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ABSTRACT 

This study was envisaged to estimate the hemolytic uremic syndrome (HUS) risk  

associated with consumption of shigatoxin producing E.coli (STEC) contaminated producer-

distributor bulk milk (PDBM) in South Africa. Data was obtained from recently completed 

studies in South Africa taking into account prior collected prevalence data of STEC in raw and 

pasteurized PDBM, and survey information from producer-distributor (PD) outlets and 

households. Inputs for the models were complemented with data from published and unpublished 

literature. A probabilistic exposure model was developed with Monte Carlo simulation in Excel 

add-in software using @Risk software. Hazard characterization was based on an exponential 

dose-response model to calculate the probability of illness from STEC in age groups below and 

above 5 years. Mean estimated STEC concentration was 0.12 CFU/ml (95% CI: 0 – 1.2; σ = 

0.34), for raw PDBM and 0.08 CFU /ml (95% CI: 0 – 1; σ = 0.27), for pasteurized PDBM. A 

higher risk of HUS cases per-year was recorded in raw than pasteurized PDBM and also in age 

groups below 5 years. For every 100 000 PDBM portions consumed, the expected median 

number of HUS cases per-year were 52 and 3.2 for age groups under 5 years and above 5 years 

in raw PDBM, respectively. The median cases per-year attributable to pasteurized PDBM were 

47 and 2.9 for age groups under 5 years and above 5 years, respectively. Sensitivity analysis 

revealed that serving volume and time taken to sell PDBM at PD outlets as factors with the 

greatest impact on probability of illness. The models developed in this study are an example of 

risk assessments for milk produced and marketed from similar scenarios across the globe. 
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Over the years, shigatoxin producing Escherichia coli (STEC) have globally evolved 

from clinical novelty to primary food safety and public health concern (28). Shigatoxin 

producing E. coli pathotypes exhibit different clinical syndromes with distinctive pathological 

and epidemiological characteristics of disease (8, 48). Long-term sequelae of STEC infection is 

the serious complication known as hemolytic uremic syndrome (HUS).  Albeit the development 

of HUS in individuals who have been infected by STEC being dependent on host susceptibility 

(immune status and immunity imparted by previous exposure) and dose ingested, the most 

vulnerable members are children under 5 years, the elderly and immune-compromised 

individuals. However, some STEC strains (O104 and O157 serotypes) have been proven to cause 

HUS even in healthy adults (34). Studies have shown that a few STEC cells are necessary to 

cause illness. Ingestion of 5 – 50
 
cells of STEC can cause HUS to humans (8, 12, 13, 42).  

Shigatoxin producing E. coli O157:H7 is still recognized as epidemiologically significant 

world-wide, however, in some geographical regions, non-O157 STEC (O26, O103, O111 and 

O145) are becoming prominent as important E. coli pathotypes (13, 28). Recent reports on raw 

and pasteurized PDBM in South Africa (SA) indicated prevalence of STEC O157 and non-O157 

ranging from 10 – 54% (5, 36, 44, 45). Ntuli et al. (45) documented emerging non-O157 STEC 

O2, O9, O20, O43, O64, O68, O83, O112, O155 and O157 in PDBM in SA.   

Documented milkborne disease outbreaks have been linked to consumption of both raw 

(6, 7, 14) and pasteurized (23) bulk milk contaminated with STEC, in particular O157. The 

European Food Safety Authority (EFSA) (16) documented 27 HUS cases in Europe (from 2007 

– 2012) attributed to STEC in bulk milk. In the USA, 13 HUS outbreaks associated with STEC 

in bulk milk were reported in 26 states during the period 2007 – 2012 (37).  Reported cases of 

HUS linked to consumption of food in Africa are imprecise and the studies are few, although a 
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recent review linked several outbreaks of STEC to food in the region (47). In SA, there are no 

official data existing on the incidence of HUS linked to STEC contaminated food. Although, 

several studies have isolated STEC from humans and livestock faeces, water and food (1, 26, 41, 

45).  

Studies carried out in SA on producer-distributor bulk milk (PDBM) revealed that the 

milk can be a potential public health threat as a result of E. coli pathotypes (5, 36, 44, 45).   

Producer-distributor (PD) bulk milk in SA is typically (i) raw milk sold at PD outlets for human 

consumption, (ii) milk that has been pasteurized at PD outlets and sold directly to consumers, 

and (iii) pasteurized milk that has been pasteurized elsewhere at an approved facility and sold at 

PD outlets. Producer-distributor bulk milk constitutes 2% of total milk produced and sold in SA. 

Only state certified PDs are permitted to sell raw milk directly to consumers according to the SA, 

2001 Act (54), of 1972 (50). However, unregistered/unauthorised producers also find their way 

in the PDBM value chain. The sale of PDBM directly to consumers is a common practice in SA 

and around the world.  In SA, no attempts have been made to quantify the risk posed to human 

health by pathogens in milk.  

To gain an insight on the accurate estimates of the actual risk posed by consumption of 

PDBM contaminated by pathogenic E. coli, a quantitative microbial risk assessment modelling is 

one of the practice to evaluate food health risks and control (4, 17). Using predictive modelling, 

several risk assessment studies have been conducted in the USA, Europe and Africa to estimate 

disease cases due to milk borne pathogens, (9, 19, 20, 24, 29). The estimates of cases in the USA 

and Europe (19, 20, 29) were in line with the epidemiological reports from the respective 

countries.   
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Owing to the lack of epidemiological data, the burden of pathogenic E. coli linked to 

consumption of PDBM in SA has not been assessed. Given that the prominent complication of 

gastrointestinal STEC infections in humans is HUS, this study was envisaged to estimate the 

HUS risk associated with consumption of STEC contaminated PDBM under the current 

production and marketing conditions in SA. This will enable assessment of factors that would 

have the greatest impact on public health and safety along the PDBM supply chain as well as 

formulating hypothetical mitigation strategies. Furthermore, this risk analysis facilitated the 

identification of data scarcity, which needs to be addressed for future quantitative risk 

assessments on PDBM. The models developed in this study are an example for other risk 

assessments in milk produced and marketed from similar scenarios across the globe.     

