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© Immunocompromised and aged individuals,
© Link to antibiotic resistance due to high exposure levels to antibiotics,

@ Healthcare workers can act as super-spreaders just by contaminated hands.

48



Hospital-acquired (nosocomial) infections: a short overview
Existing models in the literature

A general stochastic framework

Quantities of Interest

Results

o

UNIVERSITY OF LEEDS
Nosocomial infections: a short overview

@ Particularly problematic are multi-drug resistant bacteria (MDRB). In Europe,

MDRB cause around 33,000 deaths per year, where around 75% of this burden
of disease is due to hospital-acquired infections.!

!Cassini et al. (2019) The Lancet Infectious Diseases, 19: 56-66.
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@ Particularly problematic are multi-drug resistant bacteria (MDRB). In Europe,
MDRB cause around 33,000 deaths per year, where around 75% of this burden
of disease is due to hospital-acquired infections.!

@ Control strategies usually implemented:

@ Isolation of infected patients (screening policies to detect them)
@ Specific protocols to improve hand-hygiene level HCWs,

© Patient cohorting,

@ Environmental cleaning of contaminated hospital wards,

@ Decolonization of colonized patients

!Cassini et al. (2019) The Lancet Infectious Diseases, 19: 56-66.
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@ Mathematical models have recently shown the potential to analyse these
outbreaks.

To assess the efficacy of each control strategy

To identify the most probable routes of spread for these infections

But we need to note:
Very small populations (5 — 100 patients & HCWs in a hospital ward)
Highly heterogeneous populations (healthy vs. immunocompromised
individuals, patients in different rooms, airflow dynamics affecting the
airborne spread in different ways at different rooms, patient cohorting,

isolation of individuals,...),

> Stochastic approaches
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Pelupessy et al. (2002)

Arrival/Discharge
endogenous
J l colonization

N

Arrival/Discharge

Noncolonized

cross-colonization Colonized
Patients

Patients

() =

Number of colonized patients at time t

@ Spontaneous colonization: «

@ Discharge of non-colonized: %
@ Cross-colonization: 2/(t)

N

@ Probability of colonized admitted
@ Discharge of colonized patients:

1 patient: g
da’

48



Hospital-acquired (nosocomial) infections: a short overview
Existing models in the literature

A general stochastic framework

Quantities of Interest

Resuite UNIVERSITY OF LEEDS
Models that explicitly incorporate HCWs

o

Austin et al., Cooper et al. (1999), Chamchod & Ruan (2012), Artalejo (2014)

Arrival/Discharge Arrival/Discharge

vt bt

Noncolonized colonization Colonized
Patients Patients
AN
N/
7/
¥
. contamination .
Uncontaminated Contaminated
HCWs - HCWs
handwashing
@ N pati . N
N/p:tITn;S . Hew @ Patient-to-HCW contamination: 3’
o
ealthcare workers (HCWs) @ HCW-to-patient colonization: 8
@ Di i :
Discharge of patients: rate p @ Handwashing: rate 1/
@ Colonization probability of admitted . .
. @ Detection of each patient: v
patients: o
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Models that include additional agents. E.g., volunteers

o

Wang et al. (2011) @ N, patients
o N HCWs
Arrival/Discharge Arrival/Discharge Hew
i T @ Ny volunteers
@ Patients admission: A
Noncolonized colonization Colonized @ Admitted patients colonized
Patients X = Patients with probability ¢
\,: @ HCW-patient contact: Bpy
Uncontaminated | _OMeminasion / @ Volunteer-patient contact:

" Contaminated
HCWs Bpv

@ Hygienic level during contacts
for HCWs: n € (0,1)

HCWs

D ——
handwashing A

contamination

Uncontaminated Contaminated
Volunteers Volunteers @ Hygienic level during contacts
handwashing for volunteers: £ € (0,1)
@ HCWs hand-washing: vy @ Discharge of colonized pat.: d¢
@ Volunteers hand-washing: ~y @ Discharge of non-colonized pat.: dy
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Addressing other factors: environmental contamination

Wolkewitz et al. (2008)

