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Comments to the Author(s) 
The manuscript by Dr. Gog and colleagues deals with the analysis of a SIR-like epidemiological 
model applied to the transmission of SARS-CoV-2. Using the model, the authors discuss several 
vaccination strategies for a population composed of subgroups characterized by different mixing 
and vulnerability patterns. The focus of the analysis, besides the derivation of standard 
epidemiological metrics such as the reproduction number and the incidence of infection, is on the 
possibility for vaccines to exert selection pressure on the virus, ultimately resulting in the 
emergence of mutations that may be able to escape the immune response triggered by the 
administration of the vaccine.  
 
Needless to say, the topic is of extreme interest. The almost equation-free approach used by the 
authors may also serve well the purpose of widening the readership of an otherwise technical 
manuscript. The toy-like nature of the model seems to be better suited to seek general 
mechanisms rather than specific decision-making prescriptions. This point is effectively 
addressed in the manuscript and should not be seen, in my view, as a limitation of this study. The 
presented results seem sound, given the hypotheses laid out by the authors.  
 
That being said, I have some technical comments that the authors may want to consider while 
revising their work: 
 
- The complexity of the model analyzed in the main text is kept to a minimum---and, I would 
argue, understandably so. Of the several simplifying hypotheses that have been introduced, one 
leaves me a bit perplexed, though: namely, that the two groups have the same relative abundance 
within the population. Besides the obvious unlikelihood of such numerical coincidence, I wonder 
whether this choice could perhaps lead to an underestimation (not quite by the authors, rather by 
some readers) of possible asymmetries in the transmission process and in the definition of 
epidemiological patterns. I am especially referring to the analytical treatment, where the 
`vulnerable’-to-`mixer’ ratio is nowhere to be found, exactly because of this strong 1-to-1 
hypothesis. However, this ratio influences several of the results presented in this work, as 
acknowledged (and even shown) by the authors. I would suggest removing this 1-to-1 hypothesis 
from the main text while keeping all the other simplifications in place. Numerically, I would not 
change anything, meaning that the main text could still just account for the case epsilon=1 
(borrowing from the extended model presented in the main text). 
 
- I am not against the `direct calculation’ approach chosen by the authors for the definition of the 
next-generation matrix. However, equation (2) needs to be better framed and more explicitly 
explained to make sure that readers can easily follow. For instance, I believe that at least some 
future readers might be left somehow dumbfounded by the fact that the fraction of vaccinated 
infectious people does not appear in the last two entries of the first row of the next-generation 
matrix (similar remarks apply to other entries as well). A similar observation holds also for 
equations (3) and (4), which are introduced basically with no prior methodological background. I 
believe that in all these cases the authors would do the less mathematically-versed readers a solid 
if they could expand just a bit the explanation of these technical aspects of their work. 
 
- Some epidemiological terms need to be better defined. For instance, I cannot fully understand 
what do the authors mean when they say that in their model “incidence I(t) is exponential, with 
growth rate lambda” (p.4, l.39). Now, if they have in mind a model like dI/dt=lambda*I, then I 
guess that I(t) would be the cumulative incidence at time t; if so, I do not get where the integral in 
equation (5) comes from. Some further explanation seems to be warranted here. The same goes 
for the term “prevalence”, which seems to be used naively (in both the abstract and the 
summary).  
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- Selection pressure and vaccine escape are admittedly described quite naively in this work. I do 
not have objections to simplicity if put in perspective (as the authors do). However, I wonder 
whether it could be possible to translate the current definition of vaccine escape, which is not 
completely obvious to get dimensionally, to something like the probability of vaccine escape. I 
believe that this could be done quite easily (although perhaps at the expense of one additional 
parameter) if one defines Prob(vaccine escape)=1-Prob(~vaccine escape)=1-(1-p)^(C*P), with p 
being the probability of vaccine escape within a single host. 

- Following up on the previous point, the authors assume (in the main text) that only do 
infections in vaccinated people contribute to the risk of vaccine escape. However, they 
acknowledge that the situation is much more complicated in reality, and even relax their 
hypothesis (in the supplements) by accounting for the role possibly played by infection in 
unvaccinated people. As a matter of fact, every infection gives the virus new chances to evolve, 
by genetic drift if not by selection. With viral transmission still rampant and vaccine rollout still 
slow in many countries, understanding what mechanism contributes the most to evolutionary 
dynamics is of course challenging (leaving aside competition dynamics, which would require a 
more complex modeling framework). That is why it would seem important to me to include at 
least part of the section about the sensitivity analysis of vaccine escape results, along with Figure 
S2, in the main text.  

- The manuscript is generally well written and quite easy to follow. However, there exist several 
instances where writing could be further improved for clarity. I am attaching a copy of the 
manuscript file (see Appendix A) with some minor remarks and suggestions marked in green 
(plus some notes of mine which have been translated into the comments above). 

Review form: Reviewer 2 

Is the manuscript scientifically sound in its present form? 
Yes 

Are the interpretations and conclusions justified by the results? 
Yes 

Is the language acceptable? 
Yes 

Do you have any ethical concerns with this paper? 
No 

Have you any concerns about statistical analyses in this paper? 
No 

Recommendation? 
Accept as is 

Comments to the Author(s) 
The manuscript “Vaccine escape in a heterogeneous population: insights for SARS-CoV-2 from a 
simple model” by Gog et al. analyses a simple model for vaccination in a heterogeneous 
population, to infer some general principles, that may be useful for designing actual vaccination 
strategies. 
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In a stylized population consisting of two groups, one with a higher contact rate, the other one 
subject to more serious complication if infected, the authors study in which group it is more 
convenient allocating limited vaccine resources, according to different criteria. 
The model is simple enough that analytical formulae can be obtained and computed to answer 
the question. The answer depends of course on parameter values and on the criterion used; the 
authors conclude anyway that “in the majority of the parameter space explored, vaccinating the 
mixers is more effective than vaccinating the vulnerable to reduce the total amount of disease”. 
This result, valid as long as vaccines are able to limit, at least partially, the transmission of the 
infection and there is a significant difference in contact rates between the two groups, is in line 
with the general epidemiological theory. I must however remark that, if we are thinking of 
COVID-19 and the groups represent different younger and older age classes, the value of the 
parameter d should be around 1,000 (see, e.g. O’Driscoll et al, 2021) rather than in the range 1-10, 
and this would make quite a difference. Possibly this is one of the reasons for the different result 
obtained in [44], beyond the ones offered by the authors. I think that the authors should at least 
acknowledge the issue. 
The more novel part of the article concerns the effect of vaccination policy on the probability of 
vaccine escape. While the model is very simple and the results are difficult to interpret in terms of 
actual policies, it is important bringing the point to both modellers and public health authorities, 
and the general principle (intermediate vaccination rates maximize the risk) appears to be robust. 
I think that the manuscript is interesting and worthwhile. The authors recognize the limitation of 
the model used, and they discuss with competence whether their results are expected to be robust 
to model details. 
In the Supplementary Material the authors show the effect of some changes in the model or in the 
parameter values used. I would have been interested in seeing the effect of at least two other 
modifications: 
- the authors always assume proportional mixing among the two groups. What if mixing 
is to some degree assortative? 
- the model assumes that some part of the population is vaccinated at t=0, and then the 
epidemic proceeds exponentially according to the resulting parameter values. Would the picture 
be different if vaccinations occur dynamically? Namely, they occur at some prescribed rate 
during the time period analysed. I understand that the problem is much more complex, as there 
would be no simple formula to evaluate the output, and simulations would be required. 
Furthermore, the model could become more complex, as one may think that public health 
authorities relax NPIs as a larger fraction of the population becomes vaccinated, bringing 
economic issues in the optimization, as already suggested by the authors at page 15. Still, I think 
it is an issue that is worth being analysed in as simple a context as possible. 
If the authors find the time to briefly analyse these issues, I think it would be an interesting 
addition to the manuscript, but this is only a suggestion. 
 
Reference cited 
O’Driscoll, M., Ribeiro Dos Santos, G., Wang, L., Cummings, D. A. T., Azman, A. S., Paireau, J., 
Fontanet, A., Cauchemez, S., & Salje, H. (2021). Age-specific mortality and immunity patterns of 
SARS-CoV-2. Nature, 590(7844), 140–145. https://doi.org/10.1038/s41586-020-2918-0 
 
 
 

Decision letter (RSOS-210530.R0) 
 
We hope you are keeping well at this difficult and unusual time. We continue to value your 
support of the journal in these challenging circumstances. If Royal Society Open Science can assist 
you at all, please don't hesitate to let us know at the email address below. 
  
Dear Professor Gog 
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On behalf of the Editors, we are pleased to inform you that your Manuscript RSOS-210530 
"Vaccine escape in a heterogeneous population: insights for SARS-CoV-2 from a simple model" 
has been accepted for publication in Royal Society Open Science subject to minor revision in 
accordance with the referees' reports. Please find the referees' comments along with any feedback 
from the Editors below my signature. 
  
We invite you to respond to the comments and revise your manuscript. Below the referees’ and 
Editors’ comments (where applicable) we provide additional requirements. Final acceptance of 
your manuscript is dependent on these requirements being met. We provide guidance below to 
help you prepare your revision. 
  
Please submit your revised manuscript and required files (see below) no later than 7 days from 
today's (ie 14-Jun-2021) date. Note: the ScholarOne system will ‘lock’ if submission of the revision 
is attempted 7 or more days after the deadline. If you do not think you will be able to meet this 
deadline please contact the editorial office immediately. 
  
Please note article processing charges apply to papers accepted for publication in Royal Society 
Open Science (https://royalsocietypublishing.org/rsos/charges). Charges will also apply to 
papers transferred to the journal from other Royal Society Publishing journals, as well as papers 
submitted as part of our collaboration with the Royal Society of Chemistry 
(https://royalsocietypublishing.org/rsos/chemistry). Fee waivers are available but must be 
requested when you submit your revision (https://royalsocietypublishing.org/rsos/waivers). 
  
Thank you for submitting your manuscript to Royal Society Open Science and we look forward 
to receiving your revision. If you have any questions at all, please do not hesitate to get in touch. 
  
Kind regards, 
Royal Society Open Science Editorial Office 
Royal Society Open Science 
openscience@royalsociety.org 
  
on behalf of Professor Enrico Bertuzzo (Associate Editor) and Nick Pearce (Subject Editor) 
openscience@royalsociety.org 
  
Associate Editor Comments to Author (Professor Enrico Bertuzzo): 
Associate Editor: 1 
Comments to the Author: 
Both reviewers found the manuscript interesting and sound but they also highlighted some areas 
of improvement, especially in the presentation. I welcome the authors to revise the manuscript 
according to these suggestions. 
 
Reviewer comments to Author: 
Reviewer: 1 
Comments to the Author(s) 
The manuscript by Dr. Gog and colleagues deals with the analysis of a SIR-like epidemiological 
model applied to the transmission of SARS-CoV-2. Using the model, the authors discuss several 
vaccination strategies for a population composed of subgroups characterized by different mixing 
and vulnerability patterns. The focus of the analysis, besides the derivation of standard 
epidemiological metrics such as the reproduction number and the incidence of infection, is on the 
possibility for vaccines to exert selection pressure on the virus, ultimately resulting in the 
emergence of mutations that may be able to escape the immune response triggered by the 
administration of the vaccine. 
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Needless to say, the topic is of extreme interest. The almost equation-free approach used by the 
authors may also serve well the purpose of widening the readership of an otherwise technical 
manuscript. The toy-like nature of the model seems to be better suited to seek general 
mechanisms rather than specific decision-making prescriptions. This point is effectively 
addressed in the manuscript and should not be seen, in my view, as a limitation of this study. The 
presented results seem sound, given the hypotheses laid out by the authors. 
 