MATERIALS AND METHODS 

Field survey. A survey was conducted in urban and peri-urban parts of Pretoria in SA 

(one of the PDBM sampling areas) with the aim of getting an insight on the typical flow of 

PDBM from outlets to consumer and PDBM consumption patterns. Because Pretoria can 

represent SA in terms of PDBM consumer behavior and consumption patterns, socioeconomic 

status of consumers, registered/unregistered PDs, it was an ideal area for collecting data to assess 

the risk of STEC in PDBM.  Furthermore, Pretoria has one of the highest number of PDs in SA 

(44). A questionnaire was developed to capture the following information; (i) average volumes 

of PDBM produced or received at outlets per-day (ii) PDBM handling practices and storage 

conditions at outlets, (iii) average volumes of PDBM sold per-day (iv) PDBM handling practices 

during transportation to home, (v) consumer handling practices and storage conditions, and also 

consumption patterns.  Milk consumption in households also included identification of 

consumers’ age.  A total of 15 PDBM outlet operators were interviewed in the survey and in 
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households, 80 respondents provided data for 300 consumers (i.e. age groups 0 – 5 and above 5 

years). The data was analyzed using SPSS Statistics 21. To test for significant difference 

between age groups, 0 – 5 and above 5 years, in frequency and volume of consumption, analysis 

of variance and the post hoc Bonferroni tests were performed on normally distributed variables 

with equal variances. We also applied the Kruskal-Wallis tests for non-normally distributed 

variables. Information obtained from the survey was used as input for the models. 

Overview of PDBM pathway to consumer and exposure model. Consumers of PDBM 

obtain their milk from different sources either as raw or pasteurized. Stages prior PD outlets were 

not included in this model (i.e. from the farm to PD outlets). The model was developed starting 

from PD outlets to household level for PDBM which was sold either as raw or pasteurized. A 

―modular process risk‖ framework (40) was adopted to simulate the scenario which the milk 

undergoes from the PD outlets to consumption. The same scenario was used for either raw or 

pasteurized PDBM, however, what differed was the STEC prevalence and concentration in raw 

and pasteurized PDBM at the time of sell at PD outlets (44). Consumers either bring their own 

containers to buy PDBM or buy pre-filled small plastic containers (1 to 5 L). We modelled 

changes in prevalence and concentration of STEC in PDBM from outlets to consumption after 

storage at home. At each step, basic microbial and milk handling processes, such as growth and 

partitioning were identified and applied. Partitioning is when a major unit (bulk milk) is split up 

into several minor units (small retail volumes). We divided the model into the following steps: (i) 

PD storage (ii) transport time and temperature from PD to home and consumer handling (iii) 

consumption habits at home and exposure to STEC per-serving.  Each step, in sequence, 

produced one or more output distributions that served either as inputs to the next step or as final 

outputs of the estimation of the probability and concentration in a single serving at consumption. 
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The model was developed from input data derived from the field survey, a completed study on 

PDBM by Ntuli et al. (44), other published literature and expert opinion whenever possible. 

Input parameter variables, their description and associated equations or distributions, for PDBM 

production model are presented in Table 1. The same model was used for both raw and 

pasteurized PDBM.  

Estimation of STEC concentration in PDBM. Data on the prevalence of STEC in raw 

and pasteurized PDBM samples, from all the provinces in SA, reported in previous studies by 

Ntuli et al. (44, 45) were incorporated in the estimation of STEC concentration. The studies 

reported STEC prevalence of 11.0 and 7.7% in raw and pasteurized PDBM samples from all the 

provinces in SA, respectively. Shigatoxin producing E. coli in the positive samples ranged from 

1 to 3 CFU/ml.  We used a Poisson distribution to calculate the mean concentration of STEC in 

both raw and pasteurized PDBM (51). To test that STEC in PDBM follow a Poisson distribution 

we carried out a Chi-square goodness of fit test.   

Producer-distributor storage. The distribution of PDBM volumes produced or received 

per-day at outlets were estimated from a study by Caine et al. (5) and from the survey (Table 1). 

Milk is stored as either raw or pasteurized and the volumes of PDBM was incorporated in the 

model as a distribution representing variability in milk volumes at each outlet. We used uniform 

distributions to simulate variability in storage temperatures and time taken to sell all the milk 

from one batch and this was used in the growth model (Table 1). Cross contamination at PD 

storage is uncertain due to lack of data or published data, therefore, we assumed no cross 

contamination during modelling. Maximum population density (MPD) and maximum growth 

rate (µmax) of STEC at 9.5 ºC in milk used in the growth model was obtained from a study by 

Kauppi et al. (27). Assuming no lag time in the growth kinetics, concentration after growth 
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TABLE 1: Input parameters for exposure model of STEC in raw and pasteurized producer-distributor bulk milk: Description, equations or distribution, values 

and units of the input parameters and data sources.  

