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SUMMARY

Infection with Shiga toxin-producing Escherichia coli (STEC) by serotypes other than O157
(non-O157) have been increasingly reported in the United States. This increase in reporting is
primarily due to the improvements in diagnostic tests. We analysed 1497 STEC cases reported in
Michigan from 2001 to 2012. A significant increase in the number of non-O157 STEC cases was
observed over time, and similar incidence rates were observed for O157 and non-O157 STEC
cases in certain time periods. The odds of hospitalization was two times higher in O157 STEC
cases relative to non-O157 STEC cases when adjusted for age and gender, suggesting that O157
STEC causes more severe clinical outcomes in all age groups. The use of population-based
surveillance to better define trends and associations with disease severity are critical to enhance
our understanding of STEC infections and improve upon current prevention and control efforts.
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INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) re-
present subsets of E. coli strains that are capable of
producing one or more Shiga toxins. STEC infections,
mostly acquired from consuming contaminated food
or water, are associated with outbreaks and sporadic
cases of diarrhoea, haemorrhagic colitis (HC), and
haemolytic uraemic syndrome (HUS) [1, 2]. Among
individuals with HC, 3–20% of cases develop life-
threatening complications associated with HUS [3–5],
a leading cause of acute renal failure in young children
worldwide [3, 6, 7]. In the USA, STEC is a major

public health concern and contributes to an estimated
265 000 illnesses per year [8].

While STEC strains belonging to the O157 sero-
group are more common in outbreaks and patients
with severe clinical symptoms [9], infections caused
by non-O157 STEC have been increasingly reported
[9–12]. Indeed, it was recently estimated that 168 698
non-O157 infections and 96 534 O157 infections
occur each year [8]. In the years between 2000 and
2010, the Foodborne Diseases Active Surveillance
Network (FoodNet) noted an increase in the incidence
of non-O157 STEC from 0·12 to 0·95/100 000 [11].
In addition, six serogroups (O26, O103, O111, O121,
O45, O145) were reported to cause 83% of the 2006
non-O157 STEC infections identified; 65 additional
serogroups were associated with the remainder of
the non-O157 STEC infections detected during this
10-year period [11]. Although these additional
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serotypes contribute to the non-O157 STEC disease
burden, they are not monitored routinely [13] and
thus are more difficult to detect in both food products
and human clinical samples.

The increasing incidence of non-O157 STEC infec-
tions was suggested to be correlated with the wide-
spread use of more sensitive, culture-independent
detection methods that target the Shiga toxin [14].
Notably, the number of laboratories utilizing culture-
independent detection methods was not reported to be
correlated with O157 STEC infections. Unlike
non-O157 STEC, the incidence of O157 STEC has
decreased from 2·17/100 000 in 2000 to 0·95/100 000
in 2010 across the 10 FoodNet sites [11]. Significant
variation in disease frequencies, however, was observed
across sites for both O157 and non-O157 infections.
Little is known about those factors that contribute to
disease variation in different geographical locations,
particularly for non-O157 STEC.

Several previous studies have reported associations
between specific demographic characteristics and in-
fection with non-O157 STEC. For example, the 10
FoodNet sites identified a greater number of females
to be infected with both O157 and non-O157 STEC,
although the age distribution did not differ [11]. A
study of the New Mexico population, however,
detected a higher frequency of non-O157 STEC in
children aged <5 years [12]. These data suggest that
risk factors may also vary by geographical location.
Consequently, large-scale population-based surveil-
lance studies are important to identify factors asso-
ciated with STEC infections as well as markers for
more severe infections.

Through this study, we sought to examine the epi-
demiology of STEC cases reported in Michigan over a
12-year period. Trends associated with STEC cases
were examined per year, as were the demographic and
clinical data associated with each case. Because disease
prevention plans can be improved by understanding
which host characteristics are important for STEC
infections, it is imperative to monitor disease trends
over time, particularly in distinct geographical locations
that are not part of the FoodNet surveillance system.

