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Listeria monocytogenes, a bacterial foodborne patho-
gen, can cause meningitis, bacteremia, and complications
during pregnancy. This report summarizes listeriosis out-
breaks reported to the Foodborne Disease Outbreak Sur-
veillance System of the Centers for Disease Control and
Prevention during 1998—-2008. The study period includes
the advent of PulseNet (a national molecular subtyping
network for outbreak detection) in 1998 and the Listeria

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: http://dx.doi.org/10.3201/eid1901.120393

Initiative (enhanced surveillance for outbreak investigation)
in 2004. Twenty-four confirmed listeriosis outbreaks were
reported during 1998-2008, resulting in 359 ilinesses, 215
hospitalizations, and 38 deaths. Outbreaks earlier in the
study period were generally larger and longer. Serotype
4b caused the largest number of outbreaks and outbreak-
associated cases. Ready-to-eat meats caused more early
outbreaks, and novel vehicles (i.e., sprouts, taco/nacho
salad) were associated with outbreaks later in the study
period. These changes may reflect the effect of PulseNet
and the Listeria Initiative and regulatory initiatives de-
signed to prevent contamination in ready-to-eat meat and
poultry products.
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SYNOPSIS

Listeria monocytogenes 1s transmitted predominantly
through contaminated food (7). Listeriosis includes a
spectrum of clinical illnesses ranging from febrile gastro-
enteritis to potentially fatal bacteremia and meningitis in
groups at higher risk for invasive disease, including older
adults and persons with certain medical conditions (2,3).
Although pregnant women infected with L. monocytogenes
typically experience a mild influenza-like illness or an as-
ymptomatic infection, pregnancy-associated listeriosis can
result in fetal loss, preterm delivery, invasive neonatal in-
fection, and infant death.

The Centers for Disease Control and Prevention
(CDC) estimates that 1,662 invasive infections with L.
monocytogenes occur annually in the United States, caus-
ing 1,520 hospitalizations and 266 related deaths (4). Pop-
ulation-based surveillance demonstrated a 24% decrease
in the crude incidence of laboratory-confirmed listeriosis
from 0.41 to 0.31 cases per 100,000 population during
1996-2003 (5). Since 2003, the incidence of listeriosis has
remained stable, with rates ranging from 0.25 to 0.32 cases
per 100,000 population during 2004-2009. The 6-year av-
erage rates of hospitalization and death were 0.26 hospital
admissions and 0.05 deaths or fetal losses per 100,000, re-
spectively (6). Millions of US dollars in health care expen-
ditures and quality-adjusted life years are lost to invasive
listeriosis annually (7).

Foodborne transmission of listeriosis was first recog-
nized conclusively after an outbreak in Canada in 1981 that
was associated with consumption of contaminated coleslaw
(). In the United States, the first recognized foodborne
listeriosis outbreak occurred in 1983 and was associated
with pasteurized milk (8). During 1983—-1998, outbreaks of
foodborne listeriosis associated with Mexican-style cheese
(9) and shrimp (/0) were subsequently documented; a sin-
gle case was also attributed to turkey frankfurters (717).

PulseNet, the national molecular subtyping network
for enteric bacterial disease surveillance, was established in
1998 (www.cdc.gov/pulsenet). L. monocytogenes isolates
from patients are sent to state public health laboratories
for standardized pulsed-field gel electrophoresis (PFGE);
the PFGE patterns are then uploaded to a central database
(PulseNet) for national comparisons (/2). When >2 L.
monocytogenes isolates with indistinguishable PFGE pat-
tern combinations are uploaded within a 120-day period,
this cluster is evaluated. An investigation is initiated if the
upload rate for this pattern combination is greater than the
historical background or if other epidemiologic indicators
suggest a common source.

Invasive listeriosis has been a nationally notifiable
disease in the United States since 2001. Although most
listeriosis cases are sporadic (i.e., not associated with a
recognized cluster of illness), the detection of a listeriosis
outbreak is a critical opportunity to prevent additional ill-

ness and death by removing a contaminated vehicle from
the food supply. In addition, outbreak investigations often
provide information about transmission of L. monocyto-
genes that can be used to improve food safety (/3). How-
ever, epidemiologic investigations of listeriosis clusters are
challenging because they are typically detected as a small
number of geographically dispersed case-patients (some of
whom may have died), and the incubation period can be
lengthy, making patients’ recall of food exposures difficult
(14).

Following a 2003 Council of State and Territorial Epi-
demiologists position statement, the Listeria Initiative was
launched in 2004 to address these concerns (www.cdc.gov/
listeria/surveillance.html). The Listeria Initiative encour-
ages state and local health department officials to routinely
interview all patients with culture-confirmed listeriosis as
soon as they are reported by using a standardized, extended
questionnaire to collect food histories. Concurrently, clini-
cal isolates are submitted to public health laboratories for
PFGE subtyping and submission to PulseNet, and PFGE
results are linked to epidemiologic information in the Lis-
teria Initiative database. When a cluster is identified in
PulseNet, Listeria Initiative data related to that cluster can
be reviewed quickly to identify common food exposures.
The Listeria Initiative also facilitates case—case studies by
comparing exposures reported by cluster-associated cases
with information from listeriosis cases that are not associ-
ated with the cluster. The effectiveness of the case—case ap-
proach has been illustrated repeatedly, for example, during
the investigation of large, multistate outbreaks associated
with delicatessen turkey meat and cantaloupe (15,16).

This report summarizes single-state and multistate
listeriosis outbreaks reported to CDC during 1998-2008.
We describe characteristics of the outbreaks and affected
patients to summarize outbreak trends, L. monocytogenes
serotype distribution, and implicated foods.

Outbreak Identification and Characterization

To identify all listeriosis outbreaks reported during
1998-2008 in the United States, we reviewed data from the
CDC Foodborne Disease Outbreak Surveillance System
(FDOSS). FDOSS is a national surveillance system through
which state, local, tribal, and territorial health departments
voluntarily submit to CDC reports of outbreaks by us-
ing a standardized form (CDC form 52.13) (/7). In 1998,
FDOSS surveillance activities were enhanced through the
use of an electronic data collection form and other activities
to increase reporting. For each outbreak, FDOSS captures
information on etiology, food vehicle, outbreak size, dura-
tion, geographic location, setting, and selected outcomes
(i.e., number of illnesses, hospitalizations, and deaths). Ag-
gregated age group and sex data are also reported. A listeri-
osis outbreak was defined as >2 listeriosis cases linked to a

2 Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 19, No. 1, January 2013



common source by a public health investigation. A listerio-
sis outbreak was considered confirmed if the same serotype
of L. monocytogenes was isolated from >2 patients exposed
to either epidemiologically implicated food or food from
which the same serotype was isolated. Outbreaks were con-
sidered to be multistate if exposure to the implicated food
occurred in >1 state.

Hospitalization (number of hospitalized cases/total
cases) and case-fatality rates (CFRs) (number of deaths/to-
tal cases) were calculated for the study period. When >50%
of demographic data were missing, remaining data were
not analyzed. Outbreak duration was calculated as the num-
ber of days between the dates of illness onset of the first
and the last reported cases. To define early (1998-2003)
and late (2004-2008) study periods, 2004 was selected as
a cutoff point because it coincides with the launch of the
Listeria Initiative. Serotyping of outbreak-associated L.
monocytogenes isolates was performed by CDC (18). Se-
rotype information was matched to each outbreak reported
in FDOSS. In addition, we conducted a systematic litera-
ture review of published reports of listeriosis outbreaks
by using 5 electronic databases (PubMed, Embase, Web
of Science, Toxnet, and CAB Direct) and medical subject
headings “Listeria monocytogenes,” “Listeria infections,”
“listeriosis,” “disease outbreaks,” and “foodborne diseas-
es.” When discrepancies were identified between published
reports and FDOSS, the published data were used.

Outbreaks and Associated Food Vehicles

During 1998-2008, a total of 26 listeriosis outbreaks
were reported to FDOSS; 24 were confirmed (Figure 1;
Table 1). Eight (33%) of these outbreaks were described
in the published literature (/4,15,19-24). The 24 confirmed
outbreaks resulted in 359 illnesses, 215 hospitalizations,
and 38 deaths. The 11-year hospitalization rate was 60%,
and the CFR was 11% (Table 2). Among 16 outbreaks with
available data, the median duration was 42 days (range
1-389 days). Seven (29%) multistate outbreaks were re-
ported, and 33 states reported cases in multistate outbreaks
(Figure 2). Nine states reported single-state outbreaks. New
York reported more listeriosis outbreaks than any other
state (n = 6).

Information on the age distribution of ill persons was
available for 17 (71%) of the 24 outbreaks. These 17 out-
breaks included 238 patients (66% of all illnesses associ-
ated with the 24 outbreaks), including 10 (4%) infants, 120
(50%) persons 1-49 years of age, and 108 (45%) >50 years
of age. Information on sex was available for 19 (79%) of
the 24 outbreaks. Among 296 patients with sex reported,
160 (54%) were female (Table 2).

Although most of the outbreaks occurred in communi-
ty settings (i.e., foods consumed in private homes, commer-
cial establishments, or both), 2 outbreaks were attributed to

Listeriosis Outbreaks, United States, 1998—2008

6 - r 120
s \ — I 100
9 4 — L 80

o &

S 3 — 60

© o

$ 2+—\ AN — 40 &
1 a ..
J - — 0

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

Figure 1. Reported listeriosis outbreaks by single-state or
multistate status and total number of outbreak-associated cases,
Foodborne Disease Outbreak Surveillance System, United States,
1998-2008 (n = 24 outbreaks). White bar sections indicate single-
state and multistate outbreaks, gray bar sections indicate multistate
outbreaks, and black line indicates total ill.

foods prepared and served in hospitals. A food vehicle was
implicated in 20 (83%) of the 24 confirmed listeriosis out-
breaks (Table 2). Six (25%) outbreaks were attributed to
delicatessen (deli) meats. Three (13%) outbreaks, includ-
ing the largest outbreak (n = 108 cases) during the study
period, were associated with frankfurters. Mexican-style
cheese (queso fresco or queso blanco) was implicated in 4
(17%) outbreaks. Three outbreaks involved Mexican-style
cheese made from unpasteurized milk, and 1 outbreak was
associated with cheese made from pasteurized milk (24).
Outbreaks caused by Mexican-style cheese primarily af-
fected women (84%); most (73%) patients were 1-49 years
of age.

Two outbreaks involved other dairy products, includ-
ing cheese made from pasteurized sheep’s milk and fla-
vored, pasteurized milk. Environmental investigations con-
ducted during these 2 dairy-associated outbreaks (20,24)
found that milk had been adequately pasteurized. Thus,
postpasteurization contamination was believed to be the
contributing factor for both outbreaks. Other implicated
food vehicles included taco/nacho salad, tuna salad, and
sprouts.

L. monocytogenes serotype information was avail-
able for 20 (83%) of the 24 confirmed listeriosis outbreaks
(Table 3). Serotype 4b caused the largest number of out-
breaks (n = 10) and outbreak-associated cases (n = 218).
Serotype 4b was also associated with the highest hospital-
ization rate (70%) and the highest CFR (13%). Serotype
1/2a was responsible for 8 (40%) outbreaks and 119 (33%)
cases. Serotype 1/2b was least common, causing 2 (10%)
outbreaks that resulted in 5 (1%) outbreak-associated cases
and no deaths (Table 3).

In the early study period (1998-2003), 13 listeriosis
outbreaks (4 multistate and 9 single-state) were reported,

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 19, No. 1, January 2013 3



SYNOPSIS

Table 1. Reported listeriosis outbreaks (n = 24) by year, Foodborne Disease Outbreak Surveillance System, United States, 1998—

2008*
Listeria
Study period, Total no. No. No. monocytogenes
yeart Multistate  Duration, d casest hospitalizations  deaths serotype Food vehicle (reference)
Early
1998 Yes 389 108 101 14 4b Frankfurters (719)
No NA 4 NA NA NA Frankfurters
1999 No NA 6 NA NA NA Unknown
No NA 4 NA NA 1/2a Frankfurters
No NA 5 5 1 NA Deli meat
Yes NA 1" NA NA 1/2a Paté
No NA 2 2 1 NA Deli meat
2000 No 122 13 13 0 4b Mexican-style cheese (22)
Yes 151 30 29 4 1/2a Deli meat (74)
2001 No 3 28 0 0 1/2a Deli meat (27)
2002 Yes 100 54 NA 8 4b Deli meat (715)
2003 No NA 3 NA NA 4b Unknown
No NA 12 12 1 4b Mexican-style cheese
Late
2005 No 32 6 6 0 4b Unknown
No 7 3 3 0 1/2b Grilled chicken
Yes 37 13 13 1 1/2a Deli meat
No 36 12 12 0 4b Mexican-style cheese
2006 No 7 2 1 1 4b Unknown
No 2 2 0 0 1/2b Taco or nacho salad
No 1 3 2 1 4b Cheese
2007 No 163 5 5 3 4b Milk (20)
2008 No 47 5 5 3 1/2a Tuna salad (23)
Yes 351 20 2 0 1/2a Sprouts
Yes 150 8 4 0 1/2a Mexican-style cheese (24)

*NA, no data available.
tNo listeriosis cases were reported in 2004.
tIncludes laboratory-confirmed and epidemiologically linked cases.

and in the late study period (2004-2008) 11 (3 multistate
and 8 single-state) were reported (Figure 1). Information
on outbreak duration was available for 5 (38%) of 13 early
study period outbreaks and for all late study period out-
breaks. Among outbreaks with information available, those
reported in the early study period were generally larger
than those in the late study period (median 11 cases [range
2-108 cases] vs. 5 cases [range 2-20 cases]) and longer
(122 days vs. 36 days). Among the 11 outbreaks with a
food vehicle reported in the early study period, 5 were as-
sociated with deli meats and 3 with frankfurters. Novel
food vehicles (sprouts and taco/nacho salad) were reported
only in the late study period.

Conclusions

Changes in characteristics of outbreaks reported to
CDC during 1998-2008 highlight the successes and contin-
ued challenges of listeriosis prevention. During the study
period, an average of 2.2 confirmed outbreaks per year
were reported. In contrast, an average of 0.25 outbreaks per
year was reported during the 20 years before the study pe-
riod (i.e., the pre-PulseNet era) (Figure 3). We theorize that
this 9-fold increase in the number of listeriosis outbreaks
reported is predominantly attributed to enhanced detection
through PulseNet. Furthermore, outbreaks in the late study
period were generally shorter and smaller than those re-
ported in the early study period. This finding suggests that

Table 2. Characteristics of 24 listeriosis outbreaks by implicated food categories, Foodborne Disease Outbreak Surveillance System,

United States, 1998-2008*

No. Total no. No. (%) No. deaths Age group, Y, no. (%)t No. (%)
Food category outbreaks casest hospitalized (CFR, %) <1 1-49 >50 femalet
Deli meats 6 132 49 (37) 15 (11) NA NA NA 40 (45)
Frankfurters 3 116 101 (87) 14 (12) 0 52 (46) 60 (54) 57 (49)
Other meats 2 14 3(21) 0 NA NA NA 2 (67)
Mexican-style cheese 4 45 41 (91) 1(2) 8 (18) 32 (73) 4 (9) 37 (84)
Other dairy products 2 8 7 (88) 4 (50) 1(13) 1(13) 6 (75) 4 (50)
Salad/other 3 27 7 (26) 3(11) 0 7 (26) 20 (74) 16 (59)
Unknown 4 17 7 (41) 1(6) 0 1(13) 7 (88) 4 (50)
Overall 24 359 215 (60) 38 (11) 10 (4) 120 (50) 108 (45) 160 (54)

*CFR, case-fatality rate; NA, not available.
TIncludes laboratory-confirmed and epidemiologically linked cases.

FPercentages were calculated on the basis of available information on age distribution (17 outbreaks) and sex (19 outbreaks) for 238 and 296 patients,

respectively.
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the combined application of PulseNet and the Listeria Ini-
tiative was useful for timely outbreak detection and inves-
tigation (/4).

Participation in the Listeria Initiative, measured by
the number of states reporting >1 cases and the percent-
age of cases reported among all nationally notified cases,
has increased steadily from 2004 (no. states reporting = 10,
percentage of cases reported = 15%) to 2010 (no. states re-
porting = 42; percentage of cases reported = 71%) (CDC,
unpub. data). The Listeria Initiative has contributed to nu-
merous investigations of outbreaks, including those attrib-
uted to pasteurized milk, tuna salad served in a hospital,
Mexican-style cheese, and hog head cheese (a meat jelly
made from swine heads and feet) (20,23-2)5).

Changes in the size and duration of listeriosis out-
breaks occurred during a time when the national incidence
of invasive listeriosis decreased by 24% during 19962003
(9), and then reached a plateau during 2004-2009 (6). En-
hanced regulatory and industry efforts that stemmed from
outbreak investigations (/5) likely contributed in great part
to the observed decrease in invasive listeriosis cases dur-
ing this earlier time. Notably, 8 of 9 outbreaks associated
with frankfurters or deli meat occurred early in the study
period. The marked reduction in outbreaks associated with
ready-to-eat (RTE) meat and poultry mirrored a decrease in
the occurrence of L. monocytogenes contamination in RTE
meat and poultry, from 1.0% to 8.1% in the 1990s to 0.3%
in 2010 (26).

The reduction in L. monocytogenes—contaminated
RTE meat and poultry likely demonstrates the effect of
several federal regulatory initiatives. First, the US Depart-
ment of Agriculture Food Safety and Inspection Service
(USDA-FSIS) required in 1999 that hazard analysis and
critical control point systems be reassessed to ensure that
meat and poultry processing establishments in the United
States were adequately addressing risk for infection with
L. monocytogenes. Second, in 2003, USDA-FSIS is-
sued the Listeria Rule, which encourages establishments
to use combinations of postlethality treatments (i.c., after
the product has been cooked), such as inclusion of anti-
microbial drugs and bacterial growth inhibitors, to prevent
contamination (27). Most large producers of frankfurters
and fully cooked sliced meat and poultry products, such
as deli meat, use >1 such interventions (USDA-FSIS, un-

Listeriosis Outbreaks, United States, 1998—2008
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Figure 2. Distribution of single-state and multistate outbreaks of
listeriosis, 1998-2008, Foodborne Disease Outbreak Surveillance
System, United States, 1998-2008 (n = 24 outbreaks). Dark gray
indicates single-state and multistate outbreaks, and light gray
indicates multistate outbreaks. Values indicate total outbreaks in
each state. The grand total of outbreaks indicated in each state is
>24 because of multistate outbreaks.

pub. data); establishments that opt to forgo them are subject
to requirements for more frequent product and production
surface sampling (28). Third, USDA-FSIS implemented a
random sampling program in 2004 for L. monocytogenes in
production establishments; an additional risk-based, verifi-
cation sampling program with compliance incentives was
started in 2005 (29). Establishments where L. monocyto-
genes is detected undergo intensive sampling (intensified
verification testing) as part of an assessment of the abil-
ity of the establishment to manufacture products eligible
to bear the mark of inspection (30). Although an outbreak
of listeriosis associated with deli meat (hog head cheese)
occurred in 2010 (25), the processing establishment was
subject only to state, not federal, regulation because it did
not distribute its product outside the state.

In contrast, listeriosis outbreaks from dairy products
showed no decrease in frequency throughout the study pe-
riod. Unpasteurized (raw) milk poses a relatively high risk
for listeriosis on a per-serving basis. Mexican-style cheese
made from raw milk contributed to at least 1 dairy-associ-
ated listeriosis outbreak in the study period (22). Although
certain cheeses made from raw milk that are aged for >60

Table 3. Characteristics of 24 listeriosis outbreaks by Listeria monocytogenes serotype, Foodborne Disease Outbreak Surveillance

System, United States, 1998—2008*

Median duration, d No. No. (%) No. deaths
Serotype No. outbreaks  Total no. casest (range) cases/outbreak hospitalized (CFR, %)
4b 10 218 68 (1-389) 22 152 (70) 28 (13)
1/2a 8 119 99 (3-351) 15 53 (45) 8(7)
1/2b 2 5 5(2-7) 3 3 (60) 0
Unknown 4 17 NA 4 7 (41) 2 (12)
*NA, not available.
tIncludes laboratory-confirmed and epidemiologically linked cases.
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Figure 3. Incidence of all cases (per
million) and outbreaks of listeriosis,
1978-2008, United States. White
bar sections indicate single-state
outbreaks, gray bar sections indicate
multisite outbreaks, and black line
indicates incidence per million. Data
were obtained from the Foodborne
Diseases ActiveSurveillance Network
(FoodNet) and the Foodborne Disease
Outbreak Surveillance System. Data
are as of June 2010.
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days can be sold under Food and Drug Administration
regulations (21 CFR Section 133), outbreaks of bacterial,
enteric diseases associated with aged cheeses have oc-
curred (37), and microbiologic studies have demonstrated
the viability of bacterial pathogens in cheeses made from
raw milk that have aged >60 days (32). In addition to out-
breaks associated with cheese made from raw milk, liste-
riosis outbreaks from pasteurized dairy products (20) also
occurred during the study period. Although pasteurization
is known to adequately eliminate L. monocytogenes from
dairy products, postpasteurization contamination can occur
and was the likely source of contamination in at least 1 of
the listeriosis outbreaks (24) during the study period and at
least 4 additional listeriosis outbreaks associated with Mex-
ican-style cheese since the study period (33). To prevent
postpasteurization contamination, it is necessary to main-
tain strict separation of prepasteurized and postpasteurized
dairy products and strict sanitation in the postprocessing
environment.

The outbreaks associated with Mexican-style cheese
primarily affected women 1-49 years of age, which in-
cludes the reproductive years. FDOSS does not collect in-
formation on ethnicity or pregnancy status, but other sur-
veillance data indicate that pregnant Hispanic women have
disproportionately higher rates of listeriosis (6). Investiga-
tions of outbreaks associated with Mexican-style cheese
have informed recommendations for pregnant women to
avoid consumption of unpasteurized dairy products, in-
cluding Mexican-style cheeses.

The Food Safety Modernization Act provides the Food
and Drug Administration with greater authority to prevent
and control outbreaks of listeriosis and other foodborne in-
fections through mandatory prevention controls and safety
standards, more stringent tools for inspection and com-

pliance, and an enhanced ability to remove contaminated
foods from the food supply (e.g., mandatory recalls). How-
ever, dairy products imported from countries with different
regulatory controls, homemade products or products made
by unlicensed manufacturers, and products contaminated
after pasteurization continue to pose regulatory and en-
forcement challenges (22). Therefore, additional preven-
tion and education efforts are still needed to effectively
protect susceptible populations.

Several novel food vehicles, including sprouts and
taco/nacho salad, were implicated in listeriosis outbreaks
described in this review. Three additional novel vehicle
outbreaks have since been reported. In 2010, hog head
cheese was associated with 8 listeriosis cases in Louisiana
(25), and celery in a diced chicken salad was associated
with an outbreak of 10 cases among hospitalized patients in
Texas (34). Whole cantaloupe from a single farm was as-
sociated with a large, multistate outbreak (n = 147 cases) in
2011, and caused the most deaths (n = 33) from an outbreak
of foodborne illness in the United States in nearly 90 years
(16). Outbreaks that were linked to food vehicles with mul-
tiple ingredients are noteworthy because identifying a par-
ticular ingredient that is contaminated can be challenging
(e.g., celery in chicken salad, taco/nacho salad). Preventing
L. monocytogenes contamination of food is difficult; the
bacteria proliferate under acidic conditions, high salt con-
centrations, and low temperatures. We expect that future
outbreak investigations will continue to identify new food
vehicles that can transmit L. monocytogenes to humans and
identify new opportunities for consumer prevention educa-
tion, industry interventions to reduce contamination, and
regulatory control policies.

We found that serotype 4b caused more outbreaks,
more outbreak-associated cases, and resulted in higher rates
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of hospitalization and deaths than serotypes 1/2a and 1/2b.
Studies have shown that most isolates from food belong
to serogroup 1/2, but most epidemic listeriosis is caused
by serotype 4b (35,36). In addition, a study in Denmark
suggested that illness caused by serogroup 4 is associated
with a higher CFR than serogroup 1/2 (37). Recent research
on L. monocytogenes virulence mechanisms has shown that
certain mutations in the in/4 gene, which encodes for in-
ternalin (a membrane-anchored protein responsible for L.
monocytogenes invasion into nonprofessional phagocytes),
can attenuate virulence (38,39). These virulence-attenuat-
ing mutations are prevalent in serogroup 1/2 but have not
been observed in serotype 4b isolates (40). Further work is
needed to bridge our understanding of L. monocytogenes
virulence to epidemiologic trends in sporadic and outbreak-
associated listeriosis.

There is wide variation in outbreak reporting prac-
tices among FDOSS users. For example, New York re-
ported the largest number of listeriosis outbreaks during
the study period, but active, population-based surveil-
lance do not suggest that the incidence of invasive lis-
teriosis was higher in New York than in other states (J).
These findings may reflect variable population sizes and
composition and differences in resources for investigat-
ing and reporting outbreaks among states, but more in-
formation is needed to fully understand these differences.
Variation in the quality and completeness of FDOSS re-
ports can limit conclusions drawn from the data. For ex-
ample, demographic information was missing for nearly
30% of the outbreaks we analyzed. Because FDOSS uses
the same reporting form for all pathogens, variables of
specific interest for listeriosis, such as underlying medi-
cal conditions, ethnicity, age categories for older adults,
pregnancy status, and clinical outcomes, are not available
unless the reporting agency submits supplemental infor-
mation. For example, the fact that 2 outbreaks occurred in
hospital settings suggests that the medical fragility of the
outbreak populations was a major contributor to the out-
breaks. Although clinical information is not collected in
FDOSS, there is a recognized need to improve food safety
in hospitals (e.g., avoiding service of higher risk foods to
immunocompromised patients) (6,23).

Listeriosis outbreak investigations are crucial to pre-
vent additional illness, hospitalization, and death. They
also provide a unique source of information to improve our
understanding of L. monocytogenes infections and trans-
mission and to identify gaps in industry and regulatory
measures to safeguard against contamination of the food
supply. The changes we observed in characteristics of liste-
riosis outbreaks during 1998-2008 illustrate the contribu-
tions of PulseNet and the Listeria Initiative for outbreak
detection and investigation and subsequent effects of in-
dustry and regulatory efforts to prevent similar contamina-

Listeriosis Outbreaks, United States, 1998—2008

tion from reoccurring. In particular, we found that reports
of outbreaks caused by frankfurters and deli meats have be-
come less frequent. Also, outbreaks have generally become
smaller in size and shorter in duration.

Nevertheless, listeriosis outbreaks continue to cause
considerable illness and death and associated costs. For ex-
ample, the 2011 outbreak associated with whole cantaloupe
(16) demonstrated that large outbreaks can still occur and
that work remains to identify and prevent new sources of
contamination. Repeated occurrences of outbreaks caused
by dairy products, especially Mexican-style cheese, also
signal the need for additional work. Although invasive lis-
teriosis is rare (average annual incidence for 2004-2009
was 0.27 cases/100,000 population) (6), US subpopulations
at increased risk are growing in size, including adults >65
years of age and Hispanics (2010 Census estimates of 40.3
and 50.5 million, respectively). Therefore, a concerted ef-
fort from regulatory, industry, and public health authorities
will be required to reduce the overall incidence of listerio-
sis below the Healthy People 2020 goal of 0.2 cases per
100,000 population (www.healthypeople.gov).
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We conducted a retrospective, observational, popula-
tion-based study to investigate the effect of staphylococcal
infections on the hospitalization of children in California
during 1985-2009. Hospitalized children with staphylococ-
cal infections were identified through the California Office
of Statewide Health Planning and Development discharge
database. Infections were categorized as community on-
set, community onset health care—associated, or hospital
onset. Infection incidence was calculated relative to all

Author affiliation: Stanford University School of Medicine, Stanford,
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DOI: http://dx.doi.org/10.3201/eid1901.111740

children and to those hospitalized in acute-care facilities. A
total of 140,265 records were analyzed. Overall incidence
increased from 49/100,000 population in 1985 to a peak of
83/100,000 in 2006 and dropped to 73/100,000 in 2009.
Staphylococcal infections were associated with longer
hospital stays and higher risk for death relative to all-cause
hospitalizations of children. The number of methicillin-re-
sistant Staphylococcus aureus infections increased, and
the number of methicillin-susceptible S. aureus infections
remained unchanged. Children <3 years of age, Blacks,
and those without private insurance were at higher risk for
hospitalization.

