
RESEARCH

During the Escherichia coli O157:H7 outbreak in 2006 
in the United States, the primary strategy to prevent illness 
was to advise consumers not to eat spinach. No widespread 
warnings were issued about preventing person-to-person 
(secondary) transmission. A disease transmission model, 
fi tted to the current data, was used to investigate likely re-
ductions in illnesses that could result from interventions to 
prevent secondary transmission. The model indicates that 
exposure to contaminated spinach occurred early in the 
outbreak and that secondary transmission was similar to 
that in previous E. coli outbreaks (≈12%). The model also 
suggests that even a modestly effective strategy to interrupt 
secondary transmission (prevention of only 2%–3% of sec-
ondary illnesses) could result in a reduction of ≈5%–11% of 
symptomatic cases. This analysis supports the use of wide-
spread public health messages during outbreaks of E. coli 
O157:H7 with specifi c advice on how to interrupt secondary 
transmission.

Widespread distribution of contaminated spinach was 
implicated in an Escherichia coli O157:H7 (E. coli 

O157) outbreak in the United States in 2006. As of Sep-
tember 24, 2006, a total of 173 cases had been reported 
in 25 states; 88% of cases were reported over an 18-day 
period from August 19 through September 5, 2006 (1). 
The outbreak strain was particularly virulent, resulting in 
1 death, 53% of patients being hospitalized, and a 16% rate 
of hemolytic uremic syndrome. At the time of our analysis, 
the potential extent of the outbreak was unknown because 
new cases were still being reported. The Centers for Dis-

ease Control and Prevention (CDC) and the US Food and 
Drug Administration advised consumers not to eat spinach 
as the primary strategy for protecting against foodborne 
transmission of E. coli O157 (2). No warnings, however, 
were issued regarding the prevention of person-to-person 
(secondary) transmission.

According to recent studies on the extent of second-
ary transmission for E. coli O157 and other pathogens, the 
initially reported foodborne illnesses in the outbreak may 
have represented only a small fraction of a larger outbreak 
that included asymptomatic infections and secondary in-
fections among household members of infected persons 
and other close contacts. Specifi cally, the E. coli O157 lit-
erature indicates that a large proportion (72%) of infections 
are asymptomatic (3), exposure to low doses can result in 
infection (4), and reported secondary transmission rates are 
on the order of 4%–16% (5). Further, outbreaks of shigel-
losis (6), cryptosporidiosis (7), and giardiasis (8,9) indicate 
that other highly infectious enteric pathogens can spread 
from person to person after being introduced into a com-
munity through water, food, or other sources (9). Recent 
adenovirus outbreak data indicate that persons with asymp-
tomatic infection who are shedding virus can be a primary 
cause of continual transmission of infection (10). And in 
a prolonged giardiasis outbreak that occurred in late 2003 
in a Boston, Massachusetts, suburb, 30 primary cases of 
giardiasis attributed to a children’s swimming pool resulted 
in 105 secondary cases among persons from the same or 
socially related households. New cases of giardiasis con-
tinued to occur for up to 4 months after the pool was closed 
for the season (9).

Using an epidemiologically based disease transmis-
sion model, we investigated the potential for reducing the 
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number of symptomatic infections (cases) of E. coli O157 
by using interventions designed to reduce secondary trans-
mission during the course of the 2006 E. coli O157 out-
break in the United States. We assumed that a combination 
of possible intervention strategies to interrupt secondary 
transmission would have a range of possible levels of effec-
tiveness. These strategies would include strongly recom-
mending handwashing, avoiding contact with persons with 
diarrhea (of any cause), meticulously preparing food, and 
avoiding work or school when ill with any gastrointestinal 
sign or symptom. Initiation of these strategies was assumed 
to occur at the same time as CDC’s fi rst press release on the 
outbreak on September 14, 2006, 1 week later, and 2 weeks 
later. We assumed that these strategies would reduce the 
transmission of infection to healthy persons from persons 
with both symptomatic and asymptomatic infections.

Methods
An existing epidemiologic model for disease transmis-

sion (11,12) was adapted to simulate the 2006 US E. coli 
O157 outbreak. The most recent data from CDC (13) were 
used, along with data from the published literature, to rep-
licate the E. coli O157:H7 prevalence estimated by CDC in 
the United States and the reported outbreak conditions as of 
September 19, 2006 (13), and then to evaluate the potential 
effect of the timing and effectiveness of interventions on 
secondary infections.

