











Epidemic controlled in China

Wikipedia, 2019-20 coronavirus pandemic in mainland China, accessed March 18
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Shared Dynamics of European Epidemics
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Shared Dynamics of European Epidemics

Most western countries are on the same coronavirus trajectory. Hong Kong
and Singapore have limited the spread; Japan and S Korea have slowed it

Cumulative number of cases, by number of days since 100th case

o MMChina had 68,357
Italy cases at 28 days
30,000 30,000
10,000 o S Korea 10,000
huge testing programme,
5,000 stringent case isolation 5,000
2,000 2,000
1,000 #4777/ .0 Malaysia oJapan 1,000
g B Australia strong social norms
500 Ao RSl around obedience and 500
/) o ~ mask-wearing
Singapore: strict quarantine rules & contact tracing
200 200
Hong Kong: school closures, quarantine, community response
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FT graphic: John Burn-Murdoch / @jburnmurdoch
Source: FT analysis of Johns Hopkins University, CSSE; Worldometers. Data updated March 19, 19:00 GMT
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British Columbia’s Epidemic

Total confirmed COVID cases (deaths) in BC
as of March 18, 2020 = 231 (7)

Total number of long term care facility
outbreaks in BC as of March 18, 2020 =3
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The role of modelling

Understand the rate of spread through populations
Define and estimate the essential parameters
Predict what will happen!

* In an unchecked situation

« under different public-health interventions

under considerable uncertainty in data and models



Coming up:

The basic reproduction number Ro
» estimation during the Wuhan epidemic

Early-time outbreak modelling with stochasticity
Large epidemic modelling with differential equations
« final size calculation for an unchecked situation

* models of different public-health interventions

Predictions, thoughts and scenarios



The basic reproductive number: R,

The most important epidemic parameter

R, is the average number of new infections caused by a single
newly infected person at the beginning of the epidemic

Ry > 1 : “exponential growth is possible”
Ry < 1 : “extinction is guaranteed”

Later in the epidemic, or when interventions are in place, we
may have Ref or just R.



The basic reproductive number: R,

The most important epidemic parameter

R, is the average number of new infections caused by a single
newly infected person at the beginning of the epidemic

Ry > 1 : “exponential growth is possible”
R, < 1 : “extinction is guaranteed”

« “Pandemic” influenza: R, ~ 1.6
« Polio: R, ~6

« SARSR;,~25

« Measles: R, ~ 18

« Pertussis: R, ~15

To find R, empirically requires contact tracing andis a lot of
work. Modeling infection process is important.



The basic reproductive number: R,

The simplest model:
* average contact rate c (per day)
« average probability of infection per contact p
e average duration of infectiousness T (days)

Ro=cpT
To prevent an epidemic, reduce ¢, por T so R, < 1.

 Reduce by factorof (1 — i
Ry

Influenza: R, ~ 1.6 so reduce contacts by 37%
Measles: R, ~ 18 so reduce contacts by 94%

Achieve by vaccination (herd immunity), social distancing, etc

R, tells us how strong must the public health response be to
prevent the epidemic in the first place



Cumulative Count

10

Estimating R, from early incidence data

Coronavirus cases (solid) and deaths (open)

g

: « Need serial interval information
g - (average time between serial

. infection events)

 Use a model to parameterize the
serial interval

Jan 16 Jan 20 Jan 24 Jan 28
Date

« Simple, useful: SEIR model of infection
* Susceptible — Exposed — Infectious — Removed
« assume non-infectious for an exponentially-distributed period
(exposed class)
« then infectious for an exponentially-distributed period
(infectious class)



Cumulative Count
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Coronavirus cases (solid) and deaths (open)
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Cumulative Count
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Coronavirus cases (solid) and deaths (open)
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Estimating R, from incidence data

Coronavirus cases (solid) and deaths (open)
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Cumulative Count
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Incidence-based RO for early nCoV

Coronavirus cases (solid) and deaths (open)
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Using SARS estimates for course of
infection parameters, and SEIR or close
variant as a model:

Zhao: 2.7 <R, < 5.4 (Jan 23)
Liu: 2.3 <R, <3.6 (Jan 25)

Liu: also estimate of incubation period 4.8+/-2.6 days

Zhao et al, bioRxiv 2020.01.23.916395

Liu et al, bioRxiv 2020.01.25.919787



The basic reproduction number Ro
» estimation during the Wuhan epidemic

Early-time outbreak modelling with stochasticity
Large epidemic modelling with differential equations
« final size calculation for an unchecked situation

* models of different public-health interventions

Predictions, thoughts and scenarios



Simulation-based R, estimates for nCoV

» Count “Infected people™

« Start with (e.g.) ONE infected person.