'Current affiliation: Foodia, San Francisco, California, USA.
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he increasing prevalence of antimicrobial drug-re-

sistant staphylococcal infections is a threat to public
health in the United States. Methicillin-resistant Staphylo-
coccus aureus (MRSA) is now a frequent cause of skin,
soft tissue, and invasive S. aureus infections requiring hos-
pitalization in the United States (/-6).

The characteristics of staphylococcal infection in chil-
dren in particular communities have been described (7-9).
However, there are fewer population-based studies, and lit-
tle is known about changes in MRSA transmission among
children in California. We conducted a retrospective ob-
servational study to determine the incidence of and trends
in staphylococcal infection—associated hospitalizations
among children in California during 1985-2009.

Methods

Study Population

The California Office of Statewide Health Planning and
Development (OSHPD) maintains a hospital discharge da-
tabase that includes demographic and clinical information
on patients discharged from hospitals. In compliance with
the California Health Safety Code (Section 128735), non-
federal hospitals in the state report all patient discharges to
OSHPD. We extracted records from the OSHPD database
for children (persons <18 years of age) who were admitted
to and discharged from an acute-care facility during Janu-
ary 1, 1985-December 31, 2009, with a primary diagnosis
of staphylococcal infection or 1 of <24 other diagnoses. To
reduce multiple counting of the same event, we excluded
data for children transferred to another acute-care facility
within 2 days of admission. International Classification
of Diseases, Ninth Revision (ICD-9), Clinical Modifica-
tion or Diagnosis Related Group (DRG), codes were used
to extract medical records and to further classify extracted
records (online Technical Appendix Table 1, wwwnc.cdc.
gov/E1D/pdfs/11-1740-Techapp.pdf). Infections were cat-
egorized as community onset (CO), CO health care—associ-
ated (CO-HCA), or hospital onset (HO) (online Technical
Appendix Table 2). Information obtained included age, sex,
race, hospital length of stay (LOS), expected source of pay-
ment, diagnosis, and medical procedures. Age-related data
were analyzed by age group (Table 1). We refer to babies
hospitalized at <30 days of age as neonates, independent of
the age at which they received a diagnosis of staphylococ-
cal infection or were discharged. No attempt was made to
identify patients or access their medical records.

Race

Until 1994, race was specified in OSHPD data as
White, Black, Hispanic, Native American, Asian (includ-
ing Pacific Islanders), Other, or Unknown. Starting in
1995, Hispanic was removed from the options for race, and

Staphylococcal Infections in Children, California

an ethnicity field, including the following options, was in-
troduced: Hispanic, Non-Hispanic, and Unknown. Because
the ethnicity field was not available during the entire study
period, we combined race and ethnicity into 5 race catego-
ries: White, Black, Hispanic, Asian, and Other. The His-
panic category included all OSHPD data for patients with
race or ethnicity identified as Hispanic. Unlike the OSHPD
database, for which =5% of the records specify Other/
Unknown race, the US Census Bureau does not allow for
Other/Unknown race. Thus, when estimating incidence
rates by race, we did not include data for patients with race
identified as Other.

Social Status

The only OSHPD variable associated with socioeco-
nomic status was expected source of pay. Thus, data for
this variable were combined in a 2-level variable (private
insurance, yes/no) and used as a surrogate for social status.

Statistical Analysis

The incidence of staphylococcal infection was calcu-
lated relative to estimates of the population of children in
California (obtained from the California Department of Fi-
nance) and to the number of children admitted to California
acute-care facilities during 1985-2009, not including chil-
dren who were transferred to a different acute-care facility
within 2 days of admission or children admitted with codes
for nonpathological diagnoses, indicating normal new-
borns or deliveries. Admission years were considered from
January through December. Children hospitalized in 2009
and discharged in 2010 are not included in the database,
thus biasing downward the estimates of incidence of dis-
ease and mean LOS for 2009. To account for this bias, we
designed an extrapolation process (online Technical Ap-
pendix), which was used in determining all 2009 estimates.

We analyzed 4 primary outcomes: 1) risk for hospital-
ization with a staphylococcal infection; 2) risk that hospi-
talized children would be diagnosed with a staphylococcal
infection; 3) LOS; and 4) risk for death in children with a
diagnosis of staphylococcal infection. Risks were estimat-
ed separately for each independent variable and by multi-
variable logistic regression with the covariates sex; age at
admission; race; insurance status; year of admission; and,
in the case of death, LOS and complexity of the disease
(Tables 1, 2). For the population-based logistic regression,
a yes/no “hospitalized with staphylococcal infection” out-
come variable was artificially introduced. The value “yes”
was assigned by year and demographic attribute to the
number of children hospitalized for staphylococcal infec-
tion; the value “no” was assigned to the remaining children
(e.g., in 1985, a total of 449 White boys <1 year old were
assigned the value “yes,” and the other White boys <1 year
old were assigned the value “no”).
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Table 1. Incidence of children hospitalized and length of stay for hospitalized children with staphylococcal infections, California, USA,

1985-2009*

Incidence of children hospitalized among

Sociodemographic variable % Total population of  General population,  Hospitalized children, LOS, d, median % Children
and infection category children, N = 140,265 per 100,000 children per 1,000 children (IQR) who diedt
Overall 100 62 14 7 (4-21) 25
Sex
M 57 69 15 7 (4-21) 25
F 43 56 14 7 (4-21) 2.6
Race
White 37 60 13 7 (3-18) 23
Black 10 88 16 8 (4-25) 29
Hispanic 42 63 15 7 (4-21) 24
Asian 6 40 13 7 (4-21) 29
Age at admission
<30 d (neonates) 25 452% 8 28 (7-69) 4.5
31-91d 6 21 7 (4-17) 3.2
92-365 d 12 21 6 (3-13) 23
12y 15 83 22 5(3-10) 1.5
3-5y 9 34 17 6 (3-13) 1.5
6-9y 9 26 17 6 (3—-13) 1.5
10-13y 10 28 19 7 (4-14) 1.6
14-17y 14 40 16 6 (3-14) 2.0
Expected source of payment
Private insurance 41 NA 12 7 (3-20) 24
Other§ 59 NA 16 8 (4-21) 2.6
Staphylococcal infection category
Uncomplicated 72 45 10 6 (3-14) 1.3
Pneumonia only 6 4 1 14 (7-37) 5.7
Septicemia only 20 12 3 14 (6-45) 5.5
Complicated# 2 1 <0.5 38 (16-92) 7.3

*LOS, length of stay; IQR, interquartile range; NA, not applicable.

tFor differences >0.2% in the proportion of children that died, p<0.0001 (x2 test); p = 0.04 for the differences in the proportion of deaths for Hispanic vs.

White children.

FCombined value for all children <1 year of age.

§Medi-Cal, Medicare, other government sources, charity, and none.
{INo code for septicemia or pneumonia identified.

#>2 staphylococcal codes identified, including >1 code for septicemia or pneumonia.

Because of the size of the study population, even small
differences are highly statistically significant. Therefore,
we omitted most p values from the text. We used SAS ver-
sion 9.1 (SAS Institute, Inc., Cary, NC, USA) to perform
statistical analyses.

Results

Discharge records for 140,265 children in California
satisfied inclusion criteria for the study. During 1985-2009,
the overall incidence of staphylococcal infections among
children in California was 63 cases/100,000 children; inci-
dence was calculated as the mean of the yearly incidences
weighted by the yearly population size. Yearly incidences
ranged from 49 cases/100,000 children in 1985 to a high of
83/100,000 in 2006, followed by a decrease to 73/100,000
in 2009. The increased incidence of hospitalized children
with staphylococcal infections during 2002—-2006 mirrored
an increase in the number of hospitalized children with cel-
lulitis. The decreased incidence of hospitalizations for cel-
lulitis in subsequent years lagged after the decrease in the
incidence of hospitalizations for staphylococcal infections
(Figure 1). During 1985-2004, the incidence of all-cause
hospitalizations among children decreased; incidence has

12

increased only slightly since then (Figure 1). This decrease
resulted in even sharper increases in the incidence of staph-
ylococcal infections among hospitalized children (from 8.2
cases/1,000 children in 1985 to 23.3/1,000 in 2006, de-
creasing to 19.9/1,000 in 2009).

Demographic information for hospitalized children
with staphylococcal infection is shown in Figure 2. All
groups except neonates demonstrated an increase in infec-
tion during 2002-2006. The increase was most pronounced
in White and Black children (60%); the smallest increase
was among Asian children (40%).

Table 1 shows the incidence of staphylococcal infec-
tion, by demographic characteristic, among the population
and among hospitalized children; Table 2 shows the odds
ratios (ORs) for the risk of infection estimated while control-
ling for year of admission and demographic characteristics.
Compared with children 1-2 years of age, those <1 year of
age were at high risk for hospitalization with staphylococcal
infection (OR 5.6) (Table 2). Black children were 1.5% more
likely and Asian children 0.6x less likely than White children
to be hospitalized with staphylococcal infection (Tables 1,
2). However, among hospitalized children, the risk of acquir-
ing staphylococcal infection was low for neonates compared
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Table 2. Risk for staphylococcal infection, by demographic characteristic, for children, California, USA, 1985-2009*

Risk of infection, ORt (95% CI)

Demographic characteristics

General population of children

Hospitalized children

Sex
M 1.25 (1.23-1.26) 1.07 (1.06-1.09)
F Reference Reference
Race
White Reference Reference
Black 1.46 (1.43-1.49) 1.05 (1.04-1.07)
Hispanic 0.94 (0.93-0.95) 0.96 (0.95-0.97)
Asian 0.63 (0.62-0.65) Dropped
Age at admission
<30d 5.64 (5.55-5.73)t 0.39 (0.39-0.40)
31-91d 0.95 (0.92-0.97)
92-365 d 0.98 (0.96-1.00)
1-2y Reference Reference
3-5y 0.42 (0.41-0.43) 0.80 (0.78-0.81)
6-9y 0.31 (0.31-0.32) 0.81 (0.79-0.92)
10-13y 0.34 (0.33-0.35) 0.90 (0.88-0.92)
14-17y 0.48 (0.47-0.49) 0.76 (0.74-0.77)
Expected source of payment
Private insurance NA 0.78 (0.77-0.79)
Other§ NA Reference

*OR, odds ratio; NA, not applicable.

TORs were calculated by using backward logistic regression (stay criteria p<0.01) with the variables listed in the table and year of admission.

FCombined value for all children <1 year of age.
§Medi-Cal, Medicare, other government sources, charity, and none.

with children 1-2 years of age (OR 0.4); for infants 1-12
months of age, the risk was approximately equal to that for
older children. Lack of private insurance was the single most
dominant factor associated with increased risk for staphy-
lococcal infection among hospitalized children (OR 1.3)
(Table 2); the association with race was much lower (ORs
of 1.05, 0.96, and 1.0 for Black, Hispanic, and Asian race,
respectively, compared with White race) (Table 2).

Length of Hospital Stay

Hospital stays ranged from 0 to 2,067 days (median
7 days, mean 20.7 £ 0.1 days); for 10% of the hospitaliza-
tions, LOS was >60 days. LOS varied by sociodemograph-
ic factor (Table 1). Children hospitalized in the first month
of life had long LOSs (median 28 days). Children without
private insurance had longer LOSs (median 8 days) than
children with private insurance (median 7 days).

Extremely long LOSs were mostly among premature
infants. Neonates hospitalized within 2 days of birth made
up 16% of the study population, but they represented 65%
of the children hospitalized for >3 months. When we ex-
cluded neonates from the analysis, LOS was shorter and the
10%-90% interval was 2-31 days (median 6 days, mean
13.9 days). However, even after we excluded neonates
from analysis, LOS was still considerably longer for hos-
pitalized children with staphylococcal infections than for
children hospitalized for any other cause (median LOS 2
days, mean 4.9 days). During 1985-2002, the mean LOS
for hospitalized children with staphylococcal infections in-
creased from 17.3 to 26.7 days, but by 2009, the mean LOS
decreased to 17.7 days (Figure 1).
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Outcomes

Among all children with a diagnosis of staphylococcal
infection, 82.6% had a routine discharge, 10.4% required ad-
ditional low- or medium-intensity care on discharge, 4.4%
were transferred to another acute care facility, and 2.5%
died. Using a multivariable model controlling for year of ad-
mission, LOS, age at admission, sex, race, and insurance sta-

tus, we compared the risk for death among children with and
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Figure 1. Hospitalization trends for children <17 years of age,
California, USA, 1985-2009. The incidence of hospitalizations and
mean length of stay for children with staphylococcal infection (SI)
are compared with the incidences of hospitalizations for cellulitis
(Diagnosis Related Group [DRG] 279 or Medicare Severity—
DRG 602-603) and for all-cause hospitalizations of children. The
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those without a diagnosis of staphylococcal infection: the
risk was higher for children with staphylococcal infection
(OR 2.1, 95% CI 2.0%—-2.2%). Among hospitalized chil-
dren with staphylococcal infections, the risk for death was
associated with the complexity of the disease and with some
demographic factors (Table 1). Most relationships remained
unchanged in multivariable analysis that included LOS and
the factors presented in Table 1. The exceptions were higher
risk of death for children of Asian race, but not Hispanic
or Black race, compared with White race (OR 1.2, 95% CI
1.1%-1.4%) and not having private insurance (OR 1.6, 95%
CI 1.5%—1.9%). For hospitalized children with staphylococ-
cal infections, the risk of death increased from 2.4% in 1985
to 3.5% in 2002; the risk decreased beginning in 2003 and
remained at <2% during 2006-2009.

Temporal Trends in Incidence

Among the entire population of children in California,
the yearly incidence of staphylococcal infection increased
from 1985 to 2009 (Figure 1). The increase was not uni-
form: incidence decreased during 1996-2000, followed
by a large increase during 2002-2006. Overall, 38% of

the records for hospitalized children with staphylococcal
infection had an ICD-9-CM code for skin and soft tissue
infection (SSTI), and 67% of those records had an ICD-9-
CM code for cellulitis. The proportion of hospitalized chil-
dren with staphylococcal infection who also had an ICD-
9-CM code for cellulitis remained at <20% through 2002
and then rose to 44.4% in 2009. The rise in hospitalizations
for staphylococcal infections corresponded to a 20022007
rise in hospitalizations for cellulitis (from 34 to 56/100,000
children), as classified by DRG (Figure 1). The percentage
of records including DRG-classified cellulitis and staphy-
lococcal infection increased from 13%—19% during 1985—
2002 to 40%—-44% during 2005-2009. During this period,
all-cause hospitalizations for children in California did not
increase (Figure 1).

The increased incidence of staphylococcal infec-
tions during 2002—-2005 was seen across all racial and age
groups, except neonates. The steepest increase was seen
among Black children and children 1 month—2 years of age;
the increase was less pronounced among Asian children
(Figure 2). The rise in incidence among children 1 month-2
years of age was observed in all races.
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Figure 3. Hospitalization trends for children <17 years of age with
staphylococcal infection (Sl), California, USA, 1985-2009. A)
Population incidence of particular Sl-associated diagnoses relative
to the incidence of the same diagnoses in 2000. B) Percentage
of all Sl-coded hospitalization records that were further classified
by various types of Sl; the classification code has been available
only since 1994. C) Trends for types of Sl with cellulitis; available
only since 1994. Data are no. of patients/100,000 population. D)
Trends for types of S| with pneumonia; available only since 1999.
Data are no. of patients/1,000,000 population. E) Trends for types
of Sl with septicemia; available only since 1998. Data are no. of
patients/1,000,000 population. MSSA, methicillin-susceptible
Staphylococcus aureus; MRSA, methicillin-resistant S. aureus.

Diagnostic Categories of Infections

The increase in the incidence of hospitalizations for
staphylococcal infections, which began in 2002, was driv-
en by diagnoses of MRSA infection and cellulitis (Figure
3). In 1994, codes were introduced to distinguish between
MRSA and methicillin-sensitive S. aureus (MSSA) infec-
tions (online Technical Appendix). During the late 1990s,
as the proportion of identified infections increased, the pro-
portion of records with infections of unknown type dropped
sharply (Figure 3, panel B). During 2000 and 2009, >90% of
the hospitalization records identified an infection type: the
proportion of MSSA infections decreased, and the incidence
of MRSA-related hospitalizations increased >10-fold (from
3 to 35/100,000 children). Hospitalizations for MRSA cel-
lulitis accounted for 46% of the MRSA-related hospitaliza-
tions; MRSA pneumonia and septicemia accounted for 6%
and 4.5%, respectively (Figure 3, panels C-E).
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Infections in Neonates versus Older Children

The population incidence of staphylococcal infection—
related hospitalizations was higher for neonates than older
infants and children (Figure 2, panel D). This incidence is
the number of cases of staphylococcal infection in neonates
relative to the number of babies born that year; it increases
12-fold if estimated relative to the number of babies who
were <1 month old. However, the risk for a staphylococcal
infection in all-cause hospitalized neonates was much lower
than the risk in all-cause hospitalized older babies (Tables 1,
2). During 2002—2006, a sharp increase in the incidence of
staphylococcal infections occurred for all age groups except
neonates, and the decrease that occurred in 2007-2009 was
faster among neonates than other age groups (Figure 2d).
Compared with staphylococcal infections in older children,
those in neonates were associated with longer LOSs and
poorer clinical outcomes (Table 1) and with reduced likeli-
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hood of being caused by S. aureus (42% vs. 76%) or MRSA
if caused by S. aureus (21% vs. 32%). Coagulase-negative
staphylococci were assumed to be the cause of some non—S.
aureus staphylococcus infections.

Community-onset versus Hospital-onset
Infection, 1996-2009

Because of the differences in types of staphylococ-
cal infections (noted above), we excluded infections in
neonates from this analysis. The demographics for children
with CO, CO-HCA, and HO staphylococcal infections are
shown in Table 3.

The incidences of hospitalization for CO, CO-HCA,
and HO MSSA and MRSA infections are shown in
Figure 4, panels A, B. Throughout the study period, »10%
of MSSA cases were HO infections, and the incidence of

CO infections was always higher than that for CO-HCA in-
fections. While the incidence of MSSA infections changed
little during 2000-2009, the incidence of MRSA infections
increased dramatically. HO MRSA infections peaked in
2005, increasing 4.1-fold from 2000 to 2005; CO-HCA
and CO infections peaked in 2006, increasing 5.3- and
27.7-fold, respectively, from 2000 to 2006. Until 2001,
CO-HCA infections accounted for >50% of MRSA-related
hospitalizations. By 2005, >70% of MRSA-related hospi-
talizations were CO infections, and only 25% were CO-
HCA infections. The proportion of HO MRSA infections
dropped from 18% in 1996 to <5% in 2005-2009.

A high proportion of CO MRSA infections was associ-
ated with SSTIs (Table 4). CO staphylococcus—related sep-
ticemia, pneumonia, and musculoskeletal infections were
more often associated with MSSA (Table 4).

Table 3. Staphylococcal infections in non-neonate children, by onset location, California, 1996—-2009*

Variable All, N = 66,141 CO CO-HCA HO
% of all records 100 48 41 11
Qverall incidence, no./100,000 population 49 24 20 5
Demographic data
Sex
M 56 46 42 12
F 44 51 39 10
Race
White 34 46 43 10
Black 10 51 39 10
Hispanic 46 48 40 11
Asian 6 49 38 12
Age at admission
31-91d 6 52 33 16
92-365 d 16 57 32 11
1-2y 21 58 34 9
3-5y 12 41 49 10
6-9y 12 41 49 10
0-13y 14 42 47 11
14-17y 19 43 45 12
Expected source of payment
Private insurance 39 48 41 11
Othert 61 48 41 11
Outcome
% Death 1.7 0.1 2.0 7.5
% Normal discharge 84.2 92 81 65
Mean (SE) LOS, d 12.5(0.1) 5.3 (<0.1) 13.6 (0.1) 40.7 (0.5)
Median (interquartile range) LOS, d 6 (3-13) 4 (3-6) 8 (4-15) 28 (15-51)
Infection category and type
Staphylococcal infection category
Uncomplicatedt 79 91 71 61
Pneumonia 6 2 8 11
Septicemia 13 5 19 25
Complicated§ 2 1 3 4
Type of staphylococcal infection
Unknown 11 8 13 14
Other than Staphylococcus aureus 19 10 25 37
MSSA 42 43 42 36
MRSA 29 40 20 13

*Data represent the association of particular attributes with the particular locations of infection onset: 1) first column, for demographic attributes and
category/type of infection, data are the % of all the records; 2) columns 2-4, for demographic attributes, the data represent the distribution of an attribute
among CO, CO-HCA, and HO onset cases; and 3) columns 2—4, for category/type of infection, data are the % of all the records with CO, CO-HCA, or HO
onset. CO, community onset; CO-HCA, CO-health care associated; HO, hospital onset; LOS, length of stay in hospital; MSSA, methicillin-sensitive S.

aureus; MRSA, methicillin-resistant S. aureus
tMedi-Cal, Medicare, other government sources, charity, and none.
FNo code for septicemia or pneumonia identified.

§ >2 staphylococcal codes identified, including >1 code for septicemia or pneumonia.
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Discussion

The results of this population-based study, spanning
25 years, show major changes in the incidences and clinical
manifestations of hospitalizations related to staphylococcal
infection in a large and diverse population of children. The
yearly incidence of pediatric hospitalizations for staphylo-
coccal infections remained stable during 1985-2002 and
then increased substantially from 2003 forward; the change
was driven by an increase in MRSA infections. Other in-
vestigators have identified similar trends in smaller num-
bers of patients over a shorter time (/0—I2). The increase
in incidence paralleled an increase in admissions for cel-
lulitis and peaked in 2006. The decrease in staphylococcus
infection—related hospitalizations among children during
2006-2009 corresponded with a decrease in hospitaliza-
tions for MRSA-related cellulitis. California OSHPD data
for children and adults confirm that the number of hospital-
izations for MRSA infection stabilized during 2005-2007
(13); our study shows that the trend is sustained. A recent
observational study of Department of Defense healthcare
beneficiaries of all ages showed a decline in rates of CO
and HO MRSA-related bacteremia and in the proportion of
CO MRSA-related SSTIs beginning in 2006 (14).

The incidence of admissions of children with staphylo-
coccal infections (MSSA, MRSA, and non—S. aureus staph-
ylococci infections) was lower in our study than in other
studies (14 cases/1,000 admissions vs. 20.8-35.8/1,000
during 2002-2007 in another study [/0]). The time covered
in our study was the main factor driving the lower overall
incidence of infections in hospitalized patients; the very
low incidence of MRSA infections before 2002 lowered
overall incidence. Other factors that possibly contributed to
the differences between study findings include differences
in patient populations, differences in S. aureus coloniza-
tion and susceptibility patterns, and variability in clinical
practices. The OSHPD database includes data for children
hospitalized at all nonfederal hospitals in California, few
of which are solely for children. Some doctors may have a
referral bias and send children with chronic medical condi-
tions and a higher risk of acquiring a staphylococcal infec-
tion to a children’s hospital.

In our study population, the incidence of hospitaliza-
tion with a staphylococcal infection was highest among
boys, Black children, and, in particular, children <3 years
of age (both in the general and in hospital populations).
These groups have been found to be at higher risk for
MRSA infections (/5—17). Compared with older children,
neonates and infants are at higher risk for serious invasive
disease when contracting a bacterial infection and, there-
fore, are more likely to be hospitalized. This increased like-
lihood of being hospitalized for a bacterial infection may
have contributed to an increased population incidence of
staphylococcal infections identified in this younger age
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Figure 4. Hospitalization trends for children 1 month to 17 years
of age with Staphylococcus aureus infection, by infection onset,
California, USA, 1996-2009. Data are no. of patients/100,000
population. A) Incidence of methicillin-susceptible S. aureus. B)
Incidence of methicillin-resistant S. aureus.

group of children. The number of all-cause hospitalizations
of neonates was higher than that for children in other age
groups, partly explaining the relative decreased hospital in-
cidence of staphylococcal infection in this age group. Com-
pared with their privately insured peers, children without
private insurance had a higher incidence of hospitalization
for staphylococcal infections, longer LOSs, and higher risk
for dying. It is unclear why the incidence of hospitalization
was higher and LOS was longer for uninsured children, but
similar findings have been noted in other analyses of child-
hood diseases (18).

Children who received a diagnosis of staphylococcal
infection had longer LOSs and had a greater risk of dy-
ing than those who did not receive a diagnosis of staphy-
lococcal infection; we could not determine what role the
infection played in the cause of death or extended LOS.
In a previous study, we found that the risk for acquiring a
staphylococcal infection increased incrementally the lon-
ger a patient was hospitalized (/9); this finding likely re-
flects the key role that underlying medical conditions have
in increasing LOS and risk for death. Among non-neonate
children, the highest risk for death in children with staphy-
lococcal infection was in those with HO infection (7.5%);
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Table 4. Medical conditions associated with community-onset staphylococcal infections in non-neonate children, California, 1996—

2009~

Type of infectiont

Medical condition All, N = 31,893 MRSA, n=12,667 MSSA, n = 13,605 Other, n = 3,073
Skin/soft tissue infection
Records with diagnosis, % 71 91 66 36
Cellulitis, % 84 90 80 63
Deaths, no. 1 0 1 0
Mean (SE) LOS, d 4.5 (<0.1) 4.3 (<0.1) 4.6 (<0.1) 5.5(0.2)
Median (IQR) LOS, d 3 (2-5) 3 (2-5) 3 (2-5) 4 (2-6)
Sepsis, shock, or bacteremia
Records with diagnosis, % 12 4 12 29
Deaths, no. 15 1 6 1
Mean (SE) LOS, d 8.0 (0.2) 10.9 (0.4) 8.3(0.2) 6.6 (0.3)
Median (IQR) LOS, d 6 (4-9) 8 (5-13) 6 (4-10) 5(3-7)
Respiratory infection
Records with diagnosis, % 19 13 18 30
Deaths, no. 31 2 19 1
Mean (SE) LOS, d 7.1(0.1) 6.9 (0.2) 7.3(0.2) 6.6 (0.3)
Median (IQR) LOS, d 5(3-8) 4 (3-7) 5(3-8) 4 (3-7)
Musculoskeletal infections
Records with diagnosis, % 12 6 20 6
Deaths, no. 0 0 0 0
Mean (SE) LOS, d 9.0 (0.1) 11.0 (0.4) 8.4 (0.1) 9.4 (0.7)
Median (IQR) LOS, d 7 (4-10) 7 (5-13) 6 (4-9) 6 (4-10)

*MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive S. aureus; LOS, length of stay in hospital; IQR, interquartile range
TA particular staphylococcal type could not be determined for 11% of the records; thus, added together, numbers in the MRSA, MSSA, and Other
staphylococci groups do not equal the number in All types of staphylococcal infection group. Diagnostic groups are not mutually exclusive; therefore,

percentages in columns total >100.

children with CO-HCA and CO staphylococcal infections
had a 2.0% and 0.1% risk, respectively. The percentage of
death in non-neonates hospitalized with a staphylococcal
infection peaked at 2.5% in 2002 and decreased to 1.0% in
2009. The decrease may be partly explained by the relative
increase of staphylococcal infections that are CO MRSA
SSTIs, which carried a very small risk for death, although
deaths continued to decrease even when CO MRSA infec-
tions started to decline.

