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Abstract 

The development of molecular subtyping for foodborne disease surveillance has 

significantly enhanced our ability to detect, investigate, and control common source 

outbreaks. Despite wide-scale use and many high profile outbreaks detected through 

enhanced foodborne disease surveillance, use and interpretation of molecular subtype 

data has been primarily intuitive. Efforts to develop interpretive guidelines have been 

based primarily on laboratory criteria with the relatively narrow goal of defining the 

likelihood of relatedness between strains. However, the significance of strain 

relatedness is context dependent, and additional factors are required for epidemiological 

inference. These factors have not been clearly defined, which has limited our ability to 

consistently interpret findings and effectively utilize the new tools. In this work, a 

theoretical framework was developed to describe the interrelationship of case 

definitions based on molecular or other classifications, the normal prevalence of disease 

or strain, frequency of exposure, specificity of exposure information, and number of 

cases in a common source outbreak setting.  A computer model was developed to 

illustrate the impact of increasing case definition specificity and exposure prevalence on 

the association between illness and exposure. The model demonstrated that as the case 

definition in a case control study became more specific, measures of association 

increase and confidence intervals widened. Low prevalence exposures required less 

case definition specificity or fewer cases to reach significant association than high 

prevalence exposures. The model demonstrated that the optimum level of molecular 

subtype specificity is not fixed, but depended on the prevalence of the exposure, 

specificity of the exposure information, the number of available cases, and the question 

being asked.  Furthermore, the sensitivity of exposure identification and the specificity 

of the exposure information have an impact on the ability to detect and resolve common 

source outbreaks in much the same manner as molecular subtyping. Using the key 

parameters identified, the inherent benefits and limitations of each of the currently 

available surveillance systems were compared for their ability to detect problems in the 

food supply. Interpretive guidelines for molecular subtype data were developed, and a 

practical guide to best practices was formulated.
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Chapter 1:  Introduction  

 

I.  Background 

 

Investigation of foodborne diseases has been part of Public Health practice in the U.S. 

since its inception. The development of surveillance for foodborne disease and disease 

outbreaks during the 20
th

 century paralleled development of microbiology and 

communication methods. The rapid emergence of information technology and 

molecular biology during the 1990’s altered the landscape of surveillance in important 

ways.  In particular, the development of PulseNet and epidemiological methods for 

pathogen-specific surveillance has significantly enhanced our ability to detect, 

investigate, and control common source foodborne and waterborne disease outbreaks 

(Bender 1997, Bender 2001, Tauxe 2006). Molecular subtyping has also become a 

standard activity in connection with other types of foodborne disease surveillance and 

microbial food monitoring.  Between 1998 and 2006, over 127,000,000 lbs of 

contaminated food were recalled that would likely not have come to the attention of 

public health authorities in the absence of the systems, considering only outbreaks with 

recalls of over 750,000 lbs (data not presented).  By November of 2007 that figure 

swelled to over 500,000,000 lbs, including such diverse products as peanut butter, 

frozen pot pies and stuff chicken products, pizza, sprouts, ready-to-eat snacks, 

hamburger, blade tenderized steaks, and fruit juices. Although some undefined 

proportion of the recalled food was consumed or could not be recalled, it is clear that 

substantial amounts of disease were likely prevented. Recalls and lawsuits resulting 

from outbreak investigations changed the economics of food production, giving 

producers of safe products an advantage over producers of unsafe products, despite the 

added cost of food safety monitoring. Detection of E. coli O157:H7 in alfalfa sprouts in 

the early 2000’s ultimately led to safer industry standards in sprout production. Recent 

outbreaks in leafy green vegetables and beef products have led to calls for increased 

regulatory authority.  Due to successes in the U.S. and through efforts of the CDC, 
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PulseNet has expanded globally, with functioning or pilot projects in much of the 

inhabited world.     

 

Despite the many high profile successes of enhanced foodborne disease surveillance 

systems, use and interpretation of molecular subtype data has been primarily intuitive. 

Development of laboratory and epidemiology systems by this author and many others 

occurred incrementally. Early efforts to specify interpretive criteria, such as the Tenover 

Criteria (Tenover,1995), were based on laboratory values with the relatively narrow 

goal of defining likelihood of relatedness of strains in the context of an outbreak. 

However, outbreaks are ultimately defined by epidemiology, not laboratory criteria. 

Using molecular subtyping techniques to detect and investigate common source 

foodborne outbreaks requires putting the microbiological data into an epidemiological 

context. Unfortunately, the theoretical basis for developing these epidemiologic 

methods has been much slower to develop. 

 Superficial similarity of laboratory methods to ―DNA fingerprinting‖ used for 

criminal investigations has created confusion courts of law, and among the 

general public. Genetic matches between microbial strains were used to ―prove‖ 

or ―disprove‖ association, but it was not clear under what circumstances such 

claims could be made.   

 Our ability to take public health action has been hampered by lack of definition 

of the underlying assumptions and epidemiological factors which drive 

interpretation.  Responses to questions such as ―when is additional strain 

resolution necessary before announcing a recall?‖ and ―when is relatedness 

between strains important?‖ need guidance.    

 Efforts to improve food safety systems have been confused by lack of theoretical 

structure upon which to build policies.  As a result, enormous financial 

investments have been made in programs such as syndromic surveillance based 

on non-specific health indicators, or on enhanced food monitoring without a 

clear understanding of their inherent strengths and limitations.   
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While the rapid emergence of molecular subtyping technology and the need for further 

definition was the imperative behind this work, it became clear during the process that 

the issues which drive interpretation of molecular subtype data cannot be separated 

from broader issues of epidemiology:  (1) the primary business of molecular 

epidemiology in surveillance is one of agent classification, which is used in the same 

manner as agent classification by any method; (2) agent classification itself, in the 

context of surveillance, is only part of a case definition; and that cases definitions vary 

by the type of surveillance, (3) the choice of a case definition is one of sensitivity and 

specificity, and (4) sensitivity and specificity of surveillance and investigations are not 

only predicated on the case definition, but also on other factors such as frequency of the 

exposure, prevalence of the disease, etc. Thus, molecular subtype data must be 

evaluated not only in microbiological terms, but in the entire context of surveillance.  

 

II. Organization and Goals of This Thesis 

 

Enteric diseases are a common complaint, and the major challenge of detection and 

investigation of contamination problems is the detection of signals against pervasive 

background noise. This work consists of four documents, including this introduction, 

which represent an attempt at defining the types of markers available to us which may 

reflect problems in our food or water, and the basic elements which drive their use, 

interpretation, and practical application of molecular subtyping methods for detecting 

and resolving foodborne disease outbreaks due to infectious causes. Contamination of 

food or water with microorganisms or their products may occur anywhere between farm 

and table, may involve animal or plant ecology, and involves complex interactions at 

the microscopic and submicroscopic levels. What unites all of these levels are the 

problems of sampling and separation of signal from noise through the process of 

classification, and the underlying ecology of humans and microbes.  Therefore, a central 

theme to each these four parts are of sensitivity and specificity of methods used to 

identify problems in our food or water delivery systems, and how various determinants 

must be used to guide interpretation.  Major chapters include:  
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 Besser JM; Systems to Detect Microbial Contamination of the Food Supply.  

Institute of Medicine Forum on Microbial Threats. Addressing Foodborne 

Threats to Health; Policies, Practices, and Global Coordination.  2006. The 

National Academies Press.  Washington D.C. This paper provides context for 

the role of molecular subtyping as part of foodborne disease surveillance in 

detecting unforeseen problems in our food and water supplies.  The various 

types of signals we have available to us on the continuum of farm-to-table to 

disease were identified, and a thesis developed which describes the basic 

strengths and limitations of surveillance systems upon which they are based.  

 Besser, JM. Use of Molecular Epidemiology in Infectious Disease Surveillance, 

in Infectious Disease Surveillance, In M’ikanatha N, Lynfield R, de Valk H 

andVan Beneden C (eds): Infectious Disease Surveillance. Blackwell Publishers. 

London, United Kingdom 2007.  This chapter, which focuses on use of 

molecular biological methods to classify microorganisms in the context of 

epidemiological surveillance, contains the core elements of this thesis. Far from 

the relatively simple systems used to evaluate matching human cells with a 

particular individual and crime scene, use and interpretation molecular 

subtyping data involves multiple, complex systems.  In this chapter, the 

biological meaning and assumptions of microbial classification are outlined, and 

used to tease apart the key epidemiological and laboratory determinants which 

guide their interpretation.   

 Besser, JM: Foodborne Disease Surveillance and Outbreak Detection in Davies 

J (ed.), Guidelines, Council to Improve Foodborne Outbreak Response 

(CIFOR).  This final work represents the practical application of models 

developed in the first two publications.  CIFOR is a collaborative effort of the 

CDC and multiple national organizations to improve surveillance, investigation, 

and control of foodborne diseases.  The Guidelines were developed to provide a 

structure for program development and improvement, including descriptions of 

best practices.  In this chapter, best practices are described in terms of the basic 

determinants developed in earlier works.  



5 

 

A central goal of foodborne disease surveillance is to detect, identify, and control 

common source outbreaks.  The approach used in these papers was (1) to identify key 

parameters which influence the odds ratio, a statistic commonly used in infectious 

disease surveillance and investigation to identify the association between illness and 

exposure in common source outbreaks.  This statistic is in a sense an outcome indicator, 

and represents the sum of many (but not all) epidemiological and microbiological 

factors; (2) once determined, parameters are examined in the broader context of the 

surveillance systems currently in use, and (3) utilize parameters to develop practical 

approaches to interpretation and use of molecular data. This approach was used not only 

to identify the epidemiological role and interpretation of molecular subtyping, but of 

necessity the role agent classification in general, and ultimately the role of case 

definitions of which the agent is only a part.  

Thesis References:  A significant proportion of material in this introduction and thesis 

is original, as there is a paucity of information available on this subject. Those 

references that are available are presented in the attached articles.  

 

III. Theoretical Framework:  Case definition and measures of association 

 

The most commonly used statistic used in investigation of common source outbreaks is 

the odds ratio (Figure 1).  Elements that influence this simple 2x2 table by definition 

influence measurement our ability to significantly associate illness with exposure in a 

case control study.  At a minimum, how we define a case and how we define an 

exposure will mathematically impact the statistic (and thus our ability to make a 

significant association).  As will be discussed later, the need for, and influence of the 

agent definition as part of the case definition depends on the type of surveillance.  
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ControlCase
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BAExposed
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Figure 1: a 2x2 table in a case control study,   The odds ratio = AD/BC 

 

1. Sensitivity, specificity, and predictive value of the case definition (molecular 

subtype or other definition).  As described above, agent classification determines in 

part who is a case, and who is not.  Within the context of a temporal cluster 

identified through pathogen specific surveillance, the case IS defined by the agent as 

classified.  Clearly, the sensitivity and specificity of this definition determines in 

part the strength and significance of the association.  But where in this statistic can 

these elements be found?  Since multiple decisions went into definition of cases and 

exposures, we can think of this 2x2 table has being dependent on other factors 

which can also be expressed by 2x2 tables. An underlying assumption in these 

analyses is that there is in all circumstances some ―true‖ state, whether we can 

determine it or not. For example, we assume that there exists individuals whose 

illnesses are truly associated with a common source, and individuals who are truly 

not associated.  It is against this true state that we must measure our efforts.  In the 

clinical laboratory world, this is equivalent to the use of a gold standard for 

measuring the efficacy of a screening test, only in this analysis we are only 

attempting to define the terms, not actually conduct a calculation.  For the case 

definition we have the following: 
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Figure 2: sensitivity and specificity of case definition 

 

On the x axis, we have a true state of being a ―case‖ (in this circumstance, individuals 

who are, or are not truly related to a common source). On the y axis we have our case 

definition. Using standard definitions, the sensitivity of the case definition is A/A+C, 

the specificity is D/D+B, and the predictive value is A/A+B.   In a case control study, 

only individuals representing cells A and B are present, as who are ruled not cases (the 

lower row, ―defined as non case‖) are not part of the study. The only relevant measure 

within data collected as part of a case control study is therefore case predictive value. 

The sensitivity and specificity of the case definition include cells representing 

individuals that are part of the population of interest, but not the case control study 

itself.  A more sensitive case definition will capture more of the truly associated cases in 

the population than a less sensitive case definition, and a more specific definition 

captures less falsely associated cases.  

 

Sensitivity: The sensitivity of a case definition may be defined as (1) the number of 

individuals defined as cases in an investigation divided by the total number of 

individuals whose illness was reported and were truly associated with the common 

source, or (2) the total number of individuals who became ill from a particular exposure.  

Sensitivity is an important parameter when the total number of cases is small, or when 

determining the extent of an outbreak. Sensitivity using definition (1) above can be 

improved by widening the case definition, such as using ―measures of similarity or 

distance‖ described more fully in the attached chapter ―Use of Molecular Epidemiology 

in Infectious Disease Surveillance, in Infectious Disease Surveillance.‖  Sensitivity 
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using definition (2) above may be increased both by widening the agent definition and 

case finding.  Both of these applications may be used in investigations.  

 

Specificity:  The specificity of the case definition is its ability to exclude unrelated 

cases (false positives).  The denominator could include the population upon which the 

study was drawn, usually reported cases of a particular reportable disease which are 

NOT associated with the common source under investigation. The numerator is non-

associated individuals classified as cases.  Misclassified cases weaken epidemiological 

associations, and increase the number of cases needed to establish association. One way 

of increasing the specificity of the case definition in pathogen-specific surveillance is by 

increasing specificity of the agent definition.  Thus, increasing the number of enzymes 

used for PFGE analysis tends to include related cases and exclude unrelated cases.  The 

underlying assumption is that clonally related microbes are more likely to exist in cases 

that are epidemiologically related.  

 

Case predictive value:  The case predictive value is the ratio of individuals classified 

as cases who are truly cases.  When one increases the specificity of a classification test, 

such as PFGE, MLVA, or sequencing, one also increases the case predictive value by 

eliminating misclassified cases.   
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Relationship of case definition specificity to odds 

ratio
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Figure 3.  Relationship of case definition specificity to odds ratio.  This graph was 

generated by a computer model, using the assumption that with each round of 

increasing case definition specificity (x axis), the number of falsely classified cases was 

reduced by a greater percentage than truly classified cases. For this model, 50% and 

10% reductions were chosen arbitrarily to illustrate this concept.  For pathogen specific 

surveillance, this reflects the basic biological assumption that microorganisms identified 

from cases associated with a particular exposure are more likely than non-associated 

cases to share a clonal relationship with each other.  Note that as the specificity 

decreases and the total number of cases becomes smaller (cases are excluded from the 

study as the specificity increases), and the confidence interval (CI, area between the 

upper CI and lower CI) becomes wider.  

 

Relationship between case definition and disease prevalence:  When a rare disease in 

a particular location is being monitored, such as cholera in the U.S., the case definition 

is inherently specific (the possibility of falsely classified cases is low).  However, for a 

common disease such as salmonellosis, the possibility of misclassification is relatively 

high.  As the case definition (or agent definition) becomes more specific, there is less 

possibility of misclassification. Thus, the need for molecular subtyping is therefore 

related to the prevalence of the disease, or agent.  
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2. Sensitivity, specificity, and predictive value of the exposure definition and 

frequency of the exposure.  

 

While much attention in the literature and the press is paid to the accuracy of case 

definition using molecular methods, it is evident from Figure 1 that exposure definition 

plays a similar role.  This has major implications the interpretation of surveillance data, 

and for strategies to improve the quality of surveillance. An analysis similar to that 

made for case definition can be made for exposure definition, where the true states of 

―exposed‖ and ―not exposed‖ are expressed in the x axis, and actual assignments in the 

y axis.  

 

 

 

 

 

 

Figure 4:  sensitivity and specificity of exposure definition 

 

Sensitivity, specificity, and predictive values are associated with exposure 

classifications in much the same manner as case definition.  In disease surveillance, 

both sensitivity and specificity are related to the process of obtaining exposure 

information.  As will be described at great length in the attached CIFOR guidelines, 

sensitivity (the percent of interviewed individuals who identified an exposure among all 

the individuals who experienced that exposure) is related to both the timeliness and 

content of the interview process.  The specificity of exposure information is correlated 

with the amount of detail captured in the interview.  The more detailed the information, 

the less likely misclassification and greater the specificity.  For instance, interviewees 

are likely to report tomato consumption whether or not they are cases in a tomato 

associated outbreak.  However, as the interview information becomes more specific (i.e. 
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less false positives) this becomes less of a problem.  Thus, ―tomatoes from store A‖ is 

more specific than simply ―tomatoes,‖ and ―tomatoes from Lot X from store A‖ is 

mores specific yet.  The end point of specificity is when each individual exposure is 

classified differently (i.e. a single tomato).  

 

Relationship between exposure information specificity and exposure frequency:  

As with the case definition, when an exposure which is rare in a population is being 

tracked, such as kiwi consumption in the U.S., the exposure information specificity is 

inherently high (the possibility of falsely classified cases is low).  However, for a 

common exposure such as hamburger consumption, the possibility of misclassification 

is high.  Increasing the specificity of the exposure information essentially makes for a 

lower frequency exposure.  For example, hamburger from lot A Store B may have as 

low a frequency in the population as kiwi fruit consumption.   

 

3. Relationship between exposure and case information 

 

The goal of a case control study in a foodborne disease investigation is to compare the 

frequency of a particular exposure in cases to the frequency in a representative 

population of controls. Therefore, if the controls chosen are a representative sampling of 

the population of interest, the proportion of controls reporting a particular exposure 

should represent the exposure frequency, and approaches the true population frequency 

as the sample increases in size.  When the alternative hypothesis is true (the association 

between exposure and illness is non-random) the less frequent the exposure (or more 

specific exposure definition), the fewer the number of cases will be required to 

demonstrate an association.  The odds ratio (OR) in Figure 1 can be expressed by 

AD/BC, or (A/C) x (D/B).  The term D/B reflects the inverse of the frequency of the 

exposure in the population.  

 

There is also a relationship between the specificity of the case definition, the frequency 

of the exposure, and the measure of association.  Misclassified cases (sporadic cases 
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classified with outbreak cases) in general should resemble controls more than cases in 

terms of their likelihood of reporting the outbreak exposure.  Thus, increasing the 

specificity of the case definition by more stringent classification of the agent (such as by 

molecular subtyping) reduces the statistical impact of high frequency exposures on the 

OR in at least two ways.   