That being said, I have some technical comments that the authors may want to consider while 
revising their work: 
 
- The complexity of the model analyzed in the main text is kept to a minimum---and, I would 
argue, understandably so. Of the several simplifying hypotheses that have been introduced, one 
leaves me a bit perplexed, though: namely, that the two groups have the same relative abundance 
within the population. Besides the obvious unlikelihood of such numerical coincidence, I wonder 
whether this choice could perhaps lead to an underestimation (not quite by the authors, rather by 
some readers) of possible asymmetries in the transmission process and in the definition of 
epidemiological patterns. I am especially referring to the analytical treatment, where the 
`vulnerable’-to-`mixer’ ratio is nowhere to be found, exactly because of this strong 1-to-1 
hypothesis. However, this ratio influences several of the results presented in this work, as 
acknowledged (and even shown) by the authors. I would suggest removing this 1-to-1 hypothesis 
from the main text while keeping all the other simplifications in place. Numerically, I would not 
change anything, meaning that the main text could still just account for the case epsilon=1 
(borrowing from the extended model presented in the main text). 
 
- I am not against the `direct calculation’ approach chosen by the authors for the definition of the 
next-generation matrix. However, equation (2) needs to be better framed and more explicitly 
explained to make sure that readers can easily follow. For instance, I believe that at least some 
future readers might be left somehow dumbfounded by the fact that the fraction of vaccinated 
infectious people does not appear in the last two entries of the first row of the next-generation 
matrix (similar remarks apply to other entries as well). A similar observation holds also for 
equations (3) and (4), which are introduced basically with no prior methodological background. I 
believe that in all these cases the authors would do the less mathematically-versed readers a solid 
if they could expand just a bit the explanation of these technical aspects of their work. 
 
- Some epidemiological terms need to be better defined. For instance, I cannot fully understand 
what do the authors mean when they say that in their model “incidence I(t) is exponential, with 
growth rate lambda” (p.4, l.39). Now, if they have in mind a model like dI/dt=lambda*I, then I 
guess that I(t) would be the cumulative incidence at time t; if so, I do not get where the integral in 
equation (5) comes from. Some further explanation seems to be warranted here. The same goes 
for the term “prevalence”, which seems to be used naively (in both the abstract and the 
summary). 
 
- Selection pressure and vaccine escape are admittedly described quite naively in this work. I do 
not have objections to simplicity if put in perspective (as the authors do). However, I wonder 
whether it could be possible to translate the current definition of vaccine escape, which is not 
completely obvious to get dimensionally, to something like the probability of vaccine escape. I 
believe that this could be done quite easily (although perhaps at the expense of one additional 
parameter) if one defines Prob(vaccine escape)=1-Prob(~vaccine escape)=1-(1-p)^(C*P), with p 
being the probability of vaccine escape within a single host. 
 
- Following up on the previous point, the authors assume (in the main text) that only do 
infections in vaccinated people contribute to the risk of vaccine escape. However, they 
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acknowledge that the situation is much more complicated in reality, and even relax their 
hypothesis (in the supplements) by accounting for the role possibly played by infection in 
unvaccinated people. As a matter of fact, every infection gives the virus new chances to evolve, 
by genetic drift if not by selection. With viral transmission still rampant and vaccine rollout still 
slow in many countries, understanding what mechanism contributes the most to evolutionary 
dynamics is of course challenging (leaving aside competition dynamics, which would require a 
more complex modeling framework). That is why it would seem important to me to include at 
least part of the section about the sensitivity analysis of vaccine escape results, along with Figure 
S2, in the main text. 
 
- The manuscript is generally well written and quite easy to follow. However, there exist several 
instances where writing could be further improved for clarity. I am attaching a copy of the 
manuscript file with some minor remarks and suggestions marked in green (plus some notes of 
mine which have been translated into the comments above). 
 
 
Reviewer: 2 
Comments to the Author(s) 
The manuscript “Vaccine escape in a heterogeneous population: insights for SARS-CoV-2 from a 
simple model” by Gog et al. analyses a simple model for vaccination in a heterogeneous 
population, to infer some general principles, that may be useful for designing actual vaccination 
strategies. 
In a stylized population consisting of two groups, one with a higher contact rate, the other one 
subject to more serious complication if infected, the authors study in which group it is more 
convenient allocating limited vaccine resources, according to different criteria. 
The model is simple enough that analytical formulae can be obtained and computed to answer 
the question. The answer depends of course on parameter values and on the criterion used; the 
authors conclude anyway that “in the majority of the parameter space explored, vaccinating the 
mixers is more effective than vaccinating the vulnerable to reduce the total amount of disease”. 
This result, valid as long as vaccines are able to limit, at least partially, the transmission of the 
infection and there is a significant difference in contact rates between the two groups, is in line 
with the general epidemiological theory. I must however remark that, if we are thinking of 
COVID-19 and the groups represent different younger and older age classes, the value of the 
parameter d should be around 1,000 (see, e.g. O’Driscoll et al, 2021) rather than in the range 1-10, 
and this would make quite a difference. Possibly this is one of the reasons for the different result 
obtained in [44], beyond the ones offered by the authors. I think that the authors should at least 
acknowledge the issue. 
The more novel part of the article concerns the effect of vaccination policy on the probability of 
vaccine escape. While the model is very simple and the results are difficult to interpret in terms of 
actual policies, it is important bringing the point to both modellers and public health authorities, 
and the general principle (intermediate vaccination rates maximize the risk) appears to be robust. 
I think that the manuscript is interesting and worthwhile. The authors recognize the limitation of 
the model used, and they discuss with competence whether their results are expected to be robust 
to model details. 
In the Supplementary Material the authors show the effect of some changes in the model or in the 
parameter values used. I would have been interested in seeing the effect of at least two other 
modifications: 
- the authors always assume proportional mixing among the two groups. What if mixing is to 
some degree assortative? 
- the model assumes that some part of the population is vaccinated at t=0, and then the epidemic 
proceeds exponentially according to the resulting parameter values. Would the picture be 
different if vaccinations occur dynamically? Namely, they occur at some prescribed rate during 
the time period analysed. I understand that the problem is much more complex, as there would 
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be no simple formula to evaluate the output, and simulations would be required. Furthermore, 
the model could become more complex, as one may think that public health authorities relax 
NPIs as a larger fraction of the population becomes vaccinated, bringing economic issues in the 
optimization, as already suggested by the authors at page 15. Still, I think it is an issue that is 
worth being analysed in as simple a context as possible. 
If the authors find the time to briefly analyse these issues, I think it would be an interesting 
addition to the manuscript, but this is only a suggestion. 
 
Reference cited 
O’Driscoll, M., Ribeiro Dos Santos, G., Wang, L., Cummings, D. A. T., Azman, A. S., Paireau, J., 
Fontanet, A., Cauchemez, S., & Salje, H. (2021). Age-specific mortality and immunity patterns of 
SARS-CoV-2. Nature, 590(7844), 140–145. https://doi.org/10.1038/s41586-020-2918-0 
  
===PREPARING YOUR MANUSCRIPT=== 
  
Your revised paper should include the changes requested by the referees and Editors of your 
manuscript. You should provide two versions of this manuscript and both versions must be 
provided in an editable format: 
one version identifying all the changes that have been made (for instance, in coloured highlight, 
in bold text, or tracked changes); 
a 'clean' version of the new manuscript that incorporates the changes made, but does not 
highlight them. This version will be used for typesetting.  
Please ensure that any equations included in the paper are editable text and not embedded 
images. 
  
Please ensure that you include an acknowledgements' section before your reference 
list/bibliography. This should acknowledge anyone who assisted with your work, but does not 
qualify as an author per the guidelines at https://royalsociety.org/journals/ethics-
policies/openness/. 
  
While not essential, it will speed up the preparation of your manuscript proof if you format your 
references/bibliography in Vancouver style (please see 
https://royalsociety.org/journals/authors/author-guidelines/#formatting). You should include 
DOIs for as many of the references as possible. 
  
If you have been asked to revise the written English in your submission as a condition of 
publication, you must do so, and you are expected to provide evidence that you have received 
language editing support. The journal would prefer that you use a professional language editing 
service and provide a certificate of editing, but a signed letter from a colleague who is a native 
speaker of English is acceptable. Note the journal has arranged a number of discounts for authors 
using professional language editing services 
(https://royalsociety.org/journals/authors/benefits/language-editing/). 
  
===PREPARING YOUR REVISION IN SCHOLARONE=== 
  
To revise your manuscript, log into https://mc.manuscriptcentral.com/rsos and enter your 
Author Centre - this may be accessed by clicking on "Author" in the dark toolbar at the top of the 
page (just below the journal name). You will find your manuscript listed under "Manuscripts 
with Decisions". Under "Actions", click on "Create a Revision". 
  
Attach your point-by-point response to referees and Editors at Step 1 'View and respond to 
decision letter'. This document should be uploaded in an editable file type (.doc or .docx are 
preferred). This is essential. 
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Please ensure that you include a summary of your paper at Step 2 'Type, Title, & Abstract'. This 
should be no more than 100 words to explain to a non-scientific audience the key findings of your 
research. This will be included in a weekly highlights email circulated by the Royal Society press 
office to national UK, international, and scientific news outlets to promote your work.  

At Step 3 'File upload' you should include the following files: 
-- Your revised manuscript in editable file format (.doc, .docx, or .tex preferred). You should 
upload two versions: 
1) One version identifying all the changes that have been made (for instance, in coloured
highlight, in bold text, or tracked changes); 
2) A 'clean' version of the new manuscript that incorporates the changes made, but does not
highlight them. 
-- An individual file of each figure (EPS or print-quality PDF preferred [either format should be 
produced directly from original creation package], or original software format). 
-- An editable file of each table  (.doc, .docx, .xls, .xlsx, or .csv). 
-- An editable file of all figure and table captions. 
Note: you may upload the figure, table, and caption files in a single Zip folder. 
-- Any electronic supplementary material (ESM). 
-- If you are requesting a discretionary waiver for the article processing charge, the waiver form 
must be included at this step. 
-- If you are providing image files for potential cover images, please upload these at this step, and 
inform the editorial office you have done so. You must hold the copyright to any image provided. 
-- A copy of your point-by-point response to referees and Editors. This will expedite the 
preparation of your proof. 

At Step 6 'Details & comments', you should review and respond to the queries on the electronic 
submission form. In particular, we would ask that you do the following: 
-- Ensure that your data access statement meets the requirements at 
https://royalsociety.org/journals/authors/author-guidelines/#data. You should ensure that 
you cite the dataset in your reference list. If you have deposited data etc in the Dryad repository, 
please only include the 'For publication' link at this stage. You should remove the 'For review' 
link.  
-- If you are requesting an article processing charge waiver, you must select the relevant waiver 
option (if requesting a discretionary waiver, the form should have been uploaded at Step 3 'File 
upload' above). 
-- If you have uploaded ESM files, please ensure you follow the guidance at 
https://royalsociety.org/journals/authors/author-guidelines/#supplementary-material to 
include a suitable title and informative caption. An example of appropriate titling and captioning 
may be found at https://figshare.com/articles/Table_S2_from_Is_there_a_trade-
off_between_peak_performance_and_performance_breadth_across_temperatures_for_aerobic_sc
ope_in_teleost_fishes_/3843624. 

At Step 7 'Review & submit', you must view the PDF proof of the manuscript before you will be 
able to submit the revision. Note: if any parts of the electronic submission form have not been 
completed, these will be noted by red message boxes. 

Author's Response to Decision Letter for (RSOS-210530.R0) 

See Appendix B. 
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Decision letter (RSOS-210530.R1) 
 
We hope you are keeping well at this difficult and unusual time. We continue to value your 
support of the journal in these challenging circumstances. If Royal Society Open Science can assist 
you at all, please don't hesitate to let us know at the email address below. 
 
