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. - ey that is, loso infectivity and also acquired immunity. The
SOME A PRIORI PATHOMETRIC EQUATIONS. | gymbol z denotes the y)r0p<:>rt.ion of the total po Ya&ion r

nyY who are affected by the discase and living at the end of

SIR RONALD ROSS, K.C.B., F.R.S. the time f, and z, is this proportion at the beginning of the

AAHREA inquiry when ¢=0. The symbol f denotes the current

> . roportion of now cases to total population at the time f,

book on the Preven 1ot of Kn(ll. when multiplied by P, gives the current number of

now cases—that is, the carve geperally shown in statistics
of epidemics.

I call the important constant ¢ the infection rale; and
these oquations are based on the assumption that each
affected individual infects or roinfects ¢ other individuals
in unit of time, and that ¢ is n constant. But some of the

individuals to whora ho thus gives the infection may bo
affected already, and wo must allow for this. The actual

Ix the sceond edition of my
Malaria (Murray,1911) I pui;linhtd a considerable amount
of work (which had occupied me for a long time) on what
may be called pathomctry——tlmt,is.tho mathematical study
ol epidomiology. [ theso studies 1 followed tho a priori
mothod : in othor words, I assumed o knowledge of the
fundamental laws governing tho time-to-time variations
of disease in a population of living creatures; formed tho
corvesponding ditferenco- and differcntial-equations; and
thien sought by solving these to ascertain the more remoto S atat . -
taws which should govern tho varintions if my assumptions number of affected individuals at the timo ! will bo =P ;
\woro correct. My work was concerned chiofly with insect- and by supposition theso will infect or roinfeot cxl” i
boyne diseases; bub on page 678 1 pave brief. but not quite dividoals ; but of theso only the ones }v’lnch are not affected
complete, integrated oquations on the goneral theme, these | & the time ¢ will be mew Ccases. I'he 1}ctun.l number of
cquations being obtained on the sapposition that tho total | W cases, I, will then be given by the proportion,
p?pnlation remains constant during the considered period P:exP:: (P=xP): P
of timo, A year ago, however, I was able to romove this 2 e anP D . : o
yostriction by integrating the original differential equations u”:tt"s . ‘_I‘I. ( 'ir(; ]}ls‘lt'f 2 FIP therc (orlo “"“_“). -
cvon when the population varies, and 1 have now tound | & A Y T \ l)v' { ']N equation bray, JIOWOYCL: be
a simplification which enables us to stato tho equations also deduccd from O T0CH mnonu\'l differcntial cquations
o forms which aro easy % analyso and which will bo (5) and (6) dcgcruhﬂ oy ¢ ‘ﬁmki Tho magoitude of ¢, b
veadily understood by any one who has some kuowledgo of -:‘“; t‘.’“m: (ko‘"'u'l‘:“' “l‘ & ‘,‘ co-l;.nf“:‘ l;lvtpcml b “Im
of the calculus. Thus put, thoy give us an olegant (though it il‘mct » t',d ; K;q 3 ‘,\“"",' positive, but must BOAD
tentative) athomatical theory both of epidemio and "0.;.',““ NN e 0“! X "(i“"l I i
o emic communicable diseases. : 1w Curve of Affected Individuals, x, 15 an s.-uhnp(_-d
Tho theory is of course based upon certain probable curve beginning at , whien ¢ = o, and npproit’l'lnnung 0%
assumptions; but its utility lies in this very point, because limit L when ¢ is large. Its tangential, -7, is A sym-
it enables us to test theso assamptions by comparing tho | yetrical bell-shaped curve with & maximum which = } KL*
yesulting curves with those derived from obsorvation ov ’ g = .
statistics—a verification which cannot otherwise bo ob- | whon = = } I and KLt log 3 ®  Tho Curve of Now
tained. My full paper on tho subject is more suitablo for | : R * it should
mathematical than for medical poblications; bub you may Cascs, (' - "“",‘v"ff\‘ y \""lf‘"ti‘"" o ‘-' SHOS BEEED whon
possibly consent to publish the following very briel state: multiplied by £-with obser¥e culr\m :.‘qm assunIplions are
ment for tho information of some vpi(l«-miulogin!u who, | sound. 1t bogins ""’ w wmall valuo WHER z, is small m'ul
bolieve, will be intevested in it 1 will first give tho (=20, and then rises IWOYe or loss vapidly, roaching 1t4

identition and equations and will then add o short mnximum.’{r. when « 3_“‘“‘ then falling l‘R'_\i" and
oxplanation. 3 : anproximating to o limit which coL(1=I) when ¢ is largo.