Steps  Parameter Description Distribution/ Equation/values Units Data Source/reference 

Producer-distributor 

storage 

IPPDS Initial prevalence of STEC 

positive  PDBM  

11  raw milk 

8  pasteurized milk 

% 

% 

44 

 ICPDS Initial concentration of 

STEC in PDBM samples  

0.12 raw milk 

0.08 pasteurized milk 

CFU/ml  

 Voutlet Volume produced or 

received at outlets.  

RiskPert(500000, 1000000,5000000) ml 5 

Survey  

  

TempPDS 

 

PDBM storage temperature  

 

RiskUniform(8,11) 

 

°C 

 

This study  

 TimePDS Time taken to sell PDBM RiskUniform(24,48) h This study 

 Milksale/day Average PDBM sale per-

day  

RiskUniform(500000, 5000000) ml This study 

 G Growth of STEC during 

PDBM storage  

TimePDS in hr x µmax 

          Where: µmax = 0.036 

Log CFU 

Log CFU/h 

 

27 

 ConcPDS Concentration of STEC 

after growth occurs during 

storage of PDBM 

IF(ICPDS x 10
G
)>MPD,MPD,(ICPDS x 10

G
) 

           Where: 

           MPD = 31622777 

CFU/ml 

 

CFU/ml 

 

 

 SizePDS Volume of milk sold to 

consumer and size of 

containers 

 

RiskPert(500,1000,5000) ml This study 

8



 Prevconsumer New PDBM sample  

prevalence with STEC 

after packaging into 

smaller units 

IPPDS x Psmallconsu 

           Where: 

           Psmallconsu = (1-(1- 

           (SizePDS/Voutlet))
Nconsu

 

  

              Nconsu = round(ConcPDS x Voutlet)   

 Cconsumer New PDBM STEC 

concentration after 

packaging into smaller 

units 

RiskBinomial(Nconsu, SizePDS /Voutlet) / SizePDS CFU/ml  

Transport time and 

temperature from 

producer-distributor 

to home  

TransTemp 

 

TransTime 

Transportation temperature  

Transportation time   

RiskPert(14.3, 26, 38) 

 

RiskUniform(0.5,3) 

°C 

 

h 

This study  

This study 

and Consumer 

handling 

     

 Timeshelflife Time until all PDBM is 

consumed at home 

RiskPert(24,28,120) h This study 

 Tempfridge Temperature refrigeration 

at home 

RiskCumulD(5.5,12,{5.5,7.5,9.5,12}, 

{0.39,0.04,0.04,0.01}) 

°C 25,32 

 G1 Growth of STEC in PDBM 

during refrigeration storage 

at home 

Timeshelflife in hr x µmax 

           Where: 

           µmax = 

RiskCumulD(0.019,0.041,{0.019,0.028,0.036,0.041}

, 

{0.39,0.04,0.04,0.01}) 

Log CFU 

 

 

Log CFU/h 

 

 CHST Concentration STEC in 

PDBM after growth occurs 

during refrigeration storage 

at home 

IF(Cconsumer x 10
G1

)>MPD,MPD,(Cconsumerx 10
G1

) 

            

 

Consumption habits 

at home and 

exposure to STEC 

per-serving 

Servingsize Milk serving size at 

consumer level 

 

RiskPert(150,500,1000) ml This study 

 TimeGT-EX Generation time of STEC 

under refrigeration 

conditions 

RiskTriangle(34.2, 45.1, 56) h 22 

9



 

 Timeshelflife Time milk is stored and 

consumed at home 

RiskPert(24,48,120) h This study  

 BEX Consumer habits (milk 

boiling before consumption 

at home) 

 

RiskBernoulli(0.67) x DEX   

 DEX Log reduction of those who 

insufficient heat the milk at 

consumer level  

 

RiskTriangle(2,4,6) Log 

CFU/ml 

21 

 Doseper-serving Dose of STEC per-serving 10^( Log[10
CHST 

x 2^
( Timeshelflife / TimeGT-EX)

] -BEX) x 

Servingsize 

CFU 21 
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occurs during storage was computed taking into account, MPD, µmax, time all the milk is sold 

and the initial concentration (Table 1). Prevalence after growth occurs was considered 

unaffected.   

Consumers buy PDBM in plastic containers or the milk is packaged into retail units (0.5 

to 5 L) at PD outlets. The model used to calculate STEC prevalence and concentration in smaller 

units assumed that STEC is randomly distributed in the milk. The new prevalence is the 

probability that at least one STEC cell is present in the new smaller units, given that the bulk 

milk where it is drawn was previously contaminated with STEC, was considered equal to the 

fraction of bulk milk that the small unit represents. Therefore, STEC prevalence in the containers 

is adjusted by the probability that one or more STEC cells will end up in a random smaller unit. 

Concentration of STEC after packaging into smaller volumes was calculated by binomial 

sampling of the number of STEC cells that are in the small units. Therefore, the new STEC 

concentration is randomly generated as, contamination count divided by the small unit volume 

(Table 1) (43). A uniform distribution was used to model the distribution of milk volumes sold 

per-day and this was used to calculate number of servings consumed per-day.  

Transport from PD to home and consumer handling. Based on the survey, we 

assumed that there was negligible or no STEC growth during transportation of PDBM, given 

short distances and time from outlets to home, even though the milk was transported at abused 

temperatures (Table 1). However, time taken to transport the milk from PD to home and storage 

at home was treated as a continuum during calculation for STEC growth after refrigeration at 

home. On the basis of the survey, milk was consumed up to 5 days especially when refrigerated. 