 

Stepwise description of the relationship between case definition and frequency of 

exposure: 

(1) The odds ratio (OR) is the ratio of case-exposed / case-not exposed (A/C) 

divided by the ratio of control-exposed / control-not exposed (B/D). This 

reduces to AD/BC = (A/C) x (D/B) 

(2) For a true exposure, the ratio A/C (defined here as Sratio) is influenced by the 

sensitivity of the system for that exposure, including sensitivity of the interview 

and specificity of the case definition. In a perfect system, all individuals 

classified as cases in the case control study (A+C) should be true cases and 

classified as exposed. The number of cases in the ―A‖ cell will be higher when 

the surveillance system is sensitive and specific (a greater percentage of cases 

are correctly identified as being cases, and a greater percentage of true cases are 

correctly identified as being exposed), and the number of cases in the ―C‖ cell 

will the conditions described above are the opposite.  

(3) The ratio D/B relates to the inverse of the frequency of the exposure (Fratio). 

(4) Thus, OR = Sratio/Fratio.  In words, the odds ratio is proportional to the specificity 

of the system, and inversely proportional to the frequency of the exposure.  

Thus, given a fixed number of cases and controls, the more frequent the 

implicated exposure (Fratio), the lower the odds ratio.  Another way to look at this 

is that the higher the exposure frequency, the more cases are needed to reach a 

particular odds ratio.  Similarly, the more sensitive and specific the system 

(Sratio), the fewer cases are needed to reach a particular odds ratio.   
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Impact of specificity of case definition and exposure 

prevalence on odds ratio

0

10

20

30

40

50

60

70

80

90

1 2 3 4 5 6 7

specificity of case definition

o
d

d
 r

a
ti

o 0.1

0.3

0.5

0.7

 

Figure 5:  Impact of specificity of cases definition and exposure prevalence on odds 

ratio (generated by computer model).  As described in figure 3, this model assumes that 

as the case definition becomes more specific, the likelihood of misclassification is 

reduced. As the frequency of exposure (legend) becomes higher, the odds ratio becomes 

smaller, reflecting misclassification of exposure status among cases.  This effect is 

blunted by increasing the specificity of the case definition. 

 

Conclusions:   

(1) The primary factors which influence the strength of association represented by 

the odds ratio are the frequency of the exposure, the sensitivity and specificity of 

exposure information, the sensitivity and specificity of the case definition, the 

frequency of the illness represented by the case definition, and the frequency of 

the exposure as represented by the exposure definition.  

(2) Increasing the specificity of the case definition (such as by increasing the 

specificity of the agent definition by using molecular subtyping) is most 
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important when the frequency of the exposure is high or the specificity of the 

exposure information is low.   

(3) Higher specificity of the exposure information (―exposure subtype‖) is most 

needed for common agents or high frequency exposures.  

 

IV. Theoretical Framework:  Key Parameters by Surveillance System 

 

Foodborne diseases are among the most common of complaints, with an estimated 

76,000,000 cases annually in the U.S. (Mead 1999). As described above, the major 

challenge of detection and investigation of contamination problems is isolation of 

signals against background noise, which is significant in foodborne and diarrheal 

disease due to the frequency of enteric disease in the population. Since molecular 

subtyping methods are designed specifically to amplify signal with respect to noise, the 

respective role of molecular subtyping, and criteria for interpretation was examined for 

each surveillance system.  

 

The role of molecular methods also varies with the question being asked, which may be 

different during routine surveillance and during investigation. Within an investigation, 

the roles of molecular subtyping during the various phases of an outbreak as described 

by Reingold were examined (Reingold, 1998) 

 

Surveillance systems are designed to detect the various sorts of signals that we have 

available that suggest a problem in our food or water supplies that can potentially be 

corrected, or its impact mitigated.  Five major types of systems, food monitoring and 

four disease surveillance systems were examined in detail.  

 

A matrix was constructed to compare systems (See Table 4)  
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Role of Molecular subtyping and key parameters in surveillance systems 

(1) Food monitoring:  Food may be monitored at critical control points for the 

presence of microorganisms.  Molecular subtyping is generally not significant 

for this process per se, since the criteria for regulatory action is based on 

presence or absence of particular pathogens, or quantity of indicator organisms 

such as coliform bacteria or E. coli. However, molecular subtyping may be used 

to triangulate on specific sources of contamination within a food production 

system or between systems, and may be correlated with disease surveillance 

findings.  Linkage with disease data rapidly provides hypotheses for testing.  As 

with disease surveillance, linkage is more significant with low prevalence agents 

or strains.  

(2) Pathogen specific surveillance:  The agent isolated from cases and reported to 

health agencies is the primary linking mechanism in this type of surveillance. 

While the causative agents in common source outbreaks may be more or less 

clonal when examined at as a whole, the underlying assumption for this type of 

surveillance is that cases with matching agents are more likely to be 

epidemiologically related than cases with non-matching agents.  The 

significance of association is not made solely on the basis of agent matching, but 

rather on the sum of epidemiological evidence, including agent.  When the 

prevalence of a disease or strain is low, the weight of molecular evidence is 

higher. The need for molecular subtyping in order to demonstrate an association 

is less when the exposure frequency is low, or when the exposure information is 

highly specific.  

(3) Individual complaint surveillance: The mechanism linking cases in this type 

of surveillance does not involve an etiological agent, at least initially.  Apparent 

linkage of cases by common exposure may be strengthened by laboratory 

identification of a pathogen, but lack of isolation will not disprove the 

relationship. Agent classification, including molecular subtyping, may be 

important in linking outbreaks to other outbreaks through a common vehicle.   



16 

 

(4) Group notification:  As with individual complaints, this type of surveillance 

does not depend on identification of an etiological agent.  As with individual 

complaints, linkage of cases or linkage of apparently separate outbreaks through 

identification and characterization of a common agent is a powerful tool for 

identification of widespread events.  

(5) Syndromic surveillance:  A central issue in this thesis is the relationship 

between specificity source within surveillance systems and the potential for 

public health intervention. Syndromic surveillance of indicators such as 

Immodium® use or ER visits focuses on early signals which predominantly non-

specific. The lack of specificity in either agent information (as with pathogen-

specific surveillance and food monitoring) or exposure information (as with 

pathogen-specific surveillance, individual complaints, and group notification, 

assuming interviews are conducted) requires follow-up investigations for 

surveillance signals. Follow-up investigations would take the form of one of the 

other surveillance systems, and be subject to the same benefits and limitations.  
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Chapter 2: Systems to Detect Microbial Contamination of the Food Supply  

 

Increasing concern about threats to our food supply caused by microbial 

contamination, either intentional or accidental, has resulted in the establishment of 

many local, national, and global networks to address the problem, each with its own 

function and acronym (GAO, 2003, 2004), as shown in Table 1. Although none of these 

networks by itself constitutes a complete surveillance system, each serves some part of 

a broader food surveillance effort. Such surveillance efforts fall into two main 

categories: (a) those involving direct detection of microbial pathogens in food 

ingredients, products, or production environments (referred to as food monitoring); and 

(b) those involving the collection of human or animal foodborne disease data to identify 

problems in the food supply through analyses that detect clusters of cases and disease 

trends (referred to as disease surveillance). Within each of these two broad categories, 

various approaches are used, each with strengths and limitations. 

The ultimate goal of all food safety programs is to prevent contaminated 

products from reaching the consumer. Since the 1950s, Hazard Analysis Critical 

Control Point (HACCP) programs have attempted to achieve this by identifying, 

monitoring, and correcting hazards that may occur anywhere in the farm-to-table 

continuum. Although HACCP programs have been useful, no prevention program can 

be 100 percent effective. These efforts are challenged by the complexity and ever-

changing character of food production and distribution systems, by the limitations of 

human behavior, and, most recently, by the potential threat of intentional attacks on the 

food supply. Consequently, there is an increasing demand to identify and close gaps in 

food safety by microbiological testing. Choosing the best strategy to accomplish this, 

however, is difficult. Inherent limitations of methods to detect microbial contamination 

make strategic choices complex and less intuitive. 
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Strengths and Limitations of Food Monitoring 

 

  Direct testing of food prior to consumption is currently used primarily to 

monitor the efficacy of HACCP programs. Examples of monitored processes includes 

oyster farming (beds monitored for fecal contamination), milk production (monitored 

for somatic cell counts as a check on herd health), and ready-to-eat meat and poultry 

product production. Lot-by-lot testing as a means of assuring food safety is restricted to 

a few high-risk foods. Effluent from sprout farms is monitored for Salmonella and E. 

coli O157:H7, and some beef trim is monitored for E. coli O157:H7 before being made 

into hamburger. The use of lot-by-lot microbial monitoring to protect food is attractive 

because, unlike disease surveillance, food monitoring can potentially prevent initial 

cases. This may be the only option for high-risk situations where initial cases are 

intolerable from a societal point of view. For example, Wein et al. described a model to 

predict what might happen if 10 grams of botulism toxin was introduced into a milk 

tanker or silo (Wein and Liu, 2005). Even with optimum disease surveillance, hundreds 

of thousands of people would be expected to get sick or die by the time the problem was 

identified and corrected. Food monitoring may add a layer of protection as part of a 

comprehensive biosecurity plan assuming the basic limitations of food monitoring can 

be overcome.  

Intrinsic limitations of food monitoring are related to sampling and testing (see 

Table 2). Of these, sampling issues represent the greatest challenge. Because the 

denominator of potential food vehicles could be the total amount of food available for 

consumption, that amount could be more than 350 billion pounds per year, as estimated 

by the USDA in 1997 (Kantor et al., 1997).  Additionally, microbial contamination of 

food can be introduced with or without amplification by bacterial growth at any step 

between production and consumption. Consequently, the potential units to be analyzed 

include separate food plants, individual animals, all process lots, individual servings, 

and everything in between. Furthermore, while grossly contaminated food may be 

easily detected by discoloration, odor, or other manifestations of degradation, most 

types of microbial contamination with infectious agents leave no visual, olfactory, or 
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tactile clues. Recognition of such microbial contaminates requires direct detection or 

isolation by growth in culture. But the sampling of food for this purpose is highly 

problematic. The distribution of microbial contaminates in a product is usually uneven, 

making sampling decisions critical to success. This may be especially true for 

pathogens introduced intentionally and sporadically into the food supply. Finally, the 

amount of confidence in the safety of food screened by testing is proportional to the 

amount of sampling done and inversely proportional to the prevalence of the pathogen. 

High levels of assurance require high sampling and expense rates, especially for rare 

pathogens.  

In addition to the limitations imposed by sampling issues, the actual sensitivity 

of testing methods greatly impacts the usefulness of food monitoring. Under some 

circumstances microbes may exist in food in very small quantities and still cause 

significant problems when consumed by a large number of people. For instance, in the 

1994 nationwide ice cream-associated outbreak of Salmonella enteritidis, less than six 

organisms per serving were found in contaminated lots, which is far below the standard 

infective dose and detection limit of most tests. Nevertheless, the wide distribution of 

the product caused an estimated 224,000 people to become ill (Hennesey et al., 1996). 

The sensitivity of laboratory tests can be increased by increased sampling. However, the 

cost of testing and the cost of food lost to testing increases proportionately. Bacterial 

amplification occurs in improperly prepared or stored food, and during refrigeration of 

products contaminated with psychotrophic bacteria such as Listeria monocytogenes. In 

these instances, bacteria or their toxins may be present in large quantities and are 

relatively easy to detect. This is not the case with foods contaminated during 

production, storage, transport, or preparation that have been otherwise handled properly, 

or with foods contaminated by viruses and parasites, such as Norovirus or Cyclospora 

cayetanesis, which do not amplify in food. In addition, microbial cells tend to become 

damaged in food, and many food matrices (a food matrix represents the components of 

food as consumed) interfere with testing procedures. Damaged cells may readily revive 

under the perfect culture conditions of the human body, but fare less well under the 

relatively harsh conditions of in vitro culture. The problems of food testing are 
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exemplified by the 1996 E. coli O157:H7 outbreak in Japan where, despite excellent 

epidemiological evidence linking 6,000 cases of disease to radish sprouts, pathogens 

could not be recovered from products after extensive screening (Michino et al., 1999). 

On the other side of the equation, pathogens found in food may or may not pose a threat 

to public health. For instance, not all Listeria monocytogenes found in food are likely to 

cause disease in people (Jacquet et al., 2004), but discovery of nonvirulent 

microorganisms by food monitoring may lead to unnecessary and expensive regulatory 

action. 

New technology has lowered the threshold for food monitoring utility. Nucleic 

acid-based assays such as polymerase chain reaction (PCR) can in theory solve in vitro 

viability issues of microorganisms in food and improve test sensitivity and specificity.  

However, the technology does not change basic issues related to sampling, low 

pathogen load, and test interpretation. Also, nucleic acids typically survive microbial 

inactivation procedures such as pasteurization (Hilfenhaus et al., 1997), and PCR 

reactions are inhibited by substances in many food matrices, adding new interpretive 

challenges.  Biosensor technology, while still in its infancy, holds potential for real-time 

monitoring of foods (Anderson and Taitt, 2005).  Future developments may improve 

biosensor detection limits and specificity, which are currently inadequate for most 

analytes. Although encouraging in terms of potential throughput and per-sample cost, 

biosensor technology has many of the same theoretical limitations described for nucleic 

acid and conventional technology.   

The sum of sampling and sensitivity issues make food monitoring impractical as 

a broadly applied tool for protecting the food supply. Mass food testing would be 

extremely expensive and would have very low predictive values. Lot-by-lot testing may 

be considered if (1) the risk cannot be reduced by process changes or engineering 

controls, (2) if a test is available that can detect the contaminant at suitably low levels, 

(3) if the test turnaround time does not interfere unduly with product requirements, and 

(4) if the cost to the consumer is justifiable.  
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Strengths and Limitations of Disease Surveillance 

 

One hundred percent of food consumed by humans is essentially subject to a 

natural bioassay in the consumers. Each case of disease represents some failure of our 

food protection systems that can potentially be corrected.  Disease surveillance is the 

collection of information that can, in theory, detect problems anywhere in the food 

supply chain. The denominator for U.S. disease surveillance is 281 million discrete 

individuals (2000 census data). Unlike food products, people can announce that they 

have been contaminated by presenting themselves to their physician or by calling a 

foodborne disease complaint line. Microbial pathogens tend to be evenly distributed 

through specimens such as feces due to extended mixing in the digestive tract.  

Pathogen load is not generally an intrinsic limiting factor in foodborne disease 

surveillance, as microbial amplification is part of the pathogenesis of most foodborne 

infections. There are exceptions to this generalization, such as hepatitis A or hemolytic 

uremic syndrome due to E. coli O157:H7 where presenting symptoms are secondary to 

primary acute infections, and occur at a point in the disease during which pathogen 

numbers are declining and may limit detection. Detection is also a problem for many 

enterotoxins, heavy metals, and other foodborne toxins. Test specificity is less of a 

problem in disease surveillance than food monitoring as established pathogens detected 

in ill humans or animals are highly correlated with disease.  

Foodborne disease surveillance also has inherent limitations. The time interval 

between a contamination event and a surveillance signal may be considerable. The 

process can involve many sequential steps. At a minimum, disease surveillance requires 

(1) exposure, (2) incubation, and (3) presentation to a physician or other notification. In 

addition, pathogen specific surveillance may also require (4) collection of specimens, 

(5) diagnostic laboratory testing, (6) reporting to public health authorities, (7) 

submission of samples to public health laboratories, (8) further laboratory 

characterization and reporting, (9) analysis of surveillance data, (10) interview of 

patients, (11) outbreak investigation, (12) case-control study, and (13) national 
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reporting. As a result, detection and investigation of outbreaks can be a lengthy process. 

In addition, foodborne disease surveillance cannot by definition prevent initial cases.  

Although disease surveillance cannot prevent initial cases, it has been very 

effective at (a) preventing ongoing transmission, (b) identifying unforeseen problems in 

the food and water supplies, and (c) identifying trends in foodborne disease that can 

guide public health policy (Besser et al., 2003). For instance, between 1997 and 2004 

PulseNet and associated disease surveillance activities played a prominent role in the 

recall of millions of pounds of contaminated food withdrawn from U.S. markets. 

Examples of outbreak investigations that uncovered unsafe practices include the 2003 

outbreak due to vacuum-packed blade-tenderized steaks allowed identification of the 

manufacturing process that rendered the product unsafe under current cooking 

recommendations (Laine et al., 2005) and the 2005 nationwide outbreak of S. 

typhimurium associated with the use of uncooked potentially contaminated products in 

finished ice-cream leading to changed use recommendations (Center for Food Safety 

and Applied Nutrition, 2005). Changes in the U.S. regulatory policy occurred after 

listeriosis outbreak investigations highlighted the problems associated with hot dogs 

(Mead et al., 2006) and turkey deli meat (Gottlieb et al., 2006). Finally, disease 

surveillance facilitates discovery of significant trends, such as increasing 

fluoroquinolone resistance in human infections caused by the use of agricultural 

antibiotics (Smith et al., 1999) or problems associated with increasing importation of 

fresh produce (Naimi et al., 2003). As much as we may want to prevent initial cases 

through food monitoring, humans are the best possible culture media and bioassay for 

detection of human disease agents, and disease surveillance will likely remain our most 

powerful detection tool for detecting problems in the food supply for years to come.  

 

Types of Foodborne Disease Surveillance Programs 

 

The three most common foodborne disease surveillance strategies, complaint or 

notification systems, pathogen-specific surveillance, and syndromic surveillance, differ 

in their application and limitations (see Table 3). Complaint and notification systems 
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use a wide variety of factors to link cases of disease. State or local governments, 

industry, or institutions gather reports of diarrheal illnesses possibly linked to foodborne 

exposure. The typical scenario is recognition among attendees at a church potluck of 

group illness or a physician noticing a cluster of cases with some commonality, such as 

a similar syndrome. Because these systems do not rely on identification of specific 

pathogens, they can potentially detect a disease cluster caused by any disease agent, 

including unknown or modified agents, in a relatively short time. This makes complaint 

systems a valuable adjunct to pathogen-specific surveillance. The information most 

often used to link cases is personal recognition, which is a useful method for detection 

of local events but by itself is less valuable for detection of low-level widespread 

contamination events. However, outbreaks identified through complaint systems may be 

linked together to detect widespread events. This can be accomplished through disease 

communication systems such as Epi-X, reporting systems such as eFORS, or through 

pathogen-specific systems such as PulseNet, once an agent has been identified. All of 

these mechanisms were used to detect the 1998 international outbreak of Shigella 

sonnei and enterotoxigenic E. coli caused by contaminated parsley (Naimi et al., 2003).  

