Modeling the COVID-19 epidemic in Germany

with emphasis on case detection and compliance with NPIs

Jan Fuhrmann*, Jan Meinkef

*Institute of Applied Mathematics, Heidelberg University
f Jiilich Supercomputing Centre, Research Centre Jiilich

June 22, 2021

J Fuhrmann, JH Me (TAN COVID19 in Germany June 22, 2021 1/24



N
Outline

@ Basic modeling assumptions

© Under ascertainment and testing capacity

@ (Non)compliance with non pharmaceutical interventions

@ Rebounding incidence after NPIs

J Fuhrmann, JH Meinke (IAM COVID19 in Germany June 22, 2021 2 /24



Outline

@ Basic modeling assumptions
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Introduction

SEIR type ODE models

e start with basic SEIR model
e split I by symptoms and detection

S = -\S
status i
Susceptibles E = AS—ak
Exposed (not yet infectious) U = (1-g))aE —~yU
Undetected infectious (asympt.) .
Infectious (symptomatic, undetected) I = (1=m)eoals =il
H detected infectiuous H = nopoal +mywU
Recovered (from known infection) +myrl — yuH
Ry unknown recovered . .
Deceased AH = (1-0m)yuH
| Ry = (1—i)wU
S — +(1 = m)( =)yl

D = mdryl +ouyuH

A = Bl + pyU+ BgH
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“FIXED” VALUES

Variable
1/VE
1/y| ) 1/yH

1/ Yu
Po

VAN

m

Mitglied der Helmholtz-Gemeinschaft

Description
Mean incubation period

Mean duration of
symptomatic infection

Mean duration of
asymptomatic incection

Probability of developing
symptoms

Probability of early detection

Value
55d
7d

6 d

0.67

0.067
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FITTING FREE PARAMETERS

Variable

No
N1
Bu

Bi

Br

Mitglied der Helmholtz-Gemeinschaft

Description
Probability of early detection
Probability of detection

Transmission rate (asymp.
undetected)

Transmission rate (symp.
undetected)

Transmission rate (detected)

Value
[0, 1]
[0, 1]
open

0.8 By

0.1 Bu

/.
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FIT FOR CUMULATIVE CASES AND DEATH
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ESTIMATING UNCERTAINTIES

= mean
median
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Mitglied der Helmholtz-Gemeinschaft
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230000 4

220000 1

210000 4

200000 4

190000 4
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170000 A

Total deaths

11500 4

11000 1

10500
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New deaths [1/d]

3500 1
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SAMPLING

Mitglied der Helmholtz-Gemeinschaft

0025
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AKAIKE CRITERION

+
AICc=n|In ok +2k+ 2k (k+1)
n (n—k—1)
_AJD SSE: Sum of errors
_ | n: number of data points

Wi=7 k: number of degrees of freedom

D e A,=AICc,— AICc,,,

j=1
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SAMPLING WITH WEIGHTS
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SAMPLING WITH WEIGHTS
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SAMPLING WITH WEIGHTS
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WEIGHTED HISTOGRAMS

i 20 1
10 Is - 40 -
10 - o Lo
5 -
O - 0 - 0 T
0.0 0.2 0.4 0.0 0.2 0.4 0.2 0.3 1.0
n No Bu

RO 1.23255756174012 1.2354879763906725 1.166431095900522 1.3025629948769604
Weight lost: 1.0981928365770746e-06.
Found mean: 1.2282651904210393
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ETAS OVER TIME
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By OVER TIME
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Introduction

SEIR type ODE models

e start with basic SEIR model

@ split I by symptoms and detection S = -\S
status E = \S— aE

Susceptibles .

= (1- go)aE —
Exposed (not yet infectious) U (1= o) wU
Undetected infectious (asympt.) I = (1—mno)ooaE — 11
Infectious (symptomatic, undetected) H = nopoaE + imwlU
H detected infectiuous N J .
Recovered (from known infection) . Tt = 7H
Ry unknown recovered R = (1-906yg)yuH
Deceased Ry = (1—d)wU

+(1 =)L =)yl
D = mdryl +6uyuH

possible extensions:

o further distinguish infectious
individuals: hospitalized, on ICU

@ vaccinations, waning immunity ... A= Bl +pyU+pBuH
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I[llustration of possible extensions
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Outline

