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What’s Bayesian updating?
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What’s a Bayesian network?




What’s a Bayesian network?




BN example: medical diagnhostics

Visit To Asia Smoking
visit 1.0 smoker 50.0 p—
no visit  99.0 non smoker 50.0
Tuberculosis Lung Cancer Bronchitis
present 1.04| present 550§ | present  45.0 mm
absent  99.0 ——— absent 945 absent 55.0
Tuberculosis or Cancer
true 6.48p8
false 03.5 m——
XRay Result Dyspnea
abnormal 110m . present 43.6 mm
normal 89.0 absent 56.4

Netica BBN Library




2014 Ebola outbreak

New York Times, 2014



Risk to wastewater workers?

wastewater treatment system
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HOSPITAL

need for assessment of risk to wastewater workers
need to understand risk mitigation options



Conceptual model
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Bayesian network model

(H emorrhage correction )——»( Concentration in patient waste (particles/mL) }-—( PCR correction)-( Inactivation study)
Patient
waste (Disease stateHPresence in hospital discharge )
(Disinfection method
v T
- (Hospital size (sqft) }——( Concentration in hospital discharge (particles/mL) Disinfection
Hospital e _ /‘—)_
{ Exposure time (min)
(_Number of EVD patients
{ WW treatment passed )
Wastewater )
Temperature of WW (C) —({ Concentration at exposure point (particles/mL) +— Time elapsed at worker (days)
treatment ¢ -
Worker distance from hospital (mi
system pital (m)
( % of WW from hospital at worker

¥
(Exposure dose (viral particles/day))-. ( Exposure volume (mL/day) )

Probability of illness
<1in 1011  81.6 [me——
<1in10*10 668§ | | |
<1in 10"9 5.03
<1in 10"8 3.18 )
<1in 10*"7 1.91
<1in 10"6 1.01
<1in 10*5 0.40
<1in 104 0.12
<1in 10"3 .037
<1in 10"2 0.01
<1in 10 .001 ;
>1in 10 0+| :

1.77e-6 £ 0.0004




Study Number of Ebola patients
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Highlight 1: hemorrhaging

Will the patient experience gastrointestinal
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hemorrhaging?

hemorrhaging
9
19
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1
48

Number with Gl Probability of GI
hemorrhaging

24.3%
4.1%
0.9%
25.0%
43.5%
2.3%
6.7%

Study
weight
1.8%
22.1%
31.8%
1.0%
1.1%
2.1%
40.2%



Highlight 1: hemorrhage correction

Hemorrhage correction

study 1 1.76
study 2 22.1
study 3 31.8
study 4 0.95
study 5 1.10
study 6 2.10

study 7 40.2 —
0.0467 + 0.057




Highlight 2: worker data

How do we specify worker’s exposure point?

WW treatment passed

pre tertiary  70.0
tertiary 30.0

0.7 + 0.46

Time elapsed at worker (days)
less than half 88.8 | —

uptol 6.76 . _ :
upto2 2.66 | Worker distance from hospital (rr;n)
greater than 2 176 § & i up to one 2.90 : Wl (e
0.262+0.52 o :O m’ 0 iig collection systemw orker  53.6
EE tg foruere 17.8 maintenance mechanics  21.9
% of WW from hospital at worker up to five 18.0 WW treatment operator 24.5
uptob 02.0 |— greater than five 35.2
up to 50 4.53
up to 95 2.61

greater than 95 0.87

0.0606 + 0.15




Highlight 2: worker data

WW treatment passed

pre tertiary  75.0
tertiary 25.0

0.75+0.43

Time elapsed at worker (days)
less than half 88.5 m—

uptol 6.50 . : :
up to 2 350 | i Worker distance from hospital (rm)
greater than 2 150 & & up to one 1.0 : Wl ek
0.269+0.53 P :o :\r/]vo 288 collection systemw orker 0
Eg tg fOLere 2'0 0 maintenance mechanics 100
% of WW from hospital at worker up to five 40.0 WW treatment operator 0
upto5 97.1 |—— greater than five 30.0
up to 50 1.70
up to 95 0.90

greater than 95 0.30

0.0375 + 0.087




Highlight 2: worker data

WW treatment passed

pre tertiary  98.1
tertiary 1.89

0.981 +0.14

Time elapsed at worker (days)
less than half 05.0 e —

uptol 5.00 : : :
upto 2 ol i : Worker distance from hospital (mi) \
greater than 2 o i & i up to one of i § i Work task
0.145+ 0.2 =l EO :‘r’]"o 103 —— collection systemworker ~ 92.4
Eg tg foLere ol i : maintenance mechanics ~ 7.55
% of WW from hospital at worker up to five 0 WW treatment operator 0
upto 5 70.0 | greater than five 0
up to 50 20.0
up to 95 10.0
greater than 95 0