In this caso (Lype 1) it has an ieeegular bell oslmll , but one
enn=mopl=e which tails away more gradually than it vincs. Bab if I is
VaN-MyI-8 not greator than }, # never excoeds tho valuo } and counso
quently £ loson this bell shape and becomos Al §-shaped
Kne=(e=V) curvo (Typo 11) which constantly risos towards tho limib
[ =l=(N+NIK el (1=Ly. The former would appear to bo the curve of
= g2k troe cplidemic ontbrenks, and the latier of slowly increasing
dx . Ke(l =) endemic maladics. In both cases the value of J when ! in
5 Jarge expresses and oxplains the endemie persistence of
dP _p—-(0—-V) P2 the disease in & locality. ‘ :
dt The curve f is also much modified if (as usual) tho
covorsion factor r docs not como-into play nntil months or
yoars after infection, in which caso £ will at first approxi-
mate vory closely to tho cueve "l{: and then tail off more
alowly. Moreoyer, tho infoction rate, ¢, may bo changed "
S 0o ol by local conditions, a4 for instance those of climate and
Kltwloge=y— = log e "z season, which may favour or disfavour the g.r.\ua(cropco of w
y infection from individual to individual, Ibt1s impossible to
30. Jfwexii=3) examine these and other consequences of the oquationsy™
s lf o ) : except at considerablo length § but I should add that thal
L ke (T = )t~ 9 functions are usually casy to wanage in finite terms, and
12f scom to me, judging from genoral b_mowlmlgc both o,
‘ cKsx(l—x |L=2@LtD*3 e} epidemio and endemic diseases, to be likely to agreo Witk
¥ : the facts. -
Hero { donotes the time, measured from the boginning So far as I know, these aro tho first ql.lgm_pts to gbu\in' '~ e
of the inquiry; P, i8 tlso total population at the beginning | @ prioré equations on the subjoct; bakikis interesting to} 3795
of the inquiry (when ¢ = 0), and P is the total population compare them with results obtained a postertor: —that is, ™ O
at the end of the time . The symbols n, 1, 4, ¢ denote

1%,

by trying to bt functions to_obsernrd curves of epidemics, o
respectively the nativity, mortality, jmmigration, and Dr. John Brownlee has publishied somo able papers on this
cmigration rates per unit of time (hour, day, or wook. ote.) | part of the subject. In one paper he says that the late
of the unaffectod population, and v is the sum of these. Dr, Farr had found long 3g0 that the gecond difference of
"fhe capitals of the same lettors in (2) denote the samo the logarithm of :gldemlc curves is & constant. From this
rates among those of the Yopulnt.iou who are affected by | Pr- Brownleo deduces for epidemics & normal curve of
the considered disease. All these quantities aro taken as probability (1 IV), whieh 1 also @ bell-shaped curve,
being constant during tho inquiry, but the constants of | and bo procecds %o @t this, with considerable Success, to
{he affocted population, especially the mortality, will often | Wany 3 idemics. A8 @ result he appEare to conclude
be different from those of the unaffected ~ population, g)ngp 516) that an epidemic depends on the acquisition by
and V will generally be smaller than v. The symbol 7 \e infecting organism * of & high grade of infectivity at

denotes the &mrogtion of tho affected population who | the point where the epidemic starts, this infectivity being
o

rocover in unit of time, or rather whobecome unaffected— lost from that period, till the end of the epidemic.” Ina




Higher zoonotic FOI
Base case

2 2.5 3
Basic reproduction number

Wu et al (2020)
Lancet 395:689-697







Example 1:
Early measures to control
the pandemic

Work by Joel Koo, Bo Dickens, Minah Park,
Sun Yinxiaohe, Sun Haoyang, Lim Jue Tao, Clarence Tam,
Annelies Wilder-Smith, Sharon Quaye, Rachael Pung, Vernon Lee, Louis Chai



Data-driven simulation model

Developed a highly detailed
individual-basec
representation of Singapore
using many data sources,
developed for a flu
pandemic and reworked
based on early Chinese

studies

Schools, businesses, business sectors,
hospitals, public housing, private housing,
age profile, household structure, distance
home to work, etc for the resident

population



How critical a comprehensive approach is
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Koo et al (2020)
Lancet Inf Dis

Just quarantine and isolation, or just
workplace distancing, or just school
closure: not enough to prevent spread
once imported

Advocated for a combination of
strategies to buy time




How critical the timing of lockdown is

/‘ Do nothing
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How critical the timing of lockdown is

