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INTRODUCTION
Since the publication of the WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater − Volume 2: Wastewater Use in 

Agriculture in 2006 an improved method for determining annual disease and infection risks has been developed (Karavarsamis & 

Hamilton 2010); dose-response data have been published for norovirus and Ascaris lumbricoides (Teunis et al. 2008; Navarro et al. 

2009); the default value for the tolerable additional burden of disease due of ≤10−6 DALY loss per person per year (pppy) used in the 

Guidelines has been questioned (Mara & Sleigh 2010c); and a step-by-step guide to using the QMRA-Monte Carlo programs has 

been prepared (Mara & Sleigh 2010d). These points are discussed in more detail below, together with their implications for the use of 

health-protection – i.e., pathogen reduction – control measures which may or may not include wastewater treatment.

SELECTION OF A MORE APPROPRIATE VALUE FOR THE 
MAXIMUM TOLERABLE ADDITIONAL BURDEN OF DISEASE
The first task in any health-risk assessment is to establish the maximum tolerable additional burden of disease – i.e., the maximum 

DALY loss per person per year (pppy). The 2006 WHO Guidelines use a value of 10−6 pppy for this, but is this the most appropriate 

value to use, especially in low-income countries? 

The Guidelines [volume 2, section 4.5] state that:

Wastewater treatment may be considered to be of a low priority if the local incidence of diarrheal disease is high and other water-

supply, sanitation and hygiene-promotion interventions are more cost-effective in controlling transmission. In such circumstances, it is 

recommended that, initially, a national standard is established for a locally appropriate level of tolerable additional burden of disease 

based on the local incidence of diarrheal disease – for example, ≤10−5 or ≤10-4 DALY [loss] per person per year [emphasis added].

This is really the key to the adoption of the 2006 Guidelines in low- and middle-income countries since setting a tolerable maximum 

additional burden of disease of 10−4 DALY loss pppy, for example, means that the design disease risk and the design infection risk 

are both 2-log units higher, and the required pathogen reductions 2 log units lower, than for the 10−6 DALY loss pppy adopted as the 

‘default’ value in the 2006 WHO Guidelines. So, is a maximum tolerable additional DALY loss of 10−4 pppy acceptable or not?
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Reasons in favour of a maximum tolerable additional DALY loss of 10−4 pppy
1. The reason why the 2006 Guidelines use a value of 10−6 DALY loss pppy is because it is used in the third edition of the WHO 

Drinking-water Quality Guidelines (WHO 2008) since it corresponds very closely to the fatal waterborne 70-year lifetime cancer risk of 

10−5 per person accepted by US EPA (Munro & Travis 1986). This 70-year risk of 10−5 per person is equivalent to an annual risk of 1.4 

× 10−7 per person. Whether this is a reasonable level of acceptable risk can only be judged by knowing how many Americans die each 

year from cancer. Horner et al. (2009) give the 2006 age-adjusted mortality rate from all causes of cancer for both sexes and all races 

as 181.07 per 100,000 population – i.e., a fatal all-cancer incidence of 1.8 × 10−3 pppy. Thus the EPA-accepted fatal waterborne-cancer 

risk of 1.4 × 10−7 pppy is four orders of magnitude lower than the actual fatal all-cancer incidence of 1.8 × 10−3 pppy. A DALY loss of 10−4 

pppy would be equivalent to a fatal waterborne lifetime cancer risk of 10−3 per person and thus to an annual risk of ~10−5 per person, 

which is two orders of magnitude lower than the actual fatal all-cancer incidence of ~10−3 pppy and therefore surely safe enough. 

2. The current global incidence of diarrhoeal disease is extremely high: in order-of-magnitude terms it is 0.1−1 pppy (Table 1). A 

tolerable diarrhoeal disease risk of 10−2 pppy, equivalent to a 10−4 DALY loss pppy, is 1−2 orders of magnitude lower than the current 

diarrhoeal-disease incidence. For an individual it is equivalent to an additional episode of diarrhoeal disease once every 100 years 

(essentially once per lifetime), which is hardly a matter of significant public health concern − see also Haas (1996) who comments 

on US EPA’s use of a waterborne-disease infection risk of 10−4 pppy (Macler & Regli 1982) as follows:

It is becoming apparent that some key factors used for computing the 1:10,000 level of acceptable risk may not be correct. … the total burden of 

waterborne illness associated with current water treatment practice in the United States may be as high as several million cases per year. This 

would translate to an annual illness rate of perhaps 1:100, suggesting that the current benchmark [of 1:10,000] may be far too stringent.

