve herd 259 

immunity against the original SARS-CoV-2 lineage by September, 2021. However, 260 

herd immunity is unlikely to be reached against new variants of concern. If we 261 

consider the transmissibility of the Delta variant, herd immunity would require 262 

vaccination of 87.5% of the whole population with a highly efficacious vaccine 263 

against infection (95% efficacy, which does not exist yet). The adoption of NPIs could 264 
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prevent the spread of a major epidemic wave even when the herd immunity level is 265 

not reached, but such an option obviously entails social and economic costs. Further, 266 

all strategies considered in this study would mitigate the overwhelming majority of 267 

deaths. 268 

 269 

Our study explored if and when vaccination-induced herd immunity can be reached in 270 

China. Under the hypotheses that the circulating strain has the same transmissibility 271 

as historical lineages and that the vaccination campaign will not slow down due to 272 

vaccine hesitancy, for a strategy targeting adults first, followed by individuals aged 3-273 

17 years (strategy 2), herd immunity could be reached as early as mid-October 2021. 274 

However, should the vaccination program target individuals aged 18 years or more 275 

only (strategy 1), herd immunity seems to remain an unreachable target given that 276 

about 14% of the Chinese population would be excluded from the program (either 277 

because of age or other forms of non-eligibility). This finding is consistent with a 278 

previous study reporting that herd immunity may only be possible if the vaccination 279 

program is extended to children 28. Nonetheless, it is important to remark that the 280 

effectiveness of the vaccination program is impacted both by the natural immunity 281 

accumulated in the population (which is close to 0 in China as of July 2021) and the 282 

age structure of the population. In fact, in populations with a lower proportion of 283 

children, herd immunity may be achievable through vaccination of adults only.  284 

 285 

Our findings point to the importance of adopting NPIs and/or self-precautionary 286 
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measures until herd immunity is reached, or the burden of the epidemic becomes 287 

manageable. These measures can either help delay the seeding of the infection (e.g., 288 

strict border control measures) or, should an epidemic start to unfold, to mitigate its 289 

burden (e.g., social distancing, contact tracing, testing, wearing masks, hygiene 290 

practices, limiting contacts). However, questions remain about which NPIs need to be 291 

implement, their intensity, and timing. Future studies are needed to address these 292 

questions. 293 

 294 

A key role to determine whether herd immunity can be reached is played by the 295 

willingness-to-vaccine of the population. According to previous surveys on COVID-296 

19 vaccine hesitancy, vaccine acceptance in China was estimated to vary between 297 

60.4% and 91.3% for general population aged 18 years and above 29-32, and may be 298 

even lower for older adults 32 and healthcare workers 33. Similar estimates were 299 

obtained for several other countries including the UK (71.5%) 34 and the US (75.4%) 300 

34. Given these levels of vaccine hesitancy, achieving high levels of coverage may 301 

remain an elusive target. Efforts to increase population’s confidence and willingness 302 

to be vaccinated will thus be of paramount importance to allow a return to a pre-303 

COVID-19 lifestyle. Our study shows that the spread of new more transmissible (and 304 

possibly also more lethal 35-42) variants substantially increases herd immunity 305 

thresholds to level that may not be feasible in any population, so that mitigation 306 

strategies become much more relevant. 307 

 308 
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Previous studies have estimated the herd immunity threshold either through natural 309 

infection or vaccination under the assumption of an homogenously mixed population 310 

28,43-46, but heterogeneity in contact structure, age structure of the population, 311 

susceptibility to infection by age, and order in which individuals are vaccinated are all 312 

key factors shaping the herd immunity level 14,47,48 The developed model is based on 313 

social mixing patterns estimated for the Shanghai population 15 and on China-specific 314 

data on COVID-19 epidemiology (population immunity, hospitalization rates 24, case 315 

fatality ratio 24, etc.). Nevertheless, the introduced modeling framework is flexible and 316 

can be tailored to other countries We tested a scenario close to the situation in the 317 

