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Salmonella enterica
Serovar Enteritidis,
England and Wales, 1945-2011

Christopher R. Lane, Susan LeBaigue, Oluwaseun B. Esan, Adedoyin A. Awofisyo,
Natalie L. Adams, lan S.T. Fisher, Kathie A. Grant, Tansy M. Peters, Lesley Larkin,
Robert H. Davies, and Goutam K. Adak

In England and Wales, the emergence of Salmonella
enterica serovar Enteritidis resulted in the largest and most
persistent epidemic of foodborne infection attributable to a
single subtype of any pathogen since systematic national
microbiological surveillance was established. We reviewed
67 years of surveillance data to examine the features, un-
derlying causes, and overall effects of S. enterica ser. En-
teritidis. The epidemic was associated with the consumption
of contaminated chicken meat and eggs, and a decline in
the number of infections began after the adoption of vacci-
nation and other measures in production and distribution of
chicken meat and eggs. We estimate that >525,000 persons
became ill during the course of the epidemic, which caused
a total of 6,750,000 days of iliness, 27,000 hospitalizations,
and 2,000 deaths. Measures undertaken to control the epi-
demic have resulted in a major reduction in foodborne dis-
ease in England and Wales.

pandemic of Salmonella enterica serovar Enteritidis

infection was recognized by epidemiologists in the
United States in the late 1970s; a 6-fold rise in these in-
fections was observed in northeastern United States dur-
ing 1976-1986 (/). A review of outbreak investigations re-
vealed that 27 (77%) of 35 outbreaks were associated with
the consumption of foods containing grade A eggs (/). The
most commonly reported phage types were SES, SE13, and
SE13a. In 1990, the World Health Organization reviewed
Salmonella surveillance data for 1979—-1987 and found that
isolation rates for S. enterica ser. Enteritidis had increased
in 24 of the 35 nations that provided data. Increases were

Author affiliations: Public Health England, London, UK (C.R. Lane,
S. LeBaigue, O.B. Esan, A.A. Awofisyo, N.L. Adams, |.S.T. Fisher,
K.A. Grant, TM. Peters, G.K. Adak); and Animal Health and
Veterinary Laboratories Agency, London (L. Larkin, R.H. Davies)

DOI: http://dx.doi.org/10.3201/eid2007.121850
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recorded in countries from every continent except Asia (2).
Evidence from outbreak investigations in Spain, Hungary,
France, Norway, and the United States implicated eggs (3).
Microbiologicical investigations conducted in the United
Kingdom also showed the presence of phage type SE4 in
chicken meat (4) and raw shell eggs (5,6). In 1988, the UK
Public Health Laboratory Service Communicable Disease
Surveillance Centre conducted a case—control study of pri-
mary sporadic SE4 infections in England. The investiga-
tors demonstrated associations between human infection
and the consumption of chicken and raw egg dishes (7). We
reviewed national surveillance and research data to exam-
ine the factors underlying the epidemic of S. enterica ser.
Enteritidis and to estimate its overall impact on the popula-
tion of England and Wales.

Methods

Surveillance of S. enterica Infections and
Other Intestinal Diseases in England and Wales

Systematic national surveillance of laboratory-con-
firmed salmonellosis in humans in England and Wales has
been in continuous operation since 1945. Diagnostic labo-
ratories refer all Salmonella isolates to the national refer-
ence laboratory for confirmation and characterization, and
data on all first confirmations are entered into a national
surveillance database (8).

We extracted data from this database to provide an-
nual totals for human infection with S. enterica by sero-
type and phage type. Multipliers derived from previous
studies (9—11) were applied to the number of laboratory
reports received to produce estimates of the numbers of
community cases, days of illness, hospitalizations, hos-
pital bed-days occupied, and deaths for 1982-1987,
1988-1998, and 1999-2011 that were attributable to SE4.

1097



SYNOPSIS

Multipliers published in 1996 (9) were used for the emer-
gence and epidemic stages and those from 2008 (/0) for
the decline stage.