Salmonella surveillance is one of the oldest pathogen-specific surveillance 

systems. Routine collection of information about S. typhi began in 1912 and was 

expanded to include all Salmonella in 1942. Serotype-specific Salmonella surveillance 

began in 1963 (Swaminathan et al., 2006). Refinement of the case definition due to the 

more specific serotype information causes outbreak cases to stand out from background 

sporadic cases and strengthens the association between illness and a common source. 

Over the years Salmonella serotype surveillance has uncovered diverse problems in the 

food supply that might not have otherwise been discovered, such as persistent low-level 

contamination of shell eggs (St. Louis et al., 1988), recurring contamination of 

pasteurized ice cream during transport (Hennesey et al., 1996), and problems with 

sprout production (CDC, 2002a). In 1997 Bender et al. showed that the benefits of 

increased specificity of Salmonella serotype surveillance could be extended to E. coli 

O157:H7 through the routine use of PFGE (Bender et al., 1997). The CDC expanded 

this capability nationwide with the creation of PulseNet USA in 1998 (Swaminathan et 
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al., 2001) and globally with PulseNet International. The primary factors used to link 

cases to each other are disease agent and time rather than personal recognition. This 

dramatically lowered the number of reported cases needed to detect widespread 

outbreaks. A good example is the 2003 outbreak of vacuum-packed blade-tenderized 

steaks, which was initially detected by two cases with unique PFGE subtypes and 

resulted in the recall of 739,000 pounds of potentially contaminated product distributed 

in multiple states (Laine et al., 2005). Although very sensitive and specific, by 

definition pathogen-specific surveillance only works for those agents under 

surveillance. Acts of bioterrorism or naturally occurring outbreaks caused by agents not 

under surveillance would not be detected by this mechanism nor would outbreaks due to 

unknown agents. Eighty-two percent of cases of foodborne illnesses are thought to be 

due to unrecognized agents (Mead et al., 1999). Although pathogen-specific 

surveillance samples only a small percentage of total foodborne disease cases, it 

nevertheless has been one of the most robust indicators of problems in the food supply.  

Syndromic surveillance is the third type of disease surveillance that could 

potentially be applied to detection of problems in the food supply. In recent years, this 

term has generally applied to broad monitoring of nonspecific health data such as 

diarrheal illness or markers of illness, such as Imodium sales. This is in contrast to 

complaint or notification systems described above which, while utilizing nonspecific 

health data such as diarrheal illness, are narrowly focused on recognized clusters or 

specific complaints. Several large networks have been established to conduct syndromic 

surveillance, such as BioSense, the Electronic Surveillance System for Early 

Notification of Community-based Epidemics (ESSENCE), and National Retail Data 

Monitor (NRDM). Potential outbreaks are detected by spikes in the incidence of 

common syndromes or surrogate indicators rather than agent or personal recognition, so 

in theory these systems should be able to detect problems due to known or unknown 

agents. The primary problem with syndromic surveillance is an unfavorable signal-to-

noise ratio. The number of cases needed to trip the system is inversely proportional to 

the specificity. Thus, syndromic surveillance based on nonspecific health data is useful 

for detecting very large local events but is very insensitive to small or widespread 
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events. One of the nation’s largest systems was established in New York City (NYC) in 

2001 (Das et al., 2005; Heffernan et al., 2004). In one year of surveillance involving 2.5 

million patient records, the NYC surveillance system had 18 spikes in reports of 

diarrhea and vomiting syndromes clustered in 3 outbreak periods. One of the spikes was 

followed by 5 institutional outbreak investigations (detected by other mechanisms), but 

it is unclear whether the surveillance data itself would have been of sufficient 

specificity to identify the outbreaks.  

Surveillance for specific rare syndromes such as hemolytic uremic syndrome or 

Guillain-Barre syndrome resembles pathogen-specific surveillance more than 

syndromic surveillance in terms of sensitivity and specificity. Surveillance for 

unexplained death or critical illnesses with possible infectious etiology is a particularly 

important type of surveillance. Although postmortem diagnosis of illness can be 

problematic, unexplained death and critical illnesses may be the only clue that a major 

foodborne or other type of bioevent has occurred. Surprisingly, only three such 

programs in the United States exist.  

 

Existing Networks 

 

A large array of acronyms are used to describe existing networks that play serve 

some role in protecting the food supply (see 7). Included are communication networks 

(HAN, Epi-X, INFOSAN, RASFF), surveillance data management systems (NETSS, 

NEDSS), syndromic surveillance projects and tools (Biosense, UNEX, ESSENCE, 

NRDM, RODS), a surveillance system designed to determine the burden of foodborne 

disease (FoodNet), outbreak response and reporting networks (eFORS, GOARN), 

animal surveillance networks (NAHSS, CAHFSE), an enteric disease antibiotic-

resistance monitoring network (NARMS), laboratory data handling networks 

(eLEXNET, PulseNet, Global Salm-Surv, CaliciNet), and laboratory response networks 

(LRN, FERN, NAHSS, NPDN, eLRN, ICLN). Laboratory response networks such as 

LRN and FERN have protocols for testing suspect food items but currently have no role 

in primary detection of problems in the food supply. Current food-monitoring programs 
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are designed to support HACCP programs or monitor for specific pathogens in high-risk 

foods but play little role in broad monitoring for unexpected introduction of 

contaminants into the food supply. Outbreak reporting systems such as eFORS and 

GOARN can potentially detect national or international outbreaks by linking local 

outbreaks without previously recognized connection. PulseNet and associated 

foodborne disease surveillance programs are currently the most sensitive methods for 

detecting unforeseen problems in the food supply.  

 

Successes, Problems, and Promises of PulseNet and Associated 

 Foodborne Disease Programs 

 

Since its inception in 1998, PulseNet has been a key tool in the detection of a 

wide range of problems in the food supply, such as Listeria monocytogenes in luncheon 

meat; Shigella sonnei in imported parsley; E. coli O157:H7 in meats, unpasteurized 

juices, and produce; and Salmonella in almonds and custom ice cream. Estimating cost 

and benefits of surveillance programs is difficult and rare, but it is becoming clear that 

prevention benefits of PulseNet and associated activities far outweigh its costs. Bell and 

colleagues estimated that 800 cases of disease were prevented by the recall of 250,000 

hamburgers after detection of the 1993 E coli O157:H7 outbreak on the West Coast of 

the United States, which occurred prior to development of PulseNet (Bell et al., 1994). 

Since that time, PulseNet findings have directly or indirectly led to the recall of many 

times that amount of contaminated products and enabled continuing contamination 

problems to be detected and rectified. In 1997, PulseNet enabled the Colorado 

Department of Health to detect an outbreak caused by potentially contaminated beef 

that led to the recall of 25,000,000 pounds of beef, and 18,600,000 pounds in 2002 

(CDC, 2002b). Elbasha et al. estimated that the Colorado PulseNet system would 

recover all costs if only five cases per year were prevented (Elbasha et al., 2000). A 

single case of hemolytic uremic syndrome caused by E. coli O157:H7 can cost up to 

$453,675 in medical costs alone (Buzby et al., 1996).  
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The PulseNet system is currently used to track 9 diseases by use of standardized 

PFGE protocols, but potentially can be used to track any infectious disease confirmed 

by detection of a specific microorganism. It increases the inherent sensitivity of disease 

surveillance by refining the case definition and provides a platform for rapid 

communication and comparison of results. More specific case definitions improve the 

signal-to-noise ratio, and permits small, yet significant events to be detected. PulseNet 

has recently bridged the gap between food monitoring and disease surveillance data by 

incorporating data from USDA and FDA monitoring and investigation programs. An 

outbreak of Salmonella Kiambu associated with beef jerky in 2003 was detected by 

linking PFGE patterns from food monitoring to disease surveillance patterns, resulting 

in the recall of 22,000 lbs of contaminated product. PulseNet International has expanded 

the network worldwide and has already had early successes at tracing an international 

outbreak of shigellosis associated with airline meals (Gaynor et al., 2004) and an 

outbreak associated with ground beef from a U.S. military installation (CDC, 2004). In 

spite of its history of successes and awards, PulseNet operates unevenly around the 

country, with most activity associated with a small number of states. Surveys by the 

Association of Public Health Laboratories and Council for State and Territorial 

Epidemiologists found important deficits in the nation’s capacity to detect, investigate, 

and respond to food safety problems (Association of Public Health Laboratories, 2003; 

Council of State and Territorial Epidemiologists, 2004). Most laboratory and 

epidemiology programs are understaffed and underfunded, leaving many food safety 

problems undetected and unresolved. As a result of these issues, PulseNet operates at 

only a fraction of its potential, with its greatest promise yet to be exploited. 

 

Other Potential Systems 

 

Although PulseNet is the most developed system for detection of problems in 

the food supply, it is not the only useful approach. Clusters of notifiable disease can 

potentially be detected through analysis of data from the Public Health Laboratory 

Information System, and widespread events have been detected using CDC’s Electronic 
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Outbreak Reporting System (eFORS) and Epi-X postings. Because the etiology of 

outbreaks reported through eFORS or Epi-X can be known or unknown, these systems 

can capture complaint data not associated with a nationally notifiable pathogen. Like 

PulseNet, eFORS is not being used to its full potential. Resource limitations at the state 

and local level limit detection and reporting of outbreaks. Completion of the National 

Electronic Disease Surveillance System (NEDSS) will provide a backbone for national 

surveillance, but the lack of standard forms for interviewing cases will continue to limit 

outbreak detection in the absence of specific agent information.  

Surveillance for unexplained death and serious illness caused by possible 

infectious etiology has significant potential for use in detecting serious problems in the 

food supply, such as intentional tampering. As much as we would like to prevent death, 

it is not possible to anticipate every possible mode by which pathogens could be 

intentionally or unintentionally introduced into the food supply. It seems that at a 

minimum we should be able to know that such an event is occurring so that appropriate 

control measures can be instituted to prevent additional cases. Investigation of 

unexplained death possibly caused by infectious causes is expensive and difficult. 

Nevertheless, national resources dedicated for this purpose is very limited and includes 

only small CDC-funded programs in California, Minnesota, and Connecticut.  

 

Conclusions 

 

             Targeted microbial monitoring of selected high-risk foods and processes plays 

an important role in protecting the food supply. Expansion of monitoring activities may 

be justified in situations where initial cases cannot be tolerated. However, broadly 

applied food-monitoring programs are likely to be costly and insensitive due to intrinsic 

sampling and testing limitations. Foodborne disease surveillance programs cannot 

prevent initial cases, but are nevertheless the most sensitive method for detecting 

unrecognized problems in the food supply. Current foodborne disease surveillance 

programs, such as PulseNet, are operating at only a fraction of their potential, largely 

because of underfunding. Disease surveillance programs have a high benefit-to-cost 
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ratio and represent a basic function of public health. Real-time foodborne disease 

surveillance at the state, federal, and international levels is an achievable, relatively 

inexpensive goal that would have an immediate, positive impact on food safety. 
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Table 1 Networks and Resources for Food Safety 

Acronym Program Name 
Biosense Biosense (CDC) 

CAHFSE 
Collaboration in Animal Health and Food Safety Epidemiology (USDA; 

APHIS, ARS, FSIS) 

CaliciNet CaliciNet  (CDC) 

eFORS Electronic Foodborne Outbreak Reporting System (CDC) 

eLEXNET Electronic Laboratory Exchange Network 

eLRN Environmental Laboratory Response Network 

Epi-X Epidemic Information Exchange 

Essence 
Electronic Surveillance System for Early Notification of Community-

based Epidemics 

FERN Food Emergency Response Network 

FoodNet Foodborne Disease Active Surveillance Network 

GEMS Global Environmental Monitoring System 

Global Salm-Surv Global Salmonella Survey  (WHO) 

GOARN Global Outbreak Alert and Response Network 

GPHIN Global Public Health Intelligence Network 

HAN Health Alert Network 

ICLN Integrated Consortium of Laboratory Networks 

IDSA-EIN Infectious Disease Society of America Emerging Infections Network 

INFOSAN International Food Safety Authorities Network 

LRN Laboratory Response Network 

NAHSS Natiional Animal Health Surveillance System 

NARMS National Antibiotic Resistance Monitoring System 

NEDSS National Electronic Disease Surveillance System 

NETSS National Electronic Telecommunications System for Surveillance 

NPDN National Plant Diagnostic Network 

NRDM National Retail Data Monitor 

PulseNet PulseNet (CDC) 

RASFF Rapid Alert System for Food and Feed  

RODS Real-time Outbreak and Disease Surveillance  

TEPHINET 
Training Programs in Epidemiology and Public Health Interventions 

Network 

UNEX Unexplained Death and Serious Illness 
SOURCE: Besser (2005). 
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TABLE 2 Comparison of Food Monitoring and Disease Surveillance 

 Food Monitoring Disease Surveillance 
Prevention potential Prevention of initial cases 

possible 

Secondary prevention only 

Speed of detection Potentially fast Generally slower 

Testing 

 

  

Sampling Issues    

Denominator (United States) 356 billion lbs food/year 

(U.S.)* 

281 million people (U.S.)
†
 

Sample selection By risk or control point Self-selection 

Agent distribution in sample Uneven Generally homogenous 

Contamination introduction 

points 

 

Many Mouth 

Testing Issues   

Pathogen load Generally low Generally high 

Matrices Complex, varied Predictable 

Damaged cells Common Less common (prior antibiotic 

use) 

Inhibitory substances Common Rare 

Predictive value of broad 

surveillance (monitoring) 

Low High 

Cost of broad surveillance 

(monitoring) 

Very high Relatively low 

* Kantor et al. (1997) 
†
 2000 U.S. census data 

SOURCE: Besser (2005).  

 

 

TABLE 3 Comparison of Disease Surveillance Approaches 
  

Pathogen-specific 

Surveillance 
Notification/Complaint 

Syndromic 

Surveillance 

(nonspecific health 

data) 

Timeliness Relatively slow Fast Fast 

Sensitivity of 

cluster 

detection 

High Intermediate Low 

Types of 

agents 

Standard agents under 

surveillance only 

Standard or 

unconventional 

Standard or 

unconventional 

Strengths 
Detection of 

widespread outbreaks 

Detection of local 

outbreaks 

Detection of large, 

local outbreaks 
SOURCE: Besser (2005). 
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Chapter 3: Use of molecular epidemiology in infectious disease surveillance  

 

Introduction 

 

Molecular epidemiology is the application of nucleic acid-based detection and analytic 

methods to the study of diseases in populations. Molecular epidemiological methods are 

used in the surveillance of infectious diseases to identify etiology, physical sources, and 

routes of disease transmission. In addition, these methods can be used to define the 

molecular basis for characteristics relevant to disease control and prevention, including 

virulence, antibiotic resistance, and antigenicity [1]. Molecular methods have gradually 

moved from the research laboratory into clinical and public health laboratories, and are 

affecting surveillance systems at multiple levels.  

     Scientists have over 100 years of experience with microbial culture and classical 

identification schemes, but less than 10 years of experience with most molecular 

detection and identification assays. Molecular tools have revealed essentially limitless 

variation in the microbial world, prompting challenges in data interpretation. These 

challenges can be considerable in outbreak investigations, but are even greater in 

surveillance where significant trends are intertwined with endemic disease. 

 

Classifications 

 

Molecular epidemiology enables classification of microorganisms as part of 

epidemiological inference. The following terms are part of the basic language of the 

field (adapted from Refs. [2] and [3]). Although these definitions seem straightforward, 

in practice it is challenging to fit microorganisms into the neat categories that these 

terms suggest. 

 Species: A formal taxonomic unit defined by a set of characteristics common to 

each member of that unit, subordinate to genus, and superior to subspecies 

classifications (e.g., subtype, serotype, and strain). Some definitions include 

ability to interbreed.  

 Subspecies: A general term for classification below the level of species. 
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 Subtype: A group of microorganisms that share a genetic variation that 

distinguishes them from other members of their species, serotype, or other sub-

species classification. A set of molecular markers and often a specific method 

are used as part of the subtype definition. 

 Serotype: Classification based on shared antigenic characteristics.  

 Strain: The term is most commonly used to define groups of microbial cells or 

isolates within the same taxonomic classification that share a phenotypic or 

genotypic trait that suggests a common origin. The term may also refer to a 

stock maintained in culture and successively passaged. 

 Clone: The recent prodigy of a single microbial cell. The term ―clonal‖ is often 

used to describe groups of organisms that are functionally indistinguishable, or 

that have low degrees of genetic diversity.  

     The goal of classification in molecular epidemiology is to describe genetic 

differences between pathogens in order to explain patterns of disease. Tools of 

microbial taxonomy, the formal science of classification based on present-day 

characteristics, and phylogenetics, the science of evolutionary relationships, are used to 

achieve this goal. While taxonomic and phylogenetic classifications and those based on 

molecular epidemiological data are interrelated, the terms are not interchangeable. Ge-

netic differences between organisms may or may not reflect taxonomic differences or 

infer phylogenetic relationships. This distinction is important when describing 

similarities between surveillance strains. In general (but not always), taxonomy and 

phylogenetics involve differences between organisms that arise over long time frames, 

whereas molecular epidemiology generally involves relationships that evolve over 

relatively short time frames (Figure 6). Molecular methods are now used in all three 

disciplines.  
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Figure 6  The relationship between the microbial classification for taxonomy, 

phylogenetics, and molecular epidemiology 

 

     Microbial agents are placed in taxonomic schemes as a convenient form of scientific 

communication. Identification by species (e.g., Yersinia pestis, Campylobacter jejuni) 

or subspecies (e.g., Salmonella Typhi, Escherichia coli O157:H7, vancomycin-resistant 

Staphylococcus aureus) not only helps in the clinical management of the respective 

diseases, but also defines the denominator for pathogen-specific surveillance programs. 