USA, where initial fraction of naturally immune population is set to 22% 49 and a 318 

BNT162b2/Pfizer vaccine with 95% VE 50 is considered. The results show that the 319 

initial (natural) immunity level in the population and the use of a more efficacious 320 

vaccine may theoretically ease the path towards reaching herd immunity (Fig. S21 in 321 

SI Appendix), although the spread of the Delta variant may counterbalance these 322 

effects making it virtually impossible to reach herd immunity. Moreover, vaccination 323 

hesitancy may jeopardize the vaccination effort in the US and other Western countries 324 

as well. 325 

 326 

This study is prone to the limitations pertaining to modeling exercises. First, VE for 327 

children have not been estimated for the vaccines in use in China; therefore, we have 328 

assumed the same VE as in adults based on immunogenicity studies 51. Given such a 329 

lack of field evidence, we have conducted a sensitivity analysis where a lower vaccine 330 
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efficacy is assumed for children. The overall conclusions of the study do not change. 331 

Still, further data on age-specific vaccine efficacy could help refine the obtained 332 

estimates. 333 

 334 

Second, we assumed that immunity induced either from infection or vaccination lasts 335 

more than the time horizon considered in the simulations (i.e., 1 year). There are both 336 

evidence from laboratory studies and the field suggesting that the protection lasts 337 

several months 52-54. Despite these preliminary pieces of evidence, the duration of the 338 

immunity remains a research area of paramount importance and intrinsically linked to 339 

viral evolution. It is also possible that waning immunity will continue to provide 340 

protection against severe disease but only partial against infection or transmission, 341 

which affects the herd immunity threshold. Overall, the duration and quality of 342 

immunity will determine the periodicity of COVID-19 outbreaks globally 55,56. 343 

 344 

Third, in the baseline scenario, we referred to an inactivated SARS-CoV-2 vaccine 345 

(BBIBP-CorV) taken to be 73.5% efficacious against infection 17. However, several 346 

other vaccines (including CoronaVac, WBIP-CorV, Ad5 nCoV, and ZF2001) are 347 

licensed and have been used in China 57-60. We varied vaccine efficacy in the range 348 

60%-84% in sensitivity analyses. The main conclusion about the need to extend the 349 

vaccination campaign to children is unaltered.  350 

 351 

In conclusion, based on the current evidence, reaching vaccine-induced herd 352 
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immunity in a population with little/no natural immunity is challenging. Key steps 353 

will be the authorization of COVID-19 vaccines for children and minimize vaccine 354 

hesitancy. These, together with highly efficacious vaccines, will be even more crucial 355 

given the global spread of SARS-CoV-2 variants with higher transmission potential 356 

than the historical lineages. Importantly, even if herd immunity is unlikely to be 357 

reached, vaccination will still dramatically reduce COVID-19 burden.  358 
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Figures  359 

 360 

Figure 1. Time series of vaccine coverage, daily incidence of new SARS-CoV-2 361 

infections, effective reproductive number, Re, and fraction of immune population. 362 

A Age-specific vaccine coverage over time for strategy 1. Vaccination program is 363 

assumed to be initiated on November 30, 2020 (i.e., the time that the vaccine doses 364 

administrated was first officially reported in China). The dotted lines correspond the 365 

start of epidemic. The inserted table shows the age-specific coverage for the two key 366 

time points (the start of epidemic (i.e., September 1, 2021), and the time that the 367 

coverage keeps constant (i.e., September 24), respectively). The line corresponds to 368 

the mean value, while the shaded area represents 95% quantile intervals (CI). B As A, 369 

but for strategy 2. C As A, but for strategy 3. D Daily incidence of new SARS-CoV-2 370 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 23, 2021. ; https://doi.org/10.1101/2021.07.23.21261013doi: medRxiv preprint 

https://doi.org/10.1101/2021.07.23.21261013
http://creativecommons.org/licenses/by-nc-nd/4.0/


infections per 10,000 individuals for strategy 1 (mean and 95% CI). E As D, but for 371 

strategy 2. F As D, but for strategy 3. G Effective reproduction number Re over time 372 