In addition, local health protection units return stan-
dardized data (i.e., etiology, outbreak location, morbidity/
mortality rates, vehicles of infection, and evidence of as-
sociation) on all detected general outbreaks of infectious
intestinal diseases to national surveillance (/2). These data
are also stored in a dedicated database.

Surveillance of S. enterica in Poultry

Data on Salmonella spp. in poultry in Great Britain
(England, Wales, and Scotland) are reported by the Ani-
mal Health and Veterinary Laboratory Agency (/3). A Sal-
monella incident is defined as the first isolation of a given
serovar from a particular animal, group of animals, or their
environment on a single premises within a defined period
(usually 30 days) (/3).

Data Analyses

Data were abstracted from the national surveillance da-
tabases described above. Descriptive analyses were done in
Microsoft Excel 2007 (Microsoft Corporation, Redmond,
WA, USA); 95% Cls of the estimates of the burden of dis-
ease in the community were calculated from the upper and
lower confidence limits reported in previous studies (9, 10).
All statistical analyses were performed by using Stata ver-
sion 12 (StataCorp LP, College Station, TX, USA).

Results

Trends in Human Salmonellosis in England and Wales
Figure 1 shows the contribution of S. enterica ser.
Enteritidis to the overall scope of human salmonellosis in
England and Wales during 1945-2011. During this period,
>740,000 laboratory reports of S. enterica infection were

35,000 4
= 5. enterica ser. Typhimurium
snpoe | — S enterica ser, Enteritidis
— Al Salmonella
e
g 25,000 4
@
£ 20,000 {
o
a
= 15,000
o
< 10,000 |

5,000

received; almost 330,000 (43%) were for S. enterica ser.
Enteritidis. The reporting patterns show that the epidemi-
ology of this pathogen can be divided into 4 stages: pre-
epidemic (1945-1981); emergence (1982—-1987); epidemic
(1988-1998); and decline (1999 onwards).

The surveillance trends for S. enterica for the years
1945-1981 mainly reflect the reporting patterns for sero-
type Typhimurium; for most of this period, this serotype
was the most commonly reported, whereas serotype En-
teritidis accounted for <10% of cases of salmonellosis in
all but 5 of the 37 years of the pre-epidemic stage. During
the emergence stage, the percentage of salmonellosis cases
caused by serotype Enteritidis rose from 9% (1,099 reports)
to 33% (6,746 reports). In 1988, serotype Enteritidis sup-
planted serotype Typhimurium as the most commonly re-
ported serotype.

S. enterica ser. Enteritidis accounted for more than
half of all salmonellosis cases for all of the epidemic stage
(1988-1998). In 1997, reporting of serotype Enteritidis
accounted for 70% (23,231 reports) of all salmonellosis
cases. During the decline stage, the share of salmonellosis
attributable to serotype Enteritidis fell from 60% (10,827
reports) to 28% (2,566 reports in 2011). Despite its sharp
decline during the final years of the surveillance period,
however, reporting of serotype Enteritidis has remained
above the levels observed during the pre-epidemic stage.

Surveillance of S. enterica ser. Enteritidis, 1982-2011
We examined trends in the reporting of S. enterica
ser. Enteritidis during 1982-2011 in more detail. During
this period, 312,719 laboratory reports for serotype Enter-
itidis were received. After reports of travel-associated in-
fection were excluded, 269,779 reports remained. In 1982
and 1983, SE8 was the most commonly identified phage
type, accounting for ~60% of all cases. Indigenously ac-
quired infection with SE4 was reported at a crude rate of

Emergence Decline

Epidemic

Figure 1. Laboratory reporting of Salmonella enterica infections in England and Wales, 1945-2011. Emergence stage, 1982-1987;

epidemic stage, 1988-1998; decline stage, 1999-2011. Ser., serovar.