Hudson and Hartwell (25) and Marklinder et al. (32) noted that there is variability in 

refrigeration temperatures in homes that can allow E. coli growth in food. These authors 
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observed that 39% of households refrigerated their food at 6 – 7°C, 4% at 7 – 8°C, 4% at 9 – 

10°C and 1% at 12ºC. We used a cumulative distribution of the different refrigeration 

temperatures from different proportions of consumer as an input for the growth model at home 

storage. Assuming no lag time in the growth kinetics, growth was further computed taking into 

account; STEC concentration after packaging into smaller units, maximum growth rate, 

distributions representing variability of time taken to transport the milk from PD to home and 

storage at home, and MPD of STEC in milk at refrigeration temperatures (27).  Maximum 

growth rate (µmax) of STEC at refrigeration temperatures was derived from a cumulative 

distribution of the different µmax values at 6-7, 7 – 8, 9 – 10, 12 ºC and proportions of 

consumers storing milk under the respective different refrigeration temperatures (25, 32). 

Prevalence after growth during storage at home in refrigerators was considered unaffected (Table 

1). 

Consumption habits at home and exposure to STEC per-serving. According to the 

survey, 67% of the consumers boiled both raw and pasteurized PDBM before consumption. 

Giacometti et al. (22) observed that boiling milk eliminates viable E. coli cells. However, the 

remaining 33% used methods such as warming the milk using a microwave, mixing with hot tea 

or porridge, which we consider as inadequate/insufficient heat treatment of milk. Log reduction 

for the insufficient heat treatment of milk was modelled using a triangular distribution (21) 

(Table 1). Consumer habits was used in the final exposure model. The distribution of PDBM 

serving size was characterised by values from the survey (Table 1). Final exposure 

(concentration) of STEC per-serving was calculated as an output using the model in Table 1.  

Dose response. We adopted the dose response model of STEC in food used by 

Delignette-Muller et al. (13). The authors directly modelled the probability of HUS as a function 
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TABLE 2: Dose response assessment for STEC in raw and pasteurized producer-distributor bulk milk: Description, equations or distribution, values and units of 

the input parameters and data sources.  

Parameter Description Distribution/ Equation/values Units Data Source/reference 

PHUS Probability of hemolytic 

uremic syndrome  

PHUS = 1 - (1 – r)
D 

Where:  

r is the dose response parameter per-organism: r  = 

1.28 x 10
-3 

(0 to 5 years) 

                 r  = 2.4 x 10
-4 

  (> 5 years)  

D is dose per-serving (Doseper-serving) 

 

 

 

 

 

CFU 

49 

PServing  Probability of illness per-

serving  

PServing = PHUS   29 

Ncase  Number of hemolytic uremic 

syndrome cases per-year   

PServing x Number of servings per-year   29 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Where:  

Number of servings per-year = frequency of 

consumption per-month for each age group x  

portions consumer with insufficient heat treatment. 

 

Frequency of consumption per-month for each age 

group:  

(0 to 5) =   RiskUniform(16,30) 

>5 years = RiskPert(0,8,16)  

 

Portions with insufficient heat treatment =  

0.33 x portions consumed per-year  

       Where: 0.33 is proportion of       consumers who 

insufficiently heat the milk    

 

Portions consumed per-year =  ((Milksale/day x 178)/ 

SizePDS) x 365 days 

      Where: 178  is number of PDs in SA 

  

 

 

 

 

 

 

 

This study  

 

 

This study  

 

 

 

 

 

 

44,45 
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of ingested dose. Probability of illness from STEC infections is dependent on age and other 

factors as reported by Nauta et al. (39). In the current study, we used two dose-response models 

for two age groups, 0 – 5 and > 5 years (Table 2). Children under 5 years are more susceptible to 

STEC as documented from an epidemiological study (31). The values for r used in the model 

were estimated by Delignette-Muller et al. (13) for each age group (Table 2). Using an 

exponential dose model, the probability of HUS per-serving was computed by combining the 

dose estimate and contamination prevalence (49). Number of cases per-year was calculated by 

multiplying the probability of HUS per-serving and the number of serving per-year for each 

target age group (Table 2).  

Simulation and analysis. Stochastic modelling of the exposure with STEC for all 

scenarios were implemented with the Monte Carlo simulation technique by using the risk 

analysis software @Risk 7.5 (Palisade Corporation, Ithaca, USA). All models were simulated for 

100 000 iteration as carried out by Latorre et al. (29) and Giacometti et al. (21). The outputs of 

the model was the median risk of HUS per-serving in each class of consumers’ ages. Sensitivity 

analysis for each scenario was performed to identify important parameters from their 

corresponding distributions. Spearman’s correlation coefficient was used to estimate the impact 

of PDBM value chain practices on the variability in exposure with STEC in PDBM per-year. We 

introduced possible PDBM handling scenarios to test the associated effects in reducing exposure 

per-serving to STEC to consumers who insufficiently heat the milk. These scenarios include: 

storage and handling of PDBM at 4°C throughout the whole chain, time taken to sell the milk at 

PD outlets, time taken to consume all the milk at home and a combination of some of the PDBM 

handling practices. Storage and handling of PDBM at 4°C throughout the whole chain was 

broken down into points where this storage effect was modelled (PD outlets, transportation to 
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home and home refrigeration). We used 5, 6 and 7 h as time taken to sell the milk at PD outlets.  

This is the possible and realistic time PDs can acquire milk and sell within the same day. 

Maximum recommended time for raw milk storage at house hold is 72 h (21), therefore, we used  

12, 24 and 48 h as possible and realistic time taken to consume all the milk at home. A 

combination of scenarios (storage at 4°C throughout the whole chain + time taken to sell the 

milk (5 h) + time taken to consume the milk (12 h)) was also evaluated. 