Dear Professor Gog, 
 
It is a pleasure to accept your manuscript entitled "Vaccine escape in a heterogeneous population: 
insights for SARS-CoV-2 from a simple model" in its current form for publication in Royal Society 
Open Science.  The comments of the reviewer(s) who reviewed your manuscript are included at 
the foot of this letter. 
 
COVID-19 rapid publication process: 
We are taking steps to expedite the publication of research relevant to the pandemic. If you wish, 
you can opt to have your paper published as soon as it is ready, rather than waiting for it to be 
published the scheduled Wednesday. 
 
This means your paper will not be included in the weekly media round-up which the Society 
sends to journalists ahead of publication. However, it will still appear in the COVID-19 
Publishing Collection which journalists will be directed to each week 
(https://royalsocietypublishing.org/topic/special-collections/novel-coronavirus-outbreak). 
 
If you wish to have your paper considered for immediate publication, or to discuss further, 
please notify openscience_proofs@royalsociety.org and press@royalsociety.org when you 
respond to this email. 
 
You can expect to receive a proof of your article in the near future. Please contact the editorial 
office (openscience@royalsociety.org) and the production office 
(openscience_proofs@royalsociety.org) to let us know if you are likely to be away from e-mail 
contact -- if you are going to be away, please nominate a co-author (if available) to manage the 
proofing process, and ensure they are copied into your email to the journal. 
 
Due to rapid publication and an extremely tight schedule, if comments are not received, your 
paper may experience a delay in publication. 
 
Please see the Royal Society Publishing guidance on how you may share your accepted author 
manuscript at https://royalsociety.org/journals/ethics-policies/media-embargo/. After 
publication, some additional ways to effectively promote your article can also be found here 
https://royalsociety.org/blog/2020/07/promoting-your-latest-paper-and-tracking-your-
results/. 
 
Thank you for your fine contribution.  On behalf of the Editors of Royal Society Open Science, we 
look forward to your continued contributions to the Journal. 
 
Kind regards, 
Royal Society Open Science Editorial Office 
Royal Society Open Science 
openscience@royalsociety.org 
 
on behalf of Professor Enrico Bertuzzo (Associate Editor) and Nick Pearce (Subject Editor) 
openscience@royalsociety.org 
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Associate Editor Comments to Author (Professor Enrico Bertuzzo): 
 
The authors have convincingly revised the manuscript following the referees- suggestions. Please 
note that something went wrong in the compilation of the latest version and all the references are 
missing. Make sure to fix this when preparing the final files. 
 
 
Follow Royal Society Publishing on Twitter: @RSocPublishing 
Follow Royal Society Publishing on Facebook: 
https://www.facebook.com/RoyalSocietyPublishing.FanPage/ 
Read Royal Society Publishing's blog: 
https://royalsociety.org/blog/blogsearchpage/?category=Publishing 
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Abstract

As a counter measure to the SARS-CoV-2 pandemic there has been swift development and
clinical trial assessment of candidate vaccines, with subsequent deployment as part of mass vac-
cination campaigns. However, the SARS-CoV-2 virus has demonstrated the ability to mutate and
develop variants, which can modify epidemiological properties and potentially also the effective-
ness of vaccines.

The widespread deployment of highly effective vaccines may rapidly exert selection pressure
on the SARS-CoV-2 virus directed towards mutations that escape the vaccine induced immune re-
sponse. This is particularly concerning whilst infection is widespread. By developing and analysing
a mathematical model of two population groupings with differing vulnerability and contact rates,
we explore the impact of the deployment of vaccine amongst the population on R, cases, disease
abundance and vaccine escape pressure.

The results from this model illustrate two insights (i) vaccination aimed at reducing prevalence
could be more effective at reducing disease than directly vaccinating the vulnerable; (ii) the highest
risk for vaccine escape can occur at intermediate levels of vaccination. This work demonstrates
a key principle that the careful targeting of vaccines towards particular population groups could
reduce disease as much as possible whilst limiting the risk of vaccine escape.

1 Introduction

SARS-CoV-2 has caused a global pandemic with over 115,000,000 reported cases and 2,500,000
confirmed deaths as of 7th March 2021 [1]. In response, multiple vaccine candidates have been
rapidly developed, tested in international trials and rolled out in mass vaccination campaigns in many
parts of the world [2].

*corresponding author: jrg20@cam.ac.uk
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In the United Kingdom, two vaccinations are in use (as of March 2021), an mRNA-based vaccine pro-
duced by Pfizer, and a viral vectored coronavirus vaccine produced by AstraZeneca. Phase 3 trials
have determined these vaccines to be highly effective against disease, with the mRNA-based vac-
cines, in particular, reporting central efficacies against disease (i.e. preventing COVID-19 symptoms)
in the range of 94% to 95% [3, 4].

With SARS-CoV-2, there remains considerable virological, epidemiological and immunological uncer-
tainty, with implications for vaccine escape currently underdeveloped. In the absence of vaccination,
the SARS-CoV-2 virus has demonstrated the ability to mutate and develop variants [5]. Variants with
multiple genetic changes have led to phenotypic changes increasing transmissibilty [6, 7], mortal-
ity [8] and have the potential to reduce the effectiveness of vaccines [5]. The mass deployment of
highly effective vaccines, whilst infection is widespread, may rapidly exert selection pressure on the
SARS-CoV-2 virus directed towards mutations that escape the vaccine induced immune response.
However, the strength of this selection and the likelihood of vaccine escape is unknown at this time [9].

Due to limited vaccine supply, countries must decide on priority orders for vaccination. The optimal
order of prioritisation will depend upon the measure being optimised (i.e. protecting essential societal
functions or directly minimising health harms, such as cases, hospitalisations or deaths, or some
combination of these) [10, 11, 12]. In the United Kingdom, vaccination policy advice is provided by
the Joint Committee on Vaccination and Immunisation (JCVI). The JCVI advised that the first priorities
for the SARS-CoV-2 vaccination programme should be the prevention of COVID-19 mortality and the
protection of health and social care staff and systems [13]. At the time of the initial prioritisation,
extremely limited data were available from clinical trials on vaccine efficacy for preventing infection
and onward transmission. For the second phase of the vaccination programme, JCVI was asked
by the Department for Health and Social Care (DHSC) to formulate advice on the optimal strategy
to further reduce mortality, morbidity and hospitalisations from COVID-19 disease. The subsequent
advice given was to proceed with an age-based priority order, with operational considerations as part
of the justification on account of speed of vaccine uptake being paramount [14].

For prospective investigations, in the absence of empirical data, mathematical models provide a
method to gather insight on these questions. We explore the interactions between the deployment of
vaccine amongst the population, infection and disease prevalence, and vaccine escape. In this work,
we ask the question of how considerations of vaccine escape risk might modulate optimal vaccine
priority order. In particular, if infection in vaccinated individuals contributes to pressure to generate
vaccine escape, how do the risks depend on the parts of the population that have been vaccinated.
Rather than aiming to develop a detailed model of SARS-CoV-2 transmission dynamics, we present
a two-population model with differing vulnerability and contact rates to elucidate broad principles on
the relationships between epidemiological regimes, vaccine efficacy and vaccine escape. We explore
strategies without the constraint of matching the vaccination rollout that has already happened in any
country, both for applicability to future scenarios and to other countries.

2 Methods

2.1 Population heterogeneity

We are taking the approach of directly building the next generation matrix, based on assumptions
about the population and effects of vaccination. We capture population variability in vulnerability and
mixing by dividing our model population into two equally sized groups: half of the population are more
vulnerable to disease and mix less with others, the other half is less vulnerable but mixes more with
others – as shorthand we term these two halves of the population as ‘vulnerable’ and ‘mixers’. The
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assumption of equal proportions is taken for simplicity, but the effects of relaxing this assumption are
explored in the Supplementary Information (Figures S8 and S9). Vulnerability is modelled simply as
a ratio d > 1 of a higher chance of a severe outcome if a vulnerable individual is infected compared
to if a mixer is infected. This might represent progression to hospitalisation, need for more intensive
treatment or a higher mortality rate. In practice of course, all of these could be separate effects, and
‘vulnerability’ is not straightforward. However to gain broad insights here, vulnerability is treated in this
simple way – a higher chance of poor outcome, termed ‘disease’ in the results below for brevity. For
the more mixing (less vulnerable) half of the population, they are deemed to have an m times higher
rate of contact with others than the rest of the population (all the rest being vulnerable in this model).
Carrying this through to a mixing matrix, this would be that mixers have m2 higher mixing within their
own group than non-mixers have within theirs, and m times higher between groups. To isolate and
examine the key factors here of host vulnerability and mixing, we assume that the vulnerable and
mixers are equally susceptible to infection, and also equally infectious if infected (only modified by
their contact patterns). We also make the assumption in our analysis that there is no prior immunity
in this system.

2.2 Effects of vaccination

For vaccination, we ignore any delay of effect of vaccination and multiple doses, but we do split the
effect of the vaccination into three components. In this model, vaccination can (i) reduce the risk of
infection, (ii) reduce the risk of severe disease and (iii) reduce the risk of infecting others, and we
capture these as θS , θD and θI . These θ are all separate multiplicative effects on their corresponding
rates, and hence θ. = 0 corresponds to the vaccine having complete/perfect prevention of infection,
fully preventing disease given infection or being fully infectivity blocking and θ. = 1 means having no
effect of the corresponding type. The θ. here are comparable to 1− V E. of Halloran et al.[15].

Translating this framework to a general idea of disease blocking, this is the combined effect of re-
ducing susceptibility and disease: θS × θD gives the relative risk of disease for someone vaccinated
compared to unvaccinated (so vaccine efficacy in terms of disease blocking would be 1− θSθD, while
vaccine efficacy in terms of case prevention would be 1 − θS). For transmission blocking, it is the
combination of susceptibility and infectiousness that matters: θS× θI gives the relative contribution of
population transmission from someone vaccinated compared to unvaccinated. It might be tempting
mathematically to combine these to reduce this system to two parameters for vaccination, but all
three distinct processes are needed to explore the number of vaccinated who become infected, as
we argue we should when considering vaccine escape.

2.3 Direct calculation

Without vaccination, the next generation matrix (NGM, the matrix that relates the number of infected
individuals of each type between infection generations [16]) is proportional to the matrix M0, given
by:

M0 =

[
1 m
m m2

]
=

[
1
m

] [
1
m

]ᵀ
(1)

where the first population represents the vulnerable and the second the mixers. Suppose now that
a proportion v1 and v2 of the vulnerable and the mixers have been vaccinated respectively. This
population can now be thought of as split into four compartments: the two unvaccinated groups as
before (unvaccinated vulnerable, unvaccinated mixers) and then the two corresponding vaccinated
groups (vaccinated vulnerable, vaccinated mixers).

3
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Now the NGM is four by four, and as the original NGM could be represented by an outer product, this
vaccinated NGM is proportional to M[v1, v2]:

M[v1, v2] =


(1− v1) (1− v1)m (1− v1)θI (1− v1)mθI
(1− v2)m (1− v2)m2 (1− v2)mθI (1− v2)m2θI
θSv1 θSv1m θSv1θI θSv1mθI
θSv2m θSv2m

2 θSv2mθI θSv2m
2θI

 =


(1− v1)
(1− v2)m
θSv1
θSv2m




1
m
θI
mθI


ᵀ

(2)

When M can be written as an outer product, it is rank one and the spectral radius follows immediately
(inner product of the same vectors, giving a positive real eigenvalue). The corresponding eigenvector
can be read off (the column vector), giving the relative proportions of cases as split between the
four groups. Further, under general feasible initial conditions (non-negative infections in all groups,
perhaps zero in some but not all), the vector denoting the proportion of cases in each group will pivot
quickly from any general initial distribution to this dominant eigenvector as all the other eigenvalues
are zero.

