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CRTI 07-0234RD 

Abstract 
 
A systems-based approach combining the capacity to capture, store, manage and analyze data in a 
Geographical Information System (GIS), predictive microbiology and risk modeling was applied in the 
development of tools for the identification of vulnerabilities and the measurement of risks associated 
with contamination of the Canadian distribution system with microbiological threat agents. The approach 
was validated through a detailed examination of the Canadian ready-to-eat lettuce sector. Relevant data 
was collected and integrated with ArcGIS, and a simulation model developed with Arena™ event 
simulation software was designed to predict the fate of contaminated lettuce during storage and shipping, 
to identify areas at risk as time progresses, and to estimate the population affected by the events. The 
simulation model incorporates mathematical equations that predicts the fate microbiological threats and 
accommodates shipping delays and temperature profiles at each stage to calculate growth, survival, or 
die-off in the packaged lettuce during storage and shipping, until the point of sale at retail. A user 
interface was designed to dynamically display the predicted risk across the Canadian distribution system. 
The simulation tool has been termed the Canadian GIS-based Risk Assessment, Simulation and Planning 
(CanGRASP) tool for food safety. A scenario involving contamination of lettuce with E. coli O157:H7 is 
presented to show how geographic zones affected by a contamination event are identified and the 
proportion of the population potentially affected by the event over time. 

 

Résumé 

Afin de concevoir des outils de détection des vulnérabilités et de mesure des risques associés à la 
contamination du réseau de distribution canadien par des agents microbiologiques potentiellement 
dangereux, on a eu recours à la microbiologie prédictive et à la modélisation des risques, des méthodes 
axées sur les systèmes permettant de regrouper, de stocker, de gérer et d’analyser des données dans un 
système d’information géographique (SIG). On a validé cette approche dans le cadre d’un examen 
approfondi du marché de la laitue prête à manger au Canada. On a recueilli et regroupé les données 
pertinentes au moyen du système ArcGIS et on a conçu un modèle de simulation à l’aide du logiciel de 
simulation d’événements Arena™ afin de prédire l’évolution de la laitue contaminée pendant son 
entreposage et son transport, de cerner les secteurs à risque à mesure que le temps passe et d’estimer 
combien de personnes seront touchées par l’incident. Le modèle de simulation s’appuie sur des 
équations mathématiques pour prédire l’évolution des agents microbiologiques et pour établir le temps 
de transport et les profils de température à chaque étape de manière à calculer la croissance, la survie 
ou la mortalité des agents dans la laitue emballée pendant l’entreposage et le transport, et jusqu’au 
moment de la vente dans le commerce de détail. On a conçu une interface utilisateur permettant 
l’affichage dynamique des risques prédits dans l’ensemble du réseau de distribution canadien. On a 
appelé cet outil de simulation « l’outil canadien d’évaluation, de simulation et de planification des 
risques à partir d’un SIG pour la salubrité des aliments » ou « CanGRASP ». On a présenté un scénario 
mettant en scène une contamination de laitue avec la bactérie E. coli O157:H7 afin de montrer 
comment on détermine les zones géographiques touchées par une contamination et la proportion de la 
population qui sera potentiellement touchée au fil du temps.   
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1 Introduction

1.1 Background 



1.2 The systems-based approach



2 Purpose



3 Methodology

3.1 Overall approach 

Figure 1. Information and models assembled to construct an overall model to simulate the 
dissemination of microbiological threats in a Canadian RTE lettuce distribution chain. 

3.2 Assembly of the geo-database  



Scenario 

Package_InfoProcessor_PackagesProcessors

Transit_Processor_to_DC

Distribution_Centres 

DC_Imported_Packages

Transit_DC_to_RS

Retail_Stores

Figure 2. Relational database structure used to characterize the flow of packaged RTI lettuce 
through the Canadian retail distribution system.