RESULTS 

There was high variability in data obtained from PD outlets and also from consumer handling 

and consumption of PDBM. Characteristics of data obtained from the survey are depicted in 

Table 3.  Most PD outlet respondents (60.0%, n = 15) reported that they received an average of  

1 000 000 ml of milk per consignment.  Producer-distributors (90%) specified that consumers of 

PDBM normally buy 2 000 ml each time.  Storage temperatures, time taken to sell the milk and 

average volumes sold per day at PD outlets varied greatly (Table 3).  

 

TABLE 3: Characterization of survey results obtained from interviews with producer-distributors and consumers of 

raw and pasteurized producer-distributor bulk milk. 

 Variable  Obs Mean SDV 

Data from PD outlets Volume produced or received (ml)  15 1 516 665 839 624 

Storage temperature (°C) 15 9.5 0.9 

Time taken to sell the milk (h)  15 36 6.9 

Average milk sold per day (ml)  15 2 749 999 1 299 050 

Volume of milk sold to consumer (ml) 15 1 583 727 

      

Consumer handling 

practices and milk 

consumption 

Transportation to households (h)  80 1.8 0.7 

Time to consume milk at households (h)  80 55.9 17 

Milk serving size (ml) 80 350 152 

Obs – Number of respondents, SDV – Standard deviation  

15



The interviewed respondents (n =80) provided data for 300 consumers of PDBM i.e. age groups 

0 – 5 (37.7%, n = 113) and above 5 years (62.3%, n = 187). Majority (80%, n = 80) of the 

consumers took an average of 0.5 h to transport the milk from PD outlets to home. Distances 

covered by consumers from PD outlets to home ranged between 500 to 5 km and most 

consumers (40%, n = 80) who transported the furthest used cars.   There was a significant 

difference noted between the young and adults both in frequency of consumption and 

consumption volume (p= 0.001). The volume of 250 ml was the most (67%, n = 300) consumed 

and a daily frequency (98%, n = 113), per-month, of consumption was the most indicated among 

the 0 – 5 years. Most consumers (77%, n = 187) above 5 years stated that they consume PDBM 

once per-week.  Frequency of PDBM consumption for children under 5 years was 2.8 higher 

than population above 5 years. We factored in frequency of consumption to calculate the 

portions of milk consumed by the two age groups per-year (Table 2). Hence, from the 

calculations, the population under 5 years consumed 124 984 915 portions of milk per-year and 

the age group above 5 years consumes 43 473 014 portions per-year. Based on the survey, 67% 

(n = 80) of the consumers boiled both raw and pasteurized PDBM before consumption and the 

most stated time to consume all the milk after purchase was 48 h (54%, n = 80). All the 

consumers stored their milk in refrigerators at home.  

 Concentration of STEC in raw and pasteurized PDBM. From the prevalence data on 

STEC positive samples, the estimated number of STEC in raw (0.12 CFU/ml) and pasteurized 

(0.08 CFU/ml) PDBM was done by fitting a Poisson distribution. A Chi-square goodness of fit 

test was used to test the fit of the Poisson distribution.  Pearson 
2
at 1.79, degrees of freedom 

was 2 and p-value based on 
2
 distribution was 0.20 for raw PDBM. For pasteurized PDBM, 
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Pearson 
2
at 1.90 degrees of freedom was 1 and p-value based on 

2
 distribution was 0.11. 

Therefore, the Poisson distribution adequately predicted the estimated number of STEC in both 

PDBM types. The model gave a mean STEC estimate concentration of 0.12 CFU/ml (95% CI: 0 

– 1.2; σ = 0.34), for raw PDBM and 0.08 CFU/ml (95% CI: 0 – 1; σ = 0.27), for pasteurized 

PDBM. 

 

TABLE 4: Estimation of shigatoxin producing E. coli concentration per-serving in raw and pasteurized producer-

distributor bulk milk.  

Parameter / percentile Estimated level of STEC (CFU/per-serving) 

 
Raw PDBM Pasteurized PDBM 

Minimum 3.2 x 10
-4

 2.9 x 10
-4

 

Mean 4.1 x 10
2
 3.7 x 10

2
 

Maximum 7.3 x 10
3
 6.4 x 10

3
 

5
th

  5.8 x 10
-3

 5.1 x 10
-3

 

50
th

  0.42 0.37 

95
th

  1.9 x 10
3
 1.7 x 10

3
 

 

   

Exposure assessment. The estimated levels of STEC per-serving, after insufficient 

heating the milk, in both raw and pasteurized PDBM are depicted in Table 4. The quantity of 

STEC that a consumer was exposed to in a single serving of milk was a function of the initial 

concentration of STEC in PDBM at PD outlets, and the subsequent effects of handling and 

storage along the milk chain. Shigatoxin producing E. coli levels increased during storage at PD 
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outlets and home refrigeration, reaching microbial loads of 42 (95% CI: 15 – 569) CFU/per-

serving in raw and 28 (95% CI: 10 – 385) CFU/per-serving in pasteurized PDBM, prior heat 

treatment. Considering the 33% of consumers who insufficiently heat the milk before 

consumption, the STEC concentration per-serving ranged between 3.2 x 10
-4 

and 7.3 x 10
3 

CFU/per-serving for raw PDBM and 2.95 x 10
-4 

to 6.42 x 10
3 

CFU/per-serving for pasteurized 

PDBM (Table 4). The model predicted prevalence of PDBM contaminated with STEC to be 11% 

and 8% for both raw and pasteurized PDBM at the time of consumption.  

