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Childhood immunisation programmes have led to elimination of viruses with little antigenic 
variation – such as measles and rubella – in many countries 1. In contrast, viruses such as 
influenza undergo frequent antigenic turnover, necessitating regular vaccine updates and re-
vaccination 2. Initial reports of vaccine effectiveness against SARS-CoV-2 have suggested a 
substantial reduction in risk of infection 3. However, more transmissible variants such as 
B.1.1.7 4 raise questions about the potential for a large-scale immunisation programme 
against SARS-CoV-2 to generate lasting herd immunity in populations with relatively low 
seroprevalence, even against variants antigenically similar to vaccine antigens. 
 
The feasibility of attaining vaccination-induced herd immunity depends on vaccine 
effectiveness in reducing transmission, achievable population vaccine coverage and the 
transmissibility of the target pathogen. In a scenario where vaccinations are distributed 
randomly across a population, the herd immunity threshold (HIT) for an immunisation 
programme is defined as 1 – 1/R0 , where R0 is the basic reproduction number 5. If vaccine 
effectiveness is below this value, then even vaccination of the entire population would, on its 
own, be insufficient to ensure control (i.e. the effective reproduction number, accounting for 
immunity, would remain above 1). Comparing this theoretical HIT with estimated values of 
R0 and vaccine effectiveness for a range of vaccine-preventable diseases (Figure 1A), we 
see that for common immunising childhood infections, vaccine effectiveness is sufficiently 
high to control transmission if high vaccine coverage is achieved. In contrast, influenza 
A/H3N2 vaccine effectiveness implies that control in the absence of natural immunity is 
extremely unlikely, even in theory; we estimate a 2% probability of being above the HIT in an 
unexposed population with 100% vaccination coverage. Influenza vaccine effectiveness is 
influenced by antigenic evolution as well as characteristics of the vaccine itself; similar 
evolution has been observed for seasonal human coronaviruses 2. For SARS-CoV-2, 
assuming 86% (95% CI: 76–97) vaccine effectiveness against infection, based on early 
estimates following two doses of BNT162b2 3, we estimated a 99% probability of being 
above the HIT with whole-population coverage, with a 94% probability for B.1.1.7. However, 
whole-population vaccination would require SARS-CoV-2 vaccines – which are currently 
only approved for adults – to also be used at high coverage in children, which may be 
challenging to achieve given the risk of severe disease is lower among younger age groups. 
Vaccination impact would also be reduced if uptake is lower among groups, such as young 
adults, that contribute more to transmission 6.  
 
Depending on vaccine coverage and effectiveness against future circulating variants – which 
may be antigenically dissimilar to B.1.1.7 7 – herd immunity to SARS-CoV-2 in the absence 
of other non-pharmaceutical interventions may not be reached until considerable naturally-
acquired immunity has also accumulated. Given some countries now have a sizeable 
subpopulation with protective antibodies acquired through natural infection 8, we estimated 
the probability of reaching the HIT for SARS-CoV-2 under varying degrees of vaccination 



 

 

coverage against a background of reduction in transmission from previous naturally-acquired 
infections (Figure 1B–C). We find that for pre-B.1.1.7 SARS-CoV-2 variants, a whole-
population immunisation programme could have generated herd immunity regardless of 
background seroprevalence even if vaccine effectiveness was as low as 70%. However, for 
B.1.1.7, we would expect ongoing transmission until sufficient naturally acquired protection 
has been accrued, unless vaccine effectiveness in reducing transmission remains over 85-
90% and whole populations can be vaccinated. In the absence of booster campaigns, 
vaccine impact would also decline as a result of increasing susceptibility from new births, 
waning protection and antigenic evolution. 
 
As further vaccine effectiveness data emerges, estimates of the potential for vaccination-
induced control could be refined. Local differences in population structure and behaviour, as 
well as biological characteristics of SARS-CoV-2 variants, could also change baseline 
transmissibility and which groups drive outbreaks 9. If vaccine impact in reducing 
transmission is in reality higher than assumed here, the feasibility of elimination would 
increase; conversely, future variants could reduce the effectiveness of current SARS-CoV-2 
vaccines, much as influenza vaccines are less effective against heterotypic strains 10. 
 
Our observations suggest that if highly transmissible or antigenically distinct SARS-CoV-2 
variants become dominant in low seroprevalence regions, elimination of infection may only 
be achievable if some non-pharmaceutical interventions remain in place to reduce R0 or 
prevent reintroductions, or next generation vaccines can provide persistently high vaccine 
effectiveness with cross-protection against antigenic variants. Based on current evidence, 
reopening strategies in such countries should therefore not assume that even whole-
population vaccination will be sufficient to fully prevent future transmission.  
 
 
References 
1 WHO. Feasibility Assessment of Measles and Rubella Eradication. 

http://apps.who.int/gb/ebwha/pdf_files/WHA70/A70_R14-en.pdf (accessed March 11, 
2021). 

2 Kistler KE, Bedford T. Evidence for adaptive evolution in the receptor-binding domain 
of seasonal coronaviruses OC43 and 229E. Elife 2021; 10: 1–35. 

3 Hall VJ, Foulkes S, Saei A, et al. Effectiveness of BNT162b2 mRNA Vaccine Against 
Infection and COVID-19 Vaccine Coverage in Healthcare Workers in England, 
Multicentre Prospective Cohort Study (the SIREN Study). SSRN Electron J 2021. 
DOI:10.2139/ssrn.3790399. 