0.135+0.21




Highlight 2: worker data

WW treatment passed

pre tertiary  98.1
tertiary 1.89

0.981 +0.14

Time elapsed at worker (days)
less than half 05.0 e —

uptol 5.00 . . :
up to 2 ol i : Worker distance from hospital (mi) \
greater than 2 0 § ¢ ¢ up to one 100 p— Work task
0.145+ 0.2 = :0 :‘r’]"o 8 : : collection systemworker ~ 92.4
Eg tg fOLere 0 maintenance mechanics 7.55
% of WW from hospital at worker up to five 0 WW treatment operator 0
upto5 0 greater than five 0
up to 50 0
up to 95 0
greater than 95 100
0.975




Highlight 3: outputs

How do we communicate risk results?

Probability of |Ilness

Probability of illness

<1in10M1 81.6
<1in10M0 6.68
<1 in 1079 5.02
<1 in 1078 3.18]
<1 in 107 1.91
<1 in 106 1.01
<1 in 10"5 0.40
<1lin10™ 0.12
<1 in 1073 .037
<1 in 102 0.01
<11in 10 .001
>11n 10 0+

<1in 10M1 0+
<1in 100 .002
<1in 109 .020
<1 in 10”8 0.18
<1 in 107 1.091]
<1in 106 4.25
<1in 10”75 11.2
<1in 10™4 20.4
<1 in 10”3 23.8
<1in 1072 20.9
<1in 10 13.7
>1 in 10 4.32

1.77e-6 + 0.00045

0.0326 £ 0.12




Concentration in patient waste (particles...

Work task

collection system worker
maintenance mechanics
WW treatment operator

53.6
21.9
24.5

Hemorrhage correction up to len2 26.7
study1 1.76 up :0 1581 igg [— PCR correction
Studyi2i822:1/ I ﬂp tg 131 11'8 —_ Oz Lol 12.3 oy Inactivation stud
study 3 31.8 up to 162 8 :,"9 = 0.001 to 0.01 27.3 p— 4 33
study4 0.95 i ] — 0.01 to 0.0398107 10.8 jum Study % ="
study 5  1.10 UP to 104 562 m 0.039810717 to 0.039810718 33.3 S{“ dy 5 oe [
study 6  2.10 Presence in hospital discharge UE t0 165 196 0.0398107 to 0.1 16.2 study -3 -
study 7 402 up to lel 21.0 [m— up to 166 042 0.0289 * 0.025
0.0467 * 0.057 up to 1e§ gg; — up to 167 0
up to le. .
up to le4 8.87 mm Lo0E 5000
_{ upto le5 8.36 mm
Disease state up to 1e6 8.31 mm
severe 33.0 up to 1e7 8.33 jmm Concentration in hospital discharge (par
non severe  67.0 pmm—m— | 509000 + 1700000 up to 1en6 59.1 Disinfection method
up to len5 132m bleach  25.0 jmdf Disinfection
up to lend 104m quats  25.0 none 25.0
up to len3 7.46m paa 25.0 mm low bleach 8.33 mm
B 7 up to len2 4.95 none 25.0 pm \ med bleach  8.33 mm
hiospitalisizellsqft up to lenl 3.00 high bleach  8.33 mm
HELCI00K 49,1 up to 1e0 151 low quats 8.33 mm
from 500k to 1000k~ 34.0 jmmm P - a :
over 1000k 16.8m up to lel 0.43 med quats 8.33 mm
up to le2 .009 high quats 8.33 mm
4.26e-5+ 1.9e-5 up to 1e3 0+ Exposure time (min " low paa 8.33 mm
up to le4 0+ two min 33.3 med paa 8.33 mm
Number of EVD patients up to 1e5 0 fifteen min ~ 33.3 high paa 8.33 mm
1 100 up to 1e6 0 thirty min~~ 33.3 jmm 0.284 +0.42
2 0+ up to le7 0
3 0+ 0.039 +0.71
10 0+
20 0+ WW treatment passed
30 0+ Temperature of WW (C) pre tertiary ~ 70.0
40 0+ up to 15C 28.0 Concentration at exposure point (particl... tertiary 30.0 L
50 0+ up to 16C 3.00p up to 1en9 324 0.7 + 0.46
60 0+ up to 17C 5.00 m up to 1en8 16.0
gg g + up to 18C 5.00 m up to len7 23.7 m— /
+ up to 19C 2.00 up to len6 10.6 mm - - -
90 0+ ug to 20C 5.00 m ug to 1en5 6.59 m % of WW from hospital at worker Worker distance from hospital (mi)
100 0+ up to 21C 5.00 m up to lend 467m upto5 92.0 Upjtojone 2.90
1+ 0.061 up to 22C 3.00 up to 1en3 3.06 0 up to 50 453 | P Ee 11.6 jum
up to 23C 3.00 up to en2 1.80 up to 95 2.61 up to three 14.5
up to 24C 5.00 m up to lenl 0.84 greater than 95 0.87 up to four 17.8 fm—m
up to 25C 6.00 up to 1e0 0.25 0.0606 £ 0.15 up tofive 18.0 jm—
up to 26C 8.00 jum up to lel 027 greater than five 35.2
up to 27C 11.0 up to le2 0+ \
up to 28C 4.00m up to 1e3 0+ Time elapsed at worker (days
up to 29C 1.0 up to led 0+ less than half 88.8
greater than 29C  6.00 m 3.18e84 + 2.2e90 uptol 6.76 1
0.46 £ 0.32 up to 2 2.66
— - greater than 2 1.76
Probability of illness 0.262 £ 0.52