1098
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0.5 cases/100,000 population in 1982. However, in 1984,
SE4 became the dominant phage type, contributing 57%
of all indigenously acquired infections (crude rate 1.4 cas-
es/100,000 population). Figure 2 shows that the emergence
stage marked an accelerating rise in indigenously acquired
SE4 infection in England and Wales. During this period,
the incidence of indigenously acquired SE4 infection was
sustained at or above a crude rate of 30 cases/100,000 pop-
ulation. The reporting of SE4 infections reached its peak
in 1993 at 16,127 laboratory reports (i.e., 86% of all in-
digenously acquired S. enterica ser. Enteritidis infections).

The decline stage was characterized by absolute and
relative reductions in the contribution of SE4 to the over-
all scope of S. enterica ser. Enteritidis infection. By 2011,
the crude rate of reporting had fallen to 0.4 cases/100,000
population. This stage also represents a period when other
phage types came into prominence. Even so, for every
year from 1984 to 2001, SE4 accounted for more than
half of all indigenously acquired S. enterica ser. Enteriti-
dis infections.

During its emergence, 7,481 reports of indigenous SE4
infection were received. This compares with 143,767 re-
ports received during the epidemic stage and 29,522 during
the decline. Estimates for the burden of indigenous disease
attributable to SE4 infection during the emergence, epi-
demic, and decline stages are shown in the Table.

Demographically, we found no significant regional
or gender differences in the reporting rates for SE4 infec-
tion. Children <14 years of age consistently accounted
for one quarter of all cases (crude rates: 1982, 0.4 cas-
es/100,000 population; 1984, 1.1 cases/100,000; 1992, 45
cases/100,000; 2011, 0.6 cases/100,000).

Surveillance of General Outbreaks of Infection in
England and Wales, 1992-2011

Standardized surveillance reports were returned for
2,667 general outbreaks of foodborne infection in England
and Wales during 1992-2011. S. enterica was the causative
agent in 1,195 (45%) outbreaks; 914 (34%) cases were

25,000 4

Emergence Epidemic

20,000
15,000

10,000

No. laboratory reports

.

S. enterica Ser. Enteritidis, England and Wales

attributable to S. enterica ser. Enteritidis, of which 585
(22%) were attributable to SE4. In the portion of the S. en-
terica ser. Enteritidis epidemic stage during which general
outbreak surveillance was in operation (1992—-1998), SE4
infections accounted for 474 (30%) of the 1,576 outbreak
reports received, compared with 7% for other S. enterica
ser. Enteritidis (non-SE4). However, during the decline
stage, the proportion of foodborne outbreaks caused by
SE4 infections fell to 10% (111/1,082), and during the last
5 years of surveillance (2007-2011), SE4 accounted for
only 3% of outbreaks (10/330).

During 1992-2011, the trends in the reporting of
foodborne outbreaks in England and Wales were partially
driven by outbreaks of SE4 infections (Figure 3). During
19922011, a total of 9% (12,647/133,959) of all SE4 labo-
ratory reports received were linked to general outbreaks.
By 2011, the numbers of SE4 laboratory reports and gener-
al outbreaks had fallen to 1% of the 1992 reporting levels.

Vehicles of infection were identified in 471 (80%) of
585 SE4 outbreaks reported during 1992-2011. Chicken
meat accounted for 76 (16%) outbreaks, but chicken-asso-
ciated outbreaks of SE4 declined sharply during the sur-
veillance period. During 1992-1993, a total of 31 (16%)
of 192 SE4 outbreaks were attributable to chicken meat,
but during 1994, the proportion of SE4 infections attribut-
able to chicken meat fell to 10% (4/39), where it remained
through 2011. By contrast, 195 (41%) of the SE4 outbreaks
were attributable to egg consumption. During the epidemic
stage, SE4 accounted for 159 (79%) of 201 egg-associated
S. enterica ser. Enteritidis outbreaks (Figure 4). The de-
cline stage was marked by sharp falls in the number and
proportion (36/95 [38%]) of egg-associated S. enterica
ser. Enteritidis outbreaks attributable to SE4. Only 5 egg-
associated outbreaks of SE4 infection were reported dur-
ing 2007-2011. By contrast, the contribution of non-SE4
isolates rose from 21% (42/201) during 1992—1998 to 62%
(59/95) during 1999-2011.

