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Abstract

Countries with ambitious national strategiesrtiash the curve of their Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)lepiic trajectories include China,
Korea, Japan, Taiwan, New Zealand and Australiavéder, the United States and many
hard-hit European countries, like Ireland, Italpa®, France and the United Kingdom,
currently appear content to merdlgtten the curve of their epidemic trajectories so that
transmission persists at rates their critical camwices can cope with. Here | present a simple
set of arithmetic modelling analyses that are aibksto non-specialists and explain why
preferablecrush the curve strategies, to eliminate transmission within mentkould require
only a modest amount of additional containmentrefieative to the tipping point targeted

by flatten the curve strategies, which allow epidemics to persist gpssedly steady,

manageable levels for years, decades or even midyi

Main text

Most cases of the severe acute respiratory syndoomo@avirus 2 (SARS-CoV-2) are
relatively mild or even asymptomatic (Gandhi, Yok&eHavlir, 2020; Killeen & Kiware,
2020), and transmission can occur through sucHesoi#chanisms as droplets generated
while speaking (Anfinrud, Stadnytskyi, Bax, & B&020) and persistence on contaminated
surfaces (van Doremalen et al., 2020). Reactivéatament interventions against SARS-
CoV-2, based on testing and contact tracing, aeefare unlikely to succeed as a stand-
alone containment measures (Gandhi et al., 202@&eki & Kiware, 2020). Furthermore, it
remains to be seen whether any sufficiently eféectiew vaccines or drugs can be
developed, evaluated and made available globakyfficient quantities soon enough to

avert the worst consequences of the ongoing SAR&Lpandemic (Rubin, Baden, &



Morrissey, 2020a). In the meantime, the only effecintervention options available to
governments are various presumptive social distgntiygiene and quarantine measures,

enforced variations of which are often referredstock down.

However, different countries appear to be applyirege behavioural interventions to achieve
quite distinct targets for their epidemic trajeaer(Rubin, Baden, & Morrissey, 2020b).
Examples of countries with ambitious strategieertsh the curve (Fineberg, 2020) of their
epidemic trajectories, to promptly eliminate SAR8Y=2 transmission at national level,
include China, Korea, Japan, Taiwan, New ZealamdAarstralia. In stark contrast, the
United States and many hard-hit European countries|reland, Italy, Spain, France and the
United Kingdom, currently appear content to mefkditen the curve of their epidemic
trajectories so that transmission persists at thgs critical care services can cope with.
Here | present a simple set of arithmetic modelénglyses that explain why preferable
crush the curve strategies, to eliminate transmission within mentkould require only a
modest amount of additional containment efforttre¢ato the tipping point targeted by
flatten the curve strategies, which allow epidemics to persist apssedly steady,
manageable levels for years, decades or even migdyi (Killeen & Kiware, 2020; Kissler,

Tedijanto, Goldstein, Grad, & Lipsitch, 2020).

Much can be learned by simply examining the tarfygetthese two alternative strategies,
relative to the starting point before interventiovere introduced, expressed in terms of the
reproductive number of the viruR)(or number of new infections arising from anyiatit
infection over its full duration. An epidemic curwdich has been exactly flattened, so that
the rate of incidence of new infections remainsstamt R,=1.0), represents the tipping point
in efforts to contain SARS-CoV-2. Once the reprdathecnumber has been pushed below this

critical threshold, even modest further reductiaoBieve a snowball effect that crushes the



epidemic curve by progressively accelerating pregjtewards elimination of local

transmission (Figure 1).

INSERT FIGURE 1 HERE

Figure 1. The effects of varying levels of containment effectiveness upon the expected
subsequent trajectories of a SARS-CoV-2 epidemic. It was assumed that the epidemic had
reached an incidence rate of 10,000 new infecf@nsveek at the point when a suite of
presumptive, population-wide preventative behawabunterventions (often referred to as
lock down if enforced) were introduced, with an initial greervention reproductive number
of 4 new infections per existing infectioRyE4.0). A andD: Controlled reproductive
numbers R.) expressed as a function of eitha&) pverall reduction of transmission rate (1-
RJ/Ry) or (D) the mean effective protective coverage of indiaid with interventions to
prevent exposure behavioufs). B, C, D andE: Controlled reproduction numberR) and
incidence rate trajectories expressed as funcbbegher 8 andC) overall reduction of
transmission rate (R/Rp) or (E andF) effective protective coverage of individuals with
interventions to prevent exposure behavio(xg.(Panel< andF are identical to paneB

andE, respectively, except that the vertical axis ipressed on a logarithmic scale.

