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The last of these four presentations on
wastewater use in agriculture is concerned
with the protection of human health.

The WHO 2006 guidelines
for wastewater use in
agriculture

[ Based on a tolerable additional
disease burden of <105 DALY loss per
person per year (pppy)

[DALY = disability-adjusted life year]

U No guideline values for viral, bacterial
or protozoan pathogens, only for
helminth eggs

The 2006 Guidelines of the World Health
Organization are based on a ‘tolerable
additional disease burden’ of no more than
10°® DALY loss per person per year,
where DALY stands for disability-
adjusted life year, and we’ll come to this
in a moment.

The new WHO Guidelines don’t contain
any guideline values for viral, bacterial or
protozoan pathogens, only for helminth

eggs.

<107°% DALY loss pppy

« Used by WHO in its 2004 Guidelines for
Drinking Water Quality

« Extremely ‘safe’ as people expect their
drinking water to be extremely safe

« Same level of health protection applied
to wastewater-irrigated food, as people
expect the food they eat to be as safe
as the water they drink

This ‘tolerable additional disease burden’
of no more than 10 °® DALY loss per
person per year was used by WHO in the
2004 edition of its Guidelines for Drinking
Water Quality, and it’s extremely ‘safe’ as
people expect their drinking water to be
extremely safe.

This same level of health protection is
applied to wastewater-irrigated foods as
people expect the food they eat to be as
safe as the water they drink.

<10-¢ DALY loss pppy

What does it mean?

1 DALY loss = 1 year of iliness or 1 year
lost due to premature death

[If a child of 3 dies due to a disease, the DALY loss caused by
the disease = (70 - 3) = 67 years (where 70 = life expectancy)]

OK, but what does a 10 ® DALY loss per
person per year actually mean?

Well, a 1 DALY loss equals 1 year of
major illness or 1 year lost due to
premature death. For example, if a child
of 3 dies due to some disease, then the
DALY loss caused by that disease is 70
minus 3, or 67 years, where 70 is the
child’s life expectancy.




<10-¢ DALY loss pppy

What does it mean?

1 DALY loss = 1 year of illness or 1 year
lost due to premature death

[If a child of 3 dies due to a disease, the DALY loss caused by
the disease = (70 - 3) = 67 years (where 70 = life expectancy)]

1078 DALY loss pppy = (365 x 24 x 60 x 60) x
1078 = 32 ‘DALseconds’ pppy - i.e., you're
“jllI” for 32 seconds a year!

Now, 10 ® DALY loss per person per year
equals (365 x 24 x 60 x 60), that’s the
number of secondsin ayear, x 10", which
isaloss of about 32 disability-adjusted life
seconds, or ‘DALseconds’, per person per
year. So, it’s OK if you’re ill for 32
seconds a year.

<10°¢ DALY loss pppy

What does it mean?

1 DALY loss = 1 year of iliness or 1 year
lost due to premature death

[If a child of 3 dies due to a disease, the DALY loss caused by
the disease = (70 - 3) = 67 years (where 70 = life expectancy)]

Actually DALYs should be applied only to
populations, not individuals. So it’s really
a tolerable additional disease burden of

1 DALY loss per million population per year

In point of fact, DALY losses should only
be applied to populations, and not to
individuals; so really this 10°® DALY loss
per person per year is realy a tolerable
disease burden of 1 DALY loss per
million people per year.

Conversion of 1076 DALY loss pppy
to risk of infection pppy

Tolerable disease risk pppy
_ Tolerable DALY loss pppy
DALY loss per case

Tolerable infection risk pppy
_ Tolerable disease risk pppy
~  Diseaselinfection ratio «— 0-1

Now we have to convert this 10 ° DALY
loss per person per year to something we
can use. First we determine the tolerable
disease risk by dividing the 10°® DALY
loss per person per year by the DALY loss
per case of the disease in question; and
then we calculate the tolerable infection
risk by dividing the tolerable disease risk
that we’ve just determined by the
disease/infection ratio, which is some-
where between 0 and 1, as not everybody
who is infected becomesiill.