« Each infected person makes k new infections with
probability g, :

k 0 1 2 3 4

R0 25 25 25 25 0

R, = average number of new infections produced by one

Infected cell, at the start of the infection.
Ry=1.5
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Generation number

R, = average number of new infections produced by one

infected person, at the start of the infection.
Ry=1.5



After 10 generations
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On average 41% of all these epidemics go extinct “early”



Stochastic simulation-based modelling in China and USA

- Simulation-based R, estimates for early nCoV in China

* Run many simulations with SARS-like new infection distribution
and SARS generation time (8.4 days)

* Include possible super-spreaders via wide distribution

- Estimates (Imai) 1.5 <R, < 3.5 (Riou) 1.4 <R, < 3.8

« Estimating case undercounting in USA (Perkins group)
« Compare case counts and deaths to simple model
* Probably fewer than 10% of community transmissions were
counted during late February

A 1.0 B
» 1000 o — Data - —— Data — 1500
s —— Model | £ 08 - —— Model o
= 300 L 1 (0]
§ 800 — o 8 k5
o 600 -200 3 & E
: S E oa- 3
5 400 - / 8 5 O | 00 2
g - 100 © g 3
& 200 - S 0.2+ =
()]
Feb01 Feb15 Mar01 Feb01 Feb15 Mar 01

Imai et al (https://www.imperial.ac.uk/mrc-global-infectious-disease-analysis/news--wuhan-coronavirus/, Jan 25)
Riou et al (bioRxiv 2020.01.23.917351, Jan 24)
Perkins et al (https://doi.org/10.1101/2020.03.15.20036582)




Models with geographical spread

Kucharski et al:

*Stochastic SEIR model with time-varying

infectivity and wide infection distribution
*SARS incubation+infectious periods
Fit to Wuhan and total int’l locations up to

Jan 23

*Infectivity follows geometric Brownian

motion

Include likelihood of reporting

A

Wuhan population

O,

Onset of symptoms -=>

Confirmed

—O—-O—@®

Only a fraction of cases
travel internationally

model estimate

|

10 20 30 40 50 60

0

travel restrictions

prevalence in Wuhan (thousands)

T T
Dec 01 Dec 15

T
Jan 01

I
Jan 15

International travelers from Wuhan

@T@—'

Onset of symptoms | --+

Confirmed

Est. R,=1.6-2.9
P(outbreak) ~ 25%

Kucharski et al, https://cmmid.github.io/ncov/wuhan_early_dynamics/index.html (Jan 31 -

updated in February)



Stochastic model fitting with known contacts

Tindale et al (UBC/SFU/... outcome from SFU Hackathon):
» Stochastic SEIR-type model with known contact structure,
exposure dates and symptom onset dates.

 Data from Tianjin and Singapore (Jan-Feb)

COVID-19 Progression Amongst Singapore Cases

Status

Symptomatic

Discharged
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https://www.medrxiv.org/content/10.1101/2020.03.03.20029983v1 .full.pdf




Stochastic model fitting with known contacts

Tindale et al (UBC/SFU/... outcome from SFU Hackathon):
 Stochastic SEIR-type model with known contact structure,
exposure dates and symptom onset dates.