METHODS

Data source and management

The STEC case information was retrieved from the
Michigan Disease Surveillance System (MDSS), a
web-based surveillance system maintained by the

Michigan Department of Health and Human
Services (MDHHS) formerly known as the Michigan
Department of Community Health. All STEC infec-
tions are reportable, and a STEC isolate, broth, and/
or stool sample are required to be submitted to the
MDHHS for isolation, confirmation and genotyping.
In MDSS, STEC cases were designated under the
reportable conditions ‘Escherichia coli O157:H7’,
‘Shiga toxin E. coli, unspecified’, ‘Shiga toxin E. coli,
non-O157’, and ‘Shiga toxin-producing E. coli
(STEC)’. Beginning in 2010, these terms were consoli-
dated into one category, ‘STEC’. The case inclusion
criteria included (1) ‘confirmed’ cases; (2) ‘completed’
investigations, and (3) report dates between 1 January
2001 and 31 December 2012. All protocols were
approved by the Institutional Review Boards at
Michigan State University (IRB no. 10–736SM) and
the MDHHS (842-PHALAB).

The distribution of serotypes and serogroups, which
included only the O-antigen type, was assessed.
Serotypes that were detected in eight or more cases
were examined for epidemiological associations. For
the serogroup analysis, the predominant groups were
collapsed into individual categories to increase the
sample size and identify associations by serogroup.
O157 infections, for instance, were collapsed into
one category and included O157:H7, O157:NM (non-
motile), and O157:H unknown cases. The O45:H un-
known and O45:H2 cases were collapsed into one O45
serogroup category and the O103:H11, O103:H2,
O103:H25, and O103:H unknown cases were classified
as O103. O26 strains included O26:H11, O26:NM,
and O26:H unknown, while O111 included O111:
H8, O111:NM, and O111:H unknown. The O145
and O121 serogroups included O145:NM, O145:H7
and O145:H unknown, and O121:H19, O121:H7,
O121:H9, and O121:H unknown, respectively. Cases
(n= 26) reporting co-infection with more than one
STEC serotype or another pathogen were omitted
from the analysis. Season was categorized based on
the report date, which was used to represent the date
of the infection, while some variables such as race,
ethnicity, travel and food history, and animal contacts
could not be examined due to a high frequency of
missing data.

Data analysis

The annual age-adjusted incidence rates (case/100 000
population) of STEC cases were computed based on
the population estimates of Michigan from the
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Bridged-Race Population Estimates 1990–2012 data-
set [15]. The standard population was based on the
USA 2000 standard population [16, 17]. χ2 tests were
performed to assess the distribution of Shiga toxin
gene profiles, serogroups and serotypes, and test the
association with other variables. Kruskal–Wallis one-
way analysis of variance (ANOVA) by ranks was
employed to test the differences of age medians across
serogroups. Statistical analyses were performed in
SAS v. 9.3 (SAS Institute, USA); P values <0·05
were considered significant.

Hospitalization was used as an indicator for a se-
vere clinical outcome associated with a STEC infec-
tion. The dependent variable was hospitalized STEC
cases, and variables included serogroup (O157,
non-O157), Shiga toxin genes (stx2 only, stx1 only,
both stx1 and stx2), age group (≤10, 11–59, ≥60
years), gender (female, male), diarrhoea (bloody, non-
bloody), and season. Univariate analysis was per-
formed initially and biologically plausible independent
variables with P < 0·25 were selected for inclusion in a
multivariate model using logistic regression. The vari-
able selection method followed the ‘purposeful selec-
tion’ steps described by Hosmer & Lemeshow [18]. A
variable was kept in the model when the P value
was <0·1 and removal of this variable caused the
values of other variables’ effect sizes to change
>10%. The model goodness-of-fit was assessed by
the Hosmer & Lemeshow test [18].

Geographical information system (GIS) mapping
was conducted using ArcGIS v. 10.2.2 (ESRI, USA).
The administrative shape files of Michigan were
obtained from the CDC (http://wwwn.cdc.gov/
epiinfo/html/shapefiles.htm), while the denominators
used for incidence rates calculation per 100 000 persons
were derived from annual population estimates
from the Michigan Department of Technology,
Management and Budget [19].