The spectral radius (dominant eigenvalue here) of M[v1, v2]:

σ[v1, v2] = (1− v1) + (1− v2)m2 + θSθI(v1 + v2m
2) (3)

where the transmission-blocking combination of vaccine parameters (θSθI ) naturally emerges here.
As the effective reproduction ratio is proportional to this σ, R[v1, v2] is given by

R[v1, v2] = R[0, 0]
σ[v1, v2]

σ[0, 0]
= R0

(1− v1) + (1− v2)m2 + θSθI(v1 + v2m
2)

1 +m2
(4)

and it is immediately apparent that that this it is linear in the proportions vaccinated.

We approximate the effective reproduction ratio as being constant during the period of time under
consideration for assessing vaccine effects (tmax): in other words, there is no susceptible depletion as
the timescale is relatively short in terms of the incidence under consideration (the lower the incidence,
the longer this period can be). Then, the incidence I(t) is exponential, with growth rate λ. Again for
simplicity, we take λ = log(R)/T – the growth rate mapping from R corresponding to a fixed infectious
period T with no variance. Then the incidence can be easily integrated over time to give the total
number of cases during the period in question, and is further simplified by expressing the duration
of the period of interest in terms of mean generation time T , so tmax = GT , where G is the duration
of the period in terms of disease generations. We will consider the relative number of cases below,
meaning constants unaffected by changing vaccination can be scaled out. We choose here to scale
out initial incidence I0 and also scale by tmax (to give F (R) as something that could be interpreted
as a time average of cases relative to initial incidence):

F (R) =

∫ tmax

0 I(t)dt

I0tmax
=

∫ tmax

0 I0e
λtdt

I0tmax
=
eλtmax − 1

λtmax
=

RG − 1

log(RG)
(5)

for R 6= 1. Also, F (1) = 1 (either by L’Hôpital’s Rule or the integral using λ = 0). From above, we then
have the relative number of cases C[v1, v2], compared to a scenario with no vaccination:

C[v1, v2] =
F (R[v1, v2])

F (R0)
(6)

4
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and these cases are distributed in the four subpopulations in proportion to the dominant eigenvector
from above (ordered unvaccinated vulnerable, unvaccinated mixers, vaccinated vulnerable, vacci-
nated mixers respectively in the vector), normalised to give proportion of cases which are in each
group:

P[v1, v2] =
1

(1− v1) + (1− v2)m+ θSv1 + θSv2m


(1− v1)
(1− v2)m
θSv1
θSv2m

 (7)

2.4 Output metrics

We consider four main outputs. Two are already established above: the effective reproduction rate
(R[v1, v2]) and the relative number of cases (C[v1, v2]). We define a further two in this section: a
measure of the amount of disease relative to no vaccination (D[v1, v2]) and a measure of vaccine
escape pressure (V [v1, v2]).

For ‘disease’, we consider the severe outcomes as represented by the vulnerability parameter d
(which could represent hospitalisation, mortality, or any proxy of interest for severity). We already
have the relative number of cases (C, equation 6) and know how these are distributed among the
four population groups (P, equation 7). The relative risk of disease is multiplied by a factor of d for
the vulnerable and θD for the vaccinated (and multiplied by both for the vaccinated vulnerable). For
the four respective groups, ordered as previously, the relative risk of disease is proportional to U:

U =


d
1
dθD
θD

 (8)

Combining these, we have D[v1, v2]: a measure of total disease relative to a scenario with no vacci-
nation:

D[v1, v2] = C[v1, v2]
P[v1, v2].U

P[0, 0].U
(9)

= C[v1, v2]

(
d(1− v1) + (1− v2)m+ dθDθSv1 + θDθSv2m

(1− v1) + (1− v2)m+ θSv1 + θSv2m

)
/

(
d+m

1 +m

)
(10)

For ‘vaccine escape’, reality is a highly complex picture of variants being generated and selected
at various scales within and between host [17, 18]. Here we take an extremely simple approach
and measure pressure on vaccine escape as proportional to the number of cases in vaccinated in-
dividuals, treating the vulnerable and mixers as equal in this respect (sensitivity to including cases
in unvaccinated hosts as contributing to the vaccine escape pressure is also considered below - see
the Supplementary Information, Figure S2). It is far from clear that this is the best way to approach
this, but we propose it here as a straightforward and achievable method. We acknowledge the short-
comings of this approach must be held in mind when interpreting the results below.

Building this mathematically, vaccine escape V [v1, v2] is proportional to the number of cases in vac-
cinated individuals, but the normalisation for this cannot be the same quantity under no vaccination
(this would be a zero denominator), so we use total number of cases under no vaccination as the
normalisation. Let P [v1, v2] be the proportion of cases that are in vaccinated individuals:

5

Page 6 of 32

https://mc.manuscriptcentral.com/rsos

Royal Society Open Science: For review only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



P [v1, v2] = P[v1, v2].


0
0
1
1

 (11)

Then V [v1, v2] is the product of the relative cases (C[v1, v2]) and the proportion of these cases that
are in vaccinated individuals (P [v1, v2]):

V [v1, v2] = C[v1, v2]P [v1, v2] (12)

= C[v1, v2]
θSv1 + θSv2m

(1− v1) + (1− v2)m+ θSv1 + θSv2m
(13)

2.5 Extension to more general population structures

It is straightforward to generalise this to n population groups, where group i has relative size xi of
the population, a relative vulnerability di and relative mixing mi (with one degree of freedom in each
of these, so either one group can be set to unity, or total normalised). When considering more
general population structures, relative susceptibility to disease or infectiousness to others can also
be included (µi and τi respectively) – this may be particularly important if the population is broken
down into age classes considering children separately.

Following analogously from above the next generation matrix is 2n × 2n and can be written as an
outer product:

NGM =



(1− v1)x1µ1m1

(1− v2)x2µ2m2
...

(1− vn)xnµnmn

θSv1x1µ1m1

θSv2x2µ2m2
...

θSvnxnµnmn





m1τ1
m2τ2

...
mnτn
θIm1τ1
θIm2τ2

...
θImnτn



ᵀ

(14)

As before, this is a rank one matrix and the spectral radius here is the inner product of the same
vectors, giving the proportionality with the effective reproduction ratio R. The calculation for cases is
exactly as above, and the distribution of cases is as the dominant eigenvector, which is the column
vector of the outer product.

Further generalisations are implementable, for example the vaccine effects θS , θI and θD could vary
by age group – this would require additional parameterisation but the same analytic approach remains
possible. In the more general case that the mixing structure cannot be written as an outer product
then it is likely a numerical approach would be needed.

2.6 Parameterisation

The goal of our simple modelling approach is to gain general results which hold true both in more
complex models and in broad realistic ranges of parameters, and therefore give valuable insights.
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Hence, a detailed parameterisation here is not required, but we can base our parameters in ‘ballpark’
ranges corresponding to current knowledge.

For vaccination parameters, knowledge is currently growing at a pace on vaccine effectiveness. From
clinical trials of the Pfizer vaccine, using data for those cases observed between day 15 and 28 af-
ter the first dose, efficacy against symptomatic COVID-19 has been independently estimated by
Public Health England as 91% (74% to 97%) [19]. Assessment of clinical trial data for the Ox-
ford/AstraZeneca vaccine has shown vaccination (two standard doses given 12 or more weeks apart)
to reduce symptomatic disease by 81.3% (60.3%-91.2%); while protection following the first dose is
estimated as 76.0% (59.3% - 85.9%) between days 31 and 60. The level of protection against infec-
tion (both symptomatic and asymptomatic) were found to be 63.9% (46.0%-76.9%) after 1 dose and
59.9% (35.8%-75.0%) after two doses [20].

We are beginning to see real-world evidence of vaccine effectiveness through observational studies.
Against symptomatic COVID-19 in older people in the United Kingdom, one observational study
found that a single dose of the Pfizer vaccine was approximately 60-70% effective at preventing
symptomatic disease in adults aged 70 years and older in England and two doses were approximately
85-90% effective. The effect of a single dose of the Oxford/AstraZeneca vaccine against symptomatic
disease was approximately 60-75% [21]. Estimates of the likelihood of severe outcomes conditional
on symptomatic infection have also been gathered. For the Pfizer vaccine, those aged 80+ and
vaccinated who went on to become a symptomatic case had a 43% lower risk of hospitalisation
(within 14 days of a positive test) and a 51% lower risk of death (within 21 days of a positive test)
compared to unvaccinated cases. The effect of a single dose of the Oxford/AstraZeneca vaccine in
those aged 80 and above who went on to become a symptomatic case was 37% protection against
hospitalisation within 14 days of a positive test [21]. More recent results show protection against
hospitalisation from a single dose of either the Oxford/AstraZeneca or Pfizer vaccines to be around
80% [22].

The picture on the capability of the available vaccines to prevent onward transmission is currently
less clear. Ascertaining the magnitude of any transmission blocking effect most directly will require
detailed observational studies in closed settings or households. All of these could be further compli-
cated by age-dependencies, such as the rate of hospitalisation [23], and further disparities in case
and severe outcomes due to pre-existing health conditions and socio-demographic factors [24]. As
well as refinement of estimates over the coming months, vaccine effects may be modulated in the
face of new variants in future.

For our default vaccination parameters we take θS = 0.6, θT = 0.6, θD = 0.3. This corresponds
to a relative risk of disease of θS × θD = 0.18, comparable with a vaccine effectiveness of around
80%. Transmission blocking is perhaps the most uncertain factor here, and our values correspond to
θS × θI = 0.36 – transmission reduced by a factor of around 3. Transmission assumptions are key to
the resulting dynamics, and our knowledge of appropriate parameters here may change in the near
future, so sensitivity to this is explored below (Figure 2) and further in the Supplementary Information
(Figures S1, S4, S6).

For the population heterogeneity, the two groups of vulnerable and mixers could be thought of as
loosely corresponding to older and younger age groups, though here we are not considering children
whose mixing patterns and also their susceptibility and infectiousness for SARS-CoV-2 could be very
different to that of adults [25, 26, 27]. To approximate a ‘mixing’ parameter, the BBC pandemic
study [28], with data from the United Kingdom in 2017-18, shows the mean number of contacts by
age. While there are clear differences by age, the ratios are not large. A visual inspection of younger
adults vs older adults, allows us to approximate the range for m as 1− 2 by default.

For the vulnerability ratio d - this is not straightforward to parameterise as (a) we are using this to
explore severe outcomes in an abstract way, so it could correspond to probability of hospitalisation or

7

Page 8 of 32

https://mc.manuscriptcentral.com/rsos

Royal Society Open Science: For review only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



a case fatality ratio or any other measure of severe disease and (b) the simple two-population struc-
ture is for exploration of the effects of heterogeneity rather than explicitly corresponding to defined
population groups. Further, estimates for COVID-19 severity vary between studies, depending on
context [29, 30, 31] and presence of more pathogenic variants [8, 6]. Below, we have taken d = 10 as
the default in plots to explore the case where the vulnerable group is substantially more at risk, but
the other half of the populations cannot be neglected for disease risk. For results on disease below,
these are shown for a range of d (1 to 10) and it is visually clear what would happen for larger d. Most
of the results below on vaccine escape do not depend on d.

For the parameters for the scenario under consideration, we have considered a situation where R > 1
initially before vaccination, choosing particularly R0 = 1.2 which approximately corresponds to mid-
September and October 2020 in United Kingdom [32], a situation with some regions under tight
restrictions and some interventions everywhere (this is clearly not a true R0, but here R0 is termed
for the value of the effective reproduction ratio at this time if there were no vaccination). The value
of G, the time period considered as measured in mean generation times, is going to be a subjective
decision. Estimates for the generation time are variable between studies, but typically around 4-6
days [33, 34]. We take G = 15 by default, corresponding to a time window of 2-3 months. How
results vary with G is discussed below, and G = 5 is used example to show how outputs change with
a shorter G in the Supplementary Information (Figures S3-S6).

