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Abstract

We have come a long way since the start of the COVID-19 pandemic—from hoarding toilet paper 

and wiping down groceries to sending our children back to school and vaccinating billions. Over 

this period, the global community of epidemiologists and evolutionary biologists has also come 

a long way in understanding the complex and changing dynamics of severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), the virus that causes COVID-19. In this Review, we 

retrace our steps through the questions that this community faced as the pandemic unfolded. We 

focus on the key roles that mathematical modeling and quantitative analyses of empirical data have 

played in allowing us to address these questions and ultimately to better understand and control 

the pandemic.

By February 2020, it was clear that a global coronavirus pandemic had begun to unfold. The 

rapid rise in COVID-19 cases before lockdown measures went into effect in Wuhan, China, 

on 23 January 2020 showed how efficient human-to-human transmission of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) was. By January 2020, the increasing 

number of documented cases of SARS-CoV-2 outside of China further indicated that 

regional containment of this virus was going to be extremely unlikely. At this time, 
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epidemiologists and infectious disease modelers began to characterize the key features of 

the 2019 novel coronavirus (2019-nCoV)—subsequently renamed SARS-CoV-2 in February 

2020—that were critical for assessing its containment potential and for projecting its spread 

at various geographic scales (Fig. 1).

The ability to contain an emerging pathogen depends in part on its basic reproduction 

number R0 (1), defined as the average number of secondary cases arising from a primary 

case in a completely susceptible population (2). No active containment efforts are required 

when R0 < 1, but higher values of R0 make containment more difficult (2). Estimating 

R0 for an emerging disease is not straightforward; doing so robustly requires calculating 

how quickly the virus is spreading through a population and having a measure of the time 

between one infection and the next, which is known as the generation interval (Fig. 2). 

Early epidemiological analyses therefore focused on estimating the rate of viral spread 

from reported Wuhan case data. The generation interval was parameterized using data 

from previous coronavirus outbreaks [SARS-CoV-1 and Middle East respiratory syndrome 

coronavirus (MERS-CoV)] and from the small number of transmission pairs that had been 

identified in early SARS-CoV-2 outbreaks. This led to estimates of R0 ranging between 

2 and 4 before the implementation of lockdown measures in Wuhan. The differences 

between these estimates were largely the result of differences in how the generation interval 

was parameterized (3), which underscores the importance as well as the scarcity of high-

resolution outbreak datasets to accurately infer the generation interval and, thereby, the value 

of R0.

Beyond R0, the ability to contain an emerging pathogen depends on the capacity to isolate 

infectious individuals (1). This in turn depends on the proportion of infections that are 

asymptomatic or only mildly symptomatic (and therefore easily missed during surveillance) 

and their transmission potential. It also depends on the potential for presymptomatic 

transmission from individuals who are infectious before developing symptoms. Early on, 

it was unclear how common asymptomatic and mildly symptomatic infections were—i.e., 

how large the bottom of the infection “iceberg” might be. Epidemiological models were 

interfaced with reported infection data from China to infer the proportion of SARS-CoV-2 

cases that went undocumented before 23 January 2020 (yielding an estimate of 86%) (4). 

In February and March of 2020, mass screening and surveillance of passengers aboard 

cruise ships and flights where outbreaks occurred yielded some of the first estimates of the 

proportion of infections that remained asymptomatic: 18 to 31% (5, 6). It was also apparent 

from early data that mild disease, most notably in younger age groups, was a common 

outcome. Crucially, contact tracing studies further revealed high infectiousness around 

the time of symptom onset, with frequent transmission from presymptomatic and mildly 

symptomatic individuals (7–9), and transmission also occurring (although less commonly) 

from fully asymptomatic individuals (10). These findings were sobering in terms of their 

implications for containing the pandemic. Unlike SARS-CoV-1 and MERS-CoV, SARS-

CoV-2 was discerned from the start to have the potential to cause a global pandemic with 

tremendous public health impacts.

Koelle et al. Page 2

Science. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Flattening the curve

SARS-CoV-2 had spread to many regions of China and across the world by late February 

2020. Although there were a few countries, such as New Zealand and Vietnam, that achieved 

almost complete control of the initial spread through rigorous surveillance efforts (11, 12), 

community transmission quickly took off in many other countries. Mathematical scenario 

models predicted the devastation that would result if no control measures were implemented 

(13, 14). Coupled with accounts coming out of northern Italy, London, New York City, and 

the other earliest-affected regions, projections from these models quickly led to government-

imposed restrictions to curb viral spread (15). Nonpharmaceutical interventions (NPIs) 

included lockdowns, social distancing measures, and, eventually, the use of face masks. 

Adoption of NPIs during the first wave of the pandemic served to flatten the curve—that is, 

to extend the period over which cases occurred. Flattening the curve was desirable for three 

reasons. First, it would prevent the health care system from being overwhelmed because 

the peak number of beds occupied at any one time would be lower under a flatter curve. 