@ N, patients
Arrival/Discharge Arrival/Discharge
/ v / Y @ Ny HCWs
l T l T @ N surfaces
Noncolonized colonization Colonized @ Discharge of colonized
Patients Patients patients: +/
-
\\/ s . @ Discharge of non-colonized
ONtaMINaNos at.:
Uncontaminated wntanuna{{or;'/ Contaminated P 'Y . -
HOWs <_ﬁ\f\ HOWSs ) Colo'nlzatlon probability of
handwaSh/mg\/\ admitted pat.: ¢
_ contamination ‘ @ HCW decontamination: p
Uncontaminated Contaminated @ Surf d S
Surfaces — Surfaces urface decontamination: K
decontamination
@ Staff-to-patient transmission: Ssp @ Patient-to-surface transmission: Spe
@ Patient-to-staff transmission: [ps @ Staff-to-surface transmission: (s
@ Surface-to-patient transmission: Sep @ Surface-to-patient transmission: Bes
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Incorporating room configuration

o

Lépez-Garcia (2016)

=
S
S
~

Room 2 Room &

@ 9 patients located among 4
different rooms

@ Patients in the same room
have transmission rate 8

@ Patients in different rooms
have transmission rate (3’

@ Patients are discharged with
rate v, and immediately
replaced by new ones

=y
Q
S
' ‘ 3
B
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Patient cohorting

Temime et al. (2009)

/J/
m

() (re) " B
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Airborne transmission: incorporating airflow dynamics

o

connecting corridor

|t [ | 4 Noakes & Sleigh (2009)
: v, - vl
cl : c2 c3
—_1> —1> B
LR » | 3b ot aih
2 q2h
P2 _ oyt 7
la 2a 3a : :
4| [ S Bu amin
7 v 7 Pm
bay 1 bay 2 bay 3

@ Patients are distributed among M different rooms, and pathogen spreads
through air. For 1 < i < M,

C; = "Pathogen concentration at ventilation zone i",
dc M M
Vi— = qili—QG—>_ BuCi+ > BiCi
dt
k=1 k=1
@ Each time (i1, ..., iy) changes = Compute steady-state concentration of

pathogen at each room
@ Infection rate of an individual at room j: 8; = f;(i1,...,im) 14 /48
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Arrival/Discharge Arrival/Discharge

contamma*{on /
HCWs
handwash/ ng
. contammatzon
Surfaces Surfaces
decontammatwn

= .
§ S S
~ |\cl4.:.>c2<-'r>03|

' v

Noncol
Patients

Room 2 Room 3

@Q
|
v
g
|
v
v
S
|
v |
v
g

bay 1 bay 2 bay 3
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@ pa iy, iy ..oy inr)

A1, dgs - ying)

pa(ty,d, ... inr)

- . (i1, 42, .- in) Qutbreak Detection

Xo(ir,d2,. i) and Declaration
@ iy o, -y ir)

Analin, iz, yiar)

@ Individuals are distributed among M different compartments
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A general stochastic framework

o

@ pr(in,da,. .oy iar) @
B
-

A1 (i, bz, .

i)
p2(i1, i, ... inr)
@ _ @ (i, iz, ... in) Qutbreak Detection
A2 (i1, d2,. ..y inm) and Declaration

par(in, gz, im)
Bk D
-
Ae(in,doy oo ying)

Individuals are distributed among M different compartments

At each compartment j, the number of individuals is constant, N;
Infection/Contamination of an individual at compartment i: \;(i1, io, . .., ipm)
Removal of an individual at compartment i: p;(i, i2, ..., ipm)

Detection of the outbreak: (i, ..., im)
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A general stochastic framework

@ pa iy, gy yinr)
B
-
Ar(in, d2, .y inr)

pa(it, i, ... inr)
@ - (i, i2,. .. in) Qutbreak Detection
Aa(i1,da, ... im) and Declaration

pag(iny iz, .- 5ing)
Ae(in,doy oo ying)
Continuous-time stochastic process: X = {(h(t), k(t),...,Im(t)): t >0}
@ (i1 iz, oshjsneyivg) = (s 2y oy ij 41,005 im), with rate Aj(i1, iz, - ., im)

o (fl,l'g,...,l'j,...,iM)*)(il,fg,...,ljfl,...,l'/\//), with rateuj(il,ig,,..,iM)
@ (i1, f2,.--,0j,...,im) — Detection, with rate §(i1, ia, ..., im)
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Model as in Pelupessy et al. (2002) | Equivalent representation in our fr k
1
Arrival/Discharge Arrival/Discharge 1 M=1, N =N
endogenous 1
colonization : I (11) )
T | a(in)
1 Detection
1
Noncoloni cross-colonizati Colonized 1 A1 (1)
Patients Patients !
\ ~
I(t) = Number of colonized patients at time t Ii(t) = Number of colonized patients at time t

e Each patient can be spontaneously colonized at rate «

e Cross-colonization occurs at rate 91—1\(,")