3 Results

3.1 Dependency of epidemiological outcomes on vaccine coverage

A summary set of results for a typical parameter set are shown in Figure 1. The effective reproduc-
tion ratio decreases as more people are vaccinated (Figure 1 top left). From the analytic expression
above, we can see that this decrease in the effective reproduction ratio occurs for all parameter
values so long as there is any transmission blocking effect of the vaccine (θSθI < 1). Further, the
dependence on the proportion vaccinated is linear, with stronger effect (by factor m2 here) for vacci-
nating the mixers. The cases (Figure 1 top right) are here a direct function of R so also decreases
with increasing vaccination, but not linearly: there is a steep drop to R = 1 and there after the effect
is smaller, simply reflecting prevalence dropping faster during the period in question. Intuitively, we
expect similar vaccine effects on R and total cases will hold in more complex models.

3.2 Effect of vaccine on number of cases with severe disease

The total number of severe infections over this fixed period, denoted here as disease (Figure 1 bottom
left), decreases as vaccination increases in either group. However this is no longer purely a function of
R: it is also dependent on who is infected – the distribution of cases among the vulnerable and mixers.
If vaccination coverage is higher in the vulnerable than the mixers, disease is disproportionately
brought down relative to cases, and this is visible as a slight curve of the contours in the bottom right
of the panel (where v1 is high and v2 is low).

It is intuitive that for a very wide range of models, vaccinating more people in any group has the
effect of decreasing cases in that group and also possibly other groups also, driven by the dual
effects of vaccination in transmission-blocking and disease-blocking effects. The question remains of
which group it would be most effective to vaccinate to reduce severe disease (or any other outcome
represented by increased vulnerability).

This question of optimal allocation can be explored by considering a situation in which we have a fixed

8

Page 9 of 32

https://mc.manuscriptcentral.com/rsos

Royal Society Open Science: For review only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative reproduction ratio (R)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative cases (C)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative disease (D)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Vaccine escape pressure (V)

0.01

0.02

0.03

0.04

0.05

0.06

Figure 1: Summary outputs

Summary outputs for a fixed set of population parameters (m = 2, d = 10), vaccine parameters (θS = 0.6,
θT = 0.6, θD = 0.3) and scenario under consideration (R0 = 1.2, G = 15). Four output measures are shown,
relative reproduction ratioR[v1, v2] (upper left), relative cases C[v1, v2] (upper right), relative diseaseD[v1, v2]
(lower left), and vaccine escape pressure V [v1, v2] (lower right). All four panels are shown as contour plots
with horizontal and vertical axes representing the proportion of vulnerable and mixers vaccinated (v1 and v2
respectively).
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Figure 2: Optimal allocation for averting disease

Optimal allocation for averting disease (as meaured by W : logged ratio of disease averted by vaccinating
the vulnerable compared to the mixers). Individual panels explore the population parameters (vulnerability d
and mixing m on horizontal and vertical axes). The contour values are kept fixed between the plots, with the
contour for ratio 1 between the blue and red, and meeting the bottom left of every panel (where m = d = 1
so the population is homogeneous). More disease is averted by vaccinating the vulnerable than the mixers
in the pink regions and vice versa in the blue regions.

Different panels vary the effects of the vaccine: the rows step through θT = 1, 0.8, 0.6, 0.4 and the columns
step through θS = 1, 0.8, 0.6, 0.4. Through all panels, θD = 0.3. Thus the top left panel corresponds to the
vaccine having no transmission blocking effects at all, and stepping right and down increases transmission
blocking through reduced susceptibility or infectivity. All other parameters are as in Figure 1.
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amount of vaccine (enough to vaccinate a proportion ε of either group, say), and considering either
solely vaccinating the most vulnerable or the mixers and evaluate W , the logged ratio of disease
prevented by vaccinating the vulnerable compared to vaccinating the mixers:

W = log

(
1−D[ε, 0]

1−D[0, ε]

)
(15)

where D[v1, v2] is the relative total disease function set up above (where D[0, 0] = 1).

In Figure 2, W is explored as a function of vulnerability of the vulnerable (d), mixing of the mixers
(m) and the two transmission-blocking effects of the vaccine (θS and θI ). Here we set the proportion
ε = 0.1, but given that disease is near linear in v1, v2 it will not be very sensitive to this. The overall
picture is that in the majority of the parameter space explored, vaccinating the mixers is more effective
than vaccinating the vulnerable to reduce the total amount of disease.

This might not be intuitive – intuition may say to focus vaccination on the vulnerable. The result here
hinges on the transmission-blocking effects of the vaccination dominating: bringing down R overall
means fewer cases in the vulnerable and the most efficient way to do that is to vaccinate the mixers.
There are three edges of parameter space, each discussed below, where this effect is reversed: (i)
where there is little difference in mixing between the groups (m is close to one), (ii) when there is
no (or very little) transmission blocking effect (θS = θI = 1) or (iii) when the time horizon that we are
optimising over is very short (G small).

For (i), m is close to 1, this is visible just above the horizontal axis in the individual panels in Figure
2. In this case, as m ≈ 1, the ‘mixing’ half of the population is not actually so different to the vulner-
able half in terms of their role in population transmission, and the benefits of vaccinating them are
reduced. This could happen if there was little heterogeneity in mixing to start with, or the vulnerable
started to mix more as the vaccine rolled out. This also can happen analogously when the population
proportions are varied so the vulnerable are a small group, and mixing is largely uniform in the rest
of the population (Figures S8 and S9 in the Supplementary Information).

For (ii), if the vaccine is not transmission-blocking but purely disease-blocking, then it makes sense
that the only use of the vaccine is the direct benefits of protecting the individual vaccinated, rather
than any impact on the epidemic trajectory. The top left panel of Figure 2 shows this effect, but also
illustrates the exception within this exception (the blue wedge along the vertical axis). When there is
strong mixing in the mixing group, then cases are disproportionately in that group. Even though they
are less likely to have severe disease, the chances they will be cases means that vaccine is still best
deployed to directly protect the mixing group. Under this simple two population model, this will be
when m > d (which can be seen from the distribution of cases determined by the eigenvector above).

For (iii), shifting to a shorter time window means that the change to the epidemic trajectory induced
by the vaccine becomes less important as the focus is on more immediate effects. This is explored in
the Supplementary Information. In the extreme, this will become like case (ii) above: the distribution
of cases in the groups must be weighted against the relative vulnerability so d > m again for it to
make sense to vaccinate the vulnerable preferentially.

Overall, the results in this model show that the effects of vaccination on reduction of cases can give
a counter-intuitive optimal strategy: vaccinate the mixers to best protect the vulnerable. This re-
sult in the present model is chiefly driven by the dynamic trajectory of the epidemic responding to
transmission-blocking effects of vaccination, but also slightly by the burden of infection being dispro-
portionately amongst the most mixing part of the population. The generality or otherwise of this result
is discussed below, and this result must be viewed together with the caveats to this simple approach,
also discussed below.
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3.3 Vaccine escape
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Figure 3: One dimensional paths to explore vaccine escape

The left pair of plots show the proportion of cases that are among those vaccinated, the middle pair give
the total number of cases (relative to if there was no vaccination) and the right pair give the vaccine escape
pressure. All parameters are as in Figure 1.

The top row shows all of these as functions of the proportion of vulnerable and mixers vaccinated (v1 and
v2 respectively on horizontal and vertical axes). The coloured lines show five one-dimensional paths, as the
total number vaccinated varies from none to all of the population, taking different routes in terms of the mix
of vulnerable and mixers. The lower plots correspond to outputs on those 1-D paths.

The proportion of cases in vaccinateds increases as a function of the proportion vaccinated, while the total
number of cases decreases. The product of these gives a measure of vaccine pressure which can be maximal
for intermediate levels of vaccination.

As described above, we represented vaccine escape pressure in the simplest way as the number of
cases in vaccinated individuals. Even for this simple model approach, a rich picture emerges (Fig-
ure 1 bottom right). With none of the mixers vaccinated, vaccinating more vulnerable mostly just
increases vaccine escape pressure. However, this is not true the other way around: with no vulner-
able vaccinated, then vaccinating the mixers at first increases vaccine escape pressure, and later
decreases for greater vaccine uptake amongst the mixers population. This result can be interpreted
intuitively: increasing vaccination of mixers increases the proportion of cases who are vaccinated,
but decreases the overall absolute number of cases. These two effects combine to give a maximum
at intermediate levels of vaccination. This is explored over a wider range of vaccine parameters in
Supplementary Information (Figure S1) – the same effect holds except when the vaccine has no
transmission blocking effects.

The non-monotonic effects are investigated further in Figure 3 by considering one-dimensional line
from no vaccination to full vaccination, varying in terms of path taken in terms of balance of vulnerable
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and mixers. In all of these the total cases decreases with more vaccination (Figure 3 bottom middle
panel), but the proportion of these cases which are in those who have been vaccinated increases
with more vaccination (Figure 3 bottom left panel). The product of these gives the vaccine escape
pressure, and for all of these it is unimodal: there is highest risk at some intermediate range of
vaccination. This peak is maximised by vaccinating vulnerable first, but it is there for all paths for the
parameters used here.

These effects are dependent on the vaccine changing the trajectory of the epidemic and bringing
cases down. For a shorter time horizon, there is less time for these effects to come into play. Similarly
if the cases in unvaccinated individuals played a significant role in vaccine escape, then this picture
would be modified, mainly to reduce the low pressure for low vaccination. Both of these sensitivities
are explored further in the Supplementary Information.

4 Discussion and conclusions

4.1 Summary

There are multiple facets to consider when determining a prioritisation order for delivery of a limited
vaccine supply. Here we suggest that pressure on vaccine escape should be part of these con-
siderations, and that exploratory modelling can highlight where the risk points are. By analysing a
simple model of two populations with differing vulnerability and contact rates we unpick combinations
of epidemiological regimes and vaccine efficacy where the risk of vaccine escape is heightened.

Our results illustrate two main insights: (i) vaccination aimed at reducing prevalence could be more
effective at reducing disease than directly vaccinating the vulnerable; (ii) the highest risk for vac-
cine escape can occur at intermediate levels of vaccination. In particular, vaccinating most of the
vulnerable and few of the mixers could be the most risky for vaccine escape.

4.2 Caveats and areas for further development

By the very nature of the model being a simple representation of a complex system, there are nu-
merous associated caveats to our approach. We restricted our main analysis to only two types of
heterogeneity (vulnerability and mixing). In reality, there are many different risk factors affecting trans-
mission dynamics and vaccine uptake, such as age-dependent susceptibility and infectivity. However,
we explored two types of heterogeneity alone in order to assess their effects in as simple a setting
as possible, without the effects of additional factors. Furthermore, we considered the population split
into equal halves. This is relaxed somewhat in further work in the Supplementary Information, in
which we show that our main results are robust to this assumption. But a more realistic structure will
involve more than two population groups - we outlined above how the analytical framework may be
extended to more general population structures.

Even extrapolating from the insight that vaccinating mixers first may be optimal for both reducing
disease and vaccine escape risk leaves the question of who those mixers are in practice. The group
most central to transmission might not simply be a function of age. For example occupation could
be taken into account, e.g. those whose roles necessitate contact with others. Another important
dimension could be household structure, e.g. those who live with several other people. The interplay
between mixing and vulnerability is also important, for example the epidemiological bridging roles
played in connecting the most at risk to the wider community by health care workers, and household
members of the extremely vulnerable.
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Another simplification here is that we considered an epidemic in a single population. In reality, the risk
of vaccine escape in any population depends not only on the possibility of vaccine escape variants
arising locally, but also on the possibility of such variants being imported from elsewhere. Studies
that seek to design vaccine strategies based on a range of objectives might also consider the risk of
vaccine escape variants being imported when deciding how vaccines should be prioritised. Nonethe-
less, we contend that minimising the risk of vaccine escape locally should be a component of any
objective function involving vaccine escape.