Second, it would slow the momentum of the outbreak, reducing the overshoot of cases after 

the outbreak peak (16). Third, it allowed time to improve clinical care strategies and capacity 

and to evaluate therapeutics.

With some NPI measures in place, modeling efforts turned toward forecasting the future 

dynamics of COVID-19. Some of the most public-facing forecasting that was reported in 

April and May of 2020 were the controversial projections made by the Institute for Health 

Metrics and Evaluation (IHME). These projections relied on statistical modeling approaches, 

which can provide accurate short-term projections but are likely to fail for longer-term 

predictions because they do not incorporate the process of transmission (17). Indeed, IHME 

projections at this time predicted little viral circulation by midyear 2020. Mechanistic 

epidemiological modeling studies instead predicted a slowdown of viral spread while tough 

NPI measures were in place but a resurgence of cases after NPI relaxation (14).

As the first wave provided epidemiologists with longitudinal SARS-CoV-2 case data, 

COVID-19 death data, and virus sequence data, the effect that NPIs had on reducing viral 

spread started to be quantitatively assessed. These analyses found that NPIs were effective 

at flattening the curve and even at temporarily reducing reproduction numbers to the extent 

that circulation levels declined (18, 19). These findings mirrored those from studies of 

historical pandemics, such as the 1918 H1N1 influenza pandemic, which found that NPIs 

were successful at reducing disease transmission (20). Counter-factual models were used to 

quantify how many cases and deaths could have been averted by different policies, such as 

earlier social distancing measures (21).

Although NPIs were effective at reducing viral spread at the population level, infection 

risk was not reduced equally across populations. Health care workers and frontline workers 

(e.g., first responders) were at particularly high infection risk in April and May of 2020 

owing to their close contact with SARS-CoV-2–positive individuals. Many other essential 

occupations were also found to carry increased risk, including public-facing jobs, such as 

taxi and bus drivers, and jobs in poorly ventilated and crowded settings, such as factories 

and meatpacking plants. Crowded living settings, where social distancing was not possible, 
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also carried increased risks for infection (22). Even with NPIs in place, large outbreaks 

occurred in communal-living facilities, such as nursing homes, homeless shelters, jails, and 

prisons (23). Risks were exacerbated by poor sanitation and inadequate health care. Sharp 

differences in case rates also became clearly visible across socioeconomic and racial and 

ethnic groups (24).

As anticipated, the widespread use of NPIs, where implemented, exacted considerable 

social and economic costs. To facilitate the reopening of the economy, researchers sought 

to distinguish highly effective NPIs from those that could potentially be discarded. Key 

to assessing the effectiveness of different NPIs was understanding the routes of viral 

transmission. How easily did the virus spread between individuals through contaminated 

surfaces (fomites) compared with direct transmission by aerosols or droplets? Although an 

early study from April 2020 found that SARS-CoV-2 could remain viable on surfaces, such 

as plastic, for days (25), subsequent studies indicated that transmission occurred primarily 

by direct transmission from infected individuals rather than through fomites (26). Contact 

tracing studies also revealed the higher risk of direct transmission occurring in closed and 

crowded places and close-contact settings (27), known by Japanese public health officials 

as the three Cs. Large outbreaks were traced to night-clubs, karaoke bars, and choir practices

—all indoor settings characterized by loud vocalization. Statistical analyses found that 

limitations on public gatherings and workplace closures were positively associated with 

lower levels of SARS-CoV-2 spread (28, 29), corroborating the role of direct transmission in 

closed areas in facilitating the transmission of SARS-CoV-2.

Large outbreaks detected by contact tracing, coupled with emerging virus sequence data, 

quickly led to the recognition of substantial transmission heterogeneity between individuals. 

Studies using data from the first wave found that ~10% of cases were responsible for 80% 

of secondary infections (19, 30), a relatively high level of heterogeneity when compared 

with other human pathogens (31). Explanations for superspreading dynamics ranged from 

variable contact patterns across individuals (32); high-risk settings conducive to spread 

(23); and biological factors, such as high viral load (32–34). Notably, if superspreading 

individuals or events could be systematically identified, then control efforts could plausibly 

focus on mitigating spread in a more targeted manner. An influential review of the efficacy 

of face masks also indicated that mask wearing had an appreciable effect on reducing 

transmissibility per contact by reducing transmission of infected respiratory particles (35). 

Mask wearing, particularly by infected individuals with high viral loads (i.e., source 

control), therefore had the potential to reduce viral spread among the population.

Epidemiological modeling also pointed toward ways in which surveillance and control 

efforts could be improved upon to allow for relaxation of broadly applied NPIs. For 

example, modeling studies showed that traditional contact tracing and digital contact tracing 

had the potential to slow viral spread in the presence of relaxed lockdown measures (36, 37). 

