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This dissertation uses phylogenetic classifications to investigate heterogeneity in the 

epidemiology of Shiga toxin-producing Escherichia coli (STEC) O157:H7, one of the top causes 

of foodborne illness and hospitalization. Isolates of a given phylogenetic lineage may express 

similar traits. Understanding differences between lineages may increase our understanding of 

STEC O157:H7 incidence and its progression to hemolytic uremic syndrome (HUS). The goals of 

this study were to: 1) validate HUS case status and compare common definitions of HUS; 2) test 

the association between phylogenetic lineage and HUS, determine how age affects this 

association, and quantify the portion of the association due to Shiga toxin genes (stx); and 3) 

determine whether STEC O157:H7 isolates of the same lineage cluster together or are equally 

distributed with other lineages. 

 I conducted a retrospective cohort study of all culture-confirmed STEC O157:H7 cases 

reported to the Washington State Department of Health from 2005 through 2014. Isolates were 

typed using an established single nucleotide polymorphism (SNP) assay and grouped into 

phylogenetic lineages. Lineage Ib was the most common, followed by IIa and IIb. The remaining 

lineages were grouped in a “rare” category. I abstracted medical records of all hospitalized cases 



to validate HUS status using stringent clinical criteria. Compared to other common definitions 

of HUS, these stringent criteria best identified cases with severe disease as evidenced by dialysis. 

The definition used for public health reporting performed poorly when judged against the 

stringent criteria, overestimating HUS burden by twofold.  

Using the validated HUS outcome, I assessed the association between phylogenetic 

lineage and HUS using generalized estimating equations to account for lack of independence 

among STEC O157:H7 isolates with the same pulsed field gel electrophoresis profile. In 

unadjusted analysis, lineage IIb was associated with a significantly higher odds of HUS than 

lineage Ib [odds ratio (OR) =1.65; 95% confidence interval (CI) 1.05, 2.60]. However, when 

assessing effect modification of the OR by age, both lineage IIa and IIb were associated with 

higher odds of HUS among adults 20-59 but not among children <10 years-old. Associations 

between lineages IIa or IIb and HUS appeared to be mediated by the stx2a genotype. 

The concept of spatial segregation was used to assess the distribution of STEC O157:H7 

cases by phylogenetic lineage. Using a kernel estimation method, statistically significant spatial 

segregation was detected (p=0.001), with foci of segregation among lineage IIb in the southwest 

region of the state and among lineage IIa in the south-central region. A generalized additive 

model adjusted for age and sex identified increased risk of lineage IIb infections in the 

southwest, consistent with the spatial segregation detected. Two additional methods confirmed 

the results. In exploratory analysis, I identified multiple risk factors potentially associated with 

infection by particular STEC O157:H7 lineages. 

Distinguishing lineages of the STEC O157:H7 serotype can provide insight into its 

maintenance, transmission, and virulence. The heterogeneity between lineages provides an 

opportunity to target interventions, both clinical and public health, to the specific form of the 

pathogen dominant in an area. This dissertation furthers our understanding of STEC O157:H7, 

as well as uncovering multiple questions that should be addressed to effectively limit the 

incidence and impact of this disease. 
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Chapter 1. Introduction 

Shiga toxin-producing Escherichia coli (STEC) O157:H7 is a leading foodborne 

pathogen, estimated to cause more than 90,000 illnesses, 3,000 hospitalizations, and costs 

exceeding $270 million each year in the United States (1, 2). STEC was first recognized for its 

link to hemolytic uremic syndrome (HUS) in 1983 (3). The Shiga toxin (Stx) released by STEC 

enters cells and interrupts protein synthesis, potentially triggering apoptosis (4). If Stx reaches 

the blood stream, it can lead to HUS, defined by hemolytic anemia, thrombocytopenia, and renal 

failure (4).  STEC O157:H7 is the most common cause of HUS. HUS occurs in ~15% of children 

under the age of 10 infected with STEC O157:H7 and has 3-5% case fatality (5, 6). 

Following a high-profile outbreak associated with a fast food hamburger chain in 1993 

(7), STEC O157:H7 became reportable to the Centers for Disease Control and Prevention (CDC) 

in 1995. Incidence in 1997 was 2.1 per 100,000, and Healthy People 2010 set a goal of halving 

incidence, which was accomplished by 2009 (8). Worldwide, declines in incidence have been 

attributed to improvements in food safety, pre-market food inspection, and outbreak 

investigation (9-11). The Healthy People 2020 goal is to halve STEC O157:H7 incidence from 1.2 

per 100,000 in 2006-2008 to 0.60 per 100,000 by 2020 (12). National reporting was extended 

to include other STEC serotypes in 2001. The most recent national estimate for all STEC 

serotypes combined was 1.94 per 100,000 in 2014 (13). Estimates from the Foodborne Diseases 

Active Surveillance Network (FoodNet) for 2016 put STEC incidence at 2.84 per 100,000 (14). 

Increased recognition and testing are suspected to have caused an increase in the reported 

incidence of STEC in recent years, while the incidence of serotypes other than O157 has likely 

declined similarly O157 incidence (15, 16). STEC O157:H7 remains the most common serotype, 

accounting for 36% or 1.0 per 100,000 of the STEC cases ascertained by FoodNet. However, its 

incidence has remained stable or shown non-significant declines in recent years (14, 17).  

With the current trajectory, the United States is not on target to meet the Healthy People 

2020 goal for STEC O157:H7, and new approaches are needed to decrease incidence and prevent 
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severe outcomes such as HUS. The STEC O157:H7 serotype shows considerable diversity. More 

than 5000 distinct pulsed field gel electrophoresis (PFGE) STEC O157:H7 profiles have been 

detected, with the 100 most common strains accounting for over 50% of reported cases (CDC, 

unpublished data). Individual STEC O157:H7 strains can vary substantially in their virulence, 

with some resulting in no cases of HUS and others leading to HUS in >20% of cases (18, 19). 

Better understanding of the genetic characteristics responsible for variation in frequency and 

severity by strain may provide opportunities for intervening in disease transmission or disease 

progression and ultimately meeting public health goals. 

The STEC O157:H7 phylogenetic tree summarizes evolutionary relationships among 

observed strains of the bacteria. Strains on a given branch of the tree share important genetic 

markers and may share traits, such as high virulence. In 2008, Manning and colleagues (20) 

demonstrated increased odds of HUS associated with one particular phylogenetic grouping, 

termed clade 8. Other studies have now shown similar findings (21, 22). At the time of the 2008 

study by Manning et al., few STEC O157:H7 strains had been fully genotyped and there was not 

yet a substantial list of single nucleotide polymorphisms (SNPs) that could be used as 

evolutionary markers for phylogenetic analyses. Further definition of the tree was necessary (23, 

24). Since then, many more STEC O157:H7 strains have been sequenced (25, 26), and an 

alternative phylogenetic tree has been developed for STEC O157:H7 (23, 27). The updated tree 

(Figure 1.1) uses SNPs systematically selected from conserved regions of the STEC O157:H7 

genome and adds strains isolated from cattle, STEC O157:H7’s primary reservoir. 

Studies that combine STEC phylogenetics with epidemiology are a natural and critical 

step in understanding pathogen heterogeneity, both in terms of virulence and distribution. 

Phylogenetic signals associated with differences in disease manifestation may highlight 

virulence genes beyond those already recognized and may open exploration into novel 

treatments. Heterogeneity can also be used to elucidate mechanisms behind STEC O157:H7 

epidemiology.  
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In this dissertation, I leverage differences in the distribution of phylogenetic lineages 

across person, space, and time to improve our understanding of STEC O157:H7 maintenance, 

transmission, and virulence (Figure 1.2). I conducted a population-based retrospective cohort 

study of all culture-confirmed STEC O157:H7 cases reported to the Washington State 

Department of Health (DOH) from 2005 through 2014.  

As described in Chapter 2, I validated HUS status for hospitalized members of the 

cohort. Washington State does not report HUS to the CDC or otherwise systematically track 

HUS incidence. To standardize HUS status classification and to inform DOH about HUS 

reporting in the state, I reviewed medical records for hospitalized HUS cases and classified them 

using objective laboratory criteria. I compared multiple definitions of HUS and demonstrated 

the implications of misclassification on disease surveillance and clinical research.  

In Chapter 3, I used the validated HUS status to investigate the association between 

phylogenetic lineage and HUS (Figure 1.2). Contrary to expectation, we found that this 

association was nullified after adjustment for age. Age is the strongest predictor of progression 

to HUS, but its relationship with lineage is unclear. I found that lineages differ in their age 

distribution, prompting questions about differences in exposure or early disease course. Age 

also modified the association between lineage and HUS, indicating that more work is warranted 

to understand how mechanisms between lineage and HUS differ by age. Finally, I tested 

mediation of the lineage-HUS association by Stx gene (stx) composition. Although the 

correlation between lineages and stx genotypes is very close, I detected mediation that may 

account for much of the signal associated with lineage.  

Chapter 4 moves backward in the natural history of disease to assess spatial patterns of 

STEC O157:H7 by phylogenetic lineage (Figure 2.1). I identified spatial segregation of lineages, 

which argues against widespread dispersal of strains, such as one would expect to occur through 

national food distribution networks. The segregation suggests that local reservoirs of STEC 

O157:H7 may exist. Alternatively, lineages may vary in their modes of transmission and some 
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modes of transmission may be more common in some regions than others. The potential for 

preferential exposures is intriguing and may play a role in persistent reservoirs or repeated 

introduction. I identified STEC O157:H7 risk factors more strongly associated with certain 

lineages than others in an exploratory analysis. 

Bacterial phylogenetics provide a method of dissecting the epidemiology of STEC 

O157:H7 to understand how and why certain associations exist. In this study, I have identified 

an HUS definition that accurately captures the most severe disease without overinflating disease 

burden, elucidated roles for age and stx genes in the association between phylogenetic lineage 

and HUS, and discovered spatial segregation of STEC O157:H7 lineages, which provides clues as 

to how maintenance and transmission may be occurring in local communities. 
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Figures 

Figure 1.1. Phylogenetic tree of Escherichia coli O157:H7. To the right are the number 

of strains in each lineage from cattle and humans. From Jung et al. (27). 
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Figure 1.2. Directed acyclic graph (DAG) of associations under study. 
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Introduction 

Hemolytic uremic syndrome (HUS) is characterized by hemolytic anemia, 

thrombocytopenia, and renal injury, which often necessitates dialysis (28). HUS has a case 

fatality of 3-5% (6, 29, 30). HUS incidence is highest among children <5 years old (13, 14, 31, 

32).  Shiga toxin-producing Escherichia coli (STEC) O157:H7 is the predominant cause of 

postdiarrheal HUS worldwide. In 2014, 250 HUS cases, or 0.08 cases per 100,000, were 

reported to the Centers for Disease Control and Prevention (CDC) in all age groups (13). Active 

surveillance of HUS in children <18 years old through the Foodborne Diseases Active 

Surveillance Network (FoodNet) identified 0.53 cases per 100,000 in this age group in 2014 

(17).  

Public health planning and clinical epidemiologic studies have employed diverse HUS 

case definitions. All generally include criteria of anemia (diminished hemoglobin concentrations 

or low hematocrit, and/or evidence of hemolysis), thrombocytopenia, and an index of impaired 

renal function (e.g., elevated serum creatinine concentrations or oliguria). In the context of 

initial public health investigations, sensitivity of the working case definition for HUS is often 

prioritized over specificity in order to avoid missing cases. However, to plan public health 

responses, a highly accurate case definition (i.e. high sensitivity and high specificity) is 

desirable.  

Specific components of HUS definitions have raised concerns in the literature, such as 

overdiagnosis from using urinalysis results to establish renal injury (33-35) and true cases being 

excluded because hemoconcentration prevents them from meeting anemia criteria (36, 37). We 

therefore evaluated HUS definitions used for public health reporting, epidemiologic research, 

and clinical practice, with the goal of informing public health regarding data collection 

improvements, current barriers to accurate reporting, and education needs among clinicians 

diagnosing HUS cases. We demonstrate the importance of HUS definition to tracking disease 

through time. We also show the impact of misclassifying HUS in the context of a significant 
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public health and clinical question: the effect of using antibiotics to treat STEC O157:H7 

infections. 

 

Methods 

Case Ascertainment & Record Abstraction 

We conducted a retrospective review of all hospitalized, culture-confirmed E. coli 

O157:H7 cases reported to the Washington State Department of Health (DOH) between 2005 

and 2014 through passive surveillance. Hospitalization status and hospitals where treated were 

noted for each case. Cases were considered hospitalized if admitted at least overnight to an 

inpatient medical facility. A standardized DOH case report form (CRF) was used by local health 

jurisdictions. 

We obtained records from each hospital listed on the CRFs (Appendix).  We reviewed 

these records and abstracted the following information: demographics; dates of onset, 

hospitalization, and stool specimen collection; signs and symptoms; laboratory values for 

platelet count, hematocrit, and serum creatinine; evidence of microangiopathic changes; urine 

output rate; receipt of dialysis; antibiotic use (drug, date initiated, and duration); and diagnoses. 

If urine output rate per hour was not noted explicitly in the chart, we calculated it as urine 

output documented over a 24 hour period per hour per kilogram of admission weight. 

All case data were de-identified before analysis. This review was deemed exempt by the 

Washington State Institutional Review Board. 

 

HUS Definitions 

Six primary definitions of HUS were considered in this review (Table 2.1). The first, 

hereafter referred to as the stringent clinical definition (SCD), has been used in publications of 

HUS case series from the Pacific Northwest (38-41), elsewhere in North America (42), and in 
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Europe (43, 44). The Council of State and Territorial Epidemiologists (CSTE) criteria for 

postdiarrheal HUS, established in 1996 and reaffirmed in 2009, are used as the standard for 

reporting cases to CDC (45). Combined CSTE confirmed and probable cases are used in HUS 

surveillance, and so this combination was used in this review. An alternative definition from the 

literature is similar to the CSTE definition, but with the addition of thrombocytopenia and 

without allowing hematuria or proteinuria as sufficient evidence of renal injury. This definition, 

hereafter referred to as the hematology-focused confirmed definition (HCD), has been used in 

multiple studies of FoodNet data (30, 46, 47). We also considered HUS designation on the CRF 

and diagnosis indicated in the discharge note or charge codes of the hospital chart. Finally, to 

mirror surveillance systems such as FoodNet (17), which ascertain all cases typically reported 

(i.e. using the CSTE confirmed and probable definitions) and all cases clinically diagnosed as 

HUS, we combined the CSTE and hospital diagnosis case groups in a sixth definition.  

To align with previous work, we used age-specific normal values for serum creatinine 

concentrations from Meites (48) for the SCD and hematocrit normal values for age from the 

Harriet Lane Handbook (49) to define anemia for the CSTE and hematology-focused confirmed 

definitions (HCD).  

 

Most Favorable Definition for Identifying Severe Disease 

HUS definitions were evaluated on their ability to accurately ascertain cases requiring 

dialysis, one of the most common severe outcomes of HUS. Sensitivity to dialysis was calculated 

as the number of dialysis cases identified as HUS by the definition over the number of cases 

receiving dialysis as a consequence of HUS. The ideal definition is expected to ascertain all cases 

needing dialysis as a consequence of their acute episode of HUS. However, because not all HUS 

cases require dialysis, specificity for dialysis was not appropriate for assessing definition 

performance. Instead, the proportional incidence of dialysis was calculated for each definition 

and compared to that reported in the literature. The definition with the best combination of 
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sensitivity to dialysis and correspondence to published incidence of dialysis was used as the 

comparator for evaluation of sensitivity and specificity in the other definitions.  

 

HUS Definition Validity 

Using the definition that best identified cases needing dialysis as the standard, we 

calculated sensitivity and specificity of the different case definitions for all cases and for cases 

stratified by age (<10 years-old) and antibiotic use. We conducted sensitivity analyses to 

determine how changes in various definition components affected ascertainment. For the SCD, 

we tested the impact of age-specific normal serum creatinine concentrations from the Harriet 

Lane Handbook (49) and of relaxing the requirement that all laboratory criteria be met on the 

same day. For the CSTE definition, we tested the impact of inclusion of thrombocytopenia 

criteria. For the HCD, we tested the performance of the definition without criteria for evidence 

of microangiopathic changes. 

 

Impact of HUS Definition on Disease Trends and Association with Antibiotic Use 

To understand how HUS definition affects the ability to capture trends in disease over 

time, the annual incidence rate of HUS across all age groups was calculated (50). Trends in 

incidence as determined by each definition were graphed. 

To understand how HUS definition affects data needed for public health 

recommendations and clinical practice, we tested the impact of using different HUS case 

definitions on the estimated association between antibiotic use and HUS. Antibiotic use was 

determined from notes, medication administration records, or charges in the hospital record, 

and could include antibiotics received prior to the admission (e.g. from an outpatient care 

provider) or during the hospital stay. For those cases deemed HUS by the SCD, antibiotics must 
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have been initiated prior to meeting SCD criteria for HUS. To account for differing time at risk 

of receiving antibiotics by HUS status, the nadir of illness (defined as the day on which anemia, 

thrombocytopenia, and azotemia were at their most severe) was used as a reference date for 

those who did not meet the SCD criteria. If this was not a single day (e.g. the patient had low 

hematocrit and platelets but creatinine was not elevated until later in the illness), the day with 

the most severe combination of criteria (e.g. the day with the lowest hematocrit and platelet 

count) was chosen as the reference date.  

We identified appropriate confounders for adjustment from previous studies of the 

association between antibiotic use and HUS. We adjusted analyses for age (continuous) (38, 51), 

sex (52), vomiting (38, 52), bloody stool (52), and days from diarrhea onset to stool specimen 

collection (38). White blood cell count was not used, as we did not consistently have these values 

early in illness. We used logistic regression to test the association between antibiotic use and 

HUS as determined by each definition, adjusted for the above covariates. R (53) was used for all 

analyses. 

 

Results 

Of 1160 culture-confirmed STEC O157:H7 cases in Washington State, 471 (41%) were 

hospitalized (Figure 2.1). Hospital records were obtained and abstracted for 433 cases: no 

hospital was listed on the CRF for 18 cases, and records for 20 additional cases could not be 

located at the hospital listed (Appendix).  

Of the 433 cases whose records we reviewed, 429 had sufficient data to determine HUS 

status using laboratory results, and 164 fulfilled one or more case definitions of HUS. Individual 

definitions classified 58 to 160 cases as having HUS (Table 2.2). Using the SCD, the overall 

average annual incidence of HUS was 0.11 per 100,000, with a range of 0.09 to 0.24 per 

100,000 for the other definitions. Among children <18 years of age, average annual incidence of 
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HUS was 0.41 per 100,000 based on the SCD, with a range of 0.31 to 0.63 per 100,000 using the 

other definitions.  

The frequencies of bloody diarrhea and vomiting were similar across definitions (Table 

2.2). Indicators of disease severity were length of hospitalization, urine output, and dialysis. 

Length of stay for all reviewed STEC O157:H7 cases ranged from 1 to 68 days and varied by case 

definition. Median (IQR) stays among HUS cases ranged from 7 (4, 14) days for CSTE-defined 

cases to 13.5 (10, 21) days for cases classified according to the HCD. Of the 164 cases classified as 

having HUS by at least one definition, 30 (18%) were anuric (Table 2.2).  

Five cases died during the study period (Appendix, Table S1). Case fatality was 1.2% 

among hospitalized STEC O157:H7 cases and 3.9% among SCD-defined HUS cases. One fatal 

case was not defined as HUS by any definition, and two were HUS cases by all definitions. 

 

Determining Comparator Definition 

Of the 396 reviewed cases with sufficient information to determine if they received 

dialysis, 41 (10%) received dialysis during their STEC O157:H7 hospitalization, indicating severe 

HUS (Table 2.2). Two dialyzed cases had pre-existing chronic or end-stage renal disease and 

were considered to have received dialysis for a cause other than their infection. Four definitions 

identified 100% of the 39 cases receiving dialysis as a consequence of their STEC O157:H7 

infection: SCD, CSTE, hospital diagnosis, and combined.  

Approximately 27-28% of cases defined according to the CSTE or combined definitions 

required dialysis (Table 2.2), which is considerably lower than average estimates of 50-60% 

provided by prior studies (10, 30, 54). Fifty-two percent of SCD-defined HUS cases received 

dialysis, which was the closest proportional incidence of dialysis to prior studies. Therefore, we 

used the SCD to assess the sensitivity and specificity of the other HUS definitions. 
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Definition Validity 

Relative to the SCD, the combined definition had the highest sensitivity at 99% (95% CI 

93%, 100%) (Table 2.3). The HCD had the lowest sensitivity, identifying 74% of HUS cases (95% 

CI 62%, 83%). Specificity relative to the SCD ranged from 76% (95% CI 71%, 80%) for the 

combined definition to 99% (95% CI 98%, 100%) for the HCD.  

Factors affecting SCD disagreement with the CRF and hospital diagnosis HUS 

designations could not be evaluated, because these criteria are subjective. Where the SCD and 

the CSTE or HCD disagreed, we examined component criteria to determine source(s) of the 

discordance (Appendix). Low specificity of the CSTE definition appeared to be driven by lack of 

criteria for thrombocytopenia and inclusion of hematuria or proteinuria as evidence for kidney 

injury (Appendix, Table S2). Low sensitivity of the HCD appeared to be driven by the 

requirement for evidence of microangiopathic changes and crude criteria for serum creatinine 

concentration. 

For all definitions but the CSTE and combined, sensitivity was higher and specificity was 

lower among children <10 years of age than among cases 10 and older (Table 2.3). This reflects 

greater ascertainment of HUS in children, both true positives and false positives. For the CSTE 

and combined definitions, both sensitivity and specificity were higher in children <10, 

suggesting that the CSTE criteria are more accurate in young children than in older children and 

adults. 

HUS case identification also varied by antibiotic use. All five definitions had poorer 

sensitivity among patients who received antibiotics compared to those who did not (Table 2.3). 