RESULTS

STEC serotype distribution and Shiga toxin (Stx) gene
profiles

From 2001 to 2012, a total of 1497 confirmed STEC
cases were reported in Michigan. Among these
cases, 138 (9·2%) were associated with 29 different
outbreaks and most (n = 108, 79·4%) of these
outbreak-associated cases were infected with O157
STEC. Serotyping data were available for 85·6%
(1282/1497) of all cases; 33 serogroups were reported

representing 51 different serotypes. Among these 1282
cases, STEC O157:H7 (n= 823, 64·2%) was found
in greatest frequency followed by O45:H2 (n= 88,
6·9%), O157:NM (n= 69, 5·4%), and O45:H unknown
(n = 58, 4·5%). Three O157 isolates had an unknown
H-type. Nine additional serotypes were reported
in five or more cases (range 6–39 cases), while the
remaining 38 serotypes were recovered from <0·3% of
all 1282 individuals. Serotype frequencies were also
examined in the 387 non-O157STECcases after exclud-
ing the 895O157 cases (Fig. 1). Twelve serotypes predo-
minated and were found in at least four (1%) non-O157
STEC cases, whereas the remaining 36 serotypes were
reported for only 1–3 cases.

Because the H-antigen type was missing in a high
frequency of cases (n= 139), we also examined fre-
quencies by serogroup. O157 was the most commonly
reported serogroup among all 1282 STEC cases (n=
895, 69·8%) with data available; 387 isolates were clas-
sified as non-O157 STEC representing 32 serogroups.
Overall, O45 was recovered from 11·4% (n= 146) of
cases followed by O103 (n = 71, 5·5%), O26 (n= 60,
4·7%), O111 (n= 33, 2·6%), O145 (n= 23, 1·8%),
and O121 (n= 11, 0·9%). The remaining 43
non-O157 STEC isolates comprised 26 additional
serogroups.

The Shiga toxin gene profiles were available for
84·2% (1260/1497) of the cases and most had both
stx1 and stx2 (n= 538, 42·7%) followed by stx1 only
(n = 378, 30·0%) and stx2 only (n= 344, 27·3%).
Although 237 cases with stx data lacked serogroup in-
formation, the overall frequency was similar after
omitting these cases from the stratified analysis.
Indeed, many of the cases with missing serogroup
data (n= 51, 39·8%) were reportedly infected with
STEC harbouring stx1 only, a profile more commonly
found among the non-O157 STEC cases in this study.
The 381 non-O157 STEC cases, for instance, were
significantly more likely to have stx1 alone (n = 315,
82·7%) relative to O157 STEC (P < 0·001). The
remaining 66 non-O157 STEC cases reported stx2
only (n= 42, 11·0%) or both stx1 and stx2 together
(n = 24, 6·3%). Serotypes O145:NM (n= 14, 33·3%),
O121:H19 (n= 8, 19·1%) and O145:H unknown (n =
6, 14·3%) predominated among the 42 cases with
stx2 only. By contrast, the O157 cases were signifi-
cantly more likely to report stx2 alone (n = 284,
35·9%) or in combination with stx1 (n= 496, 62·6%)
than the non-O157 STEC cases (P< 0·0001). Only
12 (1·5%) O157 STEC cases had stx1-positive
infections.
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Incidence rates and seasonal and geographical variation

Significant differences in the frequency of STEC infec-
tions were observed over time (Fig. 2). The greatest
number of STEC cases was reported in 2008 (n=
186) as well as 2012 (n= 189), while the lowest number
was reported in 2006 (n= 88). Overall, the age-
adjusted STEC incidence rate remained relatively con-
stant before 2007, ranging from 0·88/100 000 in 2006
to 1·32/100 000 in 2002. For O157 STEC, the age-
adjusted incidence rates ranged from 0·37/100 000 in
2010 to 1·23/100 000 in 2008 with the most recent rate
of 0·9/100 000 in 2012. A notable peak was observed

for all STEC cases (1·91/100 000) in 2008 as well as the
O157STECcases alone. This peakmay have been partly
attributable to a high frequency of outbreak-associated
O157 STEC cases (24·3%, 46/189) reported in 2008. A
high frequency of outbreak-associated cases (28·6%,
54/189) was also detected in 2012. Although no
non-O157 STEC cases were reported in 2001, there has
been an increasing trend in the incidence rate of
non-O157 STEC over time. Importantly, the rate (0·89/
100 000) of non-O157 STEC in 2012 was similar to the
rate of O157 STEC in the same year. A significant in-
crease in the number of non-O157 outbreaks was also
observed over time (Mantel–Haenszel χ2 P= 0·02). In

Fig. 1. Distribution of non-O157 Shiga toxin-producing E. coli (STEC) serotypes recovered from Michigan cases, 2001–
2012. Percentages are illustrated in order of decreasing frequency and represent the number of isolates with a given
serotype out of 387 cases infected with non-O157 STEC.