The concept of ―species,‖ relatively easy to define in multicellular, sexually reproducing 

life forms with long generation times, is far less clear in the microbial world. In 

animals, systematic genetic mixing occurs during sexual reproduction, but relatively 

little change and no propagated genetic change occurs during the millions of cell cycles 

between generations. In contrast, propagated genetic change in microbes is more-or-less 

continuous, with small, incremental genetic changes occurring during each cell cycle 

(Figure 7). Genetic material is exchanged between microorganisms, often at multiple 

taxonomic levels through a variety of mechanisms. Molecular biology has made it clear 

that microbial life is infinitely complex in the natural environment and that no scheme 

can fully describe natural relationships. 

     Surveillance programs, reporting rules, and regulations are based on precise 

taxonomic definitions, but these definitions fit biological reality only in a general sense. 
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For example, the United States Food and Drug Administration (US FDA) has legally 

defined a zero tolerance for Listeria monocytogenes in cooked or ready-to-eat foods [4], 

but permits the presence of Listeria innocua, a genetically similar microorganism. 

Isolates have been identified which share characteristics of both, creating a diagnostic 

and regulatory conundrum [5]. Microbiology laboratories usually provide species 

identification based on a ―best-fit‖ with phenotypic and/or genotypic markers, but 

species definitions are imprecise.  

     There is even more confusion at the subspecies level. For long-established programs 

such as Salmonella surveillance, precise definitions of serotypes have been developed 

over time based on antigenic makeup [6]. The PulseNet program has defined subtypes 

based on specific pulsed-field gel electrophoresis (PFGE) patterns using standardized 

methods [7]. Subtypes of HIV are determined by sequence alignment with reference 

strains [8,9]. However, for most microorganisms standard markers are lacking. Due to 

continuous variation, the concepts of ―strain‖ and even ―clone‖ become fuzzy at a 

molecular level. While the concept of species, serotype, and strain continue to be 

important for communication and form the foundation of many surveillance programs, 

it is important to recognize that classification schemes for microorganisms are 

convenient constructs rather than laws of nature. 
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Figure 7   Comparison of bacteria (a) and human (b) pedigrees 
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Microbial ecology and subspecies classification 

 

The goal of classification in molecular epidemiology is to use relationships between 

microorganisms as indirect markers for patterns of transmission events or trends that 

affect human or animal health. This epidemiological inference adds an additional layer 

of uncertainty as it involves the intersecting worlds of microbial ecology and human 

activity. With rare exceptions, the ecology of the disease under surveillance is broader 

than the cases under investigation, and many links in the chain of transmission may be 

unknown or unknowable. However, we can use subsets of information for detection and 

investigation of disease events. For instance, Salmonella may be transmitted from its 

primary reservoir to a variety of products, cross-contaminate ready-toeat food products, 

amplify in improperly prepared food, persist for long periods of time in the food 

preparation environment, and transmit person-toperson or through animals. At any time, 

multiple routes of transmission may occur. Convergence of multiple transmission 

events is even a possibility, and multiple types of agents may be involved in single 

outbreaks.   

     In spite of the inherent complexity of Salmonella ecology and most other diseases, 

we can still detect and investigate an individual event, such as a restaurant outbreak, by 

tracking a specific marker organism. Molecular assays used as part of subtype 

surveillance programs can be used to make sense out of a complex system by refining 

the case definition. They take advantage of genetic changes that occur in 

microorganisms to a greater or lesser extent in a continuous and predictable manner. 

Transmission events can be identified within the milieu of microbial surveillance data 

by choosing genetic marker(s) of strain relatedness that reflects the transmission event 

of interest. Narrow case definitions, such as one that includes a PFGE subtype, can be 

used to group together cases more likely to be related to each other. If the marker is 

properly chosen, using agent-specific case definitions during hypothesis generation and 

testing can increase the sensitivity of outbreak detection and strengthen measures of 

association. Once an outbreak has been detected, the case definition can be widened to 

understand as much of the larger system as possible. Thus, surveillance and outbreak 
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investigations may at different times require different tools and approaches. In the 1998 

international outbreak of Shigella sonnei and enterotoxigenic E. coli associated with 

parsley, multiple strains of bacteria were involved due to contact of product with fecally 

contaminated water [10]. In the initial phase of investigation, however, the 

multijurisdictional nature of the outbreak was determined through identification of 

matches of one specific strain.  

     The ability to understand the complexities of disease events varies greatly by agent. 

For instance, smallpox transmission was straightforward to monitor and became an 

ideal target for eradication because most or all cases have recognizable symptoms and 

humans are the only known reservoir. Disease events such as botulism poisoning or pul-

monary infection with weaponized anthrax are noticed even without pathogen-specific 

surveillance. In contrast, a large percentage of individuals carrying or infected with 

influenza, Salmonella,or Streptococcus pyogenes have no symptoms or do not seek 

medical care, and may have complex interactions with animal reservoirs, making it 

difficult or impossible to understand the source of the outbreak. For these types of 

diseases, refining the case definition by subspecies characterization may be the only 

way of identifying significant trends that are themselves part of the overall microbial 

ecology.  

 

Molecular markers 

 

It is technically possible, although currently not practical, to measure differences or 

similarities between microorganisms using whole genome or proteome sequencing. 

Currently, molecular markers are used to sample the genome or proteome for 

characteristics of interest. Examples of markers include restriction fragments produced 

as part of PFGE or restriction length polymorphism analysis (RFLP), variable number 

tandem repeats (VNTR) used for multilocus VNTR analysis (MLVA), polymorphic 

sequences used for multilocus sequence typing (MLST), single nucleotide 

polymorphisms (SNPs), and influenza neuraminidase sequences used to measure 

antiviral agent susceptibility. As with any sampling method, markers should represent 

the population, in this instance the full genetic or protein complement of the 
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microorganism, in a way that best answers the question. How well a molecular marker 

serves that goal depends on (a) the nature of the microbial characteristic represented by 

the marker, (b) the diversity of alleles and rate of change of the marker in its natural 

environment, (c) the persistence of individual alleles over time, and (d) how well the 

marker and others in the typing system define the population of interest. For example, 

the molecular marker for emm sequencing, a method used for surveillance of Strep. pyo-

genes infections, is in a region of DNA that codes for the streptococcal M protein. 

Although this is only one of the estimated 1865 protein-coding genes of Strep. pyogenes 

[11], sequence differences coding for this protein are thought to be a primary deter-

minant of virulence [12], and therefore this gene is a useful marker for disease tracking 

[13]. Strains that are distinguished by emm sequencing can be used as markers for the 

spatial and temporal movement of Strep. pyogenes. Additionally, knowing the M type 

can allow the connection of current infections with a historical database of strain types 

based on M protein. The emm sequencing method is sensitive enough to detect classical 

M types, and not so sensitive that differences obscure the relationships under study. A 

finer level of genetic comparison or an additional marker might be preferable if the 

primary surveillance goal was to examine very short term evolutionary changes, such as 

teasing apart closely related transmission events, or tracking changes in drug resistance 

mechanisms.  

     Subtyping systems such as MLST, MLVA, and PFGE rely on markers from multiple 

loci to define the genotypes of interest. The population structure of each microbial taxon 

determines the degree of linkage that can be expected between loci [14]. For ―clonal‖ 

population structures for organisms such as Salmonella spp. and E. coli, which have 

relatively low rates of horizontal gene transfer, the relationship between loci within a 

particular lineage remains relatively stable. ―Panmictic‖ population structures such as 

that of Neisseria gonorrhoeae are characterized by high rates of horizontal gene transfer 

and relatively random distribution of alleles between loci. Thus, markers from the same 

set of loci in two genera may give very different levels of discrimination and subtype 

stability.  

     Genetic markers can be chosen to fit the time frame under study. For long-term 
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trends, genetic loci such as those coding for housekeeping genes can be chosen, since 

most mutations in these genes are lethal and evolution is slow. Genes coding for surface 

antigens exposed to the immune system are good for short-term evolutionary trends. 

Potential markers can be scored for diversity, evenness, and richness in the population 

of interest using measures such as Simpson’s and Shannon’s indices [15,16]. The art of 

molecular biology for surveillance involves finding the right set of markers that balance 

discrimination and stability in a manner that best addresses the question being asked 

 

Subspecies classification for surveillance 

 

Molecular methods are increasingly being used as part of routine surveillance to classify 

microorganism to the subspecies level in order to identify outbreaks or other trends 

against a background of sporadic disease or to answer specific research questions. They 

have become important for surveillance of common conditions, such as diarrheal 

disease or influenza, and for answering questions not readily determined from clinical 

presentation, such as drug resistance or antigenic relationship to vaccine.  

     Salmonella serotype surveillance is one of our oldest surveillance programs, and has 

been an integral part of our national food safety program for over 60 years. It is one of 

the best examples of how identification to the subspecies level can be used to identify 

and clarify epidemiological associations. Antigenic relationships have been sufficiently 

stable over time to be used in scientific discourse and courtroom testimony. 

Surveillance for Salmonella Typhi began in the US in 1912 and a nationwide program 

for routine identification of other common Salmonella serotypes was established in 

1963 [17]. Although other pathogens such as norovirus and C. jejuni cause far more 

cases of gastrointestinal disease than Salmonella [18], Salmonella serotype surveillance 

became one of the most productive pathogen-specific surveillance programs. Problems 

such as microbial contamination of sprout seeds and subsequent growth during 

germination [19], contamination of ice cream during bulk transport after terminal 

pasteurization [20], and plumbing anomalies in a Chicago-area dairy [21] have been 

discovered and remediated because of Salmonella serotype surveillance. Serotype 
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surveillance takes advantage of the fact that salmonellae are not randomly distributed 

(i.e., cases that share a particular serotype are more likely to share a common source). 

Including serotype information as part of the case definition increases the sensitivity of 

cluster detection, as increases in the incidence of individual serotypes may be 

differentiated from background sporadic cases and other outbreaks. Once a cluster has 

been detected, use of a serotype-specific case definition during hypothesis generation 

and testing increases the statistical association between illness and the contaminating 

exposure, making it more likely that a common link can be identified. Another example 

of subspecies surveillance is for E. coli serotype O157:H7. Surveillance for this sub-

species began in many US states after a large, multistate outbreak in 1993 [22].  

     Since the discovery of DNA there has been a gradual move toward the use of 

molecular methods for classification of microorganisms, both above and below the 

species level. In some instances, molecular tests have been developed to replace stan-

dard antigen-based methods in order to maintain continuity with acquired wisdom and 

historical databases. Examples include molecular Salmonella serotyping [23], Neisseria 

meningitidis serogrouping [24,25], and emm sequencing, a surrogate for Strep. pyogenes 

M-typing [26].  

     There has been considerable effort to subtype organisms for which there were no 

available or commonly used serological methods. In the 1990s, the US Centers for 

Disease Control and Prevention (CDC) and US health departments began exploring the 

use of molecular subtyping such as PFGE, as a routine surveillance tool to detect and 

investigate outbreaks of infectious diseases [27,28]. In 1996, CDC initiated PulseNet, a 

US molecular subtyping network, to provide testing standards, coordinated 

communication, and a national database of subtype patterns for rapid state-to-state 

comparison of findings. In the early 2000s PulseNet expanded worldwide with 

subtyping centers in Canada, Europe, Latin America, and Asia Pacific including China 

[29]. Since its inception, PulseNet has been directly responsible or played a key role in 

the detection of many national and international outbreaks of food-borne disease, and 

has contributed to declines in the incidence of listeriosis and E. coli O157 infections 

[29,30]. Through integration with regulatory monitoring programs, human cases have 
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been more easily linked to animal and food sources.  

     Molecular methods have been used for HIV strain/susceptibility [9], norovirus 

surveillance [31], and in hospital programs to monitor strain variation of methicillin-

resistant Staph. aureus (MRSA) and vancomycin-resistant enterococcus [32,33]. Other 

uses have included monitoring of inducible clindamycin resistance in Staph. aureus and 

Strep. pyogenes [34,35] and resistance to neuraminidase inhibitors in influenza A virus 

[36]. The ―Harmony‖ project in Europe has databases for molecular subtype data with a 

focus on organisms important to hospital infection control, including hepatitis B virus, 

Legionella pneumophila, Mycobacterium tuberculosis, MRSA, Pseudomonas 

aeruginosa, measles virus, and norovirus [37].  

 

Match interpretation 

 

An important application of molecular epidemiology is the use of the natural genetic 

variability of microorganisms to tease out recent epidemiological events or trends. 

Interpretation of molecular subtype matches or mismatches in surveillance data sets can 

impact whether or not investigations are initiated, can drive public health and regulatory 

action or inaction, and may have legal consequences. 

     In general, pairs or groups of microbial subtypes are considered ―indistinguishable,‖ 

―similar,‖ or ―different‖ [14]. At the simplest level, cases with indistinguishable 

subtypes are more likely to be associated than cases with similar or different subtypes. 

―Similar‖ subtypes are those that are only slightly different from each other and are 

close enough to be potentially accounted for by normal genetic variability, such as the 

variability that may occur within the time frame of an outbreak. Such cases are less 

likely to share a common epidemiological association than those with indistinguishable 

subtypes, but more likely to be associated than cases with ―different‖ subtypes. While 

indistinguishable microbial subtypes suggest an increased probability of 

epidemiological association, quantitatively determining the strength and confidence of 

an association based on a subtyping test is more problematic than it is with human 

―DNA fingerprinting,‖ against which microbial subtyping is frequently compared.  
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     MLVA, which is used for human ―DNA fingerprinting‖ is similar to tests used in 

microbial sub-typing [38]. For humans, the population frequencies of the paired alleles 

found at various genetic loci are determined, and are used to design assays that can 

differentiate between humans with a high and definable level of confidence. This type of 

analysis is used to evaluate biological material collected at a crime scene. The 

probability that a match between the biological material or ―evidence‖ and a particular 

individual is based upon a chance per millions or billions of occurrences that the match 

is coincidental with somebody else who is not an identical twin. The high degree of 

confidence is made possible by human biology, ecology, and the relative simplicity of 

the question being asked. The offspring of humans have relatively large genetic differ-

ences from each other and from their parents when compared with bacteria and their 

progeny. This is due to systematic genetic mixing during sexual reproduction, which 

occurs at rare intervals when measured against our own lives. Throughout our lives, 

cells are continually produced asexually, but the rate of mutation is very small due to 

robust DNA repair mechanisms, and mutations that do occur are not further propagated. 

In spite of the high degree of confidence that DNA evidence offers for human typing, it 

cannot stand alone. Temporal, geographic, biological, and social factors must be fac-

tored into the final decision of guilt or innocence. For instance, the suspect needs to 

have been alive at the time of the crime, not have an identical twin, and must have been 

in a location where committing the crime would have been possible.  

     Methods used to track infectious disease for prevention and control purposes are 

often similar or identical to those used for human typing. However, the associations of 

interest in disease surveillance are more complex, involving the relationship among 

microorganisms with their own genetics and ecology, and patterns of human or animal 

behavior and susceptibility to disease. The factors that define the associations include 

everything that influences the epidemiology of the disease, including the larger 

ecosystem within which the microorganisms reside. Under the general heading of 

―microbes‖ is a diverse group of life forms, including viruses, bacteria, parasites, and 

fungi. These life forms span the genetic spectrum, and each offers its own interpretive 

challenges. Microorganisms have various strategies for genetic mixing which are 
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similar to our own to a greater or lesser extent.  

     How much value can we assign to a microbial molecular match or mismatch? As 

described above, confidence levels for human ―DNA fingerprinting‖ assays are 

extremely high, where the goal is simply to measure identity between two human 

specimens that can be uniquely differentiated from each other through the use of stable 

markers. In contrast, the goal of surveillance is usually to examine trends or to detect 

transmission events indirectly through the use of the inherent variability of microbial 

markers that exist within a large and complex disease system. Interrelated factors which 

influence the significance of a subtype match or mismatch include factors such as (a) 

genetic diversity of the agent investigated with the markers used, (b) the prevalence of 

the strain(s) in question, and (c) the genetic stability of the markers used to compare 

strains. For instance, a match between two isolates of a rare strain in a diverse 

population of strains is more significant than a match between two isolates of a common 

strain in a population with little diversity. A mismatch between strains defined by a rela-

tively unstable marker is less significant than a mismatch between strains defined by a 

highly stable marker. While subtype matches can be compelling, they cannot ―stand 

alone‖ as proof or disproof of association. They must be interpreted in the context of 

epidemiological factors. The interrelationships between the strength of the 

microbiological and epidemiological evidence will be discussed in the following 

sections.  

     Specific probabilities are not assigned to the laboratory test itself, as is done in 

human DNA fingerprinting, because of the inherent complexity of the system. 

Quantitative measures that may be available include (a) the overall measures of 

association, such as the odds ratio and p value in a case-control or case-to-case 

comparison study and (b) the prevalence of the agent in the population under study. The 

odds ratio and p value represent the sum of the epidemiological factors that make up the 

association, including the molecular test used to refine the case definition. For example, 

if the association between illness due to a specific pathogen strain and a particular 

exposure in a well-designed outbreak case-control study has an elevated odds ratio and 

p value of 0.005, the chance that the odds ratio was due to random variation is 1/200. As 
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will be discussed later, refining the case definition by using greater molecular test 

discrimination may under some circumstances improve measures of association. 

However, significance measures in infectious disease outbreaks are not likely to ap-

proach what is found in human DNA fingerprinting for a number of reasons, including 

(a) uncertainty due to unknown, and often unknowable microbial interactions, and (b) 

microbial genetic variability. This variability both limits achievable significance levels 

and is the very quality exploited by molecular subtyping tested to tease recent disease 

events from background noise.  

     The prevalence of the agent in the population under study, although not a factor 

when calculating the significance of an association between disease and exposure 

affects those measures indirectly. The more common the agent, the more likely that spo-

radic, unrelated cases will cluster together with outbreak cases (type 1 probability 

error). In real life situations, the prevalence of the agent is not normally known, and 

measures of association may not be available when actions need to be taken. Unlike 

criminal law, where much is riding on a quantitative assessment of a match, public 

health actions may need to be taken using only common sense and sound epidemiology. 