All definitions were better able to correctly exclude non-HUS cases among antibiotic users than 

non-users. The greatest difference in specificity by antibiotic use was observed in hospital-
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diagnosed cases and suggests that hospital providers are more likely to over-diagnose HUS in 

patients who have not received antibiotics. 

 

Sensitivity Analysis 

Using creatinine normal values from the Harriet Lane Handbook (49) instead of Meites 

(48) changed the classification of three cases, two from HUS to non-HUS and one from non-

HUS to HUS (Appendix). Relaxing the requirement that all criteria be met on the same day 

resulted in the inclusion of two additional cases. Neither of these modifications to the definition 

appreciably altered the HUS case group or ascertainment of dialysis cases (Appendix, Table S3). 

When excluding cases without thrombocytopenia, the modified CSTE definition 

classified 102 STEC O157:H7 cases as HUS (Appendix, Table S3). Without the requirement for 

microangiopathic changes, the modified HCD classified 69 cases as HUS. Thus, both 

modifications moved their respective definitions closer to the SCD case count.  The modified 

CSTE definition identified all 39 cases dialyzed as a result of their STEC O157:H7 infection, and 

the modified HCD identified 38. Reflecting the nature of the changes, the modified CSTE 

definition exhibited improved specificity (92%; 95% CI 88%, 94%) and the modified HCD 

exhibited improved sensitivity (87%; 95% CI 77%, 94%) (Appendix, Table S4).  

 

Temporal Trends of HUS 

Incidence trends were similar across most definitions (Figure 2.2). The CSTE and, by 

extension, combined definitions estimated substantially higher incidence in all years. Most 

trends, such as the surge of cases in 2013, were detected by all six definitions.  However, the 

definitions were not always consistent. In 2009, the CSTE and hospital diagnosis classifications 

indicate an increase in incidence while the SCD and CRF indicate a decrease and the HCD 

detected no change.  
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Antibiotic Use and HUS 

Of those STEC O157:H7 cases who had complete data for adjusted analysis of the 

association between antibiotic use and HUS, antibiotics were administered to 144 patients prior 

to their onset of HUS or their reference date (Figure 2.1). Twenty (14%) developed HUS 

according to the SCD. Among the 212 who did not receive antibiotics, 45 (21%) developed HUS. 

Despite a crude OR of 0.60 based on the SCD, adjustment for a priori confounders revealed an 

elevated risk of HUS among those given antibiotics (Table 2.4): when the SCD of HUS was 

applied, the adjusted odds of HUS were 2.48 times higher among STEC O157:H7 cases receiving 

antibiotics than those who did not receive antibiotics (95% CI 1.15, 5.41). Estimates based on all 

other definitions were attenuated, ranging from OR=1.08 for the combined definition to 

OR=2.18 for hospital diagnosis (Table 2.4). Published knowledge about the negative effects of 

antibiotics on STEC O157:H7 disease progression increased during the study period, but the 

proportion of cases receiving antibiotics remained at approximately 40% (Figure 2.3). On 

average, 11% of children <10 years-old hospitalized with reported STEC O157:H7 infections 

received antibiotics each year, compared to 60% of older children and adults. 

 

Discussion 

We found that the SCD best identified STEC O157:H7 cases with severe HUS 

manifestations, as evidenced by the need for dialysis. Of the six primary definitions examined, 

the SCD identified all dialyzed patients without preexisting chronic or end-stage renal disease, 

without inflating the case count with patients lacking anemia, thrombocytopenia, and/or 

azotemia. While not a gold standard, the SCD’s correspondence with expectations for dialysis 

prompted us to use it as the comparator for evaluating the other five definitions. 
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HUS incidence according to the SCD (0.11 cases per 100,000) was slightly above the 

average annual incidence of postdiarrheal HUS of all etiologies reported to CDC during the 

study period (0.09 cases per 100,000). Although the incidence in our study might be expected to 

be lower than that observed nationally because it does not include HUS due to non-STEC 

O157:H7 pathogens, the higher incidence is not surprising given that Washington’s reported 

STEC incidence is twice the national average (13). The incidence among children <18 years-old 

in our study was 0.41 per 100,000, a substantial decline from studies in urban and suburban 

Seattle, Washington, in the 1970s and 1980s (55, 56).  

HUS status reported on the CRF and hospital diagnosis were both subjective 

assignments of disease.  With no current standard for HUS reporting in Washington State, we 

cannot hypothesize about differences between the SCD and CRF designations. However, our 

results demonstrate the danger of relying on an unvalidated and non-standardized 

classification. The rationale for a hospital diagnosis is not always apparent when examining 

objective criteria in medical records. Compared to the SCD, using hospital diagnosis to define 

HUS status yielded good sensitivity, missing only three cases. However, the positive predictive 

value (PPV) of hospital diagnosis was only 79%, meaning that 1 in 5 individuals diagnosed with 

HUS likely does not have it according to objective criteria.   

The CSTE and combined definitions had reasonable sensitivity but poor specificity. The 

CSTE definition PPV was only 47%, meaning that over half of the cases classified as HUS by the 

CSTE definition do not have HUS per the SCD. Correspondingly, we see a two-fold increase in 

incidence with the CSTE and combined definitions relative to the SCD definition. The HCD faces 

the converse limitation. It is so restrictive that 20 cases, including six receiving dialysis, were not 

considered HUS cases. With a PPV of 97%, however, almost all HUS cases identified by the HCD 

were true cases per the SCD. 

The four domains in which the SCD, CSTE, and HCD diverged (i.e., thrombocytopenia, 

microangiopathic changes, serum creatinine concentrations, and use of urinalysis criteria) each 
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warrant comment.  The CSTE statement on postdiarrheal HUS (45) notes, “If a platelet count 

obtained within 7 days after onset of the acute gastrointestinal illness is not less than 

150,000/mm3, other diagnoses should be considered.” However, thrombocytopenia is not 

included in the matrix of criteria for HUS. As evidenced by a recent review that catalogued HUS 

definitions as part of its methods (57), thrombocytopenia criteria are common. Our results show 

that they are indeed critical to the differentiation of HUS and non-HUS cases. When 

thrombocytopenia was added to the CSTE definition in sensitivity analysis, 52 cases were 

removed from the HUS count, and specificity of the modified definition reached 92%, 

comparable to hospital diagnosis. 

Criteria requiring microangiopathic changes on smear examination may be overly 

restrictive, as almost half of the STEC O157:H7 patients in our review did not have peripheral 

blood smear data in their hospital chart. Smears may also appear normal if done only early in 

illness before evidence of injury to erythrocytes appears.  In our study, 12 of the HUS cases 

missed by the HCD lacked evidence of microangiopathic changes; in two, smears were 

interpreted as normal and in ten, there were no documented smear results. Even among 

patients receiving dialysis and diagnosed with HUS, a peripheral blood smear was not 

documented for four patients, and was reported as normal when performed in a fifth. Evidence 

of intravascular erythrocyte destruction hemolysis is ideal, but, in reality, case management may 

not require this information if other clinical and laboratory elements are consistent with STEC-

associated HUS.  When the HCD was modified in sensitivity analysis to not require 

microangiopathic changes, sensitivity increased without compromising specificity. 

The use of rigid creatinine criteria in the HCD, grouping cases into only two age groups, 

resulted in suboptimal sensitivity for even the modified HCD when compared to the age-specific 

criteria of the SCD, which groups cases into five age groups based on Meites (48). The nine SCD-

classified HUS cases who were excluded from the modified HCD based on these criteria 

included one child who received dialysis and eight with evidence of hemolysis. While our 



19 
 

findings support the use of age-specific serum creatinine concentrations as an important 

component of the HUS case definition, we acknowledge problems with this determination. First, 

the degree of renal injury in STEC O157:H7 infections is likely on a spectrum, and employment 

of a rigid cut-point for categorical definition purposes is somewhat arbitrary. For example, there 

is evidence of renal tubular injury in infected children who do not develop HUS (58).  Also, as a 

consequence of illness, many infected children have had poor protein intake for several days, 

and creatinine values might be misleadingly low. Under such a scenario, a normal value might 

actually reflect some degree of renal dysfunction.  

The CSTE definition uses the same rigid creatinine serum concentrations as the HCD but 

accepts hematuria or proteinuria in lieu of elevated creatinine. This resolves much of the 

sensitivity problem but diminishes specificity. Urines may be contaminated in patients with 

diarrhea and urinalysis therefore might not accurately reflect kidney injury (33-35). Moreover, 

hematuria, based on dip-criteria, could reflect filtered serum free hemoglobin secondary to 

intravascular erythrocyte destruction, and not red cells of kidney origin, thus not necessarily a 

marker of kidney injury. Because of these factors, classifying patients as having HUS based on 

hematuria or proteinuria when their serum creatinine concentrations are normal inflates the 

HUS burden.  

Choice of HUS definition has implications for patients, public health practitioners, and 

clinicians relying on HUS research. One implication of low specificity is the potential for adverse 

future consequences for patients who are classified as having had HUS even though they had no 

azotemia. Specifically, a diagnosis of HUS infers lifelong risk for chronic renal disease, most 

particularly if the HUS was accompanied by anuria (28). Non-stringent HUS definitions might 

lead to unwarranted concerns and subsequent life and health insurance challenges for patients 

and their families. Such issues arise in genetic testing, where inappropriate predictive value is 

inferred from finding a risk locus (59-61). Given that HUS definitions based on urinalysis-

dependent criteria offer no value in acute illness management in the absence of azotemia, lack of 
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specificity introduced by these criteria, and potential adverse consequences on individuals of an 

inappropriate diagnosis, we believe that age-specific serum creatinine criteria provide a 

sensitive and specific means of resolving these limitations.  

There is considerable value in accurate HUS diagnosis for public health practitioners. 

HUS surveillance complements specific pathogen surveillance. First, HUS is a syndrome that is 

highly unlikely to be overlooked. In contrast, microbiologic-dependent diagnosis relies on 

appropriate testing and, to a variable extent, pathogen isolation. Given that ~15% of STEC 

O157:H7 cases in children <10 years-old progress to HUS (5), there is a ratio of approximately 1 

case of HUS for every 7 cases of culture-confirmed STEC O157:H7 infections in children. Hence, 

by extrapolation, reasonably credible estimates of annual STEC O157:H7 incidence, and of 

outbreak magnitude, can be made. Second, if a pathogen causes a diffuse outbreak, as in STEC 

O157:H7 infections that are transmitted via widely disseminated food vehicles, the 

geographically dispersed sites where patients present for care can hinder provider perception of 

a cluster. However, HUS cases are generally clustered in highly specialized pediatric facilities, 

offering another opportunity for outbreak detection. Third, even though STEC O157:H7 retains 

its role as the predominant cause of HUS worldwide, non-O157 STEC can cause HUS, and it is 

critical to remain vigilant to the potential emergence of these agents. While the preponderance 

of non-O157:H7 STEC infections do not culminate in HUS, it is important to ascertain the 

relative proportions of HUS that can be attributed to these agents, so as to learn more about 

their epidemiology and pathogenesis. Surveillance of individual HUS cases can prompt 

heightened attempts to recover pathogens for much-needed analyses, and epidemiologic and 

environmental investigations.   

Given the value of tracking HUS, inaccurate estimates of the HUS burden could have 

implications for public health efforts. We found that some definitions consistently over- or 

underestimated HUS burden, and the difference in incidence between definitions was more than 

three-fold in some years. Choice of HUS definition also affects the ability to detect fluctuations 
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in HUS incidence, such as the variation in trends in 2009. Between the peaks of 2010 and 2013, 

incidence increased only 14% by the HCD but more than 50% by the SCD, CSTE definition, and 

hospital diagnosis. These results show that the case definition is important to not only 

accurately estimating and planning for the burden of HUS but also in detecting secular changes. 

Our data also have implications for interpreting biomedical studies for clinical decisions.  

Notably, the SCD generated an OR of 2.48 for developing HUS following antibiotic use, similar 

to that calculated in a recent meta-analysis, which estimated an OR of 2.24 (57). However, this 

measure was attenuated to as low as 1.08 when other case definitions were applied, a 

diminished risk also noted in the meta-analysis. Consistent with the direction of the bias, 

sensitivity was lower and specificity higher among cases who had received antibiotics. Our 

results demonstrate the impact that misclassification of HUS status, which in this case was 

differential, may have on assessing clinical interventions.  

With data from only one state, one limitation of this analysis is the small sample size. 

This is particularly relevant to the comparison of temporal trends, which reflect case counts as 

small as four in some years based on the HCD. However, we observed a similar magnitude of 

difference between incidence estimates for the HCD and hospital diagnosis as observed in a 

study by Ong et al. that compared similar definitions applied to FoodNet cases (47).  

Data quality also varied substantially across the more than 70 hospitals involved in the 

review. This resulted in missing information for multiple cases but also reflects a real-world 

assessment of definition performance. To be accurate across multiple settings, a definition 

should not rely on clinical practices that vary considerably across facilities, such as that we 

observed in the performance of peripheral blood smears. The association between antibiotic use 

and HUS was the analysis most likely biased by missing data. We used a complete case 

approach, which limited us to 356 cases. However, only 16 of the 73 cases excluded for missing 

data were missing antibiotic use, so we were able to compare the crude association from the 356 

cases analyzed to that observed in 416 cases. In this larger sample, 13% of antibiotic users and 
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21% of non-users progressed to HUS, compared to 14% and 21%, respectively, in the smaller 

sample.   

Concerns have been raised about reliance on anemia as a criterion with which to define 

HUS, because patients can present with hemoconcentration while other criteria are met (36, 37). 

In our study, many cases presented with apparent hemoconcentration, with high hematocrits 

that dropped precipitously during the first few days of hospitalization. Those who met the SCD 

had been hospitalized for an average two and a half days when HUS criteria were satisfied. 

Without criteria for anemia, two additional cases, both with azotemia, would have been defined 

as HUS. One, admitted to the hospital on the tenth day of diarrhea, had a smear containing 

schistocytes and was diagnosed by hospital providers as having HUS. The other had no HUS 

diagnosis. Neither required dialysis. The initial presentation of hemoconcentration is an 

important consideration for clinical practitioners but does not appear to warrant modification of 

public health reporting criteria. 

There are often tradeoffs in implementing more exact case definitions. Our review 

indicates that the CSTE definition, the standard for public health reporting, may overestimate 

the HUS burden by more than two-fold. At the same time, the HCD, common in the literature, 

underestimates the burden by a sizeable portion and excludes some of the most severe cases. 

Modifying criteria for thrombocytopenia and microangiopathic changes improves these 

definitions, and removing hematuria/proteinuria criteria and replacing crude serum creatinine 

cutoffs with age-specific values would improve them further. For states, such as Washington, 

considering the adoption of a definition for standardized HUS tracking, the SCD provides the 

best ascertainment of severe cases while minimizing inflation of HUS burden. For agencies in 

which age-specific serum creatinine concentrations are not available on historical cases, the 

modified HCD provides a reasonable alternative, though likely an underestimate of the true 

HUS burden. 
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In summary, tracking postdiarrheal HUS enables public health departments to monitor 

the severity of STEC infections in their regions and to dedicate necessary resources. Differences 

in HUS definitions may incorrectly estimate the burden of disease and mask fluctuations in 

incidence, compromising public health efforts. Additionally, clinical research involving HUS, 

such as assessments of the effect of antibiotics on disease progression, may be subject to bias 

due to misclassification if reported cases are used without validation.  
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Figures & Tables 

 

Figure 2.1. Study population. The population for definition comparison (heavy blue outline) 

and association of antibiotic use and HUS (heavy black outline). HUS determinations are 

according to the Stringent Clinical Definition. 

Abbreviations: CRF, case report form; HUS, hemolytic uremic syndrome; STEC, Shiga toxin-

producing Escherichia coli 

1160 culture-
confirmed STEC 
O157:H7 cases

471 hospitalized

433 reviewed

429 HUS status 
determined

356 complete 
cases

212 no antibiotics

45 HUS 167 not HUS

144 antibiotics

124 not HUS20 HUS

73 cases missing 
data on covariates

4 insufficient data 
to determine HUS 

status

38 not available 
for abstraction

689 no indication 
of hospitalization 

on CRF
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Figure 2.2. Temporal patterns of HUS by definition. The CSTE definition and combined 

definition, which assigns HUS status to any case considered to have HUS according to the CSTE 

definition or hospital diagnosis, estimate substantially higher incidence of HUS than other 

definitions. The HCD obscures some of the variation in incidence over time.  

Abbreviations: CRF, case report form; CSTE, Council for State and Territorial Epidemiologists; 

HUS, hemolytic uremic syndrome 
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Figure 2.3. Temporal pattern of proportion of cases receiving antibiotics among all 

STEC O157:H7 cases. Antibiotic use was generally low among children <10 years-old, with 

little fluctuation. Over half of children and adults ≥10 years-old hospitalized with STEC O157:H7 

infections received antibiotics in most years. 

Abbreviation: STEC, Shiga toxin-producing Escherichia coli 
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Table 2.1. Hemolytic Uremic Syndrome Definitions 

Criteria Anemia  Thrombocytopenia Renal injury Timing Comments 

Stringent 
clinical 
definition (SCD) 
(38-44) 

Hematocrit <30% Platelet count 
>150,000 mm-3 

Serum creatinine > 
upper limit of 
normal for age 
(48) 

All must be 
present on a single 
day.   

Microangiopathic 
changes on 
peripheral blood 
smear are also 
expected but are 
not necessary to 
meet the definition 
if a smear was not 
performed or only 
performed early in 
the illness. 

Council of State 
and Territorial 
Epidemiologists 
(CSTE) (45) 

Confirmed: 
Anemia with 
microangiopathic 
changes 
 
Probable: Anemia 

 
Hematuria; 
proteinuria; 
creatinine ≥1.0 
mg/dL for children 
<13 years-old and 
≥1.5 mg/dL for 
≥13-year-olds; 
50% increase in 
creatinine from 
baseline  

Confirmed: HUS 
onset within 21 
days of diarrhea 
onset 
 
Probable: HUS 
follows diarrhea 

Thrombocytopenia 
is expected but not 
required. Baseline 
creatinine values 
were not known 
for most patients 
in this review. 
Probable cases 
may be missing 
only one confirmed 
criterion. 

Hematology-
focused 
confirmed 
definition 
(HCD) (30, 46, 
47) 

Confirmed: 
Anemia with 
microangiopathic 
changes 
 
Probable: Anemia 

Platelet count 
<150,000/mm3 

Creatinine ≥1.0 
mg/dL for children 
<13 years-old and 
≥1.5 mg/dL for 
≥13-year-olds  

HUS onset within 
21 days of diarrhea 
onset 

 

Case report 
form (CRF) 

HUS indicated on the DOH case report form based on investigation by the local health jurisdiction. 
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Hospital 
diagnosis 

HUS indicated in the hospital discharge note or diagnostic codes. 

Combination 
definition 

HUS as indicated by the CSTE definition or hospital diagnosis. 
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Table 2.2. Clinical Outcomes by HUS Definition 

Variable Stringent 
Clinical 

Definition 

CSTE 
Definition* 

Hematology-
focused 

Confirmed 
Definition 

Case 
Report 
Form 

Hospital 
Diagnosis 

Combination 
Definition 

Full 
Cohort 

Number of cases 76 154 58 80 92 160 433 

Incidence per 
100,000 

       

<18 years-old 0.41 0.59 0.31 0.44 0.51 0.63 - 

All ages 0.11 0.23 0.09 0.12 0.14 0.24 - 

Bloody diarrhea 
(%) 

74 (99%) 149 (98%) 57 (100%) 78 (99%) 91 (99%) 155 (98%) 407 (96%) 

Missing 1 2 1 1 0 2 11 

Vomiting (%) 65 (89%) 114 (77%) 49 (88%) 66 (86%) 75 (85%) 118 (77%) 259 (65%) 

Missing 3 5 2 3 4 6 37 

Days hospitalized, 
median (IQR) 

13 (10, 19) 7 (4, 14) 13.5 (10, 21) 12 (7, 16.5) 12 (7, 17) 7 (4, 13) 3 (2, 6) 

Missing 0 1 0 1 0 1 7 

Urine output        

Anuria (%) 29 (44%) 30 (28%) 26 (49%) 25 (36%) 28 (36%) 30 (27%) 34 (17%) 

<1.0 ml/kg/hr 
(%) 

55 (83%) 75 (69%) 43 (81%) 50 (72%) 57 (73%) 76 (68%) 117 (59%) 

Missing 10 46 5 11 14 48 233 

Underwent dialysis 
(%) 

39 (52%) 41 (28%) 33 (58%) 36 (47%) 39 (42%) 41 (27%) 41 (10%) 

Missing 1 8 1 3 0 8 37 
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Each column describes data for only those patients considered to have HUS according to the stated definition. The full cohort column 

refers to the 433 cases whose hospital records were abstracted. 

*Includes confirmed and probable definitions. 