A further area of substantial oversimplification in the approach presented here is in the mechanism
of vaccine escape, and specifically where generation and selection of escape mutants occurs. In
practice, mutation, competition and selection will be operating at both within host and between hosts,
which poses considerable challenges for capture by models [35]. Here we simply consider when, in
terms of vaccination regimes, the pressures (selection within- and between- host combined) may be
greatest, by considering transmission to vaccinated hosts. Though this is slightly relaxed to consider
unvaccinated hosts also contributing to vaccine escape pressure in the Supplementary Information,
this approach is still clearly still very crude. An approach which included the circulation of any escape
variants would need to develop assumptions about the dynamic effect of these variants, e.g. to what
extent would variants abrogate the different vaccine effects of susceptibility, infectivity and disease
reduction. An extreme approach, where vaccination is perfect against wild type but completely in-
effective against an escape variant, found that establishment of the resistant strain was most likely
when most of the population had been vaccinated [36].

A key assumption running through the approach here is that the effects of the vaccine feed through
to reshape the overall epidemic, whether this is by design, or an unplanned benefit from a vaccine
which is unexpectedly transmission-blocking. An alternative to this would be if non-pharmaceutical in-
terventions (NPIs) are adaptive to prevalence and observed epidemic patterns, for example adjusting
to keep the effective reproduction ratio just below 1, or prevalence below some target. In this case,
the optimal allocation of the vaccine would no longer be controlling the epidemic directly, but should
instead account for the level of NPIs that are needed along the way, where one of the objectives may
be to minimise NPIs to mitigate their wider costs and harms. Further, the proportion protected by the
vaccine is kept fixed under the period under consideration – a more realistic model of ongoing phased
vaccine rollout would be warranted particularly in the context of a more detailed model of population
heterogeneity as discussed above.

We made simplifying assumptions on implementation of vaccination to aid analytical tractability. Our
approach does not address at all the kinetics of vaccine protection developing in the days/weeks
following inoculation. We treated vaccination as a single dose vaccine, with the impact of two doses
and dosage spacing a candidate for future research. In reality, we recognise this is a simplified rep-
resentation of a complex process, whereby new supplies of vaccine are being manufactured and
distributed over time, where second dose efficacy may change depending on the inter-dose sepa-
ration, and that there can be an intrinsic feedback between vaccination rates and population level
incidence. We also have not considered any waning in immunity, either that induced by infection or
from receiving a vaccine. These and related partial immunity effects are areas which urgently require
further attention, particularly in terms of addressing implications for vaccine escape [37, 38, 39, 40].

Despite these caveats, the model considered here, which includes important features of transmission
and vaccination, enabled us to illustrate the key principle that the careful targeting of vaccines to-
wards particular groups allows case numbers to be reduced while limiting the risk of vaccine escape.
We hope that the proposal of general principles under this abstracted system will motivate further
investigation under more detailed models.
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4.3 Relation to classic theory and recent results

Our model demonstrating that intermediate levels of vaccination could be highest risk for pressure
to generate a vaccine escape variant is resonant with established theory. In Grenfell et al., in a
phylodynamic model of a individual host, adaptation was highest at intermediate levels of immunity,
driven by a maximal combination of viral abundance and strength of selection [41]. In the context of
SARS-CoV-2, these favourable circumstances for antigenic evolution at the host level have been
observed during prolonged COVID-19 infections in an immunocompromised individual [42]. Our
population-level result here is analogous, with total infections playing the role of viral abundance
and proportion of infections in vaccines playing the role of strength of selection. The importance of
host heterogeneity in driving this maximal pathogen escape pressure has also been described in a
bacteria and bacteriophage system [43].

Our study adds to a growing knowledge base on the potential of emergence of vaccine escape
variants under the circumstances of widespread infection prevalence and different dosing regimen.
An immuno-epidemiological model found under certain scenarios a one-dose policy may increase
the potential for antigenic evolution; specifically, a vaccine strategy with a very long inter-dose period
could lead to marginal short-term benefits (a decrease in the short-term burden) at the cost of a higher
infection burden in the long term and substantially more potential for viral evolution [39]. However
it has been argued that so long as vaccination provides some transmission-blocking effects, the
corresponding reduction in prevalence should more than counterbalance concerns about antigenic
escape pressure from delaying a second dose [17].

Limited vaccine supply has necessitated policymakers requesting advice on the priority order for
SARS-CoV-2 vaccines. This guidance has had to be offered in the presence of limited data, with an
expectation that additional knowledge would subsequently be accrued on vaccine efficacy for pre-
venting infection. In the United Kingdom, dynamic infectious disease transmission models have been
a contributor to the decision making process, with the advised ordering primarily going in descending
age order [44, 45].

The result here that vaccinating mixers would be more effective to reduce severe disease than vacci-
nating the vulnerable for the majority of the reasonable parameter range for our model is in contrast to
Moore et al. where vaccinating the oldest first was consistently the best approach to minimise deaths
and disease [44]. There are a number of assumptions that differ between the two approaches, includ-
ing vaccine effects and different population heterogeneity patterns. We are also considering here a
vaccine rollout during higher prevalence (as opposed to vaccination before a possible next wave) and
a different time period is under consideration. It is not clear which combination of these differences
are key, but likely it will fundamentally come down to the relative utility of the vaccine in reducing over-
all prevalence versus directly protect the most vulnerable. Further work is needed to unpick these
differences, and promising directions include exploring the assumed distributions of vulnerability and
mixing among the population (see Supplementary Information).

Speculatively, is possible that with more of a spectrum of population heterogeneity the optimal strat-
egy for mitigating both disease and the risk of vaccine escape could involve something like first
vaccinating the most extremely vulnerable to immediately protect them, then pivoting to the core mix-
ers to bring down prevalence and later back to vaccination of the moderately vulnerable. It is also
likely that the optimal strategy in that scenario will depend on the rate of vaccine availability.

The key advance from our approach over others is that it has brought in considerations of vaccine es-
cape pressure, albeit in crude form, together with also considering overall infection and disease rates
in a heterogeneous population. However, our model is relatively simple. While this has allowed us
to uncover broad insights, further explorations in more complex models will establish if the qualitative
results are robust to including more realistic detail. We recommend that vaccine escape risks should
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be included as part of considerations for vaccine strategies, and that further work is urgently needed
here.
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5 Supplementary Information

5.1 Sensitivity of vaccine escape results

Figure S1 is analogous to the bottom right panel of Figure 1, but exploring a range of different
transmission-blocking parameters for the effect of vaccination. Essentially the same qualitative ef-
fect is visible except when the vaccine has no transmission-blocking effects (θS = θI = 1, top left in
Figure S1). In this case, increasing vaccination will not alter the number of cases going forward, and
the only effect in terms of vaccine escape is to increase the number of cases which are in vaccinated
individuals.

Apart from when there is little or no transmission-blocking, the maximum pressure on vaccine escape
is exerted for v1 = 1, v2 = 0: in other words, vaccinating all of the vulnerable and none of the
mixers. Even with all of the vulnerable vaccinated, the effective reproduction ratio and thus total
cases are held high by the core of transmission within the mixing group. This transmission spills
into the vulnerable vaccinated as the vaccine is not fully blocking infection (θS > 0), thus ensuring a
continued significant number of infections in the vaccinated, providing the platform for vaccine escape
pressure. This effect will disappear if θS = 0 – for a vaccine with perfect prevention of infection there
would be no cases amongst the vaccinated.

Our simple measure of vaccine escape pressure is directly proportional to the number of cases in
vaccinated individuals. This strict assumption can be related by supposing that cases in unvaccinated
individuals also contribute, but at some lower level (Figure S2). So long as the unvaccinated cases
do not contribute much (around < 10% as much as vaccinated for these parameter values), then the
picture is qualitatively unchanged. However if unvaccinated cases do contribute more significantly,
then by force of numbers, the picture is changed, specifically vaccine escape pressure is not low for
little or no vaccination. In Figure S2 the bottom left of the panels (corresponding to low v1 and v2)
changes the most as the weight of unvaccinateds contribution to escape is increased, going through
the panels.

If the contribution of unvaccinateds to escape pressure is larger still, vaccine pressure will simply
correspond more closely to total cases. In this case, vaccine escape pressure will be most quickly
reduced by vaccinating the mixers first, corresponding with results on minimising disease.

5.2 Effect of a short time horizon

Results in the main text are given for G = 15 which corresponds to choosing a time horizon of 15
generation times of infection. Some of the dynamics above are underpinned by vaccination pushing
down the number of cases over this period. This effect will be less marked if instead our focus is on
a shorter time interval, when vaccination has not had time to accumulate its impacts on the epidemic
trajectory. Equivalent plots to the main text are shown here for G = 5 in Figures S3, S4 and S5 and
the equivalent to Figures S1 and S2 are in Figures S6 and S7.

In Figure S3, the qualitative results are similar to before: vaccination universally reduces R, cases
and disease, and vaccination escape is similar except the maximum is now achieved by vaccinating
all the vulnerables and some of the mixers.

Figures S4 shows that there is a wider parameter range now where it is optimal to vaccinate the vul-
nerable before the mixers to reduce disease. This shift fits with the balance between direct effects of
protection against disease and longer effects of reshaping the epidemic: the shorter focus with G = 5
means the former dominates for more of the parameter range. However, even here it remains optimal
to vaccinate mixers to reduce disease so long as there significant transmission-blocking effects and
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there is heterogeneity in mixing (e.g. m = 2 here).

Figure S5 shows the same monotonicity for the two factors that make up vaccine escape pressure:
total cases and the proportion of these cases that are in vaccinateds. Here, however, again the
change in balance of effects with the shorter G means that vaccine escape pressure is not always
maximal at intermediate vaccination (e.g. for the purple and blue paths in bottom right panel). How-
ever, these effects will be restored for stronger transmission-blocking assumptions (see Figure S6 -
by the bottom right (θS = θI = 0.4) any route to full vaccination must pass a phase of higher vaccine
escape pressure.

Figure S7 combines exploring sensitivity to the assumption that unvaccinated individuals can con-
tribute to vaccine escape with the shorter time horizon G = 5. Interestingly, the combination of
the two effects again can restore the picture of maximal vaccine escape pressure when all of the
vulnerable and none of the mixers are vaccinated.

5.3 Relaxing assumption of equal-sized populations

Figures S8 and S9 explore breaking the assumption that the vulnerable and mixer populations are
of equal size. We use the methods for the extension to population structure, though we retain two
populations (n = 2). The relative size of the proportion of the vulnerable is given by x (so x1 = x and
x2 = 1, say). In both Figures S8 and S9, the rows correspond to x = 2/8, 4/6, 6/4, 8/2, corresponding
to the vulnerable being 20%, 40%, 60%, 80% of the population respectively. It should be borne in mind
that when the the two groups are not equally sized, the effort to vaccinate proportions of each group
(v1 and v2) are not so directly comparable. For the ratio of disease averted (W in main text), the
proportion of either group vaccinated (ε in main text) is adjusted to be equal absolute size as x is
varied.

Figure S8 shows that the results do not vary qualitatively as the proportions are varied, except for a
large proportion of vulnerable, the maximal vaccine escape pressure moves from vaccinating all of
the vulnerable to vaccinating only some of then. The range where allocating a fixed small amount of
vaccine to the vulnerable is optimal shrinks when vulnerable are a larger proportion of the population
(Figure S8 bottom right) and grows when they are a small proportion (Figure S8 top right).