)\1(i1) = (% +a+ %l) (N1 — il)
p (i) = 520

8(i) =6

e Colonized patients are discharged at rate %
e Noncolonized patients are discharged at rate é

e New patient immediately arrives after discharge,

being colonized with probability ¢
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Repr ion in our fre k
M =2, Ny = Ny, Na = Nyew

Model as in Artalejo (2014)

|
|
I
|

Arrival/Discharge Arrival/Discharge |
, My 11,12)

J I |
| NG
! i1,12) ]
. . 1 ! 11’ 12) Outbneak Detection
Non-colonized colonization Colonized 4 Declarati
Patients - . Patients p,2 i1, 12 an celaration
b @ @
%
N
PN Aa (i1, i2)
U inated contamination Contaminated I,(t) = Number of colonized patients at time t
HCWs -~ HCWs I>(t) = Number of contaminated HCWs at time t
handwashing ' o X o .

' M(inyiz) = (op + Big) (N1 —idy)  pa(in,iz) = (1 — o)piy
! A2 (i1,i2) = B'iy(Na — ia) po(iy,in) = p'is
|
|

(i1, i2) =iy
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in our fre k*

dati

»,
Repr

3. N1 =Np, N2 = Nycw, N3 = Ny

Model as in Wang et al. (2011)

(i, 2, i3)

|

Arrival/Discharge Arrival/Discharge A (i1, g, i3)

ettty 6(”’12’7'3) Outbreak Detection
—_—
and Declaration
O

@C\@@%

Non—cqlonized colonization Colam’zed ol
Patients _ Patients 2(i1, 12, 13)
N o
Vi (i1, iz, i3
U PR contaminaiion
HCWs ‘T\—\ A3 (i1, 2, 13)
andwashing Ii(t) = Number of colonized patients at time t
v B contamination Ix(t) = Number of contaminated HCWs at time t
I I3(t) = Number of contaminated volunteers at time t
V
handwashi PP — . _ . .
andwashing A (i, iz, i3) = ('N—P'lﬂpmz + lvfﬂpvz;; + ﬁuw)(Nl —iy)

Na(ivsia,is) = K2 Bpuir(Na —iz)  p(in,iz, is) = dcir (1 - @)
A3 (i1, iz, i3) = lN__‘SﬂPVil(NJI —i3)  pa(in,ie,iz) = yHiz

palin, iz, iz) = iz 3(inyiz, i) =0

*Immediate arrival assumed (A — 00)
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Repr tation in our fr k

M =3, Ny =N,, Ny =N,, N3 =N,
@ m(ihiz,ia)@
1(i1,i2,43)
fulbatate) d(i1,42,13) Qutbreak Detection
and Declaration

Model as in Wolkewitz et al. (2008)

Arrival/Discharge Arrival/Discharge

|

bt A
Non-colonized colonization Colonized —
Patients Patients e
N Aa(in, iz, i3)
-

U ..o\  contaminaiion / Ma@
Y
Hows handwash/s'i}g_\ . Aoz, i2,3a)
. /\/\\ I,(t) = Number of colonized patients at time t
Uncontaminated contamination Contaminated Ir(t) = Number of contaminated HCWs at time t
Surfaces D — Surfaces I3(t) = Number of contaminated surfaces at time t
iy izis) = (70 -+ 52 + 52 ) (M — i)

e 4 %) (Ng — i) pia(in, iz, i) = iy

= ki3 8 (in,d2,13) =0

)=
Ao(i1, i, i) = (i'ff;:’ + %) (N —iz)  pa(irsiz,iz) =" (1 — o)
A3 (i1, i2, 3) (

)

(i iz, iy
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Representation in our framework™

M=4,N,=3,N;=22<i<4

@ (i1, 02,43, 14) @

A1 (i1, 42,13, 1)

Hospital ward room configuration from
Lépez-Garcia (2016)

Bl
g
3
~

Room 2 Room 3 :
paliny iz, iz, ia)
T
-
Ay (i1, 42,13, 14)

I;(t) = Number of colonized patients at room j at timet, 1 <j <4

0(i1,i2,43,14) OQutbreak Detection
and Declaration

*Discharge and arrival of patients considered, instead of recovery

= v = discharge rate pc = probability of ad of col d patient
E . (i iay i, ia) =v(1—pe)ij, 1 <j <4 (i1, iz, 03,94) = 0
I Aj(i1,d2,i3,14) = (Vpc + Bpr kgvlk + Bsrij + A) (Nj—i5),1<j<4
I J
I
I
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Hospital ward contact network from Temime et al. (2009) :
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O,
()