TABLE 1. Diarrhoeal disease (DD) incidence per person per year in 2000

World region DD incidence in all ages DD incidence in 0−4  
year olds

DD incidence in 5−80+ 
year olds

Industrialized countriesa 0.2 0.2–1.7 0.1–0.2

Developing countries 0.8–1.3 2.4–5.2 0.4–0.6

Global average 0.7 3.7 0.4
a In some industrialized countries diarrhoeal disease incidence is much higher − for example, 0.92 pppy for ‘infectious gastroenteritis’ in Australians of all ages (Hall et al. 
2005) and 0.79 pppy for ‘acute gastroenteritis’ in Americans of all ages (Mead et al. 1999) − i.e., in the developing-country range shown in the table.
Source: Mathers et al. (2002).

In low- and middle-income countries diarrhoeal diseases caused a total DALY loss of 59 million in 2001 (Lopez et al. 2006, Ezzati 

et al. 2006). Thus in 2001, for the then total developing-country population of 4,940 millions (UNFPA 2002), the DALY loss due to 

diarrhoeal diseases was:
59 million DALYs lost per year

4,940 million people
= ~0.0119 pppy

An additional DALY loss of 10−4 pppy would increase this to 0.0120 pppy – i.e., an increase of just under 1%. Such an increase is 

epidemiologically insignificant (and, in any case, would be extremely difficult to detect).

Thus it seems perfectly reasonable to accept a maximum additional DALY loss of 10−4 pppy for wastewater use in agriculture.
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IMPROVED METHOD FOR ESTIMATING ANNUAL  
INFECTION RISKS
The improved Karavarsamis-Hamilton method of estimating annual infection risks from QMRA-Monte Carlo simulations is as 

follows:

Using the appropriate dose-response equation in an appropriate QMRA-Monte Carlo computer program, an estimate of 1. 

median annual infection risk is determined by a Monte Carlo simulation in which the number of iterations is set equal to 

the number of days of exposure per year.

This is repeated 9,999 times, so that there are 10,000 estimates of annual infection risk.2. 

The median and 95-percentile values of these 10,000 estimates are then calculated in order to provide a much more robust 3. 

estimate of the median and 95-percentile annual infection risks.

Thus the program determines 10,000 estimates of median annual risk based on what happens in any one year of exposure, rather 

than (as in the procedure used in the Guidelines) a much less robust estimate of median annual risk determined from 10,000 

estimates of annual risk based on what happens on any one day of exposure. This approach results in similar values for estimates of 

median annual risks, but much lower estimates for 95-percentile annual risks, and there is much less ‘spread’ of results (Table 2).

NOROVIRUS INFECTION RISKS
Recently it has become possible to use QMRA-Monte Carlo techniques to estimate norovirus infection risks (Mara and Sleigh 

2010a,c). The dose-response data needed to do this were published by Teunis et al. (2008), so it was not possible for norovirus to 

have been considered as a reference viral pathogen in the 2006 WHO Guidelines. 

TABLE 2. Unrestricted irrigation: comparison of the Karavarsamis-Hamilton 
method and the method used in the 2006 WHO Guidelines for estimating 
annual rotavirus infection risks from the consumption of wastewater-irrigated 
lettuce by 10,000 Monte Carlo simulationsa

Wastewater quality 
(E. coli numbers 

per 100 ml)

Rotavirus infection risk pppy 
estimated by the method of 
Karavarsamis and Hamilton 

(2010)

Rotavirus infection risk pppy 
estimated by the method used 
in the 2006 WHO Guidelines