DALY losses, disease risks, diseasefinfection ratios and tolerable infection
risks for rotavi and idlii

DALY luss  Disewserisk  Disease/ Telerable
per caseof  pppy equivalent infection _infection
disease” to 10 “DALY ratio  risk pppy*
Inss pppy
LARST oos'
@nc 2ex0?! 3Rx107 oos'  77x107
46x10° 22x10* 07 31x10t
15% 107 67x10 03 22 %107

Pathogen

Rotavirus: (IPIC° 14%10° Lax16?

rd Melse [2003)

This table lists the index pathogens used:
rotavirus, the bacterium Campylobacter,
and Cryptosporidium, a protozoon. The
table also gives the DALY loss per case of
disease caused by them; this can be
thought of the disease ‘cost” in DALYs
per disease episode. There’s a dlight
difference in rotavirus ‘costs’ in
industrialized and developing counties, but
not for the other two.

The table gives, for each pathogen, the
tolerable disease risk per person per year
[‘pppy’] for the 10° DALY loss per
person per year; the disease/infection ratio;
and the resulting tolerable infection risk
per person per year, using the equations on
the previous slide.




DALY losses, disease risks, diseasefinfection rafios and tolerable infection
risks for it and it

9 - DALY loss Dumen:k ])lsuu/ '!'nlu':_hle
Bima s smalie Rl b,
Rotavirus: (DIC 14X 1067 7-1::$ 60! Laxw? The% Val ues te” us that a I’eaS()nab|e
il Hap o B e desian risk f irus di is10?
el A A esign risk for rotavirus Isease is 10 per
person per year, and for rotavirus infection
risk 10> per person per year.
ROTAVIRUS
“Design” value of tolerable disease risk: 10~* pppy
“Design” value of tolerable infection risk: 10-2 pppy
4 However, this design rotavirus disease risk
iIsease sk o102 ooy — -
10 2l dw{ ﬁw—l‘ﬂ 107 BRRY. of 10 per person per year is extremely
. IBH=2 8l fCatRIoNS cautious, given the much, much higher
Biarrthoealdisease(B)incidence pppyini2000; actual incidence of diarrhoeal di SEasE,
B — which in the world as a whole is 0.4 per
o A oges |In 04 year cids In 60 yerr olds person per _Xear for the over-fives. That’s
countries roughly 10 ~ per person per year, SO our
Developing 0.8-13 2.4-5.2 0.4-0.6 ¢ g , . . . 4
o — - — design’ rotavirus disease risk of 10~ per
average person per year is some three orders of
magnitude lower than the actual incidence
of diarrhoeal disease in the world today.
11 The real question is: Now, the redl quetion is nat how mery
: + Not how many pathogens and/or E. coli m;hms o E adi ae Fﬁ'rrittml in the
permitted per 100 ml of treated .
wastewater (the 1989 WHO approach) trested Wedeneter (thS wes the Jx cech
+ But how many pathogens can be adoted in the 19890 WHO Quddines),
ingested without exceeding the but how bei o
tolerable rotavirus infection risk of - may mm &= 'rﬁ
10- pppy (i.e., 10 DALY loss pppy)? without exaseding the tdedde raavirus
* Pathogens in raw wastewater reduced : ; ; —3
by (a) treatment and (b) post-treatment, infection risk pf 10 per person per year.
but pre-ingestion, health-protection Pathogens in the raw wastewater are
trol ..
sl st reduced by treatment, but also, and this is
very important, by post-treatment health-
protection control measures.
12 Health-protection control measures These hedth-pratedtion contrd mesaures,

For unrestricted irrigation: ¢

- b
1. Wastewater treatment /i

/ E‘ s <
2. Method of wastewater ﬁ& N
application ‘ L
3. Die-off between last (S
irrigation and consumption

4. Food preparation
{washing/disinfection/ peeling/cooking)

goat fromwedendea trestmat, ae the
nmethod of wedtenater godication, adthis
rdfas goadficdly to drip irrigdion the
pethogen dedf thet coours bawean the
lad imgation and coaunptiaoy and how
food thet isesten unoodked, auch ssdads
ad sorevaeddles isprgoared adthis
indudess weding with deen wae,
disinfecting, and peeling.




13.

14.

So the key question is:

What is the total log unit pathogen
reduction required, so that the tolerable
rotavirus infection risk of 107 per
person per year isnot exceeded?

and the answer comes from QMRA,
guantitative microbial risk analysis.
Ideally it should come from epidemi-
ological data, but we don’t have sufficient
good-quality datato allow usto do this.