     Finally, if we can strengthen the measures of association by refining the case 

definition with molecular subtyping, can we disprove an apparent association by using 

alternate tests or additional markers? If alternate methods add new biological 

information that cause reinterpretation of the basic epidemiological model, they can be 

used to disprove the association. For instance, molecular subtyping, transposon typing, 

and analysis of molecular virulence determinants in human and animal isolates of 

vancomycin-resistant enterococci (VRE) in Europe and the US revealed different sets of 

microbial subpopulations which challenged the prevailing epidemiological model that 

explained the rise of nosocomial VRE in the US [39]. In the absence of this type of 

information, can simple enhancement of strain discrimination further prove or disprove 

a significant association?  
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Strain discrimination and epidemiological case definition 

 

Molecular testing is used in surveillance to isolate a signal, such as a trend or cluster of 

disease, from background noise. Our ability to differentiate infectious disease events 

from sporadic disease is affected by the discriminatory power of the subtyping method 

in addition to the other factors described. But how much strain discrimination is really 

necessary?  

    The genetic makeup of all living things change during every cell division, and using 

molecular methods it is theoretically possible to differentiate every cell from every 

other cell. In the era of molecular biology, it is increasingly becoming necessary to 

make choices about microbial classification as part of surveillance activities. How 

microorganisms are classified is particularly important for pathogen-specific 

surveillance where the agent is used as part of the case definition. For any disease under 

surveillance there is a spectrum of potential agent classifications that may be used. 

Using Salmonella surveillance as an example, at one end of the spectrum is an all-

inclusive but nonspecific agent definition, such as a Salmonella spp. not otherwise 

differentiated (Figure 8). This agent definition maximizes the likelihood of a type I 

probability error, the suggestion that there is an epidemiological relationship when in 

fact there is not (false positive association). It also increases the likelihood of a type II 

probability error, the suggestion that there is not an epidemiological relationship when 

in fact there is (false-negative association), since the inclusion of misclassified cases 

decreases the signal-to-noise ratio, masking trends such as outbreaks. On the other end 

of the spectrum of potential definitions is a completely specific and noninclusive 

definition based on 100% whole genome sequence identity. Using this agent definition, 

every isolate from every patient would be different from every other isolate, eliminating 

clustering and maximizing strain diversity and type II probability error. A method to 

measure relatedness between strains would be necessary to make any sense out of the 

data. Somewhere in between these two extremes is a level of strain classification that 

minimizes both types of probability error, and is most effective at addressing a particu-

lar surveillance or investigation goal.  
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Figure 8 Salmonella Typhimurium case definition based on pathogen classification 

level.  On the left is an inclusive, but nonspecific agent definition ―Salmonella spp.‖ On 

the right is a completely specific and noninclusive agent definition based on a full 

genome sequence of every isolate 

 

Utility of additional strain discrimination 

 

Epidemiologists and regulatory officials are often faced with difficult decisions that 

depend, on part, on interpretation of microbiological surveillance data. For example, 

should a product be recalled based on investigation findings using a single enzyme 

PFGE case definition or should a second PFGE enzyme result be obtained first?  

     A number of factors are important to consider when determining the level of strain 

discrimination needed for surveillance program design, public health intervention, or 

regulatory action.  

1 The nature of the surveillance goal or the question being asked: If the surveillance 

goal is detection of outbreaks and identification of a common source, finer-level 

classification increases the specificity of the case definition, which may, to a point, 

increase the sensitivity of cluster detection and the statistical association between illness 

and exposure. The detection of E. coli O157:H7 outbreaks through PFGE surveillance 

are good examples [28]. Additional strain discrimination may not be indicated for other 

surveillance goals, such as monitoring trends over time or over large geographic areas, 

investigation of isolated outbreaks associated with a common event, or determining the 
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scope of an infectious disease problem.  

2 The number of cases: Increasing the discrimination of a properly designed subtyping 

method refines the case definition by including only those cases most likely to be related 

to a common source. In the process, truly associated cases may be eliminated from the 

study. For instance, PFGE subtype variability has been documented among truly asso-

ciated cases in well-characterized point source outbreaks [40]. When the number of 

cases is very small, the impact of individual misclassified cases is large, whether they 

are falsely included in the case definition, or falsely excluded from the case definition.  

3 Phase of outbreak investigation: Reingold described 10 steps in outbreak 

investigations [41]. The steps in which agent classification plays a role includes (not 

necessarily in this order): (a) establish case definition(s); (b) establish the background 

rate of disease; (c) find cases, decide if there is an outbreak, define scope of the 

outbreak; (d) generate hypotheses; (e) test hypotheses; (f) collect and test environmental 

samples. For outbreaks detected by pathogen-specific surveillance, where agent infor-

mation is the primary mechanism for linking cases, additional strain discrimination 

increases the specificity of the case definition for hypothesis generation and testing, and 

increases the confidence of a link with environmental samples. The value of increased 

subtype discrimination for determining the scope of an outbreak is more complex. Its 

value depends on a number of factors described below, such as the prevalence of the 

agent, the prevalence of the exposure, and the imperative for identifying all cases. Thus, 

for a multijurisdictional outbreak with a common subtype, a relatively common 

exposure, and a low imperative for identifying all possible cases, increased system-wide 

subtype discrimination may improve the overall understanding of the event. For an 

outbreak with a rare, serious disease such as botulism or anthrax or an unusual 

exposure, the use of a wider rather than narrower agent definition may be indicated.  

4 The prevalence of a presumptive exposure: In a cluster investigation, the prevalence 

of a suspect exposure in the population under investigation drives the overall measures 

of association at least as much as the specificity of agent definition, and impacts the 

need or lack of need for additional strain discrimination. In outbreaks due to high 

prevalence exposures, such as hamburger consumption in the US, it is difficult to 
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demonstrate a meaningful difference between cases and controls unless (a) the number 

of cases (and controls) is high, or (b) the case definition is very specific, i.e., there are 

few misclassified cases. Increased subtype discrimination is one way to reduce the 

number of falsely classified cases that, if the subtyping test is properly designed, will re-

duce the number of nonexposed cases more than exposed cases (for a true exposure). If 

the exposure is rare, or if the exposure information is very specific, the value of 

additional strain discrimination is reduced.  

5 Specificity of the exposure information: The specificity of exposure information 

gathered as part of surveillance and outbreak investigations helps define the exposure 

prevalence, and therefore affects measures of association in the same manner as 

exposure prevalence. For example, in the nationwide outbreak associated with cake 

batter ice cream prepared by a retail chain [42], the exposure information collected 

could have been less specific (―ate ice cream‖), more specific (―ate ice cream Chain 

A‖), or highly specific (―ate cake batter ice cream from Chain A‖). Increasing the 

specificity of exposure information has a similar impact as increasing agent 

discrimination on measures of association. Thus, a highly specific exposure profile may 

mitigate the need for additional strain discrimination.  

6 Significant or likely findings: Once a significant common source or trend has been 

identified using one agent definition, additional strain discrimination is unlikely to 

further validate the association, unless an alternate hypothesis is being considered. The 

epidemiological context defines the significance of an association rather than any 

particular level of strain discrimination [43]. Therefore, strain discrimination should not 

be a prerequisite for public health intervention or regulatory action. In the nationwide 

outbreak associated with cake batter ice cream, investigators encountered a rare 

subtype, a rare, specific exposure among cases but not controls, and a plausible 

mechanism of dissemination, making further strain discrimination unnecessary. The 

PulseNet system has a policy that two restriction endonucleases should be used in each 

determination for selected surveillance pathogens, but the intention of this policy is to 

make higher strain resolution data readily available when needed, not as criteria for 

action [44].  
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7 The prevalence of the agent (as defined by the laboratory test) in the population: If an 

agent is common, the chance that unrelated sporadic cases of disease are inadvertently 

included in a cluster investigation is high, which lowers measures of association 

between cases connected to a common source. Conversely, if an agent is rare, the 

chance of inadvertent inclusion is low, making further subtyping less important. For 

example, in the 2006 outbreak of E. coli O157:H7 due to contaminated spinach, the 

case definition included a specific PFGE type, which was identified on average 21 times 

per year prior to the outbreak, or 0.7% of patterns submitted annually to the PulseNet 

database ([45], personal communication). If the normal prevalence of the strain had 

been 25% instead of 0.7%, type 1 probability error would have been proportionately 

more important. Similarly, the chance that cases of invasive disease due to Strep. 

pyogenes in a temporal cluster are related to a common transmission event is weaker, all 

other factors being equal, for a commonly identified invasive strain such as emm type 1, 

versus a less common strain such as emm type 18.   

8 The genetic stability and population structure of the agent: The value of added 

discrimination, and indeed the value of subtyping at all, is affected by the population 

structure of the agent, which is influenced by its innate genetic stability.  

 

Measures of relatedness 

 

For some specific surveillance goals, it is useful to ―lump‖ rather than ―split‖ subtype 

data (i.e., consolidate individual subtypes into larger groups by measuring relatedness 

between individual strains) and cluster analysis. Potential reasons for measuring 

relatedness includes (a) tracking broad geographic or temporal trends, (b) widening the 

case definition for investigations where capturing all possibly associated cases is more 

important than eliminating possibly unrelated cases (minimizing type II probability 

error), (c) tracing infectious disease events backwards in time, and (d) surveillance of a 

disease where the causative agent is genetically unstable with respect to the 

marker/method used.  

     Examples of broad trends evaluated through the use of relatedness measures include 
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the use of PFGE or sequence-based strain clustering algorithms to monitor the 

geographic distribution of Francisella tularensis strains in the US [46], influenza A 

virus type H5N1 in Asia [47], and patterns of horizontal transfer of resistance genes in 

Salmonella Typhimurium [48]. Increasing the sensitivity of the case definition and 

tracing disease events backward in time series are sometimes useful in forensic inves-

tigations, to determine the scope of an outbreak, to identify an environmental source, or 

when the number of cases is small but the implications of omission are great. A widely 

publicized use of this type of analysis is the investigation of possible HIV transmission 

from a Florida dentist to his patients [49]. Relatedness measures are often used for un-

derstanding transmission patterns of Enterococcus faecium, which has high background 

rates of recombination [50]. 

 

Determining relatedness and clustering 

 

There are a large number of mathematical models used to estimate relatedness and 

clustering, each with their own assumptions, approximations, and limitations. Software 

commonly used for analysis of molecular surveillance data will readily draw graphical 

representations of strain relatedness and assign values that may or may not be useful for 

epidemiological inference. 

     Two broad approaches are used to describe and quantify the relatedness between 

microorganisms. Phenetic approaches assign numeric values to traits such as colonial or 

cellular morphology, biochemical characteristics, antimicrobial susceptibility, or 

electrophoresis patterns, and use these values as a basis for defining similarity or 

distance without consideration of evolutionary relationships. This is the theoretical 

framework for numerical taxonomy. PFGE dendrograms depict strain relationships 

based on pattern differences which may or may not reflect evolutionary distance, and as 

such resemble phenetic representations (Figure 9). Cladistic approaches use an 

evolutionary model to predict the phylogenetic relationship between organisms (Figure 

6). This requires that the data be oriented in an evolutionary ―direction.‖ These are often 

represented as genetic trees, such as cladograms and phylograms where the lines 
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represent genetic relationship and distance. A good example of cladistic analysis is the 

investigation of vaccine-derived polio infections, where sequence divergence from the 

vaccine strain was used to estimate the time that the virus has circulated [51]. In this 

investigation, sequence-based microbiological data was combined with epidemiological 

information about cases. An evolutionary model assumed that strains evolved from the 

vaccine strain in the direction of more similar to less similar in a predictable manner. 

Molecular methods such as PFGE, MLVA, and sequence-based methods can potentially 

be used in phenetic or cladistic analyses, but some molecular methods are more 

amenable to cladistic analyses than others.  

1
0
0

9
5

9
0

8
5

8
0

7
5

E20001696

E20002708

E20001751

E20002727

E20002472

E20002729

E20002109

E20002730

E20001736

E20002161

E20002520

E20002492

E20002695

E20002701

E20002486

E20002171

E20002702

E20002169

E20002728

E20002088

E20002631

1
0
0

9
5

9
0

8
5

8
0

7
5

E20001696

E20002708

E20001751

E20002727

E20002472

E20002729

E20002109

E20002730

E20001736

E20002161

E20002520

E20002492

E20002695

E20002701

E20002486

E20002171

E20002702

E20002169

E20002728

E20002088

E20002631

1
0
0

9
5

9
0

8
5

8
0

7
5

E20001696

E20002708

E20001751

E20002727

E20002472

E20002729

E20002109

E20002730

E20001736

E20002161

E20002520

E20002492

E20002695

E20002701

E20002486

E20002171

E20002702

E20002169

E20002728

E20002088

E20002631

1
0
0

9
5

9
0

8
5

8
0

7
5

E20001696

E20002708

E20001751

E20002727

E20002472

E20002729

E20002109

E20002730

E20001736

E20002161

E20002520

E20002492

E20002695

E20002701

E20002486

E20002171

E20002702

E20002169

E20002728

E20002088

E20002631

 
Figure 9  A dendrogram of PFGE patterns.   

 

     If there is a research question involving relatedness or clustering of strains, often the 

approach is driven by the type of available data, such as the subtyping method, the 

extent and type of epidemiological information, and the absence or presence of an 

evolutionary model. For example, in a study of Salmonella Typhimurium resistance 

trends [52], several factors dictated a phenetic-like approach to comparing strains. Data 

were collected as part of routine surveillance and PFGE was the subtyping method used. 

PFGE electrophoresis patterns measure genetic relatedness indirectly, and it is not pos-

sible to say exactly how strains are different at the sequence level. The higher level of 

uncertainty makes it difficult to draw phylogenetic inference on broad surveillance data 

without additional epidemiological information. With a large, widely acquired 
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surveillance data set of a relatively common, disease such as multidrug-resistant 

Salmonella Typhimurium, there was insufficient epidemiological information that could 

be used to orient data into an evolutionary model that predicts how molecular resistance 

determinants are gained and lost. In contrast, tracking new or rare diseases such as 

H5N1 influenza A virus with sequence-based methods are more amenable to cladistic 

analyses. The rarity of the disease makes it possible to draw meaningful connections 

between cases, specific genetic variation, and an evolutionary model. In one study, dis-

tinct clades were found to have evolved in two nonoverlapping regions of Asia, with 

strains affecting humans confined to a single, relatively homogeneous clade with a 

single antiviral susceptibility profile [47]. In the tree diagram representing these data, 

the branches actually represent phylogenetic distance.  

Tenover and his colleagues used a cladistic approach to answer questions about 

interpretation of PFGE patterns in the outbreak setting during the development of 

PulseNet [53]. The specific goal was to assess the likelihood of genetic relatedness 

among epidemiologically related strains. The authors established a hierarchy of 

relatedness based on the least number of mutations that could account for observed 

pattern differences between an out break strain and other potentially related strains. 

Thus, exact pattern matches were termed ―probably‖ related. Patterns with one-to three-

band differences, the number that could result from single mutations, were determined 

―likely‖ related. Isolates with four-to six-band differences, which would require at least 

two mutations were termed ―possibly‖ related. The number of possible mutations that 

could account for differences is much larger and difficult to define. However, focusing 

on the least possible of mutations serves the particular application, which involves 

assessing the risk of relationship to the outbreak strain. The authors recognized that this 

type of analysis might be less useful for general surveillance where there is generally 

insufficient information, such as relationships among cases to an outbreak, to overcome 

uncertainty in the subtyping method. Another issue with the use of these criteria for 

surveillance involves transitivity. Data from gel electrophoresis methods such as PFGE 

is continuous rather than discrete, and small errors in lane assignments create situations 

where pattern A = B and B = C, but A = C. Finally, use of the Tenover scheme without 
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a specific goal in a surveillance setting would reveal a complex web of relationships, 

making interpretation problematic for all but the smallest data sets. 

     Dendrograms are commonly generated to visually represent strain relatedness among 

large PFGE data sets, and used similarly for MLVA or other non-sequence-based 

surveillance data. While the Tenover assignments are based on the least number of 

mutations which could account for the observed banding difference between strains, this 

assumption cannot be made on general surveillance data, where a three-band difference 

between patterns could equally be due to one, two, three, or even more mutations. 

Phenetic analyses ignore this problem and assess the similarity or distance between the 

patterns, rather than attempting to infer genetic distance. In the absence of a very spe-

cific question or epidemiological information, this is probably as good an approximation 

as any. With some of the clustering algorithms described below, the order that the data 

are input affect how the tree is drawn. In spite of their limitations, dendrograms are 

useful for visualizing broad clustering trends, but researchers should be cautious about 

assigning significance to individual data points.  

 

Terminology of relatedness measures and cluster analysis 

 

A feature used to define a subtype is known as a character, and the possible values for 

that character are its character states. The organism is defined by a set of character 

states known as the operational taxonomic unit, or OTU. Thus, for Salmonella Ty-

phimurium MLVA, the characters are the individual loci, the character state is the value 

at each locus (the allele, or number of repeat sequences), and an OTU is a particular 

pattern of values that defines a strain. Determining relatedness between OTUs involves 

defining the character states (not a trivial task with gel electrophoresis methods such as 

PFGE), applying a mathematical algorithm to compare strains, cluster analyses, 

graphical representation such as dendrograms or phylogenetic trees, and tree testing. 

Two of the most common indices used to assess similarity and distance are the Jaccard 

and Dice coefficients [3], which give weight to positive character states (such as the 

presence of a band on a gel). Sequence-based data are compared by alignment tools 
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such as CLUSTAL [54].  

     The most common phenetic clustering methods are hierarchical, which use 

similarity coefficients to create nested groupings in which a single OTU can share 

characteristics with more than one grouping of OTUs. The most frequently applied 

clustering algorithms are the nearest neighbor method and the unweighted pair-group 

method using arithmetic averages (UPGMA). The most important cladistic methods 

used to infer epidemiological relationships include parsimony analysis, maximum 

likelihood analysis, and neighbor joining [14].  

 

Summary 

 

The decision to lump subtype data (e.g., consolidate strains into larger groupings) or 

split subtype data (e.g., add additional markers or methods to increase discrimination) 

when investigating clusters or outbreaks is based on a number of factors. There are a 

few practical generalizations that can be used as part of the decision process prior to 

taking public health action.  