3.2.1  Collection of time-temperature profiles 



Figure 3.  Position of nine instrumented cases of ready-to-eat baby leaf lettuce in a pallet (three 
instrumented cases per layer – types A, B and C; three instrumented layers per pallet – bottom, 
middle, top) 



3.3  Fate of microbiological surrogates in RTE lettuce in the farm-to-fork chain 

Table 1. Microbiological threat agent surrogates and methods used for their recovery from 
lettuce tissues. 

Class of threat Surrogates Detection in lettuce

Eimeria papillata

E. coli 

Bacillus atrophaeus

3.3.1  Fate of the surrogates in field lettuce 

E. coli
Bacillus atrophaeus Eimeria papillata 



3.3.2.  Sampling system  

3.3.3.  Fate of the surrogates during processing

E. coli
Bacillus atrophaeus Eimeria papillata 



Figure 4.  Flow diagram for the processing scheme applied in pilot plant trials. Nine successive 5 
kg batches were processed after the initial contaminated batch. 

3.3.4. Fate of the surrogates in packaged lettuce 

3.3.5.  Dynamic growth-death model for E. coli O157:H7 in packaged lettuce.

E. coli 

400 l flume,
70 ppm Cl 

400 l flume,
70 ppm Cl 

400 l flume,
70 ppm Cl 

5 kg 
contaminated

5 kg not 
contaminated

5 kg not 
contaminated

Remove lettuce 
and centrifuge

Remove lettuce 
and centrifuge

Remove lettuce 
and centrifuge

Analyze for 
presence/
absence

Analyze for 
presence/
absence

Analyze for 
presence/
absence



3.4 Mapping and analysis using GIS 



3.5 Development of the risk simulation model 

Figure 5: Lettuce supply chain events incorporated into Arena model 



Figure 6: Arena™ model flow 



Equation 2a (RI1) – Linear



Equation 2b (RI1) – Log

Equation 4 (RI3)

Figure7: Illustration of how the risk index varies with the size of the potentially exposed 
population (RI2 = 0.2, RI3 = 3.4) 



3.6  Model Integration and Design of the Overall Simulation Model 

Figure 8: Conceptual relationships of components composing the integrated simulation tool. 



4 Results 

4.1  Assembly of the geo-database 

Figure 9. Temperature profiles measured on three occasions (A, B, & C) in a distribution system 
for RTE lettuce. Coloured rectangles indicate duration of each step (width of rectangle) and 

mean temperature of the three cases for each step (height of rectangle). 



4.2  Fate of the surrogates on field lettuce 

Eimeria papillata
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Table 2. Structure of @RISK™ simulation for oocysts on field lettuce 

Figure10 . Simulated (100) data points incorporating variation in data compared to regression 
line and 95% prediction limits for oocysts on field lettuce. 



Bacillus atropheus

Eimeria papillata

Table 3. Structure of @RISK™ simulation for spores on field lettuce 



Figure 11. Simulated (100) data points incorporating variation in data compared to regression 
line and 95% prediction limits for spores on field lettuce.

Bacillus atrophaeus 

Eimeria papillata 

Bacillus

E. coli 
E. coli 



Figure 12. Fitting of field data for E. coli O157:H7 with the two-phase exponential decay 
function. Regression model is indicated by the solid line, bars indicate standard deviations and 
broken lines represent the 95% prediction limits. 

Figure13 . Simulated output from the @RISK model for decay of E. coli O157:H7. 

E. coli Eimeria papillata



4.3  Fate of the surrogates during processing 

E. coli E. coli 

E. coli 

Table 4: Number of lettuce samples positive for the presence of four surrogate microorganisms in 
nine successive batches of lettuce processed after the introduction of a single contaminated batch 
of lettuce.