15.

Example calculation

Assume:
1. 5000 rotaviruses/litre raw wastewater

2. 10 ml of treated w’w remaining on 100 g
lettuce after irrigation

3. 100 g lettuce eaten per person every 2 d

Dose drotaviruses = no. of rotaviruses on
100 g lettuce at time of consumption

WEIl now illudrate the QVIRA goarcech
by neas d an exade s o
cdadaias Hrd wehaveto neke sone
reasonable assumptions — for example,
let’s assume that the raw wastewater
contains 5000 rotaviruses per litre; that 10
ml of treated wastewater remain on 100 g
of lettuce after irrigation; and that people
eat 100 g of lettuce every second day.

The pathogen dose d in the QMRA
equations is, in this case, the number of
rotaviruses on 100 g of lettuce at the time
of consumption.

16.

Determine d by QMRA

1. Risk of infection per exposure event - P|(d):
P((d) = 1- (1 -1073)1113652)] = 5,5 x 10~

2. B-Poisson dose-response model:

d={[1 - 5.5 x 10-6]-1/0.253 — 1}/{6,17 (2110253 — 1)}

= 5 x 1073 rotaviruses per exposure

3. The required no. of rotaviruses is 5 x 10™3
per 10 ml (vol. on lettuce) = 5 x 10-3 per litre

So we have to determine d by QMRA and
we do thisasfollows:

We know Pya)(d), the annual risk of
infection from n exposures per year to the
pathogen dose d, because this is the
tolerable rotavirus infection risk of 1073
per person per year; and n is 365/2 as
people eat wastewater-irrigated lettuce
every second day.

So we can calculate, as shown in the first
equation on the dide, that P(d), an

Note: the audio recording says “... the | individual’s risk of infection from a single
pathogen dose to the pathogen dose d, | exposure to the pathogen dose d, is 5.5 x
is 5.5 x 10, but it should be “5.5 x | 10°®,

10 ® (as shown in the slide). We now use the B-Poisson dose-




response model to calculate d for this
value of P,(d) and, as shown on the dlide, d
is 5 x 107 rotaviruses, and this is the
number of rotaviruses per 10 ml (the
volume of treated wastewater remaining
on 100 g of lettuce), or 5 x 102 rota-
viruses per litre.

QMRA, continued

17.
4. 5000 rotaviruses per | raw wastewater, SO, thare are 5000 raaviruses per litre of
and § x 10" per | just before rav wegenater ad 5 x 10°° per litrejugt
ti . .
i e befare comuntian; tharefare therequired
5. So the required log unit reduction ; ; .
E Iog(5000()‘— log(5 . 03) log unit reduction |§ B
=3.7-(-27)=6 log(5000) — log(5 x 10 ©)
which equals 6.
Now the eove s o cdaddias usd
18. Monte Cario simulations “fixed parargea vdues - far exanpde

G === i

Instead of single ‘fixed’ parameter values, use a
range of values for each parameter in 10,000-trial
Monte Carlo simulations of infection risks
associated with wastewater reuse for:

= Lettuce consumption (unrestricted irrigation)

= Involuntary soil ingestion (restricted irrigation)

exadly 10 m of wedendter rareining an
10 g d ldtuce dtea irrigetion But redly
we can't be 0 agtarn it mgt bealittle
more or alittle less, or even alot more or a
lot less.

To overcome this ‘uncertainty’ we can
assign a range of reasonable values to
each parameter, so we could say, for
example, that somewhere between 10 and
15 ml of wastewater remains on 100 g of
lettuce after irrigation. We assign a range
of values for each parameter in the QMRA
equations, athough we can assign a
‘fixed’” value to any particular parameter if
we want to — for example, everyone eats
essentially exactly 100 g of lettuce every 2
days.

We then use a computer program that
randomly selects a value for each
parameter from within the range specified
for it, and it then calculates the resulting
risk per person per year. It then repeats
this single calculation for atotal of usually
10,000 times, and caculates median
infection risks, or 95-percentile risks, or
whatever we want. This reiteration is
called a multi-trial, in our case a 10,000-
trial, Monte Carlo simulation, and in our
case it’s a simulation of the health risks
associated with wastewater irrigation.