Abbreviation: CSTE, Council for State and Territorial Epidemiologists; HUS, hemolytic uremic syndrome; IQR, interquartile range; 

SD, standard deviation 
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Table 2.3. Sensitivity and Specificity of HUS Definitions, Using the Stringent Clinical Definition as Comparator 

 CSTE 
Definition 

Hematology-
focused 

Confirmed 
Definition 

Case Report 
Form 

Hospital 
Diagnosis 

Combined 
Definition 

All cases 429 429 384 410 429 

Sensitivity (95% CI) 96%  
(89%, 99%) 

74% 
(62%, 83%) 

86% 
(76%, 93%) 

97% 
(91%, 100%) 

99% 
(93%, 100%) 

Specificity (95% CI) 77% 
(72%, 81%) 

99% 
(98%, 100%) 

94% 
(91%, 96%) 

94% 
(91%, 97%) 

76% 
(71%, 80%) 

Cases <10 years-old 174 174 152 169 174 

Sensitivity (95% CI) 97% 
(88%, 100%) 

75% 
(62%, 85%) 

89%  
(78%, 96%) 

100% 
(91%, 100%) 

100% 
(94%, 100%) 

Specificity (95% CI) 81%  
(72%, 88%) 

99% 
(95%, 100%) 

88% 
(79%, 93%) 

89% 
(82%, 94%) 

77% 
(69%, 85%) 

Cases ≥10 years-old 255 255 232 241 255 

Sensitivity (95% CI) 94% 
(71%, 100%) 

71% 
(44%, 90%) 

75% 
(48%, 93%) 

88% 
(62%, 98%) 

94% 
(71%, 100%) 

Specificity (95% CI) 75% 
(69%, 81%) 

100% 
(98%, 100%) 

97% 
(93%, 99%) 

97% 
(94%, 99%) 

75% 
(69%, 81%) 

Received antibiotics 178 178 163 170 178 

Sensitivity (95% CI) 92%  
(73%, 99%) 

67% 
(45%, 84%) 

77% 
(55%, 92%) 

91% 
(72%, 99%) 

96% 
(79%, 100%) 

Specificity (95% CI) 77% 
(69%, 83%) 

100% 
(96%, 100%) 

97% 
(93%, 99%) 

98% 
(94%, 100%) 

77% 
(69%, 83%) 

Did not receive antibiotics 238 238 209 236 238 

Sensitivity (95% CI) 98% 
(90%, 100%) 

78% 
(65%, 89%) 

90% 
(77%, 97%) 

100% 
(90%, 100%) 

100% 
(93%, 100%) 
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Specificity (95% CI) 77% 
(70%, 83%) 

99% 
(96%, 100%) 

93% 
(87%, 96%) 

92% 
(87%, 95%) 

75% 
(68%, 81%) 

Sensitivity and specificity were calculated for those cases with complete data for the stringent clinical definition and the comparative 

definition or source. For subgroup analyses, age and antibiotic use, respectively, must also be non-missing. 

Abbreviation: CI, confidence interval; HUS, hemolytic uremic syndrome 
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Table 2.4. Association of Antibiotic Use and HUS Development by HUS Definition 

Definition Odds 
Ratio 

95% Confidence 
Interval 

P 

SCD 2.48 1.15, 5.41 0.020 

CSTE 1.13 0.66, 1.92 0.657 

HCD 1.97 0.86, 4.48 0.105 

Case Report Form 2.08 0.95, 4.61 0.068 

Hospital Diagnosis 2.18 1.05, 4.60 0.038 

Combined 1.08 0.64, 1.84 0.773 

Logistic regression of HUS status on antibiotic use. Antibiotic use is defined as administration of 

any antibiotic prior to HUS diagnosis (cases) or illness nadir (non-cases). All analyses adjusted 

for age, sex, vomiting, bloody stool, and day of specimen collection. 

Abbreviations: CSTE, Council for State and Territorial Epidemiologists; HCD, hematology-

focused confirmed definition; HUS, hemolytic uremic syndrome; SCD, stringent clinical 

definition
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Introduction 

Although significant progress has been made in reducing the incidence and impact of 

Shiga toxin-producing Escherichia coli (STEC) O157:H7, it remains the largest cause of 

postdiarrheal hemolytic uremic syndrome (HUS) (62). Postdiarrheal HUS incidence varies by 

age, with the greatest burden among children <5 years old (13, 14, 31, 32). In 2014, children 1-4 

years old experienced 0.73 HUS cases per 100,000, followed by 5-14 year olds at 0.21 per 

100,000 (13). In comparison, 2014 incidence among adults ages 35-64 was <0.02 per 100,000.  

Beyond age, pathogen characteristics are an important factor in determining progression 

to HUS. Shiga toxin (Stx), STEC O157:H7’s cardinal virulence factor, can be encoded by multiple 

genes (most commonly stx1, stx2a, and stx2c), with some genotypes more highly associated with 

HUS than others (63-66). Expanding on the potential role of pathogen characteristics in HUS 

etiology, a seminal study in 2008 identified a subtype of STEC O157:H7, termed clade 8, 

associated with increased risk of HUS (20). This study found that clade 8 strains were most 

commonly isolated from children 0-18 years of age and carried stx2a either alone or in 

combination with stx2c (20). Although numerous studies have investigated virulence factor 

expression that may be responsible for this association (67-70), population-based replications to 

confirm the association have been limited, varying in size, methodology, and result (21, 22, 71).  

The phylogenetic definition of the STEC O157:H7 serotype has advanced since the 2008 

discovery of hypervirulent clade 8. Bono et al. (23) reported a tree of phylogenetic lineages 

based on isolates from humans, animals, and the environment. As opposed to the earlier tree, 

the newly characterized phylogenetic lineages drew on a large pool of systematically chosen 

single nucleotide polymorphisms (SNPs) and incorporated isolates from a diverse set of sources. 

From limited supplemental data published on this newer tree (27) and analysis of the 

correspondence of Manning’s clades and Jung’s lineages in our own data, lineages IIa and IIb 

appear to overlap with clade 8. We tested the association between these lineages and HUS. This 

assessment serves two purposes: 1) to increase the specificity of the association and 2) to 
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determine whether further studies are warranted to explore areas of overlap and difference 

between clades and lineages. A more refined understanding of the association between STEC 

O157:H7 phylogenetics and HUS will enable improved targeting of prevention and intervention 

efforts. 

Given the higher incidence of HUS among young children and the preponderance of 

clade 8 strains isolated from children by Manning et al. (20), we investigated the role of age in 

the association between phylogenetic lineage and HUS, evaluating it as a potential confounder 

and effect modifier. To elucidate the mechanism between lineage and HUS, we evaluated stx 

subtypes as mediators and determined the portion of the total association due to specific stx 

profiles.  

 

Methods 

Study Setting and Design 

We conducted a population-based retrospective cohort study of all culture-confirmed 

STEC O157:H7 cases reported to the Washington State Department of Health (DOH) between 

2005 and 2014. STEC case reporting, mandated by Washington Administrative Code, occurs 

primarily through diagnostic laboratories and healthcare providers. Local health jurisdiction 

personnel use a standardized DOH case report form to abstract medical records and interview 

cases to obtain demographic information, potential exposures, and details of the course of 

illness. 

HUS was defined as <30% hematocrit, <150,000 platelets/mm3, and above the normal 

serum creatinine concentration for age. All criteria needed to be met on the same day. HUS 

status was confirmed during a DOH review of all reported, hospitalized, culture-confirmed 

STEC O157:H7 cases from the study period (Chapter 2). Cases were considered hospitalized if 

they had stayed at least overnight at an inpatient medical facility. Non-hospitalized cases were 

assumed to not have HUS due to the severity of the disease. 
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This study was deemed exempt by the Washington State Institutional Review Board. 

 

Isolate Typing 

All STEC O157:H7 isolates were sent to DOH for microbiologic confirmation and pulsed 

field gel electrophoresis (PFGE) analysis. We obtained these isolates from DOH and determined 

their phylogenetic lineage by single nucleotide polymorphism-typing a subset of isolates using 

the 48-plex SNP assay developed by Jung et al. (27). Concordance among isolates with identical 

PFGE profiles was confirmed by stratifying each PFGE profile by lineage (Appendix). Isolates 

that did not undergo SNP-typing were then assigned the lineage of a SNP-typed isolate with the 

same PFGE profile. Phylogenetic lineage was classified as Ib, IIa, or IIb. Remaining lineages 

were grouped into a single “rare” category.   

Because stx genes were expected to vary within isolates sharing a PFGE pattern, a case-

cohort sampling strategy was used to identify isolates for Stx-encoding bacteriophage insertion 

(SBI) typing. A subcohort was randomly sampled from the full cohort, and all remaining HUS 

cases were added to it. The SBI typing methods have been described previously (27, 72). Briefly, 

PCR was used to detect 12 targets, including stx1, stx2a, and stx2c. 

 

Statistical Analysis 

Case data were merged with isolate results using a unique identifier, and the dataset was 

de-identified prior to analysis. Age (73-76) and sex (77-79) were considered a priori 

confounders based on prior literature. A directed acyclic graph was constructed to summarize 

the potential associations of other variables. Distributions of potential confounders and 

mediators were summarized in contingency tables. Death and whether a case was outbreak-

related were generally reported on the case report form only if positive. For these variables, the 

number and percent of cases with the status indicated as positive were determined, implicitly 
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assuming that missing values were negative. Aside from age, none of the examined variables 

were significantly associated with both lineage and HUS. 

 R (53) was used for all analyses. 

 

Logistic Regression with Generalized Estimating Equations 

Logistic regression with generalized estimating equations (GEE) was used to estimate 

the association between lineage and HUS. In this context, lineage is considered a group-level 

variable, with groups defined by PFGE types. Lineage is the exposure of interest, and the 

correlation among isolates of the same PFGE type is considered a nuisance. An exchangeable 

working correlation matrix was used for all analyses. Robust standard errors calculated using 

the sandwich estimator accounted for any potential misspecification of the correlation structure. 

The effect of lineage was estimated using lineage Ib, the most common lineage, as the 

comparator. Unadjusted and adjusted models provided estimates of the odds ratio (OR) for risk 

of HUS in the other lineages (e.g. IIa) relative to Ib. 

To determine the importance of accounting for lack of independence among isolates of 

the same PFGE type, we conducted two additional analyses. First, we regressed HUS on lineage, 

age, and sex without using GEE. This provided an estimate of the OR as though all isolates were 

independent. Second, we conducted a simulation study in which one isolate per PFGE type was 

randomly drawn and used in a single-level logistic regression, which emulated the approach 

used in previous studies. After 10,000 repetitions of the simulation, we calculated the 

proportion of lineage OR estimates that were above 1.0 and the proportion that were statistically 

significant. 

 

Effect Modification by Age 
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To elucidate the role of age in the association between lineage and HUS, we examined 

effect modification of the OR estimate by age. The primary GEE analysis was stratified by age 

group and the lineage OR estimates were compared across strata. 

 

Mediation by Shiga Toxin Genotype 

Mediation of the lineage-HUS association by stx genes was tested using the potential 

outcomes framework for formal mediation analysis (80). This causal mediation approach 

accounts for limitations in traditional mediation analyses (81-84), such as bias from mediator-

outcome confounders. Potential outcomes are those a subject would have experienced had their 

exposure been different from their actual observed exposure. Potential outcomes mediation 

analysis allows calculation of the average causal mediated effect (ACME) and the average direct 

effect (ADE) (Appendix). 

We tested stx genes in two ways. First, the three main subtypes, stx1, stx2a, and stx2c, 

were treated as independent. Presence or absence of each gene was coded for each isolate, and 

mediation was tested for each gene individually. Second, because of literature showing that the 

effect of Stx subtypes may vary depending on their exact gene combinations, mediation was also 

tested according to overall stx genotype (e.g. having both stx1 and stx2a). The dominant 

genotypes were identified for lineages IIa and IIb, and the remaining genotypes were grouped 

together as the comparator.  

We used the parametric estimation algorithm outlined by Imai et al. (85). First, a 

binomial model with a probit link was fit for the mediator (stx gene or genotype) with lineage, 

age, and sex as predictors. A second binomial with probit link model was then fit for HUS status 

with the mediator, lineage, age, and sex as predictors. From these models, the mediation 

package in R was used to estimate the ACME and ADE (86). Use of the probit link enabled 

interpretation of results as the increase in probability of HUS due to the mediated or direct path. 
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Each mediation analysis was conducted with 10,000 simulations and used robust standard 

errors to estimate 95% confidence intervals (CIs). 

In sensitivity analyses, we tested the assumption of no interaction between exposure and 

mediator by allowing the ACME and ADE to vary by lineage for mediators that were statistically 

significant in their initial mediation analysis. In a post hoc analysis, we also explored 

modification of mediation effects by age group (Appendix). 

 

Results 

During the years 2005-2014, 1196 STEC O157:H7 cases were reported to DOH. Of these, 

1160 were culture-confirmed and eligible to be included in the study. Using a standardized 

definition, HUS status was validated for 1118 cases. HUS occurred in 76 cases. HUS status 

differed by age, with children <5 years-old constituting over half of HUS cases but less than a 

quarter of non-HUS cases (Table 3.1). Case fatality was 3.9% among HUS cases and was 0.4% 

among non-HUS cases.  

Lineage was assigned to 1121 isolates, including 1082 of those with validated HUS status. 

Of the 39 excluded isolates, six were biochemically atypical STEC O157:H7 and 33 were not 

available for typing (Appendix). We SNP-typed 793 isolates, and matched, by extension, another 

328 to a known lineage using PFGE. 

 

Phylogenetic Association with HUS 

In the unadjusted GEE model, lineage IIb was associated with increased risk of HUS 

relative to lineage Ib (OR=1.65; 95% CI 1.05, 2.60) (Table 3.2). There was no elevation in HUS 

risk among lineage IIa cases, compared to lineage Ib cases. No HUS cases occurred in the group 

of rare lineages; effect estimates for this group are not presented because of statistical 

instability. After adjustment for age and sex, the association between IIb and HUS was 

attenuated and no longer distinguishable from the null (OR=1.43; 95% CI 0.90, 2.25). 



41 
 

We demonstrated the impact of accounting for non-independence among isolates of the 

same PFGE type using adjusted logistic regression without use of GEE. As expected, identical 

point estimates as the GEE analysis were obtained for lineage IIa (OR=0.97; 95% CI 0.53, 1.73) 

and lineage IIb (OR=1.43; 95% CI 0.79, 2.53), with a larger confidence interval for lineage IIb. 

We demonstrated the impact of using all isolates in 10,000 simulations of randomly 

selecting one isolate per PFGE type. The association between lineage IIb and HUS was >1 for 

97% of the draws, and 25% were statistically significant (Appendix, Figure S1). In other words, 

approximately one quarter of risk estimates of lineage IIb association with HUS will be 

statistically significantly >1 when analyzing a single representative isolate due purely to the 

isolates randomly selected. 

 

Effect Modification by Age 

The ratio of Ib isolates to IIb isolates increased with age, while the ratio of Ib to IIa 

isolates remained stable across age groups until the ≥60-year group (Table 3.2). In 0-4 year-

olds, the ORs for both lineage IIa and IIb, relative to lineage Ib, were <1 but not statistically 

significant. The OR for both lineages increased with age through the 20-59 year-old age group. 

Among those aged 20-59 years, lineage IIa had an OR of 12.7 (95% CI 1.57, 103) and lineage IIb 

had an OR of 8.50 (95% CI 1.13, 63.7). There were no lineage IIa or IIb HUS cases in the ≥60-

year group. 

 

Mediation by Shiga Toxin Genotypes 

The case-cohort sample in which SBI typing was conducted consisted of 469 cases, 453 

of which also had a validated HUS status. This included 393 non-HUS and 27 HUS members of 

the randomly selected subcohort, as well as 33 additional HUS cases. Isolates from 16 HUS cases 

were not SBI-typed and thus could not be included in the case-cohort sample (Appendix). The 

subcohort was moderately younger, contained a greater proportion of cases with lineage IIa and 
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IIb isolates, and had somewhat more person-to-person transmission than the full cohort (Table 

3.1). HUS cases within the subcohort also had more comorbidities and lower occurrence of 

dialysis than HUS cases in the full cohort but were otherwise similar in their exposures and 

clinical course.  

Distribution of stx genotypes by lineage showed that 92% of isolates contained stx2a, 

whether alone or in combination with another stx gene (Table 3.3). Lineage Ib isolates were 

dominated by the stx1-stx2a genotype (90%). Lineage IIa isolates were predominantly the 

stx2a-stx2c genotype (84%). Most lineage IIb isolates (94%) had only the stx2a gene. Six 

isolates had none of the three probed stx genes at the time of typing. 

Single stx genes did not display any measurable mediation of the association between 

lineage and HUS (Table 3.4).  

After the dominant genotypes for lineages IIa (stx2a-stx2c) and IIb (stx2a) were 

identified, the remaining genotypes (Table 3.3) were grouped as the comparator for genotype 

mediation analyses. However, the stx2a-stx2c genotype could not be tested for mediation due to 

the small sample size in the Ib comparator lineage. The stx2a-only genotype displayed 

statistically significant mediation of the lineage-HUS association (Table 3.4). Similar patterns 

were observed for both lineages IIa and IIb. The total effects were close to zero, reflecting direct 

and mediated effects of opposite sign. The ADE were negative, although not statistically 

significant, indicating a tendency toward decreasing probability of HUS associated with non-stx 

gene characteristics of the lineages. The ACME for lineage IIa was 0.13 (95% CI 0.012, 0.28) and 

for IIb was 0.17 (95% CI 0.018, 0.31). These indicate an increase in the probability of HUS due 

to higher frequency of stx2a genotypes among lineage IIa and IIb isolates. For example, 0.17 is 

the average of two quantities: 1) the difference in HUS probability between lineage IIb with the 

stx2a genotype frequency regularly associated with lineage IIb (i.e. observed) and the potential 

outcome of lineage IIb if it had the stx2a genotype frequency associated with lineage Ib (i.e. 

counterfactual), and 2) the difference in HUS probability between the potential outcome of 
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lineage Ib if it had the stx2a genotype frequency associated with lineage IIb (i.e. counterfactual) 

and HUS probability for lineage Ib with the stx2a genotype frequency associated with lineage Ib 

(i.e. observed).  

The assumption of no interaction could only be tested for the mediated lineage IIb-HUS 

association, because there were insufficient isolates with comparator genotypes in lineage IIa. 

For the lineage IIb-HUS association, relaxing the assumption to allow interaction between stx2a 

and lineage produced a marginally significant ACME for lineage Ib, indicating an increase in the 

probability of HUS due to stx2a of 0.19 (95% CI -0.004, 0.43; p = 0.06). The ACME for lineage 

IIb was indistinguishable from 0. However, the test for difference between the ACME estimates 

was not significant (p = 0.50), precluding conclusions that interaction was present. We did not 

detect any modification of the mediation effect by age (Appendix, Table S5). 

 

Discussion 

We sought to refine the association between STEC O157:H7 phylogeny and HUS by using 

systematically-defined phylogenetic lineages. To better understand drivers of this association at 

the population level, we elucidated the role of age and Stx subtypes. While lineage IIb was 

associated with increased risk of HUS in unadjusted analysis, there was no significant impact 

when adjusting for age. However, stratified analysis indicated that age modifies the effect of 

both lineages IIa and IIb on HUS. Finally, we found evidence of mediation of the association 

between lineage and HUS by stx2a when it is the only type of stx gene present in the bacteria.  

Our results deepen the body of literature on virulence heterogeneity of the STEC 

O157:H7 serotype and explicate roles for age and Stx subtype that explain part of the association 

between phylogeny and HUS. Other studies have identified an elevated risk of HUS among 

patients infected with clade 8 strains (20-22). Lineages IIa and IIb in the present study overlap 

with clade 8 (27) and show a similar elevation in risk of HUS. However, our study shows that 

this increase is only among adults. In young children, no statistically significant association 
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between lineage and HUS exists, although in the youngest age group there is a suggestion of 

protective effect for lineages IIa and IIb as compared to lineage Ib. Yet lineage IIb is more 

common in children <10 years-old, who are more likely to develop HUS, giving the appearance 

in unadjusted and unstratified analyses of increased risk associated with lineage IIb. This may 

be a driver of observed associations in previous studies of clade 8. These studies have either not 

adjusted for age (22) or adjustment by large age groups left room for residual confounding (20).  

Iyoda et al. (21) explored effect modification by age of the odds of clade 8 infection 

between HUS patients and asymptomatic STEC O157:H7 carriers. They obtained an OR of 6 for 

0-9 year-olds and an OR of 3 for children and adults ≥10 years. There are multiple reasons our 

results may differ from these. Iyoda et al. (21) used a case-control design with HUS cases drawn 

from reported STEC O157:H7 cases and controls drawn from food handlers and daycare 

workers, with child controls added from an unidentified source. Although the population from 

which the controls was drawn is likely a subset of the larger population from which the cases 

were drawn, using a counterfactual framework we can see that only a minority of cases would 

have been eligible to be controls had they not developed HUS. Lack of comparability between 

cases and controls may have influenced their results. Additionally, both Manning et al. (20) and 

Iyoda et al. (21) used one representative isolate from each outbreak or PFGE-defined strain. We 

demonstrated through simulation that studies using only one isolate per strain may show an 

association in 25% of analyses merely by chance of the isolates selected. 

The largest factor likely explaining the difference between our results and those of Iyoda 

et al. (21) is that study’s use of asymptomatic controls. Thus, their effect estimates combine the 

effect of clade 8 on both becoming ill and progressing from illness to HUS. In other words, their 

study assessed the combination of pathogenicity and virulence, whereas our analysis focus on 

estimating virulence alone. Notwithstanding the potential biases outlined above, their results 

could be interpreted together with our results, which focus on the progression from illness to 

HUS, to better understand the point in STEC O157:H7 natural history when clade 8 or lineages 
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IIa and IIb have their greatest impact. Specifically, if, as our results show, there is no significant 

increased risk of developing HUS once illness is established among 0-9 year olds with lineage 

IIa or IIb infection, as compared to lineage Ib infection, there would need to be a significant 

effect on the development of illness following exposure for the OR of 6 between asymptomatic 

controls and HUS cases reported by Iyoda et al. (21) to be true. 

Age has long been considered the strongest predictor of progression to HUS among those 

with STEC O157:H7 infection. The lack of association between lineages and HUS among those 

aged <10 years suggests that differential infection by high virulence lineages does not explain 

why young children are more likely to progress from STEC O157:H7 illness to HUS. However, 

our findings show that lineage IIb strains disproportionately establish disease in young children, 

driving the observed unadjusted association between lineage IIb and HUS. That lineages IIa and 

IIb do not confer a higher risk of HUS among 0-9 year-olds, relative to lineage Ib, suggests that 

there is a difference in either exposure or early disease manifestation that leads to more IIb-

infected cases being reported in this age group than cases infected with other lineages. As 

outlined above, if the results of Iyoda et al. (21) are correct and can be applied to lineages, 

lineage IIb bacteria may more easily establish disease in children aged <10 years, compared to 

lineage Ib bacteria. Alternatively, exposure to different lineages may differ across age groups, 

with more young children exposed to lineage IIb. For example, if lineage IIb is preferentially 

associated with raw milk (Chapter 4), and young children drink more milk than older children 

and adults, they may be exposed to more IIb strains. Using phylogenetics to better understand 

the distribution of infection will enable us to target prevention strategies and explore 

therapeutic advances. 