Fig. 2. Age-adjusted incidence rates of Shiga toxin-producing E. coli (STEC) cases in Michigan, 2001–2012. The incidence
of all STEC cases (grey line) is compared to all non-O157 (pink line) and O157 (blue line) STEC over time.
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2010 and 2012, 12/12 (100%) and 15/54 (27·8%)
outbreak-associated cases were caused by non-O157
STEC, respectively. All 12 of the outbreak-associated
non-O157 cases reported in 2010 were infected with
O145:NM, whereas the 2012 outbreaks were attribut-
able to multiple serotypes including O45:H unknown
(n= 3), O26: H unknown (n= 10), and O145:H
unknown (n= 2).

In addition to the observed variation in frequencies
over time, the distribution of cases also varied by sea-
son and by serogroup (Fig. 3). Overall, most STEC
infections were reported in summer (n= 558, 37·3%)
and autumn (n = 497, 33·2%), and the frequencies
were significantly greater than those reported in winter
and spring (n= 442, 29·5%) (P < 0·0001). Among
O157 STEC cases from all years, a peak in the number
of cases (20·5%, 183/895) occurred in September. The
peak in non-O157 STEC cases (14·1%, 57/387) was
observed in August. Regardless of this peak, non-
O157 STEC infections were significantly more likely
to occur during the spring and winter months
(December–May) relative to STEC O157 [odds ratio
(OR) 2·0, 95% confidence interval (CI) 1·53–2·55,
P < 0·0001), which predominated in summer and au-
tumn (June–November). No differences in the fre-
quency of specific non-O157 serotypes or serogroups
were observed by season, although the stx profile
distribution varied. Specifically, stx2-positive STEC
isolates caused 74·1% of the 896 infections that
occurred in summer and autumn, whereas isolates

containing only stx1 were significantly more common
in winter and spring (40·1%) relative to summer and
autumn (25·9%).

With respect to geographical location, we also
observed a trend of increasing frequency of
non-O157 STEC cases from southern to northern
Michigan over time (Fig. 4). No trends were observed
for O157 STEC cases. Between 2001 and 2006,
non-O157 STEC infections had not been reported in
most of the counties located in northern Michigan.
However, between 2007 and 2008, several new nor-
thern Michigan counties including one located in the
Upper Peninsula, reported cases of non-O157 STEC
infection. At this time, the emergence of non-O157
STEC in the Upper Peninsula was attributable to
serogroups O103, O121 and O45. Non-O157 STEC
became widespread throughout the state of Michigan
in 2009 and 2010, and by 2012, only 13 counties
had failed to report a case.

Demographic characteristics and association with
clinical outcomes

Examination of the demographic data identified 790
(53·5%) female cases out of the total 1478 cases with
data available. Overall, the proportion of women
affected was significantly greater than the proportion
of men (P = 0·008). The gender distribution did
not vary across serotypes or serogroups (Table 1),
although women were slightly more likely to have

Fig. 3. Frequency of Shiga toxin-producing E. coli (STEC) cases by month of report in Michigan, 2001–2012.
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O157 vs. non-O157 infections (P= 0·09). The median
age for all STEC cases was 22 years (range 1 day to
102 years). The proportion of cases (62·8%) aged be-
tween 11 and 59 years was significantly greater than
any other age groups (P < 0·0001). A total of 290
(22·7%) cases were children aged <10 years, while
174 (14·4%) adults aged ≥60 years were also affected.
It is noteworthy that 71 cases were aged <2 years.
Most (n= 31, 55·4%) of these cases with serotyping
data available (n= 56) were infected with STEC
O157:H7, although serotypes O rough:H2 (n= 1),
O103:H2 (n = 4), O111:NM (n= 2), O118:H16 (n=
1), O157:NM (n = 4), O186:H11 (n = 1), O45:H2
(n = 3), O5:NM (n= 1), and O76:H19 (n= 1) were
also found. SerogroupsO26, O103, O157with unknown
H-types were identified in the remaining seven babies.
Only three cases aged <2 years were associated with
outbreaks.