Our modeling approach is consistent with a large base 
of literature that describes the use of dynamic population 
models in the study of epidemics (14–16) and environ-
mental disease processes (17–19). Our model consists of 
5 population-level epidemiologic states that account for 
persons who are susceptible (S), exposed (E), infected but 
asymptomatic carriers (C), diseased (D), and postinfection 
(P) (Figure 1).

There are 3 possible routes of exposure that move per-
sons from the susceptible (S) to the exposed (E) state. These 
include environment-to-person infection (βep), person-to-
person infection (βpp), and infection through consumption 
of contaminated spinach (βspinach). We assume that all infec-
tions take some time to manifest signs or symptoms (the 
incubation period). During this incubation period, persons 
are in the exposed state. Once suffi cient time has passed for 
infections to become clinically apparent, persons are either 
carriers (in state C) or diseased (D). A proportion of the 
exposed persons move to the carrier state, C, at a rate in-
versely related to the duration of incubation (20,21). Symp-
toms develop in the remaining proportion of the exposed 
population that becomes infected, and these persons move 
to the diseased state, D (3). From both the asymptomatic 
and diseased states, C and D, persons recover and move 
to state P at a rate inversely proportional to the duration 
of infection (22–24). Finally, persons in state P become 

susceptible again, moving to a susceptible state, S, at a rate 
inversely proportional to the duration of immunity.

The model was fi rst calibrated to CDC’s estimate of 
73,480 annual US cases (25) and to reported rates of sec-
ondary transmission (5,9). With the model calibrated to 
transmission levels for endemic E. coli O157, we modeled 
the additional contribution of cases attributable to the out-
break. We assumed that exposure to contaminated spinach 
began on August 19, approximately when cases were fi rst 
identifi ed, and allowed the rate of transmission, (βspinach), 
and the number of days of exposure to vary to fi t the report-
ed outbreak incidence of 131 cases from August 1 through 
September 19 with 122 of these cases (93%) occurring 
from August 19 through September 5 (13). The mathemati-
cal details of the model and its calibration are described 
in the online Appendix (available from www.cdc.gov/EID/
content/13/6/860-app.htm).

The effect of the timing of interventions on person-
to-person transmission with various levels of effectiveness 
was then evaluated. Three timings for the intervention were 
considered. The fi rst was assumed to be initiated when 
CDC issued its fi rst press release on the outbreak on Sep-
tember 14, 2006; the second and third timings were 1 and 2 
weeks later, respectively. The interventions were assumed 
to reduce secondary transmission by 1%–25%. The number 
of averted cases was computed by comparing the number 
of cases with and without the intervention.

We also considered a range of possible levels of sec-
ondary transmission on the basis of prior reports that per-
son-to-person transmission is responsible for 12% (5) and 
75% (9) of the cases in a community during an outbreak 
from a highly infectious and transmissible pathogen. Inter-
mediate values of secondary transmission, 25% and 50%, 
were also considered. Confi dence intervals (CIs) for the 
number of averted cases due to the interventions were com-
puted from 500 Monte Carlo simulations for the various 
secondary transmission rates. For each Monte Carlo simu-
lation, we randomly sampled parameter values from the un-
certainty ranges specifi ed in the Table. Model simulations 
were implemented in Mathcad 13.0 (26).

Figure 1. Conceptual model for disease transmission. Solid lines 
represent movement of persons between epidemiologic states; 
dotted lines represent routes of exposure.
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Results
To replicate the relatively large percentage (122 

[93%]) of the 131 cases reported from August 19 through 
September 5, 2006, we assumed that exposure to contami-
nated spinach likely occurred comparatively early in the 
outbreak. Fitting the model to the case data was only pos-
sible when foodborne exposure occurred before August 22. 
This date is considerably earlier than CDC’s initial press 
announcement (27), which was released 23 days later. If 
substantial foodborne transmission occurred after August 
22, secondary infections would have greatly extended the 
outbreak period. Moreover, 4 days of exposure was suf-
fi cient to result in the outbreak, which suggests that expo-
sures were largely limited to the earliest days of the out-
break. Generally, there was also a narrow window in which 
the outbreak could have started. For instance, we could also 
fi t the calibration data if we assumed the outbreak start-
ed a day earlier, on August 18, with 1–4 days of ensuing           
exposure.