© Under ascertainment and testing capacity
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Under ascertainment

Limited testing capacity

SEUIR model (I = detected cases, no model structure:
distinction of asympt. infections):

S = ~(BulU + BiD)S — /@

E (BuU + BrI)S —veE (s ) .
U = veE — (w +nu)U N *
I = nulU —~rl

R = vpU+~r1

only U — I contributes to “daily new cases”
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Under ascertainment

Limited testing capacity

SEUIR model (I = detected cases, no model structure:
distinction of asympt. infections):

§ = —(BuU+BiDS o /@
E = (BuU+B:1)S —1sE - A\ - \
U = reE —(w +w)U o /@

I = nulU —~rl

R = vwU + 11

only U — I contributes to “daily new cases”

nu

Unrealistic: constant detection ratio
nu+yu

independent of prevalence
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Under ascertainment

Limited testing capacity

SEUIR model (I = detected cases, no
distinction of asympt. infections):

§ = —(BuU+BrD)S

E = (BuU + BiI)S —ygE

U = 2B~ (w+puT)U

I = pyTU —~11

R= U+l

add Test “population”:

T = 0—7T — {p, X)T

p = (ps, pE, pu, p1,PR),
X: (S7E7U7[>R)

model structure:

only U — I contributes to “daily new cases”

nu

Unrealistic: constant detection ratio
nu+yu

independent of prevalence

now:
nu = puT

varies depending on tests
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Under ascertainment

Limited testing capacity

SEUIR model (I = detected cases, no
distinction of asympt. infections):

§ = —(BuU+BrD)S

E = (BuU + BiI)S —ygE

U = ysE - (yw + puT)U

I = pyTU —~11

R= U+l

T = 0—71T — {p, X)T

Tests are a fast variable: o, 7, p are

large to ensure that testing capacity

cannot be “stored”:
T=~0,ie.,

o
T —M
T4+ (p, X)
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model structure:

only U — I contributes to “daily new cases”

nu
nu+vyu

Unrealistic: constant detection ratio
independent of prevalence

now:
nu = puT

varies depending on tests



Under ascertainment

Limited testing capacity
SEUIR model (I = detected cases, no
distinction of asympt. infections):

$ = —(BuU+p:D)S
E = (BuU + B1I)S —ygE

: opu

U = E— — | U
i <7U+T+<p7X>>

. o'pU

I = ————U —~;1
X))

= wU 4yl

Tests are a fast variable: o, 7, p are
large to ensure that testing capacity
cannot be “stored”:

T=~0,ie.,
o

T+ (p,X)

J Fuhrmann, JH Meinke (IAM/JSC)

Unrealistic: constant detection ratio
independent of prevalence

model structure:

only U — I contributes to “daily new cases”

nu
nu+vyu

gpu

= T~ ———
PO T X)
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Under ascertainment

[llustration of state dependent detection

compare 4 models for detection:

o tests as population: keep test population T'

constant K

_ _opu
nNu = K+puU

N.B.: Ro

J Fuhrmann, JH Meinke (IAM/JSC)

testing rate dep. on X : calculate ny = %

testing rate dep. on U: approximate 7 + psS + pgE + prI + prR by

constant testing rate: ny = const., independent of state

Bu Br  nulpre

" nulpre +w 1 nlpre + w0

COVID19 in Germany

June 22, 2021
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Under ascertainment

[llustration of state dependent detection

compare 4 models for detection:

e tests as population: keep test population T’

o testing rate dep. on X : calculate ny = %

o testing rate dep. on U: approximate 7+ psS + pgE + prI + prR by

constant K

_ _opu
nu = K+puU

e constant testing rate: ny = const., independent of state

N.B.: Ro—=_ Bv B mlprs
nwlpre +yv 1 nlpre + v

consider 2 scenarios:
o full epidemic wave: epidemic runs through population unrestrictedly

e with panic factor: transmission decreased at high known prevalence, e.g.:

B = (a +(1-a) exp(7012))
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rtainment

[llustration of state dependent detection

Full wave (constant B), Ro = 3.5

Total active infections Active cases (detected)
—— tests as pop. I —— tests as pop.
201 —=-- rate dep. on X 64 —-- ratedep.on X
rate dep. on U rate dep. on U