(mean and 95% CI), as estimated using the Next-Generation matrix method from the 373 

time series of susceptible individuals for strategy 1. The shaded area in gray indicates 374 

the epidemic threshold Re =1. The numbers around the x-axis indicate when Re cross 375 

this threshold (i.e., January 22) for strategy 1. H As G, but for strategy 2. I As G, but 376 

for strategy 3. J Proportion of immune population due to either natural infection or 377 

vaccination over time for strategy 1. K As J, but for strategy 2. L As J, but for 378 

strategy 3. 379 
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 380 

Figure 2. Burden of COVID-19 in the baseline scenario. A Cumulative number of 381 

infections per 10,000 individuals after 1 simulated year for reference scenario and 382 

three vaccination strategies (mean and 95% CI). Reference scenario indicates no 383 

vaccination and no NPIs with R0=2.5 at the beginning of transmission. Infections 384 

consist of unvaccinated and vaccinated individuals. The bar corresponds to the mean 385 

value, while the vertical line represents 95% quantile intervals. B Reduction in 386 

infections (mean and 95% CI) with respect to the reference scenario in different age 387 

groups and the total population. The reduction is defined as the estimated number of 388 

infections after 1 year since the introduction of the initial infected individuals under 389 

reference scenario minus the one under the vaccination strategy, relative to the 390 

estimated number under reference scenario. The 95% CI of the reduction may cross 0 391 

as the burden between reference scenario and vaccination scenario is approximately 392 

the same in some simulations. We thus trimmed the lower limit of 95% CI at 0 393 

through the manuscript. C As A, but for cumulative number of deaths. D As B, but for 394 
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reduction in deaths. 395 
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 396 

Figure 3. Impact of delaying the start of the epidemic and adopting NPIs. A 397 

Estimated effective reproduction number (Re, mean and 95% CI) as a function of 398 

vaccine coverage at the time the infection is seeded (i.e., September 1, October 1 and 399 

November 1). Colors refer to the scenario of delaying the start of the epidemic to 400 

different date. The shaded area in gray indicates the herd immunity threshold Re =1. B 401 

Cumulative number of infections per 10,000 individuals after 1 simulated year for 402 

reference scenario and three vaccination strategies (mean and 95% CI). Reference 403 

scenario indicates no vaccination and no NPIs with R0=2.5 at the beginning of 404 

transmission. C Reduction in infections (mean and 95% CI) with respect to the 405 

reference scenario. D As A, but for the scenario of adopting different intensity of 406 

NPIs, R
NPIs 

0 . E As B, but for the scenario of adopting different intensity of NPIs. F As 407 

C, but for the scenario of adopting different intensity of NPIs. 408 
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 409 

Figure 4. Impact of delaying the start of the epidemic start and adopting NPIs on 410 

estimated effective reproduction number Re. A Estimated effective reproduction 411 

number (Re) as a function of R
NPIs 

0 and epidemic start date for strategy 1. The bold line 412 

in black indicates the herd immunity threshold Re =1. B As A, but for strategy 2. C As 413 

A, but for strategy 3.  414 
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 415 

Figure 5. Effective reproduction number (Re) and infection attack rate. A 416 

Estimated effective reproduction number (Re, mean and 95% CI) as a function of 417 

vaccine coverage in the absence of transmission. Colors refer to three vaccination 418 

strategies. The shaded area in gray indicates the herd immunity threshold Re =1. The 419 

numbers around the line indicate where Re cross this threshold. B Age-specific 420 

vaccine coverage over time for strategy 2 in the absence of transmission. The crossed 421 

point of two dotted lines corresponds to the time the coverage reached the herd 422 

immunity threshold. C The infection attack rate after 1 simulated year as a function of 423 

vaccine coverage. The transmission is simulated with the initial vaccine coverage and 424 

there is no longer vaccination after the infection is seeded. 425 
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 426 