1 Increased agent discrimination beyond what is provided by the standard validated 

surveillance subtyping method is most likely to be useful or needed when (a) an 

investigation is in hypothesis generation or testing phase, (b) the subtype is common, or 

(c) the presumptive exposure is common or the exposure information is nonspecific. 

The number of cases under investigation may affect the usefulness of additional 

discrimination, as the effects of random variation are greater when the number of cases 

is very low.  

2 In general, the types of investigations that benefit most from increased agent definition 

are (a) clusters detected through pathogen surveillance, where the agent is the principal 

factor linking cases (b) when a common source is suspected between two or more 

spatially or temporally separated outbreaks (however detected), especially when the 

agent is the primary linking element.  

3 Once a statistically significant and epidemiologically plausible exposure has been 

identified in an investigation, increased discrimination is unlikely to be necessary before 
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taking public health action, unless a specific alternate hypothesis is being considered.  

4 Decreased discrimination or using measures of similarity may be useful (a) for 

determining the scope of an outbreak (especially if the exposure is rare), (b) for 

exploring broad trends, such as geographical segregation, strain evolution, or associ-

ation between subtypes and a factor not directly tested (such as antibiotic resistance), (c) 

when the implicated agent is known to be genetically unstable with the available 

subtyping tests, and (d) when the consequences of not including cases is high, and/or 

when the number of cases is small (e.g., SARS, botulism, or pulmonary anthrax).  
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Chapter 4:  Guidelines; Foodborne Disease Surveillance and Outbreak Detection 

 

1. Introduction 

 

The term ―foodborne disease surveillance‖ generally refers to the routine 

monitoring of enteric disease in a population, for which a food vehicle may be 

involved. The actual vehicle is usually not known during the surveillance 

process, and transmission may ultimately be due to food, water, person-to-

person spread, or other vehicles.  

 

One of the primary functions of foodborne disease surveillance is to detect 

problems in our food and water production and delivery systems that might 

otherwise have gone unnoticed. Rapid detection of outbreaks and follow-up 

action (1) allows prevention of ongoing transmission, (2) promotes control of 

the underlying causes of contamination, and (3) provides a basis for 

measurement of control efforts.  Broader goals of surveillance includes defining 

the magnitude and burden of disease, providing a platform for applied research, 

and facilitating  better understanding of the epidemiology of foodborne disease.  

 

Unlike food monitoring programs, foodborne disease surveillance activities 

cannot by definition prevent initial cases of disease.  However, one hundred 

percent of food and water consumed by the public is essentially subject to a 

vast natural bioassay, making disease surveillance the most sensitive tool 

available for identifying failures anywhere in the chain from production to 

consumption.  As such, it complements regulatory and commercial monitoring 

programs by providing primary feedback on prevention program efficacy. Over 

the years, foodborne disease surveillance has remained among the most 

productive public health activities, resulting in the recall of hundreds of 

millions of pounds of contaminated products and prompting numerous changes 
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in our food production and delivery systems.  Nevertheless, current surveillance 

practices are widely variable, unevenly resourced, and have in general 

exploited only a fraction of the system’s potential.  

 

2. Overview 

 

Disease surveillance methods are used to identify clusters of enteric illness. 

Investigation methods (Chapter 5) are then used to identify common exposures. 

There are three general methods for detecting enteric disease outbreaks. In 

practice, multiple mechanisms may be involved in the detection and 

investigation of individual outbreaks. These systems will be described in detail 

in the following sections, and are summarized below and in Table 4.  

a. Pathogen-specific surveillance: Reporting of individual cases of disease 

by clinicians and laboratorians based on identification of selected 

pathogens in patient specimens, such as Salmonella enterica or E. coli 

O157:H7.  This type of surveillance also includes specific clinical 

syndromes with or without laboratory confirmation, such as hemolytic 

uremic syndrome or botulism. Exposure information is gathered by case 

interviews. Data and pathogens collected as part of food, animal, or 

environmental monitoring programs enhances this type of human disease 

surveillance.  

b. Notification/complaint systems: Suspect disease clusters or 

independent complaints are identified and reported by healthcare 

providers or by the public, and exposure information acquired by case 

interviews. Examples include outbreak and foodborne disease complaint 

hotlines. 

c. Syndromic surveillance: This type of surveillance generally involves 

systematic (usually automated) gathering of non-specific health 

indicators, such as immodium® use, ER visits for diarrheal complaints, 
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or calls to poison control hotlines.  Exposure information is not routinely 

collected. 

 This chapter will review key features, strengths and limitations of each 

method, and will provide recommendations for increasing the effectiveness 

of each. These guidelines are focused on foodborne disease, but many of the 

agents spread by food can also be spread by water, person-to-person 

transmission, animal-to-person transmission, or by other mechanisms. 

Therefore, outbreaks are not considered as ―foodborne‖ until determined to 

be so during the investigative phase.  

 

3. Definitions 

 

a. Surveillance:  The systematic collection, analysis, interpretation, and 

dissemination of data for public health action. 

b. Foodborne disease: Any disease caused by consumption of food. Although 

some agents are more likely to be transmitted by food than others, the 

identification of foodborne, waterborne, or person-to-person transmission 

requires investigation. Multiple mechanisms may be involved in single 

events.   

c. Foodborne disease surveillance:  Surveillance of conditions which may be 

foodborne. Thus, all diseases of enteric origin may be potentially tracked by 

this mechanism, including diseases such norovirus disease which 

significantly involves person-to-person transmission, listeriosis which may 

have a diarrheal stage but is generally detected by blood culture, or 

botulism which presents as neurological disease.  

d. Cluster: An unusual aggregation of health events, generally grouped 

together in time or space.  A cluster may present as the occurrence of cases 

of disease in excess of what is usually expected for a given period of time.  

A cluster may, or may not reach the status of an ―outbreak.‖   
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e. Outbreak: The occurrence of two or more cases of a similar illness 

resulting from a common exposure such as consumption of a common food. 

An outbreak is a cluster with a clear association between cases, with or 

without a recognized common source or known agent. Single cases of 

certain serious conditions, such as gastrointestinal anthrax, botulism, or 

cholera elicit an outbreak-like response.  

f. Sporadic case: a case that cannot be linked epidemiologically to other 

cases of the same illness. 

g. Trawling questionnaire: This term commonly refers to interview forms 

designed to capture a wide range of exposures. They are sometimes called 

―hypothesis generating questionnaires.  While they may be used in this 

manner, these forms are typically designed with embedded disease-specific 

hypotheses, which may serve to compress the hypothesis generation and 

testing processes into a single step.  For instance, forms used to interview 

cases with E. coli O157:H7 disease usually include standard hypotheses 

about O157 transmission, such as hamburger consumption, day-care 

attendance, recreational pool use, animal exposures, and exposures 

identified in previous outbreaks.  

h. Reportable Conditions (notifiable diseases): The list of diseases based on 

state laws or regulations that should be reported by health care practitioners 

(e.g., clinicians, laboratories, hospitals) to local or state health agencies, by 

state agencies to the CDC, and by the CDC to WHO. The list of notifiable 

diseases and legal obligation for reporting differs from state to state. A list 

of nationally notifiable diseases is maintained by the CDC, and compliance 

by the states is voluntary.  Included in this list are internationally 

quarantinable diseases, which are reported to the World Health 

Organization by the CDC in compliance with International Health 

Regulations. 

i. PulseNet: PulseNet is a surveillance network made up of national, state and 

local public health and food regulatory agency laboratories that conduct 



66 

 

standardized molecular subtyping of foodborne disease pathogens (―DNA 

fingerprinting‖) and a centralized, internationally accessible database of 

patterns. PulseNet also functions as a communication hub for laboratories 

involved in food and foodborne disease monitoring.  

j. EFORS: Electronic Foodborne Outbreak Reporting System. A secure web-

based reporting system that allows state health departments to report 

foodborne disease outbreaks to the Centers for Disease Control and 

Prevention electronically. eFORS includes all information collected through 

the paper-based CDC Form 52.13 but eliminates the need for time-

consuming coding and reclassification of data. eFORS is being renamed the 

National Outbreak Reporting System or NORS. 

 

4. Pathogen-specific surveillance 

 

Purpose –To systematically collect, analyze, and disseminate information on 

cases of laboratory confirmed illnesses or well-defined syndromes as part of 

prevention and control activities. One important goal of pathogen-specific 

surveillance for foodborne disease (but not the only goal) is to identify clusters 

of cases which may be caused by a common food source, to interrupt ongoing 

transmission and develop prevention strategies.  

 

Background – Surveillance for Salmonella Typhi began in 1912 and was 

extended to all Salmonella serotypes in 1963, making it one of our oldest 

pathogen-specific surveillance programs.  Its usefulness has been related to the 

specificity with which agents are classified, permitting individual cases of 

disease to be grouped with other cases most likely to share a common food 

source or other exposure. This type of surveillance greatly expanded during the 

1990’s with the development of PulseNet.  
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Case reporting and laboratory submission process – State or local health 

agencies establish criteria for voluntary or mandatory reporting of infectious 

diseases, including those that may be foodborne. These criteria describe which 

diseases to report, to whom, how, and in what timeframe. For this type of 

surveillance, diseases are defined by specific laboratory findings, such as 

isolation of Salmonella enterica, or by well defined syndromes, such as 

hemolytic uremic syndrome.  Diseases are reported by laboratories, medical 

staff (physicians, infection control practitioners), or both.  Reporting can be by 

telephone, mail, fax, through a secure web-site, or automatically via reports 

that are generated from an electronic medical record or laboratory information 

system. In addition, isolates or other clinical materials are forwarded from 

laboratories serving primary healthcare facilities to public health laboratories 

for further characterization, as required or requested by the local jurisdiction.  

CDC works with the states to compile surveillance data on a national basis. See 

Table 5 for a list of nationally notifiable foodborne diseases.  Requirements for 

individual states can be found at: 

http://www.cste.org/nndss/reportingrequirements.htm 

 

Epidemiology process – Basic disease and demographic data from individual 

cases of specific laboratory-confirmed illnesses or well-defined syndromes 

reported to the Public Health Agency through multiple avenues are reconciled 

and associated with case isolates or other clinical materials received in the 

Public Health Laboratory. Reconciled case reports are forwarded to higher 

jurisdictional levels (local health agency to state agency, and state agency to 

Federal agency) by a variety of mechanisms.  Cases may be interviewed at 

some time in this process to gather information on potential exposures, as well 

as additional medical and demographic information. The extent and nature of 

these interviews ranges from basic descriptive information and exposures of 

local importance, such as attendance at a day car facility, to extensive 

―trawling‖ questionnaires that may be used to identify common exposures 

http://www.cste.org/nndss/reportingrequirements.htm
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among cases in a cluster.  Agent, time, and place factors are examined 

individually and in combination to identify potentially significant clusters or 

trends. Clusters of unusual exposures reported by cases, abnormal exposure 

frequencies, or unusual demographic distributions may be identified in this 

process. Clusters of cases are examined as a group, and may be further 

investigated if a common exposure seems likely.  Development of hypotheses 

to explain the cluster may be done in several ways. If trawling questionnaires 

are routinely administered after reporting, hypothesis generation involves 

examination of previously obtained exposure data for commonality or trends, 

and may be followed by an iterative follow-up interview process.  In 

jurisdictions where trawling questionnaires are not used routinely, hypothesis 

generating interviews may be first conducted on a subset of cases at the cluster 

detection step.  Unless these interviews identify a unique exposure that can 

lead to direct public health intervention, hypotheses are then tested during the 

ensuing investigation.   

 

Public health laboratory process – Case isolates or other clinical materials 

are forwarded from clinical diagnostic laboratories to public health laboratories 

as part of mandated or voluntary reporting rules.  Problems such as 

mislabelling, broken-in-transit, or quantity-not-sufficient are resolved. 

Specimens are accessioned and entered into the Laboratory Information 

System (LIMS) before or concurrently with testing.  Patient information 

submitted with the sample may be provided to the epidemiology department 

for redundant case reporting, and to allow reconciliation of case reports and 

laboratory samples.  The agent identification is confirmed, and tests such as 

serotyping, molecular subtyping, or susceptibility assays are conducted to 

further characterize the agent.  Reports are issued either singly or as 

consolidated reports to the epidemiology department, reports may be issued to 

submitters as permitted by local policies, and data are uploaded to national 

systems such as the Public Health Laboratory Information System (PHLIS) and 
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PulseNet. Clusters of cases identified by the public health laboratory are 

phoned to the epidemiology department.  National notification or inquiries may 

be conducted via the PulseNet system if multi-jurisdictional outbreaks are 

suspected.  Since this type of surveillance depends on primary diagnosis in 

hospital or clinical laboratories, the Public Health Laboratory may play a role 

in laboratory quality improvement or monitoring.  Although microbiological 

screening of food as a means of cluster investigation in the absence of strong 

epidemiological data is generally unproductive, resource intensive, and not 

advised, this approach is occasionally warranted when there are many cases, 

serious illness, or there is continuing threat to a community and other 

approaches are not working. 

 

Environmental Health Process: Although Environmental Health Departments 

are primarily involved in prevention activities (such as restaurant inspection) 

and response (such as investigation of environmental sources of contamination 

after an outbreak), increasingly data gathered as part of environmental and 

food monitoring programs is augmenting human disease data for detection of 

outbreaks.  For instance, PFGE patterns from food regulatory activities are now 

part of the PulseNet database, and have complemented human disease data in 

detecting or rapidly solving foodborne disease outbreaks. Finally, potentially 

implicated food may be collected early in the investigation process, while it is 

still available.  This needs to be properly stored for testing once further 

implicating epidemiological information is available.   

 

Strengths of pathogen-specific surveillance for outbreak detection  

i. When combined with specific exposure information, pathogen 

specific surveillance is arguably the most sensitive single method for 

detecting unforeseen problems in our food and water supply systems 

caused by the agents under surveillance.  The specificity of agent or 

syndrome information combined with specific exposure information 
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obtained by interviews makes it possible for small numbers of cases 

to be significantly associated with exposures.   

ii. Permits detection of widespread disease clusters, initially linked only 

by a common agent.  Most national and international foodborne 

disease outbreaks are detected in this manner.  

 

Limitations of pathogen-specific surveillance  

iii. Works only for those diseases detected by routine testing and 

reported to a public health agency. 

iv. Relatively slow, as it requires that (1) patients seek medical attention, 

(2) tests are ordered, (3) samples must be collected, transported and 

tested, (4) isolates must be are forwarded to public health 

laboratories for characterization, (5) cases are interviewed and data 

analysed, and (6) clusters must be investigated. 

v. Relatively resource intensive. 

vi. This type of surveillance has not reached its’ potential in most 

locations. 

 

Key determinants:  The following interrelated factors drive the interpretation 

of surveillance data, affect the success of cluster investigations, and form the 

basis for best practices.   

1. Sensitivity of case detection:  Surveillance represents a sampling of 

the true population of affected individuals, as most cases of 

foodborne disease are not diagnosed and reported. The sensitivity of 

reporting and isolate submission processes affects the number and 

size of outbreaks detected. If the percentage of cases reported or 

isolates submitted is low, the total number of cases per outbreaks will 

need to be higher before detection by surveillance is possible.  As 

described below, greater sensitivity (more cases) is required for 

identification of outbreaks due to high prevalence agents or high 
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prevalence exposures. These impacts may be mitigated by increasing 

the specificity of the agent/case definition or exposure information. 

2. Prevalence of the agent and specificity of agent classification: The 

more common the agent, the more likely it is that sporadic 

(unrelated) cases will be classified with outbreak cases, which has 

the effect of obscuring trends, diluting outbreak measures of 

association (type 2 probability error) and increasing the number of 

outbreak cases needed to significantly associate illness with 

exposure. This impact can be minimized by examining subsets of 

cases using case definitions based on more specific agent 

classifications. For example, the prevalence of disease caused by 

Salmonella Typhimurium is high in some populations, as is the 

opportunity for misclassification.  However, cases are more likely 

than non-cases to share a lower prevalence S. Typhimurium PFGE 

subtype, and use of the PFGE subtype as part of the case definition 

instead of the broader serotype increases the chance of finding a 

common source and demonstrating significance. This is the basic 

principle behind PulseNet.  Increasing the specificity of strain 

classification is useful only to a point. Since truly associated cases 

may also be eliminated from the study, increasing strain 

classification stringency may become problematic when the number 

of cases is small. It is for these reasons that standard PulseNet 

protocols provide multiple layers of agent specificity which may be 

used to define cases.   

3. Sensitivity of case interviews – timing:  For pathogen specific 

surveillance, the chance that a true outbreak exposure will be 

identified during the interview process is dependant on the time 

between illness reporting and interview. Unlike surveillance based on 

reported illnesses associated with specific events, where menus are 

often available and the event itself largely (but not entirely) defines 
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the denominator of potential exposures, the set of exposures that 

needs to be considered in pathogen specific surveillance is open-

ended, including all exposures of all cases in a timeframe appropriate 

to the disease. Furthermore, the lack of a specific list of exposures 

such as a menu makes prompting cases during the interview difficult.  

As a result of these factors, exposure recall is a greater issue with this 

type of surveillance than surveillance by notification of group illness, 

and greater attention must be paid to interview timing and content.   

4. Sensitivity of case interviews: The interview form itself must be 

more inclusive than interview forms for event-driven investigations 

because of the broader range of potential exposures.  The most 

sensitive interview includes (1) questions about specific exposures, 

such as individual foods, (2) prompts cases to further describe 

exposures, such as requesting brand information and place of 

purchase or consumption, and (3) allows cases to identify 

unanticipated exposures through broad open-ended questions (―what 

restaurants did you eat at?‖).  The sensitivity and specificity of the 

interviews can be greatly enhanced by prospectively adding 

questions about exposures as they become recognized as important 

vehicles.  During the cluster investigation process, interviews can be 

further enhanced by prospectively adding suspect exposures to 

interviews, and re-questioning previously interviewed cases about 

newly identified suspect exposures. (see ―Dynamic Cluster 

Investigation Model;‖ below).     