More than half of non-neonates with a diagnosis of
staphylococcal infection had CO-HCA or HO infections,
and most had MSSA infections (42% and 36%, respective-
ly), followed by MRSA infections (20% and 13%, respec-
tively) and infections with other staphylococci (25% and
37%, respectively). The continued predominance of invasive
MSSA infections among children with CO-HCA conditions
has been confirmed by others (8). Infections with coagulase-
negative staphylococci, common pathogens in patients with
health care—related conditions, represent some of the infec-
tions caused by other staphylococcal (i.e., non-MRSA and
non-MSSA) infections (20). Despite an increase in the num-
ber of hospitalized children with MRSA pneumonia and sep-
ticemia, the overall incidence of MRSA invasive disease was
low. Children with CO-HCA or HO infections were more
likely to have a diagnosis of invasive disease (pneumonia or
septicemia) compared with children with CO disease. This
clinical pattern is consistent with previously described pat-
terns (7,16,21,22). Most CO non-neonatal hospitalizations in
this study were due to SSTIs, and MRSA was coded more
frequently than MSSA after 2002.

The incidence of HO staphylococcal infection in-
creased until 2005 and has since stabilized. This finding
may reflect implementation of more stringent infection-
control procedures, including those in neonatal intensive
care units. Other investigators have attributed a recent de-
crease in the national prevalence of inpatient MRSA in-
fections to enhanced infection-control strategies, including
active surveillance testing (23).

Limitations of this study include inherent concerns re-
garding the accuracy of ICD-9 coding (24); miscoding could
have occurred. It is possible that MRSA infections were in-
correctly reported in some cases because the code used to
indicate resistance to methicillin can also be used to indicate
resistance to other antimicrobial drugs in the penicillin fam-
ily. As awareness of MRSA infections increased, it is likely
that diagnostic testing for MRSA increased, leading to an
apparent increase in incidence. We did not review medical
records for patients identified with staphylococcal infection,
and clinical and microbiologic diagnoses could not be veri-
fied. The incidence data presented here represent hospital-
izations reported to a large state database, not numbers of
individual patients. We attempted to correct for possible
overcounting by excluding children transferred from 1 acute
care institution to another within 2 days of admission. The
incidence in nondecennial years was calculated by using
state population estimates, which are subject to a small de-
gree of error, pending revisions based on 2010 census data.

This analysis represents one of the largest population-
based studies of staphylococcal infection—related hospi-
talizations among children. The substantial increase in
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childhood hospitalizations with staphylococcal infection in
California was driven by an increase in CO MRSA SSTIs.
The highest incidence of hospitalizations with staphylococ-
cal infection was among children <3 years of age, Black
children, and children without private insurance. We also
found that the incidence of hospitalizations with staphy-
lococcal infection declined during the last 3 years of the
study, corresponding to a decrease in the number of di-
agnoses of MRSA SSTIs. The reasons for these declines
are unknown, but they could include changes in the epide-
miology or strains of circulating S. aureus or changes by
physicians in the management of uncomplicated MRSA
infections. It is also possible that extensive MRSA-related
prevention education efforts by local health departments
are having an effect. Additional studies are needed to de-
termine whether this trend in declining numbers of hospi-
talizations with staphylococcal infection will be sustained
and to provide a better understanding of the epidemiologic
or biologic factors or public health and infection-control
interventions that may have contributed to the decline in
MRSA hospitalizations.

Dr Gutierrez is an associate professor in the Division of Pe-
diatric Infectious Disease, Lucile Packard Children’s Hospital/
Stanford University School of Medicine. Her research interests
are in the areas of epidemiology of infectious disease in California
children and hospital acquired infections.
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Pneumocystis jirovecii dihydropteroate synthase
(DHPS) mutations have been associated with failure of
sulfa prophylaxis; their effect on the outcome of patients
with P. jirovecii pneumonia (PCP) remains controversial.
P. jirovecii DHPS polymorphisms and genotypes were
identified in 112 cases of PCP in 110 HIV-infected patients
by using PCR single-strand conformation polymorphism.
Of the 110 patients observed, 21 died; 18 of those deaths
were attributed to PCP. Thirty-three percent of the PCP
cases involved a P. jirovecii strain that had 1 or both DHPS
mutations. The presence or absence of DHPS mutations

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 19, No. 1, January 2013 21



RESEARCH

had no effect on the PCP mortality rate within 1 month,
whereas P. jirovecii type 7 and mechanical ventilation at
PCP diagnosis were associated with an increased risk
of death caused by PCP. Mechanical ventilation at PCP
diagnosis was also associated with an increased risk of
sulfa treatment failure at 5 days.

Pneumocystis Jirovecii causes severe pneumonia
in immunocompromised patients, including HIV-
infected persons, transplant recipients, patients receiving
high-grade chemotherapy for hemato-oncologic diseases,
and persons with autoimmune diseases who are treated
with immunosuppressive drugs. Cotrimoxazole, the
combination of sulfamethoxazole and trimethoprim
(SMX/TMP), is the drug of choice for prevention of and
treatment for Pneumocystis pneumonia (PCP). SMX/
TMP targets enzymes involved in the biosynthesis
of folic acid, dihydropteroate synthase (DHPS), and
dihydrofolate reductase.

Several investigators have reported an association
between failure of prophylaxis when using sulfa drugs and
substitutions of 2 aa within the putative sulfa binding site
of DHPS at positions 55 (Thr to Ala, mutation M1) and
57 (Pro to Ser, M2) (I-4). These mutations were observed
either as single (M1 or M2) or double (M3) mutation. This
association strongly suggested that P. jirovecii DHPS
mutations conferred a level of sulfa resistance sufficient
to cause failure of anti-PCP prophylaxis. However, the
mutations might have also conferred a clinically substantial
resistance to sulfa treatment for overt PCP.

To investigate the issue, many studies have analyzed
the effect of the mutations on the outcome of PCP. About
half of those studies did not detect any association between
the mutations and an increased risk of death caused by
PCP (5-8) or a decreased response to sulfa drugs (3,9-11).
Conversely, other studies detected an association with a
poor outcome (/2,13): sulfa treatment failure (/4,15); more
severe symptoms and need of assisted ventilation (/3);
or a trend for a worse prognosis (/6). Thus, the effect of
these mutations on PCP outcome is unclear and justifies
investigation to improve PCP treatment and prognosis.

The possibility of other parameters influencing PCP
outcome has also been explored. P. jirovecii genotype Ne of
the internal transcribed spacers (ITSs) of the nuclear IRNA
operon has been associated with milder disease (/7), failure
of PCP prophylaxis (/8), and failure of PCP treatment (9).
One ITS genotype observed in Australia was associated with
reduced severity of PCP (13). Specific P. jirovecii genotypes
defined by single-nucleotide polymorphisms in 3 loci were
associated with low or high burden during the course of
PCP (19). In comparison, some studies did not detect any
associations between P. jirovecii genotypes, including Ne
genotype, and several clinical parameters, such as severity

and survival at 3 months (/5,20). These observations
suggested that some P. jirovecii genotypes might be more
virulent or resistant to drugs, but further studies are needed
to provide better understanding of the issue.

We previously examined P. jirovecii DHPS poly-
morphisms in clinical specimens of 158 immunosuppressed
patients from 5 hospitals in the city of Lyon in France
(7). We detected an association between DHPS mutation
M2 and failure of prophylaxis when pyrimethamine/
sulfadoxine was used but not between DHPS mutations and
death caused by PCP. In this study, we further analyzed
the proportion of the organisms harboring DHPS mutations
(36%) and of death attributed to PCP (20%) among these
158 patients. We investigated in more detail the effect of
DHPS mutations on PCP prognoses, taking into account
more clinical parameters. Moreover, to test the hypothesis
of variable virulence of some P. jirovecii genotypes, we
identified those present in the specimens. Because the
disease signs and symptoms vary considerably between
HIV-infected and HIV-uninfected patients, we limited our
analyses to the HIV-infected patients.

Patients, Materials, and Methods

Patients and Specimens

The specimens consisted of 112 bronchoalveolar
lavage (BAL) samples obtained from 110 HIV-infected
patients with confirmed PCP who were hospitalized in 5
university hospitals in Lyon, France. These 110 patients
were a subset of the 158 patients analyzed (7) who were
HIV-infected and who had a medical chart complete
enough to support the analyses performed in the present
study (Tables 1, 2). Two of the patients had second cases
of PCP separated from their initial infections by 5 and 12
months, respectively; each was treated as an independent
observation. BAL specimens were collected during April
1993 and December 1996 and were stored at —20°C before
analysis. The 112 cases represented 47% of the PCP cases
that occurred during this period in the 5 hospitals.

Characteristics of Patients

Specific information on demographic and clinical
characteristics, treatment regimens, and PCP outcome
were obtained from patients’ medical charts. Death within
1 month after the date of PCP diagnosis was attributed to
PCP when the physician recorded it as the primary cause
of death in the medical chart and on the death certificate.
Failure of sulfa treatment (SMX/TMP or dapsone) was
defined by occurrence of >1 of the following events within
5 days after PCP diagnosis: a change of drug treatment
because of lack of clinical improvement, worsening of
clinical features or gas exchange parameters, addition
of corticosteroids, new need of mechanical ventilation,
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P. jirovecii and Death, HIV-infected Patients

Table 1. Pneumocystis jiroveci dihydropteroate synthase genotype distribution according to clinical parameters of 112 cases of
pneumonia in 110 HIV-positive patients from 5 university hospitals in Lyon, France*

DHPS genotype

Characteristic Wild type, n =75 M2,n=17 M3, n =20 p value
Age at PCP diagnosis, y
1-40 41 10 14 0.62
41-60 31 7 5
61-80 3 0 1
Sex
M 62 14 19 0.38
F 13 3 1
Diagnosis year
1993 6 2 0 0.58
1994 24 3 4
1995 20 5 6
1996 25 7 10
CD4 cell count, median cells/uLt
0-50 42 15 11 0.05
51-100 17 0 4
>100 10 0 2
First-line treatment
SMX/TMP 59 14 15 0.90
Pentamidine or atovaquone 14 3 5
Others 2 0 0
SMX/TMP allergy
Yes 4 0 3 0.27
No 71 17 17
Corticotherapy at PCP diagnosis
Yes 18 1 3 0.25
No 57 16 17
Mechanical ventilation at PCP diagnosis
Yes 11 0 3 0.26
No 64 17 17
P. jirovecii SSCP type 1 3 6 1 <0.001
7 3 0 6
10 2 1 1
Others 30 3 3
Co-infected 37 7 9
Outcome within 1 month
Favorable 61 16 14 0.39
Death attributed to PCP 12 1 5
Death not attributed to PCP 2 0 1

*Data derived from Fisher’s exact test. DHPS, dihydropteroate synthase; M, mutation; SSCP, single-strand conformation polymorphism; PCP, P. jirovecii

pneumonia; SMX/TMP, sulfamethoxazole and trimethoprim.
tData missing for 11 patients.

or death attributed to PCP. Start-of-therapy dates were
available for 81 patients. Therapy was started during 1 of
3 periods: before the day on which PCP was diagnosed (n
=34, 42%); the day on which PCP was diagnosed (n =37,
46%); or after that day (n = 10, 12%). Therapy was started
most frequently 1 or 2 days before the day on which BAL
was obtained (n = 26, 77% of the 34 patients whose
therapy was started before PCP was diagnosed). All chart
abstractions were performed without knowledge of P.
Jjirovecii and DHPS genotyping results. Informed consent
was obtained from all patients. Study protocols and
patient consent forms were approved by the institutional
review board.

DHPS and Genotyping
DNA extraction from BAL specimens and DHPS
binding site genotyping by using the PCR-single-strand
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conformation polymorphism (SSCP) technique were done
as described (7). Four DHPS SSCP patterns were observed,
each corresponding to 1 of the 4 known DHPS alleles
(M1, M2, M3, and wild type). P. jirovecii present in BAL
specimens were typed as described by using PCR-SSCP
of 4 variable genomic regions (2/). The variable regions
analyzed were ITS1 of the nuclear rDNA operon, the intron
of the nuclear 26S rRNA gene, the variable region of the
mitochondrial 26S rRNA gene, and the region surrounding
the intron no. 6 of the B-tubulin gene. In the PCR-SSCP
technique, each allele is identified by a specific SSCP
pattern made of 2 DNA bands, each corresponding to 1 of
the 2 single strands of the allele.

Statistical Analysis
Because of small sample sizes, we used Fisher exact

tests for general association to compare proportions
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Table 2. Pneumocystis jiroveci SSCP genotype distribution according to clinical parameters of 112 cases of pneumonia in 110 HIV-

positive patients from 5 university hospitals in Lyon, France*

P. jirovecii SSCP type

Characteristic 1,n=10 7,n=9 10,n=4 Others,n=36 Co-infected, n=53 p value
Age at PCP diagnosis, y
1-40 8 5 2 22 28 0.89
41-60 2 4 2 13 22
61-80 0 0 0 1 3
Sex
M 3 6 6 0.44
F 7 8 3 30 47
Diagnosis year
1993 1 0 0 2 5 0.90
1994 3 2 2 8 16
1995 2 2 1 9 17
1996 4 5 1 17 15
CD4 cell count, median cells/uLt
0-50 7 5 3 23 30 0.87
51-100 0 2 1 6 12
>100 1 1 0 5 5
First-line treatment
SMX/TMP 7 3 3 26 49 0.001
Pentamidine or atovaquone 2 6 1 9 4
Others 1 0 0 1 0
SMX/TMP allergy
Yes 0 2 0 3 2 0.27
No 10 7 4 33 51
Corticotherapy at PCP diagnosis
Yes 0 4 0 7 11 0.17
No 10 5 4 29 42
Mechanical ventilation at PCP diagnosis
Yes 0 2 0 2 10 0.19
No 10 7 4 34 43
Outcome within 1 month
Favorable 9 5 4 28 45 0.44
Death attributed to PCP 1 4 0 6 7
Death not attributed to PCP 0 0 0 2 1

*Data derived from Fisher's exact test. SSCP, single-strand conformation polymorphism; PCP, P. jirovecii pneumonia; SMX/TMP, sulfamethoxazole and

trimethoprim.
tData missing for 11 patients.

relative to the numbers presented in Tables 1 and 2. We
estimated the 2-month survival curves after PCP by using
the Kaplan-Meier method and compared those curves by
using log-rank tests. Cox proportional hazards method
was used to identify independent prognostic factors
associated with survival. The risk factors were selected
a priori based on theoretical considerations; because no
deaths occurred among women, we did not include gender
in the variables. Also, the variable CD4 cell count was
not included because it had 1) numerous missing values
(n = 11, including 3 deaths attributed to PCP), and 2) no
significant association with death attributed to PCP in
bivariate analysis (p = 0.09). We used logistic regression
analysis to identify factors associated with sulfa treatment
failure; odds ratios with 95% Cls are reported. We tested
the proportionality assumption using the nonzero slope
test based on the scaled Schoenfeld residuals, and checked
the colinearity (mean variance inflation factor = 1.16).
All statistical analyses were conducted by using STATA
version 11.1 (StataCorp LP, College Station, TX, USA).

Results

Specimens and Patients

One hundred twelve BAL specimens collected from
110 HIV-infected patients in whom PCP was diagnosed
were included in the study. Two of the patients had second
cases of PCP. Two patients also had tuberculosis, and 1
had histoplasmosis; each of the 3 recovered from PCP. The
cohort ranged in age from 4-69 years (median 37 years);
94 (85%) were men. The most common risk factor for HIV
was homosexuality (41%); the next most common risk
factor was intravenous drug use (8%). CD4 counts at the
diagnosis of PCP were documented in the medical charts of
101 patients and ranged from 0 to 390/uL (median 24). In
2 cases, patients had CD4 cell counts >200 cells/puL (242
and 390).

Detection of DHPS Alleles by using PCR-SSCP
We previously genotyped the P. jirovecii DHPS
binding site from the 112 BAL specimens by PCR
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amplification of a region of 318 bp, then SSCP (7). To
simplify the analyses, specimens that contained a mixture
of wild type and mutant DHPS genotypes (n = 11) were
classified in the corresponding mutant category. For most
of the cases, the patients harbored P. jirovecii with wild
type DHPS (n = 75, 67.0%). Seventeen (15.2%) episodes
involved a M2 mutant DHPS genotype, and 20 (17.8%)
involved a M3 allele. The overall proportion of cases in
which the patient had mutant DHPS was 33.0% (n = 37).
There was a variation of this proportion from 25% to 57%
among the 5 hospitals, but the difference did not reach
statistical significance (7). No significant differences (p
= 0.05) were found between patients who harbored P.
Jirovecii with DHPS mutations and those who did not for
all the demographic or clinical characteristics analyzed.

Genotyping by Using PCR-SSCP

Twenty-seven P. jirovecii genotypes were identified
among the 112 BAL specimens by using the multitarget
PCR-SSCP typing method (27). Fifty-nine (52.7%)
specimens contained a single P. jirovecii type, 47 (42.0%)
specimens contained 2 types, and 6 (5.3%) specimens
contained more than 2 types that could not be identified.
The 5 most prevalent genotypes were type 1 (n = 29
occurrences), type 7 (n = 15), type 10 (n = 12), type 2
(n = 10), and type 6 (n = 10). The 2 patients who had 2
cases each of PCP were infected with different types for
each case, suggesting possible de novo infection for each
case, rather than reactivation of the type that caused the
first case.

Associations between DHPS and P. jirovecii
SSCP Genotypes and between Each
Genotype and Clinical Factors

Possible associations between DHPS and P. jirovecii
SSCP genotypes and between each DHPS and P. jirovecii
SSCP genotype and the clinical factors were investigated
for the 112 PCP cases (Tables 1, 2). Specimens co-infected
with >2 P. jirovecii SSCP types were gathered into a
specific category, and the 3 most prevalent types among
specimens containing a single genotype were considered
separately. The sample was stratified into 5 groups: type
1, type 7, type 10, other types, and co-infected specimens.
The DHPS mutations were not distributed evenly among
the P. jirovecii SSCP type (p<0.001, by Fisher exact test)
(Table 1), type 7 being associated with genotype M3
(66.7% of the types 7). The DHPS mutations were also
unevenly distributed among the CD4 cell count groups (p
= 0.05); mutation M2 was associated with <50 cells/uL
(100%). Finally, the first-line treatment varied significantly
according to the P. jirovecii SSCP type (p = 0.001) (Table
2), type 7 being most often treated with pentamidine or
atovaquone rather than SMX/TMP (66.7%).

P. jirovecii and Death, HIV-infected Patients

Predictors of Death Attributed to PCP

Of the 112 observed cases in this study, 21 (18.8%)
patients died within 1 month. PCP was identified as
the cause of death for 18 patients. Because of the small
number of observations, the categories P. jirovecii type
10 and others types were further grouped with co-infected
specimens, forming 3 groups: type 1, type 7, and other
types. Bivariate analyses revealed that P. jirovecii SSCP
type 7 and the need for mechanical ventilation at PCP
diagnosis were possible predictors of death attributed to
PCP (log-rank test, p = 0.08 and p<0.0001, respectively)
(Figure). No effect of the DHPS mutated alleles on the
PCP mortality rate was observed within 1 month (p =
0.35). Because type 7 was associated with DHPS mutation
M3 and with first-line treatment with pentamidine or
atovaquone, we included these variables in a multivariable
analysis (Table 3). This analysis showed that type 7 and
the need for mechanical ventilation at PCP diagnosis were
significantly associated with an increased risk of death
caused by PCP (relative hazard =4.2,95% C1 1.0-17.9,p =
0.05, and relative hazard = 5.0, 95% CI 1.8-13.5, p=0.002,
respectively) (Table 3). Similar results were obtained when
the DHPS genotype variable was removed from the model.

Predictors of Sulfa Drug Treatment Failure

To treat most cases, the patients received a sulfa drug
as first-line treatment: for 88 (78.6%) cases, patients were
treated with SMX/TMP, and for 2 (1.8%) cases, patients
were treated with dapsone. Adverse effects of SMX/TMP
in 5 patients led to a therapy change that excluded them
from the analysis. Among the remaining 85 cases, 30
patients (35.3%) did not respond to the sulfa treatment at
5 days. Multivariate analysis of the same variables as for
the analysis of predictors of death caused by PCP, except
the first-line treatment, showed that an increased risk of
failure of sulfa treatment was associated with the need for
mechanical ventilation at PCP diagnosis (odds ratio 34.2,
95% CI13.6-321.3, p = 0.002).

Discussion

Analysis of the parameters of 112 PCP cases in
HIV-infected patients involving a high proportion of P.
jirovecii DHPS mutations and deaths attributed to PCP
did not show an association between these mutations and
a worse PCP outcome. This observation contrasts with
studies that reported some negative influence of these
mutations on PCP prognosis (/2—-15) but converges with
results of other studies reporting no effect (3,5—11).
The lack of standardization of the outcome parameters
analyzed in the different studies, the confounders
used for adjustment, and the small number of cases in
some investigations might explain these conflicting
conclusions. Nevertheless, a strong effect would have
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0.0001. DHPS, dihydropteroate synthase.

been identified even in studies with restricted sample
sizes, suggesting that if these mutations have any effect on
PCP outcome, it is small. Studies in the model organisms
Saccharomyces cerevisiae (22) and Escherichia coli (23)
strongly suggested that DHPS mutations confer some
level of sulfa resistance to P. jirovecii. However, these
reports did not speculate whether this level is sufficient
to provoke clinical failure of sulfa treatment.

P. jirovecii type 7 was independently associated (i.e.,
nonnull partial correlation) with an increased risk for death
caused by PCP. However, this type was also associated
with DHPS mutation M3 (66.7% of the single infections),
suggesting that the combination of the 2 parameters might
have been necessary for its pathogenicity, even if mutation
M3 alone was not a predictor of death caused by PCP.
Consequently, we cannot exclude the role of mutation

Table 3. Multivariate analysis of risk factors for death attributed to PCP among 112 cases in 110 patients from 5 university hospitals,

Lyon, France

Death attributed to PCP

Risk factor

Yes No Adjusted RH (95% CI)t p value
P. jirovecii PCR-SSCP type
7 4 5 4.2 (1.0-17.9) 0.05
Others 14 89 1.0 (Reference)
Mechanical ventilation at PCP diagnosis
Yes 8 6 5.0 (1.8-13.5) 0.002
No 10 88 1.0 (Reference)
DHPS genotype
M3 5 15 1.1(0.4-3.4) 0.82
M2 1 16 0.6 (0.08-5.1) 0.66
Wild type 12 63 1.0 (Reference)
Mean age at PCP diagnasis, y 38.5 40.6 1.0 0.95
First-line treatment
Others 3 19 0.4 (0.1-2.0) 0.29
Sulfonamides 15 75 1.0 (Reference)

*PCP, Pneumocystis jirovecii pneumonia; RH, relative hazard; SSCP, single-strand conformation polymorphism; DHPS, dihydropteroate synthase; M,

mutation.

1RH for death attributed to PCP after adjustment for the 5 variables presented in the table. The global p value of the test for proportionality was 0.55, and

no individual test was statistically significant at the 0.05 level.
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M3 for the increased virulence of P. jirovecii PCR-SSCP
type 7. Type 7 was also associated with first-line treatment
with pentamidine or atovaquone rather than SMX/TMP,
suggesting that use of these less effective drugs might have
contributed to an increased number of deaths of patients
infected with type 7. However, the proportion of deaths
attributed to PCP among these patients was higher with
SMX/TMP than with pentamidine or atovaquone (2 of 3
vs. 2 of 6 patients, respectively). P. jirovecii PCR-SSCP
type 7 has not been reported to have a higher virulence than
the other types. P. jirovecii ITSs type B2al, as well as other
genotypes, were suggested to have higher and modified
virulence (9,13,17-19).

We observed that the need for mechanical ventilation
at PCP diagnosis was associated with an increased risk for
death caused by PCP, as was failure of sulfa treatment. An
association of this comorbidity factor with an increased
risk for death has already been reported (24,25). Several
other clinical parameters were reported to be predictors for
death caused by PCP in HIV-infected patients (26), and a
scoring tool was recently proposed (27). Host polymor-
phisms within receptors involved in the immune response
have also been reported to be related to P. jirovecii infec-
tion (28,29). This study confirms that certain P. jirovecii
genotypes might have different pathogenic traits. Further
studies of PCR-SSCP type 7 could help understanding of
P. jirovecii virulence and drug resistance by clinicians and
public health professionals.
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Infections with Spore-forming
Bacteria in Persons Who Inject
Drugs, 2000-2009

Norah E. Palmateer, Vivian D. Hope, Kirsty Roy, Andrea Marongiu, Joanne M. White,
Kathie A. Grant, Colin N. Ramsay, David J. Goldberg, and Fortune Ncube

Since 2000 in the United Kingdom, infections caused by
spore-forming bacteria have been associated with increasing
illness and death among persons who inject drugs (PWID).
To assess temporal and geographic trends in these illnesses
(botulism, tetanus, Clostridium novyi infection, and anthrax),
we compared rates across England and Scotland for 2000—
2009. Overall, 295 infections were reported: 1.45 per 1,000
PWID in England and 4.01 per 1,000 PWID in Scotland. The
higher rate in Scotland was mainly attributable to C. novyi
infection and anthrax; rates of botulism and tetanus were
comparable in both countries. The temporal and geographic
clustering of cases of C. novyi and anthrax into outbreaks
suggests possible contamination of specific heroin batches;
in contrast, the more sporadic nature of tetanus and botulism
cases suggests that these spores might more commonly
exist in the drug supply or local environment although at
varying levels. PWID should be advised about treatment
programs, injecting hygiene, risks, and vaccinations.

lostridium and Bacillus spp. produce spores that can

be found in soil, dust, human and animal intestines,
and aquatic environments; these spores can remain viable
for long periods (7). Spores can contaminate illicit drugs
or drug-injecting equipment. If injected intravenously,
intramuscularly, or subcutaneously, spores can germinate
and produce potent neurotoxins or histotoxins that cause
illness and death (2). In persons who inject drugs (PWID),
these organisms often initially cause localized infections;
however, the toxins they produce can result in severe
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systemic illness, which usually becomes apparent within a
week after infection.

Infections with spore-forming bacteria in PWID have
historically been more common in the United States than
in Europe. By the 1950s, injection drug use accounted
for most cases of tetanus in New York (3,4), and wound
botulism associated with injecting black tar heroin was
first described in California just over 2 decades ago
(5). In contrast, such infections have occurred more
recently in Europe; in the United Kingdom, for example,
few infections had been reported before 2000 (7).
Nevertheless, a recent article noted that 367 infections
with spore-forming bacteria among PWID in Europe
were reported during 2000-2009 (6). Although high rates
of these infections were reported in northwestern Europe
(United Kingdom, Norway, and Ireland), few cases have
been reported elsewhere in Europe. The reasons for this
marked regional variation within Europe remain unclear
but might reflect drug trafficking routes, the type of drugs
injected locally, and/or differences in local injecting
practices (6).