For example, if we assume an approximate mediamdaegt the most conservative (lowest)
and insightful (highest) estimates for the repraiecnumber of the virus under the
unconstrained conditions before interventions watreduced Ry) at the outset of well-
documented outbreaks, a baseline value of 4.0 saemesasonable as any (Killeen & Kiware,
2020). From this assumed starting point, a coutiay contains its epidemic sufficiently to
flatten the curve to a plateau, so that the raia@flence of new infections remains constant,

would have achieved a controlled reproductive nunii®g of exactly 1.0 (Figure 1A).



Relative to where that country started, this mimmeontainment level required to prevent
the epidemic from growing further would represefi6&o reduction of transmission (Figure
1A). Countries like Ireland, France, Spain, Itabgdhe United Kingdom, where daily
incidence rates are now slowly fallingo<1.0), so their epidemics could slowly fizzle away
if current measures were maintained, may well lehgeved 80% suppression of
transmission (Figure 1B and C). If sustained, eurneeasures in these countries could be
expected to see their incidence rates shrink by B8etiot disappear over the course of a

year (Figure 1B and C).

While this is a considerable achievement, it bbégsguestion why these countries would not
build upon their successes by pushing even jusiteflurther past this crucial tipping point?
Why not just further fine-tune their epidemic respes to steepen the downslope they now
find themselves on and then pursue the sequemizs @f elimination and exclusion? Even
just a further 10% reduction of transmission maydasonably expected to result in an
overall transmission reduction of 85% and an epid¢hat would contract by 409R{=0.6,
Figure 1A) every 3 weeks (Approximate mean duratibmfection (Killeen & Kiware,

2020)) before petering out after little more thayear (Figure 1B and C). Squeeze
transmission down by just another 5% overall (9@#uction,Rc=0.4, Figure 1A) and local

transmission may collapse within 30 weeks (FigiBeathd C).

While these levels of transmission suppression soayd very high, several countries
(notably China (Tang et al., 2020), which was ingtfand without warning at the outset)
have achieved controlled reproductive numbers acidénce shrinkage rates in this
approximate range, so they are beginning to apprekmination targets. Furthermore, such
impressive reductions of transmission rate andivels rapid escape trajectories from self-
sustaining local transmission may be far easieationalize in simple arithmetic terms by
considering two important, intuitive and encourggnon-linearities of pathogen outbreak

4



and containment dynamics: (1) Transmission requ@ix@®sure behaviours by two
individuals, so transmission varies in proportioritte square of the relative rates of those
preventable exposure behaviours, and (2) Even madesleration of proportional decay

rates can dramatically curtail the length of timeakes for them to approach zero.

Transmission from one individual to another requiggposure behaviours by two people
who interact through direct contact or through stapaces, surfaces and objects.
Transmission rate is therefore proportional toghraduct of their individual exposure
behaviour rates, which in turn depends on limitaiof intervention coverage and
effectiveness once containment measures are irdead€Correspondingly, the reproductive
rate achieved by such control measures may belatddias a simple squared function of the
gap in the population mean effective protectivestage C,) for a preventative intervention

suite:
R. =Ry (1-Cp)° Equation 1

where effective protective coverage is the proddithe population mean compliance
coverage ) and effective personal protectiqr) @chieved by compliant individual€{= p

C) (Killeen & Kiware, 2020). This intuitively non+iear relationship indicates that
proportional impacts upon transmission may be measly expected to exceed effective
protective coverage (Figure 1D), so thresholddl&tening or crushing the epidemic curve
may be achieved more readily than would otherweservisaged (Figure 1E and F). When
intervention effectiveness is expressed as the mpesportional reduction of individual
exposure behaviours, a steady-state flattened csiaghieved at an effective protective
coverage of only 50% (Figure 1D, E and F). Every veodest further reductions beyond this
threshold result in remarkably steep expected dimpes for epidemic contraction (Figure

1E and F). For example, incidence rates are exghéatérop by a third every three weeks at



an effective protective coverage of 60Re<0.64, Figure 1D) and by almost two thirds

(Ro=0.36) at an effective protective coverage of 768gure 1E and F).