Another study found that increasing testing frequency and reporting speed for SARS-CoV-2 

would be more effective at limiting the spread of the virus than exclusively relying on highly 

sensitive tests with slower reporting timelines (38, 39). Several modeling studies highlighted 

the trade-offs involved for different timelines of NPI relaxation and how uncertainty in NPI 
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effects and implementation errors may thwart our ability to optimally control disease spread 

through the use of NPIs (40, 41).

Riding out the waves

The initial wave of infections was followed by subsequent waves, reminiscent of those seen 

in the years after the 1918 influenza pandemic (42). Factors that contribute to waves of 

transmission include evolutionary changes in the virus as well as changes in host immunity 

and behavior.

Theory would predict that soon after the introduction of a zoonotic pathogen, virus 

adaptation would result in increased transmission between humans. The rapid spread of 

the D614G variant [with a glycine residue (G) at position 614 in the spike protein replacing 

an aspartic acid residue (D)] between March and May of 2020 pointed toward the possibility 

of virus adaptation occurring (43) (Fig. 3A). That this replacement reflected virus adaptation 

was supported by experiments showing that the variant had enhanced replication in human 

bronchial and nasal airway epithelial cell cultures as well as increased replication and 

transmissibility in in vivo infections of hamsters and ferrets (44). Quantitative analyses 

of population-level SARS-CoV-2 sequence data from the UK also detected a transmission 

advantage of D614G in humans (45).

As time progresses during a pandemic, immunity from natural infection builds up in a 

population. For SARS-CoV-2, the initial hope was that population immunity in areas with 

large first waves would greatly reduce future transmission. The level of herd immunity 

required for protecting a population is roughly 1 − 1/R0 (46). Based on an R0 of 3, 

this yielded an estimate of 67% for SARS-CoV-2, but transmission heterogeneity was 

theorized to significantly lower the herd immunity threshold (47). However, as early as 

August 2020, documented accounts of reinfection indicated that immunity to SARS-CoV-2 

may only transiently protect from infection (Fig. 3B) (48). Studies of the endemic human 

coronaviruses (HKU1, OC43, 229E, and NL63) at this time also found evidence for repeated 

reinfections (49) and for antigenic evolution (50, 51) (Fig. 3C), which put a damper on 

hopes that herd immunity would rapidly bring an end to the pandemic.

Throughout the second half of 2020, as we were gaining a better understanding of the 

virus’s transmission characteristics and the duration of immunity, SARS-CoV-2 cases ebbed 

and flowed, with waves peaking at different times in different countries and even in different 

regions in the same country. The causes of these temporal changes in incidence were likely 

the result of a combination of factors, including changes in NPIs, behavioral changes, 

seasonal changes (influenced by weather and holiday schedules), and the development 

of transmission-reducing immunity through natural infection followed by its waning. 

Quantifying the interactions between these factors and their relative roles remains an 

important area for study, critical for projecting the longer-term dynamics of SARS-CoV-2 

(52, 53).
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Vaccines and variants

By December 2020, vaccines against SARS-CoV-2 were developed, trialed, and approved 

for emergency use—a timeline unparalleled in the history of vaccinology. Epidemiological 

factors facilitated the accelerated timeline of these pivotal trials. With little acquired 

immunity to SARS-CoV-2 and a high incidence of COVID-19 in mid-2020 when trials were 

underway, the studies reached their prespecified end points rapidly and ahead of anticipated 

schedule. As is widely appreciated now, the trials demonstrated excellent protection against 

COVID-19 and severe outcomes, like hospitalization and death. But questions remained 

even after the vaccines were authorized for use (Fig. 4): How long will protection last? 

Will the vaccines protect against new virus variants? Will they prevent transmission? 

Although randomized trials continued to accrue data for a period of several months after 

their completion, observational studies, including cohorts and case-control designs, were 

critical for monitoring real-world vaccine effectiveness along these different dimensions.

Many decisions about the vaccine rollout, including policy-relevant questions such as 

which groups to target initially, had to be made before such knowledge was available, so 

epidemiological modeling served a key role in exploring the potential impact of decisions 

under different assumptions. One initial question was whether to maximize coverage by 

offering a single dose of a two-dose series to as many people as possible or to maintain 

fidelity to the trial protocols of two doses (spaced 3 to 4 weeks apart for the mRNA 

vaccines). Modeling studies, parameterized with trial data that showed apparent protection 

starting 10 to 14 days after receipt of a first dose, indicated that in the short term, a one-dose 

strategy is likely preferable for limiting disease at the level of the population (54). However, 

in the longer term, if vaccine efficacy is substantially lower with one dose than with two, 

a two-dose strategy might be preferable, depending on how rapidly the virus was infecting 

people and how quickly the vaccine could be rolled out. Concerns about the potential for 

SARS-CoV-2 to evolve immune escape in the context of incomplete immunity from a single 

dose was also addressed through quantitative modeling and reasoning (54, 55). On the basis 

of early trial data and modeling results, the UK promoted a strategy whereby second doses 

were delayed compared with the trial interval. In doing so, high coverage was achieved 

rapidly among >50 year olds, and a decoupling became apparent in which high case counts 

did not result in parallel hospitalization or mortality trends in postvaccination pandemic 

waves. This observation, predicted by scenario modeling studies (56), showed the value of 

vaccines in preventing severe disease. Indeed, postintroduction evaluations indicated that 

vaccines offered ~90% protection against hospitalization and death (57, 58).