Surrogate species Wash number

1* 2 3 4 5 6 7 8 9 10

E. coli 

Bacillus atrophaeus

Eimeria papillata

E. coli 

Bacillus atrophaeus Eimeria papillata

Bacillus atrophaeus



Eimeria papillata 

E. coli 

E. coli 

E. coli 

Figure 14:  Predicted percentage of 250 g bags of lettuce contaminated with E. coli O157:H7 in 
successive batches of RTE lettuce. Results of predictions for three initial level of contamination 
are shown. 

4.4  Fate of the surrogates in packaged lettuce 

Bacillus atrophaeus

100 cfu/g
1 cfu/g
0.01 cfu/g



Eimeria papillata
Bacillus atrophaeus Eimeria 

papillata

Figure 15. Survival of MNV-1 on or in (A) stainless steel disks, (B) lettuce, (C) soil, and (D) 
water at room temperature. The dashed line indicates the limit of detection of the plaque assay 

(10 PFU). 



4.4.1. Dynamic growth-death model for E. coli O157:H7. 

E. coli
E. coli

E. coli

E. coli



4.5 Overall Simulation Tool

Escherichia 
coli

Figure 16: The CanGRASP User Interface (Simulation Tab Shown) 



Figure 17: The CanGRASP User Interface (Advanced Simulation Tab Shown) 



Figure 18: The CanGRASP User Interface (Mapping Tab Shown) 

4.5.1 Scenario 



Attribute name Data type Description

4.5.2 Simulation_Result 

Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description

4.5.3 Mapping_Result 

Attribute name Data type Description



Attribute name Data type Description

Green
Yellow
Orange
Red
Dark Red



 
 

Figure 19. Example of a map created with the “Mapping Result” tool in CanGRASP. 

4.2  Example scenario 

E. coli 

E. coli



Table 5. Range of O157:H7 contamination in packs at each step of the supply chain 
during this simulated contamination event. 

Step Concentration of contamination
(log cfu/pack)

Avg. ± Std. dev. Min Max

Table 6. Range of storage and transit times and product temperatures for all components of the 
supply chain. 

Step Time (h) Temperature (°C)
Avg. ± Std. dev. Min Max Avg. ± Std. dev. Min Max

Table 7. Spread of predicted contamination event over time 

Day after
event

No. of stores 
displaying 

contaminated 
packs

Population at risk 
of purchasing 
contaminated 

packs

Contamination per 
store

(log cfu/pack)

Average 
prevalence

(%)
Avg. Max



E. coli
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5 Transition and Exploitation



6 Conclusion

E. coli 
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Annex B PROJECT PERFORMANCE SUMMARY

PROJECT PERFORMANCE SUMMARY 

Technical Performance Summary: 

The objective was completed as planned. A relational database 
accessible by modeling software was designed to store the relevant data. 

The 
objective was completed as planned. The interface was designed to allow simulations based 
on scenarios derived from range of parameters chosen by the user and delivers the results in 
the form of an Access database for analysis with ArcGIS.

A system was developed to support the sampling strategies needed for field studies. 
However, the range of difference in survivability of the surrogates during subsequent steps 
along the chain (from full survival of bacterial endospores and protozoan oocysts to complete 
eradication of the virus) reduced the need for additional sampling scheme development. 
Hence this objective was partially fulfilled.

The objective was completed as 
planned.

The objective was completed as planned.
6.

 The objective 
was completed as planned. The prototype CanGRASP tool developed through this work 
provides the ability to simulate and dynamically display public health outcomes associated 
with microbiological contamination of the food supply. It was used to examine contamination 
scenarios in an actual Canadian distribution system and to provide realistic estimates of the 
implied risks to public health, which represents a significant improvement in response 
capacity. A two year proposal was submitted to foster transition from a desktop environment 
to a web-based platform. It is anticipated that the tool will become widely available to 
stakeholders at that time. 

Schedule Performance Summary:
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Appendix 1.