<1in 10711
<1in 10710
<1in 1079
<1in 10”8
<1in 10"7
<1in 10”6
<1in 10"5
<1in 10"M4
<1in 10”3
<1in 1072
<1lin 10
>1in 10

81.6 —

6.68
5.02
3.18
1.91
1.01
0.40
0.12
.037
0.01
.001

0+

1.77e-6 + 0.00045
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Exposure volume (mL/day)

Exposure dose (viral particles/day
up to 1en10 81.4
up to 1en9 6.73
up to 1en8 5.08
up to len7 3.23
up to 1en6 1.95
up to len5 1.03
up to 1en4d 0.41
up to 1en3 0.13
up to 1en2 .038
up to lenl .010
up to 1e0 .001
up to lel 0+
up to 1e2 0+
up to 1e3 0+
greater than 1e3 0+
1.07e84 + 7.5e89

zero 35.7 mmm
daily inhalation 61.4 p—
ten seconds ingest  2.85
minute ingest .054

0.00192 + 0.013




Concentration in patient waste (particles...

PCR correction

Inactivation stud
study 1  33.3 mmm

0to 0.001 123 mm
0.001 to 0.01 27.3 p—
0.01 to 0.0398107 10.8 mm
0.039810717 to 0.039810718  33.3
0.0398107 to 0.1 16.2 pum

0.0289 + 0.025

Probability of iliness

<1lin 10711 0+
<1in 10710 .002
<1in 1079 .020

<1lin 1078 0.18
<1in 10"7 1.09
<1in 1076 4.25

<1lin 10”5 11.2
<lin 1074 20.4
<1in 1073 23.8
<1in 10”2 20.9

Disinfection method

bleach o[
quats ol |
paa 0

none 100

study 2 33.3 mmm
study 3 33.3 mmm

Disinfection

Exposure time (min
two min 33.3 mmm
fifteen min  33.3
thirty min 33.3 mm

none 100
low bleach
med bleach
high bleach
low quats
med quats
high quats
low paa
med paa
high paa

[X=X=X=k=Y=X=X=X=}

1+0

WW treatment passed |

pre tertiary 100 w
0

tertiary
1

% of WW from hospital at worker

Worker distance from hospital (mi)

upto5 of T 17
up to 50 ol | ||

7 up to 1en2 0.41
Hemorrhage correction 1D A 236k
studyl1 1.76
up to 1e0 7.97 mm
study 2 22.1 jmm
up to lel 18.8 —
study 3 31.8 p—— le2 245
study4 095 D :
up to 1e3 22.8 —
study 5 1.10
- - - up to led 17.0 p—
study 6  2.10 Presence in hospital discharge up to 1e5 5.05 m
studys/SEN40:2 up to lel 0 |1 up to 1e6 013
0.0467 + 0.057 up ;0 ieg 8 up to le7 0
up to 1e:
up to le4 243 5050 + 26000
up to 1e5 25.3
Disease state | | uptole6 25.2
severe 100% up to 1e7 25.2 Concentration in hospital discharge (par...
non severe 0 1540000 + 2700000 up to 1en6 058
up to len5 2.73n
up to lend 8.75 mm
up to 1en3 19.2 m—
H ital si f up to 1en2 24.3
ospitalisizel(sar ‘ up to lenl 22.4 n—
up to 500k 100
up to 1e0 16.3 —
from 500k to 1000k 0
up to lel 555 m
over 1000k of I || up to 162 0.12
6.18095€e-05 up to 163 0+
up to le4 0+
Number of EVD patients up to 1e5 0
1 100 up to 1e6 0
2 0+ up to le7 0
3 0+ 0.474 25
10 0+
20 0+
30 0+ Temperature of WW (C) |
40 0+ up to 15C 100 [e— Concentration at exposure point (particl...
50 0+ up to 16C 0 up to 1en9 0+
60 0+ up to 17C 0 up to 1en8 .006
70 0+ up to 18C 0 up to len7 .052
80 0+ up to 19C 0 up to 1en6 0.53
90 0+ up to 20C 0 up to len5 2.75m
100 0+ up to 21C 0 up to len4 8.79 mm
1+0.061 up to 22C 0 | ,| uptolen3 19.3 m—
up to 23C 0 up to 1len2 24.3
up to 24C 0 up to lenl 22.4 n—
up to 25C 0 up to 1e0 16.3 —
up to 26C 0 up to lel 5.53 m
up to 27C 0 up to 1e2 0.12
up to 28C 0 up to 1e3 0+
up to 29C 0 up to le4 0+
greater than 29C 0 9.25e86 + 3.7e91
0.0842