Risk characterization. To assess the risk posed to consumers from consuming STEC 

contaminated PDBM we used the exposure assessment model and each iteration predicted a 

probability of illness and consequently the number of HUS cases per-year (Table 5).  In 

simulations where all consumers boil milk before consumption, no risk was calculated for both 

raw and pasteurized PDBM. The model estimated higher probability of illness per-serving for 

consumers of raw than pasteurized PDBM, when we considered consumer (both age groups) 

who insufficiently heat the milk before consumption. The highest median probability of illness 

per-serving was noted in children under 5 years for raw PDBM (5.4 x 10
-4

), while consumers of 

pasteurized PDBM who are above 5 years of age recorded the least median probability (9.0 x 10
-

5
) of illness pre-serving (Table 5).  Number of HUS cases per-year were also higher for children 

under 5 years of age than consumers above 5 years of raw and pasteurized PDBM. For every 100 

000 portions of PDBM, the highest recorded median number of HUS cases per-year (52) was 

observed in consumers below 5 years who consume raw PDBM (Table 5).  The median cases 

per-year attributable to pasteurized PDBM were 47 and 2.9 for age groups under 5 years and 

above 5 years, respectively, for every 100 000 pasteurized PDBM portions consumed.    
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TABLE 5:  Probability of illness per-serving and number of hemolytic-uremic syndrome cases per-year with consumption of raw and pasteurized producer-

distributor bulk milk. 

Milk category Population 
Probability of illness per-serving 

Median (5
th

, 95
th

) percentiles 

Number of cases per-year 

Median (5
th

, 95
th

) percentiles 

Raw PDBM 

Under 5 years 5.4 x 10
-4 

(7.5 x 10
-6

, 0.91) 52.0 (0.68, 1.3 x 10
5
) 

Above 5 year 1.0 x 10
-4 

 (1.4 x 10
-6

, 0.37) 3.2 (0.04, 1.5 x 10
4
) 

     

Pasteurized PDBM 
Under 5 years 4.8 x 10

-4 
(6.7 x 10

-6
, 0.82) 

47.0 (0.60, 1.2 x 10
5
) 

Above 5 year 9.0 x 10
-5

 (1.3 x 10
-6

, 0.33) 2.9 (0.03, 1.3 x 10
4
) 

Values are the median, 5
th

 and 95
th

 percentile obtained after 100 000 iteration, using @ risk 7.5 in both raw and pasteurized PDBM 

The values for number of cases were calculated for every 100 000 portions of PDBM consumed.     
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Effect of model parameters on the risk of HUS. In the current study, sensitivity 

analysis on the models indicated that serving volumes (Spearman’s correlation coefficient (ρ) = 

0.17) had the greatest effect on the probability of HUS and the annual number of cases (Fig. 1). 

Time taken to sell the milk at PD outlets (ρ = 0.16) and PDBM storage time at home (ρ = 0.11) 

were also important factors that influenced probability of HUS and the annual number of cases.  

After packaging bulk milk into small containers for the consumer, the new modelled 

concentration of STEC (ρ = 0.06) also affected probability of illness. Insufficient heat treatment 

of PDBM before consumption, reduced the level of STEC and the subsequent risk of HUS in 

both raw and pasteurized PDBM (ρ = -0.40) (Fig. 1). Reduced generation time of STEC during 

refrigeration at home, which is achieved by proper refrigeration, also reduced the risk of HUS (ρ 

= - 0.03)   

 

FIGURE 1: Sensitivity analysis between estimated probability of illness after one serving of producer-distributor 

bulk milk and important predictive factors along the value chain.  
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TABLE 6: Possible handling scenarios and their associated effects in reducing exposure per-serving to shigatoxin 

producing E. coli to consumers who do not boil producer-distributor bulk milk.  

Handling procedures  
 

Reduction in concentration of STEC per-serving 

(%) 

  
Raw PDBM Pasteurized PDBM 

Storage and handling at 4°C
 
(a): 

        PD outlets  

        Transportation home 

        Home refrigeration  

 

 

23.1 

8.0 

13.3 

 

 

19.6 

9.7 

11.9 

 

Time taken to sell the milk (b): 

        5 h 

        6 h 

        7 h  

         

 

54.2 

51.8 

44.0 

56.0 

54.3 

45.1 

Time taken to consume all the milk at home (c): 

        12 h  

        24 h 

        48 h 

 

55.8 

43.5 

34.9 

57.1 

46.4 

37.2 

a (4°C ) + b (5 h ) + c (12 h) 
 

83.2 88.5 

 

Possible PDBM handling scenarios. Storing PDBM at 4°C throughout the whole chain 

revealed that it was most effective when applied at PD outlets in both raw (23.1% reduction of 

STEC concentration) and pasteurized (19.6% reduction of STEC concentration) PDBM. We 

observed that, as time to sell PDBM and time to consume the milk after arriving at home 

reduced, the concentration of STEC per-serving also reduced significantly (Table 6). Reducing 

time taken to consume all the milk after arriving to 12 h, was the most effective single handling 

practice, with 55.8 and 57.1% reduction in STEC concentration per-serving in raw and 

pasteurized PDBM, respectively. Considering time taken to sell the milk at PD outlets, the 

highest reduction in consumer exposure to STEC was observed when milk is received and sold 

to consumers within 5 h per-batch (54.2 and 56.0% reduction of STEC concentration in both raw 

and pasteurized PDBM respectively). Combining possible handling scenarios (storage at 4°C 

throughout the whole chain + time taken to sell the milk (5 h) + time taken to consume the milk 
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(12 h)) was the most effective practice in reducing consumer exposure to STEC for both raw 

(83.2% reduction of STEC concentration) and pasteurized (88.5% reduction of STEC 

concentration) PDBM.  