The elevation of HUS risk among older children and adults with lineage IIa or IIb 

infections must not be misinterpreted as a higher absolute risk than among young children. The 

risk is relative to those infected with lineage Ib strains: among 10-59 year-olds with STEC 

O157:H7 infections, those with lineage IIa or IIb strains are more likely to progress to HUS than 
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those with lineage Ib strains. This association may suggest that older children and adults are 

more resistant to severe disease development from lineage Ib infection. We see substantially 

more reported cases infected by Ib than IIa and IIb lineages in this age group, as though lineage 

IIa and IIb strains have more difficulty establishing disease in these individuals. However, if IIa 

or IIb strains are successful in establishing disease, they are more likely to cause HUS than the 

more easily-established lineage Ib strains. In the oldest group, ≥60 years-old, lineage Ib may 

confer greater risk of HUS than either lineage IIa or IIb. However, our data in this group were 

sparse and preclude definitive conclusions. More work is needed to identify the characteristics 

of STEC O157:H7 lineages that explain differences in virulence across age groups. 

Studies of clade 8 isolates have described the potential for high Stx2 production (68, 87, 

88). The stx2a/stx2c and stx2a-only genotypes, shown to be independently associated with 

progression to HUS (63, 64), are the most common genotypes among clade 8 isolates (20, 21, 

71). However, it has been unclear what portion of the clade 8-HUS association is due to the 

common clade 8 stx gene profiles as opposed to other clade 8 virulence factors. We show 

mediation of the lineage-HUS association by the stx2a-only genotype, which is consistent with 

the literature on clade 8.  

We observed very close correlation of lineage and stx genotype, which is similar to 

previous studies (27, 89). While this precluded mediation analysis for the stx2a/stx2c genotype 

due to lack of sufficient variability, identification of the stx2a genotype as a significant mediator 

of the association between both lineages IIa and IIb and HUS is reassuring. As the only 

statistically significant pathway of effect, these results suggest that much of the virulence 

associated with lineage IIb is due to the stx2a-only genotype. We did not gain clarification of 

whether the mediated effect of stx2a is modified by age. Modification of the mediation effect 

would have helped explain the modification of the overall effect seen in the primary analysis, 

and lack of modification would have pointed to other pathogen characteristics at play in the 
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modification of the overall effect. This question should be studied with a larger SBI-typed 

cohort. 

Although there is overlap between clade 8 and lineages IIa and IIb, as well as overlap 

between clade 2 and lineage Ib (27), these classifications are based on separate sets of SNPs, and 

neither classification is a subset of the other. However, cases in which the clade and lineage 

classifications diverge could provide useful clues as to the mechanism behind differences in 

epidemiology. For example, future studies could investigate whether the epidemiology of clade 

8/lineage IIa strains differs from clade 8/lineage IIb strains. Such a finding would suggest the 

differences between lineages, but not necessarily clades, are important drivers of population 

patterns. 

This study was limited to reported cases. STEC O157:H7 cases who did not seek care, 

were not tested, or were not reported by their providers were not included. Unreported cases 

were likely milder, and it is unlikely that any HUS cases went unreported. If there is an 

association between phylogenetic lineage and severity, this could have induced selection bias. 

However, our simulation study of this potential bias suggests that it would have induced only a 

small attenuation of the effect if present (Appendix). 

We were not able to assign phylogenetic lineage to 39 isolates. These isolates tended to 

be from earlier in the study period, indicating that they are not missing completely at random. 

Composition of the bacterial population did shift slightly during the study period (Chapter 4), 

with lineage Ib more dominant early in the period. The proportion of HUS cases among the 39 

untyped isolates was 3%, comparable to the proportion among Ib cases. Given the temporal and 

HUS patterns of the untyped isolates, their inclusion would likely have accentuated the lower 

HUS frequency among Ib isolates, increasing the apparent effect of other lineages. However, the 

small number of untyped isolates relative to the whole sample was unlikely to have meaningfully 

altered our results.  
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In the mediation analysis, we were limited to only 453 SBI-typed cases with validated 

HUS status and lineage designation. Although we used a case-cohort sampling scheme to reduce 

the bias that would have been introduced by including all isolates SBI-typed for other reasons, 

this reduced our power to identify mediation effects. Additionally, 16 HUS cases were not SBI-

typed, leading to their exclusion from the mediation analysis. Including these cases may have 

altered the results. Consistent with previous studies of stx genotype association with HUS (63, 

64), that we observed mediation only with the stx2a genotype and not any of the individual stx 

genes is reassuring. A larger cohort with more variation in genotypes is needed to rigorously test 

mediation by other genotypes and further explore mediation modified by age.  

This study benefited from over 1,100 STEC O157:H7 cases, including 76 HUS cases, 

which is many times the number of HUS cases in the original Manning et al. work (20). We 

validated HUS outcomes with hospital records using a standardized definition to ensure the 

comparability of our outcome. Detailed data from DOH case report forms enabled us to 

sensitively investigate effect modification by age. By employing correlated data methods, we 

were also able to incorporate data from the entire cohort instead of limiting the study to 

representative isolates from each PFGE type, which our simulation study showed is an 

important step in avoiding bias. 

This study demonstrates that the association between phylogenetic lineage and HUS is 

modified by age and due, at least in part, to lineage IIa and IIb containing a high proportion of 

stx2a-only strains. Our findings suggest that future efforts should focus on determining how 

STEC O157:H7 exposure by lineage differs across age groups. Identifying lineage-correlated 

pathogen characteristics that affect both disease establishment and progression to HUS will also 

be important in explaining age-specific patterns. With overlap between the lineages and clades, 

it is likely that our results can be extended to clades. More work is needed to leverage areas of 

overlap and difference between clades and lineages to elucidate potential mechanisms. 
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Tables 

Table 3.1. Frequency of Case Characteristics of Patients Reported in Washington 

State with Confirmed STEC O157:H7 Infection, 2005-2014 

Variable Full Cohort Subcohort 

 No HUS 
(n = 1042) 

HUS 
(n = 76) 

No HUS 
(n = 393) 

HUS 
(n = 27) 

Sex     

Female 591 (57.0%) 46 (60.5%) 216 (55.0%) 17 (63.0%) 

Male 445 (43.0%) 30 (39.5%) 177 (45.0%) 10 (37.0%) 

Age group     

<5 years 227 (21.8%) 41 (53.9%) 93 (23.7%) 11 (40.7%) 

5-9 years 145 (13.9%) 18 (23.7%) 64 (16.3%) 9 (33.3%) 

10-19 years 184 (17.7%) 5 (6.6%) 64 (16.3%) 2 (7.4%) 

20-59 years 358 (34.4%) 7 (9.2%) 124 (31.6%) 2 (7.4%) 

≥60 years 127 (12.2%) 5 (6.6%) 48 (12.2%) 3 (11.1%) 

Ethnicity     

Hispanic or 
Latino 

97 (12.5%) 8 (11.1%) 50 (15.9%) 4 (14.8%) 

Not Hispanic 
or Latino 

676 (87.5%) 64 (88.9%) 264 (84.1%) 23 (85.2%) 

Race     

American 
Indian or 
Alaskan 
Native 

10 (1.3%) 2 (2.8%) 5 (1.6%) 0 

Asian 55 (7.1%) 4 (5.6%) 22 (7.2%) 2 (7.7%) 

Black 25 (3.2%) 0 5 (1.6%) 0 

Multiracial 11 (1.4%) 0 1 (0.3%) 0 

Native 
Hawaiian or 
Pacific 
Islander 

5 (0.6%) 0 3 (1.0%) 0 

Other 20 (2.6%) 4 (5.6%) 11 (3.6%) 1 (3.8%) 

White 651 (83.8%) 62 (86.1%) 260 (84.7%) 23 (88.5%) 

Phylogenetic 
lineage 

    

Ib 531 (52.7%) 37 (49.3%) 186 (47.3%) 13 (48.1%) 
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IIa 235 (23.3%) 18 (24.0%) 108 (27.5%) 5 (18.5%) 

IIb 173 (17.2%) 20 (26.7%) 72 (18.3%) 9 (33.3%) 

Rare* 68 (6.8%) 0 27 (6.9%) 0 

Outbreak-
associated† 

105 (10.1%) 7 (9.2%) 45 (11.5%) 3 (11.1%) 

Most likely 
source of 
infection 

    

Animal 70 (17.5%) 6 (18.8%) 23 (15.2%) 2 (15.4%) 

Environment 43 (10.7%) 0 19 (12.6%) 0 

Food 201 (50.1%) 18 (56.2%) 72 (47.7%) 7 (53.8%) 

Person 75 (18.7%) 7 (21.9%) 33 (21.9%) 4 (30.8%) 

Water 12 (2.9%) 1 (3.1%) 4 (2.6%) 0 

Contact with 
lab-confirmed 
case 

    

Yes 127 (13.7%) 14 (20.3%) 55 (15.5%) 7 (28.0%) 

No 799 (86.3%) 55 (79.7%) 300 (84.5%) 18 (72.0%) 

Direct animal 
contact 

    

Yes 490 (55.9%) 39 (60.0%) 174 (54.4%) 15 (62.5%) 

No 387 (44.1%) 26 (40.0%) 146 (45.6%) 9 (37.5%) 

Underlying 
condition 

    

Yes 101 (10.7%) 9 (13.6%) 33 (9.1%) 5 (21.7%) 

No 842 (89.3%) 57 (86.4%) 328 (90.9%) 18 (78.3%) 

Bloody diarrhea     

Yes 870 (87.1%) 73 (96.1%) 334 (87.0%) 26 (96.3%) 

No 129 (12.9%) 3 (3.9%) 50 (13.0%) 1 (3.7%) 

Received 
dialysis 

    

Yes 2 (0.2%) 40 (52.6%) 1 (0.3%) 12 (44.4%) 

No 1036 (99.8%) 36 (47.4%) 391 (99.7%) 15 (55.6%) 

Documented 
death†† 

4 (0.4%) 3 (3.9%) 2 (0.5%) 0 
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The full cohort included 1,118 culture-confirmed STEC O157:H7 cases with validated HUS 

status. The randomly sampled subcohort of 420 cases was used for case-cohort analyses of 

mediation by Shiga toxin genes. 

*”Rare” lineages includes 12 different lineages 

†Whether a case was associated with an outbreak was not reported for most cases, so only 

positive responses are shown. 

††Death status was not reported for most cases. There were eight deaths. Only seven are shown 

in the table. The eighth was hospitalized, but the chart could not be abstracted to determine 

HUS status. 

Abbreviation: HUS, hemolytic uremic syndrome 
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Table 3.2. Association of Phylogenetic Lineage and HUS  

 N 
HUS/Total 

Odds 
Ratio 

95% Confidence 
Interval 

P 

Crude     

Lineage Ib 37/568 1 - - 

Lineage IIa 18/253 1.11 0.63, 1.96 0.711 

Lineage IIb 20/193 1.65 1.05, 2.60 0.031 

Adjusted*     

Lineage Ib 37/561 1 - - 

Lineage IIa 18/253 0.98 0.54, 1.78 0.937 

Lineage IIb 20/193 1.43 0.90, 2.25 0.126 

Age-stratified: 0-4 years old†   

Lineage Ib 22/118 1 - - 

Lineage IIa 8/71 0.61 0.27, 1.39 0.24 

Lineage IIb 10/62 0.73 0.39, 1.36 0.31 

Age-stratified: 5-9 years old†   

Lineage Ib 8/79 1 - - 

Lineage IIa 4/31 1.39 0.62, 3.12 0.42 

Lineage IIb 6/34 2.38 0.79, 7.13 0.12 

Age-stratified: 10-19 years old†   

Lineage Ib 1/95 1 - - 

Lineage IIa 2/50 4.92 0.89, 27.1 0.067 

Lineage IIb 2/30 4.99 0.94, 26.4 0.059 

Age-stratified: 20-59 years old†   

Lineage Ib 1/200 1 - - 

Lineage IIa 4/78 12.7 1.57, 103 0.017 

Lineage IIb 2/48 8.50 1.13, 63.7 0.037 

Age-stratified: ≥60 years old†   

Lineage Ib 5/75 1 - - 

Lineage IIa 0/23 0 0, 0 <0.001 

Lineage IIb 0/19 0 0, 0 <0.001 

Logistic regression using generalized estimating equations (GEE) of HUS status on phylogenetic 

lineage. No HUS occurred in the group of cases infected with rare lineages, so results are not 

shown for this group.  
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*Model adjusted for age as a continuous variable and sex.  

†Model adjusted for sex. 

Abbreviation: HUS, hemolytic uremic syndrome 
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Table 3.3. Distribution of Shiga Toxin Genotypes by Phylogenetic Lineages  

 All 
Lineages 

n (%) 

Lineage Ib 
n (%) 

Lineage IIa  
n (%) 

Lineage IIb 
n (%) 

Rare 
Lineages 

n (%) 

No stx 6 (1.3) 2 (0.9) 1 (0.8) 3 (3.3) 0 

HUS 0 0 0 0 - 

stx1 6 (1.3) 4 (1.9) 0 0 2 (7.4) 

HUS 1 (1.7) 1 (3.7) - - 0 

stx1-stx2a 192 (42.4) 192 (90.1) 0 0 0 

HUS 22 (36.7) 22 (81.5) - - - 

stx1-stx2c 15 (3.3) 0 0 0 15 (55.6) 

HUS 0 - - - 0 

stx2a 117 (25.8) 13 (6.1) 19 (15.4) 85 (94.4) 0 

HUS 24 (40.0) 4 (14.8) 2 (13.3) 18 (100) - 

stx2a-stx2c 106 (23.4) 1 (0.5) 103 (83.7) 2 (2.2) 0 

HUS 13 (21.7) 0 13 (86.7) 0 - 

stx2c 11 (2.4) 1 (0.5) 0 0 10 (37.0) 

HUS 0 0 - - 0 

No isolates in the case-cohort sample were observed with the stx1-stx2a-stx2c genotype. 

Abbreviations: HUS, hemolytic uremic syndrome; stx, Shiga toxin gene 
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Table 3.4. Average Change in the Probability of HUS Due to Mediated and Direct 

Effects 

 Lineage IIa 
Estimate (95% CI) 

Lineage IIb 
Estimate (95% CI) 

Gene Presence/Absence 

stx1   

Total effect -0.018 (-0.088, 0.057) 0.054 (-0.034, 0.15) 

ACME 0.084 (-0.049, 0.22) 0.098 (-0.059, 0.25) 

ADE -0.10 (-0.26, 0.048) -0.044 (-0.22, 0.14) 

Proportion 
mediated 

-1.27 (-35.0, 29.3) 1.35 (-17.3, 19.2) 

stx2a   

Total effect -0.017 (-0.089, 0.058) 0.056 (-0.030, 0.15) 

ACME 0.001 (-0.008, 0.007) -0.0001 (-0.007, 0.007) 

ADE -0.018 (-0.089, 0.057) 0.056 (-0.030, 0.15) 

Proportion 
mediated 

-0.003 (-0.96, 0.79) 0.001 (-0.38, 0.33) 

stx2c   

Total effect -0.015 (-0.085, 0.061) 0.056 (-0.030, 0.15) 

ACME -0.005 (-0.10, 0.10) 0.00001 (-0.004, 0.005) 

ADE -0.010 (-0.13, 0.11) 0.056 (-0.030, 0.15) 

Proportion 
mediated 

0.15 (-14.6, 14.8) -0.0002 (-0.20, 0.20) 

Genotype* 

stx2a   

Total effect -0.027 (-0.14, 0.16) 0.057 (-0.029, 0.15) 

ACME 0.13 (0.012, 0.28)† 0.17 (0.018, 0.31)† 

ADE -0.16 (-0.32, 0.025) -0.11 (-0.27, 0.061) 

Proportion 
mediated 

-1.10 (-22.7, 21.2) 2.36 (-22.2, 27.3) 

Each mediation analysis was conducted for lineages IIa and IIb separately vs. lineage Ib. Under 

the assumption of no interaction, the ACME, ADE, and proportion mediated shown are the 

average of the estimates for Ib and the lineage being analyzed. Mediation analyses were 
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conducted using Imai et al.’s parametric estimation algorithm (85) with 10,000 simulations and 

robust standard errors. 

*Genotype is compared against all non-IIa- and -IIb-dominant genotypes: no stx, stx1, stx1-

stx2a, stx1-stx2c, stx1-stx2a-stx2c, and stx2c. Insufficient variation existed to test mediation by 

the stx2a-stx2c genotype. 

†p < 0.05 

Abbreviations: ACME, average causal mediated effect; ADE, average direct effect; CI, confidence 

interval; HUS, hemolytic uremic syndrome; stx, Shiga toxin gene 
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Introduction 

Shiga toxin-producing Escherichia coli (STEC) cause major public health challenges, 

with the global burden of disease ranging from 2.4 to 2.8 million cases annually (90, 91). The 

STEC O157:H7 serotype is recognized for its disproportionate virulence and relative frequency of 

isolation, causing >2,000 hospitalizations each year in the United States (1) and leading to 

hemolytic uremic syndrome (HUS) in 6-15% of reported cases (5, 10, 29).  HUS has a case 

fatality between 3 and 5% (6, 29).  

Over two-thirds of reported STEC O157:H7 infections are thought to be attributable to 

foodborne transmission (1), but epidemiologic studies have implicated other risk factors, 

including rural residence, untreated water consumption, farm animal contact, and local land use 

(92-94). Most STEC O157:H7 infections occur sporadically, and the source of infection is often 

difficult to identify with certainty (1, 11).  However, STEC O157:H7 can persist in certain locales, 

posing ongoing risk to humans (95-103). Most notably, multiple studies demonstrate 

persistence of specific STEC O157:H7 strains within cattle farms, as well as transmission 

between neighboring farms (95-100). Potential reservoirs enabling this persistence remain 

unknown, but include, water, soil, and wild birds (101-103). It is, therefore, possible that 

humans incidentally acquire these infections by virtue of dwelling in specific geographic regions.  

While the globalization of the food supply may deliver a great diversity of pathogens to 

consumers, the importance of local STEC O157:H7 reservoirs needs to be more fully explored to 

control endemic infections. Here, we sought to test the hypothesis that geographic clusters, most 

likely of environmental origin, cause STEC O157:H7 human disease over time, using a  

generalizable population-based cohort, taking into account the genomic relatedness of different 

isolates (23, 27), and the geographic, temporal, and secular attributes of their corresponding 

infections.  

 

Methods 
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Study Setting and Design 

We conducted a population-based retrospective cohort study of all culture-confirmed E. 

coli O157:H7 cases reported to the Washington State Department of Health (DOH) between 

2005 and 2014. Approximately 16% of Washington State’s 7.1 million inhabitants reside in rural 

areas, amidst intensive agricultural production, including dairy farming (104). STEC case 

reporting, mandated by Washington Administrative Code, occurs primarily through diagnostic 

laboratories and healthcare providers. Local health jurisdiction personnel use a standardized 

DOH case report form to abstract medical records and interview cases to obtain demographic 

information (including residence address), potential exposures, and details of the course of 

illness. Case addresses were geocoded and census block group (BG) determined. All case data 

were de-identified for analysis. 

All STEC O157:H7 isolates were sent to DOH for microbiologic confirmation and pulsed 

field gel electrophoresis (PFGE) analysis. We obtained these isolates from DOH and determined 

their phylogenetic lineage using single nucleotide polymorphism (SNP)-typing a subset of 

isolates using the 48-plex SNP assay developed by Jung et al. (27). We typed each PFGE pattern 

present in the dataset and oversampled HUS cases. Concordance among isolates with identical 

PFGE profiles was confirmed by stratifying each PFGE profile by lineage (Appendix). Isolates 

that did not undergo SNP-typing were then assigned the lineage of a SNP-typed isolate with the 

same PFGE profile. Phylogenetic lineage was classified as Ib, IIa, or IIb. Remaining lineages 

were grouped as a single “rare” category.   

This study was deemed exempt by the Washington State Institutional Review Board. 

 

Spatial Segregation of Phylogenetic Lineages 

Spatial segregation is the ecological concept that one species or species type is more 

likely to be surrounded by like than by non-like individuals (105). We used Diggle’s kernel 

regression method to test spatial segregation of STEC O157:H7 by phylogenetic lineage (106). 
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This method of estimating spatial segregation provides an overall test of spatial segregation, and 

identifies statistically significant regions of segregation (and association) by lineage. We used a 

Gaussian kernel function and selected a model bandwidth using a cross-validated log-likelihood 

function. We tested bandwidths between 0.02 and 1 at 0.0098 increments, and the bandwidth 

associated with the highest cross-validated log-likelihood was selected (0.6472). The test 

statistic for spatial segregation summed the square of the difference between the kernel 

regression-estimated lineage-specific probability at a given location and the overall probability 

that a case isolate belongs to that lineage over all lineages and all case locations. To determine 

statistical significance, we performed 999 Monte Carlo replications with cases randomly 

distributed across space and found the proportion of replications with test statistics higher than 

that observed from the data. We plotted lineage-specific probability surfaces on individual 

maps. The analysis was conducted in R (53) using the spatialkernel package (107).  

To account for potential confounders and detect geographic trends, we modeled the risk 

surface using a multinomial generalized additive model (GAM). We estimated the effect of a 

bivariate thin plate regression spline smooth of latitude and longitude on the odds of infection 

with a given lineage as compared to the most common lineage. We compared lineages IIa and 

IIb and the group of rare lineages separately to lineage Ib, the reference lineage. The 

multinomial analysis entailed logistic-type equations for each of the three lineage comparisons. 