Among all cases, the lowest median age was 17
years (range 0·92–66) for O111 STEC. The highest
median age was 30 years (range 0·33–85) among
cases infected with non-O157 STEC representing sero-
groups other than the six most common types.
Although the age medians did not differ significantly
across serogroups (P = 0·18), children aged <10
years were significantly more likely to have a STEC
O111 infection compared to all other non-O157 sero-
groups (OR 2·6, 95% CI 1·25–5·54, P= 0·009) as well
as O157 cases (OR 2·1, 95% CI 1·01–4·39, P = 0·03).
In the 13 children with O111 infections, serotype
O111:NM was detected most frequently (n= 7,
53·8%) followed by O111:H unknown (n= 5, 38·5%)
and O111:H8 (n= 1, 7·7%); none of these cases were
associated with an outbreak. By contrast, a signifi-
cantly greater proportion of cases with STEC O103
(P = 0·02), O145 (P = 0·007), O26 (P= 0·001), and

Fig. 4. County-level maps representing the two-year mean isolation rates of non-O157 STEC per 100 000 individuals. A
total of 602 non-O157 STEC cases were recovered in Michigan from (a) 2001–2006, (b) 2007 and 2008, (c) 2009 and 2010,
and (d ) 2011 and 2012.
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O157 (P < 0·001) infections were aged 11–59 years.
The 45 O103 isolates infecting these individuals were
further classified as serotypes O103:H2 (n= 24),
O103:H11 (n = 3), O103:H25 (n= 1) and O103:H
unknown (n = 17), while the 18 O145 isolates were
O145:NM (n= 15) and O145:H unknown (n= 3).

Clinical outcomes also varied across patients and
two of the cases with O157:H7 STEC infections died
within the time of the epidemiologic investigation.
The most common symptom was abdominal pain,
which was reported in 1069 (80·3%) cases, followed
by bloody diarrhoea (n= 956, 71·8%), and non-bloody
diarrhoea (n = 330, 24·8%); the denominator varied
for several symptom variables because of missing
data. A total of 590 of these cases reported both
bloody and non-bloody diarrhoea, while 46 (3·5%)
cases reported no history of diarrhoea. In addition,
456 (45·3%) cases were hospitalized for one to 41
days with a 5-day average duration.

Variation in clinical outcomes was observed
across serogroups (Table 2). HUS was reported in
26 (2·2%) of the 1334 cases with data available; 22
(84·6%) of these HUS cases were infected with O157
STEC (P < 0·0001). The proportion of cases reporting
bloody diarrhoea ranged from 38·5% for non-O157
STEC representing serogroups other than the six
most common types to 86·4% in O145 STEC cases
(P < 0·0001). Indeed, the O145 STEC cases were sig-
nificantly more likely to report bloody diarrhoea vs.
diarrhoea when compared to all other non-O157
STEC cases combined (OR 4·2, 95% CI 1·22–14·48,
Fisher’s exact P= 0·01). Fifteen of the 19 O145
cases reporting a history of bloody diarrhoea were
classified as serotype O145:NM and four were O145:
H unknown; most (n= 16, 84·2%) of the O145 isolates
were positive for stx2 only. A similar association with
bloody diarrhoea was observed for cases infected with
O45 STEC (OR 1·7, 95% CI 1·07–2·64, P = 0·02), al-
though 50 of these cases had stx1-positive O45:H2
infections and 38 had stx1-positive O45:NM infec-
tions. When comparing all non-O157 and O157
STEC cases, however, the number of O157 STEC
cases reporting bloody diarrhoea was significantly
greater (OR 2·9, 95% CI 2·16–3·77, P< 0·0001). In
addition, cases with non-O157 STEC representing
other serotypes were significantly less likely to cause
bloody diarrhoea (OR 0·3, 95% CI 0·17–0·68, P=
0·002) relative to cases with non-O157 STEC belong-
ing to the predominant six or unknown serogroups.