In addition to the varied extent of these infections
among PWID across Europe, some regional variation
within the United Kingdom has been noted (7) but not fully
explored. To further explore this variation, we compared
the regional rates of infection and death caused by a small
number of aerobic and anaerobic spore-forming bacteria
among PWID in Scotland and England over a 10-year
period beginning in 2000. The availability of detailed
epidemiologic data on cases in England and Scotland
enabled us to examine regional and temporal trends and
demographic patterns. Information about differences
in drug-injecting populations and practices that might
be associated with infection could be used to prevent
future infections.
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Materials and Methods

Case Ascertainment

We collated information about reported cases of
infection with Clostridium botulinum (botulism), C. tetani
(tetanus), C. novyi, and Bacillus anthracis (anthrax) among
PWID in England and Scotland with dates of onset from
January 2000 through December 2009. Information about
suspected cases of botulism or tetanus was obtained from
voluntary or statutory notifications to the Health Protection
Agency and Health Protection Scotland; reports included
information about possible risk factors. Corresponding
samples were sent to the Foodborne Pathogens Reference
Unit, the Special Pathogens Reference Unit, or the
Anaerobic Reference Laboratory for the detection of toxin
and microbiological confirmation. Confirmation criteria
have been described (8,9). Clinical, demographic, and
risk factor information was obtained from a questionnaire
administered to patients by clinicians or microbiologists.
Information about cases of C. novyi infection and anthrax
were obtained from reports and documentation of the
respective outbreaks (7,/0-12); case definitions are
described in these reports. The analyses presented here are
limited to definite and probable C. novyi infections and
confirmed anthrax cases.

Data Analysis

To derive infection rates, we used regional estimates
of the number of PWID in England (2004-05 fiscal year)
and Scotland (2006), closest to the midpoint of the 10-
year period (2000-2009) (13,14). Both sets of estimates of
PWID populations were derived by log-linear modeling
of capture-recapture data. Numbers of infections were
tabulated by region (England) and National Health Service
Board area (Scotland), and rates per 1,000 PWID were
calculated.

Numbers of infections were also tabulated by sex, and
median age of case-patients was calculated. To compare
demographics, we compared the sex distribution and
median age of our study population with that derived from
national surveys of PWID in England and Scotland (these
data were not available from the capture-recapture PWID
estimates described above) undertaken in years closest to
the midpoint of the 10-year period. For England, we used
data from the 2005 Unlinked Anonymous Monitoring
Survey of PWID (/5) and, for Scotland, the 2008-2009
Needle Exchange Surveillance Initiative (/6). These 2
surveys aimed to recruit representative samples of PWID
in contact with specialist services; the numbers of PWID
participating in these surveys who had injected in the
preceding 4 weeks were 1,740 and 1,772, respectively. We
compared national survey respondents and case-patients in
terms of sex and age by using y tests (or Fisher exact tests

when there were <5 persons in a given tabular cell) and
Wilcoxon rank tests, respectively.

Results

During January 1, 2000-December 31, 2009, a total
of 295 infections caused by spore-forming bacteria (157
botulism, 33 tetanus, 92 C. novyi, and 13 anthrax) were
reported among PWID in England and Scotland; the overall
infection rate was 1.83 cases per 1,000 PWID. Two thirds
(199) of these cases were reported in England and one third
(96) in Scotland, corresponding to rates of 1.45 and 4.01
per 1,000 PWID, respectively (Table 1).

The number of reported cases varied over time
(Figure 1). The C. noyvi infections and anthrax cases were
clustered in 2000 and 2009, respectively, and most tetanus
cases occurred during 2003-2005. By contrast, botulism
was reported in all years; the annual number of cases varied
from 3 to 41.

Infection rates varied by health region. In England, rate
of infection varied from 0.68 cases per 1,000 PWID for the
West Midlands to 2.02 for the East of England (Figure 2);
rates were also high for the East Midlands, London, and
the North West (1.7, 1.9, and 1.7 cases/1,000 PWID,
respectively). In Scotland, rates ranged from zero in 3 rural
areas with small populations of PWID (Ayrshire and Arran,
Borders, and Highlands) to 7.7 per 1,000 PWID in Greater
Glasgow and Clyde; rates were also high in Grampian (3.6
cases/1,000 PWID) and Fife (3.9 cases per /1,000 PWID).

In terms of specific infections, the rate of botulism
was slightly higher for England than for Scotland, although
this difference was not statistically significant (1.0 vs. 0.8
cases/1,000 PWID, p = 0.232), and rates of tetanus were
similar for both countries (0.20 vs. 0.21/1,000 PWID, p =
0.962). In contrast, rates of C. novyi infections and anthrax
were markedly higher for Scotland than for England (2.5 vs.
0.2 cases/1,000 PWID, p<0.001; and 0.5 vs. 0 cases/1,000
PWID, p<0.001, respectively). C. novyi infections were
particularly concentrated in Greater Glasgow and Clyde
(5.6 cases/1,000 PWID) and in the North West region of
England (0.7 cases/1,000 PWID). Higher than average rates
of botulism were reported in the East of England region
(1.8 cases/1,000 PWID) and in Grampian (2.0 cases/1,000
PWID).

When we compared the demographic characteristics
of case-patients with those of PWID participating in the
2 national surveys, we found that the proportion of female
patients with tetanus, C. novyi infection, and anthrax was
higher (38%—60%) than the proportion of female PWID in
the community (24%-26%) (Table 2). These differences
were statistically significant for C. novyi infections in
England and Scotland (p=0.011 and p<0.001, respectively)
and for tetanus cases in England. In England, the median
age of PWID with botulism, tetanus, and C. novyi infection
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Table 1. Cases of infection with spore-forming bacteria and rates of infection among PWID, by health region, England and Scotland,

2000-2009*

No. cases (rate/1,000 PWID)

Total no. cases

No. Clostridium novyi (rate/1,000 PWID, 95%
Health region PWIDt Botulism Tetanus infection Anthrax Cl)
England 137,141 139 (1.01) 28 (0.20) 32 (0.23) 0 199 (1.45, 1.22—-1.65)
East of England 9,418 17 (1.81) 0 2(0.21) 0 19 (2.02, 1.45-3.04)
East Midlands 11,796 15 (1.27) 4(0.34) 1(0.08) 0 20 (1.70, 1.48-1.91)
London 17,909 28 (1.56) 4(0.22) 2(0.11) 0 34 (1.90, 1.42-2.10)
North East 8,959 6 (0.67) 1(0.11) 0 0 7 (0.78, 0.66-0.99)
North West 22,089 14 (0.63) 7(0.32) 16 (0.72) 0 37 (1.68, 1.47-1.97)
South East 13,778 9 (0.65) 3(0.22) 5(0.36) 0 17 (1.23, 0.95-1.41)
South West 17,444 23 (1.32) 3(0.17) 1(0.06) 0 27 (1.55, 1.38-1.69)
West Midlands 14,734 4(0.27) 5(0.34) 1(0.07) 0 10 (0.68, 0.59-0.74)
Yorkshire and the Humber 21,014 23 (1.09) 1(0.05) 4(0.19) 0 28 (1.33, 1.23-1.41)
Scotlandf 23,933 18 (0.75) 5(0.21) 60 (2.51)§ 13 (0.54) 96 (4.01, 3.43-4.29)
Ayrshire and Arran 2,373 0 0 0 0 0
Borders 201 0 0 0 0 0
Dumfries and Galloway 486 0 1 (2.06) 0 0 1(2.06, 1.49-2.70)
Fife 1,270 2(1.57) 0 2(1.57) 1(0.79) 5(3.94, 3.27-4.64)
Forth Valley 786 1(1.27) 0 0 0 1(1.27, 1.04-1.52)
Grampian 3,056 6 (1.96) 2 (0.65) 3(0.98) 0 11 (3.60, 2.83—4.48)
Greater Glasgow and Clyde 8,862 8 (0.90) 1(0.11) 50 (5.64) 9(1.02) 68 (7.67,5.74-9.17)
Highland 734 0 0 0 0 0
Lanarkshire 1,649 0 0 2(1.21) 2(1.21) 4 (2.43, 1.92-4.46)
Lothian 3,262 0 1(0.31) 0 0 1(0.31, 0.23-0.40)
Tayside 1,254 1(0.80) 0 0 1(0.80) 2 (1.59, 1.26-1.97)

*PWID, persons who inject drugs.

tReferences 13,714.

FRegions of mainland Scotland only.

§Region not known for 3 of the 60 case-patients who had C. novyi infection.

ranged from 33 to 37 years; this age range was higher among
those with botulism than among the PWID participating in
the Unlinked Anonymous Monitoring Survey (37 vs. 32
years; p<0.001). In Scotland, the median ages of PWID with
botulism, C. novyi infection, and anthrax were comparable
to the median age of PWID from the community sample;
whereas, the median age was higher for PWID infected
with tetanus (47 vs. 33 years), although not significantly
so (p =0.065).

Of the 295 reported case-patients, 52 (18%) are known
to have died. Of these, 8 (5%) died of botulism, 2 (6%) died
of tetanus, 36 (39%) died of C. novyi infection, and 6 (46%)
died of anthrax.

Discussion

Over the decade beginning in 2000, almost 300
severe infections caused by spore-forming bacteria were
reported among PWID in England and Scotland; 52 of
these patients died. The distribution of the cases varied
markedly between these countries. In Scotland, the number
of cases was excessive relative to the estimated population
of PWID when compared with England; this excess,
however, is mainly attributable to an excess of C. novyi
infections and anthrax cases. In contrast, rates of botulism
and tetanus for Scotland were lower than and comparable
with, respectively, those for England.

In the United Kingdom, microbiological testing
has usually been unable to confirm the presence of these

bacterial species in seized or surrendered heroin (2),
although, in 2009, C. botulinum was isolated from 1
sample of heroin seized in Scotland (K.A. Grant, pers.
comm.). Nevertheless, it is generally recognized that the
infections discussed here have resulted from contaminated
heroin, which might have become contaminated during
processing, transport, or storage. In the United Kingdom,
90% of heroin used originates in Afghanistan, where
the opium is produced and—increasingly since 2002—
converted to heroin. Heroin from Afghanistan usually
travels over land, passing through several countries before
entering the European Union and reaching the United
Kingdom (/7,18). The conditions in which heroin is
processed, transported, and stored are uncertain; because
these activities are illegal, they all probably make the drug
vulnerable to inadvertent contamination with bacterial
spores, for example, from soil or dust. Contaminated
heroin is thought to have been the source of B. anthracis
infection in a drug injector in Norway in 2000 (19,20)
and in the more recent outbreak among PWID in Europe
(12). Another source of potential contamination is drug
adulterants (cutting agents), which are widely used to
dilute and increase the bulk of illicit drugs (27). Although
most infections probably resulted from upstream (before it
reaches the end user) contamination of heroin, spores on the
soiled hands of users and dirty needles could be inoculated
during the injection process (22). This mode of infection
remains unproven, although signs of tetanus were observed
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Figure 1. Annual numbers of cases of botulism, tetanus, Clostridium
novyi infection, and anthrax among persons who inject drugs,
England and Scotland, 2000-2009.

by Arthur Nicolaier in 1884 after he injected garden soil
containing C. fetani (at that point unnamed) into animals
(23), and clostridial infections after injection through dirt-
covered hides have been reported (24).

Although the presence of bacterial spores is a
necessary prerequisite for infection, several other factors
might influence the development and geographic patterns
of infections. The clustering of cases of C. novyi infection;
anthrax; and, to a lesser extent, tetanus into outbreaks
suggests that the contamination might have affected
specific batches of heroin. By contrast, the botulism
cases were generally more sporadic (albeit with some
clustering) (25,26), suggesting that C. botulinum and, to a
lesser degree, C. tetani spores might be more commonly
present in the drug supply or in the local environment but
at varying levels of contamination. Different drug supply
routes serving eastern and western England and Scotland
(12) might account for some of the geographic patterns and
are consistent with the excessive C. novyi infections among
PWID in Greater Glasgow and Clyde (western Scotland)
and the North West region of England and with the higher
rates of botulism among PWID in the East of England and
Grampian (eastern Scotland).

Practices such as skin or muscle popping (intentionally
or accidentally injecting into skin or muscle) (10,27,28) or
the use of large amounts of citric acid to dissolve heroin
can damage soft tissue, leading to necrosis and providing
a suitable environment for anaerobic bacteria, such as
Clostridium spp., to thrive. Older age (a proxy for a longer
injecting career) and female sex have been associated with
infections and injuries at injecting sites (29,30), which
are associated with difficulty accessing veins. These
persons might resort to injecting into the skin or muscle.

Geographic variation in these practices might explain some
of the variations seen in this study. PWID across England
and Scotland might be regularly exposed to botulism and
tetanus spores, but the levels of infection might be higher in
some areas where skin or muscle popping is more common.
This finding is consistent with the high proportion of women
and the older median age among PWID with clostridial or
B. anthracis infections described here in comparison with
the wider population of PWID in England and Scotland.
The emergence of these infections as a major public health
issue in the United Kingdom and Ireland (6) over the past
decade might reflect the changing characteristics of the
drug-using population, an aging cohort of users resulting
from the marked increase in injection drug use during the
1980s and 1990s (37). With regard to tetanus, variation
could also reflect differences in the levels of effective
immunization among PWID.

This analysis captures only the anthrax cases reported
before the end of December 2009; however, the anthrax
outbreak continued into 2010 and resulted in a total of
52 confirmed cases, including 5 in England (/2,32). The
risk factors for anthrax might differ from those for the
other infections/diseases because anthrax is the only
disease considered here that is caused by an aerobic
bacterium. Furthermore, we cannot exclude the possibility
of inhalational anthrax in some of the case-patients who
reported smoking heroin (//,/2). We considered only
confirmed cases of anthrax in this analysis; however, the
inclusion of probable cases (although it would have increased
the numbers and rates) most likely would not have changed
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Figure 2. Rates of infection with spore-forming bacteria (Clostridium
botulinum, C.tetani, C. novyi, and Bacillus anthracis) among
persons who inject drugs (PWID), by health region, England and
Scotland, 2000-2009.
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Table.2. Sex distribution and median age of PWID with botulism, tetanus, Clostridium novyi infection, and anthrax among a community

sample of PWID, England and Scotland, 2000-2009*

England Scotland
Female, p Median age, Female, p Median age, p

PWID No.t % valuef No.t y (IQR) value§ No.t % valuef No. y (IQR) value§
Community 1,732 24 1,711 32 (11) 1,763 26 1,772 33 (10)

With botulism 139 30 0.157 128 37 (13) <0.001 18 11 0.186  13# 31(5) 0.670
With tetanus 28 46 0.006 28 35(19) 0.067 5 60 0.112 5 47 (17) 0.065
With C. novyi 32 44 0.011 32 33 (11) 0.654 60 52 <0.001 57# 30 (8) 0.086
infection

With anthrax NA NA 13 38 0.297 13 35(9) 0.093
Total with 199 32 0.002 188 35.5(13.5) <0.001 96 43 <0.001 88 31(9) 0.232
infection

*PWID, persons who inject drugs; IQR, Interquartile range; NA, not applicable.

tFor the community samples, information about sex of 8 (England) and 9 (Scotland) persons was missing, and information about age for 29 persons

(England) was missing.

FBased on the xz test or Fisher exact test (where tabular cell counts were <5 for the difference in proportion of female case-patients with the respective

infections and the community sample of PWID).

§Based on the Mann-Whitney test for the difference in median age between the case-patients with the respective infection(s) and the community sample

of PWID.

{Data from the Unlinked Anonymous Monitoring Survey 2005 (75) for England (n = 1,740) and from the Needle Exchange Surveillance Initiative

2008/2009 (16) for Scotland (n = 1,772).

#Complete data on age were available for 13/18 botulism case-patients and 57/60 C. novyi case-patients.

our findings with regard to demographic characteristics,
given that probable and confirmed cases were similar in
terms of age (mean 34 vs. 35 years, respectively) and sex
(29% vs. 30% female, respectively) (12).

Because infections might go unreported or be
misdiagnosed, the data presented here potentially
underestimate the actual numbers of infections among
PWID in England and Scotland. For tetanus and botulism,
little toxin is required to cause symptoms; therefore, in
combination with a reported history of injection drug
use, index of clinical suspicion should be high (33-35).
However, tetanus cases are underreported because
some clinicians are not familiar with this rare disease
(36). Misdiagnosis of infection might also account for
underreporting because the symptoms of other illnesses
can resemble those of the infections of interest in this study
(e.g., Guillain-Barré syndrome vs. botulism) (33,34). In
addition, if an injection site infection is treated promptly
with broad spectrum antimicrobial drugs before tissue
samples are collected, microbiological confirmation might
not be possible (7).

Another limitation of this study is associated with
estimates of the size of the PWID population. The estimates
from Scotland and England were produced by using indirect
methods by the same team but were based on different data
sources and definitions. Moreover, estimates produced by
indirect methods are difficult to validate. For example,
the national study used here estimated 17,909 PWID in
London (73), but another study estimated >30,000 PWID
in London for 2000-2001 (37).

Because the quality and safety of illicit heroin is not
monitored or controlled, sporadic cases and outbreaks
of illness associated with spore-forming bacteria among
PWID might continue. Persons who use heroin should be
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encouraged to seek treatment for their dependency. Health
care professionals should educate PWID who continue
to inject about injecting hygiene, the risks from specific
injecting practices that have been associated with these
infections, the need to ensure that their tetanus vaccinations
are up to date, and the need to seek care if they have
symptoms of an injection-related infection. Public health
professionals should continue to be vigilant to ensure
prompt detection of outbreaks and so permit the rapid
dissemination of advice.
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Outbreak detection systems for use with very large
multiple surveillance databases must be suited both to the
data available and to the requirements of full automation.
To inform the development of more effective outbreak
detection algorithms, we analyzed 20 years of data (1991—
2011) from a large laboratory surveillance database used
for outbreak detection in England and Wales. The data
relate to 3,303 distinct types of infectious pathogens, with a
frequency range spanning 6 orders of magnitude. Several
hundred organism types were reported each week. We
describe the diversity of seasonal patterns, trends, artifacts,
and extra-Poisson variability to which an effective multiple
laboratory-based outbreak detection system must adjust.
We provide empirical information to guide the selection
of simple statistical models for automated surveillance of
multiple organisms, in the light of the key requirements
of such outbreak detection systems, namely, robustness,
flexibility, and sensitivity.

he past decade has witnessed much interest in real-

time outbreak detection methods for infectious
diseases, driven by worries about the possibility of large-
scale bioterrorism, public concern about emerging and
reemerging infections, and the increased availability of
computerized data (/—3). More prosaically, outbreaks of
commonly occurring pathogens, notably, those causing
infectious intestinal disease, remain a serious public
health issue, causing an appreciable number of deaths and
imposing a substantial drain on public health resources in
many countries (4,5).

In England and Wales, automated laboratory
surveillance of infectious diseases has been undertaken
since the early 1990s. Laboratory surveillance is based on
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counts of laboratory isolates of infectious pathogens, usually
classified for epidemiologic purposes by subtype or phage
type. The organism reports come mainly from samples sent
to hospital laboratories or to specialist laboratories when
additional typing is required, as for salmonellae.

This automated system was designed to supplement the
frontline investigator-led outbreak detection methods used
by national and regional epidemiologists, with the primary
aim of identifying geographically distributed outbreaks
that may have escaped local detection. In a typical week,
several hundred different pathogens are reported; the
automated system provides a back-up and the assurance
that the entire database is routinely scanned. The output
comprises a short list of organisms with potential outbreaks
for review, ranked according to an exceedance score that
measures the degree of statistical aberrance. The statistical
methodology of the system was described previously (6)
and has since been applied in Scotland (7) and in several
other European countries (8).

Much research on statistical methods of prospective
outbreak detection has been aimed at identifying unusual
clusters of 1 syndrome or disease (9-12), and some work
has focused on multivariate surveillance methods (/2).
However, little research has been directed toward developing
outbreak detection methods that are suited to large, multiple
surveillance systems involving thousands of different
organisms, such as the system used in England and Wales.

We are reviewing the statistical methods used in the
England and Wales system. The first stage of this review,
reported here, has been to carry out a detailed analysis
of the data accumulated over the 2 decades since 1991.
We aimed to document some of the generic features of
surveillance data and their imperfections across the range
of organisms of interest and to identify the key problems
confronting automated outbreak detection systems.
Specifically, we endeavored to answer 2 key questions:
How diverse are the patterns displayed by the range of
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organisms monitored? How complex must a statistical
algorithm be to handle this diversity?

Data and Methods

Data

The data were provided by the Health Protection
Agency (www.hpa.org.uk) from their LabBase surveill-
ance database. This is a computerized database that
receives details of all organisms reported by participating
laboratories (the numbers of which vary from week to
week) in England and Wales. The data are routinely
subjected to intensive de-duplication checks at the time
of report. A single report contains a data trail that starts
with the date of collection of the first specimen and ends
with the date at which the complete identification of the
organism is entered into the database. The delay between
the first specimen date (hereafter referred to as specimen
date) and the date of final entry (referred to as report date)
is a key feature of all systems of laboratory surveillance.
The outbreak detection system operates on the basis of
report dates (current and historical); the alternative is to
operate on the basis of specimen dates, which requires
explicit modeling of the delay distribution.

The outbreak detection system runs automatically
every weekend, processing the previous week’s reports.
Thus, the time unit of analysis is by the week unless
otherwise specified. We obtained weekly counts of all
infectious disease organisms reported to the Health
Protection Agency between week 1, 1991, and week 52,
2011, by date of report and date of specimen collection.
In years with 53 weeks, the week 53 count was added to
the week 1 count of the following year. To mitigate the
effect of delays at the end of the series, only isolates with
specimen dates through week 26 of 2011 were used in the
analyses. All analyses are by week of specimen collection
unless otherwise specified.

Data Processing

Calculating rates and other organism-specific
statistics is complicated by the fact that it is not possible
to distinguish between genuine zeroes, corresponding to
organisms looked for but not found, and missing values
that arise when organisms are not sought. It is highly likely
that some organisms that were identified toward the end
of the study period would not have been identified by the
tests that were performed a decade or so earlier. Rates
and trends calculated without taking any account of this
feature would be biased. To reduce this bias, we recoded
all leading sequences of zeroes as missing. However, this in
turn introduces a selection bias, because every time series
would then start with a nonzero count. To mitigate this, we
reduced the first nonzero count by 1.

Statistical Models

The statistical models are described informally; a
technical account is provided in the online Technical
Appendix (wwwnc.cde.gov/EID/pdfs/12-0493-Techapp.
pdf). To summarize the mean frequencies, trends, and
seasonality of each organism, we used log-linear models
structured as follows:

log (average count in week f) = baseline + trend at
week ¢ + seasonality at week ¢

We fitted a range of such log-linear models to the
data, incorporating a smooth long-term trend component
and monthly seasonality for each series of organism
counts (/3,/4). A key aim was to identify a simple family
of models that adequately represents all organisms. The
simplest model is the Poisson model, for which the variance
of the count in week ¢ equals its average value. The model
is convenient and easy to automate, but restrictive. We
therefore considered other convenient but less restrictive
models where

Variance of count in week ¢ = dispersion X average
count in week 7 (1)

Models of this form are called quasi-Poisson. The
dispersion in Equation 1 is a constant specific to each
organism. In a Poisson model, the dispersion is equal
to 1. When the dispersion is >1, more variability is
thereby allowed.

We also investigated the negative binomial model.
This model satisfies equation 1 but also allows a greater
degree of skewness (that is, asymmetry around the mean)
than the Poisson model. For the negative binomial model,

Skewness of count in week ¢ = antilog [constant — 0.5
x log (average count in week 7)] (2)
where the constant in equation 2 is nonnegative. For the
Poisson model, this constant is zero: equation 2 allows
greater positive skewness.

Model Evaluation: Relationships between
Mean, Variance, and Skewness

We sought a simple family of models that adequately
describes all organisms, rather than a well-fitting model for
any particular organism. Formal goodness-of-fit tests were
not used because they can be unreliable with sparse data.
Our criterion was that the relationships between mean,
variance, and skewness should be adequately described.
To display these relationships for each organism, we
subdivided the data into 41 half-years, dropped weeks 52
(or 53) and 1 (which are atypical, as noted above), and
de-seasonalized the data. We then calculated the mean,
variance, and skewness in each half-year.

For each organism, we investigated the validity of
equation 1 by plotting the log of the variance of the weekly
counts against the log of the average weekly count in the
41 half-years. If equation 1 holds, the points should lie on
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a straight line with slope 1. We obtained the histogram of
these slopes; a narrow spread around 1 suggests that the
quasi-Poisson model is adequate.

Similarly, we investigated the validity of equation 2
by plotting the skewness of the weekly counts against the
log of the average weekly counts. If equation 2 holds, the
points should lie on the curve determined by this equation,
for which the coefficient of the log of the average weekly
count is —0.5. We obtained these coefficients and plotted
their histogram; a narrow spread around —0.5 suggests that
the negative binomial model is adequate.

Results

We present the results in 5 subsections: global features
of the surveillance system; frequency distributions; means,
seasonality and trends; dispersion; and relationships
between mean, variance, and skewness. Additional details
are available in the online Technical Appendix.

Global Features of the Surveillance System

More than 9 million individual isolates were
collected with specimen dates from week 1 in 1991
through week 26 in 2011. These isolates were of 3,303
different organism types. Figure 1 shows the time series
of counts of organism types and organism isolates by
week of specimen collection. The number of types is
highly seasonal with summer peaks; such seasonality is
less apparent for individual isolates because of the large
number of distinct, rare enteric infections. Also apparent
are troughs at weeks 52 and 1, representing lower activity
over the Christmas period.

The strong upward trends shown in Figure 1 represent
a genuine increase in numbers of isolates and organism
types over time, rather than an increase in the number
of reporting laboratories. The numbers of laboratories
reporting to the system tended to decline over time (online
Technical Appendix Figure 1). When ordered by date of
report, the number of laboratories reporting is fewer than
when ordered by date of specimen, reflecting batching
of reports (some laboratories wait to accumulate isolates
before reporting them). This factor is a notable source
of additional noise in the surveillance system when
considering counts by week of report. This batching will
also affect the timeliness of the surveillance system.

On average, the weekly count of isolates is the same,
whether ordered by week of specimen or by week of report;
this is also true of organism counts. The variation in the
differences in counts reflects the variability in delays from
specimen collection to reporting, which can be considerable
(online Technical Appendix Figure 2).

The distribution of delays between date of specimen
and date of report varies from organism to organism, with
the median typically in the range of 7-28 days, depending

Automated Biosurveillance Data

on the complexity of the laboratory procedures involved.
For example, modal delays for salmonellae are increased
by the additional subtyping step required. Extreme delays
are not uncommon, owing to late submissions or data entry
errors (online Technical Appendix Figure 3).

Frequency Distributions

There is huge variation in frequency, seasonality, and
trends among the 3,303 organism types reported. Figure 2
exemplifies this variation, even among more common
organisms. Most organisms were seldom reported; of the
3,303 recorded organisms, nonzero counts occurred in
only 1 week for 637 organisms (19%), in only 2 weeks
for 291 (8.8%), and in only 3 weeks for 225 (6.8%). At
the other end of the scale, for 30 organisms the count by
week of specimen was nonzero for each of the 1,070 weeks
(including the 4 occurrences of a 53rd week) spanning the
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Figure 1. Weekly counts of organisms by date of specimen
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Figure 2. Weekly counts for 6 selected organisms, by date of specimen collection, England and Wales, 1991-2011.

period. These organisms are listed in Table, along with the
mean weekly counts by week of specimen.

This variation in the number of nonzero counts is
mirrored by the maximum weekly count for each organism.
For 90% of all organisms, the weekly maximum was <12;
1,651 (50%) had a maximum weekly count of 1. The
remaining 10% includes several organisms with maximum
weekly counts of several thousand, such as Chlamydia
trachomatis (maximum 4,133) and Staphylococcus aureus
(maximum 2,317).