We were able to replicate the reported case data with 
our model under the assumption of 12% secondary infec-
tions. However, we could not replicate the case data under 
the assumption of 50% and 75% secondary infections. For 
both the 50% and 75% secondary infection assumptions, 
with a very short period of exposure, it was possible to fi t 
122 new cases of illness between August 19 and September 
5; however, simulations of the model resulted in more sec-
ondary infections than suggested by the case data. Under 
the assumption of 25% secondary infections, the model fi t 
the case data well, with only 5 more new infections after 
September 5 than reported. This result suggests that either 
secondary transmission was not as high as 50%–75% for 
this outbreak or the percentage of cases after September 5 
was underreported.

Simulated interventions for person-to-person trans-
mission decreased the number of ill persons, with greater 
reductions for higher levels of secondary transmission 
(Figure 2). With higher levels of secondary transmission 
(Figure 2B), the timing of interventions has a greater ef-
fect on the number of averted cases. However, with greater 

secondary transmission, the outbreak period is extended, 
which allows more time to organize a campaign against 
person-to-person transmission and a greater opportunity to 
reduce secondary hospitalizations and deaths.

Considering the number of cases that could be averted 
by an intervention such as a campaign to encourage hand-
washing and isolation of persons with diarrhea under a 
varying range of effectiveness (Figure 3), we found that 
such programs can be ineffi cient and still substantially re-
duce secondary transmission. Even if a campaign were ini-
tiated relatively late in the outbreak (day 51), the number 
of cases would be reduced. The reduction increases expo-
nentially with increasing levels of secondary transmission 
(Figure 3). Specifi cally, with 12% secondary transmission, 
≈6 (5%) of cases are averted. Averted cases increase to 16 
(11%) and 61 (29%) with 25% and 50% secondary trans-
mission, respectively. With 75% secondary transmission, 
a much larger number of illnesses can be averted (≈225 
[57%]). The 95% CIs for the 12% secondary transmission 
rate scenario were 0.2–19 cases averted (0%–14% of total 
illnesses); for the 25% secondary transmission rate scenar-
io, CI were 0.5–59 cases averted (0%–38% of total cases).

Discussion
The fi rst mathematical models to analyze the spread 

and control of infectious diseases were developed in the 
early 20th century in attempts to understand measles (28) 
and malaria (29). This fi eld grew exponentially in the mid-
dle of the 20th century. A tremendous variety of models 
have now been formulated, mathematically analyzed, and 
applied to infectious diseases (16). Mathematical models 
of disease transmission have become important tools that 
have led to understanding the transmission characteristics 
of infectious diseases in communities and better approach-
es to decreasing the transmission of these diseases (16,30). 
We applied such a model to the 2006 spinach-associated 
E. coli O175 outbreak to analyze data as they were still be-
ing collected to evaluate the effectiveness of strategies that 
might reduce person-to-person transmission of infection. 
The model as constructed allows for investigation across 

Table. Disease transmission model parameter values 
Description Model parameter Values used for base analysis (range*) 
Mean duration of incubation† ζ� 5 d (2–8 d) 
Probability of symptomatic response Psym 0.28
Mean duration of infection* σ, δ� 16 d (4–29 d) 
Mean duration of protection from infection* γ� 56 d (35–77 d) 
Hypergeometric dose response relation α, β� 0.08, 1.44 
Nonoutbreak annual disease incidence in United States 73,480 cases 
Population N 275 million persons 
Proportion of cases due to person-to-person transmission k 0.12–0.75
Timing of interventions 0, 1, and 2 weeks after press release 
Effectiveness of Interventions R(t)� 1%–25% 
*Range used for uncertainty analysis. 
†Inverse is used as a rate in the model (i.e., units of days–1).
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the full range of possible values for all relevant variables, 
including the rate of secondary transmission and the effec-
tiveness of intervention strategies.

Public health messages about the importance of dis-
ease prevention methods (such as frequent handwashing, 
covering one’s mouth when coughing or sneezing, and 
staying at home when ill) to prevent secondary transmis-
sion of infection routinely are conveyed during infl uenza 
outbreaks (31). Although the prevention of secondary 
transmission is a specifi c goal of hospital guidelines for the 
care of patients with diarrhea, such advice was not a focus 
of the public health messages disseminated for the 2006 E. 
coli O157 outbreak. We hypothesized that the interruption 
of secondary transmission might have had a useful role as 
an additional tool in managing this outbreak. A mathemati-
cal model that replicated the published data available as of 
September 19, 2006, was created. This model was used to 

examine the effect that various levels of effective interrup-
tion of secondary transmission would have on the course of 
the outbreak.