103−104 Median risk: 0.36 0.30
95%-ile risk: 0.39 0.71
Minimum:b 0.30 1.1 × 10−2

Maximum:b 0.44 0.97
100−1000 Median risk: 4.5 × 10−2 3.5 × 10−2

95%-ile risk: 4.9 × 10−2 0.11

Minimum: 3.5 × 10−2 1.0 × 10−3

Maximum: 5.5 × 10−2 0.27
10−100 Median risk: 4.6 × 10−3 3.5 × 10−3

95%-ile risk: 5.0 × 10−3 1.2 × 10−2

Minimum: 3.5 × 10−3 9.5 × 10−5

Maximum: 5.7 × 10−3 3.0 × 10−2

aAssumptions: 100 g lettuce eaten per person per 2 days; 10−15 ml wastewater remaining on 100 g lettuce after irrigation; 0.1−1 rotavirus per 105 E. coli; no pathogen 
die-off; N50 = 6.7 ± 25% and α = 0.253 ± 25%.
bThe lowest and highest values of the 10,000 risk simulations.
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Norovirus (NV, formerly called Norwalk or Norwalk-like virus) is the major viral pathogen causing diarrhoeal disease in adults 

− in contrast rotavirus mainly affects children under 5, and commonly under 2 years of age, although NV does cause diarrhoea 

in children (Patel et al. 2008). It is therefore a better ‘reference’ viral pathogen than rotavirus for wastewater-use studies as young 

children are less exposed than adults, either as fieldworkers (although they may play in wastewater-irrigated fields while their 

mothers work in them) or as consumers (children under 2, especially, eat less wastewater-irrigated foods). That norovirus is a 

more suitable reference viral pathogen than rotavirus is illustrated by the fact that in the USA during 1998−2007 there were 1,773 

confirmed foodborne norovirus outbreaks, but only 4 confirmed foodborne rotavirus outbreaks (CDC 2009).

Using a DALY loss per case of 9 × 10−4 per case of NV disease (Kemmeren et al. 2006) and an NV disease/infection ratio of 0.8 (Moe 

2009), the tolerable NV disease and infection risks corresponding to a tolerable DALY loss of 10−4 pppy are: 

=    0.11 pppyTolerable NV disease risk =
Tolerable DALY loss pppy

DALY loss per case of NV disease
= 

10-4

9 x 10-4

=    0.14 pppyTolerable NV disease risk =
Tolerable NV disease risk pppy

NV disease/infection ratio
= 

0.11

0.8

The NV dose-response dataset of Teunis et al. (2008) was used in place of the beta-Poisson equation in the QMRA-MC computer 

program developed to determine median NV infection risks pppy. The resulting estimates of median risk obtained are given in Table 

3, which shows that a reduction of 4 log units results in an NV infection risk of 0.25 pppy, which is only marginally higher than the 

tolerable NV infection risk of 0.14 pppy determined above. Table 3 also includes, for comparison, rotavirus infection risks – these 

are broadly similar to the norovirus infection risks.

TABLE 3. Unrestricted irrigation: median norovirus and rotavirus infection 
risks per person per year from the consumption of 100 g of wastewater-
irrigated lettuce every two days estimated by 10,000 Karavarsamis-Hamilton 
Monte Carlo simulationsa

Wastewater quality  
(E. coli per 100 ml)

Median norovirus infection risk 
pppy

Median rotavirus infection risk 
pppy

107−108 1 1

…

103−104 0.25 0.36

100−1000 2.9 × 10−2 4.5 × 10−2

10−100 2.9 × 10−3 4.6 × 10−3

aAssumptions: 10−15 ml wastewater remaining on 100 g lettuce after irrigation; 0.1−1 norovirus and 0.1−1 rotavirus per 105 E. coli; no pathogen die-off; N50 = 6.7 ± 25% 
and α = 0.253 ± 25% for rotavirus; and dose-response data (Teunis et al. 2008) ± 25% for norovirus. 
Source: Mara & Sleigh (2010a).

ASCARIS INFECTION RISKS
Ascaris dose-response data were published by Navarro et al. (2009), so it was not possible to have used Ascaris as a reference 

helminthic pathogen in the 2006 WHO Guidelines. Even though the 2006 WHO guideline value for helminth eggs of ≤1 egg per 

liter of treated wastewater is based on epidemiological data, it is nevertheless very useful to be able to determine required log unit 

reductions of Ascaris (which is generally the commonest helminth and the eggs of which are able to survive for very long periods 

of time in the environment) by QMRA and thus to split these between wastewater treatment and post-treatment health-protection 
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control measures (Table 5), as is done for viral, bacterial and protozoan pathogens, since this allows for a lower level of wastewater 

treatment.