Figure 6. The impact of vaccine efficacy and vaccine coverage on estimated 427 

effective reproduction number 𝑹𝒆. A for Alpha strain with R0=4.0. B As A, but for 428 

Beta strain with R0=3.8. C As A, but for Gamma strain with R0=5.0. D As A, but for 429 

Delta strain with R0=6.0. The bold line in black indicates the herd immunity threshold 430 

Re =1. Re is estimated in the scenario that all individuals are eligible to vaccination and 431 

vaccinated 2 doses before the epidemic starts. 432 
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Methods 433 

SARS-CoV-2 transmission and vaccination model  434 

We built a compartmental model of SRAS-CoV-2 transmission and vaccination, based 435 

on an age-structured stochastic SIR scheme, accounting for heterogeneous contact 436 

patterns by age as estimated in Shanghai 15 and heterogeneous susceptibility to 437 

infection by age as estimated using contact tracing data in Hunan province of China 438 

61. In the model, the population is divided into three epidemiological categories: 439 

susceptible, infectious, and removed, stratified by 17 age groups. Susceptible 440 

individuals can become infectious after contact with an infectious individual 441 

according to the age-specific force of infection. The rate at which contacts occur is 442 

determined by the mixing patterns of each age group. The average generation time 443 

was set to 7 days 61. We consider a basic reproductive number (R0) of 2.5 according to 444 

estimates for the historical SARS-CoV-2 lineages in China 19-21,62. Higher values (in 445 

the range 3.8-6) are used when other variants of concern are modeled 35-42. 446 

Simulations are initiated with 40 infectious individuals, corresponding to the number 447 

of cases first detected in a local outbreak in Beijing on June 11, 2020 63. 448 

 449 

We consider a 2-dose vaccine, that only susceptible individuals are eligible for 450 

vaccination (we recall that natural immunity is close to 0 in China as of July 2021), 451 

and that the duration of vaccine-induced immunity lasts longer than the time horizon 452 

considered in this study (i.e., 1 year). Details about the model are reported in Sec. 1 of 453 

SI Appendix. 454 
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Baseline vaccination scenario 455 

As the baseline scenario, we considered the following assumptions:  456 

i) Epidemic start: An epidemic is assumed to be triggered by forty SARS-CoV-457 

2 infections on September 1, 2021; vaccines have been rolling out in China 458 

since November 30, 2020 64. 459 

ii) Vaccination strategy: We test three different vaccination strategies: 460 

a) Strategy 1—random distribution of vaccines to adults aged 18+ years 461 

b) Strategy 2—same as strategy 1, but the vaccination is extended to individuals 462 

aged 3+ years starting from September 1, 2021 463 

c) Strategy 3—random distribution of vaccines to individuals aged 3+ years 464 

since the start of the vaccination program. 465 

Note that in all scenarios, we consider that a fraction of the population (about 466 

2% - Sec. 4 of SI Appendix) is not eligible to receive the vaccine (e.g., 467 

pregnant women, individuals with allergies or other conditions preventing 468 

them to safely receive the vaccine). 469 

iii) Vaccine capacity: We simulated the daily vaccine administration capacity 470 

based on the vaccine capacity data throughout the entire vaccination campaign 471 

in China 65. We found that the daily vaccine administration capacity 472 

exponentially increased during the initial phase of the campaign before 473 

stabilizing at 294,234 doses per day on June 2, 2021 for the Shanghai 474 

population (about 24 million individuals; details are reported in Sec. 5 of SI 475 