The model was adjusted for sex and age group (<5, 5-9, 10-19, 20-59, and ≥60 years); isolates 

from cases of unknown age (n=1) or sex (n=10) were excluded from analysis. Parameters were 

estimated using restricted maximum likelihood (REML). We used the mgcv package in R (108, 

109). 

We conducted a series of sensitivity analyses to determine the robustness of our results 

to specific parameters used in each analysis, and we confirmed our results with two independent 

methods, Dixon’s nearest-neighbor test (105) and multinomial spatial scan statistics (110) 

(Appendix).  
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Temporal Variation in Spatial Segregation 

To determine if spatial segregation varies over time, we replicated analyses described 

above incorporating time (Appendix). For the kernel regression analysis, we tested if spatial 

segregation differed among three intervals (2005-2007, 2008-2010, and 2011-2014) and 

calculated a kernel-based estimate of spatial segregation for each interval. Statistical 

significance of this test was established using 999 Monte Carlo replications. We evaluated the 

impact of time in the multinomial GAM by adding year to the model as a continuous variable, 

testing the effect of year as both a linear term and as a smoothed term using a thin plate spline.  

 

Exploratory Risk Factor Analysis 

We explored potential drivers of segregation by testing the association of risk factors 

included on the DOH case report form with each lineage compared to the reference lineage Ib. 

Using multinomial GAMs with lineage Ib as reference and adjusting for sex, age, year, and 

latitude and longitude as a thin plate spline bivariate smoother, we tested each risk factor 

(Appendix Table S9). In addition to the statewide analyses, region-specific analyses were 

conducted for the three regions with the highest STEC O157:H7 incidence to determine locally 

important associations. Regions were defined based on important demographic factors, namely 

population centers and agricultural foci, and observed segregation clusters. Regional models 

were adjusted for sex, age, and year. 

 

Results 

Of the 1160 STEC O157:H7 cases reported to DOH during the study period, 49 were 

excluded from analysis. Isolates from six cases were biochemically atypical STEC O157:H7. 

Thirty-three isolates representing 31 PFGE types were not available for typing (Appendix). We 

SNP-typed 793 isolates, and matched, by extension, another 328 to a known lineage using 
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PFGE, allowing us to assign 1121 cases to infection with a specific lineage of STEC O157:H7. Ten 

cases lacked address data and were excluded, leaving a final sample size of 1111.  

Lineages Ib, IIa, and IIb were, in descending order, the most common lineages (Table 

4.1). Twelve rare lineages were identified, including two not previously described, encompassing 

45 unique PFGE types. Lineages IIa and IIb contained an average of seven (standard deviation 

[SD] = 14) and eight (SD = 25) isolates per PFGE type, respectively, compared to three (SD = 5) 

for lineage Ib and one (SD = 2) for the rare lineages. Distribution of cases by sex, age group, and 

HUS status varied by lineage (Table 4.1). Lineages IIa and IIb isolates originated 

disproportionately from children <5-years-old compared to isolates in lineage Ib. Cases infected 

with lineage IIb bacteria also had higher frequencies of HUS (10%) than other cases (6%), and 

no rare STEC O157:H7 lineage isolates caused HUS. 

 

Spatial Segregation 

Diggle’s kernel estimation test of spatial segregation was statistically significant (p = 

0.001) (Figure 4.1). Areas of statistically significant spatial segregation were identified for 

lineages Ib, IIa, and IIb. Isolates from the southwest and coastal region were marked by 

segregation of lineage IIb and correspondingly less Ib self-association than expected. Spatial 

segregation of Ib was observed in the northwest corner of the State and of IIa in the south-

central region, both areas lacking in lineage IIb self-association. Sensitivity analysis of alternate 

bandwidths corroborated these results (Appendix). 

Consistent with the kernel regression results, the adjusted GAM risk surface of lineage 

IIb varied significantly from that of Ib (p < 0.001). The incidence of lineage IIb was greater than 

Ib in the southwest region and diminished as latitude and longitude increased (Figure 4.2). This 

spatial pattern was also observed in the kernel estimation map of lineage IIb (Figure 4.1). The 

risk surfaces of lineage IIa and the rare lineage group did not differ significantly from that of Ib 

(Appendix Table S6). In a series of sensitivity analyses designed to gauge the robustness of 
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results to model assumptions, the spatial risk surface of lineage IIb consistently varied 

significantly from the risk surface of lineage Ib (Appendix Table S6). The spatial risk surface of 

lineage IIa also varied significantly from the risk surface of lineage Ib in some sensitivity 

analyses, similar to the spatial distribution observed in the kernel estimation lineage IIa map. 

Significant differences were also found in lineage by age of the infected case. The odds of 

being 20-59 years old or ≥60 years old (vs. <5 years old) were lower among IIa-infected cases 

than among Ib-infected cases [20-59 year odds ratio (OR) 0.65, 95% confidence interval (CI): 

0.44, 0.96; ≥60 year OR=0.49, 95% CI: 0.28, 0.85). The odds of being 20-59 years vs. <5 years 

was also lower among lineage IIb-infected cases than among Ib-infected cases (OR=0.44, 95% 

CI: 0.28, 0.69). Thus, adults comprised a smaller proportion of cases infected with lineage IIa or 

IIb STEC O157:H7 than of those infected with lineage Ib. No significant differences were found 

by sex. 

 

Temporal Variation 

The incidence of STEC O157:H7 during the study period did not vary meaningfully (1.73 

cases per 100,000 annually for 2005-2006, and 1.82 per 100,000 for 2013-2014), but the 

composition of the STEC O157:H7 population shifted over time (Figure 4.3). Specifically, the 

proportion of lineage Ib isolates fell from 59% (2005-2006) to 41 % (2013-2014). In the GAM 

analysis, incidence relative to lineage Ib increased over time for lineage IIa (OR=1.26, 95% CI: 

1.19, 1.34), lineage IIb (OR=1.10, 95% CI: 1.03, 1.17), and rare lineages (OR=1.13, 95% CI: 1.02, 

1.26). 

A peak of lineage IIb incidence was observed during the middle of the study period in the 

southwest and Seattle-Tacoma regions (Figure 4.3). Using kernel regression, we identified 

statistically significant temporal variation in spatial segregation across intervals (p = 0.001). 

Statistically significant overall spatial segregation was observed only during the 2008-2010 

interval (p = 0.001). Lineage IIb was segregated during all intervals, and lineages Ib and IIa 
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were segregated during 2008-2010 and 2011-2014 (Appendix Figures S2-S4). Cross-validated 

log-likelihood bandwidths used in these analyses ranged from 0.73 to 1.0. In sensitivity analysis, 

a lower bandwidth yielded statistically significant spatial segregation during all periods 

(Appendix). Latitude and longitude remained significant predictors of Ib in GAMs that included 

year (Appendix Table S6). 

 

Alternate Methods & Bias Detection 

Alternate analytic approaches confirmed the results of our primary analyses. Dixon’s test 

for spatial segregation identified statistically significant spatial segregation overall and for 

lineages Ib, IIa, and IIb (Appendix Tables S7-S8). Three clusters identified using multinomial 

spatial scan statistics paralleled areas of segregation found in the kernel regression analysis and 

were consistent with the southwest trend toward proportionally greater IIb observed in the 

multinomial GAM (Appendix Figures S5-S6).  

We also sought to understand the impact of person-to-person transmission (as 

determined by DOH investigators) on the results (Appendix). After discounting secondary 

transmission, we observed spatial segregation using the kernel estimation method (p = 0.002). 

The risk surface of lineage IIb still varied significantly from that of Ib (p < 0.001). The trend 

toward greater IIb relative to Ib risk in the southwest was consistent with the analysis of all 

cases, but relative IIb risk was substantially lower in the northeast than that observed in the 

primary analysis. This pattern suggests that IIb-infected cases in the northeast, but not the 

southwest, may be disproportionately due to secondary transmission compared to Ib-infected 

cases. Finally, we found no evidence of case ascertainment bias that could independently explain 

our results (Appendix). 

 

Exploratory Risk Factor Analysis 
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Statewide, cases infected with lineage IIa STEC O157:H7 were more likely to have 

consumed raw fruits or vegetables than those infected with lineage Ib bacteria (OR=1.81, 95% 

CI: 1.05, 3.11). This trend was consistent, although not statistically significant, in all three 

regions. Cases in the southwest were also more likely to be infected with IIa than with Ib if they 

had consumed untreated or unchlorinated water (OR=4.49, 95% CI: 1.48, 13.57). This 

association was opposite in the south-central region (OR=0.16, 95% CI: 0.04, 0.63), suggesting 

the influence of local factors.  

In the southwest region, cases infected with lineage IIb STEC O157:H7 were also more 

likely than those infected with lineage Ib bacteria to have consumed untreated or unchlorinated 

water (OR=3.76, 95% CI: 1.38, 10.28). However, IIb cases in the southwest region were less 

likely than Ib cases to have been exposed to recreational water (OR=0.38, 95% CI: 0.16, 0.93). 

In the statewide analysis, lineage IIb cases were more likely than Ib cases to have consumed raw 

milk (OR=2.46, 95% CI: 1.15, 5.28). This association was particularly apparent in the southwest 

region (OR=17.33, 95% CI: 2.05, 146.50). In the northwest region, IIb-infected cases were 

inversely associated with prime cut or ground beef exposures, and with having visited a zoo, 

farm, fair, or pet shop, compared to Ib-infected cases (Appendix Table S9). Similarly, cases 

associated with IIb bacteria in the south-central region were less likely than cases associated 

with Ib strains to have had any animal contact (OR=0.16, 95% CI: 0.03, 0.88). 

 

Discussion 

Our demonstration of geographic differences and temporal trends in the relative 

frequencies of particular lineages of STEC O157:H7 by spatial segregation identified areas in 

Washington State that perennially produce cases infected with lineage Ib, IIa, or IIb bacteria far 

in excess of what is expected based on statewide data.  In all analyses, lineage IIb cases were 

segregated in the southwest region of the State. Suburbs of Portland, Oregon are situated in this 

region, and the major interstate connecting Seattle to Portland runs through it. Home to 16% of 
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Washington’s population and only 7.1% of its cattle (50, 111), the southwest counties do not have 

intensive livestock production but do compose part of the range of Roosevelt elk. Elk elsewhere 

in the country have been identified as STEC carriers (112). Water is also a potential factor in 

STEC O157:H7 epidemiology in the southwest region, which has abundant coastal and river 

access. Spatial segregation of lineage IIb in the southwest was strongest from 2009 to 2012, but 

it was apparent during all periods. The largest recognized IIb outbreak in this region accounted 

for only 11 cases linked to a particular daycare, such that the segregation we observed is unlikely 

due to a single point source. Notably, lineage IIb has the greatest overlap with the putatively 

hypervirulent clade 8 (20), making its segregation of particular concern. Kernel regression also 

identified an area of IIa segregation in the south-central part of the State and Ib segregation in 

the north. These findings were supported by some of the sensitivity analyses. However, the Ib 

and IIa risk surfaces did not differ significantly and segregation during specific time periods was 

absent, suggesting that these two lineages might often overlap. 

  The presence of spatially segregated lineages indicate local environmental reservoirs 

producing infections above and beyond infections caused by widely dispersed sources such as 

food. Persistent spatial segregation of a particular lineage could reflect a founder effect, in which 

bacteria have established themselves in a local reservoir and persist, occasionally crossing over 

to humans. Such a dynamic would explain genetically similar bacteria isolated in the same 

general geographic region months or years apart from clinical cases, as was seen in two cases 

from Webster County, Missouri (113). It is also consistent with findings by Jaros et al., who 

found that geographic location explained a significant portion of variation in STEC O157:H7 

strains in New Zealand (114). Localized transmission provides an opportunity for intervention if 

the reservoirs can be identified. Public health investigators may be able to target potential 

reservoirs, both wild and domestic, and identify how STEC O157:H7 is being transmitted 

humans. Longitudinal studies of how STEC bacteria are maintained over time in local reservoirs 

would shed additional light on potential public health interventions. 
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This study also shows that the composition of the STEC O157:H7 population shifted over 

time. While our work is consistent with previous findings that Ib is responsible for the majority 

of clinical cases in the United States (89), Washington State experienced statistically significant 

increases in all other lineages relative to Ib during the study period. The increase is most 

dramatic for lineage IIa, which appears to have emerged in most regions in the latter half of the 

study period (Figure 4.3). This could reflect the changing epidemiology of STEC O157:H7 

discussed by Rivas et al, owing to changes in food sources and consumption, as well as pathogen 

evolution (92). Lineage IIa STEC O157:H7 have emerged as important causes of disease across 

the State, suggesting a disseminated driver of infections for this lineage overall. Lineage IIa’s 

observed association with raw fruit and vegetable consumption, as compared to lineage Ib, is 

consistent with this hypothesis. Wang et al. (115) demonstrated differential resistance to the 

levels of chlorine used to wash commercial produce across phylogenetic clades, suggesting one 

potential mechanism for this association. The south-central region, identified in some analyses 

as an area of IIa segregation, experienced an uptick in IIa cases earlier than in other regions. 

This area is home to the Yakima Valley, an agriculture center, and a local IIa reservoir in this 

region could produce the observed segregation independent of statewide trends. 

This study also suggests exposures that may be preferentially associated with particular 

lineages. Of note, we observed associations of lineage IIb with drinking untreated/unchlorinated 

water and raw milk in the southwest region where this lineage is segregated. There may be a 

lineage IIb reservoir in animals producing raw milk in this area, or bacteria from environmental 

reservoirs in the area may spill over into these animals and local water sources. Only one small 

raw milk outbreak in 2005 was noted on the DOH case report forms, making it unlikely that a 

single farm is responsible for the association. While exploratory, this hypothesis-generating 

analysis suggests that not all STEC O157:H7 is transmitted in the same way. It is possible that 

some lineages may be especially successful in surviving in particular vehicles or environments, 
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such as raw produce or unpasteurized milk or water. This is an area needing additional study 

and could expand opportunities for preventing disease.  

Our study is limited somewhat by its reliance on SNP data to define phylogenetic 

lineages. Whole genome sequencing would have supported finer resolution of relatedness, 

particularly among isolates that were segregated in time and space, and enabled us to trace the 

history of segregated clusters, though would not necessarily alter our conclusions. However, our 

use of phylogenetic lineages rather than PFGE profiles is also a strength of the work, as PFGE 

does not put differences into an evolutionary perspective (116).  By basing the analysis on 

phylogenetic lineages, we captured relatedness among strains and thus acknowledge that STEC 

O157:H7 continues to evolve as it circulates through its host populations. The lineages also 

provided a clear comparator for analysis in the historically dominant lineage in the United 

States, Ib (89), and we were able to incorporate all isolates in a meaningful way by grouping by 

lineage. The 355 distinct PFGE patterns would have yielded insufficient power for most 

analyses. 

In summary, clusters of spatial segregation by phylogenetic lineage in Washington State 

suggest local reservoirs that perennially cause human disease. Further exploration of land use, 

human movements, and social-behavioral factors could elucidate within-region drivers of spatial 

segregation. Environmental risk assessment and longitudinal studies based on our findings 

could provide valuable information by identifying pathogen reservoirs that have not been 

identified by traditional public health surveillance and which could be mitigated by public health 

or environmental measures. The makeup of the STEC O157:H7 population in the State is also 

shifting.  To manage emerging lineages, attention is needed to the heterogeneity in risk factors 

and virulence across the phylogenetic tree. 
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Figures & Tables 

 

Figure 4.1. Kernel-based estimation of spatial segregation by lineage. Darker hues 

indicate greater segregation. Contour lines marked 0.025 define areas in which the given lineage 

is statistically significantly segregated. Contour lines marked 0.975 define areas in which the 

given lineage is statistically significantly less likely to be found in proximity to itself than to 

other lineages. N=1,111. 
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Figure 4.2. Risk surface of lineage IIb compared to lineage Ib. Risk surface was 

generated using a multinomial generalized additive model and a bivariate thin plate smooth 

function for longitude and latitude. The black contour lines indicate increased proportional 

incidence of lineage IIb toward the southwest corner of the area as compared to lineage Ib 

(p<0.001). The arrow indicates the general direction of the trend from higher Ib risk to higher 

IIb risk. N=1,100. 

Abbreviation: SE, standard error 
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Figure 4.3. Annual incidence per 100,000 people of reported STEC O157:H7 cases 

by phylogenetic lineage, shown for Washington State and by region, 2005-2014. 

Regions were defined according to important demographic characteristics and patterns of 

segregation observed in analyses for the whole period. The Northwest Region experienced the 

highest peak incidence. The Seattle-Tacoma Region and the Northeast Region experienced the 

lowest incidences.  
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Table 4.1. Frequency of Reported STEC O157:H7 Case Characteristics by 

Phylogenetic Lineage, Washington State, 2005-2014 

Variable Lineage Ib Lineage IIa Lineage IIb Rare lineage* 

Total 586 (52.7%) 260 (23.4%) 199 (17.9%) 66 (5.9%) 

PFGE† types‡ 210 (65.8%) 38 (11.9%) 26 (8.2%) 45 (14.1%) 

Mean isolates per 
PFGE type (SD†) 

2.8 (5.3) 6.8 (14.3) 7.7 (24.7) 1.5 (1.7) 

Sex     

Female 333 (56.8%) 163 (62.7%) 105 (52.8%) 33 (50.0%) 

Male 244 (41.6%) 97 (37.3%) 94 (47.2%) 32 (48.5%) 

Unknown 9 (1.5%) 0 0 1 (1.5%) 

Age group     

<5 years 119 (20.3%) 72 (27.7%) 63 (31.7%) 10 (15.2%) 

5-9 years 81 (13.8%) 32 (12.3%) 33 (16.6%) 12 (18.2%) 

10-19 years 97 (16.6%) 51 (19.6%) 31 (15.6%) 6 (9.1%) 

20-59 years 207 (35.3%) 81 (31.2%) 49 (24.6%) 29 (43.9%) 

≥60 years 81 (13.8%) 24 (9.2%) 23 (11.6%) 9 (13.6%) 

Unknown 1 (0.2%) 0 0 0 

HUS†     

Yes 37 (6.3%) 18 (6.9%) 20 (10.0%) 0 (0%) 

No 526 (89.2%) 236 (90.1%) 173 (86.1%) 67 (98.5%) 

Unknown 27 (4.6%) 8 (3.1%) 8 (4.0%) 1 (1.5%) 

*”Rare lineage” includes 12 different lineages. 

†Abbreviations: HUS, hemolytic uremic syndrome; PFGE, pulsed field gel electrophoresis; SD, 

standard deviation.  

‡PFGE type percentages indicate the proportion of PFGE types with an assigned lineage (n=355) 

belonging to each lineage. 
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Appendix 

Supplemental Methods & Results 

Chapter 2: Hospital Records for HUS Validation 

 To validate HUS status, we sought records from all hospitals listed on the CRF for the 

STEC O157:H7 visit. Many cases were admitted at multiple hospitals, and charts from more than 

one institution were reviewed in some situations. Washington residents hospitalized in Oregon 

were reported through their Washington local health jurisdiction of residence and were included 

in this review.  

STEC O157:H7 hospitalizations occurred across 71 facilities, with each institution 

treating between 1 and 87 cases. Children’s hospitals, as identified by the Children’s Hospital 

Association (www.childrenshospitals.org), treated 136 of the cases.  

 

Chapter 2: Definition Validity and Cases with Discrepant HUS Status 

Relative to the SCD, CSTE definition sensitivity was 96% [95% confidence interval (CI): 

89%, 99%] and specificity was 77% (95% CI 72%, 81%) (Table 2.3). Among the three STEC 

O157:H7 cases meeting the SCD but not the CSTE definition for HUS (Appendix, Table S2), two 

were two years of age and did not meet the 1.0 mg/dL serum creatinine criteria and had no 

urinalysis documented to establish hematuria or proteinuria. One had no documented 

peripheral blood smear and HUS developed >3 weeks after diarrhea onset. They would have met 

the probable CSTE definition if only one of the microangiopathic changes or timing criteria were 

not met, but not if neither were met (Table 2.1) (45). Eighty-one STEC O157:H7 cases were 

defined as HUS by CSTE criteria but not by SCD. The largest share (52 or 64%) of these 

discrepant cases would not have been considered HUS if the CSTE definition included criteria of 

<150,000 platelets/mm3 for thrombocytopenia. Of the remaining 29 discrepant cases, 26 had 

serum creatinine concentrations that did not exceed the age-specific normal values (48) but had 

http://www.childrenshospitals.org/
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hematuria and/or proteinuria. Two had elevated serum creatinine concentrations but did not 

meet the SCD criteria for anemia, and one met all criteria but on different days. 

The HCD had the lowest sensitivity but highest specificity (Table 2.3), identifying only 

74% of HUS cases (95% CI 62%, 83%) but 99% (95% CI 98%, 100%) of non-HUS cases. The 20 

SCD-based HUS cases not identified using this definition (Appendix, Table S2) either lacked 

smear evidence of hemolysis or did not meet the necessary creatinine serum concentrations. 

Two cases were defined as HUS by the HCD but not by the SCD. 

Sensitivity of the CRF was 86% (95% CI 76%, 93%) (Table 2.3). Eight of the 10 missed 

HUS cases (Appendix, Table S2) were diagnosed by their hospital clinician as having HUS. 

Specificity was 94% (95% CI 91%, 96%), and there was strong agreement between the CRF and 

hospital diagnosis. 

Hospital diagnosis exhibited the high sensitivity (97%; 95% CI 91%, 100%) (Table 3). 

Only two HUS cases were missed by hospital providers (Appendix, Table S2). However, 

specificity of the hospital diagnosis was only 94% (95% CI 91%, 97%). Nineteen STEC O157:H7 

cases were diagnosed with HUS without fulfilling the SCD criteria. Twelve (63%) of these 

patients were <10 years-old and did not meet age-specific criteria for creatinine serum 

concentrations (48). 

Reflecting the low specificity of the CSTE definition but accruing more true positive HUS 

cases, combining the CSTE definition and hospital diagnosis to emulate common surveillance 

approaches yielded the highest sensitivity (99%; 95% CI 93%, 100%) but lowest specificity (76%; 

95% CI 71%, 80%) (Table 2.3). 