5. Frequency of the (ultimately implicated) exposure:  The more 

common the exposure the more difficult it is to identify trends or 

demonstrate significant association with illness. This signal to noise 

problem is very similar to the issue of agent classification.  In case-

control studies, more cases are required to establish a significant 

difference with controls (the ―signal‖) when there is a high 
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prevalence (high ―noise‖) exposure. The effective frequency of the 

exposure can be reduced by increasing the specificity of the exposure 

information. For example, hamburger consumption is a high 

frequency exposure in the U.S., but a particular brand of hamburger 

from a particular store is likely to be a low frequency exposure.  

6. Specificity of exposure information:  Gathering specific exposure 

information through properly designed interviews and using it as part 

of the case definition strengthens measures of association in much 

the same manner as using more specific agent definitions.  Both 

controls and misclassified cases are more likely to be considered 

―non-exposed‖ as more specific exposure information is used. For 

example, in the 2005 outbreak of Salmonella Typhimurium 

associated with ice cream dishes prepared in a nationwide retail 

restaurant chain, progressively more specific exposure definitions 

strengthen the association with the common source.  These 

definitions included:  (1) ―ate ice cream‖, (2) ―ate ice cream from 

Chain A‖, (3) ―ate cake-batter ice cream from chain A‖. The 

common source was ultimately linked to cake mix used to flavor the 

ice cream. (ref: FDA, personal communication with Stephanie 

Meyer, MDH) 

7. Overall speed of the surveillance and investigation processes:  As 

described above, time delays are inherent in pathogen-specific 

surveillance.  Its usefulness at preventing ongoing transmission of 

disease from contaminated food, especially perishable commodities, 

is directly related to the speed of the process.   

 

Best Practices: These recommendations are made with the understanding that 

implementation may be restricted in many jurisdictions due to resource 

limitations and competing priorities.    
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1. Case interviews: Quality exposure information is normally difficult 

to obtain, and is often the key limiting factor of pathogen specific 

surveillance. In an ideal setting, all laboratory diagnosed cases of 

potentially foodborne disease are interviewed using a trawling 

interview form as soon as case reports or laboratory isolates are 

received, when recall is the greatest.  Obtain a 5-day exposure history 

or longer history for agents with long incubation periods (such as 

hepatitis A or protozoan parasites).  The interview should (a) include 

specific questions about exposures as a priori hypotheses to be tested 

(including specific food items that have been linked to previous 

outbreaks), (b) prompt interviewees to provide additional details such 

as brand and place of purchase or consumption, and (c) include broad 

open-ended questions to capture exposures that may not have been 

considered. Examples of trawling questionnaires can be found at the 

CIFOR clearinghouse 

(http://www.naccho.org/toolbox/program.cfm?id=2). Other strategies 

that gather the same types of exposure information in an appropriate 

timeframe, such as use of a preliminary interview at the local level 

followed by more extensive interviews when clusters are identified 

may be similarly effective.  

2. Reporting and isolate submission:  Increase reporting and isolate 

submission through (a) education, (b) regulatory action (such as 

modifying reporting rules to mandate isolate submission), (c) 

laboratory audits, and (d) providing easier methods for compliance. 

This includes automated or web-based reporting, isolate transport 

systems, making reporting more consistent across reporting areas, 

and limiting the initial amount of information requested. Education 

of physicians, laboratorians, and local public health may be 

facilitated by workshops or conferences, newsletters, electronic 

health alerts, and regular feedback from Public Health Agencies.   
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3. Isolate characterization: Conduct real-time laboratory 

characterization.  Tests such as PFGE and serotyping are optimally 

performed concurrently to reduce turnaround time, which permits 

more timely detection and investigation of clusters.  Recommended 

turnaround times are described in the APHL/CIFOR ―yardstick‖ 

project  (www.aphl.org) 

4. Data analysis: Continuously examine laboratory and interview data 

to detect clusters of unusual exposures or trends. Compare agent 

frequencies at multiple classification levels (species, serotype, 

subtype, more stringent subtype) to historical frequencies and 

national trends.  This is facilitated by daily automated laboratory 

reporting and analysis systems, and by continuous monitoring of 

national databases, such as PulseNet (including food, veterinary, and 

environmental entries) and EFORS.  Compare exposure data to that 

obtained through interviews of group and independent complaints 

(see section below).  This may be accomplished by the use of a single 

database for interview data.  

5. Communication: Improve communication and cooperation between 

local, state, and federal public health agencies.  States vary greatly in 

the roles of local and state public health agencies.  Lack of 

coordination between these entities limits the effectiveness of 

pathogen specific surveillance.  

6. Obtain and store suspect food: Suspect food should be secured 

while it is available. Test after epidemiological implication using 

standardized methods (required by regulator agencies) at a minimum.  

Note: Food testing has different inherent limitations than clinical 

diagnostic testing, and demonstration of an agent in food is not 

always possible or necessary before taking public health action.   

 

Best Practices - Cluster follow-up 
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1. Use a dynamic cluster investigation process:  In the standard 

investigation process, extensive hypothesis generating interviews are 

administered to a sample of cases, hypotheses generated, and tested 

by a case control or other study.  In this model, cases are interviewed 

routinely with a detailed exposure history questionnaire, as described 

above. Ideally, this interview will include an attempt to identify 

potentially important exposures in an open-ended manner. In this 

process, specific exposures shared by multiple cases may surface that 

are suspicious because they involve commodities that are not 

commonly eaten, or involve specific brands of a commonly eaten 

food item. Because these exposures may not be uniformly 

ascertained with the original questionnaire, specific questions should 

be added to the questionnaire for future use, and to systematically re-

interview cases to uniformly assess exposure to the suspicious 

sources discovered during the investigation process. These interviews 

may identify a unique exposure shared among multiple cases that can 

lead to direct public health intervention.  Otherwise hypotheses are 

tested during the ensuing investigation. See Figure 10 for a visual 

representation of this process. Dynamic cluster investigation 

increases the sensitivity and speed of outbreak identification and 

resolution in several ways.   

a. Increased recall:  Recall is amplified by what is essentially a 

group dynamic. Individuals are less likely to recall exposures 

when asked in general about their consumption history, and 

more likely to remember when questioned about specific 

exposures, identified by other cases. For example, in the 2007 

multistate outbreak of Salmonella Wandsworth associated 

with a vegetable powder-coated snack, cases were less likely 

to report its consumption when asked to list foods consumed, 
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and highly likely to remember if they consumed the particular 

snack.  

b. Compressed timeframe: This process also increases recall, 

and the likelihood of meaningful intervention because of its 

shortened timeframe.  Standard methods may involve 

sequential attempts at hypothesis generation, followed by 

hypothesis testing.  In this model, these processes are 

essentially compressed in a nested manner.  

2. Case-to-case comparison studies:  for jurisdictions that conduct 

interviews routinely using trawling questionnaire, case-to-case 

comparison studies offer a convenient screening tool for potentially 

significant exposures as part of cluster investigations.  Cases with 

microbial agents other than the agent under investigation are used as 

―controls‖ to identify risk factor differences.  This requires that the 

cases in the cluster and cases used for comparison have been 

interviewed with the same form.  Case-to-case comparison studies 

are especially useful for retrospective study, as the comparison group 

can be chosen from cases in the appropriate time period.  This type of 

study has inherent bias towards the null, which is most severe when 

agents in the comparison group have a similar ecology to agents in 

the cluster.  For instance, it may be difficult to identify a chicken 

vehicle in a cluster of Salmonella Enteritidis cases by using cases of 

salmonellosis due to S. Heidelberg as a comparison group, since 

chicken is a common vehicle for both types of infection.  Therefore, 

negative results should be interpreted with caution.  Issues of bias 

can be reduced by obtaining more specific exposure information, 

increased agent specificity, using larger comparison groups (such as 

using all salmonella cases instead of a single serotype, which dilutes 

the impact of bias), and good temporal matching.   
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3. The FoodNet exposure atlas: exposure frequency data may be used 

to evaluate the significance of shared exposures. 

4. Perform additional agent subtyping, as appropriate (if not done 

routinely).  Guidelines are available on the PulseNet web board 

5. Increase surveillance.  Actively search for additional cases by 

contacting clinicians, laboratories, or public notices.  

 

Multi-jurisdictional considerations for pathogen specific surveillance: 

Since pathogen specific surveillance is not dependant on geographic clustering, 

it is more sensitive to detection of widespread, low level contamination events 

than outbreaks reported by notification. As such, outbreaks detected by this 

method tend to span multiple jurisdictions.  See CHAPTER 5 for Multi-

jurisdictional Investigation Guidelines.   

 

Indicators / measures: The success of pathogen specific surveillance at 

detecting and resolving common source outbreaks is dependent on multiple 

interrelated processes.  Key indicators which can be used for program 

assessment and improvement can be found in chapter XXX.  

 

5. Notification / complaint systems 

 

Purpose –To receive, triage, and respond to reports from the community about 

possible foodborne disease events in order to conduct prevention and control 

activities.  

 

Background – Receiving and responding to reports of disease in the community 

has been a basic function of public health agencies since their inception.  

Surveillance of consumer complaints has been well established in industry for 

years, but its application in Public Health is fairly recent.  
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Event / complaint reporting – This type of surveillance involves passive 

collection of enteric illness reports from any individual or groups. Reporting are 

of two basic types, each with its own dynamics and requirements:  (1) reports 

from any individual or group who observes a pattern of illness (2) independent 

reports concerning illness in a single individual.  Examples of the former are 

reports of illness among multiple individuals attending the same restaurant or 

wedding. Healthcare providers may report unusual patterns of illness, such as 

multiple patients with bloody diarrhea in a short time span. Health agencies may 

also accept independent complaints of suspect foodborne disease.  Group illness 

and independent complaints may be used together, and linked with data obtained 

through pathogen specific surveillance. In contrast to pathogen specific 

surveillance, reporting does not require identification of a specific agent or 

syndrome.   

 

Epidemiology process – notification of health events or independent complaints 

may occur at the local, regional, or state levels. Reporting of ―unusual clusters of 

disease‖ by healthcare providers is mandated in some jurisdictions. Reports are 

triaged, data analyzed, investigations initiated, and control measures taken as 

appropriate.  For reports of group illness, the investigation generally involves 

obtaining lists of attendees, menus, case interviews, a cohort or case control 

study, and collection of food and patient specimens (see chapter 5). Outbreaks 

detected in this manner may be linked to other outbreaks or to other cases in the 

community by a variety of processes such as PulseNet or eFORS, and 

communication conducted via Epi-X or OutbreakNet.  

 

Exposures identified through interview of independent complaints are used 

identify cluster of illness in much the same manner as common agents are used 

in pathogen specific surveillance. Exposure information captured in the initial 

complaint is generally limited, and biased towards exposures immediately 
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before onset of symptoms.  Therefore, routine interviews are required for this 

process to be robust.  

 

Public Health Laboratory process – laboratory activities are not essential for 

primary detection of outbreaks by this process, but are essential for determining 

etiology, linking separate events during the investigation, and monitoring the 

efficacy of control measures (see chapters 5 and 6). For instance, an outbreak 

associated with a particular restaurant may come to the attention of authorities 

solely on the basis of a report by a customer who observed multiple cases among 

fellow patrons.  Laboratory testing and identification of Salmonella 

Typhimurium in the cases may result in additional testing and restrictions for 

workers found to be carriers, or connection between this outbreak and other 

outbreaks due to a contaminated commodity.   

 

Environmental Health Process – Routine environmental health activities may 

uncover unreported cases of employee illnesses or consumer complaints. Other 

environmental health activities are integral to investigation and response, but not 

disease outbreak detection. 

 

Key determinants:  The following factors drive the interpretation of 

notification/complaint surveillance data, affect the success of investigations, and 

form the basis for best practices.   

1. Sensitivity of case/event detection:  The dynamics of outbreak detection is 

somewhat different for notification involving groups of illnesses versus the 

collection of independent complaints.  Detection of outbreaks by 

notification of group illness is limited only by public awareness, ease and 

availability of the reporting process, and investigation resources (to 

determine if the clusters are in fact outbreaks). In contrast, clusters of 

illnesses are determined at the public health level for independent 

complaints.  As with pathogen specific surveillance, the size and number of 
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outbreaks that may be detected using independent complaints as primary 

surveillance data is driven by number of individual cases reported, by the 

sensitivity and specificity of the interview process, and by the methods 

used to evaluate exposure data.  

2. Prevalence of disease - group complaints: The likelihood that cases of 

sporadic, unrelated illnesses may be included in groups reported as having 

probable common exposures is dependant on the prevalence of the disease 

or complaint.  For instance, cases with diarrhea may be inadvertently 

grouped with true outbreak cases, since at any one time a significant 

proportion of the population is normally experiencing diarrhea. Inclusion of 

misclassified cases lowers measures of association, thus decreasing the 

likelihood of discovering a common source.  When reported clusters are of 

small size, the possibility that the reported cluster is due to coincidence 

rather than causal association must be considered (type I probability error). 

With unusual syndromes such as neurological symptoms associated with 

botulism or ciguatera fish poisoning, the likelihood of misclassification and 

type 1 probability error is low. The system specificity may be increased by 

identification of a specific agent or disease marker, or by increasing the 

specificity of the exposure information. 

3. Sensitivity and specificity of case interviews – group complaints. Case 

interviews for group complaints capture two types of information:  (1) 

specific exposures associated with the reported event and (2) individual 

food histories to rule out alternate hypotheses and exclude misclassified 

cases.  Since exposures associated with group events are relatively limited 

in number and can be described specifically, recall tends to be excellent, 

and timing is less an issue than it is with pathogen specific surveillance or 

independent complaints.  For example, cases asked if they ―ate German 

potato salad‖ at a particular event are more likely to remember than if they 

were asked if they ate ―salad,‖ or simply asked to list what they consumed 

in a trawling questionnaire. Interviews of food preparation staff adds 
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another layer of valuable information, as ingredients are often added which 

cases are not likely to recall, and which would not be included in a standard 

questionnaire. A good example is the 1998 international outbreak of 

shigellosis associated with parsley, which was added as a garnish to 

restaurant-served meals. The second type of information gathered in this 

type of outbreak, independent food histories, has the same broad exposure 

denominator and recall challenges as pathogen specific surveillance. 

Hence, interviews must be done promptly for this aspect to be effective.  

4. Prevalence of disease and the quality of exposure information - 

independent complaints:   Unlike pathogen specific surveillance, where 

agent information is used to link cases and exposure information is used for 

hypothesis generation and testing, complaint systems use exposure 

information to both link cases and generate hypotheses. The lack of 

dependency on specific agent information allows outbreaks to be detected 

due to any cause, known or unknown. On the down site, the lack of agent 

specificity means that all cases with similar symptoms are evaluated as a 

group, which give surveillance of independent complaints an intrinsically 

less favourable signal to noise ratio than pathogen specific surveillance, 

especially for common non-specific complaints, such a diarrhea.  

Furthermore, since most people associate illness with the last meal 

consumed before onset of symptoms, the reliability of independent 

complaints in the absence of a full interview would be expected to be 

greatest for outbreaks due to agents with short incubation periods, such as 

those caused by Staphylococcus aureus enterotoxin or heavy metals. The 

specificity of this type of surveillance can be increased by routine follow-

up interviews for exposure histories, and by routine examination of 

exposure data. 

 

Strengths of notification/complaint systems for outbreak detection 
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i. Since detection is not dependent on identification of an agent, this 

system is able to detect outbreaks due to any cause, known or 

unknown.  As such, this is one of the best methods for detecting non-

reportable pathogens and new or emerging agents.  

ii. The size of the cluster is less important for detecting this type of 

outbreak than for pathogen specific surveillance, since other factors 

(such as convergence of two otherwise unrelated individuals at a 

particular event) are used to link cases. However, size does limit the 

ability to draw significant associations with exposures.  

iii. Notification and complaint surveillance systems are inherently faster 

than pathogen specific surveillance, since the chain of events related 

to laboratory testing and reporting is not required. 

iv. Individual outbreaks identified by this method may be linked 

together or linked to seemingly sporadic cases to detect widespread 

events.  Good examples include the parsley-associated shigellosis 

outbreak of 1998 or the 2006 lettuce associated E. coli O157:H7 

outbreak in Taco restaurants.  

v. Recall of exposures by cases is usually excellent for reported events, 

as specific exposures associated with the event can normally be 

determined, and included in the interview. 

vi. Reports are not dependent on a visit to a healthcare provider, making 

this system more potentially more sensitive to outbreaks where the 

illness is of short duration or where symptoms are mild.   

 

 Limitations of notification/complaint systems 

i. Notification of illness in groups is in general less sensitive to 

widespread low-level contamination events than pathogen-specific 

surveillance, as recognition by an individual of a person-place-time 

connection between cases is required.  
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ii. Complaints of single cases of possible foodborne disease from 

individuals is limited by the exposure information used to link 

cases, and by the lack of specific agent or disease information to 

exclude unrelated cases. The illness of complainants may or may 

not be foodborne, and illness presentation may or may not be 

typical.  For any true outbreak, the absence of an agent makes 

misclassification of cases more likely. This dilutes the association 

between true outbreak cases.  

iii. In the absence of a detailed food history (either in the initial report 

or follow up interview), surveillance of independent complaints is 

sensitive only for short incubation (generally chemical or toxin-

mediated) illness, since most individuals will associate illness with 

the last meal before onset of symptoms. This is not a limitation if 

routine interviews are conducted.  

      

Best Practices: Recommendations for improving notification/complaint 

systems. These recommendations are made with the understanding that 

implementation will be restricted in most jurisdictions due to resource 

limitations and other competing priorities.   

1. To increase surveillance sensitivity, the reporting process should be 

made as simple as possible for the public, such as providing a single 

telephone 24/7 toll-free number.   

2. Reporting can be promoted by routine press releases in the media 

that educate the public about food safety and also advertise the 

number to call for illness reports.  

3. Interviews of reported illnesses in groups: A 5 day food and exposure 

history should be taken from each case, even though it may appear 

that cases are linked to a common event.  

4. Interview independent complaints: A detailed 5 day exposure history 

is essential for independent complaints, since common exposures are 
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the sole linking mechanism.  While it may be possible to identify 

outbreaks caused by agents with short incubation periods based on 

initial complaints only, the signal to noise ratio would be low, and 

investigations would tend to be non-productive.  

5. Obtain specimens clinical specimens from cases that are part of 

group illnesses, and collect and store but do not test food from the 

suspect group event (if the presumed exposure involves food).  