Appendix). 476 
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iv) Vaccine efficacy (VE): There are three types of COVID-19 vaccines currently 477 

used in China: inactivated, recombinant protein subunit, and adenovirus-478 

vectored vaccines. Their VE was estimated to vary from 65% to 84%, except 479 

for the one tested in Brazil (VE=50%) where Gamma variant was dominant at 480 

the time of the trial 66-71. We assume 73.5% VE against infection for a two-481 

dose schedule (with a 21-day interval) 17 and explore 60%-84% VE as 482 

sensitivity analysis. We also test a two-dose schedule with a 14-day interval. 483 

In addition, COVID-19 vaccines may not be equally effective across age 484 

groups in preventing infection or disease. To understand the impact of this 485 

assumption, we also tested a relative VE of 50% and 75% for individuals aged 486 

3-17 and 60+ years as compared to VE for individuals aged 18-59 years.  487 

v) Vaccine action: We considered two ways in which VE could be below 100%: 488 

an “all-or-nothing” vaccine (baseline analysis), in which the vaccine provides 489 

full protection to a fraction VE of individuals who are vaccinated and no 490 

protection to the remaining 1-VE vaccinated individual. The second option we 491 

considered is a “leaky” vaccine in which all vaccinated individuals have a 492 

certain level of protection to the infection corresponding to VE. 493 

vi) Initial immunity: As of July 2021, there is essentially no population 494 

immunity from natural infection in China 72. For the sake of generalizability of 495 

results to other countries with ongoing transmission, we have explored a 496 

scenario where 30% of the population has initial natural immunity 49. 497 
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vii) Susceptibility to infection by age: Children under 15 years of age were 498 

estimated to have a lower susceptibility to SARS-CoV-2 infection as 499 

compared to adults (i.e., individuals aged 15 to 64 years), while individuals 500 

aged 65+ years had the highest susceptibility to infection 61. 501 

viii) Immunity duration: We let the transmission model run for one year, 502 

assuming a life-long protection from natural infection or vaccination. 503 

Comprehensive sensitivity analyses to evaluate the impact of the baseline assumptions 504 

on our results are carried out as well (Tab. S1 in SI Appendix). 505 

 506 

Alternative vaccination scenarios 507 

We test three alternative scenarios to explore the potential for vaccination-induced 508 

herd immunity, where: i) epidemic start is delayed from September 1, 2021 to October 509 

1, 2021, and November 1, 2021; ii) the initial reproduction number varies between 1.1 510 

and 2.3 to account for different intensity of NPIs (R
NPIs 

0 ); iii) combinations of scenarios 511 

i and ii.  512 

 513 

SARS-CoV-2 variants 514 

Multiple SARS-CoV-2 variants have been documented globally, four of which are of 515 

particular concern: Alpha, Beta, Gamma, and Delta 73. These variants are estimated to 516 

have higher transmissibility 3,6,8,42 and possibly an increased mortality 74,75. To assess 517 

the potential for herd immunity in this context, we consider a R0 in the range 3.8-6 518 

(Tab. S2 in SI Appendix).  519 
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Data analysis 520 

For each scenario, 100 stochastic simulations were performed. The output of these 521 

simulations determined the distribution of the number of infections. We then analyzed 522 

model outcome to estimate the number of symptomatic infections, hospitalizations, 523 

ICU admissions, and deaths by accounting for the transition probability between 524 

different endpoints (Tab. S1 in SI Appendix). For vaccinated individuals, the estimates 525 

of disease burden also account for estimates of vaccine efficacy against different 526 

clinical endpoints (e.g., symptomatic case, hospitalization, ICU admission, death). 527 

Details are reported in Sec. 1 in SI Appendix. We defined 95% credible intervals as 528 

quantiles 0.025 and 0.975 of the estimated distributions.  529 

 530 

We used the next-generation matrix approach to estimate the reproduction number, Re. 531 

Herd immunity is considered as achievable when Re <1. Details are reported in Sec. 2-532 

3 in SI Appendix. 533 
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