For a tolerable DALY loss of 10–4 pppy, a DALY loss per case of ascariasis of 8.25 × 10–3 (Chan, 1997) and, as a worst-case scenario, 

an Ascaris disease/infection ratio of 1 (i.e., all those infected with Ascaris develop ascariasis), the tolerable Ascaris infection risk is 

given by:

 Tolerable DALYs lost pppy 

DALY loss per case of ascariasis
=     1.2 x 10-2 pppy=

 10-4 

8.25 x 10-3

Median Ascaris infection risks pppy from the consumption by children under 15 of raw carrots irrigated with wastewaters containing 

specified numbers of Ascaris eggs were determined by a QMRA-Monte Carlo computer program based on the Karavarsamis-

Hamilton method and using the values of N
50

 and α determined by Navarro et al. (2009) for use in the beta-Poisson equation. 

The resulting estimates of median Ascaris infection risk are given in Table 4, which shows that 1 egg per liter results in an Ascaris 

infection risk of ~6 × 10–3 pppy, which is just below the tolerable Ascaris infection risk of ~10−2 pppy determined above. Thus, in 

ascariasis-hyperendemic areas (~1000 eggs per liter of raw wastewater) a 3-log unit reduction of Ascaris eggs is required. 

TABLE 4. Unrestricted irrigation: median Ascaris infection risks for children 
under 15 from the consumption of raw wastewater-irrigated carrots estimated 
by 10,000 Karavarsamis−Hamilton Monte Carlo simulationsa

Number of
Ascaris eggs
per liter of
wastewater

Median
Ascaris

infection
risk pppy

Notes

100–1000 0.86 Raw wastewaters in hyperendemic areas.

10–100 0.24 Raw wastewaters in endemic areas.

1–10 2.9 × 10–2 Treated wastewaters.

1 5.5 × 10–3 Wastewater quality required to comply with the 1989 and 2006 WHO 
Guidelines.

0.1–1 3.0 × 10–3 Highly treated wastewaters.

0.1 5.5 × 10–4 Wastewater quality recommended by Blumenthal et al. (2000) to 
protect children under 15.

0.01–0.1 3.0 × 10–4 Treated wastewaters in non-endemic areas
aAssumptions: 30–50 g raw carrots consumed per child per week; 3–5 mL wastewater remaining on 100 g carrots after irrigation; N50 = 859 ± 25% and α = 0.104 ± 25%; 
no Ascaris die-off . 
Source: Mara & Sleigh (2010b).

HEALTH-PROTECTION CONTROL MEASURES
Table 5 extends the corresponding table in the 2006 WHO Guidelines. It divides the measures into four categories: 

wastewater treatment, on-farm options, post-harvest options at local markets, and in-kitchen produce-preparation options.  
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Treatment and non-treatment options

The use of a maximum tolerable burden of disease of 10−4 DALY loss pppy results in log unit pathogen reductions that are two orders 

of magnitude lower than those required for 10−6 DALY loss pppy, and this can be used to have a correspondingly lower degree of 

wastewater treatment – for example, treatment to achieve a pathogen reduction of only 1−2 log units.

Wastewater treatment processes to achieve a pathogen reduction of 1−2 log units are simple and relatively inexpensive. For large 

schemes anaerobic and facultative ponds would be sufficient in most cases, and for small schemes (as in urban agriculture, for 

example) processes such as a three-tank system would be suitable (on any one day one tank is filled, one allowed to settle, and one 

is used).

TABLE 5. Health-protection control measures and associated pathogen reductions

Control measure
Pathogen 

reduction (log 
units)

Notes

A. Wastewater treatment 1−7
Pathogen reduction depends on type and degree of 
treatment selected.

B. On-farm options

Crop restriction (i.e., no food 
crops eaten uncooked)

6−7
Depends on (a) effectiveness of local enforcement of 
crop restriction, and (b) comparative profit margin of the 
alternative crop(s).

On-farm treatment:
(a) Three-tank system 1−2 Operated in sequential batch-fed mode.
(b) Simple sedimentation 0.5−1 Sedimentation for ~18 hours.
(c) Simple filtration 1−3 Value depends on filtration system used.
Method of wastewater application:
(a) Furrow irrigation 1−2 Crop density and yield may be reduced.

(b) Low-cost drip irrigation 2−4
2-log unit reduction for low-growing crops, and
4-log unit reduction for high-growing crops.