Lightly cooked desserts were the most commonly
reported egg-based vehicles of infection implicated in

Decline
O Non-SE4

WSE4

1882 1983 1984 1985 1986 1987 1988 1989 1990 1891 1882 15993 1994 1985 1996 1997 1996 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2008 2010 2011

Figure 2. Laboratory reporting of indigenously acquired Salmonella enterica serovar Enteritidis infections in England and Wales, 1982—
2011. Emergence stage, 1982-1987; epidemic stage, 1988—1998; decline stage, 1999-2011. SE4, S. enterica ser. Enteritidis phage type 4.
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Table. Estimated rates of disease attributable to Salmonella enterica serovar Enteritidis phage type 4 during 3 periods, England and

Wales, 1982-2011

No. laboratory- No. community cases No. days of  No. hospital  No. hospital No.
Stage confirmed cases (95% CI) illness admissions bed-days deaths
Emergence, 1982—-1987 7,481 16,458 (8,379-71,817) 270,000 1,000 6,000 90
Epidemic, 1988-1998* 143,767 374,516 (161,019-1,380,163) 5,000,000 21,000 122,000 1,630
Decline, 1999-2011t 29,522 135,801 (41,331-661,292) 1,300,000 5,000 30,000 410
Total 180,770 526,766 6,570,000 27,000 158,000 2,130

*Multiplier from (9).
TMultiplier from (70).

S. enterica ser. Enteritidis outbreaks during the epidemic
stage. This group excludes cakes but includes custard-
based desserts such as tiramisu and zabaglione; mousses;
meringues; and custom-made ice creams and sorbets. This
category accounted for 109 (54%) of the 201 egg-associ-
ated S. enterica ser. Enteritidis outbreaks reported during
1992-1998; of these outbreaks, 80 (40%) were attributable
to SE4. In the 13 following years, the proportion of egg-
associated outbreaks associated with these desserts fell to
33% (31/95); half of these (16) were caused by SE4.

Lightly cooked/uncooked sauces made from raw eggs
(e.g., hollandaise sauce, mayonnaise) were implicated in 24
(12%) of the 201 egg-associated S. enterica ser. Enteriti-
dis outbreaks during the epidemic stage; 22 (92%) of these
were caused by SE4. Thirteen sauce-associated outbreaks
were reported in the following 13 years; 3 (23%) were
caused by SE4.

In contrast to other food vehicles, the number of out-
breaks associated with simple egg dishes (i.e., fried eggs,
boiled eggs, scrambled eggs, omelets, egg fried rice) in-
creased during the decline stage. During 1992—1998, sim-
ple egg dishes were implicated in 51 (25%) of 201 out-
breaks; the number rose to 49 (52%) of 95 outbreaks during
1999-2011. The proportion of outbreaks associated with
simple egg dishes that were attributable to non-SE4 rose
from 12% (6/51) during the epidemic stage to 67% (33/49)
during the decline stage.

Only 7 outbreaks linked to eggs served in Chinese res-
taurants were reported during 1992—1998; all were caused

by SE4. A total of 21 outbreaks linked to Chinese restau-
rants were reported during 1999-2011, and 4 were caused
by SE4. The dish most commonly implicated was egg fried
rice (22/28 outbreaks [79%]).

Surveillance of S. enterica Infection in Livestock

We found few national surveillance reports of S. en-
terica ser. Enteritidis in nonpoultry livestock. For the few
incidents in which the pathogen was identified in cattle,
sheep, pigs, and turkeys, SE4 was the predominant phage
type isolated.

We compared trends in national surveillance data
for S. enterica in chickens in Great Britain during
1985-2011(Figure 5) with those for human infection.
Post-1991 data showed that a high proportion of the out-
breaks from 1985-1990 were likely to be the result of
SE4 infection.