However, we are concerned that varying proportions of vulnerable and mixers might not be comparing
like with like: Figure S8 keeps d = 10 for the vulnerable group and m = 2 for the mixers. An
alternative would be to adjust these so as to concentrate or dilute vulnerability and mixing as the group
sizes changed. We investigate this in S9. As x is varied, we also vary the vulnerability and mixing
parameters to in effect to keep a nominal excess mixing or vulnerability concentrated according to
population sizes. We take d2 = 1 still and d1 = 1 + d̂/x, so there is a baseline relative vulnerability
of 1, and the excess of d̂ is shared between the vulnerable group of size x. Similarly with mixing:
m1 = 1, m2 = 1 + xm̂ so the extra mixing is shared among the mixing group which has relative size
1/x. For the ratio of disease averted plots, the ranges of d and m are correspondingly varied. Setting
d̂ = 9 and m̂ = 1, the default parameter set is recovered at x = 1.

Figure S9 shows that this adjustment still means that R, cases, disease and vaccine escape pressure
do not vary much qualitatively. However now as plots for R, cases and disease against v1 and v2 they
are also very similar quantitatively: this adjustment of d and m as functions of x keeps the plots
almost invariant. The plot for vaccine escape pressure keeps the same overall shape, peaking with
all the vulnerable vaccinated and none of the mixers. The ratio of disease averted is now sensitive to
changing the proportion split, particularly at extremes. When all of the vulnerability is concentrated
into a small proportion (Figure S9 top right panel) then vaccinating a fixed number of the vulnerable
is clearly a better strategy for reducing disease than vaccinating the mixers. When the mixing is
concentrated into a small core group (Figure S9 bottom right panel) the opposite is true, vaccination
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of the mixers is vastly more effective in reducing disease.

It is unclear how exactly relative vulnerability and mixing should be modified here with changing
population sizes. In practice of course this is likely to be further modulated by their being more
than two groups, but rather a spectrum, and the relative balance in the most extreme groups for
vulnerability and mixing are likely to be important in determining optimal vaccination strategy.
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Figure S1: Vaccine escape pressure

Each panel shows a contour plot vaccine escape pressure (as described in main text) plotted by proportion of
vulnerable and mixers vaccinated (v1 and v2 respectively on horizontal and vertical axes). Note that for clarity
in showing the shapes here, the contours and colours vary between panels (as the top left panel requires a
much larger range than the others).

Different panels vary the effects of the vaccine: the rows step through θT = 1, 0.8, 0.6, 0.4 and the columns
step through θS = 1, 0.8, 0.6, 0.4. Thus the top left corresponds to the vaccine having no transmission blocking
effects at all, and stepping right and down increases transmission blocking through reduced susceptibility or
infectivity. All other parameters are in Figure 1.
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Figure S2: Sensitivity to contribution to vaccine escape

Vaccine pressure is now a linear combination of cases in vaccinated individuals (weight 100%) and unvacci-
nated individuals (weight varies). The weighting of the unvaccinated starts from zero and steps up by 2% in
subsequent panels (left to right, top row then bottom row).

All parameters are as in Figure 1.
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Figure S3: Summary outputs - with smaller G

This is as Figure 1, except G = 5.
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Figure S4: Optimal for averting disease - with smaller G

This is as Figure 2, except G = 5
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Figure S5: One dimensional paths to explore vaccine escape

This is as Figure 3, except G = 5
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Figure S6: Vaccine escape pressure

This is as Figure S1, except G = 5
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Figure S7: Sensitivity to vaccine escape pressure assumptions

This is as Figure S2, except G = 5
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Figure S8: Changing proportions of vulnerable and mixers, fixed d and m

Different rows give sets of results different proportions of vulnerables and mixers corresponding to Figure 1
and the θS = θI = 0.6 panel of Figure 2 (and the contour colours also correspond to these plots in the main
text). From top to bottom, vulnerables are 20%, 40%, 60%, 80% of the population and the rest are mixers.

Throughout, the relative vulnerability and mixing are kept fixed as the population proportion changes (m = 2
and d = 10).

31

Page 32 of 32

https://mc.manuscriptcentral.com/rsos

Royal Society Open Science: For review only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative reproduction ratio (R)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative cases (C)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative disease (D)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Vaccine escape pressure (V)

5 10 15 20 25 30 35
1.00

1.05

1.10

1.15

1.20

1.25

Relative vulnerability (d)

R
el
at
iv
e
m
ix
in
g
(m

)

Log ratio of disease averted (W)

θS=0.6

θT=0.6

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative reproduction ratio (R)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative cases (C)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative disease (D)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Vaccine escape pressure (V)

2 4 6 8 10 12 14
1.0

1.1

1.2

1.3

1.4

1.5

1.6

Relative vulnerability (d)

R
el
at
iv
e
m
ix
in
g
(m

)

Log ratio of disease averted (W)

θS=0.6

θT=0.6

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative reproduction ratio (R)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative cases (C)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative disease (D)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Vaccine escape pressure (V)

1 2 3 4 5 6 7
1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

Relative vulnerability (d)

R
el
at
iv
e
m
ix
in
g
(m

)

Log ratio of disease averted (W)

θS=0.6

θT=0.6

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative reproduction ratio (R)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative cases (C)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Relative disease (D)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Vulnerable vaccinated (v1)

M
ix
er
s
va
cc
in
at
ed

(v
2
)

Vaccine escape pressure (V)

1.0 1.5 2.0 2.5 3.0
1

2

3

4

5

Relative vulnerability (d)

R
el
at
iv
e
m
ix
in
g
(m

)

Log ratio of disease averted (W)

θS=0.6

θT=0.6

Figure S9: Changing proportions of vulnerable and mixers, adjusting d and m

Different rows give sets of results different proportions of vulnerables and mixers corresponding to Figure 1
and the θS = θI = 0.6 panel of Figure 2 (and the contour colours also correspond to these plots in the main
text). From top to bottom, vulnerables are 20%, 40%, 60%, 80% of the population and the rest are mixers.

The relative vulnerability and mixing are varied as the population proportion changes, to keep the excess
constant (described in the text).

32

Page 33 of 32

https://mc.manuscriptcentral.com/rsos

Royal Society Open Science: For review only

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



1 

Prof. Julia Gog OBE 
Department of Applied Mathematics and Theoretical Physics 
Centre for Mathematical Sciences 
Wilberforce Road,  
Cambridge 
CB3 0WA 

UNIVERSITY OF 
CAMBRIDGE

Email: jrg20@cam.ac.uk 
Tel: +44(0)1223 760429 

By upload as cover letter 

24th June 2021 

Dear Open Science, 

We are resubmitting our manuscript entitled “Vaccine escape in a heterogeneous population: insights for 
SARS-CoV-2 from a simple model” to Royal Society Open Science, for consideration under the Science, 
Society and Policy section. 

We are immensely grateful to both reviewers for thoughtful comments. We respond point by point below, 
and there are many consequent changes and additions to the manuscript. 

On behalf of the authors, thank you again for your consideration of our work. 

(detailed responses on subsequent pages) 

Prof. Julia Gog, OBE 
David N. Moore Fellow in Mathematics, Queens’ College 
Professor of Mathematical Biology, DAMTP, University of Cambridge 
Member, JUNIPER consortium, https://maths.org/juniper/ 

Appendix B



 2 

Reponses to referees on Manuscript RSOS-210530 "Vaccine escape in a heterogeneous 
population: insights for SARS-CoV-2 from a simple model" - June 24th 2020 
 

Associate Editor Comments to Author (Professor Enrico Bertuzzo): 
Associate Editor: 1 
 
Comments to the Author: 
 
Both reviewers found the manuscript interesting and sound but they also highlighted some areas of 
improvement, especially in the presentation. I welcome the authors to revise the manuscript 
according to these suggestions. 
  

Thank you - our responses are interspersed below in this colour, and changes in the manuscript 
highlighted.  
 
We are hugely grateful to both reviewers. 

 

Reviewer comments to Author: 
Reviewer: 1 
  
Comments to the Author(s) 
The manuscript by Dr. Gog and colleagues deals with the analysis of a SIR-like epidemiological 
model applied to the transmission of SARS-CoV-2. Using the model, the authors discuss several 
vaccination strategies for a population composed of subgroups characterized by different mixing and 
vulnerability patterns. The focus of the analysis, besides the derivation of standard epidemiological 
metrics such as the reproduction number and the incidence of infection, is on the possibility for 
vaccines to exert selection pressure on the virus, ultimately resulting in the emergence of mutations 
that may be able to escape the immune response triggered by the administration of the vaccine. 
  
Needless to say, the topic is of extreme interest. The almost equation-free approach used by the 
authors may also serve well the purpose of widening the readership of an otherwise technical 
manuscript. The toy-like nature of the model seems to be better suited to seek general mechanisms 
rather than specific decision-making prescriptions. This point is effectively addressed in the 
manuscript and should not be seen, in my view, as a limitation of this study. The presented results 
seem sound, given the hypotheses laid out by the authors. 
  
That being said, I have some technical comments that the authors may want to consider while 
revising their work: 
  
The complexity of the model analyzed in the main text is kept to a minimum---and, I would argue, 
understandably so. Of the several simplifying hypotheses that have been introduced, one leaves me 
a bit perplexed, though: namely, that the two groups have the same relative abundance within the 
population. Besides the obvious unlikelihood of such numerical coincidence, I wonder whether this 
choice could perhaps lead to an underestimation (not quite by the authors, rather by some readers) 
of possible asymmetries in the transmission process and in the definition of epidemiological 
patterns. I am especially referring to the analytical treatment, where the `vulnerable’-to-`mixer’ ratio 
is nowhere to be found, exactly because of this strong 1-to-1 hypothesis. However, this ratio 
influences several of the results presented in this work, as acknowledged (and even shown) by the 
authors. I would suggest removing this 1-to-1 hypothesis from the main text while keeping all the 
other simplifications in place. Numerically, I would not change anything, meaning that the main text 
could still just account for the case epsilon=1 (borrowing from the extended model presented in the 
main text). 
 

The construction of two equally sized groups was a decision we took, but on reflection the rationale 
for doing this could be made clearer.  
 
Longer version of the thinking: in early rounds of model development, we considered three 
population segments - the bulk of the population that were neutral in vulnerability and mixing, then 
a minority with higher vulnerability and a minority with higher mixing. This is clearly still an extreme 
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caricature of reality. However, this means we still require four parameters (vulnerability and mixing 
strengths, and the two population sizes). We were seeking the simplest approach to capture the 
relevant heterogeneity that illustrates the key effects. The neutral population wasn’t needed, only 
the mixers and the vulnerable. 
 
It certainly is important to explore splits other than 50:50, hence it is included in the Supplementary 
Information. One could argue that the vulnerable are a small group if we take them to represent 
say the over 75s, or to correspond to the clinically extremely vulnerable of the UK vaccination 
phases. Equally, we could argue that the mixers are a small group, say adults aged 18-25. Instead, 
taking the simplest heterogeneity (equal split) seems parsimonious. Reality is of course something 
more like a joint distribution of vulnerability and mixing, but rather than seeing the equal split as a 
coincidence, it can be taken as one way of abstracting this distribution. In terms of age, this could 
be those under and over 40 (roughly the UK median age).  
 
It would have been nice to find a way to include the varying split proportions in the main text, but 
then, for example, the already-complex figure 1 has to become something like either figure S8 or 
S9, and the expressions in 2.3 become cumbersome. In addition, there is the decision on how to 
vary the strength of mixing and vulnerability with the proportions changing (the difference between 
S8 and S9). We think varying this many properties would detract too far from clarity for most 
readers. For future work, rather than exploring this split further, we would instead recommend 
considering more nuanced distributions more closely reflecting reality, but that is the start of a 
further study. 
 