 DISCUSSION 

We carried out a stochastic quantitative microbial risk assessment, from PD outlets to 

consumption, of HUS associated with the consumption of STEC contaminated PDBM based on 

results from a study by Ntuli et al. (44; 45) and also from a survey carried out in one of the 

sampling areas in SA. This provided an estimate of the nationwide PDBM scenario of HUS cases 

that may be linked to the consumption of STEC contaminated PDBM.  

Estimated STEC concentration was lower in pasteurized (0.08 CFU/ml) than raw (0.12 

CFU/ml) PDBM. Under ideal conditions, no STEC cell survives pasteurization temperatures 

(23). Using a modelling approach, Clough et al. (9) highlighted that STEC contamination in 

pasteurized milk occurs either from inadequate pasteurization or post-pasteurization 

contamination. In their study, they reported that, although inadequate pasteurization may result 

in survival of STEC, subsequent dilution effects lowers probability of HUS risk associated with 

STEC to very low levels in packed milk.  

Our model also assessed the risk introduced during consumer handling. This consist of 

steps after consumer purchase and the subsequent handling at household level. At these stages, 

PDBM is no longer controlled by professionals (10, 30, 38). We treated temperature and time of 

milk handling and storage as independent parameters. This may have overestimated the risk of 

HUS since an implicit assumption, underlying the model, is that all the milk will be consumed 
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whatever the time-temperature combination. Practically some milk can end up not being 

consumed due to spoilage at certain time-temperature combinations thereby reducing the risk.    

Exposure concentration of STEC in PDBM per-serving was dependent on the estimated 

concentration of STEC at PD outlets. Raw PDBM had higher concentrations of STEC per-

severing than pasteurized PDBM for both age groups. Notwithstanding that children 0 – 5 years 

may consume smaller portions/volumes of milk than the age group above 5, the probability of 

illness and number of HUS cases were higher in children under 5, based on the frequency of 

consumption. Furthermore, Signorini and Tarabla (52) reported that children under 5 have an 

increased probability of severe disease outcomes such as HUS and death following STEC 

infection. However, it is noteworthy that lower concentrations of STEC in milk can also cause, 

inter alia, watery and bloody diarrhoea and intestinal discomfort. The probability of illness for 

both age groups consuming PDBM were extremely small (far less than 1) but this is difficult to 

validate given the uncertainty which underlie the number of PDBM milk consumers. There are 

no official reports on HUS cases in SA to benchmark our model outputs. However, in Italy, 

STEC risk assessment for milk reported similar cases of HUS as reported by the Health Ministry 

(20, 21). Latorre et al. (29) in the US conducted a risk assessment of listeriosis due to 

consumption of raw milk and also reported a number of listeriosis cases which were in line with 

reports from the CDC. In our study, for every 100 000 PDBM portions per-year, the expected 

number of HUS cases per-year were 52 and 3.2 for age groups under 5 years and above 5 years, 

respectively, in raw PDBM and the expected number of HUS cases per-year in pasteurized 

PDBM were 47 and 2.9 for age groups under 5 years and above 5 years, respectively. Our results 

differ considerably with those of Grace et al. (24) and Giacometti et al. (21). These disparities in 

model output can be as a result of the risk model and the data used in each model, for example 
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temperature distributions, time distributions as well as prevalence of the pathogen in context 

(29). Median probability of illness per-serving for STEC in PDBM varied from 9.0 x 10
-5

 to 5.4 

x 10
-4 

for all age groups. The median probability of illness per-serving for STEC in PDBM in 

this study was very low and within the range of the findings from studies conducted in Europe 

(16). Given that even low probability of STEC infections could still lead to HUS cases and 

hospitalization in Europe (16), the same situation can be experienced in SA.   

In the current study, the risk of infection and the subsequent development of HUS was 

most influenced by serving volumes followed by time taken to sell the milk at PD outlets. These 

factors were the most important in increasing the risk of HUS in both age groups who consume 

either raw or pasteurized PDBM.  Latorre et al. (29) also reported serving volume as a parameter 

with great influence in the risk of listeriosis in raw milk (correlation coefficient varied from 0.19 

to 0.30 for all the scenarios they studied). In the current study, the higher number of HUS cases 

estimated by the model for children under 5 years, although they consume smaller milk volumes, 

could be attributed to frequency of consumption (higher in population under 5 years) and 

infectious dose (lower in children under 5 years). The STEC exposure per-serving was very high 

in this study for both raw and pasteurized PDBM compared to results in a report by the FDA 

(2003). This could explain why sensitivity analysis picked serving volume as the most important 

parameter.  Heat treatment of milk greatly reduced the risk of HUS associated with consumption 

of STEC contaminated milk. Using a linear regression model, Giacometti et al. (20) noted that 

the number of predicted HUS cases is directly influenced by the probability of heat treatment of  

milk before consumption and again that consumer behavior is a variable and operational 

reference point useful to obtain appropriate mitigation measures. Grace et al. (24), Giacometti et 

al. (21) and Clough et al. (9) reported a zero risk of acquiring HUS in consumers who boil milk 

24



before consumption and this was also experienced in our study. Escherichia coli is destroyed by 

temperatures above 63 °C in fluid milk (11, 35). Pasteurization of milk effectively eliminates 

STEC and other common milk borne pathogens (Listeria monocytogenes, Campylobacter and 

Salmonella) that could cause severe disease, without causing significant change to nutritional 

properties in milk (2).  