4 Davies NG, Abbott S, Barnard RC, et al. Estimated transmissibility and impact of 
SARS-CoV-2 lineage B.1.1.7 in England. Science 2021; published online March 3. 
DOI:10.1126/science.abg3055. 

5 Fine P, Eames K, Heymann DL. ‘Herd Immunity’: A Rough Guide. Clin Infect Dis 
2011; 52: 911–6. 

6 ONS. Coronavirus (COVID-19) Infection Survey, UK - Office for National Statistics. 
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditio
nsanddiseases/bulletins/coronaviruscovid19infectionsurveypilot/march2021 
(accessed March 11, 2021). 

7 Garcia-Beltran WF, Lam EC, Denis KS, et al. Circulating SARS-CoV-2 variants 
escape neutralization by vaccine-induced humoral immunity. medRxiv 2021; : 
2021.02.14.21251704. 

8 Hall V, Foulkes S, Charlett A, et al. Do antibody positive healthcare workers have 



 

 

lower SARS-CoV-2 infection rates than antibody negative healthcare workers? Large 
multi-centre prospective cohort study (the SIREN study), England: June to November 
2020. medRxiv 2021; published online Jan 15. DOI:10.1101/2021.01.13.21249642. 

9 Eggo RM, Dawa J, Kucharski AJ, Cucunuba ZM. The importance of local context in 
COVID-19 models. Nat Comput Sci 2021; 1: 6–8. 

10 Belongia EA, Simpson MD, King JP, et al. Variable influenza vaccine effectiveness by 
subtype: a systematic review and meta-analysis of test-negative design studies. 
Lancet Infect Dis 2016; 16: 942–51. 

 



 

 

 



 

 

Figure 1: Comparison of vaccine impact and herd immunity thresholds for different 
vaccine-preventable viral diseases. A) Comparison of the effectiveness of currently 
available vaccines against the herd immunity threshold for different viruses. The black line 
shows the minimum vaccine effectiveness needed to achieve herd immunity for given R0 
values. Colour points represent samples from available effectiveness and transmissibility 
estimates (see Appendix), with large points showing medians. If sampled points are above 
the line, vaccination of the entire population could in theory lead to epidemic control; the 
more samples that are above the line, the higher the probability of control. B) Vaccination 
coverage required to reach herd immunity for pre-B.1.1.7-like transmission and different 
levels of vaccine effectiveness. Line shows median and shaded region 95% Credible 
Interval. Blue, 90% effectiveness in reducing transmission; green, 70%; red 50%. C) 
Vaccination coverage required to reach herd immunity for B.1.1.7-like transmission. Data 
sources are provided in the supplementary appendix. 
 



Supplementary appendix 
 
Source of vaccine effectiveness estimates 
We obtained published estimated for the average and 95% upper and lower confidence 
intervals for vaccine effectiveness against measles [1], mumps [1], rubella [1], varicella [1], 
SARS-CoV-2 [2], influenza A/H1N1 (post-2009), A/H3N2, and B [3]. For SARS-CoV-2, we 
used data from a study estimating vaccine effectiveness in reducing infection among 
antibody negative healthcare workers who received two doses of BNT162b2 [4]. Two dose 
effectiveness was estimated at 86% (95% CI: 76-97%), with single dose at 72% (58-86%). 
This compares with an estimate of 75% (72–84%) single dose effectiveness in Israel [5] and 
an estimate of 83% (76-87%) lower risk of reinfection among healthcare workers following 
prior infection [6]. In order to reflect uncertainty in estimates, we generated a set of Monte 
Carlo samples for each pathogen by fitting the average and upper/lower confidence intervals 
to a beta distribution and sampling 1,000 values. 
 
Source of pathogen R0 estimates 
For mumps, rubella, and varicella, we obtained a set of 1,000 samples by bootstrapping a 
set of pre-vaccination R0 estimates from various regions [7,8]. For measles, SARS-CoV-2 
variants, and influenza subtypes, we obtained estimates of the average, upper confidence 
interval and lower confidence interval for each to a lognormal distribution in order to sample 
1,000 values [9–12]. We assumed that transmissibility of SARS-CoV-2 B.1.1.7 was 67% 
higher than for pre-B.1.1.7 variants [10]. 
 
Code 
The code used in this analysis can be found at https://github.com/adamkucharski/hit-analysis 
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Pathogen Vaccine effectiveness (%, 

mean, 95% CI) 
Basic reproduction number 
(mean, 95% CI) 

Measles 96 (72–99) 12.0 (6.0–18.0) 

Mumps 86 (65–92) 4.2 (3.6–4.5) 

Rubella 89 (58–97) 4.7 (3.4–7.8) 



Varicella 95 (92–97) 6.5 (3.3–16.9) 

SARS-CoV-2 (pre-
B.1.1.7) 

86 (76–97) 2.7 (1.5–3.8) 

SARS-CoV-2 
(B.1.1.7) 

86 (76–97) 4.5 (2.5–6.4) 

Influenza A/H1N1 
(post-2009) 

61 (57–65) 1.4 (1.2–2.0) 

Influenza A/H3N2 33 (22–43) 2.1 (1.6–2.5) 

Influenza B 54 (46–61) 2.1 (1.6–2.5) 
 
Appendix Table 1: Assumed values of vaccine effectiveness and basic reproduction 
number for different pathogens, based on empirical estimates. 
 