Means, Seasonality, and Trends

The large increase in numbers of organisms reported
over time (Figure 1, panel B) suggests that laboratory
procedures have changed over time. A total of 2,675
organisms with nonzero counts were left after recoding
leading sequences of zeroes. The median weekly count for
2,408 (90%) of these organisms was zero. Figure 3 shows
histograms of the mean and standard deviation of weekly
counts by organism. The means span 6 orders of magnitude.
There is also much variation in standard deviations, the 3
largest being for C. trachomatis (982.6), S. aureus (637.8),
and rotavirus (338.4). The means for these organisms are
1,480, 764, and 303, respectively.

We fitted log-linear models to the 2,254 organisms for
which nonzero counts spanned >1 year. The distribution of
slope parameters for linear trend is shown in Figure 4, panel

A: 1,107 organisms display some evidence of an increasing
trend (positive slopes, of which 655 are significant at the
5% level) and 1,146 of decreasing trend (negative slopes,
683 are significant).

Figure 4, panel B, shows the bar chart of the modal
season for the 2,254 organisms analyzed. Every period is
modal for some organism, though organisms with summer
peaks predominate. However, the seasonal effect was
significant at the 5% level for only 723 (32%) of the 2,254
organisms analyzed.

Some organisms displayed evidence of nonconstant
seasonality. Rotavirus, for example, which typically peaks
in the early months of the year, had slightly earlier peaks in
the earlier years of data collection.

Dispersion

For 1,333 (59%) organisms, the dispersion (that is, the
ratio of variance to mean, equation 1) is >1, indicating that
the variability of weekly counts of that organism is greater
than that of a Poisson distribution. There is a general
tendency for the dispersion to increase with the mean: the
more common the organism, the less appropriate a Poisson
model tends to be (online Technical Appendix Figure 4, left
panel). For many organisms, the dispersion is greater when
calculated from data based on week of report, than when
calculated from data based on week of specimen (online
Technical Appendix Figure 4, right panel). This extra
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Table. Organisms (mean weekly count, by specimen collection

week) with nonzero specimen counts in every week from 1991 to

mid-2011, England and Wales

Organism name

Mean weekly count

Chlamydia trachomatis 1,480
Campylobacter spp. 899
Staphylococcus aureus 764
Clostridium difficile toxin detection 313
Rotavirus 303
Escherichia coli untyped 267
Staphylococcus coagulase negative 167
Streptococcus pneumoniae 119
Herpes simplex virus untyped 102
Herpes simplex virus type 2 100
Pseudomonas aeruginosa 96
Herpes simplex virus type 1 92
Cryptosporidium spp. 86
Giardia lamblia 86
Clostridium difficile not stated 81
Norovirus 76
Streptococcus group B 57
Mycobacterium tuberculosis 54
Enteroccoccus faecalis 52
Klebsiella pneumoniae 50
Streptococcus group A 49
Adenovirus untyped 43
Staphylococcus epidermidis 36
Proteus mirabilis 35
Enterobacter cloacae 34
Cytomegalovirus 29
Streptococcus group G 26
M. pneumoniae 21
Enterococcus faecium 19
Bacteroides fragilis 14

variability likely reflects the extra clustering induced by
reporting delays. The increase in the dispersion primarily
affects the more common organisms. The mean value of
the ratio of the 2 dispersion values is 1.14 (median 1);
when restricted to organisms for which the dispersion by
specimen date is >1, it is 1.26 (median 1.04).

In some cases, a contributing factor to the extra
variation is large systematic variation in diagnostic
practice, resulting in large variations in reporting intensity,
notably, long runs of zeroes, as with Helicobacter pylori
(online Technical Appendix Figure 5). However, such
patterns appear to be unusual; it is most likely that the extra
variation is caused by clustering of cases in time, which can
be accommodated relatively simply by a suitable choice of
statistical model, to be discussed next.

Relationships between Mean, Variance, and Skewness

Relationships between mean, variance, and skewness
were investigated for the 1,001 organisms with dispersion
>1 for which nonzero means and variance were obtained for
>3 half-years. In all cases, the scatterplot of log(variance)
against log(mean) was remarkably linear. Figure 5, panel
A, shows this relationship for Cyclospora spp. (the full set
of plots is available from the corresponding author). The
full line is the best fit line through the points, and lies some
way above the dotted line, which corresponds to the Poisson

Automated Biosurveillance Data

model. The dashed line corresponds to a quasi-Poisson
model (equation 1). The closeness of the dashed line to the
full line suggests that this model is not unreasonable for
Cyclospora spp.

For 538 (54%) of these 1,001 organisms, the slope of
the best-fit line is significantly different from 1, the value
corresponding to the quasi-Poisson model, and in 535
of these the slope is >1 (the exceptions are Providencia
stuartii, Mycobacterium bovis (bacillus Calmette-Guérin
strain), and Neisseria meningitidis serotype B not further
typed). This indicates that there is statistical evidence
against the quasi-Poisson in about half the cases. However,
departures from the quasi-Poisson model are typically
moderate, the slope parameters lying for the most part
between 0.9 and 1.7 (and thus reasonably close to 1), as
shown in Figure 5, panel B.

N o

[=] [=]

o o
| J

]

(=]

o
|

No. organisms
]
[=]
o
|

100

0o -
I T I 1 T 1 I
0.001 0.01 0.1 1 10 100 1,000
Mean

800 —

600 —

400

No. organisms

200 —

‘)—!—!

I T T T T 1
0.01 0.1 1 10 100 1,000
sD

Figure 3. Distributions of mean (A) and SD (B) of weekly counts for
all organisms, England and Wales, 1991-2011.
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extreme slopes), England and Wales, 1991-2011. B) Stacked bar
chart of modal seasonal period for 2,254 organisms. The black
bar sections represent organisms for which the seasonal effect is
statistically significant.

Most organisms, other than the most common,
displayed a degree of positive skeweness, that is, long upper
tails. The plots of skewness against log(mean), though
often broadly exponential, showed more scatter than those
of log(variance) against log(mean). Figure 6, panel A,
shows the plot for Cyclospora spp., the dashed line now
corresponding to the negative binomial model (the full set
of plots is available from the corresponding author).

For 486 (49%) of the 1,001 organisms, the slope
parameter (on the log scale) is significantly different
from —0.5, the value corresponding to the negative
binomial. For 475 of these it was greater than —0.5. Again,

departures from this reference value were moderate, most
slope parameters lying between —0.6 and 0, as shown in
Figure 6, panel B.

What these results signify is that the quasi-Poisson
model provides an adequate, though far from perfect,
account of the week-to-week variability in organism
counts for the broad range of organisms considered. The
negative binomial model may also provide an adequate
representation of these highly heterogeneous data; because
this model accounts for the skewness in the data, which
the quasi-Poisson model does not, it may provide more
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Figure 5. Relationships between mean and variance for data on
organisms collected, England and Wales, 1991-2011. A) The log
of variance plotted against log of mean for Cyclospora spp. The full
line is the best fit to the points; the dashed line corresponds to the
quasi-Poisson model; the dotted line corresponds to the Poisson
model. B) Histogram of the slopes of the best-fit lines for 1,001
organisms; the value 1 corresponds to the quasi-Poisson model
(equation 1).
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accurate threshold values, above which counts are declared
to be aberrant.

Conclusions

We have undertaken a detailed analysis of the global
features of a large surveillance database accumulated
during >20 years. Most striking is the variety of temporal
patterns, in terms of frequencies, trends, and seasonality.
Some valuable general conclusions emerge of direct
relevance to the design of outbreak detection systems.

The first stems from the great variation in organism
frequency, which stretches over 6 orders of magnitude
(from 107 to 10° per week). The sensitivity and specificity
of the detection system should remain broadly constant
over this range, so that the system performs well for both
rare and common organisms. The primary output from a
multiple outbreak detection system is likely to be a ranking
of aberrances in decreasing order of the statistical evidence
underpinning them. The correctness of the ordering is
arguably more important than achieving nominal sensitivity
and specificity levels, so that attention is focused on the
most discrepant organisms. In practice, this means that
outbreak detection methods used with multiple surveillance
systems must perform robustly and consistently over the
range of frequencies expected (or a large part of this range).

A second conclusion is that the systematic components
of the statistical outbreak detection models must be able to
cope automatically with the idiosyncrasies of individual
data series, notably seasonality and trends, without
requiring intervention by the user. This necessitates the
use of suitably flexible modeling environments, though
excessive flexibility can itself cause problems of overfitting.
A careful balance needs to be struck: for example, between
the detailed modeling required to incorporate seasonal
effects, which is crucial for some organisms, while
recognizing that such effects are not greatly relevant for
many others. In addition, robust numerical algorithms that
are guaranteed to work for all but known extreme data
configurations are essential.

Third, our analyses provide empirical support for
the use of a single, robust algorithm across this range of
organisms. The data suggest that the great majority of
organisms can adequately—though far from perfectly—be
represented by a statistical model in which the variance
is proportional to the mean, such as the quasi-Poisson or
negative binomial models. Some improvement would
nevertheless be possible through the use of more general
models in which the variance is proportional to a power of
the mean. Such more general distributions, based on birth
processes, have been studied (/5); further investigation is
warranted for application to surveillance data.

These conclusions apply specifically to the use of
automated biosurveillance as a second line of defense in
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Figure 6. Relationships between mean and skewness for data
on organisms collected, England and Wales, 1991-2011. A)
Skewness plotted against log of mean for Cyclospora spp. The full
curve is the best fit to the points; the dashed curve corresponds to
the negative binomial model; the dotted curve corresponds to the
Poisson model. B) Histogram of the parameters corresponding to
the best-fit curves for 1,001 organisms; the value —0.5 corresponds
to the negative binomial model (equation 2).

support of investigator-led outbreak detection methods,
as implemented in England and Wales. Thus, we seek a
system that performs adequately over the entire range of
organisms, to be scanned routinely, rather than one that
is optimized for a particular organism. We believe that
integrating investigator-led and automated surveillance in
this way plays best to the strengths of each method.

Each week, the England and Wales detection
system flags =20 organisms, listed in decreasing order
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of aberrance, for further investigation. A proportion of
these results are false positive and do not correspond to a
genuine outbreak. The remainder are genuine outbreaks,
many of which will also have been picked up by the front-
line investigator-led network of surveillance specialists,
as intended. Occasionally, genuine outbreaks are picked
up which have escaped detection by other means. These
events often involve pathogens with a wide geographic
distribution and relatively high baseline frequency of
reporting. Such dispersed outbreaks may be overlooked at
the local level, where they often equate to only marginal
increases, but nationally may represent noteworthy events.
Recent examples include outbreaks of Salmonella enterica
serotype Enteritidis phage type 14b in 2009 (16), S. enterica
ser. Java in 2010 (17), S. enterica ser. Montevideo in 2011,
and S. enterica ser. Poona in 2012.

Our current efforts at improving the system are to
reduce the false-positive rate while maintaining sufficient
power to detect genuine outbreaks. Some of the key
issues to be revisited are treatment of trends, seasonality,
and calculation of thresholds, in the light of the findings
presented here. Other issues are how to handle past
outbreaks and delays between specimen collection and
reported identification. The data and experience gained
from >20 years’ of automated biosurveillance will provide
valuable empirical underpinning for such improvements.
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Microevolution of Highly
Pathogenic Avian Influenza A(H5N1)
Viruses Isolated from Humans,
Egypt, 2007-2011

Mary Younan,' Mee Kian Poh,' Emad Elassal,' Todd Davis, Pierre Rivailler, Amanda L. Balish,
Natosha Simpson, Joyce Jones, Varough Deyde, Rosette Loughlin, lje Perry, Larisa Gubareva,
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Guillermo Pimentel, Kenneth Earhart, Amel Naguib, Ahmed S. Abdelghani, Samir Refaey,
Alexander |. Klimov, Ruben O. Donis, and Amr Kandeel

We analyzed highly pathogenic avian influenza
A(H5N1) viruses isolated from humans infected in Egypt
during 2007—-2011. All analyzed viruses evolved from the
lineage of subtype H5N1 viruses introduced into Egypt in
2006; we found minimal evidence of reassortment and no
exotic introductions. The hemagglutinin genes of the viruses
from 2011 formed a monophyletic group within clade 2.2.1
that also included human viruses from 2009 and 2010 and
contemporary viruses from poultry; this finding is consis-
tent with zoonotic transmission. Although molecular mark-
ers suggestive of decreased susceptibility to antiviral drugs
were detected sporadically in the neuraminidase and matrix
2 proteins, functional neuraminidase inhibition assays did
not identify resistant viruses. No other mutations suggesting
a change in the threat to public health were detected in the
viral proteomes. However, a comparison of representative
subtype H5N1 viruses from 2011 with older subtype H5N1
viruses from Egypt revealed substantial antigenic drift.

utbreaks of highly pathogenic avian influenza (HPAI)
A(H5N1) virus infection among poultry in parts of
Africa, the Middle East, and Asia have caused sporadic
human infections with high case-fatality ratios and a few
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instances of possible human-to-human transmission (/). In
Egypt, HPAI (H5N1) virus was first detected in poultry in
February 2006, and in March 2006, the first human infec-
tion was detected (2). Surveillance in wild and domestic
birds and phylogenetic analyses of viruses from the region
indicated that subtype HSNI virus was probably trans-
ported to Egypt by wild birds migrating from the Qinghai
Lake region of the People’s Republic of China in the fall
of 2005 (3). Analyses of the evolution of subtype H5N1
viruses in Egypt in the following years showed the exclu-
sive circulation of clade 2.2 viruses in poultry, indicating
no other subtype H5NI1 viruses had been introduced (4).
Subsequent genetic divergence of the clade 2.2 hemagglu-
tinin (HA) genes in Egypt, however, resulted in a distinct
phylogenetic group designated clade 2.2.1, which is enzo-
otic in peridomestic poultry, and a more recently classified
sister group known as clade 2.2.1.1, which is mostly found
in commercial chicken flocks (4-6).

In 2011, a total of 39 human cases of subtype HSN1 in-
fection and 15 related deaths were reported in Egypt; a to-
tal of 158 cases and 55 deaths were reported during 2006—
2011, making Egypt the country with the second highest
number of human cases after Indonesia (7). Increases in the
annual number of human infections and accompanying de-
creases in case-fatality ratios in Egypt during 2009-2011,
compared with those in 2006-2008, led to the hypothesis
that the circulating viruses may have acquired distinct vi-
rologic properties (8). To address this issue, we studied
the genetic and antigenic diversity of subtype HSNI vi-
ruses isolated from humans in Egypt during 2007-2011.
Analysis of 90 complete viral genomes was conducted to
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determine 1) the predominant genotype of subtype H5N1
viruses infecting humans and 2) other molecular changes
that would suggest altered phenotypic properties, suscepti-
bility to antiviral drugs, or the need for development of new
candidate vaccine viruses.

Materials and Methods

Virus Isolation and Sequencing

We extracted RNA from clinical samples from patients
with suspected HPALI infection by using the QIAmp Viral
RNA Mini Kit (QIAGEN Inc., Valencia, CA, USA), ac-
cording to the manufacturer’s protocol. We performed real-
time reverse transcription PCR using the Centers for Disease
Control and Prevention’s (CDC) primer-probe pairs for the
detection of influenza A (matrix gene) or H5a and H5b (HA
gene), as described (9). Positive results were confirmed at
the Central Public Health Laboratory operated by the Egyp-
tian Ministry of Health and Population and at the US Naval
Medical Research Unit No. 3 in Cairo, Egypt. Viruses were
isolated from PCR-positive clinical samples in embryonated
chicken eggs. All procedures using live virus were conduct-
ed in biosafety level 3 facilities with enhancements recom-
mended by the United States Department of Agriculture.

Overlapping amplicons of each gene segment were
generated by reverse transcription PCR using subtype
HS5N1 virus—specific primers (primer sequences are avail-
able upon request). We then sequenced the amplicons by
using the BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA, USA). Sequences
were assembled and edited by using Sequencher 4.9 (Gene
Codes Corp., Ann Arbor, MI, USA).

Phylogenetic Analysis and Molecular Characterization

For analysis, we used a total of 59 subtype H5N1 vi-
ruses from human clinical specimens (sequenced for this
study) and 31 subtype HS5N1 viruses from birds (from
public databases) collected in Egypt during 2007-2011
(online Technical Appendix 1, wwwnc.cdc.gov/EID/
article/19/1/12-1080-Techappl.xls). In addition, we se-
quenced 13 HA genes directly from RNA extracted from
clinical specimens. Nucleotide sequences were aligned
in BioEdit (Ibis Biosciences, Carlsbad, CA, USA) using
MUSCLE (10). We used full-length HA sequences for
viruses collected during 2006-2011 to generate the clade
2.2.1 and 2.2.1.1 HA gene phylogeny; the sequences com-
prised 72 genes sequenced by CDC and US Naval Medi-
cal Research Unit No. 3 and 56 publicly available HA
sequences (Figure 1). Sequences were aligned and trees
were built with MEGAS software (/1), using the neighbor-
joining method based on a maximum composite likelihood
model. The reliability of the trees was estimated by boot-
strap resampling analysis (1,000 replications).

2.2.1.1

Figure 1. Phylogenetic tree of the influenza A(H5) virus
hemagglutinin genes, clade 2.2.1, generated by neighbor-joining
analysis. Subgroups of clade 2.2.1 are indicated on the right.
Bootstrap values (>79) generated from 1,000 neighbor-joining
replicates are shown above branches, and Bayesian posterior
probabilities are shown below the branches at relevant nodes.
Scale bar represents 0.002 nt substitutions per site. Viruses
recommended by the World Health Organization for development
of candidate pandemic vaccines are indicated with a V; viruses
inoculated into ferrets to raise antiserum for hemagglutinin
inhibition assays are indicated with an R. Underlined names
denote 23 human viruses collected in 2011. Sequences used for
full genome analysis in this study are annotated with a dot.
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Additional statistical support for tree topology was as-
sessed by performing Bayesian analyses, using the same
datasets as described above and below. Bayesian posterior
probabilities were estimated under a Markov Chain Monte
Carlo method with 50 million generations implemented in
BEAST, using a SRD06 substitution model (/2). Strain A/
turkey/Turkey/1/2005 was used to root all trees. We gen-
erated phylogenetic trees in a manner similar to that de-
scribed above (for HA) for each gene segment from viruses
that had full genomes available; representative viruses are
shown in online Technical Appendix 2 Figure 1 (wwwnc.
cdc.gov/EID/pdfs/12-1080-Techapp2.pdf). Trees for each
gene with all sequences analyzed for this study are shown
in online Technical Appendix 2 Figure 2.

Viral proteome characterization was conducted after
full-length open reading frame nucleotide sequences were
aligned using MUSCLE and trimmed to begin at the ATG
start codon. For the HA protein sequence analysis, amino
acid numbering was based on the mature HA protein se-
quence after removal of the signal peptide.

Antigenic Analysis

Antigenic characterization was performed by us-
ing a panel of ferret antisera in hemagglutination inhibi-
tion (HI) tests with turkey erythrocytes, as described (73)
(online Technical Appendix 2 Table). We used turkey
erythrocytes to better resolve antigenic distances between
variants identified in this study. All antisera were treated
with the receptor-destroying enzyme neuraminidase (NA)
from Vibrio cholerae (RDE [receptor destroying enzyme];
Denka Seiken Co., Ltd., Tokyo, Japan), according to the
manufacturer’s recommendation, and pre-adsorbed with
turkey erythrocytes.

Antiviral Susceptibility Testing

To determine the antiviral drug concentration required
to inhibit 50% of the NA activity, we conducted a fluo-
rescent NA inhibition assay as described (/4). The assays
were conducted under biosafety level 3—enhanced contain-
ment at CDC.

Results

Epidemiology of Subtype H5N1 Infections

Most of the 158 persons in Egypt infected with sub-
type H5N1 virus during 2007-2011 were residents of the
Nile Delta region, north of Cairo (Figure 2, Appendix,
wwwnc.cdc.gov/EID/article/19/1/12-1080-F2.htm).
The cases were geographically distributed in 23 of the 27
governorates in Egypt. As determined by Kandeel et al.
(2), women >15 years of age were at greatest risk for infec-
tion and death; 36% of infections and 69% of deaths were
in women in this age group (2). Risk ratios (RRs) for death

Microevolution of Influenza A(H5N1) Viruses, Egypt

included female sex (RR 2.16, p = 0.002), age >15 years
(RR 10.26, p<0.0001), and receiving the first dose of oselta-
mivir >2 days after illness onset (RR 4.15, p<0.0001).

Genomic Phylogeny of Subtype H5N1 Virus
Isolates from Humans

We sequenced the complete genomes of 59 subtype
HS5NI1 virus isolates and 13 HA genes sequenced directly
from clinical specimens that were obtained from a total of
72 persons in Egypt during 2007-2011. The phylogenetic
trees of the HA gene sequences were annotated according
to classification criteria established by the World Health
Organization (WHO), the World Organisation for Animal
Health, and the Food and Agriculture Organization, and
clades were further subdivided as reported (6,8,13).

The phylogenetic tree of the HA gene showed that the
72 genes from the infected persons (Figure 1, coded dots)
have evolved into 4 groups that diverged from the ancestral
A/turkey/Turkey/2005-like genes. Three groups identified
within clade 2.2.1 were supported by bootstrap values >89
and were designated 2.2.1-B, 2.2.1-C, and 2.2.1-D. Clade
2.2.1.1 formed the fourth group, supported by a bootstrap
value of 100. All viruses collected in 2011 (n = 23) were
clustered within 2.2.1-C, and 22 of the 23 formed a mono-
phyletic group, supported by a bootstrap value of 94, with
an average difference of 26 nt. The rest of the group C vi-
ruses, including the Aswan isolate A/Egypt/N0423/2011,
originated from a distinct lineage but shared ancestry with
the A/Egypt/3072/2010 vaccine candidate virus (Figures 1,
2). Viruses from clade 2.2.1.1 included only 1 isolate from
humans, whereas subgroup C of clade 2.2.1 comprised 56
human isolates. The determinants of this difference have
not been established.

To detect evidence of genetic reassortment among sub-
type HSN1 viruses from poultry and zoonotic infections,
we compared the topologies of phylogenetic trees from the
complete genomes of 90 viruses from Egypt (59 sequenced
for this analysis and 31 available in GenBank). The to-
pologies of HA and PB2 trees were identical, indicating
an absence of reassortment (online Technical Appendix 2
Figure 1). The other 6 trees indicated that these genes ei-
ther co-evolved with HA (identical tree topology with high
bootstrap support) or had insufficient divergence to support
unambiguous evolutionary relationship determinations
(low bootstrap support). The exception was the nonstruc-
tural (NS) gene of a subgroup C virus, A/Egypt/9174-
NAMRU3/2009, which formed a monophyletic group
(bootstrap value 95) with several subgroup B viruses iso-
lated in the same year, indicating a possible reassortment of
NS gene between these co-circulating subgroups in 2009.

We also assessed the possible transboundary move-
ment of subtype H5N1 viruses by analyzing the phylo-
genetic relationships between viruses from Egypt (2007—
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2011) and other countries. All the genes from viruses from
Egypt formed single monophyletic groups, which included
isolates exclusively from Egypt (online Technical Appen-
dix 2 Figures 1, 3), and were distinct from other closely
related genotype Z viruses, including clade 2.2 viruses pre-
viously circulating in other regions of Africa, the Middle
East, and Europe (/5,16). These results indicated that no
additional subtype H5N1 viruses were imported into Egypt
after their introduction in 2005/2006. The data also indicate
that subtype HSN1 viruses have not reassorted with low
pathogenic avian influenza (LPAI) viruses since their ini-
tial introduction (online Technical Appendix 2 Figure 1).

Characterization of the Viral Proteome of
2011 Human Isolates

The 10 major viral proteins encoded by the sub-
type H5N1 genomes were screened to identify varia-
tions at sites previously associated with functional traits
of public health consequence (Table) (/7-24). The mul-
tibasic cleavage site common to clade 2.2.1 HA proteins
(**'PQGEKRRRKKR{G**) remained unchanged in virus-
es collected in 2011 from infected humans. As previously
noted, viruses belonging to a subset of the clade 2.2.1.1
group collected during 2009-2011 lacked a single basic
residue in the HA cleavage site that was present in clade
2.2.1 and 2.2.1.1 cleavage motifs (8).

The HA proteins of the clade 2.2.1 viruses from 2011
also lacked glycosylation at position 154, as observed
in older HSN1 viruses from Egypt. However, A/Egypt/
N10621/2011 and A/Egypt/N6658/2011 acquired an ad-
ditional glycosylation site at Asn 119 and 215, respec-
tively, in the globular head of HA. Two signature amino
acid changes (a deletion of Ser 129 in the HA gene, and an
Ile 151 Thr substitution) were observed in HA proteins of
clade 2.2.1 group C viruses collected during 2007-2011;
both changes may enhance binding to o-2,6-linked recep-
tors (8,13,25). Additional amino acid comparisons revealed
that the HA of the virus from the Aswan region of Egypt
lacked the amino acid signatures shared among the viruses
collected in 2011 from northern Egypt. However, the HA
gene from this virus featured amino acid signatures shared
among older group 2.2.1-C viruses isolated in southern and
northern Egypt (Table).

Additional polymorphisms of potential relevance in
clade 2.2.1-C viruses included the K615R mutation in the
polymerase acidic (PA) gene, previously reported to be
associated with mammalian host adaptation (20). Sever-
al additional polymorphisms were also found within the
known functional domains of the internal genes, such as
those involved in RNA and/or nucleoprotein binding (17—
24) (Table). Two of the isolates (A/Egypt/N6828/2011
and A/Egypt/N7562/2011) possessed a stop codon at
position 25 in the polymerase basic 1 (PB1)-F2 coding

region (alternate open reading frame near the 5’ end of
the PB1 gene), causing a truncated protein. One of the
poultry viruses also possessed a premature stop codon at
position 9 in PBI1-F2. A single poultry virus, A/chicken/
Egypt/083/2008, had only a 22-aa PA-X protein, and all
of the human and other poultry viruses had PA-X proteins
comprising the full 61-aa sequence. No distinct amino
acid signatures were found in the nucleoprotein or NS2
proteins. All of the clade 2.2.1-C viruses and the other
clade 2.2.1 and 2.2.1.1 viruses retained PB2 627K and
NS1 92E, two mutations imparting host-specific virulence
phenotypes in subtype H5N1 viruses, that are also con-
served in nearly all clade 2.2-origin viruses isolated from
humans and birds (26,27).

Antigenic Characterization of Recent Subtype
H5N1 Isolates from Humans

To assess the extent of antigenic drift among recent
human subtype HS5N1 virus isolates relative to WHO-
recommended candidate vaccine viruses, we performed
hemagglutinin inhibition (HI) tests using ferret antisera
raised against a panel of viruses, including A/Egypt/
N03072/2010 (the clade 2.2.1 vaccine candidate recom-
mended by WHO) (28) and isolates from previous years.
Antiserum generated against A/Egypt/N03072/2010 re-
vealed HI titers to representative subtype HSN1 isolates
from 2011 that differed <4-fold, compared with the ho-
mologous titer of the candidate vaccine virus (online
Technical Appendix 2 Table). Compared with A/Egypt/
N03072/2010, most of the analyzed viruses from humans
infected in 2011 had 6-8 aa changes in the HA1 protein
(online Technical Appendix 3, wwwnc.cdc.gov/EID/
article/19/1/12-1080-Techapp3.xls). Relative to the vac-
cine strain, these viruses shared 3 conserved amino acid
differences at positions previously shown to be involved
in antibody recognition (D154N and N155D) or recep-
tor binding (V134A). Relative to the homologous titer,
HI titers of antiserum to A/Egypt/N03072/2010 were re-
duced by 8-fold with A/Egypt/N6828/2011 and A/Egypt/
N7562/2011 (online Technical Appendix 2 Table). A/
Egypt/N6828/2011 possessed a change at putative anti-
genic site A (A127T) relative to other group C viruses,
but there were no other additional amino acid substitutions
at known functional sites to support this finding (online
Technical Appendix 3).