The trends in the reporting of S. enterica ser. Enter-
itidis in chickens and cases of human infection were in
general agreement during the emergence stage and the first
6 years of the human epidemic stage (1988-1993). The
contribution of S. enterica ser. Enteritidis to reported in-
cidents of salmonellosis rose from 3% (15/553) in 1985
to 66% (881/1,342) in 1993, the year in which vaccina-
tion of breeder chicken flocks against this pathogen was
introduced. A 2-stage decline followed; the first stage was
marked by a 70% (618/881) decrease in reports of S. en-
terica ser. Enteritidis infections in chickens during the
1994 calendar year, corresponding with wide uptake of
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B Non-5E4 cutbreaks
250 - B Other Salmonella outbreaks L 20000 =
1 MNon-Salmonella cutbreaks ' =
® anp | Laboratory reports of SE4 o
ﬁ — Laboratory reports of 5. enterica ser. Enteritidis 15,000 g—
2 150 =3
S_ —‘ 10,000 E
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Figure 3. Trends in the pathogens associated with general outbreaks of foodborne infection in England and Wales, 1992-2011. SE4,

Salmonella enterica serovar Enteritidis phage type 4.
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Figure 4. Trends in the reporting of general outbreaks of salmonellosis associated with the consumption of eggs in England and Wales
1992-2011. SE4, Salmonella enterica serovar Enteritidis phage type 4.

vaccination among breeding flocks. A plateau in reporting
was then observed for the remainder of the human epidem-
ic (1994-1998); case levels were maintained at 20%—-30%
of the 1993 value.

The second stage of decline followed the introduction
and subsequent extension of the vaccination program (R.H.
Davies, pers. comm.), enhanced farm hygiene, and man-
agement standards implemented through a farm assurance
scheme for major egg layer flocks in 1997 (/4). This de-
cline lasted for 2 years. Since 1999, incident reporting has
remained below 5% of 1993 levels for all but 2 of 12 years.
Reporting has shown an ongoing decline that corresponds
with extension of vaccination and improved control mea-
sures to smaller-scale egg producers; industry preparations

T=— All chicken 5. enterica ser. Enteritidis
= Chicken S5E4
= Human 5. enterica ser. Enteritidis

for the implementation of the Salmonella National Control
Programme in commercial laying chicken flocks in 2008;
and application of harmonized European Union-wide re-
strictions on sale of fresh eggs from flocks infected with
S. enterica ser. Enteritidis or Typhimurium, which began
in 2009 (Figure 5). In 2001, attenuated vaccines were re-
placed by live vaccines, and in 2003, improved S. enterica
ser. Gallinarum rough mutant 9R auxotrophic live vaccines
were adopted.

During the 27-year period, S. enterica ser. Enteritidis
accounted for 24% (6,074/25,049) of reported S. enterica
incidents in chickens. However, 94% (5,690/6,074) of
these incidents were reported during 1987—-1998, the height
of the human epidemic.
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Figure 5. Trends in the reporting of incidents of Salmonella enterica in chickens in Great Britain versus laboratory reporting of human S.
enterica serovar Enteritidis infection, England and Wales, 1985-2011. SE4, S. enterica ser. Enteritidis phage type 4.
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Figure 6. Trends in reporting of Salmonella enterica serovar Enteritidis phage type 4 (SE4), extrapolated burden of disease, and estimated

number of cases prevented by SE4 elimination programs, England and Wales, 1982—-2011.