A simulated scenario in this study where milk was stored at 4 °C throughout the whole 

PDBM chain, clearly indicated a reduction of HUS risk to consumers by more than 50%, as 

compared to the current PDBM production and marketing conditions. Producer-distributor bulk 

milk food chain should enforce handling, transportation and storage between 0 and 4°C. These 

temperatures have been known to prevent microbial growth and subsequent risk of high 

pathogen level at consumption (52). In their risk assessment, Giacometti et al. (21) observed that 

when farmers did not maintain correct temperatures throughout the supply chain and also due to 

thermal abuse practices during home transportation and storage, the annual expected cases of 

HUS infections were higher.  We also noted that reduction of time taken to sell milk and 

consume all the milk at home, significantly reduced the risk of STEC in PDBM. Other studies 

reported that factors affecting risk of infection by pathogen in milk sold directly to the public 

include time taken to sell the milk per-day and time taken to consume all the milk at household 

level (19, 29), which is also in accordance with our study. Latorre et al. (29) reported that 

additional time in milk storage along the food chain increase growth of the pathogen and the 

subsequent exposure per-serving and risk of illnesses per-serving. We therefore recommend 

consumption of milk within the shortest possible time just after purchasing, to reduce bacterial 

growth during inadequate refrigeration which has subsequent consequences of increasing the risk 

of infection. Studies have proven that E. coli cells can grow even at refrigeration temperatures 
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(27). Combination of PDBM handling practices (storage at 4°C throughout the whole chain + 

time taken to sell the milk (5 h) + time taken to consume the milk (12 h)) along the product chain 

had more impact in reducing the risk of infection and probability of illness. A quantitative risk 

assessment study by Njage and Buys (43) revealed that combination of mitigatory interventions, 

reduces human exposure to hazards contaminating food products. Most WHO guidelines 

recommend combination of different mitigatory measures in the food value chain to increase 

food safety (54).  

During our analysis, certain model inputs introduce uncertainties. We identified one 

study (5), apart from our reports (44, 45), which provides information regarding the prevalence 

of STEC in PDBM in SA or in the region. Furthermore, there is no information pertaining 

quantitative data of STEC and the inherent variability in this parameter in PDBM. In the current 

study one of the main source of uncertainty was the estimated concentration of STEC in both raw 

and pasteurized PDBM. We estimated the level of STEC in PDBM based on the method of 

isolation and quantification that was used in a study by Ntuli et al (44, 45).  One of the main 

disadvantage in the method was that, E. coli (STEC) cells are known to enter a dormancy state in 

the milk, i.e, they are still viable but non-cultrable (18). Therefore, this may have underestimated 

the quantities of STEC in PDBM, although the cells may still be viable and retain pathogenicity 

(3, 15). Obtaining quantitative data on STEC concentration in PDBM or milk produced and 

marketed in the same scenario, would enable a more realistic modelling of the PDBM value 

chain. In other studies, estimated concentrations of STEC in bulk milk ranged from -4.00 Log 

CFU/ml to -3.5 Log CFU/ml (21, 33, 46, 53). However, these were much lower than what we 

estimated in raw and pasteurized PDBM despite the underestimations.  
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The lack of data on cross contamination along the PDBM value chain and the 

concomitant difficulty in testing the validity of the assumption of no cross contamination is one 

major limitation of this current study. Storage temperatures at house hold refrigeration was 

modelled using data obtained from Europe and other western countries, and this might not be a 

representative of home refrigeration temperatures in SA.  Another source of uncertainty and 

variability in the model was limited data available regarding (i) average volumes of PDBM 

produced or received at outlets per-day (ii) average volumes of PDBM sold per-day (iii) serving 

volumes (iv) percentage of consumers who boil milk before consumption (v) frequency of 

PDBM consumption (vi) the actual population (both children and adults) that consume PDBM in 

SA.  We believe future risk assessment will model this source of variability and uncertainty if 

appropriate data could be identified. We used a triangular distribution to represent Log reduction 

counts to represent insufficient heating (33% of the consumers) and this was adopted from 

Giacometti et al. (21). The authors reported this as a source of uncertainty in their model as the 

experimental data on the reduction of STEC counts achieved by insufficient boiling may not be 

reproduced in home setup, thus, they assumed a triangular distribution. Regarding the set of data 

we had it was not possible to estimate precisely the absolute risk of HUS in SA in our model.  

We recommend future risk assessment work to include other vulnerable members of the 

population, for example the perinatal and the immune compromised.  

The study revealed that there is a possibility of HUS cases for consumers of PDBM in 

SA, considering the STEC concentration in the milk. Information obtained from this current 

study could help to increase the awareness of potential danger to the health of consumers. For 

example, the study revealed that failure to maintain a cold chain along the PDBM value chain 

has significant implications on the risk of STEC infection and development of HUS by 
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consumers.  Apart from effective pasteurization, effective maintenance of a cold chain has the 

potential to reduce the risk to consumer even to those who do not boil the milk at household level 

before consumption. The risk of illnesses can be reduced totally by boiling of the milk before 

consumption, especially if it is raw.   

It is not possible to obtain pathogen-free milk. However, the training on dairy technology, 

hygiene maintenance and safety for producers and suppliers of PDBM needs to be strengthened 

to improve public health and safety. The models developed in this study can represent risk 

assessments for milk produced and marketed in similar scenarios. 
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