Vaccine-related questions broadened to ones regarding the extent to which vaccination 

could reduce transmission (Fig. 4). Vaccines may avert transmission by two mechanisms

—by preventing infection and by rendering breakthrough cases less infectious. Landmark 

observational studies from mid- to late 2021 demonstrated protection against infection, 

although to a lesser degree than against disease or severe outcomes (58, 59). Some 

studies also indicated that vaccinated individuals experiencing breakthrough infections 

may have lower viral loads or a more rapid viral decline and thus perhaps less potential 

for onward transmission (60–62) [but see (63, 64)]. The most holistic understanding of 

vaccine performance against transmission comes from household studies that offer insight 
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into infection-blocking and transmission-blocking mechanisms. One such study estimated 

vaccine efficacy against infectiousness of breakthrough cases to be 23% (65). When 

combined with protection against infection, the reduction in transmission was estimated 

to be 92%.

Complicating the assessment of SARS-CoV-2 vaccine efficacy was the evolution of new 

variants of concern around the time that vaccines were rolled out. In late 2020, the B.1.1.7 

lineage [now known as Alpha in the World Health Organization’s (WHO’s) variant naming 

scheme] was detected and rapidly spread in the UK. Several of the mutations harbored 

by this lineage significantly altered the viral phenotype, including enhanced binding to 

angiotensin-converting enzyme 2 (ACE2) (66), with consequences for transmissibility (67). 

Quantification of Alpha’s selective advantage based on viral sequence data indicated that it 

had 1.5 to 2 times the reproduction number of other lineages circulating at that time (68).

Soon after the emergence of the Alpha lineage, a different viral lineage, B.1.617.2 (which, 

along with its descendant lineages, make up the Delta variant of concern), was fueling a 

large wave of SARS-CoV-2 infections in India (69). This lineage rapidly swept through 

India and became dominant worldwide. In vitro analyses indicated that convalescent human 

serum bound less efficiently to Delta than to ancestral lineages and that Delta had higher 

replication efficiency (70). Consistent with these findings, a modeling study found that 

Delta’s growth advantage at the population level stemmed from a combination of Delta’s 

higher transmissibility and its reduced sensitivity to host immune responses generated 

through prior infection (69). Fortunately, postintroduction vaccine effectiveness studies 

found that protection against symptomatic disease was largely maintained against both the 

Alpha and Delta variants (58, 71, 72). Subsequent studies clearly established that vaccine 

effectiveness against infection and symptomatic disease wane over time (73) such that 

additional vaccine doses (boosters) can be beneficial, particularly to older-aged individuals 

(74).

In November 2021, researchers in South Africa noticed a rising number of COVID-19 

cases with S gene target failure (SGTF), indicative of an expanding viral subpopulation 

harboring the Δ69–70 spike gene deletion. Shortly thereafter, circulation of a new variant 

was confirmed through whole-genome sequencing. Based on its mutational profile and its 

extremely rapid spread in South Africa, the WHO designated this variant as one of concern, 

naming it Omicron (B.1.1.529). In December 2021, this variant spread rapidly throughout 

the world, resulting in more confirmed infections than ever before (Fig. 1) and rapidly 

replacing the Delta variant (Fig. 3A). Omicron’s mutational profile relative to the Wuhan-

Hu-1 reference genotype consists of more than 30 mutations in the spike glycoprotein 

(75), many of which are predicted to enable immune escape. Early studies confirmed the 

ability of Omicron to evade antibodies from previous infection and vaccination (76) and 

indicated that it can use an alternative cell entry pathway, which improves its ability to 

infect cells in the upper respiratory tract (77). Animal models further indicated that infection 

with Omicron may be less clinically severe than infection with previous variants (78). 

Experimental predictions have been borne out in epidemiological studies, in which Omicron 

has been shown to be better at reinfecting previously infected people (79) and less clinically 

severe compared with Delta (80). Nevertheless, the rapid expansion of Omicron has resulted 
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in the largest spike in confirmed SARS-CoV-2 infections thus far in many countries, and 

spikes in deaths attributed to the virus have followed. Vaccine effectiveness against severe 

disease and death, however, has remained high with the new variant, with Omicron-caused 

deaths concentrated among unvaccinated individuals.