We have added a bit more in the methods section on “population heterogeneity”, expanded why 
equal sizes is reasonable for illustration in the main text, and also expanded the methods for more 
general population structures.  

  
I am not against the `direct calculation’ approach chosen by the authors for the definition of the next-
generation matrix. However, equation (2) needs to be better framed and more explicitly explained to 
make sure that readers can easily follow. For instance, I believe that at least some future readers 
might be left somehow dumbfounded by the fact that the fraction of vaccinated infectious people 
does not appear in the last two entries of the first row of the next-generation matrix (similar remarks 
apply to other entries as well). A similar observation holds also for equations (3) and (4), which are 
introduced basically with no prior methodological background. I believe that in all these cases the 
authors would do the less mathematically-versed readers a solid if they could expand just a bit the 
explanation of these technical aspects of their work. 
  

This, and the comments here on the manuscript are extremely useful feedback, thank you. There 
is nothing very deep going on in the methods, but certainly we could make things clearer for the 
reader, though this does require expanding a bit. 
 
For understanding how (2) appears as it does, perhaps the key information is that the next 
generation matrix has an inbuilt asymmetry: if K is the NGM (which is proportional to M) then K_ij 
is the number of infections in group i that would be caused by ONE infected in group j. Hence this 
process for splitting a population group (without changing underlying mixing): duplicate the column 
but split the row. This is what is going on with the fraction vaccinated going by row only (and 
similarly the group sizes only appearing in the first vector in (14)).  
 
We have reworked the text in this section to walk the reader through the key steps, including 
building the 4x4 matrix. This has lengthened this section, but we believe from this reviewer’s 
comments that these details are worth including. 

 
Some epidemiological terms need to be better defined. For instance, I cannot fully understand what 
do the authors mean when they say that in their model “incidence I(t) is exponential, with growth rate 
lambda” (p.4, l.39). Now, if they have in mind a model like dI/dt=lambda*I, then I guess that I(t) 
would be the cumulative incidence at time t; if so, I do not get where the integral in equation (5) 
comes from. Some further explanation seems to be warranted here. The same goes for the term 
“prevalence”, which seems to be used naively (in both the abstract and the summary). 
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We think the confusion here might be caused by our use of I(t) for incidence (the number of new 
cases per day), when usually the variable I in an SIR model represents something more akin to 
prevalence (the total number who are infected/infectious on each day).  
 
The final expression for F(R) is as intended, but to mitigate the potential for confusion, we will 
change incidence to being denoted by y. The use of the term prevalence in the abstract and 
elsewhere is appropriate.  
 
(In response to green handwritten comments here - If I(t) is intended to be the prevalence, then 
I’=lambda I is not right either: Loss from recovery would also need to be included, but note we are 
not assuming any time to recovery distribution, as this is not needed in our direct formulation. If I(t) 
in the handwritten comments is meant to be incidence, then this is equivalent to what we have, but 
it needs to be cumulative incidence since t=0 so subtract off I_0, then the result would match ours. 
But, the integral of incidence seems to be the easiest route here.) 

 
Selection pressure and vaccine escape are admittedly described quite naively in this work. I do not 
have objections to simplicity if put in perspective (as the authors do). However, I wonder whether it 
could be possible to translate the current definition of vaccine escape, which is not completely 
obvious to get dimensionally, to something like the probability of vaccine escape. I believe that this 
could be done quite easily (although perhaps at the expense of one additional parameter) if one 
defines Prob(vaccine escape)=1-Prob(~vaccine escape)=1-(1-p)^(C*P), with p being the probability 
of vaccine escape within a single host. 
  

Our approach of looking at the number of cases in vaccinated individuals is essentially to give the 
exponent (or something proportional to the hazard) in any expression of this sort. The parameter 
given as p by the referee (probability of escape per case) is extremely problematic to estimate, 
with significant heterogeneity between different infected hosts (though we nonetheless explore it a 
bit here: https://www.thelancet.com/journals/laninf/article/PIIS1473-3099(21)00202-4/fulltext).  
 
On balance, in the context of this work, we think it justified to keep the measure of vaccine escape 
pressure as something proportional to the number of cases (hazard). We do fully agree that the 
evolutionary aspects here have been addressed in quite naive terms - the price is some realism, 
but we gain tractability, transparency and generalisability to multiple vaccination scenarios. 

 
Following up on the previous point, the authors assume (in the main text) that only do infections in 
vaccinated people contribute to the risk of vaccine escape. However, they acknowledge that the 
situation is much more complicated in reality, and even relax their hypothesis (in the supplements) 
by accounting for the role possibly played by infection in unvaccinated people. As a matter of fact, 
every infection gives the virus new chances to evolve, by genetic drift if not by selection. With viral 
transmission still rampant and vaccine rollout still slow in many countries, understanding what 
mechanism contributes the most to evolutionary dynamics is of course challenging (leaving aside 
competition dynamics, which would require a more complex modeling framework). That is why it 
would seem important to me to include at least part of the section about the sensitivity analysis of 
vaccine escape results, along with Figure S2, in the main text. 

   
Understanding the limitations of our approach and the sensitivities is important. For the point about 
unvaccinated people contributing towards escape pressure (rather than purely the vaccinated 
people as we’ve assumed in the main text), this does not require any additional methods, and also 
can more or less be read off from our results (just linearly interpolate from V to C - or bottom right 
to top right of Figure 1). Given that this extension does not do anything unexpected or add any new 
insights (and it is really only one small step of adding detail, there are so many other simplications 
that we have made that could arguably be considered before or with this), it seems right to leave it 
in supplementary material. However, given the comments of the reviewer, which may also come to 
mind for other readers when reading our manuscript, we have extended the relevant results 
section with these points. 

 
The manuscript is generally well written and quite easy to follow. However, there exist several 
instances where writing could be further improved for clarity. I am attaching a copy of the manuscript 
file with some minor remarks and suggestions marked in green (plus some notes of mine which 
have been translated into the comments above). 
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Absolutely amazing! Please pass on our gratitude to the referee for taking such time and thought 
here. We have made nearly all of the changes exactly as suggested. For the remaining few, we 
have made slightly different changes in response as we could see what the issue was. For the 
points that are already mentioned above, it was very helpful to understand where exactly the 
confusion starts. We are sure these suggestions from this referee will have helped to improve the 
clarity of the manuscript. 

 
 
 
 
 

  
Reviewer: 2 
  
Comments to the Author(s) 
 
The manuscript “Vaccine escape in a heterogeneous population: insights for SARS-CoV-2 from a 
simple model” by Gog et al. analyses a simple model for vaccination in a heterogeneous population, 
to infer some general principles, that may be useful for designing actual vaccination strategies. 
 
In a stylized population consisting of two groups, one with a higher contact rate, the other one 
subject to more serious complication if infected, the authors study in which group it is more 
convenient allocating limited vaccine resources, according to different criteria. 
 
The model is simple enough that analytical formulae can be obtained and computed to answer the 
question. The answer depends of course on parameter values and on the criterion used; the authors 
conclude anyway that “in the majority of the parameter space explored, vaccinating the mixers is 
more effective than vaccinating the vulnerable to reduce the total amount of disease”. This result, 
valid as long as vaccines are able to limit, at least partially, the transmission of the infection and 
there is a significant difference in contact rates between the two groups, is in line with the general 
epidemiological theory. I must however remark that, if we are thinking of COVID-19 and the groups 
represent different younger and older age classes, the value of the parameter d should be around 
1,000 (see, e.g. O’Driscoll et al, 2021) rather than in the range 1-10, and this would make quite a 
difference. Possibly this is one of the reasons for the different result obtained in [44], beyond the 
ones offered by the authors. I think that the authors should at least acknowledge the issue. 

 
Putting a scale on d is very difficult here. In part this is because of the crude population split into 
only two groups. For example, if we take the population median age to be around 40 and estimate 
the population weighted IFR from O’Driscoll et al Figure 2a for the younger and older half of the 
population - this looks to us to be more like 100 than 1000. Further, taking “severity” as 
hospitalisations would probably give a lower d than deaths.  
 
However, in any case, our results really are not very sensitive to d once it is soundly over 1. In 
essence, going from d=10 to d=1000 means weighting the mixer cases’ contribution to D as 0.1 or 
0.001. We have added some further explanation  to the parameter estimation section on this, and 
include a new section in the Supplementary Information with versions of the key figures 1 and 2 
with d=1000 for illustration. We thank the reviewer for directing us to think again on this. 

 
The more novel part of the article concerns the effect of vaccination policy on the probability of 
vaccine escape. While the model is very simple and the results are difficult to interpret in terms of 
actual policies, it is important bringing the point to both modellers and public health authorities, and 
the general principle (intermediate vaccination rates maximize the risk) appears to be robust. 
 
I think that the manuscript is interesting and worthwhile. The authors recognize the limitation of the 
model used, and they discuss with competence whether their results are expected to be robust to 
model details. 
 



 6 

In the Supplementary Material the authors show the effect of some changes in the model or in the 
parameter values used. I would have been interested in seeing the effect of at least two other 
modifications: 
 
- the authors always assume proportional mixing among the two groups. What if mixing is to some 
degree assortative? 
 

Another good question. Unfortunately it would break our analytic approach (matrices could not be 
written as outer products in general). The form we have at the moment is the most indiscriminate 
mixing - our mixers have higher mixing rates but they just mix with whoever else is out there mixing 
rather than an additional preference for other mixers. Our intuition is that anything to make things 
more assortative than they are will have the effect of just further boosting the importance of mixers 
in shaping R. Hence our core insights (the value of using vaccination to lower R, the highest risk if 
targeting vaccination to the vulnerable) will, if anything, be emphasized further. Our current 
assumption is probably conservative with respect to our results. 
 
However, it is not clear the strength of this effect, and also how far this intuitive prediction could be 
pushed. For example with more age classes and population classes, it might matter which groups 
are core mixing and how they are connected to the most vulnerable groups.  
 
We don’t think we can offer further mathematical work here without moving to a different approach, 
at which point it would make sense instead to use more realistic age and population mixing. While 
we are not comfortable adding any further speculation to the manuscript on this topic, we do think 
that our results are very likely to be robust to further work in this direction, for the reasons above.  

 
- the model assumes that some part of the population is vaccinated at t=0, and then the epidemic 
proceeds exponentially according to the resulting parameter values. Would the picture be different if 
vaccinations occur dynamically? Namely, they occur at some prescribed rate during the time period 
analysed. I understand that the problem is much more complex, as there would be no simple 
formula to evaluate the output, and simulations would be required. Furthermore, the model could 
become more complex, as one may think that public health authorities relax NPIs as a larger fraction 
of the population becomes vaccinated, bringing economic issues in the optimization, as already 
suggested by the authors at page 15. Still, I think it is an issue that is worth being analysed in as 
simple a context as possible. 
If the authors find the time to briefly analyse these issues, I think it would be an interesting addition 
to the manuscript, but this is only a suggestion. 

  
These are all excellent points. Bringing in some of the dynamic problems should also entail 
changes in vaccine efficacy at the individual-host level over time (rather than assuming that 
vaccines are effective immediately following vaccination, and that immunity does not wane) and 
dosing regimes. This does move things firmly beyond the capacity of the simple dominant 
eigenvalue approach and into the domain of more detailed simulations. We agree that this is worth 
doing, and that the links with economic considerations are also important.  
 
However, we believe that this has the makings of a full research programme, requiring significant 
extensions to the simple analytic framework presented here. We hope that the insights and 
principles illustrated in this manuscript stand alone without exploring these further directions, which 
we intend to investigate in future with a more complex simulation model. We also hope that by 
sharing our work and discussion in this paper, others may also be encouraged to explore this 
important and interesting area further.  
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