The HI titers of antisera to earlier clade 2.2.1 viruses
(groups A, B, and D) with group C viruses from 2011 were
reduced >8-fold relative to the homologous values, indi-
cating substantial antigenic change in recent years. These
earlier viruses had many other additional HA 1 substitutions
in comparison to the group C viruses, including several in
or near to antigenic sites B and C (online Technical Appen-
dix 3). In addition, only the group C viruses (including the
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Table. Signature amino acids of avian influenza A(H5N1) viruses infecting humans in Egypt since 2007*

Virus groupt

Protein, amino 2009 2007-2008
acid position 2.2.1-C 9174% variants§  variants{ A,B,andD 2.2.1.1 Functional relevance (reference#)
PB2

80 R R R R K K NP binding site (17,18)

129 N N N N T T

292 M M | | | | No known function
PB1

384 S S S L L L cRNA binding (79)
PB1-F2

40 G G D/G D D D No known function
PA

400 T T S S S S No known function

615 R R K/IR K K K 615R mammalian host adaptation (20)
HA

43 N N N N D D Antigenic site C (27)

120 N N/D N N S S No known function

129 Del Del Del Del S L/S Near or adjacent to the receptor

binding site 130-loop (27)
151 T T T T | | Antigenic site B and receptor binding
(21)

NA

224 M M M L L L No known function

450 G G G S S S No known function
M1

95 K K K R R R No known function

168 T T | | I | RNP binding site (22)

207 S S N N N N
M2

51 F F C C C C No known function
NS1

48 S N S N N N RNA binding site (23)

198 \' \' I | | I Effector domain: inhibition of

maturation and exportation of host
antiviral mMRNAs (23)
229 E E K K K K PDZ ligand motif of HPAI equals ESEV

(23,24)

*Hemagglutinin (HA) amino acid numbering was based on the mature HA protein sequence after removal of the signal peptide. All other numbering was
relative to the full-length open reading frame of A/goose/Guangdong/1/1996 protein sequences. PB2, polymerase basic 2 gene; NP, nucleoprotein; PB1,
PB 1 gene; PB1-F2, alternate open reading frame near the 5’ end of the PB1 gene; PA, polymerase acidic gene; Del, deletion; NA, neuraminidase; M,

matrix gene; RNP, ribonucleoprotein; NS, nonstructural gene;PDZ, postsynaptic density protein, Drosophila disk large tumor suppressor, and zonula
occludens-1 protein; HPAI, highly pathogenic avian influenza ;ESEV, H5N1 PDZ-binding motif amino acid consensus sequence.
tBoldface indicates unique amino acid differences found in the various positions along the different genes of 2.2.1-C viruses.

FlIndicates intraclade reassortant virus A/Egypt/9174-NAMRU3/2009.

§A/EgQypt/0606-NAMRU3/2009, A/Egypt/2752-NAMRU3/2009, A/Egypt/3450-NAMRU3/2009.
{[Early 2.2.1-C viruses from 2007-2008: A/Egypt/394-NAMRU3/2007, A/Egypt/2546-NAMRU3/2008, A/Egypt/2289-NAMRU3/2008.

#References describing functional significance of mutations.

vaccine virus) shared a deletion of amino acid residue 129,
which is near or adjacent to the 130-loop of the HA recep-
tor-binding site (25). The large number of changes at im-
munodominant sites between the clade 2.2.1.1 viruses and
group C viruses, together with a lack of antigenic crossreac-
tivity in 2-way tests, indicate disparate evolutionary paths
of these lineages. In agreement with previous findings (13),
we showed that sera generated against the clade 2.2.1.1 vi-
ruses (e.g., A/chicken/Egypt/9403-NAMRU3/2007 and the
A/Egypt/3300-NAMRU3/2008 vaccine candidate) did not
crossreact with the group C viruses.

Antiviral Drug Susceptibility
Analyses of putative molecular markers of resis-
tance to antiviral drugs (adamantanes and NA inhibitors)

identified few variations of concern for public health. A/
Egypt/4396-NAMRU3/2009 had an lle-to-Thr mutation at
position 223 (1223T) in the NA active site; however, this
change did not affect susceptibility of the virus to oseltami-
vir (50% inhibitory concentration 5.23 nM). A/Egypt/0605-
NAMRU3/2009 had a mutation of 1117M in the NA, and
compared with the sensitive control virus, which lacked
this mutation, A/Egypt/0605-NAMRU3/2009 had a 6-fold
reduced susceptibility to oseltamivir (16.46 nM vs. 2.68
nM). Four viruses had the V27A mutation in the M2 pro-
tein (A/Egypt/ 2289/NAMRU3/2008, A/Egypt/2546/
NAMRU3/2008, A/Egypt/N6774/2011, and A/Egypt/
N7724/2011), and 1 virus had the S3IN mutation (A/
Egypt/3300/NAMRU3/2008). These viruses are predicted
to be resistant to M2 ion-channel blocking drugs.
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Discussion

Since 2009, Egypt has reported a higher number of
HPAI (H5N1) virus infections in humans than any other
country. At the end of 2011, Egypt had reported 39 (63%)
of the total 62 human cases in the world for that year,
placing Egypt second only to Indonesia in the number
of reported human infections since 2003 (7). Exposure
to sick or dead poultry has been reported as the likely
source of infection for nearly all human cases in Egypt
(29). Most of those exposures were described as occur-
ring in backyard poultry settings (although infection in
industrial/commercial settings could not be ruled out if
someone worked in or visited these settings) (29). The
contrast between the rising numbers of human infections
detected each year in Egypt and the declining case-fatality
ratios since 2009 led to speculation about the evolution
of new virologic properties influencing the epidemiology
of subtype H5N1 virus in Egypt (2,8,25). To investigate
possible molecular epidemiologic correlates of these
trends, we analyzed the complete genomes of viruses iso-
lated from humans in Egypt during 2007-2011.

Phylogenetic analysis of HA genes indicated that sub-
type H5N1 viruses from clades 2.2.1 and 2.2.1.1 contin-
ued to co-circulate in recent years (6). In addition, the HA
of clade 2.2.1 viruses was also found to cluster in 1 of 4
distinct monophyletic groups (previously termed groups
A-D) (8,13). Of the human infections during 2009-2011,
95% were caused by viruses from a single phylogenetic
group, clade 2.2.1-C, whereas infections detected during
2007-2008 involved viruses from 2.2.1-B and -D.

In contrast with the multiple human infections caused
by the clade 2.2.1 viruses, only 1 human infection by a
clade 2.2.1.1 virus was detected (Figure 1). The predomi-
nance of clade 2.2.1-C viruses among zoonotic infections
in humans appears to be associated with the persistent cir-
culation of this group of viruses in backyard or peridomes-
tic poultry (30). However, there remains some evolutionary
divergence between 2 discrete HA clusters detected in 2011
that may correlate with the geographic separation between
the majority of group C genes that originated from the Nile
Delta and those from strain A/Egypt/N0423/2011, which
was collected from the Aswan governorate in the south of
the country. The paucity of human infections with clade
2.2.1.1 viruses, which circulate predominantly in commer-
cial poultry (30), may result from intrinsic viral properties
or from husbandry practices that reduce the probability of
zoonotic infection. Thus, exposure to subtype HSNI vi-
rus in backyard or peridomestic environments, rather than
commercial settings, appears to be correlated with greater
risk for zoonotic HSN1 infections.

The genetic variation that was observed among the HA
genes of clade 2.2.1 viruses correlated with an increased
complexity in the antigenic characteristics of the viruses

currently circulating in Egypt. Although all clade 2.2.1 vi-
ruses remain crossreactive to sera produced against refer-
ence viruses from the same clade, HI assay results indicated
that continued variation among A, B, C, and D viruses has
resulted in reduced titers of recent 2.2.1-C viruses against
antisera to older clade 2.2.1 viruses. It should be noted, that
the recent 2011 isolates were antigenically closely related
to the proposed WHO candidate vaccine virus, A/Egypt/
N03072/2010, indicating a good antigenic match between
currently circulating strains and the proposed vaccine.

Although the HA and NA genes play a major role in
the transmission of HPAI (H5N1) virus, the internal genes
can also modulate pathogenicity and transmissibility of the
virus (/7-27). To further investigate the evolution of the
internal genes of subtype H5N1 viruses from humans and
detect possible reassortment (intraclade or other), we per-
formed a systematic analysis of the phylogenetic relation-
ships among all the genes. There was a notable difference
in the topology of the phylogenetic tree of the NS gene
compared with other internal genes (supported by boot-
strap values >80) in that no distinct 2.2.1-B and 2.2.1-D
subgroups were evident for the NS gene tree. All the inter-
nal genes that did not appear to co-evolve with their sur-
face genes show the closest relationship to the genes of A/
turkey/Turkey/2005, indicative of a lack of strong selective
pressure. These findings also confirmed previous reports
that subtype H5N1 genes have not been introduced from
Asia into Egypt since 2006. The phylogenies of all the
genes from the viruses in Egypt lacked evidence of reas-
sortment with other avian influenza genes.

The co-circulation of HIN2 and potentially other
LPAI A viruses in Egypt has been reported (37); thus, the
absence of genetic reassortment between subtype HS5SN1
and LPAI avian viruses from poultry could be considered
unexpected. In contrast to reassortant genotypes that have
been identified in other countries, the homogeneous genetic
makeup of subtype H5N1 viruses in Egypt may stem from
the characteristics of the poultry trade with neighboring
countries or from other factors leading to fewer opportu-
nities for co-infections with other avian influenza viruses.

At the protein level, evolution among 2.2.1-C virus-
es, compared with that among other clade 2.2.1 viruses,
has resulted in the fixation of at least 4 substitutions in
the HA protein. When found together, 2 of the 4 HA mu-
tations have been implicated as possible host adaptation
markers: the deletion of residue 129 and the 1151T sub-
stitution enabled in vitro binding to a-2,6 sialosides and
virulence in mice (25). However, these 2 mutations may
also mediate antigenic drift (20). The K615R substitution
in the PA proteins of 2.2.1-C viruses represents another
potential marker of host adaptation (/7). No markers of
antiviral drug resistance were found to be conserved in
either the NA or M2 of any of the human-derived subtype
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HS5NI viruses. Epidemiologic investigations of the human
cases of subtype HSN1 infection from which the study
isolates were derived could not confirm which patients
had received oseltamivir or other antiviral treatments.
However, previous analyses of subtype HSN1 viruses iso-
lated from poultry in Egypt were found to have M2 and
NA proteins with antiviral resistance markers, indicating
that these mutations exist to some extent in viruses circu-
lating within the poultry population (8).

In summary, our findings indicate that the recent sub-
type H5N1 viruses isolated from human infections origi-
nated from poultry. These viruses evolved from a single
genotype introduced into Egypt in 2005/2006; there is no
evidence of subsequent reassortment with new subtype
HS5N1 virus genes introduced into Egypt or resident LPAI
viruses. The viruses have been observed in all subtype
HS5N1 infections in humans since 2009 and belong to a sub-
group, termed 2.2.1-C, with unique genetic signatures that
may contribute to their persistence in poultry. A rationale
for linking the observed amino acid changes to the decline
in case-fatality ratios since 2009 could not be identified.
Systematic analysis of subtype HSN1 viruses in Egypt is
critical to better understand the genetic and phenotypic
evolution of subtype HSN1 viruses in Egypt and to inform
public health programs to reduce the risk for zoonotic in-
fections and prevent or mitigate a potential pandemic.
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Risk Factors for Nipah Virus
Infection among Pteropid Bats,
Peninsular Malaysia

Sohayati A. Rahman, Latiffah Hassan, Jonathan H. Epstein, Zaini C. Mamat, Aziz M. Yatim,
Sharifah S. Hassan, Hume E. Field, Tom Hughes, Justin Westrum, M.S. Naim, Arshad S. Suri,
A. Aziz Jamaluddin, Peter Daszak, and the Henipavirus Ecology Research Group'

We conducted cross-sectional and longitudinal
studies to determine the distribution of and risk factors
for seropositivity to Nipah virus (NiV) among Pteropus
vampyrus and P. hypomelanus bats in Peninsular Malaysia.
Neutralizing antibodies against NiV were detected at most
locations surveyed. We observed a consistently higher
NiV risk (odds ratio 3.9) and seroprevalence (32.8%) for
P. vampyrus than P. hypomelanus (11.1%) bats. A 3-year
longitudinal study of P. hypomelanus bats indicated
nonseasonal temporal variation in seroprevalence,
evidence for viral circulation within the study period, and an
overall NiV seroprevalence of 9.8%. The seroprevalence
fluctuated over the study duration between 1% and 20%
and generally decreased during 2004—2006. Adult bats,
particularly pregnant, with dependent pup and lactating
bats, had a higher prevalence of NiV antibodies than
juveniles. Antibodies in juveniles 6 months—2 years of age
suggested viral circulation within the study period.

ipah virus (NiV) disease emerged in Peninsular

Malaysia during September 1998—April 1999 and
resulted in 105 human deaths (=40%) and compulsory
culling of 1.1 million pigs (/). NiV disease has been
successfully controlled in Malaysia. However, elsewhere
in Bangladesh and India, 12 NiV outbreaks have since
occurred (2). Pteropid bats (family Pteropodidae, genus

Author affiliations: Veterinary Research Institute, Ipoh, Malaysia (S.A.
Rahman, Z.C. Mamat, A.M. Yatim, M.S. Naim, A.A. Jamaluddin);
Universiti Putra Malaysia, Serdang, Malaysia (L. Hassan, A.S.
Suri); EcoHealth Alliance, New York, New York, USA (J.H. Epstein,
T. Hughes, J. Westrum, P. Daszak); Monash University, Serdang,
(S.S. Hassan); and Queensland Primary Industries and Fisheries,
Brisbane, Queensland, Australia (H.E. Field)

DOI: http://dx.doi.org/10.3201/eid1901.120221

Pteropus) were the most likely reservoir host of the virus,
and evidence of NiV in these bats had been consistently
found in populations across southern Asia (3—6) and Africa
(7) despite an absence of outbreaks in some areas.

Characteristics of bats that promote their competency
as a natural host and reservoir for many emerging
pathogens from evolutionary, ecologic, sociobehavioral,
and immunologic perspectives are progressively being
reported (8—7/7). In Malaysia, previous surveillance
work suggest 2 pteropid species, Pteropus hypomelanus
(variable flying fox) and P. vampyrus (large flying fox)
bats, as reservoir hosts for NiV (12). P. hypomelanus bats
reside on offshore islands along the eastern (n = 14) and
western (n = 4) coasts of the peninsula (/3). NiV was first
isolated from pooled urine samples from these bats on the
island of Pulau Tioman off the eastern coast of the state
of Pahang (/4). P. vampyrus bats, the pteropid species
identified during the first NiV disease outbreak location
in 1998 (3), are anthropogenic-susceptible bats residing in
remote and inaccessible areas such as mangroves and dense
forests (15). P. vampyrus bats roost mainly on the mainland
but may have focal transitory points on surrounding islands
as they travel (16,17).

Our recent follow-up work on a cohort of P. vampyrus
bats (/8,19) showed a possible NiV recrudescent event
leading to horizontal viral transmission to other bats in
the colony. The findings further elucidated maintenance
and transmission dynamics of the virus within and among
roosts, colonies, and the bat metapopulation. In this report,
we present results of 2 studies conducted concurrently
to determine the geographic extent and prevalence of

"Members of the Henipavirus Ecology Research Group are listed
on the group’s website (www.ecohealthalliance.org/herg).
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NiV-neutralizing antibody for P. vampyrus and P.
hypomelanus bats, and to identify the sexual and
reproductive maturity determinants for NiV seropositivity
in the wild.

Materials and Methods
Study Design and Study Populations

Cross-sectional Study of NiV (Distribution Study)

During March 2004-May 2007, we sampled P.
hypomelanus bat colonies from several roost sites in
Pulau Kapas and Pulau Perhentian on the northeast coast
of Terengganu, Pulau Tioman on the southeast coast of
Pahang, and Pulau Pangkor on the northwest coast of
Perak. We also sampled P. vampyrus bats in the states of
Perlis; Perak (Teluk, Memali, and Lenggong); Terengganu
(Kampung Alor Lek, Setiu, and Kuala Berang); Pahang
(Tanjung Agas, Pasir Panjang, and Ganchong); and Johor
(Benut and Kesang) (Figure 1). We determined these sites
using published information on pteropid roost locations
(15), reports from the Malaysia Department of Parks and
Natural Resources authority (PERHILITAN), information
from local hunters and residents, and field observations.
A complete list of observed roost sites was published by
Epstein et. al. (/6). Colonies were selected for this study
on the basis of observed presence of bats, accessibility for

bat capture, and roost size (e.g., number of bats). A sample
size of 35 bats was targeted at each location or for each
sampling effort to be able to detect a NiV-seropositive bat
given a minimum prevalence of 10% with 10% precision at
a confidence level of 95% (20).

Permission for the study was granted by PERHILITAN,
and Institutional Animal Care and Use Committee approval
was obtained from the Wildlife Trust Institutional Animal
Care and Use Committee (New York, NY, USA). A special
permit to trap and humanely kill the bats was obtained from
PERHILITAN. Bats were captured nonrandomly by using
2 methods: opportunistic sampling of hunted bats (hunters
were not solicited or incentivized to hunt bats for this
study) and mist nets.

Hunted bats were sampled at the site of hunting, and bats
were attributed to the location of the nearest known roost.
Blood samples were collected by cardiac puncture, and
the kidneys were harvested. The blood, urine, and kidney
samples were processed as described (/8). Bats captured
in mist nets were extracted from the nets immediately
after capture and anesthetized before sampling by using
medetomidine, a combination of medetomidine/ketamine
(21), or isoflurane gas. Blood (3 mL) was collected from
the cephalic vein or brachial vein and placed into serum-
separator tubes (Vacutainer; Becton Dickinson, Franklin
Lakes, NJ, USA). Sterile cotton swabs were used to collect
oropharyngeal and urogenital samples. All samples were
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Figure 1. Trapping sites for Pteropus
hypomelanus and P. vampyrus bats and
seroprevalence of Nipah virus in 8 sites,
Peninsular  Malaysia, January  2004-
September 2006. Values in the small graphs
indicate number of positive samples.
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stored in liquid nitrogen at —190°C) and transported to the
Veterinary Research Institute in Ipoh, Perak, Malaysia.

For each bat hunted or captured, information on the
date of sampling, species, location, sex, reproductive status,
and estimated age was recorded. We assigned each bat an
age category of adult (secondary sexual characteristics
visible/reproductive), juvenile (no observable secondary
sexual characteristics, not pregnant, dental wear
characteristics), or pup (dependent and attached to its dam)
(3). We categorized the reproductive status as pregnant,
carrying a pup (adult females with attached pup), nursing
(adult females without attached pup but with evidence of
lactation), or dry (not in any of the previous categories)
using published criteria (/8). The total number of bats
sampled for each pteropid species is shown in Tables 1 and
2. Bats captured in mist nets were released at the site of
capture after recovery from anesthesia.

We performed descriptive analysis to describe the
seroprevalence on the basis of species of bats and locations.
Differences among positive antibody titers (range <8-
1,025) between species were tested by using the Mann-
Whitney U test. Comparison of the seroprevalence rates
between the 2 pteropid species was performed by using
the 2 test. When there were sufficient data to perform the
analysis, several factors were examined for its association
to NiV seropositivity by using the ¥ test.

Longitudinal Study on Risk Factors

for NiV (Risk Factor Study)

We performed a longitudinal study on a population
of P. hypomelanus bats in Pulau Tioman in which 50 bats
from the same colony were captured by using mist nets and
sampled approximately every 6-8 weeks during January
2004—October 2006. Monsoonal rains prevented access to
the island of Pulau Tioman during December—February,
which extended the interval between some sampling
points. Captured bats were tagged by using a thumb band
or implantable microchip (Avid Identification Systems,
Inc., Norco, CA, USA) and unique identification numbers
to ensure that sampling was not repeated on the same bat.
The bats were anesthetized by using ketamine and xylazine
(22). Data, blood, and swab samples were collected as
described in the previous section.

We investigated associations between serostatus
(positive or negative) and each of the hypothesized risk
factors (sex, age, reproductive categories, time) using the x>
test or Fisher exact test when the  test was not appropriate.
Our previous study (/8) suggested a correlation between the
serologic status of pups and their dams. Therefore, serologic
data for P. hypomelanus pups were excluded from further
analysis. Logistic regression with generalized estimating
equations was used to analyze longitudinal data to control

Nipah Virus Infection among Pteropid Bats

for the effect of clustering, assuming that bats sampled
between various times were from the same population.
To compare the categories across sexual and reproductive
maturity, we reclassified the data on the basis of sex (male
and female) and reproductive maturity (juvenile, adult,
dry, pregnant, carrying a pup, and nursing) and renamed
the variable the sexual and reproductive maturity factor.
The logistic regression analysis includes the sexual and
reproductive maturity categories and sampling time for
the bats. All hypothesis testing was 2-sided, with o = 0.05,
and was performed by using SPSS version 19 (SPSS Inc.,
Chicago, IL, USA).

Laboratory Analysis

Plasma-neutralizing antibodies against NiV were
measured by using the serum neutralization test (SNT)
(23) with plasma diluted 1:2-1:1,024. A titer >8 was
considered a positive titer for specific antibody against NiV
because serum samples were usually toxic to Vero cells
at higher concentrations (i.e., 1:2 or 1:4). Virus isolation
was attempted by using rabbit kidney and Vero cells in
a biosafety level 3 facility until the third passage before
a sample was considered negative (23). According to the
Malaysian Government Act on Control and Prevention of
Infectious Diseases 1988 (revised May 25, 2006), NiV is
categorized in risk group 3, which enables the virus to be
handled in a biosafety level 3 facility. Any tissue culture
with an NiV-like cytopathic effect was confirmed by using
a PCR as described (24). All laboratory diagnostics (SNT,
virus isolation, and PCR) were conducted at the Veterinary
Research Institute in Ipoh.

Results
Distribution of NiV

P. vampyrus Bats

NiV-neutralizing antibodies were detected in bats at
all locations (Table 1). Overall, 82 (32.8%) of 253 bats
were seropositive. We found no significant difference in
seroprevalence rates in bats from the 5 states (p =0.213, by
Fisher exact test). NiV-neutralizing antibody titers ranged
from <8 to 1,024 (median <8), and among seropositive
bats, the median titer was 64. All culture and PCR results
were negative. Among pups, juvenile, and adult bats, 0%
(0/1), 25% (14/56), and 35.2% (68/193), respectively, were
seropositive (Table 1). Age, sex, and female reproductive
status were examined for their effects on serostatus of P.
vampyrus bats. Univariate analysis showed that age and sex
were not associated with seroprevalence of NiV. However,
among nursing bats, a higher risk for NiV seropositivity
was observed than in other adult females (Table 3).
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Table 1. Pteropus vampyrus bats with Nipah virus—neutralizing antibody titers, Peninsular Malaysia, January 2004—October 2006

% Seroprevalence

Location Sex Age No. SNT titer No. positive (95% CI)
Perlis,n =6 M Adult 4 <8 0 16.7 (1.1-58.2)
Juvenile 0 NA NA
Pup 0 NA NA
F Adult 0 NA NA
Juvenile 2 <8 1
Pup 0 NA NA
Perak, n = 50 M Adult 18 <8-32 3 24 (14.1-37.5)
Juvenile 11 <8-64 2
Pup 0 NA NA
F Adult 18 <8-512 7
Juvenile 3 <8 0
Pup 0 NA NA
Terengganu, n = 18 M Adult 6 <8-128 1 38.9 (20.2-61.5)
Juvenile 5 <8-64 4
Pup 0 NA NA
F Adult 6 <8-16 2
Juvenile 0 NA NA
Pup 1 <8 0
Johor,n =73 M Adult 23 <8-128 12 42.4 (31.7-53.9)
Juvenile 16 <8-128 6
Pup 0 NA NA
F Adult 26 <8-128 12
Juvenile 8 <8-16 1
Pup 0 NA NA
Pahang, n = 106 M Adult 44 <8-1,024 10 29.2 (21.4-38.5)
Juvenile 9 <8 0
Pup 0 NA NA
F Adult 50 <8-1,024 21
Juvenile 3 <8 0
Pup 0 NA NA
Overall, N = 253 Adult 193 <8-1,024 0 32.8 (27.3-38.8)
Juvenile 66 NA 14
Pup 1 NA 68

*SNT, serum neutralization test; NA, not applicable (no sample).

P. hypomelanus Bats

Of 119 plasma samples collected from island sites, 2
were not used because of inadequate amounts of plasma.
Of the remaining 117, 13 (11.1%) were seropositive. NiV
antibodies were detected in 13 (13.8%) of 94 bats from
islands off the east coast (Pulau Perhentian, Pulau Kapas,
Pulau Tioman) of Peninsular Malaysia. Titers ranged
from <8 to 256 (median <8); among seropositive bats,
the median titer was 32. Samples from Pulau Pangkor (n
= 24) were negative for NiV-neutralizing antibodies. All
culture and PCR results were negative. Pups were not
captured, but among juvenile and adult bats, 0% (0/31) and
11.1% (13/73), respectively, were seropositive (Table 2).
Univariate analysis showed that sex was not associated with
NiV seropositivity. Stratified data for various reproductive
categories were sparse and lacked power for meaningful
analysis (Table 3).

Comparison of P. vampyrus and

P. hypomelanus Bats

The antibody titer difference between P. vampyrus and
P. hypomelanus bats was significant (p<0.001, by Mann-
Whitney U test. The difference in seroprevalence for NiV

between P. hypomelanus (13/117, 11.1%) and P. vampyrus
(82/253, 32.8%) bats was significant (y* 19.54, p<0.001),
and risk for a seropositive reaction to NiV was 3.9x higher
for P. vampyrus bats than for P. hypomelanus bats.

Longitudinal Study of NiV P. hypomelanus Bats

Characteristics of bats sampled are shown in Table
4. All P. hypomelanus bat samples had negative culture
and PCR results. The overall NiV seroprevalence for
P. hypomelanus bats from Pulau Tioman was 9.8%.
Differences in seroprevalence between sampling times
were significant (p<0.001). The highest seroprevalence
rate was in 2004, which then waned in 2005 and 2006
(Figure 2).

The seroprevalence of NiV in adult bats (12.8%) was
significantly higher than in juveniles (3.7%; p<0.001),
and adults were =~4%x more likely to be seropositive (odds
ratio 3.9). Seroprevalence was not significantly different
between male (11.1%) and female bats (8%; p = 0.258).
However, when data for female bats were examined by
their reproductive categories, a significant difference
(p<0.001) was observed. Bats that were pregnant, carrying
a pup, and lactating were 3.9x%, 4.8%, and 3.0x more likely
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Figure 2. Seroprevalence of
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to be seropositive than adult female bats that did not show
these features (Table 5).

Although our data were not sufficiently powered
to detect significant differences among various sex and
reproductive maturity categories (sample size was not large
enough within each category level), when we controlled for
the effect of time, the likelihood of seropositivity to NiV
among pregnant, carrying, and nursing females remained
higher than other female bats, and the highest risk was

observed among those females carrying pups. Juvenile
female bats were the least likely to have detectable NiV
antibodies compared with other bats. Most seropositive
cases appeared to cluster in 2004 and decreased toward the
end of the study (Table 6).