 Data from Tianjin and Singapore (Jan-Feb)

 Key findings:
* RO close to 1.9 (Tianjin) and 2 (Singapore)
 Faster than expected serial interval (4-5 days)
* Implies pre-symptomatic transmission

Figure 4: Network diagram for (a) Singapore (b) Tianjin

https://www.medrxiv.org/content/10.1101/2020.03.03.20029983v1 .full.pdf




A more realistic stochastic model with contact
tracing and isolation

Infected Symptoms Infects  Infects Isolated No infection
person B person C (isolated)
PersonA @ O o—=oO O &
Incubation Delay from onset to isolation

Serial intervals

Infected Symptoms + No infection No infection
‘ isolated
AO OB*O Person B —O O & O
Tk, - Incubation
'O Traced (p)
Serial intervals
D '
C O— O Infected Infects Symptoms Infects Infects  Isolated
\ person D person E person F
\ O E Person C —O O O O O O
O F Not traced (1-p) Incubation Delay from onset to isolation
Serial intervals

Hellewell et al, Feasibility of controlling COVID-19 outbreaks by
Isolation of cases and contacts. Lancet Global Health, 2020



A more realistic stochastic model with contact
tracing and isolation

50 —_

Reproduction number
- 15
--25
- 35

45 —

4-0

3-5

» Appropriate model for BC
situation to ~March 15

* We are using updated
versions of this model

30

2.5

2-0

1.5 -

Effective reproduction number (n)

1-0 —| s = == == ==

0-5-

0 T T T T 1
0 20 40 60 80 100

Contacts traced (%)

Hellewell et al, Feasibility of controlling COVID-19 outbreaks by
Isolation of cases and contacts. Lancet Global Health, 2020



» Stochastic models are essential for modelling the early
stages of an outbreak / epidemic
* Numbers of cases are small
» Capture variability in outbreak, spread in different
groups
» Can be used for data fitting

* Once epidemic reaches exponential growth phase,
central limit theorem applies and differential equation
models can confidently be used

» Fast to run, classical applied mathematics
» Stochastic versions still work



The basic reproduction number Ro
» estimation during the Wuhan epidemic

Early-time outbreak modelling with stochasticity
Large epidemic modelling with differential equations
« final size calculation for an unchecked situation

* models of different public-health interventions

Final thoughts



S-E-I-R Epidemiological Model

Rate o

Rate a

Ro for this model is: Bo/ a

l Force of infection
A(S,E,I,t) = Bo | (S/N) for simplicity

dsS S
E:_ﬁoﬁl
Cil—f :ﬂo%]—aE
% =ol —al
C;—]::ozl




S-E-I-R Epidemiological Model

Number of Infectious People

400000
300000 |
200000 |

100000 |

dsS S
E:_ﬁoﬁl
C;—f :50%[—O'E
% =ol —al
C;—f;:ozl

time (days)

50 100 150 200

Parameters: N = 4 x 10° people; Ro=2.5;
incubation period 6 days; infectious period 6 days;
initial condition of 100 infectious people



Models with geographical spread

Wu et al, Lancet, Jan 31 “Nowcasting and forecasting the potential
domestic and international spread of the 2019-nCoV outbreak originating in
Wuhan, China: a modelling study”

*Data from Wuhan, Chinese cities and Int’l cases to Jan 28
*SEIR-type model in each location

*SARS estimates for serial interval

Int’l flights and human mobility data for China

-Estimate R, = 2.47-2.86

0% transmissibility reduction 25% transmissibility reduction
50% mobility reduction 50% mobility reduction

40 -

W
T

Daily incidence
(per 1000 population)
N
)
|




Final Size of the Epidemic

ds
dt
dE

Sec — N =

ch
" B

0
:/ [0
0

S
:_ﬁoﬁl
—50 —O'E
Y oE —al S'+E 4+ 1 = —al
/ (S’+E’+I’)dt:/ —al dt
=37 0 0
(Soo + Foo + 1) — (So + Eo + 1) =

NS’
BoS
(In Soo — In N)

dt




Final Size of the Epidemic

Final size (%)

80

70%

60

40

30%

20

To achieve a 30% attack rate in SEIR, require Ro<1.2
NB: required vaccination level to stop epidemic (beforehand)
IS less than final size of epidemic



“Flatten the Curve”

Number of Infectious People

N = 4 x 10° people;
. {\ R _2 5 incubation period 6 days;
400000 b 0—<. infectious period 6 days;
- initial condition of 100 infectious people
300000}

200000

100000

. . . . = time (days)
200 400 600 800

Peak for Ro=1.2: 3x10% people. If 10% need hospital, this is
75 per 100,000.