 

Chapter 2: SCD Sensitivity to Changes in Serum Creatinine Concentration Criteria 

Using creatinine normal values from the Harriet Lane Handbook (49) instead of Meites 

(48) changed the classification of three cases, all ≤2 years-old and diagnosed with HUS during 
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their hospitalization. Two 2-year-old SCD-defined HUS cases with serum creatinine 

concentrations above 0.60 (the Meites cutoff) but ≤0.70 (the Harriet Lane Handbook cutoff) 

became non-cases. One 1-year-old who failed to meet the Meites cutoff of 0.60 for the SCD 

became a case using the Harriet Lane Handbook cutoff of 0.40. Using the alternative criteria, 

HUS incidence remained similar, and all dialysis cases were identified as HUS (Appendix, Table 

S3). 

 

Chapters 3 & 4: Assigning Phylogenetic Lineage to Non-SNP-typed Isolates 

In previous studies analyzing patterns associated with STEC O157:H7 phylogenetic 

classification, it has been common to use a single representative isolate from each PFGE subtype 

(20, 21, 69). This practice masks the variability among isolates with the same PFGE fingerprint 

(e.g. variability in demographics, location, etc.). Further, estimation of effects at the population 

level is compromised, because the isolates being analyzed are not reflective of the STEC 

O157:H7 case population distribution. To accurately make inference at the population level, we 

sought to include all reported cases during the study period. Because we did not have sufficient 

resources to SNP-type all isolates, we leveraged the assumption inherent in the single-

representative-isolate approach, although not generally made explicit: isolates with the same 

PFGE fingerprint belong to the same phylogenetic grouping. 

Our sample contained 1160 isolates reflecting 355 unique PFGE patterns. We SNP-typed 

793 of these isolates, covering 319 PFGE subtypes. The 36 PFGE subtypes not SNP-typed were 

either biochemically atypical or they were not present in the isolate bank. Atypical isolates were 

exclusively from 2013 and 2014, the last two years of sampling. Missing isolates were 

predominantly (82%) from 2005 and 2006, the first two years of sampling. Of the 793 SNP-type 

isolates, 570 belonged to a PFGE subtype with multiple SNP-typed isolates. Among these 570, 



85 
 

we examined which phylogenetic lineages the isolates had been assigned via SNP-typing. All but 

one PFGE subtype were assigned a consistent lineage. The one variable PFGE subtype was 

EXHX01.0047. It encompassed 82 isolates: 21 were not typed, 59 were typed to lineage IIa, and 

2 were typed to lineage Ib. In other words, only 2 of 570 isolates, or 0.4%, showed aberrant 

lineage assignment. With this, we felt that the assumption that isolates of the same PFGE 

subtype would be in the same lineage held adequately well to use the SNP-typing results to 

assign lineage to non-SNP-typed isolates. We were able to assign lineage to 328 additional 

isolates using this approach. 

 

Chapter 3: Causal Mediation Analysis 

 The parametric estimation algorithm for causal mediation analysis (85) is simulation-

based, which provides greater flexibility in model choice than analytic regression-based 

mediation analysis (117). Separate models are fit for the mediator and outcome variables. 

Through a given number of simulations, model parameters are drawn from their sampling 

distributions. The causal mediation effects are calculated for each simulation and then 

combined into summary statistics (85). The causal mediation effect is given by (80): 

𝛿𝑖(𝑡) ≡ 𝑌𝑖(𝑡,𝑀𝑖(1)) − 𝑌𝑖(𝑡,𝑀𝑖(0)) 

where t is a given level of the exposure, and Mi(t) is the potential value of the mediator at the 

given exposure level. The causal mediation effect δi(t) is also referred to as the natural indirect 

effect. The average causal mediation effect (ACME) is the expected value of δi(t) across all 

subjects. 

The direct effect is given as (80): 

𝜁𝑖(𝑡) ≡ 𝑌𝑖(1,𝑀𝑖(𝑡)) − 𝑌𝑖(0,𝑀𝑖(𝑡)) 

Averaged across all subjects, the average direct effect (ADE) is the comparison of potential 

outcomes for different exposure levels (e.g. lineage IIb vs. lineage Ib) when the mediator takes 
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on its potential value at t. This is distinct from what are called controlled direct effects (82, 118), 

in which the mediator takes on specific observed values for the entire population, thus blocking 

all effects of the mediator on the outcome. In the ADE, only the effect of the exposure on the 

mediator is blocked, providing a better estimate of the direct effect observed in nature. 

 

Chapter 3: Modification of Causal Mediation Effects 

Because of the potential for age to modify the effect of lineage on HUS, we were also 

interested in testing whether age modified the role of stx genes as mediators. We separately 

estimated the ACME and ADE for 2-year-olds and 40-year-olds and tested whether the values 

were different across ages. Ages 2 and 40 are the approximate midpoints of the two largest age 

groups. The mediation package (86) was used to estimate the age-specific ACME and ADE and 

generate summary statistics for the difference and 95% CI based on 10,000 simulations. 

 

Chapter 3: Case-Cohort Sample and SBI Typing 

 The case-cohort sampling approach entailed sampling a random subcohort from the full 

STEC O157:H7 cohort and supplementing the sample with all remaining cases of HUS.  Of the 

76 HUS cases, 16 could not be SBI-typed, preventing their inclusion in the case group of the 

case-cohort sample. Five were not present in the isolate bank and four were biochemically 

atypical STEC O157:H7 isolates and were excluded from typing. SBI typing was done in concert 

with SNP typing, so four isolates that had been SNP-typed for a previous project were not SNP-

typed again and thus not SBI-typed either. SBI typing was conducted prior to completion of the 

HUS validation, and the final three non-SBI-typed HUS cases were not noted as HUS cases on 

the CRF.  

 

Chapter 3: Selection Bias Estimation 



87 
 

 To assess the effect on the observed OR if the restriction to reported cases produced 

selection bias, we used the simcausal package (119) in R. We simulated a case population 

infected with STEC O157:H7 similar in lineage composition to our population: 55% Ib, 20% IIa, 

15% IIb, and 10% rare lineages. Severity, reporting frequency, and HUS frequency were modeled 

to obtain expected characteristics from our population. Based on Scallan et al. (1), we expected 

11.7% of cases to be reported. We also assumed all HUS cases would be reported. Among those 

reported, we expected 7.2% total frequency of HUS, with proportions by lineage of 5%, 10%, 

10%, and 1% for lineage Ib, IIa, IIb, and the rare lineages, respectively. Under these conditions, 

in the case of a true OR of 2.01, selection bias would produce an OR of 1.86, showing a slight 

attenuation of the true effect. 

 

Chapter 4: Spatial Segregation by Diggle’s Kernel Estimation Method 

Diggle’s kernel estimation provides smoothed estimates of spatial segregation that take 

into account multiple neighbors of each case. Diggle’s method assumes an underlying Poisson 

point process for each phylogenetic lineage. The degree of smoothing is dependent on the choice 

of a bandwidth. Using the spatialkernel R package (107), a cross-validated log-likelihood 

function can be employed to calculate the bandwidth (106). This bandwidth is used for all 

lineages within a given analysis but is recalculated for different subsets of the data (e.g. when 

restricting the analysis to particular years). To identify the sensitivity of the kernel estimation 

results to the bandwidth of 0.6472 selected, alternate bandwidths were tested: 0.02, 0.1, 0.2, 

0.4, and 0.9. All yielded p = 0.001 for the overall test for spatial segregation. The segregation 

maps for individual lineages grew predictably smoother as the bandwidth was increased and 

identified statistically significant areas of segregation consistent with the primary result from a 

bandwidth of 0.6472. 

Temporal variation in segregation was tested across three intervals: 2005-2007, 2008-

2010, and 2011-2014. The slightly longer last interval is not expected to affect the validity of the 
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results. However, because of greater number of cases in this interval, greater precision was 

expected. For the overall test of variation of spatial segregation across time intervals using the 

kernel regression method, a bandwidth of 0.8236 was chosen using the cross-validated log-

likelihood function. The bandwidths chosen using this method for each of the individual 

intervals were 1.0000 for 2005-2007, 0.7256 for 2008-2010, and 0.9314 for 2011-2014. Not 

unexpectedly given the high degree of smoothing in the first and last period, only the middle 

period had detectable overall spatial segregation (p = 0.001). However, all periods displayed 

some statistically significant spatial segregation for individual lineages (Appendix Figures S2-

S4). A bandwidth of 0.4 was also tested for each of the intervals, resulting in statistically 

significant tests for overall spatial segregation in each interval (2005-2007 p = 0.037, 2008-

2010 p = 0.001, 2011-2014 p = 0.014). 

 

Chapter 4: Multinomial Generalized Additive Model 

The multinomial GAM provides a smoothed risk surface relative to Ib, the most common 

lineage. Unlike the direct measures of spatial segregation, the GAM captures spatial trends 

without selecting a specific distance or number of neighbors across which to smooth. It does this 

through a flexible spline function. The GAM also supports adjustment for covariates, providing 

some assurance that the associations observed are not due to factors such as the distribution of 

cases by age. Results of the GAM multinomial models must be interpreted conditional on having 

a reported STEC O157:H7 illness. As such, odds ratios presented estimate risk proportional to 

that in the most common lineage, Ib. 

We tested multiple aspects of the GAM specification. Latitude and longitude were 

specified individually and jointly to allow interaction. The basis dimension of the penalized 

regression smoother was altered to improve the effective degrees of freedom. Age and sex 

covariates were removed, and the form of the spline smoother was altered. Lineage IIa was used 

as the comparison lineage. These sensitivity analyses are summarized in Appendix Table S6. 
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None of the model perturbations meaningfully changed the primary model results. In the set of 

GAMs incorporating year, a trivariate smooth of latitude, longitude, and year was also tested 

and found to be statistically significant for lineages IIa and IIb (Appendix Table S6). 

 

Chapter 4: Spatial Segregation by Dixon’s Nearest-neighbor Method 

Another measure of spatial segregation, Dixon’s nearest-neighbor method considers only 

the closest neighbor of each case. It conducts no smoothing and can be expected to be sensitive 

to clustered outbreaks. This method does not indicate areas in which spatial segregation exists 

but does provide an overall test of spatial segregation, as well as for segregation of individual 

lineages and pairwise segregation tests. We created a 4x4 contingency table of nearest-neighbor 

counts for each lineage group. A χ-square with 12 degrees of freedom was used to test overall 

spatial segregation, and segregation was tested for each individual lineage group (Appendix 

Table S7). We calculated Dixon’s segregation index for each nearest-neighbor combination (e.g., 

from Ib to IIa; Appendix Table S8). Dixon’s pairwise segregation index is defined according to 

(105) as: 

𝑆𝑖𝑗 = log
𝑁𝑖𝑗/(𝑁𝑖 −𝑁𝑖𝑗)

E𝑁𝑖𝑗/(𝑁𝑖 − E𝑁𝑖𝑗)
= log

𝑁𝑖𝑗/(𝑁𝑖 −𝑁𝑖𝑗)

𝑁𝑖/(𝑁 − 𝑁𝑗 − 1)
 

 where i and j in this analysis are phylogenetic lineages. A positive value of S indicates 

association, and a negative value indicates segregation. Z-scores for each combination were 

calculated by comparing the observed nearest-neighbor count in each cell to the expected count. 

A p-value based on the Z-scores was calculated assuming an asymptotic normal distribution. 

The dixon R package was used for this analysis (120). 

We used Dixon χ-square tests for segregation to indicate statistically significant 

segregation overall (p < 0.001) and for lineages Ib, IIa, and IIb (p = 0.046, p = 0.002, and p < 

0.001, respectively), but not for the group of rare lineages (Appendix Table S7). This is 

consistent with the findings of the kernel estimation method, which found statistically 
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significant overall spatial segregation and identified areas of segregation for lineages Ib, IIa, and 

IIb. Dixon’s method also tests associations between individual lineages. Pairwise nearest-

neighbor comparisons showed statistically significant positive association from each of lineages 

Ib, IIa, and IIb to itself. Segregation was observed from Ib to IIa, IIa to the rare lineages, IIb to 

all other lineages, and the rare lineages to Ib (Appendix Table S8).  

Spatial segregation was examined using Dixon’s method for the three intervals analyzed 

with the kernel estimation method. Spatial segregation was found to be statistically significant 

with p < 0.001 during all three periods, contrasting with Diggle’s method, which only identified 

statistically significant overall segregation during the 2008-2010 period. However, the two 

spatial segregation tests were consistent in identifying spatial segregation of lineage IIb during 

all intervals (p < 0.001 for Dixon’s method during all intervals). Additionally, Dixon’s method 

identified segregation of lineage IIa during the 2005-2007 period (p < 0.001) and segregation of 

lineage Ib during the 2008-2010 (p < 0.001) and 2011-2014 (p = 0.005) periods. 

 

Chapter 4: Multinomial Spatial Scan Statistics 

We used multinomial spatial scan statistics (110) in SaTScan (121) to identify clusters 

within which the distribution of lineages differed significantly from the distribution of lineages 

outside the cluster. The spatial scan statistics are designed to identify clusters of disease. In the 

multinomial framework used here, the clusters reflect areas within which the distribution of 

cases by lineage is skewed as compared to the area outside the cluster. These are similar to the 

areas of segregation identified by the kernel regression method. However, the scan statistics 

look at the distribution of all four lineages simultaneously and not individually, thus allowing 

detection of clusters in which multiple lineages may be out of proportion. Like the multinomial 

GAM models, the multinomial spatial scan statistics must be interpreted conditionally on having 

a reported STEC O157:H7 illness.  
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For the primary spatial scan statistic model we used a maximum cluster size of 20% of 

cases. Statistical significance of the clusters was determined based on Monte Carlo replications 

under the null. Relative risks presented estimate risk of one’s infection being from the given 

lineage inside the cluster compared to the risk outside that cluster.  

We identified three statistically significant clusters in which the distribution of cases by 

phylogenetic lineage varied from the distribution in the rest of the State (Appendix Figure S5). 

The first cluster (p = 0.001) contained 203 cases, was centered in the southwest region of the 

State, and was characterized by a higher proportion of lineage IIb cases than observed elsewhere 

in the State [relative risk (RR) 2.59). The second cluster (p = 0.001), encompassing the sparsely-

populated northern reaches of the State, contained 185 cases and had somewhat more Ib (RR 

1.37) and rare lineage (RR 1.88) cases and fewer IIb cases (RR 0.29). The final significant cluster 

(p = 0.006) contained 79 cases in the south-central region of the State: lineage IIa was more 

common than elsewhere in the State (RR 1.70), IIb was uncommon (RR 0.13), and cases due to 

rare lineages were nearly absent (RR 0). The first cluster, dominated by IIb, and third cluster, 

dominated by IIa, recapitulate the results of the kernel estimation maps and, for IIb, the GAM-

generated risk surface. The second cluster, dominated by lineage Ib, is larger and centered 

somewhat further east than the area of segregation identified for Ib by the kernel estimation 

method, though still similar.  

Altering the parameters of the analysis to allow fewer or greater percentages of the cases 

to be included in clusters did not meaningfully affect the position of the clusters identified. We 

tested allowing clusters up to 50% of cases and 10% of cases. From the former, the main IIb-

dominant and Ib/rare-dominant clusters were identified, but the IIa-dominated cluster was not. 

Limiting clusters to 10% of cases, all three clusters identified in the primary analysis were 

identified but with smaller numbers of included cases. 

We detected variant clusters using multinomial spatio-temporal scan statistics, using 

year as the time scale and allowing up to 50% of the study period in a cluster, as well as purely 
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spatial clusters. We identified three statistically significant clusters (Appendix Figure S6). The 

first (p = 0.001) contained 76 cases reported 2009 to 2012 in the southwest region of the State 

and had an elevated risk of lineage IIb (RR 4.45). The second cluster (p = 0.001) included 107 

cases across the northeast region during the years 2005 to 2009. The Ib (RR 1.61) and rare (RR 

1.88) lineages were elevated. The third cluster (p = 0.002) included only 46 cases reported 

during 2009 and 2010, with a predominance of lineage IIb (RR 3.63) and near-absence of IIa 

(RR 0.09). This cluster included part of Seattle, Washington’s largest urban area, and areas 

immediately south and east.  

 

Chapter 4: Secondary Cases 

To separate the effect of person-to-person transmission from other potential 

environmental factors that may result in segregation, sensitivity analyses were conducted after 

excluding known secondary cases. To be excluded, the most likely source of the infection had to 

have been identified during the public health investigation as person-to-person, or the notes had 

to indicate that another individual in the household or childcare situation had previously been 

diagnosed. Based on these criteria, 82 secondary cases were excluded. No meaningful changes in 

the results were observed. The overall test of spatial segregation was statistically significant 

using the kernel estimation method (p = 0.002) and the nearest-neighbor method (p < 0.001). 

The latitude/longitude smooth of lineage IIb from the multinomial GAM is statistically 

significantly different than that of lineage Ib (p < 0.001). However, the cluster identified in the 

southwest region of the State, dominated by lineage IIb, through multinomial spatial scan 

statistics moved somewhat northward and decreased in size without the secondary cases. 

 

Chapter 4: Reporting Bias 

We assessed potential reporting bias by county. Reporting of cases who have tested 

positive is considered near 100% (1), but testing intensity may vary by provider. STEC O157 is 
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most often detected by stool culture, a test that also detects Campylobacter, Salmonella, and 

Shigella. If providers in an area have heightened awareness of STEC O157 and are more likely to 

test for it than in other areas, we would expect that detections of these other pathogens would 

also be higher. There is overlap in the epidemiology of STEC O157, Campylobacter, and 

Salmonella, so some correlation is expected. However, risk factors for Shigella are generally 

different (93). If there were reporting bias, we would expect this to most greatly impact the 

observed incidence of milder STEC O157 strains. 

Case counts by county for 2005-2014 for Campylobacteriosis, Salmonellosis, and 

Shigellosis were obtained from the Washington State Communicable Disease Reports for 2009 

and 2014 (each contained five years of data) (122, 123). Incidence rates were calculated using 

county populations as reported in 2010 U.S. Census TIGER/Line Shapefiles (50). Using the 

GISTools (124) package in R, we mapped the incidence quintile of each of the four pathogens at 

the county level for the study period to assess the potential for reporting bias (Appendix Figure 

S7). Two counties, Yakima and Grant, appear in the uppermost quintile of incidence for each of 

the four diseases. However, incidence of rare lineage STEC O157:H7 in this region is remarkably 

low (Figure 4.1, Appendix Figure S5). Infections caused by these bacteria are generally milder 

(Table 4.1) and would be the type whose numbers would be exaggerated in the presence of 

heightened testing. Thus, it is unlikely that reporting bias is responsible for the observed results. 
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Supplemental Figures & Tables 

 

Figure S1. Histograms of results from 10,000 simulations of randomly selecting 

one isolate per PFGE-defined strain. Effect size and p-value were obtained from GEE 

logistic regression of HUS on lineage, adjusted for age (continuous) and sex. Effect sizes can be 

exponentiated to obtain ORs. The lineage IIa OR exceeded 1 (effect size 0) in 53% of 

simulations, and p<0.05 in 0.11%. The lineage IIb OR exceeded 1 in 97% of simulations, and 

p<0.05 in 25%. 

Abbreviations: GEE, generalized estimating equations; HUS, hemolytic uremic syndrome; OR, 

odds ratio; PFGE, pulsed field gel electrophoresis 
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Figure S2. Kernel-based estimation of spatial segregation by lineage, 2005-2007, n 

= 305, bandwidth = 1.0000. Overall spatial segregation p = 0.769. Darker hues indicate 

greater segregation. Contour lines marked 0.025 define areas in which the given lineage is 

statistically significantly segregated. Contour lines marked 0.975 define areas in which the given 

lineage is statistically significantly less likely to be found in proximity to itself than to other 

lineages. 
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Figure S3. Kernel-based estimation of spatial segregation by lineage, 2008-2010, n 

= 367, bandwidth = 0.7256. Overall spatial segregation p = 0.001. Darker hues 

indicate greater segregation. Contour lines marked 0.025 define areas in which the given lineage 

is statistically significantly segregated. Contour lines marked 0.975 define areas in which the 

given lineage is statistically significantly less likely to be found in proximity to itself than to 

other lineages. 
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Figure S4. Kernel-based estimation of spatial segregation by lineage, 2011-2014, n 

= 439, bandwidth = 0.9314. Overall spatial segregation p = 0.138. Darker hues indicate 

greater segregation. Contour lines marked 0.025 define areas in which the given lineage is 

statistically significantly segregated. Contour lines marked 0.975 define areas in which the given 

lineage is statistically significantly less likely to be found in proximity to itself than to other 

lineages. 
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Figure S5. Statistically significant clusters of variant phylogenetic lineage. 

Multinomial spatial scan statistics were used to identify clusters in which the distribution of 

lineages varied from that of the rest of the state. Clusters were restricted to a maximum of 20% 

of cases. Cluster 1: 203 cases; Ib relative risk (RR) = 0.66, IIa RR = 0.94, IIb RR = 2.59, Rare RR 

= 0.80; p = 0.001. Cluster 2: 185 cases; Ib RR = 1.37, IIa RR = 0.65, IIb RR = 0.29, Rare RR = 

1.88; p = 0.001. Cluster 3: 79 cases; Ib RR = 1.14, IIa RR = 1.70, IIb RR = 0.13, Rare RR = 0; p = 

0.006. 
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Figure S6. Statistically significant space-time clusters of variant phylogenetic 

lineage. Multinomial spatio-temporal scan statistics were used to identify clusters in which the 

distribution of lineages varied from that of the rest of the state during years outside the cluster. 