<1in 10 13.7
>1in 10 4.32
0.0326 +£0.12
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up to 95 of I
greater than 95 100

0.975

up to one 100
up to two 0
up to three 0
up to four 0 |
up to five 0
greater than five 0

Work task
collection system worker 100
maintenance mechanics 0
WW treatment operator 0

\ Time elapsed at worker (days)

less than half 100
0

uptol

up to 2 ol | |

greater than 2 o | |
0.1

Exposure dose (viral particles/day)
up to 1en10 0+
up to 1en9 .002
up to 1en8 .015
up to len7 0.15
up to 1en6 0.99
up to 1en5 201 ZerOExposure volume (mL/dfiy)‘
ﬂg Eg igﬂg %gg — daily inhalatiqn of | |
up to 1en2 23'9 ten seconds ingest ol | |
. minute ingest 100
up to lenl 21.2
up to 1e0 14.0 j— 0.35
up to lel 442m
up to 1e2 .093
up to 1e3 0+
greater than 1e3 0+
3.24e86 + 1.3e91
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Disease state

severe 0
non severe 100 .

Hospital size (sqft)

up to 500k 100 |—
from 500k to 1000k ol ¢ & i

over 1000k 0

6.18095e-05

Temperature of WW (C)

up to 15C
up to 16C
up to 17C
up to 18C
up to 19C
up to 20C
up to 21C
up to 22C
up to 23C
up to 24C
up to 25C
up to 26C
up to 27C
up to 28C
up to 29C
greater than 29C

0.0842

o
o
o

eNeoloNolNolNoNololololNolNolNoNelNe

Disinfection method
bleach O ¢ & @
quats 0
paa 0 Pl
none 100 |—
WW treatment passed

pre tertiary 100 §

tertiary O i & i

1
% of WW from hospital at worker
upto5 O [
up to 50 0
up to 95 O ¢ i i
greater than 95 100 |—
0.975

Exposure volume (mL/day)

zero 0

daily inhalation 0

ten seconds ingest 0

minute ingest 100
0.35




Results

median daily risk (no specifications) : 6.1x1012
(90% Cl 1.0x1012 -5.4x107)

median daily risk (worst-case scenario): 5.8x10*
(90% Cl 8.8x107—9.5x10?)

risk is greatest under ingestion scenarios

disinfection and dilution have substantial impacts
on risk



Decision support

Probability of illness

Disinfection method
bleach o & i i
guats 0
paa 100
none 0

>
Exposure time (min)
tw o min 0
fifteen min 100
thirty min 0

<1lin 1071 0+
<1in 10"10 .002
<1in 10"9 .020
<1in 10"8 0.18
<1in 1077 1.09]
<1in 10™6 4.25
<1in 1075 11.2
<1in 10"4 20.4
<1in 1073 23.8
<1in 1072 20.9
<1in 10 13.7
>11in 10 4.32
0.0326 + 0.12

Probability of illness

<1lin10M1 .015
<1in 100 0.13
<1in 1079 1.28]
<1in 1078 10.3
<1in 1077 31.1
<1in 10”6 23.3
<1in 1075 19.2
<1in 10™4 11.4
<1in 1073 3.20
<1in 10”2 .067
<1in 10 0+
>11in 10 0+

2.87e-5+0.00019




BN conclusions

Bayesian networks can incorporate many different
factors to estimate risk

can also detect key parameters affecting risk and
simulate scenarios and treatment effects

powerful decision support tool for risk managers

(for more — see Risk Analysis manuscript)
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