“Flatten the Curve”

Number of Infectious People

150000 |

100000

-1(30- — -2(;)0- P -360- — -400time(days)
Ro=2.5 R=0.9 R=2.5

NB: required vaccination number to stop epidemic
IS less than final size of epidemic



S-E-I-R-Q Epidemiological Model

S
)L(S,E,Q,I,t)l g g
S = — I T
BON 5QNQ
. S S
K1, e I+ B80—=Q—0E—-KrE
L v0 BON BQNQ o K1
Q [+ I' =05 — kaQ — al
» a Q/:IilE—I—KJQI—Ck[
IZ{ R =aQ + al

Calculate Ro, final size relation....



Further Epidemiological Models

Many models of this type, e.q.
S
» Hospitalization and treatment
)L(S,E,Q,I,t)l ospitalizati
* Time-varying transmission
i“ I * Age-structured with age-dependent
mixing
Q *75  Variable activity levels
a
0 N v * Immigration/emigration
R

e |Ssues:
e parameter estimation
* numerical simulation



16 March 2020 Imperial College COVID-19 Response Team

Impact of non-pharmaceutical interventions (NPIs) to reduce COVID-
19 mortality and healthcare demand

Neil M Ferguson, Daniel Laydon, Gemma Nedjati-Gilani, Natsuko Imai, Kylie Ainslie, Marc Baguelin,
Sangeeta Bhatia, Adhiratha Boonyasiri, Zulma Cucunub3, Gina Cuomo-Dannenburg, Amy Dighe, llaria
Dorigatti, Han Fu, Katy Gaythorpe, Will Green, Arran Hamlet, Wes Hinsley, Lucy C Okell, Sabine van
Elsland, Hayley Thompson, Robert Verity, Erik Volz, Haowei Wang, Yuanrong Wang, Patrick GT Walker,
Caroline Walters, Peter Winskill, Charles Whittaker, Christl A Donnelly, Steven Riley, Azra C Ghani.

On behalf of the Imperial College COVID-19 Response Team

WHO Collaborating Centre for Infectious Disease Modelling
MRC Centre for Global Infectious Disease Analysis

Abdul Latif Jameel Institute for Disease and Emergency Analytics
Imperial College London

Correspondence: neil.ferguson@imperial.ac.uk

https://www.imperial.ac.uk/mrc-global-infectious-disease-analysis/news--wuhan-coronavirus/



Results

In the (unlikely) absence of any control measures or spontaneous changes in individual behaviour, we
would expect a peak in mortality (daily deaths) to occur after approximately 3 months (Figure 1A). In
such scenarios, given an estimated Rp of 2.4, we predict 81% of the GB and US populations would be
infected over the course of the epidemic. Epidemic timings are approximate given the limitations of
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US CDC Report, March 18: Severe Outcomes Among Patients with Coronavirus Disease 2019




Critical care beds occupied
per 100,000 of population
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150
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50

- Surge critical care bed capacity
— Do nothing
——— Case isolation
Case isolation and household
quarantine

Closing schools and universities

- Case isolation, home quarantine,
social distancing of >70s
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Figure 4: lllustration of adaptive triggering of suppression strategies in GB, for Ro=2.2, a policy of all four
interventions considered, an “on” trigger of 100 ICU cases in a week and an “off” trigger of 50 ICU cases. The
policy is in force approximate 2/3 of the time. Only social distancing and school/university closure are
triggered; other policies remain in force throughout. Weekly ICU incidence is shown in orange, policy
triggering in blue.



Final thoughts:

Uncharted territory for modelling dynamically changing
transmission patterns
« previous: SARS, influenza estimates for effects of
social distancing / school closures
« current: China, South Korea, ... ; Italy coming soon
 precision epidemiology via phone apps?

Improved treatment options may be coming soon:
* Hydroxychloroquine and azithromycin?
* favipiravir?

Vaccination (next year)?

Seasonality?

Christophe Fraser (Oxford Big Data) https://045.medsci.ox.ac.uk
Gautret et al, DOI : 10.1016/j.ijantimicag.2020.105949
Li and de Clercq, https://www.nature.com/articles/d41573-020-00016-0




Questions?