(c) Reduction of splashing 1−2
Farmers trained to reduce splashing when watering cans 
used (splashing adds contaminated soil particles on to crop 
surfaces which can be minimized).

Pathogen die-off
0.5−2

per day
Die-off between last irrigation and harvest (value depends 
on climate, crop type, etc.). 

C. Post-harvest options at local markets

Overnight storage in baskets 0.5−1
Selling produce after overnight storage in baskets (rather 
than overnight storage in sacks or selling fresh produce 
without overnight storage).

Produce preparation prior to 
sale

1−2
(a) Rinsing salad crops, vegetables and fruit with clean 
water. 

2−3
(b) Washing salad crops, vegetables and fruit with running 
tap water.

1−3 (c) Removing the outer leaves on cabbages, lettuces, etc. 
D. In-kitchen produce-preparation options

Produce disinfection 2−3
Washing salad crops, vegetables and fruit with an 
appropriate disinfectant solution and rinsing with clean 
water.

Produce peeling 2 Fruits, root crops.

Produce cooking 5−6
Option depends on local diet and preference for cooked 
food. 

Sources: EPHC/NRMMC/AHMC (2006), WHO (2006), Amoah et al. (2007), Abaidoo et al. (2010) and Keraita et al. (2010). 
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However, most wastewater currently used in agriculture is untreated. In many low-income countries the use of untreated wastewater 

is either unrecognized or illegal, or the authorities choose in practice to ignore it, but this situation is not sustainable − clear policies 

are needed to balance the agricultural benefits and the associated risks to human health of wastewater use. Ensink and van der 

Hoek (2009) recommend a set of practical and easily enforceable measures to minimize the health risks associated with the use of 

untreated domestic wastewater:

only produce that is cooked before being eaten can be grown with untreated wastewater,•	

root crops, such as potatoes, onions, and carrots, cannot be grown with untreated wastewater,•	

vegetables should be cultivated and irrigated using the ridge-and-furrow method,•	

biannual treatment of fieldworkers and their families with antihelminthic drugs, and•	

general improvements in water supply and sanitation, including in local produce markets, in order to improve post-harvest •	

practices and thus produce quality.

Some simple on-farm treatment processes and methods of wastewater application, and in-market hygiene practices, are listed in 

Table 5. Further information is given by Abaidoo et al. (2010), Seidu and Dreschel (2010), Ilic et al. (2010) and Keraita et al. (2010).

A PRACTICAL EXAMPLE OF QMRA IN A DEVELOPING 
COUNTRY: APPLICATION TO LETTUCE CONSUMPTION IN 
URBAN GHANA − NOROVIRUS INFECTION RISKS
Exposure to wastewater pathogens present in wastewater-irrigated foods varies with differences in consumption patterns which 

need to be accounted for in the risk calculations. In the 2006 WHO Guidelines the consumption pattern used was 100 g of lettuce 

consumed on alterate days, as used by Shuval et al. (1997). However, Seidu et al. (2008) reported that people in urban Ghana 

commonly consume ~10−12 g of lettuce in ready-to-eat street-vended food on each of four days per week. NV infection risks for a 

DALY loss of 10−4 pppy and for this Ghanaian consumption of lettuce were determined by 10,000 Karavarsamis-Hamilton Monte 

Carlo simulations for various wastewater qualities (Table 6). A 3-log unit NV reduction achieves an NV infection risk of 0.3 pppy, 

which is a little higher than the tolerable NV infection risk of 0.13 pppy; however, a 4-log unit reduction is perfectly feasible as it 

could be easily achieved by simple treatment (1 log unit) and produce disinfection (3 log units) (cf. Table 5). 

TABLE 6. Unrestricted irrigation: median norovirus infection risks per person 
per year from the consumption of 10−12 g of wastewater-irrigated lettuce on 
four occasions per week estimated by 10,000 Karavarsamis-Hamilton Monte 
Carlo simulationsa

Wastewater quality (E. coli per 100 ml) Median norovirus infection risk pppy

107−108 1
…

104−105 0.31

103−104 3.6 × 10−2

aAssumptions: 10−15 mL wastewater remaining on 100 g lettuce after irrigation; 0.1−1 norovirus per 105 E. coli; no pathogen die-off; dose-response data (Teunis et al., 
2008) ± 25%.

Source: Mara and Sleigh (2010a).
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