Many non-specialists are familiar with the expl@sdynamics of exponential growth,
reflected in the steep upward trajectories expeftie8% shortfalls relative tbatten the

curve containment targets (Figure 1B, C, E and F). Haxethe equally important
implications of non-linearities in exponential decairves are less widely appreciated.
Analogous to eating a cake in proportion to itsa@mmg size, it takes a long time to get
down to the last crumbs if one eats a third, aed ththird of the remaining two thirds, and
S0 on. By comparison, consuming two thirds the firse, and then two thirds of the
remaining one third the second time, reduces tke naich faster. In fact, the remaining
fraction of the hypothetical cake will be four tismemaller (1/9 versus 4/9) after only
removing two slices and the difference in relaize grows rapidly as these two trajectories
proceed. The same simple arithmetic rules appgptdemic containment, so the expected
trajectories for 60% and 70% effective protectiogarage in figure 1E and F resemble those
for our hypothetical cake. Correspondingly, thege todestly ambitious containment

levels, which differ by only 10% in terms of effexa protective coverage, need to be
maintained for very different periods before th&t leases are expected to occur. While
lowering the incidence rate from 10,000 to onlyase per week is expected to take 60 weeks
at 60% effective protective coverage, the same-ekraination threshold would be reached
after only 27 weeks at 70% effective protectivearage (Figure 1E and F). At 80% effective
protective coverage, only 15 weeks are requirapfwoach elimination, and while the “10
weeks to crush the curve” hypothesis (FinebergDP@ppears questionably optimistic, it
might nevertheless be plausible if 85% protectireecage could be achieved (Figure 1E and

F).



Furthermore, the rapid growth of expected incidenates forflatten the curve strategies that
fall only 5% short of their targets (Figure 1B,E2and F) underlines the fundamental dangers
of this approach. It also highlights the fact tthegtre is very little room for relaxing current
restrictions in many countries where they have endvarely sufficient to contain the
epidemic and begin slowly shrinking it (Saez, TebMarga, & Barcelo, 2020). Considering
how easily and rapidly epidemics may spiral out@iftrol when restrictions are relaxed or
viral reproduction surges for a variety of otheagens (Figure 1B, C, E and F), it is vital to
remember that tipping points tip in both directiamgl are therefore dangerous places to
linger. Deliberately planning to establish neamladiestate equilibria for epidemics with
naturally volatile dynamics that are difficult togglict (Kissler et al., 2020) is risky at best.
Additional risks of allowing SARS-CoV-2 transmissito continue include indefinite
persistence among humans through unstable endemsntission (Kissler et al., 2020),
establishment of zoonotic reservoirs, and rapidwtian of a large viral population into new

forms that could be even more difficult to contain.

The ambitious containment and exclusion requiremeftrush the curve strategies are
obviously substantive undertakings. Success willire meticulous closure of remaining
gaps in preventative intervention coverage, as agettomprehensive containment of case
importation through travel and trade (Killeen & Karve, 2020). However, many tractable
opportunities remain to be exploited for closing tarious loopholes in intervention
coverage and effectiveness that allow residuabtrassion to persist through essential
workers, goods and services of all kinds (Killeeli&vare, 2020). And many encouraging
precedents exist for certifying countries as fireenf infection with veterinary pathogens like
swine fever (Martin, Cameron, Barfod, Sergeant, i@i@er, 2007) or human pathogens like
malaria (Feachem et al., 2019). It is also encanggatipat viral outbreaks of Ebola in 2014

and 2018, Severe Acute Respiratory Syndrome in 2003Viiddle East Respiratory



Syndrome in 2012 all threated to become larger @anck but were successfully contained
and eliminated. However, the most convincing redsedre optimistic about SARS-CoV-2 is
that several countries in Asia and the Pacific b@ae already crushed their epidemic curves

are well on the way to elimination and exclusiodm@ints.

More to the point, there appears to be no other aadl sensible option going forward that
doesn’t necessitate extending most existing resmnis (Figure 1) and their inevitable
socioeconomic consequences for years, decadegwoiirlefinitely (Ferguson et al., 2020;
Kissler et al., 2020). And as in any competitiverspplaying a long drawn out defensive
game against an unpredictable, fast-moving, adbptaidl unrelenting opponent is asking for

trouble.

Acknowledgements

This study was supported by an AXA Research Chearrd to the author, kindly provided by

the AXA Research Fund.

References

Anfinrud, P., Stadnytskyi, V., Bax, C. E., & Bax, £020). Visualizing Speech-Generated Oral Fluid
Droplets with Laser Light Scatteriny.Engl J Med. doi: 10.1056/NEJMc2007800

Feachem, R. G. A,, Chen, |, Akbari, O., Bertozilay A., Bhatt, S., Binka, F., et al. (2019). Mata
eradication within a generation: ambitious, achideaand necessaryancet, 394(10203),
1056-1112. doi: 10.1016/S0140-6736(19)31139-0

Ferguson, N. M., Laydon, D., Nedjati-Gilani, G.,dimN., Ainslie, K., Baguelin, M., et al. (2020).
Impact of non-pharmaceutical interventions (NPdsieduce COVID-19 mortality and
healthcare demand (pp. 20): WHO Collaborating Gefair Infectious Disease Modelling,
MRC Centre for Global Infectious Disease Analysisdul Latif Jameel Institute for Disease

and Emergency Analytics & Imperial College London.