The emergence of Omicron, and Alpha before it, raises important evolutionary questions 

regarding the sources of new, genetically divergent variants. At their time of emergence, 

both variants harbored more mutations than would have been expected given the rate 

at which SARS-CoV-2 evolves in the human population. Omicron’s distant evolutionary 

relationship to other SARS-CoV-2 variants is notable (Fig. 3D). One possibility for the 

evolutionary origin of these variants is in an alternative host: SARS-CoV-2 has been 

observed in a number of domestic and wild animal species (as a result of reverse zoonotic 

events), and these new variants may have evolved in one of these alternative hosts and 

spilled back into the human population. Alternatively, these variants may have evolved 

in immunocompromised or immunosuppressed individuals with chronic SARS-CoV-2 

infections, given documented examples of the extent to which adaptive evolution can happen 

in these types of infection (81). Both putative sources of new variants remain unobserved 

in human population surveillance sequencing data, which highlights the need for more 

comprehensive monitoring strategies to identify variants of concern earlier and to identify 

and stop potential variants of concern before they are widespread.

Looking ahead

SARS-CoV-2 has been difficult to control since the start of the pandemic, and the recent 

spread of Omicron has only amplified this challenge. It is inevitable that SARS-CoV-2 will 

become an endemic pathogen in the human population. However, its impact on our health 

and daily lives will change considerably over time (82). Governments and public health 

officials must transition to a long-term strategy of dealing with SARS-CoV-2. Vaccines and 

therapeutics, including outpatient treatment to prevent progression of disease, are highly 

valuable tools. Yet the challenge ahead remains formidable, with transmission levels high 

even in areas with widespread vaccination and prior waves of infection, and many open 

questions remain about the future epidemiological impact of this virus.

The most evolutionarily successful variants of SARS-CoV-2 so far have evolved greater 

transmissibility relative to more ancestral variants. Although higher transmissibility will 

result in more infections, increasing population-level immunity from infections and 

vaccinations might make these infections less severe in terms of health impact. However, 

the evolutionary pressures facing the virus, and thus its patterns of adaptive evolution, will 

change. Variants, such as Omicron, that gain much of their transmission advantage from 

evading immunity may become the norm, as is the case with seasonal influenza.

The evolution of SARS-CoV-2 virulence in terms of how harmful or deadly it is has 

been a topic of debate since the beginning of the pandemic (83). Evolutionary theory has 

pointed out that we should not expect evolution toward lower virulence (84), and the last 

two variants of concern have demonstrated that there is not a clear, consistent trend in 

SARS-CoV-2 virulence evolution: Although Delta is thought to be slightly more virulent 
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than previous variants, Omicron is less so. Although the virulence of SARS-CoV-2 may still 

evolve over time (in a direction that is not easily predicted), we expect the infection fatality 

ratio to decline for other reasons, including rising population immunity. As noted above, 

the available SARS-CoV-2 mRNA vaccines confer protection against severe disease, even 

where breakthrough infections occur. Vaccine boosters will further help in protecting against 

severe disease. Monoclonal antibodies and antivirals to be taken shortly after symptom onset 

will similarly reduce the risk of severe disease and death. Over time, population immunity 

will result in a younger age at first infection, which will reduce average infection severity 

and likely lead to milder infections later in life. Parallels can be drawn to the seasonal 

corona-viruses, where individuals are usually infected very early on in life and where 

secondary infections are milder than primary infections because of preexisting immunity 

(85).

Stepping back

The most pressing scientific questions have changed over the past 2 years, reflecting the 

complexity of this pandemic (Fig. 1). Early questions focused on placing the novel pathogen 

on a map with respect to its pathogenicity and transmissibility. Modeling assumptions 

relied heavily upon experiences with SARS-CoV-1 and MERS-CoV and on a limited 

number of SARS-CoV-2 datasets. Over time, we replaced broad assumptions with improved 

understanding. The rapid spread of the virus and the explosive waves of infection that 

ensued necessitated swift reactions, and questions shifted from short-term to longer-term 

considerations. We made a major leap forward with the deployment of safe and effective 

vaccines, but new variants and waning immunity dampened our hopes for greater control 

of transmission. Moving forward, key questions remain about the propensity of this virus 

to further adapt to our human population and the health impact of endemic transmission. 

Although our work as scientists studying this pathogen remains far from over, we recognize 

all that has been achieved to support the unifying mission of a safer and healthier world.

ACKNOWLEDGMENTS

We thank three anonymous reviewers for their suggestions and gratefully acknowledge both the originating and 
submitting laboratories for the sequence data in GISAID EpiCoV on which Fig. 3B and Fig. 3D are based.