Cumulative infections (000s)
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Lockdown has to be followed by
something else if cases >0 or
border open or herd immunity
isn’t reached or the epidemic will
resurge after lockdown

Dickens et al (2020)
Lancet West Pac




How critical institutional isolation is

1000 No isolation In HH of -

%T 200 — Home-based isolation Dickens et al (2020)
ke Lancet 395:1541-2
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Ng et al (2020) Lancet Inf Dis 10.1016/51473-3099(20)30833-1

Month Lewis et al (2020) Clin Inf Dis ciaal166

Dickens et al (2020) Lancet 395:1541-2



For the most part, it worked... in 2020
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Excluding outbreaks among
foreign workers in dorms: ~200
000 additional infections

Reopening to travel was not
accompanied by surge in
autochthonous cases

Imported

J A S O N D

E7Y

N |

11




Example 2:
Border control

Note: this work is funded in part by Becton Dickinson, a medical
device company which develops PCR and

antigen tests.

Work by Bo Dickens, Joel Koo, Lim Jue Tao,
Sun Haoyang, Hannah Clapham, Annelies Wilder-Smith,
Minah Park, Sun Yinxiaohe, Zeng Zitong, Sharon Quaye, Wee Hwee Lin




Pre-departure On arrival Mid-quarantine Exit quarantine
test test test test

Infected What %age
travellers missad?




Disparate data sources
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Quarantine % missed

On arrival

PCR 17%

Quarantine
ex|t

PCR 4%

7%

2%




Prevalence 2% 0.5% -

Infected
travellers (/10 50 15
0[e0)

Quarantine % missed

On arrival

PCR

Quarantine
ex|t

PCR 4%

3d 17%

/d 7%

2%



Prevalence 2%

Infected
travellers (/10 50 15
0[e0)

Quarantine % missed

On arrival

PCR

Quarantine
ex|t

PCR 4% 4 ) 1

3d 17%

/d 7% 7/ 4 1

2% 2 1 0

Prevalence is of infection within the last 14d



Prevalence 2%

Infected
travellers (/10 50 15
000)

On arrival Quarantine % missed

Antigen 3d 17%

Quarantine
oxit 7d 3% 3 4 1
Antigen 4% 4 g, 1
2% 2 1 0

Prevalence is of infection within the last 14d



Border policies work

* |nalow Covid strategy, amount of spillovers from travel can be
calibrated through good use of testing and quarantine

e Although Ag tests are not as sensitive as PCR tests, that difference
is markedly reduced as part of a bundle of tests and quarantine: Dickens et al (2021),
. o J Travel Med taab088.
use the most practical rather than most sensitive test

" Travelling to Singapore

Yy [ I V]

e This approach requires policy makers have a risk budget: BEEES Updared border measures from Aug 19, 207
How many missed travellers am | willing to accept to get —
10 000 travellers into the country?

e For lower risk ports of departure you can substantial reduce
guarantine length with minimal additional risk to destination

test PCR PCR PCR PCR (and ART PCR




Example 3:
The journey to
endemicity

Work by Goh Fang Ting, Bo Dickens,
Hannah Clapham, Vernon Lee, Rachael Pung




Vaccination has brought substantial benefits, but...

e Accounting for age-specific severity and

100 prioritisation for older age groups, risk of
severe disease dropped markedly since early
_ 80 2021
3=
~ &0 Infection e But risk of infection fell by less even before
N
P accounting for any waning
> w/ under 12s . . _
© 40 e Vaccinating children
% will bring little
\ ICU admission °
20 | additional herd
Immunity

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
2021 2022

‘



We can’t completely avoid the pandemic...

e |f is 5—8, and the against infection is 0.4—0.6 then even complete vaccination is not
enough for herd immunity without additional measures

Pandemic mitigation Liminal epidemic

Temporary suppression of to buy Development of population Long term suppression of
time for vaccination through immunity through ‘letting go’ the through immunity
control measures control measures

(or to put faith in boosters)

A



Impact of policies on transmissibility

3

2.5

Phase 3HA

Transition

1.5 “

/

1
) Z Stabilisation
Phase 2HA

0.5

July August September Octiober

A




Projections show how sensitive the results are to
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Projections show how sensitive the results are to
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Relaxation of SMMs

/‘\ Herd immunity (with some restrictions)
—L

2021

2022

Herd immunity (with fewer restrictions)

— Halt population infected??

\,{» Further relaxation of SMMs

As immunity builds, more and more SMMs
can be relaxed, until endemic state is

reached

A
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