To identify predictors of more severe disease, as
indicated by hospitalization status, we examinedT
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1349 STEC cases with complete data available; 287
cases were excluded from the analysis due to missing
data for the outcome variable (hospitalization status)
and/or covariates. The greatest univariate effect sizes
were observed for STEC serogroup, stx profile, diar-
rhoea presentation and age (Table 3). Although the
proportion of cases who were hospitalized varied
across serogroups, with a range of 14·9% for O103

STEC to 51·1% for O157 STEC cases (P < 0·0001),
the odds of hospitalization was 1·9 times higher in
O157 STEC vs. non-O157 STEC cases. Hospitaliza-
tion frequency was also 1·5 and 3·3 times higher in
cases aged 11–59 and ≥60 years, respectively, com-
pared to cases aged <10 years. In addition,
stx2-positive STEC infections significantly enhanced
the odds of hospitalization relative to STEC with

Table 2. Clinical outcomes among cases infected with STEC serogroups in Michigan, 2001–2012

Serogroup

HUS
(N = 1334)
n (%)*

Any bloody diarrhoea
(N = 1332)
n (%)*

Non-bloody diarrhoea only
(N = 1332)
n (%)*

Hospitalization
(N= 1349)
n (%)*

O157 22 (2·6) 668 (82·2) 145 (17·8) 432 (51·1)
O45 0 (0·0) 94 (69·1) 42 (30·9) 60 (43·2)
O103 1 (1·5) 31 (50·0) 31 (50·0) 10 (14·9)
O26 0 (0·0) 34 (63·0) 20 (37·0) 13 (22·4)
O111 0 (0·0) 19 (63·3) 11 (36·7) 12 (40·0)
O145 0 (0·0) 19 (86·4) 3 (13·6) 7 (30·4)
O121 0 (0·0) 6 (60·0) 4 (40·0) 5 (45·5)
Others 1 (2·4) 15 (38·5) 24 (61·5) 12 (29·3)
Unknown 2 (1·5) 70 (58·3) 50 (41·7) 60 (44·4)
Total† 26 (2·2) 956 (71·8) 330 (24·8) 611 (45·3)

The denominator varied for each of the variable/serotype combinations due to missing data.
* Percentages represent the % of the total number of cases for each serogroup.
† Totals represent the total number and % of cases with each outcome including those cases missing serogroup data.

Table 3. Univariate analysis of characteristics associated with hospitalization in STEC cases in Michigan

Characteristic Number with characteristic Number (%) hospitalized OR (95% CI) P value*

STEC serogroup
O157 845 432 (51·1) 2·2 (1·70–2·84) <0·0001
Non-O157 369 119 (32·3) 1·0 –

Shiga toxin profile
stx1 358 117 (32·7) 1·0 –

stx2 331 163 (49·2) 2·0 (1·47–2·72) <0·0001
stx1, stx2 508 255 (50·2) 2·1 (1·57–2·75) <0·0001

Clinical symptoms
Diarrhoea only 328 87 (26·5) 1·0 –

Bloody diarrhoea 954 489 (51·3) 2·9 (2·21–3·84) <0·0001
Age group (years)

≤10 305 107 (35·1) 1·0 –

11–59 839 373 (44·5) 1·5 (1·13–1·94) 0·004
≥60 197 126 (64·0) 3·3 (2·26–4·77) <0·0001

Gender
Female 714 328 (45·9) 1·1 (0·86–1·32) 0·58
Male 617 274 (44·4) 1·0 –

Season
Winter and spring 395 180 (45·6) 1·0 0·90
Summer and autumn 954 431 (45·2) 1·0 (0·80–1·29) –

OR, Odds ratio; CI, confidence interval.
* Likelihood ratio χ2 test.
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other stx profiles in the univariate analysis as did the
bloody diarrhoea vs. non-bloody diarrhoea.

For the multivariate analysis, all covariates except
gender and season met the initial screening signifi-
cance level of P < 0·25 in the univariate analysis,
and were included in the final model (Table 4).
Gender was included to limit confounding effects
and the model fit was acceptable (P = 0·97). The stron-
gest association was observed for age as cases ≥60
years were 3·8 times more likely to be hospitalized
than cases aged <10 years while controlling for sero-
group and gender. A similar association was identified
for cases aged 11–59 years. In addition, individuals
infected with O157 STEC were twice as likely to be
hospitalized relative to non-O157 STEC cases, while
those presenting with bloody vs. non-bloody diar-
rhoea were three times more likely. Neither gender
nor stx profile were significantly associated with hospi-
talization in the multivariate analysis. When the
model was limited to 716 O157 STEC cases with com-
plete data, only individuals aged ≥60 years (OR 3·9,
95% CI 2·22–6·71, P< 0·0001) and with bloody diar-
rhoea (OR 3·3, 95% CI 2·10–5·05, P < 0·0001) were
significantly more likely to be hospitalized. Limiting
to the 342 non-O157 STEC cases resulted in signifi-
cant associations for patients aged 11–59 (OR 2·7,
95% CI 1·29–5·80, P= 0·009) and ≥60 (OR 5·3, 95%

CI 2·12–13·29, P = 0·0004) years, and bloody diar-
rhoea (OR 2·5, 95% CI 1·47–4·33, P= 0·0008).