Canadian retail distribution system geo-database for RTE lettuce 

1. Scenario 

Attribute name Data type Description



Attribute name Data type Description

2. Package_Info

Attribute name Data type Description



3. Processor_Packages 

Attribute name Data type Description

4. Lettuce_processors

Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description



X
X

X

X
X  X X

X

5. Transit_Processor_to_DC

Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description

X
Note: The probability values (Prob_Pro_DC) need to be revised when changes are made to 

the database, namely when the distribution centres supplied by a processor are modified, or when 
the volumes allocated to distribution centres are updated, or when the number of retail stores 
supplied by a distribution centre is corrected.



#

#

6. Distribution_centres

Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description

X



7 DC_Imported_Packages

Attribute name Data type Description



8 Transit_DC_to_RS

Attribute name Data type Description



Attribute name Data type Description

X



#

#

9 Retail_stores 

Attribute name Data type Description



Attribute name Data type Description



Attribute name Data type Description



X

10 Other Data





Appendix 2: 

CanGRASP Arena Model Documentation

Figure 20:  Lettuce supply chain events incorporated into Arena model 



Figure 21: CanGRASP User Interface (Simulation Tab Shown) 



Figure 22: CanGRASP User Interface (Advanced Simulation Tab Shown) 



Figure 23: Arena Model Flow 
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Figure 24: Simulation Replication Controller Subsystem 
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Figure 25: Processor Subsystem 
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Figure 26: In-model Animation of Bag Statistics 



Figure 27: Contamination Loop Subsystem 
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Figure 28: Imports Subsystem 
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Figure 29: Distribution Center Subsystem 



o
o

o
o
o
o
o

o



o
o
o
o

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o



Figure 30: Retail Location Subsystem 

Attribute, variable & expression tables: 

Table 8: List of Attributes assigned to Entities within the Arena Model 

Attribute Rows* Description



Table 9: List of Variables within Arena Model 

Variable

R
ow

s*

C
ol

um
ns

*

Se
t p

ri
or

 to
 

si
m

ul
at

io
n?

Description





Table 10: vBagSizes 

Volume of the 
bag (kg)

No. of bags/box when 
packaged at 
Processor

No. of boxes/pallet 
when packaged at 

Processor

Bag Size 1

Bag Size 2

Bag Size 3

.

.

Bag Size 20



Table 11: vbOnlyContaminated 

1

Unused cell

Table 12: vContamination 

Coding for type of 
contamination 

Volume of 
contaminated 
lettuce at the 

Processor (kg)

Level of 
contamination 

within the lettuce 
(CFU/kg)

Processor 1

Processor 2

Processor 3

.

.

.

Processor 10



Table 13: vContaminationImport

Coding for type of 
contamination 

Volume of 
contaminated lettuce 
at the Importer (kg)

Level of 
contamination 

within the lettuce 
(CFU/kg)

DC 1

DC 2

DC 3

.

.

.

.

.

DC 50

Table14: vProbSameDestination 

x
x

y
y

Table 15: vRecall 



Table16: vSimulationTime 

Unused cell

Unused cell

Unused cell

Unused cell
Unused cell

Unused cell

Table 17: vTransit_P_W_Prob (only some cells filled as examples, matrix follows simply pattern 
of data)

DC 1 DC 2 DC 3 … DC 50

Processor 1

Processor 2

Processor 3

.

.

Processor 10



Table 18: vTransit_W_R_Prob 

DC supplying the Retailer Percent of the DC’s product 
that is sent to the Retailer

Retailer 1

Retailer 2

Retailer 3

.

.

Retailer 2999

Retailer 3000

Table 19: List of Expressions within Arena Model (all expressions set prior to simulation) 

Expression

R
ow

s*

C
ol

um
ns

*

Description





Table 20: expDeathRate 

Mean value of 
Kmax

Standard deviation 
of Kmax

Shift for log 
normal 

distribution of Kmax

Contamination Type 1

Contamination Type 2

.

.

Contamination Type 
10

Table 21: expImportInput 
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 1 …
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od
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ag
 

si
ze

 2
0

Importer 1

Importer 2

.