Clusters were restricted to a maximum of 20% of cases and 50% of the study window. Cluster 1: 

2009-2012; 76 cases; Ib relative risk (RR) = 0.28, IIa RR = 0.49, IIb RR = 4.45, Rare RR = 1.36; 

p = 0.001. Cluster 2: 2005-2009; 107 cases; Ib RR = 1.61, IIa RR = 0.22, IIb RR = 0.19, Rare RR 

= 1.88; p = 0.001.  Cluster 3: 2009-2010; 46 cases; Ib RR = 0.65, IIa RR = 0.09, IIb RR = 3.63, 

Rare RR = 0.72; p = 0.002. 
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Figure S7. Incidence rate quintiles by county of reported STEC O157, 

Campylobacter, Shigella, and Salmonella, 2005-2014. These four pathogens are 

routinely tested for simultaneously, and uniformly high rates may suggest higher testing 

intensity in a county. 
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Table S1. Fatal Hospitalized STEC O157:H7 Cases, Washington, 2005-2014 
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1 ≥60 173 (28) 29.2 (28) normal 
0.90 (28) 
1.50 (34) 

Yes No No No No No No No 

2 ≥60 142 (8) 28.5 (8) ND 2.70 (8) ND No Yes Yes No No No Yes 

3 <5 12 (12) 25.4 (12) 
4+ 

schistocytes 
1.40 (12) Yes No Yes Yes Yes Yes Yes Yes 

4 <5 58 (8) 23.0 (8) 
1+ 

schistocytes 
1.96 (8) ND Yes Yes Yes Yes Yes Yes Yes 

5 ≥60 96 (7) 37.8 (7) normal 0.80 (7) Yes No No Yes No No No Yes 

Day refers to the day of illness after diarrhea onset. Values for multiple days are shown when relevant. 

Abbreviation: CSTE, Council for State and Territorial Epidemiologists; HUS, hemolytic uremic syndrome; ND, not documented 
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Table S2. Clinical Characteristics of Discrepant Hospitalized STEC O157:H7 Cases, Washington, 2005-2014 
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1 77 90 (24) 29.2 (24) ND 4.10 (24) ND No Yes No No No No No 

2 2 32 (10) 22.1 (10) ND 
0.80 
(10) 

ND No Yes No No No Yes Yes 

3 2 47 (11) 21.8 (11) 
1+ 

schistocytes 
0.64 (11) ND No Yes No No Yes Yes Yes 

4 ≥90 142 (8) 28.5 (8) ND 2.70 (8) ND No Yes Yes No No No Yes 

5 6 37 (6) 29.2 (6) ND 2.00 (6) ND Yes Yes Yes No No Yes Yes 

6 3 19 (7) 24.5 (7) 
3+ 

schistocytes 
0.80 (7) Yes No Yes Yes No No Yes Yes 

7 85 109 (11) 29.0 (11) 
1+ 

schistocytes 
1.42 (11) Yes No Yes Yes No No Yes Yes 

8 6 22 (9) 24.0 (9) ND 1.30 (9) ND No Yes Yes No -- Yes Yes 

9 7 43 (9) 21.9 (9) ND 1.80 (9) ND No Yes Yes No -- Yes Yes 

10 3 49 (5) 26.9 (5) ND 3.70 (5) Yes Yes Yes Yes No Yes Yes Yes 

11 10 74 (6) 29.9 (6) ND 2.40 (6) Yes Yes Yes Yes No Yes Yes Yes 

12 12 35 (10) 29.1 (10) ND 1.00 (10) Yes No Yes Yes No Yes Yes Yes 

13 2 14 (10) 24.8 (10) ND 3.70 (10) ND Yes Yes Yes No Yes Yes Yes 



103 
 

14 1 112 (8) 29.2 (8) normal 1.70 (8) Yes No Yes Yes No Yes Yes Yes 

15 8 37 (14) 28.9 (14) normal 1.70 (14) No Yes Yes Yes No Yes Yes Yes 

16 6 35 (7) 20.9 (7) 
4+ 

schistocytes 
0.80 (7) Yes No Yes Yes No Yes Yes Yes 

17 2 39 (8) 24.1 (8) 
3+ 

schistocytes 
0.80 (8) Yes No Yes Yes No Yes Yes Yes 

18 1 140 (4) 23.6 (4) 
3+ 

schistocytes 
0.90 (4) Yes Yes Yes Yes No Yes Yes Yes 

19 1 41 (5) 26.1 (5) 
3+ 

schistocytes 
0.71 (5) Yes No Yes Yes No Yes Yes Yes 

20 2 65 (7) 26.6 (7) 
1+ 

schistocytes 
0.70 (7) Yes No Yes Yes No Yes Yes Yes 

21 2 46 (12) 19.1 (12) 
RBC 

fragments 
1.40 (12) Yes No Yes Yes Yes No Yes Yes 

22 9 23 (5) 26.9 (5) 
1+ 

schistocytes 
3.80 (5) Yes Yes Yes Yes Yes No Yes Yes 

23 8 41 (9) 29.8 (9) 
2+ 

schistocytes 
1.20 (9) Yes No Yes Yes Yes No Yes Yes 

24 28 69 (10) 28.4 (10) 
1+ 

schistocytes 
1.40 (10) 
1.60 (11) 

Yes No Yes Yes Yes No Yes Yes 

25 12 37 (10) 26.2 (10) 
few 

schistocytes 
1.00 (10) Yes No No Yes Yes Yes Yes Yes 

26 6 
11 (6) 

39 (11) 
19.4 (11) 
23.7 (14) 

2+ 
schistocytes 

1.10 (6) 
0.63 (11) 

ND No No Yes Yes Yes Yes Yes 

27 12 84 (11) 21.8 (11) ND 0.86 (11) Yes No No Yes No Yes Yes Yes 

28 4 26 (8) 20.2 (8) 
3+ 

schistocytes 
0.50 (8) Yes No No Yes No Yes Yes Yes 

29 2 83 (5) 30.0 (5) 
RBC 

fragments 
0.60 (5) Yes No No Yes No Yes Yes Yes 
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30 2 33 (9) 19.9 (9) 
1+ 

schistocytes 
0.40 (9) Yes No No Yes No Yes Yes Yes 

31 9 29 (7) 28.2 (7) 
RBC 

fragments 
0.50 (7) Yes No No Yes No Yes Yes Yes 

32 6 54 (10) 26.3 (10) 
RBC 

fragments 
0.60 
(10) 

Yes No No Yes No Yes Yes Yes 

33 1 109 (12) 25.5 (12) 
1+ 

schistocytes 
0.34 (12) Yes No No Yes No Yes Yes Yes 

34 4 78 (9) 24.4 (9) 
1+ 

schistocytes 
0.52 (9) Yes No No Yes No Yes Yes Yes 

35 57 43 (9) 26.6 (9) 
1+ 

schistocytes 
1.10 (8) Yes No No Yes No Yes Yes Yes 

36 15 73 (12) 29.5 (12) 
1+ 

schistocytes 
1.10 (11) Yes No No Yes No No Yes Yes 

37 22 51 (11) 38.0 (11) 
RBC 

fragments 
1.30 (11) Yes No No Yes No No Yes Yes 

38 2 66 (9) 22.4 (11) 
RBC 

fragments 
0.40 (8) Yes No No Yes No No No Yes 

39 5 41 (8) 25.8 (8) 
1+ 

schistocytes 
0.50 (8) Yes No No Yes No No No Yes 

40 7 192 (10) 27.0 (10) normal 
0.40 
(10) 

Yes No No Yes No No No Yes 

41 29 233 (2) 37.4 (2) normal 0.70 (2) Yes No No Yes No No No Yes 

42 6 352 (5) 33.8 (5) normal 0.40 (5) Yes No No Yes No No No Yes 

43 8 137 (8) 32.4 (8) normal 0.60 (8) Yes No No Yes No No No Yes 

44 18 
208 (3) 
133 (9) 

34.6 (3) normal 0.80 (3) Yes No No Yes No No No Yes 

45 11 219 (4) 34.5 (4) normal 0.40 (4) Yes No No Yes No No No Yes 

46 6 111 (8) 30.4 (8) normal 0.60 (8) Yes No No Yes No No No Yes 
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47 10 253 (6) 32.1 (6) ND 0.40 (6) Yes No No Yes No No No Yes 

48 8 237 (5) 34.2 (5) ND 0.50 (5) Yes No No Yes No No No Yes 

49 69 164 (3) 30.4 (3) ND 0.80 (3) Yes No No Yes No No No Yes 

50 38 208 (6) 32.4 (6) normal 0.60 (6) Yes No No Yes No No No Yes 

51 59 221 (7) 31.2 (7) ND 0.77 (7) Yes No No Yes No No No Yes 

52 19 217 (2) 35.7 (2) ND 0.50 (2) Yes No No Yes No No No Yes 

53 69 176 (5) 33.5 (5) ND 0.90 (5) Yes No No Yes No No No Yes 

54 36 192 (5) 30.7 (5) normal 5.50 (5) No No No Yes No No No Yes 

55 54 259 (8) 32.0 (8) 
rare 

schistocytes 
0.90 (8) Yes No No Yes No No No Yes 

56 73 216 (6) 31.9 (6) ND 0.60 (6) Yes No No Yes No No No Yes 

57 8 240 (7) 28.8 (7) normal 0.40 (7) Yes No No Yes No No No Yes 

58 70 205 (4) 32.8 (4) ND 1.60 (4) No No No Yes No No No Yes 

59 69 103 (9) 29.6 (9) normal 0.50 (9) Yes No No Yes No No No Yes 

60 9 230 (5) 34.7 (5) normal 0.40 (5) Yes No No Yes No No No Yes 

61 73 187 (7) 29.0 (7) normal 0.40 (7) Yes No No Yes No No No Yes 

62 69 162 (5) 33.9 (5) ND 1.00 (5) Yes No No Yes No No No Yes 

63 34 191 (8) 29.7 (8) normal 0.60 (8) Yes No No Yes No No No Yes 

64 16 210 (3) 33.3 (3) normal 0.70 (3) Yes No No Yes No No No Yes 

65 20 108 (8) 33.5 (8) normal 0.90 (8) Yes No No Yes No No No Yes 

66 62 96 (7) 37.8 (7) normal 0.80 (7) Yes No No Yes No No No Yes 

67 18 226 (5) 40.4 (5) normal 0.60 (5) Yes No No Yes No No No Yes 

68 49 179 (5) 30.7 (5) ND 0.90 (5) Yes No No Yes No No No Yes 

69 8 248 (6) 33.2 (6) ND 0.50 (6) Yes No No Yes No No No Yes 

70 49 242 (4) 28.9 (4) ND 0.70 (4) Yes No No Yes No No No Yes 
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71 18 279 (5) 35.0 (7) ND 0.90 (7) Yes - No Yes No No No Yes 

72 66 162 (6) 37.1 (6) normal 1.60 (4) Yes No No Yes No No No Yes 

73 30 185 (7) 28.2 (7) ND 0.60 (7) Yes - No Yes No No No Yes 

74 21 139 (6) 35.5 (6) normal 0.70 (6) Yes - No Yes No No No Yes 

75 47 216 (6) 33.4 (8) normal 0.90 (5) Yes - No Yes No No No Yes 

76 ≥90 201 (5) 33.1 (5) normal 1.60 (3) Yes - No Yes No No No Yes 

77 15 242 (6) 35.3 (5) ND 0.52 (4) Yes - No Yes No No No Yes 

78 63 180 (9) 32.0 (9) normal 3.60 (9) Yes No No Yes No No No Yes 

79 60 182 (4) 32.6 (4) normal 0.70 (4) Yes No No Yes No No No Yes 

80 84 201 (7) 32.0 (7) ND 1.30 (7) Yes No No Yes No No No Yes 

81 48 212 (7) 33.5 (7) ND 0.60 (6) Yes No No Yes No No No Yes 

82 75 356 (6) 30.6 (6) ND 0.60 (4) Yes No No Yes No No No Yes 

83 81 184 (5) 31.3 (5) ND 0.80 (5) Yes No No Yes No No No Yes 

84 18 195 (7) 34.6 (7) ND 0.70 (7) Yes No No Yes No No No Yes 

85 2 184 (5) 31.2 (5) ND 0.20 (5) Yes No No Yes No No No Yes 

86 20 147 (4) 32.1 (4) ND 0.50 (4) Yes No No Yes No No No Yes 

87 65 216 (3) 31.5 (3) ND 0.70 (3) Yes No No Yes No No No Yes 

88 79 179 (6) 39.7 (6) normal 2.10 (6) ND No No Yes No No No Yes 

89 59 354 (8) 29.5 (8) ND 0.80 (8) Yes No No Yes No No No Yes 

90 68 276 (17) 34.8 (17) ND 2.10 (15) Yes No No Yes No No No Yes 

91 3 
320 
(10) 

33.4 (10) ND 
0.30 
(10) 

Yes No No Yes No No No Yes 

92 18 182 (5) 33.6 (5) ND 0.72 (5) Yes No No Yes No No No Yes 

93 41 142 (7) 31.0 (7) ND 6.20 (5) ND Yes No Yes No No No Yes 

94 58 148 (4) 35.0 (5) ND 0.80 (5) Yes No No Yes No No No Yes 
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95 71 188 (8) 33.0 (8) normal 1.50 (8) Yes No No Yes No No No Yes 

96 64 
246 
(15) 

30.0 (15) ND 
0.80 
(15) 

Yes No No Yes No No No Yes 

97 65 275 (6) 30.0 (6) ND 0.60 (6) Yes No No Yes No No No Yes 

98 66 221 (6) 35.2 (6) ND 1.30 (4) Yes No No Yes No No No Yes 

99 <1 52 (21) 17.2 (21) 
1+ 

schistocytes 
0.20 
(21) 

Yes No No Yes No -- No Yes 

100 12 142 (10) 31.6 (10) normal 
0.60 
(10) 

Yes No No Yes No - No Yes 

101 71 265 (6) 31.6 (6) normal 0.50 (6) Yes No No Yes No - No Yes 

102 66 
370 
(10) 

35.9 (10) ND 
10.30 
(10) 

ND Yes No Yes No - No Yes 

103 14 97 (10) 32.4 (10) normal 
0.90 
(10) 

Yes No No Yes No Yes Yes Yes 

104 63 76 (8) 31.9 (8) normal 1.20 (7) Yes No No Yes No Yes Yes Yes 

105 2 439 (7) 30.3 (7) 
rare 

schistocytes 
0.20 (7) Yes -- No Yes No Yes -- No 

106 5 21 (8) 19.2 (9) 
1+ 

schistocytes 
0.70 (8) ND No No No No Yes Yes Yes 

107 2 47 (8) 25.8 (8) 
rare 

schistocytes 
0.58 (8) ND No No No No Yes Yes Yes 

108 17 175 (5) 35.4 (5) normal 0.70 (5) ND No No No No Yes No No 

109 36 187 (2) 33.5 (4) ND ND ND -- No No No Yes -- No 

110 8 
242 

(unk) 
40.9 
(unk) 

ND ND No -- No No No Yes -- No 

111 1 46 (6) 25.4 (6) 
2+ 

schistocytes 
0.60 (6) 
0.80 (8) 

ND No No No No No Yes Yes 
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112 2 64 (10) 28.9 (10) 
1+ 

schistocytes 
0.60 
(10) 

No No No No No No Yes Yes 

Day refers to the day of illness after diarrhea onset. Dashes indicate that HUS or dialysis status was not reported on the case report 

form or in the hospital chart. Values for multiple days are shown when the source of discordance is criteria met on different days. 

Abbreviation: CSTE, Council for State and Territorial Epidemiologists; HUS, hemolytic uremic syndrome; ND, not documented; 

RBC, red blood cells; unk, unknown
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Table S3. Distribution of Clinical Variables by Modified HUS Definitions 

Variable Stringent Clinical Definition CSTE 
Definition 

Hematology-
focused 

Confirmed 
Definition 

Modified 
criteria 

Age-specific 
serum creatinine 

from Harriet 
Lane Handbook 

(49) 

Criteria do not 
need to be met 

on the same day 

Platelet count 
>150,000 mm-3 

required 

Microangiopathic 
changes not 

required 

Number of 
HUS cases 

75 78 102 69 

Incidence 
per 100,000 

    

<18 
years-old 

0.40 0.42 0.51 0.37 

All ages 0.11 0.12 0.15 0.10 

Bloody 
diarrhea (%) 

73 (99%) 76 (99%) 100 (99%) 68 (100%) 

Missing 1 1 1 1 

Vomiting 
(%) 

65 (90%) 67 (89%) 80 (82%) 59 (88%) 

Missing 3 3 4 2 

Days 
hospitalized, 
median 
(IQR) 

13 (9.5, 19.5) 13 (10, 19) 11 (6, 16) 13 (9, 21) 

Missing 0 0 1 0 

Urine 
output 

    

Anuria 
(%) 

29 (45%) 29 (43%) 30 (34%) 29 (47%) 

<1.0 
ml/kg/hr 
(%) 

55 (85%) 55 (82%) 65 (75%) 52 (84%) 

Missing 10 11 15 7 

Received 
dialysis (%) 

39 (53%) 39 (51%) 40 (40%) 39 (57%) 

Missing 1 1 2 1 
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Each column describes data for only those patients considered to have HUS according to the 

stated definition. 

Abbreviation: HUS, hemolytic uremic syndrome; SD, standard deviation 
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Table S4. Sensitivity and Specificity of Probable HUS Definitions, Using the 

Stringent Clinical Definition as Comparator 

 Modified CSTE 
Definition 

Modified 
Hematology-

focused 
Confirmed 
Definition 

All cases (n) 429 429 

Sensitivity 
(95% CI) 

96% 
(89%, 99%) 

87% 
(77%, 94%) 

Specificity 
(95% CI) 

92% 
(88%, 94%) 

99% 
(98%, 100%) 

Abbreviation: CSTE, Council for State and Territorial Epidemiologists; HUS, hemolytic uremic 

syndrome 
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Table S5. Modification by Age of stx2a Genotype Mediation of Lineage-HUS 

Association  

 Age 2 
Estimate (95% CI) 

Age 40 
Estimate (95% CI) 

Difference 
(95% CI) 

Lineage IIa    

Total effect 0.14 (-0.16, 0.60) -0.083 (-0.18, 0.13)  

ACME 0.18 (-0.076, 0.46) 0.093 (-0.042, 0.31) 0.13 (-0.13, 0.42) 

ADE -0.048 (-0.40, 0.49) -0.18 (-0.42, 0.041) 0.085 (-0.17, 0.58) 

Proportion 
mediated 

0.53 (-14.4, 13.6) -0.68 (-4.37, 2.31)  

Lineage IIb    

Total effect 0.10 (-0.036, 0.25) -0.005 (-0.12, 0.14)  

ACME 0.18 (-0.076, 0.40) 0.13 (-0.10, 0.38) 0.093 (-0.17, 0.33) 

ADE -0.073 (-0.32, 0.23) -0.14 (-0.41, 0.14) 0.017 (-0.27, 0.31) 

Proportion 
mediated 

1.48 (-11.8, 16.0) -0.39 (-35.9, 32.4)  

Modification of mediation of the lineage-HUS association by the stx2a genotype was tested at 

age 2 and age 40. Each mediation analysis was conducted for lineages IIa and IIb separately vs. 

lineage Ib. Genotype is compared against all non-IIa- and -IIb-dominant genotypes: no stx, stx1, 

stx1-stx2a, stx1-stx2c, stx1-stx2a-stx2c, and stx2c. Under the assumption of no interaction, the 

ACME, ADE, and proportion mediated shown are the average of the estimates for Ib and the 

lineage being analyzed. Mediation analyses were conducted using Imai et al.’s parametric 

estimation algorithm (85) with 10,000 simulations and robust standard errors. Tests of 

differences were conducted using 10,000 simulations of mediation models at age 2 vs. 40 by the 

mediation package in R (86). 