Funding:

K.K. and B.L. were supported by NIH National Institute of General Medical Sciences grant 1R01 GM124280. 
N.E.D. was supported by NIH National Institute of Allergy and Infectious Diseases grant R01-AI139761. M.A.M. 
was supported by NIH National Institute of Allergy and Infectious Diseases grant F31 AI154738. R.A. was 
supported by NIH grants U01 AI150747, U01 HL139483, and U01 AI144616. We thank three anonymous 
reviewers for their suggestions and feedback.

REFERENCES AND NOTES

1. Fraser C, Riley S, Anderson RM, Ferguson NM, Proc. Natl. Acad. Sci. U.S.A 101, 6146–6151 
(2004). [PubMed: 15071187] 

2. Anderson RM, May RM, Infectious Diseases of Humans: Dynamics and Control (Oxford Univ. 
Press, 2010).

3. Park SW et al., J. R. Soc. Interface 17, 20200144 (2020). [PubMed: 32693748] 

4. Li R et al., Science 368, 489–493 (2020). [PubMed: 32179701] 

Koelle et al. Page 9

Science. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Nishiura H et al., Int. J. Infect. Dis 94, 154–155 (2020). [PubMed: 32179137] 

6. Mizumoto K, Kagaya K, Zarebski A, Chowell G, Euro Surveill. 25, 2000180 (2020).

7. He X et al., Nat. Med 26, 672–675 (2020). [PubMed: 32296168] 

8. Johansson MA et al., JAMA Netw. Open 4, e2035057 (2021). [PubMed: 33410879] 

9. Ganyani T et al., Euro Surveill. 25, 2000257 (2020).

10. Qiu X et al., Clin. Microbiol. Infect 27, 511–519 (2021). [PubMed: 33484843] 

11. Van Tan L, Nat. Immunol 22, 261 (2021). [PubMed: 33627879] 

12. Baker MG, Wilson N, Anglemyer A, N. Engl. J. Med 383, e56 (2020). [PubMed: 32767891] 

13. Wu JT, Leung K, Leung GM, Lancet 395, 689–697 (2020). [PubMed: 32014114] 

14. Walker PGT et al., Imperial College COVID-19 Response Team, “Report 12: The global impact of 
COVID-19 and strategies for mitigation and suppression” (Imperial College London, 2020).

15. Adam D, Nature 580, 316–318 (2020). [PubMed: 32242115] 

16. Cobey S, Science 368, 713–714 (2020). [PubMed: 32332062] 

17. Holmdahl I, Buckee C, N. Engl. J. Med 383, 303–305 (2020). [PubMed: 32412711] 

18. Flaxman S et al., Nature 584, 257–261 (2020). [PubMed: 32512579] 

19. Miller D et al., Nat. Commun 11, 5518 (2020). [PubMed: 33139704] 

20. Hatchett RJ, Mecher CE, Lipsitch M, Proc. Natl. Acad. Sci. U.S.A 104, 7582–7587 (2007). 
[PubMed: 17416679] 

21. Pei S, Kandula S, Shaman J, Sci. Adv 6, eabd6370 (2020). [PubMed: 33158911] 

22. Chen JT, Krieger N, J. Public Health Manag. Pract 27, S43–S56 (2021). [PubMed: 32956299] 

23. Franco-Paredes C et al., PLOS Negl. Trop. Dis 14, e0008409 (2020). [PubMed: 32569274] 

24. Bhala N, Curry G, Martineau AR, Agyemang C, Bhopal R, Lancet 395, 1673–1676 (2020). 
[PubMed: 32401716] 

25. van Doremalen N et al., N. Engl. J. Med 382, 1564–1567 (2020). [PubMed: 32182409] 

26. Meyerowitz EA, Richterman A, Gandhi RT, Sax PE, Ann. Intern. Med 174, 69–79 (2021). 
[PubMed: 32941052] 

27. Nishiura H et al., medRxiv 2020.02.28.20029272 [Preprint] (2020).

28. Li Y et al., Lancet Infect. Dis 21, 193–202 (2021). [PubMed: 33729915] 

29. Brauner JM et al., Science 371, eabd9338 (2021). [PubMed: 33323424] 

30. Endo A, Centre for the Mathematical Modelling of Infectious Diseases COVID-19 Working 
Group, Abbott S, Kucharski AJ, Funk S, Wellcome Open Res. 5, 67 (2020). [PubMed: 32685698] 

31. Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM, Nature 438, 355–359 (2005). [PubMed: 
16292310] 