Anthropic disturbance to roosting sites during our
study resulted in dispersal of P. hypomelanus bats to
smaller (<20), more disparate cohorts that roosted higher
in the trees and finally relocation to another site on Pulau

Table 2. Pteropus hypomelanus bats with Nipah virus—neutralizing antibody titers, Peninsular Malaysia, January 2004—

October 2006*
Location Sex Age No. SNT titer No. positive % Seroprevalence
(95% CI)
Pulau Pangkor, n = 23 M Adult 13 <8 0 0 (0-16)
Juvenile 4 <8 0
Pup 0 NA NA
F Adult 4 <8 0
Juvenile 2 <8 0
Pup 0 NA NA
Pulau Perhentian, n = 15 M Adult 2 <8-128 0 13.3 (2.5-39.1)
Juvenile 1 <8 1
Pup 0 NA NA
F Adult 7 <8-64 1
Juvenile 5 <8 0
Pup 0 NA NA
Pulau Kapas, n = 29 M Adult 7 <8 0 3.3(0.01-18.1)
Juvenile 0 NA NA
Pup 0 NA NA
F Adult 15 <8 1
Juvenile 7 <8-32 0
Pup 0 NA NA
Pulau Tioman, n = 50 M Adult 27 <8-128 6 20 (11.1-33.2)
Juvenile 4 <8 0
Pup 0 NA NA
F Adult 11 <8-256 4
Juvenile 8 <8 0
Pup 0 NA NA
Overall, N = 117 Adult 73 <8-256 13 11.1 (6.5-18.2)
Juvenile 31 NA 0
Pup 0 NA 0

*SNT, serum neutralization test; NA, not applicable (no sample).
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Table 3. Univariate analysis of independent variables and Nipah virus serostatus of 2 Pteropus bat species surveyed in a cross-
sectional survey (without pup data), Peninsular Malaysia, January 2004—October 2006*

Species and risk factor No. positive/no. tested (%) p valuet OR (95% CI)
P. vampyrus
Age
Juvenile 14/56 (25) Referent 1.00
Adult 68/193 (35.2) 0.151 1.63 (0.83-3.19)
Sex
M 38/135 (28.1) Referent 1.00
F 44/114 (38.6) 0.081 1.6 (0.94-2.73)
Female reproductive status
Dry 21/58 (36.2) Referent 1.00
Pregnant 6/14 (42.3) 0.645 1.32 (0.40-4.33)
Carrying a pup 3/7 (42.9) 0.731 1.32 (0.27-6.48)
Nursing 11/17 (64.7) 0.042 3.23 (1.04-9.99)
Juvenile 3/18 (16.7) 0.130 0.35 (0.09-1.36)
P. hypomelanus
Age
Juvenile 0/31 (0) NA NA
Adult 13/86 (15.1) NA NA
Sex
M 7/58(12.1) Referent 1.00
F 6/59 (10.2) 0.744 0.85 (0.26-2.62)
Female reproductive status
Dry 2/23 (8.7) Referent 1.00
Pregnant 4/14 (28.6) 0.112 4.20 (0.65-26.89)
Carrying a pup NA NA NA
Nursing NA NA NA
Juvenile 0/22 (0) NA NA

*OR, odds ratio; NA, not applicable.
1By X2 test, Fisher exact test, or simple logistic regression.

Tioman, =6 km from the previous site. We believe roost
size affected seroprevalence rates and thus reduced risks
for seropositivity, as observed toward the end of the study.

Discussion

All bats captured during the study, including NiV-
seropositive bats, appeared healthy, which was consistent
with observations from experimental infections of pteropid
bats with NiV (25,26). Our cross-sectional survey found
that seroprevalences of NiV in P. vampyrus and P.
hypomelanus bats were 32.8% and 11.1%, respectively,
which differed from results of a study Yob et al. (12)
after the first NiV outbreak (17% vs. 31%, respectively).
Although both studies support the hypothesis that Pteropus
spp. are the natural reservoir for NiV in Malaysia, we

believe that this difference may be attributed to our study
having a larger sample size for each species and a wider
geographic sampling scale, as well as potential differences
among the diagnostic assays used.

The presence of NiV-seropositive P. vampyrus bats
across Peninsular Malaysia was expected because satellite
telemetry studies by Epstein et al. (/6) and Breed et al. (/7)
showed that P. vampyrus bats are highly mobile, moving
beyond state and national borders and making contact with
other conspecifics across the region probable. These findings
are consistent with the findings of studies of Hendra virus
in Australia and NiV in Bangladesh, in which evidence for
circulation has been observed across a broad expanse of the
home range of each pteropid species (27-29). The higher
seroprevalence of NiV among P. vampyrus bats than among

Table 4. Characteristics of Pteropus hypomelanus bats tested for Nipah virus, Pulau Tioman, Peninsular Malaysia, January 2004—

October 2006
Reproductive SNT titer % Seroprevalence
Sex Age group No. status No. range No. (%) seropositive (95% CI)
Male, n = 407 Adult 314 NA NA <8-512 39 (12.4) 10.80 (8.18-14.27)
Juvenile 81 NA NA <8-32 5(6.1)
Pup 12 NA NA <8 0
Female, n = 243 Adult 124 Dry 62 <8-256 4 (6.5) 8.20 (5.30-12.4)
Pregnant 19 <8-256 4(21.1)
Attached 20 <8-256 5 (25)
Nursing 23 <8-128 4(17.4)
Juvenile 113 NA NA <8-64 2(1.8)
Pup 6 NA NA <8-64 1(16.6)
Overall, N = 650 NA 650 NA NA <8-512 64 9.80 (7.77-12.39)

*SNT, serum neutralization test; NA, not applicable.
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Table 5. Univariate analysis of independent variables and Nipah virus seropositivity (without pup data) in 632 samples from
Pteropus hypomelanus bats surveyed in Pulau Tioman, Peninsular Malaysia, January 2004—October 2006

Risk factor No. positive/no. tested (%) p value* Qdds ratio (95% CI)
Sampling time
Jan 2004 10/50 (20) Referent 1.00
Apr 2004 7150 (14) 0.297 0.57 (0.20-1.64)
Jul 2004 7150 (14) 0.427 0.65 (0.23-1.88)
Sep 2004 12/51 (6.3) 0.668 1.23 (0.48-3.18)
Feb 2005 4/54 (6.9) 0.052 0.29 (0.08-1.01)
Apr 2005 5/41 (6.9) 0.262 0.53 (0.18-1.59)
Jun 2005 6/50 (12) 0.280 0.54 (0.18-1.63)
Sep 2005 2/61 (3.3) 0.013 0.13 (0.03-0.65)
Feb and Mar 2006t 1/71 (1.4) 0.007 0.05 (0.01-0.45)
May 2006 1/50 (2) 0.019 0.08 (0.01-0.66)
Jul 2006 7150 (14) 0.427 0.65 (0.22-1.88)
Oct 2006 1/50 (2) 0.019 0.08 (0.10-0.66)
Age
Juvenile 71194 (3.7) <0.001 1.00
Adult 56/438 (12.8) 3.91 (1.75-8.75)
Sex
M 44/395 (11.1) 0.213 1.00
F 19/237 (8.1) 0.69 (0.39-1.22)
Female reproductive status
Dry 4/65 (6.5) Referent 1.00
Pregnant 4/19 (21) 0.077 3.87 (0.86-17.29)
Carrying a pup 5/20 (25) 0.031 4.83 (1.15-20.24)
Nursing 4/23 (17.4) 0.139 3.05 (0.69-13.40)
Juvenile 2/113 (1.8) 0.128 0.26 (0.05-1.47)

*By ” test, Fisher exact, or simple logistic regression.
tData were combined to enable analysis.

P. hypomelanus bats suggests that exposure to NiV is more
common among the P. vampyrus bats, which is consistent
with higher rates of NiV seroprevalence among juvenile P.
vampyrus bats than among juvenile P. hypomelanus bats.
These findings suggest that viral circulation and exposure
are probably more common among P. vampyrus bats.

We believe that the greater connectivity of P. vampyus
bats among colonies in the region create a metapopulation
structure in which there is more opportunity for virus
to circulate by migration, resulting in a higher rate of
exposure. Island bats have limited connectivity (30).
Thus, herd immunity tends to wane over time, creating a
relatively lower seroprevalence (/7). This phenomenon
may be illustrated by our survey of P. hypomelanus bats on
Pulau Pangkor, in which we did not detect any seropositive
bats. We sampled 24 bats, which would have enabled
us to detect a seropositive bat, given a prevalence >10%
with 95% confidence. The fact that we did not detect any
seropositive bats suggests a lower seroprevalence, which
could also be attributed to the relatively high degree of
urbanization on Pulau Pangkor and consequently smaller
colonies and a decreased seroprevalence.

The longitudinal study of P. hypomelanus Dbats
showed that prevalence of neutralizing antibodies to NiV
fluctuated during the study (range 1%—20%) and, although
unpredictable, seroprevalence generally waned in the final
2 years (Figure 2). We did not observe any consistent and
discernible seasonal seroprevalence pattern. However,
other studies have suggested periodic patterns of antibody

prevalence that are connected to the reproductive cycle of
bats for other viruses such as Hendra virus (37), filovirus,
and lyssavirus (8,9). With the exception of the first NiV
outbreak in Malaysia, other studies have linked NiV
outbreaks to bat reproductive seasons (32—34). We believe
that the waning seroprevalence during our study is partly
explained by anthropic disturbances that occurred at the
original study site in Pulau Tioman, which resulted in
relocation and dispersal of the original colony into smaller
roost sizes. In addition to waning immunity in bats, smaller
roost size decreases viral transmission to other susceptible
bats, resulting in decreasing seroprevalence over time. The
lack of viral isolation from any sample collected during
our studies may have been caused by a low incidence
of viral shedding or low viral excretion doses within the
colony, which is supported by studies of henipaviruses
(1,4,5,18,35).

Sex was not a risk factor for NiV exposure, which is
consistent with results of other studies (28,31,36). However,
when we stratified the analysis on the basis of sexual and
reproductive maturity of the bats, we found that female bats
that were pregnant, had an attached pup, and were lactating
had a consistently higher likelihood of exposure to NiV
than adult males or dry adult females. Analysis of data from
a cross-sectional survey of bats of both species suggests an
increasing risk for exposure to NiV when female bats were
pregnant or lactating. This finding was strengthened in the
longitudinal study because female bats that were pregnant,
had an attached pup, or were nursing had a higher risk for
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Table 6. Risk factors for Nipah virus seropositivity (without pup data) in Pteropus hypomelanus bats sampled in Pulau Tioman,

Peninsular Malaysia, January 2004—October 2006*

Variable B SE p value OR (95% ClI)

Time
Jan 2004 Referent Referent Referent 1.00
Apr 2004 -0.58 0.57 0.310 0.55 (0.17-1.72)
Jul 2004 0.52 0.59 0.373 1.69 (0.53-5.43)
Sep 2004 0.38 0.51 0.457 1.46 (0.53-3.97)
Feb 2005 -1.31 0.62 0.034 0.26 (0.07-0.90)
Apr 2005 -1.17 0.78 0.135 0.30 (0.06-1.44)
Jun 2005 -0.44 0.59 0.459 0.64 (0.19-2.07)
Sep 2005 -1.54 0.76 0.045 0.21 (0.04-0.96)
Feb and Mar 2006t -2.59 1.09 0.018 0.07 (0.00-0.63)
May 2006 -2.13 1.09 0.051 0.11 (0.01-1.00)
Jul 2006 -0.32 0.56 0.564 0.72 (0.24-2.17)
Oct 2006 -2.47 1.08 0.022 0.08 (0.01-0.70)

Sexual and reproductive maturity
Adult males Referent Referent Referent 1.00
Juvenile males -0.78 0.52 0.132 0.45 (0.16-1.27)
Dry females -0.84 0.53 0.114 0.42 (0.14-1.22)
Pregnant females 0.50 0.62 0.421 1.65 (0.48-5.61)
Carrying a female pup 1.24 0.69 0.074 3.48 (0.88-13.6)
Nursing females 0.50 0.63 0.427 1.65 (0.47-5.74)
Juvenile females -2.34 0.70 0.001 0.09 (0.02-0.38)

*B, estimated coefficient; OR, odds ratio.
tData were combined to enable analysis.

NiV when we controlled for the potential confounding
effect of sampling time (or seasonality).

Among mammals, Pteropus spp. bats are known to
carry their pups for <3 months (30) after birth and continue to
nurse for <4 months after the pup is independent. Pregnancy
and lactation are the most metabolically demanding periods
of mammalian life (37). Therefore, the cumulative stress
from reproductive activities, followed by physical exertion
from carrying an attached pup to lactation, may have led to
the increased risk for NiV infection among this group of
bats, consistent with the findings of Plowright et al. (31).
We speculate that NiV spillover events are most likely to
occur during these periods.

Our study has several limitations, including sampling
bias, which results from the nonrandom sampling technique
used. Sample numbers were often suboptimal because of
extreme difficulty in catching pteropid bats. In addition,
there are major challenges associated with interpretation
of serologic data in wildlife populations. Although we
detected differences in the prevalence of neutralizing
antibodies between species and increased risk among
bats in different reproductive categories, there is still little
known about the timing of actual infection or the duration
of NiV antibodies in bats. One technique used to overcome
this difficulty was to examine age-stratified serologic data,
which has been used in similar epidemiologic studies (37).
P. hypomelanus bats reach sexual maturity at =12 months
of age (30) and P. vampyrus at 24 months of age (38),
which enabled us to infer that NiV antibodies in weaned
juveniles (=6—24 months of age) may indicate recent
viral circulation. Our previous study among captured P.
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vampyrus bats demonstrated horizontal transmission of
NiV from an adult to juvenile bats within the same colony
after a brief shedding episode (/8). Our finding of juvenile
P. hypomelanus bats with antibodies to NiV during the
longitudinal study support the possibility that virus had
been circulating in this population within the lifetime of the
juvenile, assuming that the juvenile bats were old enough
to have lost maternal antibodies.

Our finding of neutralizing antibodies to NiV in both
species of Pteropus bats at almost all locations we studied in
Malaysia, coupled with isolation of NiV from these bats by
our group and another group, strengthened the theory that
NiV is enzootic in both Pteropus bat species, and that these
species serve as the natural reservoir for NiV in Malaysia.
Longitudinal surveys of P. hypomelanus bats suggest
size and colony density may cause lower seroprevalence,
and female bats that were pregnant, carrying a pup, and
lactating generally had higher rates of NiV exposure than
males or nonpregnant adult females, which lend further
support to the hypothesis that infection rates may be higher
during periods of pregnancy and lactation. Further study of
NiV infection and shedding rates in pteropid bats will help
elucidate seasonal and intracolonial viral dynamics.
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Invasive Pneumococcal Disease
after Routine Pneumococcal
Conjugate Vaccination in Children,
England and Wales

Shamez N. Ladhani, Mary P.E. Slack, Nick J. Andrews, Pauline A. Waight,
Ray Borrow, and Elizabeth Miller

We assessed known risk factors, clinical presentation,
and outcome of invasive pneumococcal disease (IPD) in
children 3-59 months of age after introduction of the 7-va-
lent pneumococcal conjugate vaccine (PCV7) in England
and Wales. During September 2006—March 2010, a total
of 1,342 IPD episodes occurred in 1,332 children; 14.9%
(198/1,332) had comorbidities. Compared with IPD caused
by PCV7 serotypes (44/248; 17.7%), comorbidities were
less common for the extra 3 serotypes in the 10-valent vac-
cine (15/299; 5.0%) but similar to the 3 additional PCV13
serotypes (45/336; 13.4%) and increased for the 11 extra
serotypes in 23-valent polysaccharide vaccine (PPV23)
(39/186; 21.0%) and non-PPV23 serotypes (38/138;
27.5%). Fifty-two (3.9%) cases resulted from PCV?7 failure;
9 (0.7%) case-patients had recurrent IPD. Case-fatality rate
was 4.4% (58/1,332) but higher for meningitis (11.0%) and
children with comorbidities (9.1%). Thus, comorbidities were
more prevalent in children with IPD caused by non-PCV13
serotypes and were associated with increased case fatality.

n September 2006, the United Kingdom introduced the

7-valent pneumococcal conjugate vaccine (PCV7) into
the national childhood immunization program for receipt at
2,4, and 13 months of age (/). At the same time, a 12-month
catch-up campaign was initiated that offered 2 vaccine doses
to 2—8-month-old infants and 1 dose to 12—24-month-old
children (/). The program rapidly achieved high vaccine
coverage (2) and was highly effective (3), resulting in a
rapid reduction in invasive pneumococcal disease (IPD)
caused by the serotypes in PCV7 (PCV7-IPD; serotypes
4, 6B, 9V, 14, 18C, 19F, and 23F), particularly in children

Author affiliations: Health Protection Services Colindale, London,
UK (S.N. Ladhani, M.P.E. Slack, N.J Andrews, P.A Waight, E. Mill-
er); and Health Protection Agency, Manchester, UK (R. Borrow)
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<2 years of age, for whom PCV7-IPD decreased by 98%
by 2009-10 (4). Because conjugate vaccines induce high
antibody levels that reduce carriage in vaccinated children
and, therefore, transmission of Streptococcus pneumoniae
to others, PCV7-IPD also declined by >75% in older
age groups through indirect protection (herd immunity)
(4). Moreover, although this reduction was offset by an
increase in IPD caused by serotypes not included in PCV7
(serotype replacement disease), IPD decreased 34% overall
across all age groups during 2009—10 (56% in children <2
years of age) (4). The introduction of a 13-valent vaccine
(PCV13) in April 2010 provided protection against 2 of the
key replacing serotypes, 7F and 19A (5); however, concern
remains about the potential for further replacement disease
with non-PCV 13 serotypes.

After PCV7 introduction, the Health Protection
Agency (HPA) collected detailed clinical information about
all laboratory-confirmed IPD cases in children eligible for
PCV7 in England and Wales. To predict the potential long-
term effect of higher-valent vaccines on childhood IPD, an
understanding is needed of the characteristics of children
in whom IPD developed and of the infecting serotypes
during the PCV7 period. We describe the distribution of
known risk factors, clinical features, and outcome of illness
in children with IPD in the cohort eligible for PCV7 in
England and Wales.

Methods

IPD Surveillance

The HPA conducts enhanced surveillance for IPD
in England and Wales (4). The HPA routinely collects
computerized hospital laboratory reports of invasive
pneumococcal isolates and actively requests referral
of isolates to its national Reference Laboratory for
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serotyping. The laboratory reports are regularly reconciled
with serotype data into a single dataset. We report on all
IPD case-patients 3—59 months of age in the birth cohorts
eligible for PCV7 (children born since September 2004)
in whom IPD was diagnosed during the 43-month period
spanning September 4, 2006-March 31, 2010 (before
PCV13 introduction). The HPA has approval under Patient
Information Advisory Group Section 60 of the Health
and Social Care Act 2001 to process confidential patient
information for public health purposes (www.legislation.
hmso.gov.uk/si/s12002/20021438.htm).

In children with >1 IPD episode, only the first episode
was included in the analysis except where repeat IPD
episodes were described. Vaccination status was obtained by
telephone from the child’s general practitioner, followed by
a questionnaire to the general practitioner and/or pediatrician
requesting clinical information, including known risk factors
for IPD (6). Incomplete questionnaires and questionnaires
that were not returned after a reminder letter was sent were
followed up by telephone.

Definitions

An IPD case was defined as culture of S. pneumoniae
from a normally sterile site or, for culture-negative cases,
detection of pneumococcal DNA in cerebrospinal or
pleural fluid. Meningitis was defined as S. pneumoniae
identified in cerebrospinal fluid through culture and/or
PCR or clinical and/or radiologic features of meningitis
with S. pneumoniae isolated from blood culture. Lower
respiratory tract infection (LRTI) was defined as S.
pneumoniae in empyema fluid or in blood with radiologic
and/or clinical diagnosis of pneumonia. Septicemia
was defined as S. pneumoniae cultured in blood with no
distinctive clinical syndrome. Repeat samples from sterile
sites within 30 days from the same person were regarded
as part of the same episode.

PCV7 vaccine failure was defined as PCV7-IPD
occurring at least 14 days after 2 doses in children <12
months of age or after 1 dose in children >12 months of age
(irrespective of the number of previous PCV7 doses). The 3
extra serotypes in 10-valent PCV (PCV10) were 1, 5, and 7F;
the additional 3 PCV13 serotypes were 3, 6A, and 19A; and
the additional 11 serotypes in the 23-valent polysaccharide
vaccine (PPV23) were 2, 8, 9N, 10A, 11A, 12F, 15B,
17F, 20, 22F, and 33F. Fatal cases were followed up by
requesting a hospital discharge summary and a postmortem
report where appropriate. Death caused by IPD was defined
as S. pneumoniae identified from a normally sterile site 1)
before death, with clinical, laboratory, and/or radiologic
evidence of invasive bacterial infection; or 2) at postmortem
examination, with histopathologic evidence of invasive
bacterial infection and/or a report by the histopathologist that
the pathogen contributed to the death.

Data Analysis

Data were exported to Stata version 11.0 (StataCorp,
College Station, TX, USA) for analysis. Mid-year
population estimates were obtained from the Office for
National Statistics (www.statistics.gov.uk). Continuous
variables that did not follow a normal distribution were
described as median and interquartile ranges (IQR) and
compared by using the Mann-Whitney U test. Proportions
were compared by using the y? test or Fisher exact test,
as appropriate.

Multivariable logistic regression was used to
calculate the adjusted odds ratio (aOR) and 95% ClIs for
1) comorbidity with increasing age in years at disease
onset, after adjustment for time since PCV7 introduction
and sex; 2) comorbidity with vaccination status among
PCV7-IPD cases after adjustment for age and time since
PCV7 introduction; and 3) specific clinical features
(e.g., meningitis, LRTI) as binary outcome variables and
infecting pneumococcal serotype groups as explanatory
variables after adjustment for sex, comorbidities, time since
PCV7 introduction, and vaccination status. We also used
a multivariable logistic regression model to evaluate risk
factors for death; explanatory variables were age and time
since PCV7 introduction as continuous variables and sex,
vaccination status, infecting serotype group, comorbidities,
and clinical features as categorical variables. Multinomial
logistic regression was used to study the association between
comorbidities and serotype groups after adjustment for age,
sex, vaccination status, and time since PCV7 introduction.

Results

During September 2006—March 2010, a total of 1,342
IPD cases occurred in 1,332 children 3-59 months of
age. Median age at disease onset was 14.5 months (IQR
9.0-26.6 months);198 (14.9%) of the 1,332 patients had
underlying comorbidity (Table 1), which, after adjustment
for study year and sex, increased with age (aOR 1.17, 95%
CI 1.04-1.33, p = 0.013). Malignancy/immunosuppression
(56 cases) accounted for approximately one fourth of
comorbidities, followed closely by congenital heart disease
(36 cases), given that an additional 17/23 (74.9%) children
with Down syndrome also had congenital heart disease
(Table 2). Septicemia was the main clinical feature, followed
by meningitis and LRTI (Table 1). Clinical presentation
with meningitis decreased with age, whereas LRTI
increased and accounted for more than one third of cases
among children 2-5 years of age (Table 1). Comorbidities
were present in 8.0% (19/237) of children with LRTI,
11.3% (34/300) with meningitis, 19.9% (154/772) with
septicemia, and 17.4% (4/23) with other conditions.

Pneumococcal Serotypes causing IPD
Serotype information was available for 90.6%
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Table 1. Characteristics of children with IPD in the cohort eligible for PCV7, England and Wales, September 4, 2006—March 31,

Invasive Pneumococcal Disease in Children

2010
Age group, mo, no. (%)
Characteristic 311, n = 507 12-23, n = 446 24-59, n = 379 Total, n = 1,332
Male sex 307 (60.6) 253 (56.7) 220 (58.0) 780 (58.6)
No comorbidity 441 (87.0) 392 (87.9) 301 (79.4) 1,134 (85.1)
Any comorbidity 66 (13.0) 54 (12.1) 78 (20.6) 198 (14.9)
Serotype group
PCV7 95 (18.7) 106 (23.8) 47 (12.4) 248 (18.6)
Extra 3 PCV10 86 (17.0) 78 (17.5) 135 (35.6) 299 (22.4)
Extra 3 PCV13 134 (26.4) 112 (25.1) 90 (23.7) 336 (25.2)
Extra 11 PPV23 82 (16.2) 62 (13.9) 42 (11.1) 186 (14.0)
Other 55 (10.8) 39 (8.7) 44 (11.6) 138 (10.4)
Not known 55 (10.8) 49 (11.0) 21 (5.5) 125 (9.4)
PCV7-IPD cases
Year 1 66/142 (46.5) 88/136 (64.7) 15/25 (60.0) 169/303 (55.8)
Year 2 17/104 (16.3) 13/90 (14.4) 13/69 (18.8) 43/263 (16.3)
Year 3 11/114 (9.6) 4/116 (3.4) 7134 (5.2) 22/364 (6.0)
Year 4 (36—43 mo) 1/92 (1.1) 1/55 (1.8) 12/130 (9.2) 14/277 (5.1)
Comorbidity
Prematurity 58 (11.4) 44 (9.9) 28 (7.4) 130 (9.8)
Septicemia 272 (53.6) 291 (65.2) 209 (55.1) 772 (58.0)
Meningitis 195 (38.4) 70 (15.7) 35(9.2) 300 (22.5)
LRTI 23 (4.5) 82 (18.4) 132 (34.8) 237 (17.8)
Other 17 (3.4) 3(0.7) 3(0.8) 23(1.7)
>1 PCV7 vaccine dose 410 (80.9) 315 (70.6) 309 (81.5) 1,034 (77.6)
Hemolytic uremic syndromet 8 (1.6) 11 (2.5) 5(1.3) 24 (1.8)
Antimicrobial resistance
Penicillint 4/191 (2.1) 5/154 (3.2) 4/118 (3.4) 13/465 (2.8)
Erythromycin 9/153 (5.9) 16/129 (12.4) 4/92 (4.3) 29/374 (7.8)
Died and had 27/507 (5.3) 16/446 (3.6) 15/379 (4.0) 58/1,332 (4.4)
No comorbidity 17/437 (3.9) 13/389 (3.3) 10/295 (3.4) 40/1,121 (3.6)
Comorbidity 10/70 (14.3) 3/57 (5.3) 5/84 (6.0) 18/211 (8.5)
Septicemia 71272 (2.6) 5/291 (1.7) 6/209 (2.9) 18/772 (2.3)
Meningitis 18/195 (9.2) 9/70 (12.9) 6/35 (17.1) 33/300 (11.0)
LRTI 1/23 (4.3) 2/82 (2.4) 3/132 (2.3) 6/237 (2.5)
Other 1/17 (5.9) 0/3 (0) 0/3 (0) 1/23 (4.3)
Serotype group
PCV7 3/95 (3.2) 6/106 (5.7) 2/47 (4.3) 11/248 (4.4)
PCV10 3/86 (3.5) 0/78 (0) 2/135 (1.5) 5/299 (1.7)
PCV13 8/134 (6.0) 3/112 (2.7) 5/90 5.6) 16/336 (4.8)
PPV23 2/82 (2.4) 5/62 (8.1) 2/42 (4.8) 9/186 (4.8)
Other 7155 (12.7) 0/39 (0) 3/44 (6.8) 10/138 (7.2)

*IPD, invasive pneumococcal disease; PCV7, 7-valent pneumococcal conjugate vaccine, PCV10, 10-valent pneumococcal conjugate vaccine; PCV13,
13-valent pneumococcal conjugate vaccine; PPV23, 23-valent polysaccharide vaccine; PCV7-IPD cases, IPD caused by the serotypes in PCV7; LRTI,

lower respiratory tract infection.