Health departments may also choose to collect specimens from 

independent complaints. Appropriately store food, but generally only 

test food after epidemiological implication. Standard methods must 

be used at a minimum for regulated products.  Note: In general, food 

testing has different inherent limitations than diagnostic testing and 

disease surveillance, and demonstration of an agent in food is not 

always possible or necessary before taking public health action.  

Microbial detection in food is most important for outbreaks involving 

pre-formed toxins such as enterotoxins of Staphylococcus aureus or 

Bacillus cereus, where detection of toxin or toxin-producing 

organisms in cases is frequently problematic. It is also important for 

organisms such as S. aureus and Clostridium perfringens, which are 

normal flora in the human intestinal tract which may confound 

interpretation of culture results.    

6. Establish etiology through laboratory testing. While etiology is not 

essential for primary linkage of cases, as it is for pathogen specific 

surveillance, agents information is important for understanding the 

outbreak, for rational intervention, and facilitates establishing linkage 

to other outbreaks or sporadic cases via PulseNet and EFORS.  

7. Review interview data regularly to look for trends or commonalities. 

Compile interview data in a single database, and examine for 

exposure clustering on a daily basis.  Use of exposure data obtained 
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through pathogen specific surveillance interviews increases the 

sensitivity of both surveillance systems.  

8. Improve cooperation between agencies that receive reports, e.g. 

agriculture agencies, facility licensing agencies, poison control 

centers, etc.  

9. Check complaint information against national databases, such as the 

USDA/FSIS Consumer Complaint Monitoring System (CCMS). 

10. An innovative Internet-based method of personal reporting of enteric 

illnesses has been described by investigators at Michigan State 

University.  This ―RUsick2‖ forum increased reporting of foodborne 

diseases to more than four time the rates seen in the previous two 

years. Wethington H. and P Bartlett. The RUsick2 foodborne disease 

forum for syndromic surveillance. Emerg Infect Dis 2004; 10:401-

405.   

 

Mutijurisdictional considerations for notification / complaint systems:  

Outbreaks discovered through notification/complaints may span multiple 

jurisdictions, as evidenced by the 1998 parsley-associated shigellosis and the 

2006 multi-state lettuce associated E. coli O157:H7 outbreak in Taco 

restaurants See CHAPTER 5 for Multi-jurisdictional Investigation Guidelines.   

 

Indicators / measures:  Key indicators have been developed to assess the 

surveillance processes and overall success of surveillance programs. Key 

indicators which can be used for program assessment and improvement can be 

found in chapter 5.  

 

6. Syndromic Surveillance 

 

a. Purpose – Electronic collection of non-specific health indicators may allow 

for rapid detection of significant trends, including outbreaks.  
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b. Background -  Syndromic surveillance is a relatively new concept, initially 

developed in the 1990’s, and expanded after the 2001 postal anthrax attacks 

in an attempt to improve readiness for bioterrorism.  One of the first systems 

implemented was in New York City in 2001. 

c. Reporting – automated extraction of health information:  1) pre-clinical (less 

specific and potentially less useful) -- School and work absenteeism, nurse 

help lines, OTC drug sales, complaints to water companies, calls to poison 

control centers; 2) clinical pre-diagnostic -- ER chief complaint, ambulance 

dispatch, lab test orders. 3) Post diagnostic data, such as hospital discharge 

codes (ICD-9/10). 

d. Epidemiology process – Alerts are evaluated by epidemiology or emergency 

preparedness groups.  The effectiveness of syndromic surveillance for 

detection of outbreaks has not been demonstrated.  Presumably, cases would 

be interviewed and exposures determined if an alert were determined to be 

credible.  

e. Laboratory process – laboratories do not play a direct role in syndromic 

surveillance.  Laboratories would be involved during epidemiological 

investigations triggered by a syndromic surveillance signal. .  

 

Strengths of Syndromic Surveillance  

i. In theory, syndromic surveillance has the potential for identifying 

clusters of disease before definitive diagnosis and reporting, thus 

generating a faster signal than can be expected with pathogen-specific 

surveillance.  

ii. As with notification/complaint systems, outbreaks can potentially be 

detected due to any cause, known or unknown.  Included are clusters of 

cases identified with discharge diagnoses that include specific agents 

not part of standard surveillance.  

iii. Syndromic surveillance should be able to detect very large, 

undiagnosed events, such as widespread diarrheal disease.  For 
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example, the massive 1993 outbreak of cryptosporidiosis in Milwaukee 

would likely have created a significant syndromic surveillance signal.  

iv. Several long-term trends have been revealed by the New York City 

syndromic surveillance program that might not have been otherwise 

detected. 

v. Most syndromic surveillance systems have been built with automated 

electronic data transfer.  This infrastructure should be useful for other 

types of surveillance and public health activities.  

 

Limitations of Syndromic Surveillance 

i. Lack of specificity for most syndromic surveillance indicators in the 

area of foodborne disease makes for an unfavourable signal to noise 

ratio, meaning that only the largest events would be detected and many 

false positive signals are to be expected.   

ii. More specific signals, such as discharge diagnoses, are also less timely, 

and do not appear to offer advantage over standard surveillance 

methods.  

iii. The usefulness of syndromic surveillance has not been demonstrated 

for foodborne disease.  After examination of 2.5 million patient records 

in its first year of operation, the NYC surveillance system identified 18 

diarrhea or vomiting alerts in 3 outbreak periods.  Five institutional 

outbreaks were identified during one of these periods, but It is not clear 

that the data was of sufficient specificity to allow for public health 

intervention (Heffernan, 2004; DAS, 2005, Besser 2005). 

  

Key determinants:  The following factors drive the interpretation of 

syndromic surveillance data, affect the success of investigations, and form the 

basis for best practices 

i. Specificity and speed.  While the potential speed of syndromic 

surveillance is its chief strength, speed is inversely proportional to the 
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specificity of the indicator disease information. Preclinical information 

such as OTC drug sales is generally available sooner and is less specific 

than clinical, pre-diagnostic signals (such as laboratory test orders).  

Pre-diagnostic signals are in turn available sooner and are less specific 

than post diagnostic signals (such hospital discharge data).  Lack of 

specificity at any level results in both type 1 probability error (the 

suggestion that there is an association between a signal and a significant 

health event, when in fact there is not) and type 2 probability error (the 

lack of signal suggests that a disease event is not occurring, when it in 

fact is).  Less specificity means that that more cases are needed to 

overcome background noise, and that false positive alerts are likely.  

The most specific signals, hospital discharge data, include both non-

specific diagnoses (e.g. diarrhea of infectious origin, ICD-9 #009.3) and 

diagnoses based on the identification specific agents (e.g. salmonella 

gastroenteritis, ICD-9 #003.0).  Discharge signals for reportable disease 

such as salmonellosis should not offer any time advantage over 

standard methods, as (1) the diagnoses similarly requires agent 

identification, (2) standard investigation would likely be required for 

public health action, and (3) identification of the illness may precede 

discharge. Signals from rare, specific syndromes in the absence of 

laboratory confirmation, such as botulism-like syndrome, should be as 

effective as pathogen specific surveillance.  

 

HIPAA Issues – 

i. In a survey on implementation of syndromic surveillance systems, 

more than 50% of respondents reported some or substantial problems 

caused by real or perceived patient confidentiality concerns and 

HIPAA. Respondents noted that many people did not understand 

HIPAA and so tended to give minimal patient information. Questions 

were also raised about whether syndromic surveillance falls under 
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the same regulations as diagnosis related disease reports. Majority of 

respondents were using current disease reporting regulations to cover 

syndromic surveillance. Many respondents felt that there is a need 

for more specific syndromic indicators in order to incorporate them 

into regulations. Most agencies that had implemented syndromic 

surveillance system were using deidentified data. This slows down 

investigations of positive signals from the surveillance system. 

Drociuk D. et al, 2004.    

 

Best Practices: Improving syndromic surveillance  

i. Better electronic and process integration with standard surveillance 

systems may improve usefulness.   

ii. Syndromic surveillance data are most useful when corroborated with 

data from multiple sources (eg, rise in OTC diarrheal medicines with 

rise in ER chief complaints of diarrhea). As historical data 

accumulates, it may be possible to fine-tune detection algorithms to 

reduce false positive signals.  

iii. Since the usefulness of syndromic surveillance for detection of 

foodborne disease events has not been demonstrated, it is not that 

clear additional investment is warranted, especially if systems 

compete for resources with under-resourced standard surveillance 

systems. 
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Type of 

surveillance--

-> 

Pathogen 

Specific 
Notification, Complaint Syndromic 

    
Group 

notification 

Independent 

complaint 
  

Inherent speed 

of outbreak 

detection 

Relatively slow Fast Fast Potentially fast
1
 

Sensitivity to 

widespread, 

low level 

contamination 

events (best 

practices used) 

High Intermediate Intermediate Low
2
 

Outbreak 

detection 

limitations due 

to etiology 

Limited to 

laboratory 

identified diseases 

under surveillance 

None
3
 None

3
 

Limited to 

syndromes (or 

indicators) under 

surveillance 

Initial outbreak 

signal (at public 

health level) 

Cluster of cases in 

space or time with 

common agent 

Report of group 

illnesses recognized 

by clinician, 

laboratory, or the 

public 

Multiple 

independent reports 

with common 

exposures  in space 

or time  

Trend in health 

indicator different 

from expected, 

space/time 

clusters of 

diagnosed cases 

Number of 

cases needed to 

create initial 

signal 

Low to moderate Low Low to moderate High
4
 

Signal: Noise 

(with interview, 

5 day food 

history) 

High High Intermediate Low
5,6

 

Table 4:  A Comparison of Foodborne Disease Surveillance Systems
 

 

1
 An advantage in speed is mainly limited to non-specific health indicators (pre-clinical 

and clinical pre-diagnostic data).  However, a follow-up investigation is likely required 

before public health action could be taken. 
2
 Sensitivity is higher for rare, specific syndromes such as botulism-like syndrome 

3
 While outbreaks may be detected without an identified etiology, linking multiple 

outbreaks to a common source may require agent information.  
4
 The number of cases needed to create a meaningful signal is related to the specificity 

of the indicator.  Indicators that offer an advantage in speed also tend to have low 

specificity.  
5
 Exposure histories are not typically obtained 

6
 The signal to noise ratio is lowest for non-specific health indicators, such as 

immodium use or visits to the emergency room with diarrheal disease complaints.  The 
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ratio increases with specificity of agent/syndrome information. For highly specific, rare 

syndromes, such as ―botulism-like‖ syndrome, the signal to noise ratio would approach 

that of pathogen specific surveillance.  
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Table 5: Selected Nationally Notifiable Diseases Which May Be Foodborne 

 

 Anthrax (gastrointestinal) 

 Botulism (foodborne) 

 Cholera 

 Coccidioidomycosis  

 Cryptosporidiosis 

 Cyclosporiasis 

 Giardiasis 

 Hemolytic uremic syndrome, post-diarrheal  

 Hepatitis A , acute  

 Listeriosis 

 Salmonellosis 

 Shiga toxin-producing Escherichia coli (STEC) 

 Shigellosis 

 Trichinellosis (Trichinosis) 

 Typhoid fever 

 

From CDC. Nationally Notifiable Infectious Diseases.  United States 2007, Revised 

http://www.cdc.gov/epo/dphsi/phs/infdis2007r.htm 

http://www.cdc.gov/epo/dphsi/phs/infdis2007r.htm
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Figure 10: Dynamic Cluster Investigation. In this model, cases are interviewed with a 

detailed exposure history questionnaire. Ideally, this will try to identify potentially 

important exposures in an open-ended manner (such as reconstructing meals eaten 

during the 5 days before onset  of illness), as well as specifically prompting the case 

regarding exposures that should be considered as a priori hypotheses to be tested (such 

as specific food items that have been linked to previous outbreaks). In this manner, 

specific exposures shared by multiple cases may surface that are suspicious because 

they involve commodities that are not commonly eaten, or involve specific brands of a 

commonly eaten food item. Because these exposures may not be uniformly ascertained 

with the original questionnaire, specific questions should be added to the questionnaire 

for future use, and to systematically re-interview cases to uniformly assess exposure to 

the suspicious sources discovered during the investigation process. 

 

 

1 2

Novel exposure 

or specific 

information 

identified

3 4

Novel 

Exposure

added

Same 

exposure as 

case 1

“trawling”

questionaire 1 2

Novel exposure 

or specific 

information 

identified

3 4

Novel 

Exposure

added

Same 

exposure as 

case 1

“trawling”

questionaire 11 22

Novel exposure 

or specific 

information 

identified

33 44

Novel 

Exposure

added

Novel 

Exposure

added

Same 

exposure as 

case 1

“trawling”

questionaire
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Appendix:  Computer Model to Examine Relationships between Key Surveillance 

Parameters 

A computer algorithm was developed to mimic data acquired in enteric disease 

surveillance.  Key surveillance parameters were imbedded in an Excel™ 2003 

(Microsoft, Redmond, WA) spreadsheet and applied to a model population in a 

stepwise fashion. The following variables were used.  

 

 Normal disease incidence was defined by an arbitrary initial agent 

taxonomy.  For example, for E. coli O157:H7 surveillance, the initial 

definition is defined by the serotype.  For Salmonella surveillance, the initial 

disease definition could be species (Salmonella spp), serotype (S. 

Typhimurium), or any other definition, which forms the basis for 

surveillance (e.g. S. Typhimurium DT104).  No time unit was specified, 

because the intention of this model was to demonstrate relationships rather 

than prediction. Thus, seasonal (or other) normal variations were ignored.  

 Number of true outbreak cases, using the same initial definition as used for 

normal disease incidence. These were assumed to be in excess of normal 

incidence.  It may be true that a significant proportion of seemingly sporadic 

cases are, in fact, part of unrecognized outbreaks.  However, this model is 

being used to illustrate relationships for a particular outbreak, represented 

by this variable.  

 Sensitivity of the case detection system.  This variable was used to represent 

the degree to which cases are identified by the surveillance system. This 

includes both true outbreak, and non-outbreak (sporadic) cases identified as 

part of routine surveillance activities.  It was assumed that outbreak cases 

and non-outbreak cases are detected equally.  In reality, true outbreak cases 

may be more readily recognized, as local may be directly reported health 

departments.  
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 Sensitivity of exposure detection system.  It was assumed that there is some 

true exposure accounting for the outbreak, and that the surveillance/ 

investigation system is able to detect it. Furthermore, it was assumed that the 

same mechanism used to detect the exposure in cases was used for controls.   

 Specificity of the case definition. This variable defined how many non-

outbreak (sporadic) cases were included in the study.  This can be derived 

from a 2x2 table with the true state of being a case (x axis) against the 

classification as a case. For a specificity of 0.01, 99% of non-outbreak 

sporadic cases were included in the study.   

 Specificity ratio.  The basis for epidemiological inference is that microbes 

infecting epidemiologically related cases are more likely to be related 

microbiologically than cases that are not epidemiologically related.  During 

the process of increasing the specificity of the case definition, both truly 

related cases and unrelated cases are eliminated from a case-control study, 

but the underlying assumption is that more unrelated cases will be 

eliminated than related cases.  The specificity ratio is used to simulate the 

uneven impact of increased case definition on truly outbreak related cases 

and truly unrelated cases that may be classified together in a surveillance 

system.  Reflecting the reciprocal relationship between sensitivity and 

specificity, the sensitivity of the case definition for true outbreak cases 

decreases as the specificity of the case definition increases. Thus, for a ratio 

of 0.9:0.5, 90% of truly outbreak related cases remain as part of the case 

definition with each increased level of agent definition specificity (such as 

adding an enzyme to PFGE analysis or addition locus to MLVA analysis), 

while only 50% of non-outbreak related cases are maintained.  In real life, 

this differential effect would not be so straightforward, but the basic 

relationship is consistent with the molecular subtyping model.  

 Proportion of true outbreak cases due to common exposure.  When cases due 

to secondary transmission or other mechanisms are eliminated from the 

study, and set to 1.   
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Model mechanics:  Model parameters were linked to the population fractions to which 

they applied. A full accounting of all fractions was made (e.g. true outbreak cases 

detected, true outbreak cases not detected, true outbreak detected and classified as 

exposed, or true outbreak cases detected and classified as non-exposed).  For simplicity, 

only those fractions in the case-control study were fully evaluated.  For example, true 

cases that were not detected by the surveillance system did not play a role in the final 

model.  

 

 Initial cases in the case-control study included the outbreak cases multiplied 

by the sensitivity of the case detection system, plus non-outbreak related 

cases (frequency of disease multiplied by the sensitivity of the case detection 

system). This represents the starting position for the model.  In order to 

demonstrate meaningful relationships, this needs to include both outbreak-

associated and unrelated cases.  Thus, for common diseases, such as 

Salmonella Typhimurium infection, the base case definition could be 

serotype.  For uncommon diseases (such as S. Poona), the base definition 

would be Salmonella spp.  

 Repeated rounds of simulated increasing specificity were applied to the 

populations of true outbreak and non-associated cases, using the specificity 

ratio to simulate the differential impact. A variable was used to indicate the 

number of rounds.  True outbreak cases were diminished by the number in 

the study times the sensitivity of the enhanced case definition (the first 

number in the specificity ratio) raised to the number of rounds.  Non-

associated cases were diminished by multiplying the number of cases by 1 

minus the specificity raised to the number of rounds.  The differential effect 

could be ignored in the model by setting the number of rounds to ―1.‖  

 True cases identified as outbreak cases were assumed to be exposed (see 

―assumptions‖ below) and were divided into ―classified as exposed‖ and 
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―classified as non-exposed‖ on the basis of the sensitivity of the exposure 

detection system. 

 

 Non-outbreak cases included in the study and controls were classified as 

―exposed‖ or ―non-exposed‖ on the basis of the normal disease incidence 

(see assumptions).   

 Population fractions were compiled into the cells of a 2x2 table used for 

calculating an odds ratio in a case control study.   

 

Assumptions 

 True outbreak cases were assumed to be exposed to a common source.  True 

outbreak cases falsely classified as exposed, or truly classified as non-

exposed (both situations being possible with secondary transmission) were 

ignored in this model.  It was assumed that such cases would be removed 

from study by normal epidemiological methods. 

 Non-outbreak associated cases were assumed to have the same exposure 

profile with respect to the outbreak exposure as well controls 
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