Discussion

Our examination of almost 7 decades of national sur-
veillance data leads us to the conclusion that the emergence
of S. enterica ser. Enteritidis infection in 1982 resulted in
the largest, most persistent epidemic of foodborne infection
attributable to a single subtype of any pathogen since sys-
tematic national microbiologic surveillance of disease was
established in England and Wales. The national Sa/monella
surveillance dataset provides an uninterrupted, 67-year re-
cord of the epidemiology of human S. enterica infection
in England and Wales. Our analyses of the serotype and
phage typing dataset enabled us to examine the size and
duration of epidemics of foodborne infection caused by
subtypes belonging to a range of serovars of S. enterica
that have occurred since 1945. These epidemics included
several sustained, high-impact outbreaks: S. enterica ser.
Typhimurium during 1949-1961(15); S. enterica ser. Ago-
na during the late 1960s/early 1970s; S. enterica ser. Hadar
during the late 1970s; S. enterica ser. Typhimurium DT204
during the early 1980s (/4); and S. enterica ser. Typhimuri-
um DT104 during the 1990s (/6).

The S. enterica ser. Typhimurium epidemic of the
1950s gave rise to =20,000 excess laboratory reports in 12
years, a mean of 1,667 per year. By comparison, our esti-
mates indicate that the SE4 epidemic gave rise to an excess
0f'=160,000 laboratory reports of indigenous infection over
30 years, a mean of 5,333 per year.

The underlying causes that lay behind the rise and fall
of earlier epidemics of salmonellosis are poorly understood
(15). The scale and geographic reach of the rise of S. en-
terica ser. Enteritidis were recognized at an early stage,
which led to the development of concerted national and
international initiatives. These efforts have enabled scien-
tists to gain better insight into the factors that mediated the
course of what is now recognized as a sustained and con-
tinuing foodborne pandemic. The work of scientists from
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many countries has shown that S. enferica ser. Enteritidis
emerged and quickly became established in much of the
global poultry flock (2). An ecologic niche may have been
created after the introduction of eradication programs tar-
geted against S. enterica serovars Pullorum and Gallinarum
and as a result of international trade in infected breeding
stock (/7), before the importance of S. enterica ser. En-
teritidis infection was recognized and minimal monitoring
was put in place (/8,19).

Surveillance data demonstrate that the rates of human
S. enterica ser. Enteritidis infection in England and Wales
remained high during 1988—-1998 despite national guidance
aimed at the public and industry (20). From 1997 to 2011,
disease incidence decreased 99%. This decrease cannot be
explained by changes in the performance of surveillance
resulting from the behavior of patients, clinicians, or labo-
ratories. The results of 2 studies of intestinal disease (9,10)
demonstrate that relatively small changes in the ascertain-
ment of salmonellosis by laboratory report surveillance oc-
curred during this period.

Comparison of trends in the reporting of incidents in
the chicken flock in Great Britain with human surveillance
data showed that the rise in human S. enferica ser. Enteriti-
dis infection matched the rise in disease in chicken farms.
Reporting of incidents in chickens started to decrease in
1994, after the introduction of a voluntary national vaccina-
tion and flock hygiene program targeted at breeder chick-
en flocks (27) (Figure 5). The vaccine was not specific to
SE4. Although the program was not mandatory, anecdotal
stakeholder information indicates that it was adopted by a
large proportion of the industry. The reduction of reported
infection in chickens appears to have had a limited effect
on the trend in human infection as measured by laboratory
report surveillance (Figure 5). However, the reporting of
outbreaks of S. enterica ser. Enteritidis associated with
the consumption of chicken also showed a sharp decline
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dating from 1994. By contrast, the reporting of egg-asso-
ciated outbreaks did not start to decline until 1997, after
the introduction of S. enterica ser. Enteritidis vaccination
and flock hygiene program aimed at laying chicken flocks
(22). This program included improved rodent control; feed
monitoring; biohazard control; microbiological monitoring
throughout all stages of production; and industry quality
assurance schemes (23). This point also marks the start of
the sharp decline in the human S. enterica ser. Enteritidis
epidemic. Therefore, after considering the trends in the hu-
man and veterinary surveillance data and the findings of
the 1988 case—control study (7), we infer that the epidemic
in humans was associated with the consumption of both
chicken and eggs. However, because control of S. enterica
ser. Enteritidis in the production of chicken meat had much
less effect on the course of the epidemic than control in
eggs, we further conclude that the epidemic was largely
attributable to the contamination of eggs. Persons became
infected through the consumption of contaminated foods in
commercial catering and home settings. The improvements
in hygienic practice from egg production and distribution
through the main supermarket chains has resulted in major
improvements in the microbiologic quality of eggs bought
by consumers in the United Kingdom (20).