Abbreviations: ACME, average causal mediated effect; ADE, average direct effect; CI, confidence 

interval; HUS, hemolytic uremic syndrome; stx, Shiga toxin gene 
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Table S6. Multinomial Generalized Additive Model Sensitivity Analysis 

Model Latitude/Longitude p-value AIC 

Bivariate thin plate regression spline model 
for latitude/longitude, age and sex 
covariates* 

IIa: 0.127 
IIb: <0.001 
Rare: 0.692 

1337 

Intercept only N/A 1396 

Univariate thin plate regression spline 
models for latitude and longitude 

IIa latitude: 0.022 
IIa longitude: 0.967 
IIb latitude: <0.001 

IIb longitude: <0.001 
Rare latitude: 0.399 

Rare longitude: 0.734 

1338 

Bivariate thin plate regression spline model 
for latitude/longitude 

IIa: 0.071 
IIb: <0.001 
Rare: 0.688 

1340 

Bivariate thin plate regression spline model 
for latitude/longitude, age and sex 
covariates, basis dimension doubled 

IIa: 0.127 
IIb: <0.001 
Rare: 0.691 

1336 

Cubic regression spline models for latitude 
and longitude, age and sex covariates 

IIa latitude: 0.042 
IIa longitude: 0.845 
IIb latitude: <0.001 

IIb longitude: <0.001 
Rare latitude: 0.425 

Rare longitude: 0.646 

1336 

Bivariate tensor product spline model for 
latitude/longitude, age and sex covariates 

IIa: 0.077 
IIb: <0.001 
Rare: 0.860 

1338 

Bivariate thin plate regression spline model 
for latitude/longitude, age and sex 
covariates, using lineage IIa as the 
comparator instead of Ib 

Ib: 0.127 
IIb: <0.001 
Rare: 0.189 

1969 

Bivariate thin plate regression spline model 
for latitude/longitude; age, sex, and year 
covariates 

IIa: 0.104 
IIb: <0.001 
Rare: 0.739 

1273 

Thin plate regression spline models for 
latitude/longitude (bivariate) and year 
(univariate), age and sex covariates 

IIa: 0.116 
IIb: <0.001 
Rare: 0.730 

1237 

Trivariate thin plate regression spline model 
for latitude/longitude/year, age and sex 
covariates 

IIa latitude/longitude/year: <0.001 
IIb latitude/longitude/year: <0.001 
Rare latitude/longitude/year: 0.475 

1174 

*Primary model 
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Table S7. Dixon Nearest-neighbor Contingency Table Analysis of Spatial 

Segregation 

Lineage df χ-square p-value 

Overall 12 96.19 <0.001 

Ib 3 8.02 0.046 

IIa 3 15.08 0.002 

IIb 3 75.61 <0.001 

Rare 3 4.04 0.257 

Abbreviation: df, degrees of freedom 
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Table S8. Pairwise Segregation of Lineages Using Dixon’s Nearest-neighbor 

Contingency Table Method 

From To Observed Count Expected Count S Z-score p-value 

Ib Ib 343 308.84 0.10 2.61 0.009 

Ib IIa 115 137.26 -0.10 -2.19 0.028 

Ib IIb 92 105.06 -0.07 -1.44 0.150 

Ib Rare 36 34.84 0.02 0.21 0.832 

IIa Ib 122 137.26 -0.10 -1.80 0.072 

IIa IIa 90 60.67 0.24 3.61 <0.001 

IIa IIb 40 46.61 -0.08 -1.08 0.280 

IIa Rare 8 15.46 -0.30 -2.00 0.046 

IIb Ib 80 105.06 -0.22 -3.42 <0.001 

IIb IIa 24 46.61 -0.35 -3.80 <0.001 

IIb IIb 91 35.50 0.59 8.50 <0.001 

IIb Rare 4 11.83 -0.49 -2.39 0.017 

Rare Ib 43 34.84 0.22 1.98 0.047 

Rare IIa 11 15.46 -0.18 -1.30 0.195 

Rare IIb 9 11.83 -0.14 -0.91 0.362 

Rare Rare 3 3.86 -0.12 -0.36 0.717 
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Table S9. Association of Known Risk Factors with Phylogenetic Lineage 

Variable Statewide 
Frequency 

Statewide 
OR (95% CI) 

Southwest Region 
(n = 234) 

OR (95% CI) 

Northwest Region 
(n = 289) 

OR (95% CI) 

South-Central 
Region 

(n = 109) 
OR (95% CI) 

Hispanic ethnicity (vs. non-Hispanic)  

Lineage Ib 46/372 Ref Ref Ref Ref 

Lineage IIa 32/197 1.13 (0.67, 1.91) 0.3 (0.03, 2.86) 2.79 (0.66, 11.83) 0.87 (0.33, 2.25) 

Lineage IIb 19/152 1.13 (0.61, 2.11) 0.99 (0.3, 3.33) 3.24 (0.62, 16.86) 0.73 (0.12, 4.37) 

Rare 
lineage 

6/42 1.21 (0.46, 3.15) 8.15 (0.89, 75.06) 1.98 (0.18, 21.31) 0 (0, Inf)† 

American Indian (vs. white race)‡  

Lineage Ib 5/377 Ref Ref Ref Ref 

Lineage IIa 7/196 3.82 (1.13, 12.95)§ - - - 

Lineage IIb 0/148 0 (0, Inf)† - - - 

Rare 
lineage 

0/40 0 (0, Inf)† - - - 

Asian race (vs. white race)‡  

Lineage Ib 24/377 Ref Ref Ref Ref 

Lineage IIa 7/196 0.53 (0.22, 1.28) - - - 

Lineage IIb 19/148 2.03 (1.02, 4.01)§ - - - 

Rare 
lineage 

2/40 0.72 (0.16, 3.22) - - - 

Black race (vs. white race)‡  

Lineage Ib 12/377 Ref Ref Ref Ref 

Lineage IIa 5/196 0.81 (0.27, 2.43) - - - 

Lineage IIb 5/148 1.02 (0.34, 3.06) - - - 
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Rare 
lineage 

0/40 0 (0, Inf)† - - - 

Other/multiple race (vs. white race)‡  

Lineage Ib 16/377 Ref Ref Ref Ref 

Lineage IIa 9/196 0.94 (0.39, 2.23) - - - 

Lineage IIb 11/148 1.59 (0.69, 3.68) - - - 

Rare 
lineage 

1/40 0.55 (0.07, 4.32) - - - 

Contact with a lab-confirmed case  

Lineage Ib 59/531 Ref Ref Ref Ref 

Lineage IIa 39/228 1.34 (0.84, 2.15) 0.88 (0.3, 2.6) 1.48 (0.63, 3.49) 0.99 (0.25, 3.96) 

Lineage IIb 43/176 1.96 (1.21, 3.16)¶ 2.7 (1.15, 6.31)§ 2.03 (0.78, 5.25) 2.74 (0.44, 17.21) 

Rare 
lineage 

3/60 0.41 (0.12, 1.37) 0.42 (0.05, 3.82) 0.39 (0.05, 3.24) 0 (0, Inf)† 

Epidemiologic link to a confirmed or probable case  

Lineage Ib 74/522 Ref Ref Ref Ref 

Lineage IIa 41/221 1.25 (0.80, 1.96) 1.07 (0.37, 3.05) 0.97 (0.42, 2.25) 0.99 (0.24, 3.98) 

Lineage IIb 51/172 1.94 (1.24, 3.03)¶ 2.17 (0.94, 4.98) 1.41 (0.56, 3.55) 4.72 (0.85, 26.07) 

Rare 
lineage 

3/60 0.32 (0.10, 1.06) 0.33 (0.04, 2.95) 0.29 (0.04, 2.39) 0 (0, Inf)† 

Underlying illness  

Lineage Ib 66/530 Ref Ref Ref Ref 

Lineage IIa 27/233 1.20 (0.70, 2.06) 2.87 (0.86, 9.61) 0.83 (0.2, 3.37) 4.07 (0.5, 33.02) 

Lineage IIb 19/184 1.11 (0.61, 2.01) 1.17 (0.36, 3.77) 0.73 (0.15, 3.59) 6.07 (0.33, 111.66) 

Rare 
lineage 

2/62 0.19 (0.04, 0.85)§ 0.59 (0.06, 5.84) 0.42 (0.05, 3.73) 0 (0, Inf)† 

Contact with diapered or incontinent child or adult  
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Lineage Ib 122/545 Ref Ref Ref Ref 

Lineage IIa 65/231 1.10 (0.75, 1.61) 0.91 (0.37, 2.22) 0.94 (0.42, 2.1) 1.43 (0.54, 3.79) 

Lineage IIb 60/187 1.28 (0.86, 1.91) 1.57 (0.76, 3.26) 1.58 (0.67, 3.73) 0.82 (0.13, 5.17) 

Rare 
lineage 

8/62 0.53 (0.24, 1.16) 1.44 (0.36, 5.72) 0.19 (0.02, 1.52) 0.69 (0.06, 7.7) 

Attends childcare or preschool  

Lineage Ib 39/523 Ref Ref Ref Ref 

Lineage IIa 22/235 DNC 2.7 (0.68, 10.64) 1.7 (0.42, 6.86) 1.19 (0.21, 6.56) 

Lineage IIb 27/181 DNC 3.17 (1.03, 9.7)§ 2.16 (0.55, 8.57) 0 (0, Inf)† 

Rare 
lineage 

0/59 DNC 0 (0, Inf)† 0 (0, Inf)† 0 (0, Inf)† 

Employed as a health care worker  

Lineage Ib 17/525 Ref Ref Ref Ref 

Lineage IIa 8/232 DNC 3.06 (0.44, 21.55) 0.7 (0.06, 8.42) 0 (0, Inf)† 

Lineage IIb 7/182 DNC 0.71 (0.06, 8.23) 1.52 (0.15, 15.38) 2.41 (0.18, 33.1) 

Rare 
lineage 

1/62 DNC 0 (0, Inf)† 0 (0, Inf)† 0 (0, Inf)† 

Employed as a food worker  

Lineage Ib 18/539 Ref Ref Ref Ref 

Lineage IIa 12/244 1.64 (0.74, 3.59) 1.4 (0.1, 19.6) 1.58 (0.45, 5.56) 0 (0, Inf)† 

Lineage IIb 4/188 0.74 (0.24, 2.28) 1.61 (0.21, 12.62) 0.53 (0.06, 4.44) 0 (0, Inf)† 

Rare 
lineage 

2/60 0.99 (0.22, 4.41) 0 (0, Inf)† 1.11 (0.13, 9.77) 0 (0, Inf)† 

Works with animals or animal products  

Lineage Ib 24/524 Ref Ref Ref Ref 

Lineage IIa 5/196 0.46 (0.16, 1.27) 0 (0, Inf)† 0.31 (0.04, 2.57) 0.87 (0.12, 6.08) 
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Lineage IIb 5/163 0.84 (0.30, 2.40) 0.77 (0.11, 5.45) 0 (0, Inf)† 2.17 (0.19, 24.56) 

Rare 
lineage 

3/53 1.14 (0.33, 4.00) 2.87 (0.25, 33.45) 1.73 (0.32, 9.22) 0 (0, Inf)† 

Any contact with animals  

Lineage Ib 300/521 Ref Ref Ref Ref 

Lineage IIa 115/200 0.81 (0.57, 1.15) 0.84 (0.34, 2.09) 0.56 (0.26, 1.24) 0.48 (0.18, 1.3) 

Lineage IIb 90/167 0.78 (0.54, 1.14) 1.9 (0.89, 4.06) 0.48 (0.2, 1.15) 0.16 (0.03, 0.88)§ 

Rare 
lineage 

27/52 0.8 (0.44, 1.45) Inf (0, Inf)† 0.73 (0.24, 2.26) 0.3 (0.02, 3.63) 

Contact with cattle, cows, or calves  

Lineage Ib 63/471 Ref Ref Ref Ref 

Lineage IIa 30/188 1.06 (0.64, 1.78) 1.11 (0.32, 3.81) 0.68 (0.26, 1.78) 1.06 (0.36, 3.12) 

Lineage IIb 13/151 0.59 (0.3, 1.14) 1.04 (0.38, 2.84) 0.14 (0.02, 1.07) 0 (0, Inf)† 

Rare 
lineage 

7/49 1.19 (0.5, 2.81) 0.95 (0.1, 8.81) 0.92 (0.24, 3.54) 0 (0, Inf)† 

Case or household member lives or works on a farm or dairy  

Lineage Ib 67/526 Ref Ref Ref Ref 

Lineage IIa 24/191 0.86 (0.50, 1.46) 0.47 (0.09, 2.5) 0.96 (0.37, 2.44) 1.06 (0.36, 3.13) 

Lineage IIb 15/169 0.67 (0.35, 1.27) 1.62 (0.58, 4.48) 0 (0, Inf)† 0.33 (0.04, 2.95) 

Rare 
lineage 

7/53 1.08 (0.47, 2.52) 1.35 (0.14, 13) 0.99 (0.26, 3.82) 1.39 (0.11, 17.56) 

Visited a zoo, farm, fair, or pet shop  

Lineage Ib 99/526 Ref Ref Ref Ref 

Lineage IIa 49/200 1.31 (0.86, 2) 1.59 (0.61, 4.17) 0.93 (0.41, 2.12) 1 (0.28, 3.53) 

Lineage IIb 25/166 0.59 (0.35, 1)§ 0.88 (0.4, 1.94) 0.17 (0.04, 0.78)§ 0 (0, Inf)† 

Rare 
lineage 

11/53 1.11 (0.53, 2.33) 0.52 (0.06, 4.65) 0.6 (0.16, 2.32) 2.65 (0.2, 34.74) 
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Recreational water exposure  

Lineage Ib 130/548 Ref Ref Ref Ref 

Lineage IIa 57/229 0.96 (0.65, 1.41) 0.51 (0.18, 1.45) 0.53 (0.24, 1.17) 0.79 (0.25, 2.56) 

Lineage IIb 38/174 0.82 (0.53, 1.27) 0.38 (0.16, 0.93)§ 0.44 (0.16, 1.24) 6.39 (1.09, 37.47)§ 

Rare 
lineage 

12/60 0.79 (0.40, 1.57) 0.66 (0.13, 3.41) 0.77 (0.22, 2.73) 1.41 (0.12, 16.12) 

Drank untreated/unchlorinated water  

Lineage Ib 61/531 Ref Ref Ref Ref 

Lineage IIa 29/219 0.96 (0.58, 1.57) 4.49 (1.48, 13.57)¶ 0.89 (0.27, 2.87) 0.16 (0.04, 0.63)¶ 

Lineage IIb 26/169 1.27 (0.74, 2.16) 3.76 (1.38, 10.28)¶ 1.5 (0.44, 5.15) 0.27 (0.03, 2.38) 

Rare 
lineage 

7/53 1.14 (0.49, 2.66) 1.68 (0.29, 9.69) 2.14 (0.41, 11.07) 0 (0, Inf)† 

Well is source of drinking water  

Lineage Ib 136/559 Ref Ref Ref Ref 

Lineage IIa 59/236 0.91 (0.62, 1.32) 1.1 (0.47, 2.54) 1.1 (0.5, 2.41) 0.47 (0.19, 1.17) 

Lineage IIb 35/186 0.77 (0.48, 1.21) 1.06 (0.52, 2.12) 0.7 (0.24, 2) 0.08 (0.01, 0.72)§ 

Rare 
lineage 

14/62 0.87 (0.46, 1.65) 0.49 (0.11, 2.09) 1.13 (0.33, 3.84) 0.18 (0.02, 1.73) 

Consumed food from a restaurant  

Lineage Ib 384/505 Ref Ref Ref Ref 

Lineage IIa 166/216 1.22 (0.81, 1.83) 1.82 (0.69, 4.81) 0.93 (0.4, 2.17) 0.66 (0.25, 1.72) 

Lineage IIb 132/171 1.09 (0.7, 1.68) 1.09 (0.5, 2.39) 0.72 (0.29, 1.78) Inf (0, Inf)† 

Rare 
lineage 

43/54 1.23 (0.61, 2.49) 0.74 (0.19, 2.82) 0.82 (0.24, 2.79) 1.61 (0.15, 17.53) 

Consumed food from a group meal  

Lineage Ib 144/531 Ref Ref Ref Ref 
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Lineage IIa 65/227 1.1 (0.77, 1.59) 0.53 (0.19, 1.48) 1.56 (0.72, 3.39) 0.73 (0.28, 1.92) 

Lineage IIb 59/179 1.24 (0.84, 1.82) 1.18 (0.58, 2.4) 2.45 (1.06, 5.71)§ 0.27 (0.03, 2.52) 

Rare 
lineage 

17/58 1.16 (0.64, 2.13) 0.58 (0.12, 2.86) 3.1 (1.02, 9.4)§ 0.46 (0.04, 4.8) 

Handled raw meat  

Lineage Ib 122/542 Ref Ref Ref Ref 

Lineage IIa 43/226 0.86 (0.54, 1.38) 1.21 (0.4, 3.64) 0.75 (0.3, 1.88) 1.5 (0.37, 6.14) 

Lineage IIb 31/182 0.92 (0.55, 1.53) 1.41 (0.55, 3.61) 0.23 (0.05, 1.08) 0.51 (0.07, 3.9) 

Rare 
lineage 

15/62 1.09 (0.54, 2.17) 1.47 (0.33, 6.47) 0.62 (0.15, 2.49) 2.14 (0.17, 27.6) 

Consumed meat  

Lineage Ib 314/521 Ref Ref Ref Ref 

Lineage IIa 138/223 1.09 (0.77, 1.53) 1.09 (0.48, 2.47) 1.33 (0.59, 2.99) 1.45 (0.58, 3.62) 

Lineage IIb 106/175 1.07 (0.74, 1.55) 1.25 (0.64, 2.44) 1.83 (0.63, 5.37) 1.3 (0.28, 6.08) 

Rare 
lineage 

31/56 0.75 (0.43, 1.33) 0.59 (0.16, 2.13) 0.46 (0.15, 1.42) 0.77 (0.11, 5.23) 

Consumed ground beef  

Lineage Ib 331/539 Ref Ref Ref Ref 

Lineage IIa 132/229 0.85 (0.61, 1.18) 0.94 (0.39, 2.3) 0.88 (0.43, 1.8) 0.82 (0.32, 2.09) 

Lineage IIb 103/180 0.85 (0.59, 1.22) 0.87 (0.43, 1.76) 0.27 (0.11, 0.65)¶ 0.82 (0.18, 3.78) 

Rare 
lineage 

31/57 0.76 (0.44, 1.34) 1.52 (0.29, 8.01) 0.6 (0.22, 1.69) 0.31 (0.04, 2.14) 

Consumed intact beef  

Lineage Ib 283/462 Ref Ref Ref Ref 

Lineage IIa 116/185 1.07 (0.74, 1.56) 0.55 (0.2, 1.5) 0.87 (0.4, 1.89) 2.81 (0.85, 9.3) 

Lineage IIb 90/156 0.86 (0.58, 1.28) 0.96 (0.42, 2.17) 0.35 (0.14, 0.87)§ 1.36 (0.22, 8.52) 
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Rare 
lineage 

29/46 1.17 (0.61, 2.27) 2.77 (0.3, 25.43) 1.54 (0.43, 5.51) 0.31 (0.01, 7.79) 

Consumed venison or other wild game meat  

Lineage Ib 15/521 Ref Ref Ref Ref 

Lineage IIa 3/195 0.37 (0.08, 1.68) 0 (0, Inf)† 0 (0, Inf)† 0 (0, Inf)† 

Lineage IIb 10/169 1.97 (0.81, 4.79) 1.35 (0.4, 4.58) 1.22 (0.13, 11.12) 0 (0, Inf)† 

Rare 
lineage 

5/53 3.56 (1.23, 10.32)§ 1.56 (0.16, 14.98) 3.56 (0.58, 21.96) 34.96 (1.03, 1187.37)§ 

Consumed raw milk  

Lineage Ib 16/551 Ref Ref Ref Ref 

Lineage IIa 6/232 0.82 (0.3, 2.23) 4.04 (0.22, 75.92) 0.38 (0.04, 3.72) 0 (0, Inf)† 

Lineage IIb 18/183 2.46 (1.15, 5.28)§ 17.33 (2.05, 146.5)¶ 0 (0, Inf)† 24.32 (0.81, 726.95) 

Rare 
lineage 

1/60 0.63 (0.08, 4.88) 0 (0, Inf)† 0 (0, Inf)† 0 (0, Inf)† 

Consumed unpasteurized juice  

Lineage Ib 11/496 Ref Ref Ref Ref 

Lineage IIa 3/219 0.34 (0.09, 1.27) 0.8 (0.11, 6.04) 0 (0, Inf)† 0 (0, Inf)† 

Lineage IIb 7/163 1.53 (0.55, 4.29) 0.6 (0.09, 4.03) 7.08 (0.37, 137.1) 5.9 (0.35, 100.4) 

Rare 
lineage 

3/55 2.31 (0.61, 8.78) 2.39 (0.21, 27.47) 23.08 (1.52, 351.69)§ 0 (0, Inf)† 

Consumed raw fruits or vegetables  

Lineage Ib 435/514 Ref Ref Ref Ref 

Lineage IIa 184/205 1.81 (1.05, 3.11)§ 6.88 (0.84, 56.67) 2.55 (0.52, 12.41) 1.34 (0.43, 4.16) 

Lineage IIb 144/170 1.25 (0.74, 2.1) 1.51 (0.62, 3.64) 0.78 (0.23, 2.6) 1.97 (0.2, 19.15) 

Rare 
lineage 

43/48 1.5 (0.57, 4) Inf (0, Inf)† 2.11 (0.25, 17.82) 0.37 (0.02, 5.85) 

Consumed sprouts  
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Lineage Ib 22/537 Ref Ref Ref Ref 

Lineage IIa 12/231 1.45 (0.68, 3.11) 1.87 (0.23, 15.21) 2.98 (0.57, 15.62) Inf (0, Inf)† 

Lineage IIb 12/180 2 (0.94, 4.27) 1.11 (0.17, 7.45) 5.17 (1.04, 25.74)§ 0.5 (0, Inf) 

Rare 
lineage 

4/57 1.94 (0.64, 5.94) 0 (0, Inf)† 7.32 (1.11, 48.28)§ 0.24 (0, Inf) 

Consumed fresh herbs  

Lineage Ib 102/524 Ref Ref Ref Ref 

Lineage IIa 44/216 0.83 (0.54, 1.27) 0.95 (0.32, 2.79) 0.88 (0.37, 2.1) 0.19 (0.04, 0.77)§ 

Lineage IIb 35/178 1.01 (0.64, 1.6) 0.78 (0.29, 2.13) 1.51 (0.59, 3.85) 0.39 (0.04, 3.57) 

Rare 
lineage 

9/56 0.7 (0.32, 1.55) 0 (0, Inf)† 1.11 (0.29, 4.3) 0.39 (0.03, 4.47) 

Traveled outside the state, the country, or usual routine  

Lineage Ib 143/571 Ref Ref Ref Ref 

Lineage IIa 52/246 0.78 (0.53, 1.13) 0.45 (0.17, 1.19) 0.37 (0.14, 1) 1.09 (0.34, 3.54) 

Lineage IIb 54/197 1.08 (0.74, 1.59) 0.86 (0.44, 1.7) 1.71 (0.73, 4) 1.53 (0.26, 9.01) 

Rare 
lineage 

26/64 2.03 (1.17, 3.50)§ 0.66 (0.16, 2.65) 3.72 (1.27, 10.87)§ 7.45 (1.03, 54.07)§ 

All analyses are multinomial logistic regression, using lineage Ib as the reference group, adjusted for age, sex, and year. The statewide 

analysis was conducted using a generalized additive model to additionally adjust for latitude and longitude using a thin plate spline 

bivariate smooth. 

Abbreviations: CI, confidence interval; DNC, did not converge; Inf, infinity; OR, odds ratio; Ref, reference 



124 
 

†Odds ratios of 0 are reported where 0 cases of the lineage under analysis existed in the category. Odds ratios of infinity are reported 

where 0 cases of the reference lineage (Ib) existed in the category. Confidence intervals were not estimated for these ORs, indicated 

by (0, Inf). 

‡Analyses with a dash could not be performed or were considered unreliable because of sparse data in these categories. Not all 

models converged because of sparse data in some categories. 

§p < 0.05 

¶p < 0.01 