DISCUSSION

An examination of STEC cases from Michigan
demonstrated significant variation in the age-adjusted
incidence rates over the 12-year time period. Overall,
there was an increasing trend in incidence, which
was attributable to an increase in non-O157 STEC.
Importantly, no difference in the 2012 age-adjusted in-
cidence rates was detected for non-O157 (0·89/100
000) and O157 STEC (0·9/100 000). These data dem-
onstrate that non-O157 STEC is equally as important
as O157 STEC in terms of causing enteric infections in
Michigan. Similar increases in non-O157 STEC were
reported in other studies [11, 20, 21], including the
most recent FoodNet report [13]. Specifically, the inci-
dence of non-O157 STEC increased significantly in
2014 relative to 2011–2013. On the other hand, the
O157 STEC incidence decreased by 32% in 2014 rela-
tive to the period between 2006 and 2008 [13]. A simi-
lar decrease in O157 STEC was not observed in
Michigan between 2001 and 2012, which may be
due in part to the high frequency of O157 outbreaks
within the last five years of the study. Among the
108 O157 outbreak-associated cases, 100 (93%) were
reported in 2008–2012; these 100 cases comprised
27% of the total number of O157 STEC cases (n=
367) during that 5-year period.

The increasing number of non-O157 STEC cases in
Michigan is likely linked to the adoption of improved
diagnostic tests, which is consistent with findings
from FoodNet [8, 11, 13]. Between 2001 and 2005,
Michigan clinical laboratories participated in a senti-
nel surveillance system to evaluate an enzyme im-
munoassay targeting the Stx [21]. An increased
number of non-O157 STEC were recovered as a result
of those efforts. Statewide recommendations were
then issued to evaluate all stool samples from acute,
community-acquired diarrhoea cases according to
CDC guidelines [22]. Consequently, the incidence of
non-O157 STEC infections increased steadily between
2006 and 2012, and cases were identified in regions that
were previously unaffected, particularly in the Upper
Peninsula. Indeed, a similar trend occurred for infections
caused by O157 STEC, which were considered a ‘rare
serotype’ in the original 1983 report [23] but is nowwide-
spread throughout Michigan (data not shown) and the
United States. For non-O157 STEC, it is difficult to de-
termine if the more remote locations were slower to

Table 4. Multivariate analysis of characteristics
associated with hospitalization in STEC cases from
Michigan

Characteristic Adjusted OR (95% CI) P value*

STEC serogroup
Non-O157 1·0 –

O157 2·1 (1·22–3·56) 0·009
stx profile

stx1 only 1·0 –

stx2 only 1·1 (0·61–1·89) 0·82
stx1, stx2 1·0 (0·53–1·71) 0·87

Symptoms
Diarrhoea only 1·0 –

Bloody diarrhoea 3·0 (2·15–4·24) <0·0001
Age group (years)

≤10 1·0 –

11–59 1·5 (1·06–2·00) 0·02
≥60 3·8 (2·42–6·03) <0·0001

Gender
Male 1·0 –

Female 1·2 (0·94–1·59) 0·13

OR, Odds ratio; CI, confidence interval.
† Wald χ2 test.
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adopt new laboratory practices, which could contribute
to the geographic distribution of cases observed. Other
factors that impact geographic variation could include
temperature and climate, pathogen density in the envir-
onment or reservoir hosts, herd immunity, and food
distribution and consumption practices. The higher
frequencies of stx1-positive infections in winter/spring
and stx2-positive infections in summer/autumn
suggest that the Stx-bacteriophage distribution also
varies and may impact disease frequencies. Indeed,
it is possible that solar radiation, temperature or
other phage-inactivating factors present in the warmer
months [24] may have a greater impact on the reser-
voir Stx1 phage population, although additional stud-
ies are needed to address this hypothesis. Now that the
majority of clinical laboratories in Michigan follow
the new CDC recommendations [14], future studies
will also be needed to determine whether non-O157
STEC incidence continues to increase and exceed
O157 STEC frequencies.