The model results suggested 2 fi ndings. First, exposure 
to contaminated spinach apparently occurred early in the 
outbreak and was likely at low levels after that. Second, 
this E. coli outbreak appears to be more similar to previ-
ous E. coli outbreaks than to a large-scale 2003 giardiasis 
outbreak (8,9), in terms of person-to-person contribution 
to the overall outbreak-attributable incidence of infection. 
Despite wide confi dence bounds on our estimates, our fi nd-
ings suggest that even a modestly effective strategy to in-
terrupt secondary transmission (resulting in prevention of 
2%–3% of secondary cases) could have resulted in a me-
dian reduction of ≈5%–11% of infected and symptomatic 
persons. Not all secondary infections are averted by the 
interventions because they are assumed to be initiated rela-
tively late and because they are not completely effective. 
The number of averted cases, however, increases exponen-
tially with increasing rates of secondary transmission, and 
the results suggest that these programs would have substan-
tial benefi ts even if they are implemented relatively late in 
an outbreak.

Limitations
Several simplifying assumptions were needed to con-

duct the analysis. These assumptions relate to the form of 
the disease transmission model, interpretation of the avail-
able outbreak data, and treatment of the variability and un-
certainty in the data used to inform the model.

With respect to the selected disease transmission mod-
el, a variety of model forms can be used to characterize 
infectious disease transmission and to evaluate the poten-
tial for effective interventions. Particular characteristics of 
each model form capture different aspects of the disease 
transmission system (32). In this analysis, the salient as-
sumption was that the epidemiologic status of the popula-
tion could be approximated reasonably well with the rela-
tively simple structure of the disease transmission model. 
Other model structures also might yield additional or alter-
native insights. For example, if “super-spread” events are 
important determinants in characterizing the magnitude of 
disease transmission (30) during outbreaks such as this one, 
stochastic dynamic modeling may be necessary.

Another limitation of our study is the lack of data on 
effi cacy of person-to-person reduction strategies specifi c 
for E. coli transmission. The person-to-person transmission 
rate and reduction due to handwashing were assumed to be 
the same for both symptomatic and asymptomatic persons, 
and the effect on the course of the epidemic (specifi cally, 
the number of cases averted) of these strategies was exam-
ined for a wide range of possible levels of effectiveness. 
Symptomatic and asymptomatic persons were assumed to 

Figure 2. Number of ill persons over time, calibrated to the outbreak 
case data (131 cases from August 2 to September 19, 2006, with 
93% of illnesses from August 19 to September 5, 2006) and to 
the timing of a person-to-person intervention program under the 
assumptions of 12% (A) and 75% (B) secondary transmission.
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transmit E. coli O:157 to susceptible persons in the same 
manner, since we have no data to suggest otherwise. It is 
possible that symptomatic-to-susceptible transmission may 
be greater than asymptomatic-to-susceptible transmission 
and that interventions may be more effective among per-
sons with symptoms. Increasing the rate of symptomatic-
to-susceptible transmission by 8% over the asymptomat-
ic-to-susceptible rate indeed results in a small increase in 
averted cases. If new data on the differences between per-
son-to-person transmission rates and/or person-to-person 
reduction effi cacies become available, the parameterization 
of the model could be improved.

As noted previously, detailed information describing 
the timing of exposures to E. coli O157 through contami-
nated spinach and subsequent outbreak cases was not yet 
available at the time of our analysis. Thus, the model is lim-
ited by the precision and completeness of the case-report-
ing data. The model can be updated easily when additional 
data become publicly available. Despite these limitations, 
available data were suffi cient to suggest that foodborne 
transmission was terminated early in the outbreak and that 
interventions to reduce secondary transmission could be 
very effective.

Finally, in the interest of producing timely results that 
might infl uence the control of the outbreak, median param-
eter values were used to calibrate exposure to the observed 
case data. Holding these exposures constant, Monte Carlo 
simulations were subsequently used to explore the variance 
and uncertainty in the estimates of averted cases. This re-
sulted in large confi dence bounds. When more complete 
case data become available, the data may reduce the un-
certainty not only in the timing of the exposure but also in 
the values of the remaining parameters and the estimate of 
averted cases. In the past, we have explored such calibra-
tions with Monte Carlo methods (11,33–35).