.

Importer 
50



Ta
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e 
22

: e
xp

Pr
oc

es
so

rI
np

ut
 

Temp (°C) at 
Processor in Spring

Time (min) spent at 
Processor in Spring

Production rate in 
Spring(kg/hr)

…

[6
 c

ol
um

ns
 

fo
r d

at
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ng
 

su
m

m
er

 
an

d 
fa

ll]

Temp (°C) at 
Processor in Winter

Time (min) spent at 
Processor in Winter

Production rate in 
Winter (kg/hr)

Proportion of 
product packaged 

as bag size 1

Proportion of 
product packaged 

as bag size 2

…

Proportion of 
product packaged 

as bag size 20

Pr
oc

es
so

r 
1

Pr
oc
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so

r 
2

. . .

Pr
oc

es
so

r 
10



Table 23: expRetailerInput
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Retailer 1

Retailer 2

.

.

.

Retailer 
3000

Table 14: expTransit_P_W_Temp 

DC 1 DC 2 . . . DC 50

P1 Spring

P1 Summer

P1 Fall

P1 Winter

P2 Spring

.

.



P10 Fall

P10 Winter

Table 25: expTransit_P_W_Time 

DC 1 DC 2 . . . DC 50

Processor 1

Processor 2

.

.

.

Processor 10

Table 26: expTransit_W_R_Temp 

Spring Temp 
(°C)

Summer Temp 
(°C)

Fall Temp 
(°C)

Winter Temp 
(°C)

Retailer 1

Retailer 2

.

.

Retailer 3000
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Appendix 3: 

CanGRASP Tutorial: Interface and Tools 



1. CanGRASP Interface



2. CanGRASP Spatial Analysis Toolbox



How to add CanGRASP toolbox to ArcToolbox 

2.1. Calculate Transit Time 



General Description:  

Road Network Shapefile: 

Origin Shapefile:  

Destination Shapefile:  

Impedance: 

Accumulators (Optional): 

Transit Route shapefile:



-

-

-



-

-

-

-

2.2. Generate Influence Zone tool 

General description:

Road Network shapefile : 

Retail Chain shapefile :

Impedance:

Value:
Influence Zones shapefile:





2.3        Calculate Population tool  

General Description:
Influence Zones shapefile:

Census shapefile:

Population Table:



2.4 Analyse Simulation Results tool  

General Description: 

Retail Stores Shapefile:
Simulation Result Table:

CanGRASP GeoDB:

Scenario Name:

Season:

Starting Date:

Simulation Result Analysis Table:



2.5 Map Risk Zones tool:   

General Description:

Retail Stores Shapefile:
Influence Zones shapefile :

Simulation Result Table: 

CanGRASP GeoDB:



Scenario Name:

Replication ID: 
Starting Date:

Risk Map Shapefile:

-
-

o
o
o

-
o



or

Green
Yellow
Orange
Red
Dark Red

Attribute name Data type Description



Attribute name Data type Description

2.6 Generate Map tool 

General Description: 

CanGRASP Map:

Risk Map Layer: 
From_Date: 
To_Date: 
Maps:



Appendix 4: Example of an output from the sampling system.

ncochran = 4PQ/L2 where L is the interval (+/-) into which the 
true population proportion lies 95% of the time

ncochran = Z2PQ/L2 where an exact measure of Z is used 
instead of 4 for 95% confidence level.  Other confidence 
levels can be used

ncochran = Z2PQ/L2/Se where impact of test sensitivity is included.  Test specificity is assumed to be 1

fpc = n0/1+(n0-1)/N (finite population correction). Can also use the reciprocal which is 1/(1/n0 + 1/N)

npuri =N/(1+(e2 (N-1)/Z2 PQ))

npuri =N/(1+(e2 (N-1)/Z2 PQ))/Se where Se is considered