32. Goyal A, Reeves DB, Cardozo-Ojeda EF, Schiffer JT, Mayer BT, eLife 10, e63537 (2021). 
[PubMed: 33620317] 

33. Jones TC et al., Science 373, eabi5273 (2021). [PubMed: 34035154] 

34. Yang Q et al., Proc. Natl. Acad. Sci. U.S.A 118, e2104547118 (2021). [PubMed: 33972412] 

35. Howard J et al., Proc. Natl. Acad. Sci. U.S.A 118, e2014564118 (2021). [PubMed: 33431650] 

36. Aleta A et al., Nat. Hum. Behav 4, 964–971 (2020). [PubMed: 32759985] 

37. Ferretti L et al., Science 368, eabb6936 (2020). [PubMed: 32234805] 

38. Larremore DB et al., Sci. Adv 7, eabd5393 (2021). [PubMed: 33219112] 

39. Mina MJ, Parker R, Larremore DB, N. Engl. J. Med 383, e120 (2020). [PubMed: 32997903] 

40. Morris DH, Rossine FW, Plotkin JB, Levin SA, Commun. Phys 4, 78 (2021).

41. Perkins TA, España G, Bull. Math. Biol 82, 118 (2020). [PubMed: 32888118] 

42. Olson DR, Simonsen L, Edelson PJ, Morse SS, Proc. Natl. Acad. Sci. U.S.A 102, 11059–11063 
(2005). [PubMed: 16046546] 