Monte Carlo simulations

e e @

Instead of single ‘fixed’ parameter values, use a
range of values for each parameter in 10,000-trial
Monte Carlo simulations of infection risks
associated with wastewater reuse for:

= Lettuce consumption (unrestricted irrigation)

= Involuntary soil ingestion (restricted irrigation)

[Slide repeated for convenience]

In the work we did here in Leeds, with
colleagues from the London School of
Hygiene and Tropical Medicine, we con-
sidered both ‘restricted’ and ‘unrestricted’
irrigation. Restricted irrigation is the
term used for the irrigation of al crops
except salad crops and vegetables that may
be eaten uncooked, such as cabbage,
carrots and onions, and unrestricted
irrigation is used for the irrigation of
everything including salad crops and
vegetables that may be eaten uncooked.

We used two exposure scenarios. lettuce
consumption for unrestricted irrigation;
this scenario had been developed in the
mid-1990s by Professor Shuval of the
Hebrew University of Jerusalem, and we
extended it a little by including a root
crop, onions.

For restricted irrigation we developed
the scenario of ‘involuntary  soil
ingestion’. People working in wastewater-
irrigated fields inevitably get some
contaminated soil on their fingers and
from time to time, and without thinking
about it, they put a finger or two on their
lips or in their mouth and some of the soil
particles from their fingers are ingested as
aresult.

19.

MC-simulated risks for Shuval's
lettuce consumption scenario

Assumptions:

» 100 g lettuce eaten per person per 2 days

» 10-15 ml wastewater remaining on 100 g lettuce after
irrigation

> 0.1-1 rotavirus and Campylobacter, and 0.01-0.1
Cryptosporidium oocyst, per 105 E. coli

»1072-1073 rotavirus and Campylobacter die-off, and
0-0.1 oocyst die-off, between harvest and consumption
>ID50 = 6.7 £ 25% and a = 0.253 * 25% for rotavirus;
ID50 = 896 + 25% and a = 0.145 % 25% for Campyio-
bacter; and r=0.0042 £ 25% for Cryptosporidium

S, fird, uretridd irriggtion, ad the
dide dons the range d vaues we dose
faa eech pagarda in the QVIRA
caculations. There was one fixed value,
100 g of lettuce per person per 2 days, and
the range of values for the others was
10-15 ml of wastewater remaining on 100
g lettuce after irrigation; for every 10° E.
coli in the wastewater there were 0.1-1
rotavirus and Campylobacter, and
0.01-0.1 Cryptosporidium oocyst; there
was a die-off between harvest (actually the
last irrigation) and consumption of
10%-10° for rotavirus and Campylo-
bacter, and 0-0.1 for the oocysts; and
findly we alowed the ‘pathogen
constants’ in the dose-response equations
to vary by £25%.




20.

Lettuce consumption

Wastewater Median infection risk per person per year

quality
(E. coll per 100 ml) [ Cryptosp

107-108 0.9 0.28 0.50

108-107 0.65 6.3% 102 6.3 % 102

10%-108 9.7 x 102 24 %107 6.3 x 103

104-108 9.6 103 2.6x 104 6.8 x 104

10°-10¢ 1.0x 103 2.6 x 10 3.1x%x10°

108 2.0x10% 5.6x10° 1.4 105

100-1000 8.6x10% 31%10°8 6.4 X 10 &

10-100 8.0x 106 31 %107 6.7 x107

1-10 1.0 x 108 3.0x10° 7.0 x 10

Thee ae the realts o the 10,000+rial
Monte Carlo simulations for the lettuce
consumption scenario. We calculated
median infection risks for the three index
pathogens for various wastewater
qualities, defined as single-log ranges of
E. coli numbers per 100 ml. Thus 10’—10°
E. coli per 100 ml represents untreated
wastewater and, at the other extreme, 1-10
per 100 ml is getting close,
bacteriologically speaking, to drinking
water.

As you can see in the table on the dlide,
for awastewater quality of 10°-10* E. coli
per 100 ml the resulting median rotavirus
infection risk is 10 per person per year,
which is the design value that relates back
to the 10 ® DALY loss per person per year.
And it’s good to note that the
corresponding risks for Campylobacter
and Cryptosporidium are two orders-of-
magnitude lower.