Ii(t)

Ii44(t)
Isyk(t)
T (t)

Repr tation in our fr k

M=11,N,=21<i<4,N;=15<j<11

pa (i iz, sin) @
- .
A1 (i, dg, - -y dn)

d(i1, iz, .. in) Qutbreak Detection
and Declaration

pn(iny iz, . yin) @
A —

An(ity i, ... in)
Number (0, 1 or 2) of colonized patients treated by AP1; at
timet, 1<i<4
Number (0 or 1) of contaminated AP1; at time t, 1 < j <4
Number (0 or 1) of contaminated AP2y. at time t, 1 <k <2

Number (0 or 1) of contaminated Peri at time t
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Epidemics on networks

)\

M=NN=11<i<M
'Yh ,321 52
3

@ pa(inyiz, ... iar) @
A(in iz, .- yiar)
A M M2 i1,d2,.. ., dar)
/ (ir i, in) )
ﬂll{ ——————Detection

/\2 (i1,d2,- -5 im)
@ Har 111121---1“\1)

Aa(ins iz, .o ing)

/\3

W-1 () BN.N-1

AN-1 ﬁ,w
/’
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Equivalent representation in our framework

Model as in Noakes € Sleigh (2009)

1
1
connecting corridor : pa(iny iz, ..o yinr)
| ¢t | ¢ [ !
'cl ! <l> 'cZ ! PR 'c} ! ! i ;
yy : A ! yy ! Ai(in,da, - -y inr)
17
— — v —> v '
b N 2 N 3b :@ 2 (i1, 42, .., i0r)
— — —+>
4 : : | 8(in, iz, -y inr)
v M v : No(i1, i in) —— > Detection
la 2 3 , 2(21, %2, -+ M
1
L | L | L |
2 v v !
bay | bay 2 bay 3 ' mar(iny iz, .. iar)
1
C; = ‘“Pathogen concentration at ventilation zone i", 1 @
1
4G M M | M(iny iz, .o yiar)
ViW = qli— QG- BuC+Y BCe '
5 ah A1 (i1,eeeninr) qiy
3 ah A2 (i1,ee5inr) B
A2 = pv! . . =pV
Bm qly ! A (815eensing) qim
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A general stochastic framework

@ pa(it, iz, 5i0r)
Ar(in,d2, 5 iar)
#2 11,92, -, M)
@ (i, i2,. .. inr) Qutbreak Detection
A2(i1, 82, ., ar) and Declaration
@ pag(iny iz, - oo sing)
/\M 21 22 ZA[>
Continuous-time stochastic process: X = {(h(t), b(t),...,Im(t)): t >0}
@ (i, f2yeensidjyennyipg) = (i, i2y. ooy i+ 1,00, 0in), with rate Xj(it, i2, ..., im)
o (fl,l'g,...,l'j,.. IM)—>(11712,...,J'—1 IM) with rate /J,J(Il,ig,...,iM)

@ (i1, f2,...,0j,...,im) — Detection, with rate §(i1, i, ..., im)
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o

Quantities of interest

Reproductive number of an individual at compartment j:
RY) = Number of infections caused by an infective individual located at compartment j

until detection of the outbreak or removal of this individual

Reproductive number of an individual at compartment j among individuals at
compartment k:

M
RU) = Z RU)(k), RU)(k) = Number of infections caused by an infective individual
k=1

located at compartment j, among individuals at compartment k,
until detection of the outbreak or removal of this individual
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The analysis of these random variables is carried out in terms of a first-step argument:

vl = BRY =0 [ (10, (@) = (i), n >0,

30/48



ﬁ

UNIVERSITY OF LEEDS
Quantities of interest: first-step argument

The analysis of these random variables is carried out in terms of a first-step argument:

vl = BRY =0 [ (10, (@) = (i), n >0,

k=1, k7, if >0
M

+ D (M- lk)((Ak + Z Bicir + Bjx(ij — )P

(G i1, i
k=1, i <N =1, 1] 1ok M

FasoBirl (= D) + g+ 80 ihao, 10,
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Quantities of interest: first-step argument

The analysis of these random variables is carried out in terms of a first-step argument:

v ) = BRY =0 (h(0), - () = (it in)s 020,
) i
0 ud j 0
Oty inn) (i ing) () _ E,Muk"w(q ,,,,, =1, i) M TG = D i)
=
M M B
LD DI R T (YR ST R U R )
k=1, T < 1=1 14 T
FasoBirl) i (0= D)+ 5+ 5o, 120,