43. Korber B et al., Cell 182, 812–827.e19 (2020). [PubMed: 32697968] 

44. Zhou B et al., Nature 592, 122–127 (2021). [PubMed: 33636719] 

45. Volz E et al., Cell 184, 64–75.e11 (2021). [PubMed: 33275900] 

46. Fine PE, Epidemiol. Rev 15, 265–302 (1993). [PubMed: 8174658] 

Koelle et al. Page 10

Science. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



47. Britton T, Ball F, Trapman P, Science 369, 846–849 (2020). [PubMed: 32576668] 

48. To KK-W et al., Clin. Infect. Dis 73, e2946–e2951 (2021). [PubMed: 32840608] 

49. Edridge AWD et al., Nat. Med 26, 1691–1693 (2020). [PubMed: 32929268] 

50. Kistler KE, Bedford T, eLife 10, e64509 (2021). [PubMed: 33463525] 

51. Eguia RT et al., PLOS Pathog. 17, e1009453 (2021). [PubMed: 33831132] 

52. Kissler SM, Tedijanto C, Goldstein E, Grad YH, Lipsitch M, Science 368, 860–868 (2020). 
[PubMed: 32291278] 

53. Saad-Roy CM et al., Science 370, 811–818 (2020). [PubMed: 32958581] 

54. Saad-Roy CM et al., Science 372, 363–370 (2021). [PubMed: 33688062] 

55. Cobey S, Larremore DB, Grad YH, Lipsitch M, Nat. Rev. Immunol 21, 330–335 (2021). [PubMed: 
33795856] 

56. Bubar KM et al., Science 371, 916–921 (2021). [PubMed: 33479118] 

57. Tartof SY et al., Lancet 398, 1407–1416 (2021). [PubMed: 34619098] 

58. Tang P et al., Nat. Med 27, 2136–2143 (2021). [PubMed: 34728831] 

59. Regev-Yochay G et al., Lancet Reg. Health Eur 7, 100150 (2021). [PubMed: 34250518] 

60. Ke R et al., medRxiv 2021.08.30.21262701 [Preprint] (2021).

61. Shamier MC et al., medRxiv 2021.08.20.21262158 [Preprint] (2021).

62. Chia PY et al., Clin. Microbiol. Infect 10.1016/j.cmi.2021.11.010 (2021).

63. Riemersma KK et al., medRxiv 2021.07.31.21261387 [Preprint] (2021).

64. Kissler SM et al., N. Engl. J. Med 385, 2489–2491 (2021). [PubMed: 34941024] 

65. Prunas O et al., Science 375, 1151–1154 (2022). [PubMed: 35084937] 

66. Starr TN et al., Cell 182, 1295–1310.e20 (2020). [PubMed: 32841599] 

67. Davies NG et al., Science 372, eabg3055 (2021). [PubMed: 33658326] 

68. Volz E et al., Nature 593, 266–269 (2021). [PubMed: 33767447] 

69. Dhar MS et al., Science 374, 995–999 (2021). [PubMed: 34648303] 

70. Mlcochova P et al., Nature 599, 114–119 (2021). [PubMed: 34488225] 

71. Nasreen S et al., medRxiv 2021.06.28.21259420 [Preprint] (2021).

72. Lopez Bernal J et al., N. Engl. J. Med 385, 585–594 (2021). [PubMed: 34289274] 

73. Chemaitelly H et al., N. Engl. J. Med 385, e83 (2021). [PubMed: 34614327] 

74. Bar-On YM et al., N. Engl. J. Med 385, 1393–1400 (2021). [PubMed: 34525275] 

75. Viana R et al., Nature 10.1038/s41586-022-04411-y (2022).

76. Liu L et al., Nature 10.1038/s41586-021-04388-0 (2021).

77. Peacock TP et al., bioRxiv 2021.12.31.474653 [Preprint] (2022).

78. Bentley EG et al., bioRxiv 2021.12.26.474085 [Preprint] (2021).

79. Pulliam JRC et al., medRxiv 2021.11.11.21266068 [Preprint] (2021).

80. Lewnard JA et al., medRxiv 2022.01.11.22269045 [Preprint] (2022).

81. Maponga TG et al., SSRN 4014499 [Preprint] (2022).

82. Antia R, Halloran ME, Immunity 54, 2172–2176 (2021). [PubMed: 34626549] 

83. Alizon S, Sofonea MT, J. Evol. Biol 34, 1867–1877 (2021). [PubMed: 34196431] 

84. Day T, Gandon S, Lion S, Otto SP, Curr. Biol 30, R849–R857 (2020). [PubMed: 32750338] 

85. Lavine JS, Bjornstad ON, Antia R, Science 371, 741–745 (2021). [PubMed: 33436525] 

86. Li Q et al., N. Engl. J. Med 382, 1199–1207 (2020). [PubMed: 31995857] 

87. Wallinga J, Lipsitch M, Proc. R. Soc. B 274, 599–604 (2007).

Koelle et al. Page 11

Science. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Timeline of changing epidemiological questions asked as the SARS-CoV-2 pandemic 
unfolded.
Confirmed infections are shown by continent as well as on a worldwide scale. Gray bars 

indicate the time periods discussed in this Review (the emerging pandemic, flattening the 

curve, riding out the waves, and vaccines and variants).
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Fig. 2. Estimation of the basic reproduction number R0 from case data and detailed outbreak 
data.
(A) Exponential growth models are fit to observed case data to estimate the speed at which 

a virus spreads through a population. For SARS-CoV-2 spread in Wuhan, early estimates of 

the exponential growth rate r fell in the range of 0.10 to 0.20 per day (3), yielding epidemic 

doubling times of ~3.5 to 7 days. (B) Outbreak data are used to estimate the viral serial 

interval, defined as the time between symptom onset of an index case and symptom onset of 

the index case’s contacts. This serial interval is often used as an approximation for the viral 

generation interval. For SARS-CoV-2, an early Wuhan estimate of the mean serial interval 

was 7.5 days (86) (distribution in red). An example of a generation interval distribution 

with a smaller mean is shown in light orange. (C) The basic reproduction number R0 can 

be calculated from the exponential growth rate r and the distribution of the generation 

interval using an equation derived from demographic analyses (87). Red and light orange 

curves, corresponding to the distributions in (B), show how the R0 estimates depend on the 

generation interval. The transmission chain at the top illustrates an outbreak with an R0 = 3 

pathogen.
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Fig. 3. Coronavirus sequence data have informed epidemiological understanding of SARS-
CoV-2.
(A) The frequencies of SARS-CoV-2 variants of concern over time. The first indication that 

SAR-COV-2 was adapting to humans was the population-level replacement of the 614D 

allele with the 614G allele in early 2020. Variant frequencies on the y axis are calculated on 

the basis of SARS-CoV-2 sequence data deposited in GISAID (Global Initiative for Sharing 

Avian Influenza Data). Only major, globally circulating variant lineages are shown. (B) An 

example of viral sequencing that has provided evidence of reinfection with SARS-CoV-2. 

Reproduced with permission from (48). Samples from a patient in the context of circulating 

viral genetic variation indicate that the observed secondary infection is not a reactivation of 

a latent infection but is instead a reinfection. Schematic on the right shows the substitutions 

present in the primary and secondary infection viral samples. ORF, open reading frame. 

(C) A phylogeny of seasonal human coronavirus OC43 (lineage A). Phylogenetic analysis 

points toward antigenic evolution in this viral population. Reproduced with permission from 
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(50). (D) A phylogeny inferred from SARS-CoV-2 sequence data showing the evolutionary 

relationships between the variant lineages included in (A).
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Fig. 4. Vaccine, host, and viral factors that affect vaccine efficacy.
Each of the factors shown were investigated as potential moderators of vaccine efficacy 

in clinical trials and postintroduction observational studies. Scenario modeling projected 

the population-level effects of vaccination by incorporating data-driven assumptions on 

how vaccination affects susceptibility to infection, disease, and severe outcomes like 

hospitalization and death and how these effects differed by host factors, such as age. A 

key determinant of population impact of vaccination is the effect on transmission, which 

is a combination of infection-blocking and transmission-reducing effects of vaccines. As 

data emerged, mainly from observational studies, assumptions about the infectiousness of 

vaccine breakthrough cases were incorporated into models. With the evolution of Delta and 

then Omicron, variant-specific vaccine efficacy and the potential for viral immune escape 

became critical quantities to understand. With this array of vaccine, host, and viral data on 

the effects of vaccination on vaccine recipients, epidemiological models could project both 

the direct and indirect effects of vaccination on the population-level spread of SARS-CoV-2.
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