Fineberg, H. V. (2020). Ten Weeks to Crush the €uvEngl J Med, 382(17), e37. doi:
10.1056/NEJMe2007263

Gandhi, M., Yokoe, D. S., & Havlir, D. V. (2020) spimptomatic Transmission, the Achilles' Heel of
Current Strategies to Control Covid-MEngl J Med. doi: 10.1056/NEJMe2009758

Killeen, G. F., & Kiware, S. S. (2020). Why lockdn® Simplified arithmetic tools for decision-
makers, health professionals, journalists and émel public to explore containment
options for the novel coronavirtdedRXiv, 10.1101/2020.04.15.20066845. doi:
10.1101/2020.04.15.20066845

Kissler, S. M., Tedijanto, C., Goldstein, E., Gr&dH., & Lipsitch, M. (2020). Projecting the
transmission dynamics of SARS-CoV-2 through thegeosdemic periodscience. doi:
10.1126/science.abb5793

Martin, P. A., Cameron, A. R., Barfod, K., SergedntS., & Greiner, M. (2007). Demonstrating
freedom from disease using multiple complex dataces 2: case study--classical swine
fever in DenmarkPrev Vet Med, 79(2-4), 98-115. doi: 10.1016/j.prevetmed.2006.09.007

Rubin, E. J., Baden, L. R., & Morrissey, S. (202@a)dio Interview: Approaches to Covid-19
Vaccines and AntiviraldN Engl J Med, 382(16), €58. doi: 10.1056/NEJMe2012889

Rubin, E. J., Baden, L. R., & Morrissey, S. (202¢k)dio Interview: Loosening Covid-19
RestrictionsN Engl J Med, 382(18), e67. doi: 10.1056/NEJMe2014793

Saez, M., Tobias, A., Varga, D., & Barcelo, M. 2020). Effectiveness of the measures to flatten the
epidemic curve of COVID-19. The case of Sp&ki.Total Environ, 727, 138761. doi:
10.1016/j.scitotenv.2020.138761

Tang, B., Xia, F., Tang, S., Bragazzi, N. L., Li, Qun, X., et al. (2020). The effectiveness of
guarantine and isolation determine the trend ofad®/1D-19 epidemics in the final phase of
the current outbreak in Chinlant J Infect Dis. doi: 10.1016/}.ijid.2020.03.018

van Doremalen, N., Bushmaker, T., Morris, D. H.]bfook, M. G., Gamble, A., Williamson, B. N.,
et al. (2020). Aerosol and Surface Stability of SABoV-2 as Compared with SARS-CoV-1.

N Engl J Med, 382(16), 1564-1567. doi: 10.1056/NEJMc2004973



REPRODUCTIVE NUMBER (Rc)

REPRODUCTIVE NUMBER (Rc)

1rR, R | Al E
70% 1.2 2
| 75% 1.0 &
80% 0.8 o
85% =™ 0.6 a
90% = 0.4 g
1 3
w
4
6
] N\ e«
N B
N |3
I z

0% 20% 40% 60% 80% 100%
CF RC D E
45% 1.21 3
| 50% 1.00 &
60% 0.64 o
70% = 0.36 i}
80% —0.16 2
i o
2
w
4
™
o
. (-4
w
\ H
S
2
4

. : y i
0% 20% 40% 60% 80% 100%

EFFECTIVE PROTECTIVE COVERAGE (%)

20,000

15,000

10,000

5,000

20,000

15,000

10,000

5,000

100,000

NEARLY FLATTENED CURVE NEARLY FLATTENED CURVE C
10,000 | FLATTENED CURVE
1,000 4
1 FLATTENED CURVE
100 §
E CRUSHED CURVES
10 §
CRUSHED
CURVES
0 10 20 30 40 50 0 10 20 30 40 50
100,000
NEARLY FLATTENED CURVE NEARLY FLATTENED CURVE T F
10,000 1 FLATTENED CURVE
1,000 4
] FLATTENED CURVE
100 §
10 §
CRUSHED CURVES CRUSHED
CURVES
0 10 20 30 40 50 0 10 20 30 40 50

DURATION OF CONTAINMENT INTERVENTION (WEEKS)

DURATION OF CONTAINMENT INTERVENTION (WEEKS)



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper, entitled “Pushing past the
tipping points in containment trajectories of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) epidemics: A simple arithmetic rationale for crushing the curve instead of merely flattening it”.

(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

Yours Sincerely
QN

Prof Gerry F. Killeen