= —-- const. rate —-= const. rate
S T 51
315 S
2 S 4

S 4
2 g
N Q
; 10 4 . 5 31
= \ X
+ = .
= 2 \

51 \
. 14 g
~ .
SN ~
0 T T T T - T T 0 T T — T T
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
time (days) time (days)

no panic factor, high peak prevalence
max. detection ratio = 30%

for constant detection ratio: overly optimistic peak height
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rtainment

[llustration of state dependent detection

With panic factor, Rp = 3.5

Total active infections Active cases (detected)
—— tests as pop. —— tests as pop.
2.09 —--- rate dep. on X —-—- rate dep. on X
rate dep. on U 0.8 4 rate dep. on U

= —-= const. rate _ —-= const. rate
2154 . s
C ‘.\ 5 0.6
5 E
g \ 5 .
5 1.0 o . i
< \ °©o044 4 T TSl
- \ =- 8
+ = - g
=) =

0.5 0.2

0.0 T T T T T T T 0.0 T T T T T T T

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
time (days) time (days)

with panic factor: curve significantly flattened
max. detection ratio &~ 30% (and fairly constant)

for constant detection ratio: panic sets in faster = lower peak
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Compliance

Outline

@ (Non)compliance with non pharmaceutical interventions
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Compliance

Noncompliance with NPIs
two subpopulations (“compliant”, “noncompliant”) — for m = ¢, n:

S EL ——> I

N \
x
o7\
/
Do g \/ /

Sn E, ——( L

three stages for F, last one already infectious
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Compliance

Noncompliance with NPIs

two subpopulations (“compliant”, “noncompliant”) — for m = ¢, n:

S = —Am(t)Sm
Eim = An(t)Sm — vEE1m
EQ,m = YeE1,m —YEE1,m
E3,m = veEsm — (YE + ™m)Esm
Un = Y6E3m — (Y0 + 1m)Unm
fm = TmE3m + 1 Unm — y1lm
R = 1=8ye+ 1) +vu(Ue + Uyn)
D = 6v/(I.+ I,)

where
Am = Z (Bem,2Es3.k + Bem,uUk + Brm,11k)
k=c,n

Brm,x = Poltx QkSm

t < to: Gc = an = Se¢ = Sn = 1 (no difference); Ro =~ 1.5
t>to: ac,8c <1, an =5, =1; Re < Ro
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Compliance
Incidence with noncompliance

- m
0% compliance 20% compliance

Cases among
W compliant people

B roompian i quick increase to 20,000
Il ll then setnc ncs. ¢
then reduce a.s. to %
& s >

detected cases for diffe-
rent compliance levels

2 2
2 204 2
= =
3 8

 compliance

source:
https://cosimo.fz-

I juclich.de/
o e o

o o
& &

Dally incldence
Daily incidence

control reproduction number:
Re=(p+1-pRo=(1-(1-7)p)Ro

with r = a.s. and compliance level p
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Incidence with noncompliance

0% compliance 20% compliance
P o
g o g emmowte - quick increase to 20,000
£ oo H new cases per day,
2 o | | | 3 I “I “Il ||| then reduce acs. to %
i il TTILLLLLLL
O total infections  for
different compliance
e levels
ax
source:

Dally incidence
Dally Incidence

https://cosimo.fz-
juelich.de/

control reproduction number:
Re=(rp+1-p)Ro=(1-(1-7)p)Ro

with r = a.s. and compliance level p
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RC VS. Rt

Re=(rp+1-=p)Ro=(1—-(1-r)p)Ro

Control reproduction number R¢/Ro Necessary reduction of contacts among compliant

1.0
061 * red. to 0.25 within 35 days
. * red. to 0.5 within 35 days
s 0.8 N * stagnation
2 « 0.5
£ 5
g 0.6 é 0.4
< 0.4 ; 0.3
2 £
3 3 029
2 02 g
0.14
0.0 0.0 /
o0 o2 cor?\‘paliance Ie?/fl P o8 e 0 20 40 60 80 100
' compliance, (%)
theoretical control reproduction num- (p,r) combinations required for different
ber depending on r, p incidence goals

As long as S &~ N and the prevalence is small, R. is a good approximation for R
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Rebound ef

Outline

@ Rebounding incidence after NPIs
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Rebound effect

Rebound effect: motivation

ompliance

@
o . . . . .
H brief stagnation of incidence after in-
- A - e
S
= T
~ » o v 5 ‘
R S e