TThe responsible serotypes were 19A (13 cases, 52%), 7F (4 cases, 16%), 3 (3 cases, 12%), 1 (2 cases, 8%), 11A (1 case, 4%), and 22A (1 case, 4%).

FTwo isolates from each age group were of intermediate penicillin resistance.

(1,207/1,332) of first episodes (online Technical Appendix
Table 1, wwwnc.cdc.gov/EID/pdfs/12-0741-Techapp.
pdf). The proportion of PCV7-IPD cases decreased with
time since PCV7 introduction in all age groups (Figure;
Table 1). During the last 7 months of surveillance, the extra
6 serotypes in PCV13 accounted for 69.0% (191/277) of
IPD cases for which the organism was serotyped.

Comorbidities

The proportion of children with comorbidities did not
alter with time since PCV7 introduction (Figure). Among
PCV7-IPD cases, although a higher proportion of children
with comorbidities had been previously vaccinated with
>1 PCV7 dose (22/44 [50.0%] vs. 69/204 [33.8%]), the
difference was not significant after adjustment for age at

disease onset and time since PCV7 introduction (aOR 1.58,
95% CI 0.72-3.47, p = 0.25). However, the proportion
with comorbidity differed by serotype group (p<0.001)
(Table 3). The difference was due to a low proportion
with comorbidity for the extra 3 PCV10 serotypes and
high proportion for the additional 11 PPV23 serotypes, as
well as non-PPV23 serotypes. This relationship remained
significant after adjustment for age, vaccination status,
and time since PCV7 introduction by using multinomial
logistic regression where serotype group was set as the
outcome variable.

Clinical Features
After PCV7 introduction, the proportion of children
with LRTI increased, even after adjustment for age at
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Table 2. Comorbidities in children with invasive pneumococcal disease, England and Wales, September 4, 2006—March 31, 2010

Age group, mo, no. (%)

Comorbidity 3-11, n =507 12-23, n = 446 24-59, n = 379 Total, n = 1,332
Total 66 (13.0) 54 (12.1) 78 (20.6) 198 (14.9)
Malignancy/immunosuppression 6(9.1) 12 (22.2) 38 (48.7) 56 (28.3)
Hematologic malignancy 0 1 23 24
Solid-organ malignancy 3 6 7 16
Transplant® 1 1 3 5
Primary immunodeficiency 2 4 3 9
HIV infection 0 0 2 2
Congenital heart disease 22 (33.3) 7 (13.0) 7 (9.0) 36 (18.2)
Down syndromet 9(13.6) 5(9.3) 9(11.5) 23 (11.6)
Respiratory disease 10 (15.2) 11 (20.4) 6 (7.7) 27 (13.6)
Chronic lung disease 5 5 4 14
Congenital anomaly 5 5 1 11
Severe asthma on oral steroids 0 1 1 2
Gastrointestinal disease 7 (10.6) 4(7.4) 2 (2.6) 13 (6.6)
Biliary atresia 5 0 1 6
Long-term total parenteral nutrition 2 4 1 7
dependencyt
Neurologic disease 7 (10.6) 7(13.0) 7(9.0) 21 (10.6)
Cerebral insult/palsy 4 1 4 9
Congenital anomaly 2 4 2 8
Cochlear implant 0 1 1 2
Ventricular-peritoneal shunt 1 1 0 2
Sickle cell disease 2(3.0) 3(5.6) 6 (7.7) 11 (5.6)
Renal disease 3(4.5) 5(9.3) 3(3.8) 11 (5.6)
Congenital anomaly 3 1 1 5
Metabolic renal condition 0 1 0 1
Nephrotic syndrome 0 2 2 4
Chronic renal failure 0 1 0 1

*Transplant of the heart (2), liver (1), bone marrow (1), and kidney (1),

tCongenital heart disease also was reported in 6/9, 4/5, and 7/9 children with Down syndrome in the 3 age groups, respectively.
FFour with postnecrotizing enterocolitis with surgical resection of bowel, 2 with protein-losing enteropathy, and 1 with malabsorption syndrome.

disease onset, sex, comorbidities, and infecting serotype
group (aOR 1.19/year, 95% CI 1.01-1.41, p = 0.045).
When analyzed by serotype group, after adjustment for
sex, comorbidities, age, time since PCV7 introduction, and
vaccination status, the 3 extra PCV10 serotypes were less
likely to cause meningitis (aOR 0.43, 95% CI 0.26-0.74,
p = 0.002) and more likely to cause LRTI (aOR 6.49,
95% CI 2.73-15.5, p<0.001) than were PCV7 serotypes.
The observation was the same for the 3 additional PCV13
serotypes (aOR 0.46, 95% CI 0.28-0.74, p = 0.001, and
aOR 11.2, 95% CI 4.77-26.3, p<0.001, respectively), and
the findings remained significant even after the 3 additional
PCV 13 serotypes were replaced with serotype 3 only in the
logistic regression model (aOR for meningitis 0.16, 95%
CI1 0.06-0.43, p<0.001; aOR for LRTI 37.0, 95% CI 14.4—
95.3, p<0.001). The prevalence of comorbidity in children
with serotype 3 IPD was similar to that in children with IPD
caused by serotypes 6A and 19A (13/98 [13.3%] vs. 32/238
[13.4%], p = 0.97) although the median age at disease onset
was higher (22.6 months [IQR 14.6-36.1 months] vs. 12.1
months [8.6-19.3 months], p<0.001).

Antimicrobial Susceptibility
Results for penicillin susceptibility testing were
reported for 465 isolates; 13 (2.8%) exhibited intermediate

(6 [1.3%]) or complete (7 [1.5%]) resistance and belonged
to serotypes 19A (4 isolates), 19F, 1, 15A, and 9V (1 isolate
each) among serotyped isolates (Table 1). Only 1 child with
penicillin-resistant IPD had a comorbidity (malignancy),
and another had recently returned from southern Europe,
but all survived. Results for erythromycin susceptibility
testing were reported for 374 isolates, of which 29 (7.8%)
were resistant, mainly among serotypes 14 (13 isolates) and
19F (4 isolates). Four isolates were reported as resistant to
penicillin and erythromycin. None of these children had
comorbidity; 3 developed septicemia, 1 had meningitis,
and none died. Penicillin resistance remained stable during
the surveillance period, whereas erythromycin resistance
declined from 19.4% (21/108) in the first year after vaccine
introduction to 1.4% (1/73) in the final year, mainly because
of declines in serotypes 14 and 19F.

Vaccine Failure

PCV7-IPD occurred in 248 (20.5%) of 1,207
serotyped cases, and 52 (3.9%) of 1,332 children with
IPD had 53 episodes of PCV7 vaccine failure, including 1
fully vaccinated cochlear implant recipient with 2 distinct
meningitis episodes 10 months apart. Serotypes 6B (18/53
cases, 34.0%) and 19F (16/53, 30.2%) were responsible
for almost two thirds of PCV7 vaccine failures. Case-
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patients with PCV7 vaccine failure were more likely to
have comorbidities (15/52 [28.8%] vs. 166/1,155 [14.4%]
case-patients with known serotype, p = 0.004). Only 1
case-patient with PCV7 vaccine failure, who had immune
deficiency, died of pneumococcal meningitis 2 months
after receiving a PCV7 catch-up dose in the second year
of life.

The additional 11 PPV23 serotypes were responsible
for 14% of serotyped IPD cases overall and 22% for those
with comorbidity. Of the 78 children >2 years of age
who had comorbidities and would have been eligible for
PPV23, IPD caused by the 11 additional PPV23 serotypes
developed in 17 (21.8%). Only 4 (5.1%) of the 78 children
had received PPV23 before their IPD episode; IPD caused
by a PPV23 serotype developed in 2 of these, 1 with sickle
cell disease who had been fully vaccinated with PCV7
and PPV23 and in whom serotype 19A IPD subsequently
developed and 1 with severe developmental delay who
had received 1 catch-up dose of PCV7 and PPV23 but in
whom serotype 6B IPD subsequently developed. The other
2 PPV23-vaccinated children, both with sickle cell disease
and fully vaccinated with PCV7 and PPV23, developed
serotypes 6A and 23A IPD, respectively.

Repeat IPD Episodes

Nine (0.7%) children had repeat IPD episodes. Eight
had 2 episodes each, and 1 had 3 episodes (online Technical
Appendix Table 2). Four had known comorbidities (44.4%
vs. 14.7% [194/1,323] for the rest of the cohort; p=0.012),
1 was a PCV7 vaccine failure, and none died.

Case-Fatality Rate

Sixty-two children died, including 4 with multiple
comorbidities who died several weeks after recovering
from IPD; their deaths were attributed to complications
of chronic liver disease (2 children), Escherichia coli
septicemia (1 child), and group A streptococcal septicemia
(1 child). The IPD-attributable case-fatality rate (CFR)
was, therefore, 4.4% (58/1,332); almost one third (18/58
[31.0%]) of children who died had comorbidities. Seven
(12.1% [1 with comorbidity]) died at home; 8 (13.8% [6
with comorbidities]) died on the way to the hospital; 12
(20.7% [6 with comorbidities]) died in the emergency
department; and 31 (53.5% [5 with comorbidities])
died in the intensive care unit. One toddler, in whom
Staphylococcus aureus meningitis had developed at 7
months of age, died of pneumococcal meningitis at 13
months of age, and IRAK-4 mutation was subsequently
diagnosed at postmortem examination.

Of the 51 deaths in children for whom serotype was
known, CFR for PCV7-IPD cases was equally distributed
among the 7 serotypes, and 10/11 (90.9%) deaths occurred
after 4 months of age, of which 9 were in unvaccinated
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Figure. IPD clinical cases in PCV7-eligible children since PCV7
introduction, England and Wales, September 4, 2006-March 31,
2010. A) Distribution of cases. Black bar sections, bacteremia;
dark gray bar sections, lower respiratory tract infection; light gray
bar sections, meningitis; white bar sections, other. B) Proportion
of serotyped cases caused by PCV7 serotypes in healthy children
(dashed line) and children with comorbidities (solid line). The
prevalences of comorbidity among IPD cases during the 4 time
periods were 13,5%, 17.7%, 17.0%, and 10.7%, and the case-
fatality rates were 5.6%, 4.3%, 4.3%, and 3.0%, respectively. *Data
included for 7 months only. IPD, invasive pneumococcal disease;
PCV7, 7-valent pneumococcal conjugate vaccine.

children and, therefore, potentially vaccine-preventable.
CFR did not vary with time since PCV7 introduction
(Figure) and was lower for IPD caused by the extra 3 PCV10
serotypes (1.7%) but not statistically significant (Table 1).
CFR for serotype 3 IPD (5/98 cases, 5.1%) was similar to the
overall IPD CFR in this age group. After adjustment for age,
sex, vaccination status, and time since PCV7 introduction
in a logistic regression model, infecting serotype group was
not associated with death. On the other hand, meningitis
(aOR 6.43, 95% CI 3.36-12.3, p<0.001) and presence of
comorbidities (aOR 2.70, 95% CI 1.35-5.38, p = 0.005)
were significantly associated with death.

Discussion

Comorbidities were identified in 15% of PCV7-
eligible children in England and Wales, with malignancy/
immunosuppression and congenital heart disease each
accounting for one quarter of reported comorbidities.
Compared with PCV7-IPD cases, the prevalence of
comorbidity was significantly lower for IPD cases caused
by the 3 additional PCV10 serotypes and higher for
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Table 3. Association between infecting pneumococcal serotype group and presence of comorbidity, England and Wales, September

4, 2006—-March 31, 2010*

Serotype group Comorbidity, no./total (%) aORt (95% CI) p value

All PCV7-IPD casest 44/248 (17.7)

3 extra PCV10 serotypes (1, 5, 7F) 15/299 (5.0) § 0.24 (0.13-0.45) against PCV7 <0.001

3 extra PCV13 serotypes (3, 6A, 19A) 45/336 (13.4)§ 0.72 (0.46-1.13) against PCV7 0.15
3.58 (1.93-6.66) against PCV10t <0.001

11 extra PPV23 serotypes 39/186 (21.0) 1.23 (0.76-1.99) against PCV7 0.40
6.02 (3.16-11.5) against PCV10 <0.001
1.68 (1.04-2.71) against PCV13 0.033

Remaining non-PPV23 serotypes 38/138 (27.5) 1.76 (1.07-2.89) against PCV7 0.025
8.57 (4.46-16.5) against PCV10 <0.001
2.39 (1.46-3.93) against PCV13 0.001
1.42 (0.85-2.40) against PPV23 0.18

*aOR, adjusted odds ratio; PCV7, 7-valent pneumococcal conjugate vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13, 13-valent

pneumococcal conjugate vaccine; PPV23, 23-valent polysaccharide vaccine.

10dds ratio adjusted for age, vaccination status, and time since PCV7 introduction by using a multinomial logistic regression with serotype group as the

outcome.
tSerotypes 4, 6B, 9V, 14, 18C, 19F, and 23F.

§Comorbidity was lower for each of the 3 extra PCV10 serotypes, 1 (7/129, 5.4%), 5 (1/17, 5.9%), and 7F (7/153, 4.6%), compared with the additional 3
serotypes in PCV13, 3 (13/98, 13.3%), 6A (12/47, 25.5%), and 19A (20/191, 10.5%).

non-PCV13 IPD cases. Overall CFR was low and
independently associated with meningitis and comorbidity
but not with infecting serotype group.

The comorbidities in the cohort reported here are
typical of children considered at higher risk for IPD
(6-9). Other population-based studies that had differing
definitions for comorbidities and age ranges have reported
comorbidities in 10%—-36% of children with IPD (7,10-13).
In Massachusetts, USA, 16% of 578 children <18 years
of age who had IPD during 2001-2007 had comorbidity
(mainly immunosuppression) (9). The US Active Bacterial
Core surveillance program identified comorbidity in only
3% of childhood IPD cases before PCV7 introduction in
1998-99, but this proportion increased to 7% in 2006—07
(p =0.003), with similar increases in adults and the elderly;
this finding suggests that the replacing serotypes after the
decline in PCV7-1PD might be less virulent and thus more
likely to infect vulnerable children with comorbidities
(14). The lower prevalence of comorbidities in the Active
Bacterial Core surveillance might be explained partly by
inclusion of children who had blood cultures performed in
an outpatient setting, whereas blood cultures in the United
Kingdom are almost always taken in the hospital and,
therefore, capture more severe IPD cases (4). Moreover,
changes in clinical practice after PCV7 introduction, such
as fewer blood cultures from previously healthy children
with fever seeking outpatient care, might have contributed
to the increased comorbidity prevalence between the 2
periods in the United States (/4).

In the cohort reported here, the 3 extra PCV10
serotypes were more likely to affect healthy children.
Serotypes 1, 5, and 7 (which are included in both PCV10
and PCV13) are known to be highly invasive and mainly
affect previously healthy persons but appear to cause less
severe disease, as determined by various clinical severity
scores and requirement for intensive care, and have a lower
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CFR (15). In children, a meta-analysis of 7 different datasets
found that serotypes 1, 5, and 7 were infrequently isolated
among carriage strains but had the highest potential for
invasive disease, whereas serotypes that were more likely
to be carried (e.g., 6B, 19F, and 23F) were less likely to be
invasive (16).

A higher prevalence of comorbidity was identified
for IPD cases caused by the 11 additional PPV23
serotypes as well as non-PPV23 IPD cases, suggesting
that the remaining serotypes after PCV13 introduction in
the United Kingdom might be less virulent. In England
and Wales, PPV23 uptake for high-risk persons is low,
particularly for children (/7), and is consistent with the low
PPV23 vaccination rates observed among children with
comorbidities in the IPD cohort reported here. That such
a low proportion of high-risk children were vaccinated
with the nationally recommended PPV23 and 2 of the 4
PPV23-vaccinated case-patients had IPD resulting from 1
of the PPV23 serotypes is concerning and merits further
investigation on the use of polysaccharide vaccines in high-
risk persons.

In keeping with other studies, PCV7 vaccine failure
(3.9%) was uncommon (/8-20), and nearly one third of
case-patients had comorbidities. A recent study in the
United States reported 4% of 753 IPD cases diagnosed
during a 27-month period as PCV7 vaccine failures, with
37% of the case-patients with vaccine failure having
comorbidities (20). In that study, PCV7-vaccinated
children with comorbidities were almost 3% more likely
to develop PCV7-IPD than were vaccinated children
without comorbidities, even after we controlled for various
confounders (20). In another case—control study in the
United States that involved 782 children 3-59 months
of age who had IPD, vaccine effectiveness of >1 PCV7
dose against PCV7-IPD was 96% (95% CI 93%-98%)
for healthy children and 81% (95% CI 57%-92%) for
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children with comorbidities (27). Similar estimates of
97% (95% CI 92%-98%) and 88% (95% CI 78%—94%),
respectively, were obtained by using the indirect cohort
(Broome) method to measure direct protection afforded
by PCV7 (22). In the United Kingdom, where a 12-month
catch-up campaign offering PCV7 to all children <2 years
of age was introduced at the same time as routine infant
vaccination, vaccine effectiveness estimated by using
the indirect cohort method was similar for children with
comorbidities and healthy children receiving the nationally
recommended immunization courses, albeit with wide
confidence intervals for the different comorbidities and
immunization schedules (3).

In our study and the US studies, serotypes 6B and
19F were predominantly responsible for PCV7 vaccine
failures. Similarly, recurrent IPD was reported in only 9
children (0.7%) and, like vaccine failure, was more likely
to occur in children with comorbidities. The relatively
long duration between episodes and the different infecting
serotypes suggest re-infection rather than persistent
infection as a consequence of, for example, inadequate
or inappropriate therapy. Before routine pneumococcal
vaccination, a US population-based surveillance study
reporting 318 cases of recurrent IPD identified persons
with HIV and children <5 years of age with chronic
illness as the 2 main risk groups (23). A more recent
US study reported recurrent IPD in 90 of 4,067 children
with IPD over 12 years, with comorbidities identified in
>80% (24). Recurrent IPD cases declined significantly
after PCV7 introduction, although age at re-infection or
proportion with comorbidities during the pre- and post-
PCV7 periods did not differ (24). Despite the smaller age
range and shorter follow-up period, our study supports
the low risk for recurrent IPD after PCV7 introduction,
even though we are unable to compare with pre-PCV7
rates. Although 5 of 9 children with recurrent IPD had
no reported comorbidities, some could have undetected
immunologic abnormalities, as was identified in a child
with fatal IPD who had IRAK-4 deficiency, for example
(25-27). Children in whom IPD developed, particularly
because of vaccine failure, should be carefully assessed,
and children who have a history of >1 serious invasive
infection should be investigated for possible immune
deficiency along with their close family members
because further infections possibly could be prevented
through appropriate immunization and/or antimicrobial
prophylaxis.

The extensive follow-up of IPD cases, particularly
the fatal cases, helped us to more accurately estimate
CFR and assess IPD-associated deaths. Overall, IPD-
associated CFR was low and independently associated
with comorbidity and meningitis. The finding that
meningitis was diagnosed in one quarter of mainly healthy

Invasive Pneumococcal Disease in Children

children is concerning given the significantly higher
CFR and association with the most severe long-term
neurodevelopmental complications (reported in >30% of
survivors) among pathogens causing bacterial meningitis
in children (28).

Like all large-scale epidemiologic studies, our study
has limitations. Not all hospital laboratories in England and
Wales routinely report or submit clinical isolates to the HPA.
However, by combining multiple data sources and actively
requesting submission of invasive pneumococcal isolates
to the HPA national Reference Laboratory for confirmation
and serotyping, we believe that our surveillance captures
most laboratory-confirmed IPD cases and, because the
same surveillance method has been in place since PCV7
introduction, enables comparison of trends over time.
The study is also limited by the relatively short follow-up
period for identifying vaccine failure cases and recurrent
episodes. However, given the significant decline in carriage
of PCV7 serotypes (29), we are unlikely to see many
cases of PCV7-IPD, particularly in young children where
vaccine coverage remains high (30). The changing pattern
of IPD after PCV7 introduction emphasizes the need for
continued epidemiologic and molecular surveillance
across all age groups. In addition to assessing the role of
PPV23 in protecting children with comorbidities, further
studies are required to develop new strategies and vaccines
with broader coverage to prevent IPD in children who
are most susceptible and reduce deaths associated with
pneumococcal meningitis.
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Vaccination and Tick-borne
Encephalitis, Central Europe

Franz X. Heinz, Karin Stiasny, Heidemarie Holzmann, Marta Grgic-Vitek,
Bohumir Kriz, Astrid Essl, and Michael Kundi

Tick-borne encephalitis (TBE) is a substantial public
health problem in many parts of Europe and Asia. To
assess the effect of increasing TBE vaccination coverage
in Austria, we compared incidence rates over 40 years for
highly TBE-endemic countries of central Europe (Czech
Republic, Slovenia, and Austria). For all 3 countries we
found extensive annual and longer range fluctuations and
shifts in distribution of patient ages, suggesting major
variations in the complex interplay of factors influencing
risk for exposure to TBE virus. The most distinctive effect
was found for Austria, where mass vaccination decreased
incidence to =16% of that of the prevaccination era.
Incidence rates remained high for the nonvaccinated
population. The vaccine was effective for persons in all age
groups. During 2000-2011 in Austria, =4,000 cases of TBE
were prevented by vaccination.

Tick—borne encephalitis (TBE) is the most common
arthropod-transmitted viral infection of humans in
Europe and central and eastern Asia (/); each year, >10,000
TBE patients are hospitalized. The role of TBE as a travel-
associated disease is probably underestimated (2,3).
TBE virus is a member of the family Flaviviridae, genus
Flavivirus, and a close relative of the mosquito-transmitted
viruses that cause yellow fever, dengue fever, Japanese
encephalitis, and West Nile fever (4). Three antigenically
closely related subtypes are carried primarily by Ixodes
ricinus (European subtype) and [ persulcatus ticks
(Siberian and Far-Eastern subtypes) (5). In TBE-endemic
areas, the virus circulates between ticks and vertebrate
hosts (primarily rodents) (5,6); humans are dead-end hosts
only and do not play any role in the maintenance of TBE
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virus in nature. In most instances, transmission to humans
occurs by the bites of infected ticks; however, in some
TBE-endemic areas, alimentary infections—obtained
through consumption of raw milk or milk products from
infected goats, sheep, or cattle—are common (6,7).
Because virus circulation depends on an intricate balance of
virus and host factors that are controlled by environmental
conditions, TBE-endemic areas do not follow all areas of
tick infestation but are restricted to certain regions that are
conducive to maintenance of natural virus cycles (§—/7). In
Europe, the most strongly affected countries are southern
Germany, Switzerland, Austria, the Czech Republic,
Slovakia, Hungary, Slovenia, the Baltic countries, Poland,
parts of Scandinavia, and European Russia.

Similar to other flavivirus infections, only a subset of
TBE virus infections leads to neurologic diseases such as
meningitis, encephalitis, encephalomyelitis, and radiculitis
(12). On average, the severity of disease increases with
patient age (/3), and case-fatality rates of <1%, 1%—3%,
and <35% have been reported in Europe, Siberia, and the
Far East, respectively (/2). Effective inactivated whole
virus vaccines are produced in Europe (European subtype
strain) and Russia (Far-Eastern subtype strain) (/), but
their usage differs widely among TBE-endemic countries
(14,15). Experiments with postvaccination serum and
direct mouse challenge experiments have shown that
vaccines manufactured with 1 subtype will also protect
against strains of the other TBE virus subtypes (16,17),
consistent with their antigenic similarity. A strong upsurge
of TBE in Europe in recent years (6) has been associated
with climatic, ecologic, and human behavioral changes that
might increase the risk for virus exposure (8,18-20).

To determine the effectiveness of vaccination, we
examined incidence of TBE in Austria over 40 years,
including 10 years without vaccination followed by 30
years with increasing vaccination coverage. We compared
these data with those for the Czech Republic and Slovenia,
2 neighboring central European countries with high TBE
incidence rates but comparatively low vaccination rates.
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We demonstrate that the strong decline of TBE observed
only in Austria resulted from protection by vaccination and
that the incidence rate for the nonvaccinated population
remained as high as it was during the prevaccination era.
The data from all 3 countries reveal a strong degree of
annual and longer range variations, which are coincident in
some but not all instances.

Materials and Methods

TBE Vaccines and Vaccination Schedules

The TBE vaccines available on the European market
are produced by 2 manufacturers; FSME-IMMUN by
Baxter AG, Vienna, Austria, and Encepur by Novartis
Vaccines, Marburg, Germany. Both vaccines contain
purified TBE virus grown in chick embryo cells,
inactivated by formalin, and have aluminum hydroxide
added as adjuvant (21). In Austria, the recommended basic
vaccination schedule consists of 2 vaccinations ~4 weeks
apart followed by a third vaccination after 5-12 months
and a fourth vaccination after >3 years. For persons
<60 years of age, additional booster immunizations are
recommended every 5 years; this interval is reduced to 3
years for persons >60 years of age. Both manufacturers
also provide vaccines for children; these vaccines contain
half of the antigen dose contained in the vaccines for
adults (22,23).

Collection of Vaccination Coverage Data for Austria

For Austria, TBE wvaccination status data were
collected annually by postal surveys conducted by GfK
Austria Health Care (Vienna, Austria); 4,000 households
(8,500-10,000 household members, representative of
different age groups) were surveyed. Data were acquired
from written vaccination history for 87% of participants
and memory for 13%.

Documentation of TBE Cases

For several decades, Austria, the Czech Republic,
and Slovenia have had well-established systems for
documenting TBE cases (20,24,25), and, according to the
National Reference Laboratories and/or National Public
Health Institutes, the principles of the notification system
were not changed over the period analyzed in this study.
For all 3 countries, incidence rates refer to cases confirmed
by laboratory diagnosis. This confirmation is based on
TBE virus IgM and IgG ELISA results, which replaced
the hemagglutination-inhibition and/or complement
fixation assays used until the early 1980s in Austria and
the early 1990s in the Czech Republic and Slovenia. In
Austria, data are collected by the Department of Virology
of the Medical University of Vienna, which serves as a
national reference laboratory for TBE virus and other

flaviviruses. The documentation includes the history of
vaccination; for the purposes of this study, participants
were subdivided into groups: those who followed the
regular schedule of vaccination and those who had
received an undefined number of vaccinations outside the
recommended schedule. For a small (5%) proportion of
TBE patients, no precise information about vaccination
status could be obtained.

Calculation of Field Effectiveness of
Vaccination in Austria

Calculation of field effectiveness of vaccination was
based on TBE incidence and vaccination coverage for
different age groups as described (24). For significance
testing, a Monte Carlo procedure was chosen; 10,000
samples were collected under the zero hypothesis of no
difference in vaccination effectiveness. p values were
determined as the percentiles of the obtained distributions.

Because vaccination status remained undefined for 5%
of the 883 TBE patients in Austria during 2000-2011, we
analyzed best-case and worst-case scenarios for vaccine
effectiveness. For the best-case scenarios of regularly
and irregularly vaccinated patients, 45 patients with
unknown vaccination history were omitted; for the worst-
case scenarios, these patients were assumed to have been
regularly or irregularly vaccinated, respectively.

Calculation of Incidence Rates

Population data for the calculation of incidence rates
were obtained from Statistics Austria (www.statistik.at/
web _en/), the Czech Statistical Office (www.czso.cz/
eng/redakce.nsf/i/home), and the Statistical Office of the
Republic of Slovenia (www.stat.si/eng/index.asp). For
the analysis of time trends, we used a piecewise log-linear
model, the joinpoint analysis, to identify possible trend
changes during 1972-2011 (Joinpoint Regression Program,
version 3.5.2; Statistical Rese