Public Health Implications
Public health strategies for preventing secondary trans-

mission could include public media campaigns reminding 
the population of the importance of handwashing, avoiding 
contact with feces, minimizing nonessential contact with 
persons with diarrhea, meticulous care when preparing and 
consuming food, and staying at home from work or school 
when having any diarrhea during the outbreak period. Any 
of these strategies could be targeted to communities in 
which any cases of E. coli O:157 had been reported and 
scaled to regional or national audiences when appropri-
ate. Messages for all of these strategies can be delivered 
inexpensively to large or targeted populations through a 
variety of media (television, radio, print, Internet). That 
public health offi cials already have the ability to launch 
rapid and successful infection control messages to the pub-
lic was demonstrated during the outbreak of severe acute 
respiratory syndrome (36). In the future, public health of-
fi cials might even rapidly deliver urgent health messages 
to a large population in a city or region through voluntary 
preregistration of email addresses as part of an emergency 
alert network that includes the media and public health 
offi cials. At the fi rst appearance of evidence of an E. coli 
O157 outbreak, a message with clear instructions could be 
distributed to thousands or tens of thousands people at risk 
locally, regionally, or nationally, and to specifi c subgroups 
at high risk, such as the young, the elderly, or the immuno-
compromised. 

We did not formally estimate in our model the eco-
nomic tradeoffs between a public health campaign to re-
duce secondary transmission compared with the costs of 
hospitalizations and medical care for persons with this dis-
ease. However, because the hospitalization costs of a single 
E. coli O157 case complicated by death from hemolytic 
uremic syndrome are estimated to be as high as US $6.2 
million per case, we believe that such a campaign would be 
highly cost-effective (37). Given the potential public health 
benefi ts to be gained by these actions, and the low costs 
associated with their implementation, these strategies also 
may be relevant for outbreaks from other highly infectious 
pathogenic microorganisms.

The individual effects of these intervention strategies 
when used alone or in combination to interrupt secondary 
transmission were not modeled. Rather, we assumed that a 
combination of strategies would be used and would have 
some combined benefi t. We intentionally examined the 
possible benefi ts across a wide range of possible levels of 
effectiveness. As expected, higher levels of effectiveness 
resulted in greater impact on the outbreak. However, even 
fairly low levels of intervention effectiveness (such as 2%–
3% interruption in secondary transmission) led to reduc-
tions (5%–11%) in the number of cases attributable to the 
outbreak. Further study is needed to select the individual 

Figure 3. Number of illnesses averted because of a person-to-
person transmission intervention for varying rates of secondary 
transmission and levels of intervention effectiveness. The 
intervention campaign is assumed to start 1 week after the press 
release, September 21, 2006 (day 51 of the outbreak).
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secondary control strategies to use if limiting the number 
of specifi c prevention strategies is necessary.

Implications for Future Outbreaks
Public health offi cials have the necessary authority to 

issue and widely distribute guidelines for preventing sec-
ondary transmission. Some readers might question whether 
our results are a suffi cient demonstration to justify a large-
scale campaign by public health offi cials to prevent sec-
ondary transmission. If additional proof were demanded, 
various study designs could be used to evaluate the effec-
tiveness of media campaigns to help to control outbreaks. 
As 1 example, a relatively simple ecologic study could cor-
relate incidence rates with local press coverage in different 
communities. A more defi nitive design, however, would 
be a randomized, controlled trial. Such a trial might, for 
example, randomize 50% of the affected areas to a “media-
blitz” that explained the importance of handwashing, stool 
precautions, and other measures including those discussed 
above; the other communities would receive the public 
health messages currently delivered during outbreaks. The 
rapidity with which the outbreak is terminated would be the 
principal outcome of interest. However, obtaining approval 
to run such an experiment may be diffi cult because such a 
trial would only be ethically justifi ed if the investigators 
could convince a review panel that suffi cient uncertainty 
about the effectiveness of the intervention exists. 

Conclusion
Our analysis of the 2006 E. coli O157 outbreak due 

to contaminated spinach in the United States supports the 
assertion that health offi cials should consider rapidly deliv-
ering widespread public health messages with specifi c ad-
vice on how to interrupt secondary transmission of E. coli 
O157. The results suggest that such an intervention, even 
if only modestly successful, could meaningfully reduce the 
number of cases. 
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