The table also confirms that the risks
from using untreated wastewater are very
high, practicaly a certainty for rotavirus
infection, and not much lower for the other
two. The table also tells us that it’s not
really worth irrigating with a wastewater
of better quality than 10°-10* E. coli per
100 ml as the resulting median infection
risks are much lower than 10 > per person
per year.

21.

Unrestricted irrigation: required rotavirus reductions
for various levels of tolerable risk of rotavirus infection
from the consumption of wastewater-irrigated
lettuce and onions estimated by
10,000-trial Monte Carlo simulations*

Tolerable level of
rotavirus Infection risk
{per person per year)

Corresponding required
level of rotavirus
reduction (log units)
Leftuce Onions

102 B 8
1073 (] 7
107 7 8

en per person per 2 days; 10-15 ml and 1-5 ml

ion on 100 g lettuce and 100 g onions,
per 105 E. coll for lettuce and onions,
and a = 0.253 + 25%, NO DIE-QFF.

Thisdidegvesthereadtsd MateCalo
nk dmidiastha waedoetherevase
way to those on the previous dide — that is
to say, we fixed the rotavirus infection risk
at 102 103 and 10 per person per year
and then, for each of these values, the
computer program determined the required
rotavirus reduction in log units. In this
case no die-off between the last irrigation
and consumption was considered and the
footnote to the table gives the ranges of
parameter values that we used for both
lettuce and, as aroot crop, onions.

The table shows that, for the design
rotavirus infection risk of 10~ per person
per year, we need to get a 6-log unit
reduction for lettuce and 7 for onions.
These are the total reductions from raw
wastewater to consumption.




Gang bedk to the previcus_siida we can
22_ WZS::‘I'I‘;"’ Median infection risk per person per year E tm to w t()_stre (Eg] rda/lrl’s
(€. coll per 100 m) camey o infection risk of 10 ° per person per year,
107-108 0.99 0.28 0.50 . .
— we need to have a 4-log unit reduction by
o erews | 2ex00 | esxos treatment; that is to say from 10'-10° E.
EEEE coli per 100 ml to 10*-10" per 100 ml.
10104 1.0 x 102 2.6 %10 3.1 x10-% .
T 2oxior | sexios | raxios But the assumptions we made for these
4-og unit reduction by treatment, plus 2-3-log unit M onte Carl O-QM RA Cal CU| at| ons
reduction due to die-off (part of QMRA assumptions) . . .
- i.e., a total reduction of 6=7 log units incl Udaj, for rotavirus, a 2-3 |Og unit
I I . .
reduction due to die-off between the last
irrigation and consumption. Therefore the
total log unit reduction required is 4 from
treatment plus 2—3 from die-off — that is,
6-7 log units.
2 3 . ‘Control measurs (T.:‘&g;‘s:) Notes ) ] )

ATt In pant o fad, dedf is jut ae o
several post-treatment  health-protection
control measures. This table lists all these
and the log unit pathogen reduction
achieved by each of them.

24. | 00
P || e e et e The point is that there hasto be atotal 6-7
1 6 ‘_‘, t|°t" °ft log unit reduction which is partialy
o R B achieved by treatment, with the balance
oa 1] required for RV o
win [ infection risk of [ | Made up by some combination of post-
i 10 pppy || treatment control measures,
b like the exandes S0 hae ad it’s
o5 e [ woth dresng that thee ae aily

Unrestricted Irrigation

M T - Treatmen; —]DO - Die-of;  [F]W - Washing of produce
[£] D1 - Drip Irrigation, (I1 = ITigh Crops; L = Low Crops);

Examples of combinations of health-based control measuresl

examples. One of these combinations, the
one on the far left, for root crops like
onions, is a 4 log unit reduction by
treatment, 2 due to die-off and 1 due to
produce washing in clean water. Really
the design engineer can choose any
combination he or she chooses, and the
ones shown here are not the only ones, nor
necessarily the most common ones. You
design, you choose!