Are people becoming complacent once an intervention shows an effect?
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Rebound effect

Rebound effect: motivation

h compliance

@
o . . . . .
H brief stagnation of incidence after in-
- A - e
S
= T
~ » o v 5
R S e

Are people becoming complacent once an intervention shows an effect?
Not necessarily: transient drops of incidence despite R. > 1 are possible:
1. instantaneous drop of new infections

2. rotation in phase space

COVID19 in Germany June 22, 2021 14 /24
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Rebound effect

Rebound effect: explanation 1

following actual new infections
e consider simple model with uniform compliance

@ observe difference between new infections, new infectious individuals, and
new cases

Daily new infections Daily new infectious persons (incidence)

0.06{ — LE compartment ] 0.06{ — LE compartment

=== 3 E compartments —-== 3 E compartments

~~~~~ no E (pure SIR) =+ no E (pure SIR)
comparison: new cases

0.05 0.05

g g
s K]
g g
g 0.04 S 0.04
K k]
€ 003 £ 0.03
- =
g G
g
o002 20.02
S 0.01 p2T 0.01

0.00 0.00

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
time (d) time (d)

Ro =~ 1.5 (for 50 days)
intervention on day 50: decrease 3 by 256% — R.~ 1.125
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Rebound effect

Rebound effect: explanation 2

for heterogeneous population: rotation in phase space
@ before intervention: compliant fraction among infected individuals equals p
@ after intervention: noncompliant fraction among infected individuals rises

illustration at simple SIR model with compliance:
Sm = _(ﬁcmlc + ﬂnmln)sma Im = (/chlc + Bnmln)sm = vIm

linearization about DFE (pN, (1 — p)N, 0,0):

—acSele —anscln 0 —QcSep —anScp
0 —acsnle —ansnl, —acsn(l—p) —ansn(l—p)
BoN _
acScle + anscly 0 AcScp BoN AnScpP
0 acSnle + ansSnly, acsn(l—p)  ansn(l—p)— ﬂOLN
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Rebound effect

Rebound effect: explanation 2

for heterogeneous population: rotation in phase space

@ before intervention: compliant fraction among infected individuals equals p

@ after intervention: noncompliant fraction among infected individuals rises

illustration at simple SIR model with compliance:
Sm = _(ﬁcmlc + ﬂnmln)sma Im = (/chlc + Bnmln)sm - 'YIm
consider (with 8 = BoN):

facsep =7 Bseo . M1 =Blacsep+ (1= p) =7
(Bac(l—p) ﬂ(l—p)—v)’ EVal: Aa=—v<0

Re = (acsep + (1 — p))g >1 <= A1 >0 (NGM approach)

eigenvector for A1 in I.-I, plane: (scp,1 — p)T

J Fuhrmann, JH Meinke (IAM/JSC) COVID19 in Germany June 22, 2021
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Rebound ef

Rebound effect: explanation 2

for heterogeneous population: rotation in phase space
@ before intervention: compliant fraction among infected individuals equals p
@ after intervention: noncompliant fraction among infected individuals rises
illustration at simple SIR model with compliance:

Sm = _(chlc +ﬂnmln)57n7 Im = (/chlc + ﬂnmIn)Sm - 71m

Eigenvector for r = 0.25

p=02 Leading eigenvalue A§/A?, SIR
p=04 1.0
p=0.6
p=038
08 0.5
o
8
o € 0.0
H 206
2 g
g '§ -0.5
g
2 8
B -1.0
]
3
o
-15
0.0
H 0.0 0.2 0.4 0.6 0.8 1.0
T T T T compliance level, p
0.4 0.6 0.8 1.0

compliant
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Rebound effect

Rebound effect: explanation 2

for heterogeneous population: rotation in phase space
@ before intervention: compliant fraction among infected individuals equals p
@ after intervention: noncompliant fraction among infected individuals rises

illustration at simple SIR model with compliance:

Anteil noncompliant unter Infizierten, r = 0.25, SIR

1.0
rotation of solution vector to-
0.8 wards eigenvector for \;
0.6 /” plotted:
I,
0.4 In + Ic
0.2 .
N.B.: can occur even with R. =
0.0 RO 24
0 2 4 6 8 10 12 14 16 18

Zeit in Wochen
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Rebound effect
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