M
Ois,....ig) = O(i1, 2, - - - 5 i) +J§1(Mj(i1, iy oosip) + Ny 2y ooy im))

M
System of linear equations: [](N; + 1) equations per each value of n >0
j=1
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Average outbreak detection time
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Quantities of Interest
Results

Respiratory Intensive Care Unit at Beijing Tongren Hospital

Arrival/Discharge
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Reproduction number of a patient
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Reproduction number of a HCW
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Results

Onco-haematological unit at UMC in Germany
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Airborne transmission: incorporating airflow dynamics

o

Noakes & Sleigh (2009), Lépez-Garcia & King & Noakes (2019)

connecting corridor

| 4 [ | ¢
g PoTel 4 'j‘”'”‘] Infection spread dynamics in each zone:
Ib *’7—’ 2b 7_’ﬁ* 3b i -
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr @ i DETECTED
la 2 3a Ailins . yia)
4 P 4
v LI LI 2
bay 1 bay 2 bay 3
Patients are distributed among M different zones, and pathogen spreads through air.
If one has (h, I, ..., Iym) infective individuals in each zone at any time, the
concentration of pathogen in the air among the different zones can be modelled as
dCi(t) M M .
% = ali—QG(t) = > BuCi(t)+ > BuCu(t), 1<i<M
dt
k=1 k=1
Ci(t) = Pathogen concentration at ventilation zone i, 1<i< M
V; = Volume of zonei, 1<i<M
g = generation rate of infectious quanta per infected individual,
Q; = extract ventilation rate in zone i, 1<i< M,

M M
and > BiC; and > Bk Cx represent pathogen spread between zones k and i.
k=1 k=1
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Infection spread dynamics in each zone:

By assuming steady-state conditions for the concentration of pathogen in the air
between infection dynamics events, one gets

Al(il,...,iM) qi1
Xa(is -y im) qi2
. = pv'| . |,
Am(iny - ey im) qim
where p is the pulmonary rate of individuals in the ward, and V is the ventilation
matrix
Qo1+ > Bk —fB21 cee o =PBm-1 —Bm
k
—PB12 Qo2+ Pok - —Pm-1,2 —Bm2
k
vV = —B13 —f23 cee —Bm-13 —Bums3
—Bim —Bam cor o =Bu-im Qom + ; Bumk
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Comparing between ventilation regimes

Setting A Setting B

| @‘cllflagj::g chIB@"_’QJ fm@‘
v $ vl
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Summary statistic: number of infections until detection

o

Number of infections in the ward until detection of the outbreak,

P(i,..., iM)(n) = P(R=n|(h(0),....Im(0)) = (ir,.-.sim)), n2>0, any(ir,...,im).

One can analytically (and exactly) compute this distribution by solving a (finite)
system of linear equations

M M
piln) > (WO = i)+ (5 +6)i) = > (kb ey ()
j=1 k=1

X (Ne = k)i oy (n = 1)),

for all n > 0, and any possible i = (i1, ..., im).
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Detection dominates ventilation

n
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Interplay between ventilation and location of individual starting the outbreak
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Decreasing hospital ward infection spread risk might increase risk at specific bays

Setting A

Setting D Setting E
T T P & e
L@ S A YOS o Yo'y @‘; ‘@ el o0 o 9®q > vle @ ;‘@ el (170 Bl @ e
[ ot 9 9 i 9 G q ‘ ! q 9 :
= G ! 0 o) 0 ' ® ®
= 0 | 0 »® a2 @ ‘ »® »0 ' [ »®
N ‘ . . ! 9 9 9 | ! 15 15
9 | 9 E) 1 9 JI 9
16 ng g ® ug B ° ®
1 It It 1l 1l 1 t t
bay | ¥ bay2 ¥ bay 3 ¥1 bay 1 ¥ bay2 IV bay3 I¥ bay 1 | bay2 |

R = R(1)+R(2)+R(3)

Regime | E[R] | E[R())] | E[RQ)] | E[R(3)]
A 5.01 | 2.65 1.34 1.02
D 5.20 | 2.56 1.47 1.17
E 486 | 2.69 1.25 0.92

Mean values of E[R], E[R(1)], E[R(2)], and E[R(3)], for 6—* = 48h and
ventilation settings A, D, and E; initially infective individual in zone 1a
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