Patngons W
26. il | The Cdifamnias dhoseto gt the required
AllgEtE g 67 Igg unt redudion by trestmat dong
achieved by by 5Ny ai/atm oLetanary Wwedeneter
only (<23 PG trc_aet_m_srt te:l*nqxas_ Bu far nogt paode
7 o thisisjudt tooexpasve ad<o...
1 - Lreatment; == DO - Die-of; 1] W - Washing of produce
Z] DI = Drip Irrigation, (8 = High Crops; L = Low Crops);
Examples of combinations of health-based cantrol measures
i it'sredly bater to use sore corhiretion
4 o trestmat ad pod-trestmat cortrd
e meeares likethreonessdomn here This
iR is a nuch nore ood-effedive goaroech
ik R and, gven thet pethogen dieoff always
= Tm e mm— occurs, to ignore it is simply to waste
B mveaiee - e, PR I money on unnecessary treatment.
Examples of combinations of health-based control measuresl
For redrided imiggion we usd the
28 RESTRICTED IRRIGATION eqpoare sggio o indutay <al
) ingestion, withtwo sub-soaratios “labour-
Ei)r(:iﬁ:r::ai;esr::ii:gestion Irteraive aiﬂajtué wth Spoare far
300 days a ye=, to rgyesat a typcd
Ll s developing-country situation; and ‘highly
R e mechanized agriculture’ to represent what
- Highly mechanized agriculture happens in industrialized countries:
(industrialized country situation) fal'merS dI’IVI ng traCtOI'S and Weal'l ng
protective clothing such as gloves and
boots, for 100 days a year, so the amount
of soil ingested would be alot less than in
thefirst case.
29, e A series of 10,000-trial Monte Carlo risk

4-log unit
pathogen
reduction

77| Highly Meclunised

3-log unit
pathogen

4
3
|
1
4 reduction

T - Treatment;

| RESTRICTED IRRIGATION |

Note: the audio track says “...3 log units
for labour-intensive agriculture, and 2 log
units for highly mechanized...”, but it
should be 4 and 3 log units, respectively,
as shownin the slide.

simulations was done, essentidly as for
unrestricted irrigation but with ranges of
parameter values more appropriate for the
exposure scenario of involuntary soil
ingestion. The resulting required pathogen
reductions were 4 log units for labour-
intensive agriculture, and 3 log units for
highly mechanized (and so less exposed)
agriculture.




Loz, These log unit reductions
s B achieve the tolerable

Pathagens

rotavirus infection risk =
30 . A of 102 pppy ;
; 4-og unit E
pathogen £ . . .
: reduction Thee log uit redudios adhiee the
2 e B tderade raavirus infedion risk of 10°
0 pathogen [ per person per year, for the fieldworkers.
reduction
[ 1 - treatment;
RESTRICTED IRRIGATION
Log These log unit reductions
i::‘:‘:‘;‘: R achi_eve t_he tol_erab_le
3 1 . : rotavg;]s;(;gfz(;t;oyn risk jﬁ , ]
. And, because they’re for the fieldworkers,
4 44og unit they have to be achieved solely by
pathogen =
Achieved by reduction |\ ™ wastewater  treatment, because the
b e — N\ N\ fieldworkers are directly exposed to the
reatment 3-log unit \ . .
; pathogen N\ wastewater-contaminated soil.
reduction
[ 1 - treatment;
[ RESTRICTED IRRIGATION |
Frdly, we core to hdminth eggs the
32 HELMINTH EGGS egos o Ascaris, Trichuris and the human

* For both restricted and unrestricted
irrigation: <1 egg per litre
— except in case of drip irrigation of high-
growing crops: no recommendation

« When children under 15 exposed,
use additional control measures
(eg, antihelminthic chemotherapy)

« Based on epidemiology, not QMRA

hookworms, Ancylostoma and Necator.
To protect the heath of both the
fieldworkers and the crop consumers
WHO recommends a maximum count of 1
egg per litre of treated wastewater,
although in the case of drip irrigation of
high-growing crops, like tomatoes, no
recommendation is necessary.

This guideline value of <1 egg/l doesn’t,
however, protect children under the age of
15, so when these are exposed by working
in, or playing in, wastewater-irrigated
fields, additional control measures are
needed — for example, regular deworming,
either at home or at school.

This helminth egg guideline is based on
epidemiological data, mainly from studies
in Mexico; so it wasn’t necessary to use
QMRA to derive the guideline.
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