Among all of the non-O157 serogroups, O45 (11%)
predominated in Michigan followed by O103 (6%),
O26 (5%), O111 (3%), O145 (2%), and O121 (1%). In
the FoodNet sites, serogroup O26 (26%) was most
common followed by O103 (22%), O111 (19%), O121
(6%), O45 (5%), and O145 (4%) [11]. Significantly
more O45 STEC were recovered from Michigan rela-
tive to the FoodNet sites (P< 0·0001), while signifi-
cantly fewer O26 (P < 0·0001) and O111 (P < 0·0001)
STEC were identified in Michigan. Differences in the
serogroup distribution were also observed relative
to Minnesota [25], another Midwestern location (P <
0·0001). Such differences in serogroup distributions
may indicate a differential risk of exposures across
sites or variation in the circulation of epidemic strains.
Indeed, several previous studies have observed differ-
ent epidemiologic associations with some STEC ser-
ogroups. The O111, O103 and O26 serogroups, for
instance, were more commonly found among cases
with a history of international travel [11, 12, 25, 26].
These associations clearly highlight the need to better
understand serogroup-specific risk factors in different
geographic locations. Although identifying risk factors
for specific serotypes is also important, these efforts
have been dampened in recent years because fewer la-
boratories are characterizing and reporting the
H-antigen associated with each STEC isolate.

In the present study, we also found that patient
demographics (age and gender) were similar between
O157 STEC and non-O157 STEC cases, which is con-
sistent with FoodNet data [11]. One exception was

reported in New Mexico as non-O157 STEC infec-
tions were more common in children aged <5 years
[12]. When specific serogroups were examined separ-
ately, additional differences were noted. Cases aged
<10 years, for example, were more frequently infected
with O111 STEC relative to all other non-O157 STEC
serogroups and O157. The median age for the
non-O157 STEC serogroups identified in Michigan
(range 17–27 years) was also higher than the
FoodNet cases (range 9–15 years) for all serogroups
except O45 and O121 [11]. Although it is difficult to
identify factors that contributed to these differences,
it is likely that the number and source of outbreaks
play a role as well as the molecular characteristics of
the pathogens in circulation and age-associated
behaviours.

Consistent with findings from Minnesota [25],
Connecticut [25], and all FoodNet sites combined
[11], we also observed an increased likelihood of hos-
pitalization among cases infected with O157 vs.
non-O157 STEC. Similarly, a German study reported
a higher risk of hospitalization in O157 STEC cases
compared to non-O157 STEC cases, except for
patients infected with STEC O104:H4 [27]. In fact,
the Stx-producing O104:H4 German outbreak strain
resulted in the highest frequency of both HUS and
death recorded for a single outbreak [28], and high-
lights the importance of pathogen characteristics.
Using logistic regression, we observed that children
aged <5 years were less likely to be hospitalized com-
pared to individuals aged 11–59 years and ≥60 years.
This finding is similar to findings from the previous
Michigan study [21] and in Germany [27] and suggests
that other factors (e.g. immune status and behaviours)
associated with age may impact disease severity and
risk of hospitalization. It is important to note that
various age-specific risk factors have previously been
identified to be important for STEC infections. Forex-
ample, one study identified hamburger consumption to
be associated with disease in children aged <12 years,
while contactwith ruminantswasassociatedwithdisease
in children aged <3 years [29]. Additional studies, how-
ever, are needed to determine whether age-associated
severity of disease, as measured by hospitalization
status in this study, is related to differential exposures
or variation in host susceptibility.

STEC infections represent a significant public health
concern. In Michigan, the number of non-O157 STEC
cases has increased over time and has recently surpassed
the number of O157 STEC cases. Despite this high
frequency, the actual number of cases likely represents
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an underestimate of the incidence. For O157 STEC,
for instance, the degree of under-reporting was esti-
mated to be 20-fold [30]. A previous study also
observed an association between non-O157 STEC
and milder clinical symptoms [25], which may contrib-
ute to under-reporting as well given that sick indivi-
duals are less likely to seek medical attention [31].
Nonetheless, as detection methods and public health
practices improve, the continuous review of
population-based surveillance data is essential for
monitoring disease trends over time and in different
geographical locations. Studies that aim to character-
ize the STEC population in an effort to link pathogen
characteristics with clinical outcomes are also critical
to identify additional risk factors and markers for
more severe infections.
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