Well-designed and -maintained national programs us-
ing hygiene control strategies to control S. enterica in pri-
mary production and distribution have also been successful
in reducing the occurrence of S. enterica ser. Enteritidis
in the food chain in the United States (24) and Denmark
(25). However, data from harmonized surveillance of layer
flocks in Europe indicate that S. enterica ser. Enteritidis in-
fection remains a problem in egg production in many Euro-
pean Union member states (26). International surveillance
data (27) and recently reported outbreaks also demonstrate
that contamination of eggs remains a problem in many
parts of Europe and the United States (28). This knowl-
edge adds weight to our conclusion that the reduction in S.
enterica ser. Enteritidis in chicken flocks in Great Britain
stemmed from the introduction and maintenance of a suite
of carefully designed and regulated interventions. In addi-
tion, accumulating evidence indicates that cross-sectoral
national control strategies designed according to national
needs and conditions can be extremely effective in reduc-
ing the risk to human populations worldwide. Our analyses
of outbreak data show that the risks associated with the use
of eggs in uncooked or lightly cooked desserts and sauces
highlighted in previous studies (4—7) continued in England
and Wales until S. enterica ser. Enteritidis had effectively
been eradicated from egg production.

Analyses of the laboratory report and outbreak sur-
veillance show that the overall impact of SE4 in England
and Wales has been greatly reduced. However, control of
non-SE4 has been less successful, a finding reflected in

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014

S. enterica Ser. Enteritidis, England and Wales

data from other countries in Europe (29). Investigation
of outbreaks indicates that infection is mainly transmitted
through the consumption of imported eggs in commercial
catering (/2,30,31). Outbreaks linked to desserts and sauc-
es served in the catering sector have declined markedly,
but Italian restaurants were commonly associated with
egg-associated outbreaks during the epidemic stage (31).
However, since 1997, only 4 non-SE4 and 1 SE4 outbreaks
were associated with Italian restaurants (37). This change is
thought to be because many restaurants switched to liquid
pasteurized eggs or Great Britain—produced eggs for sauces
and desserts. We performed an informal review of restau-
rant menus and found these desserts and sauces are still
widely available in restaurants in the United Kingdom but
that simple egg-based dishes served in Chinese restaurants
still tend to be made using raw shell eggs (3/). Previous
research indicates that use of imported raw shell eggs and
poor hygiene practice are more common in this sector (317).
Therefore, a need exists for establishment of safer practices
across the catering sector.

Our estimates indicate that the S. enterica ser. Enter-
itidis epidemic in England and Wales had serious effects
on the population and on the health care system. Had ep-
idemic-stage infection levels been maintained from 1999
onward, we estimate that the introduction of effective in-
terventions by the egg and poultry industries in Great Brit-
ain probably would have prevented ~904,000 cases of ill-
ness in the community (225,973 20,247,145) (Figure 6),
~6,300,000 days of illness, ~26,000 hospitalizations, and
~2,000 deaths since 1998. These figures should be treat-
ed with caution, but we suggest that a robust cost-benefit
analysis of the epidemic and the interventions that led to
its control would have great value for the development of
improved food safety policies.

Acknowledgments

We thank the microbiologists, health protection, and environ-
mental health specialists that have contributed data and reports to
national surveillance systems and the epidemiologists and infor-
mation officers who have worked on the national surveillance of
intestinal infectious diseases for Centre for Infectious Disease Sur-
veillance and Control and Health Protection Services Colindale.

Mr Lane is an epidemiologist at Public Health England in
London. He works in gastrointestinal disease surveillance, mainly
focusing on the epidemiology of salmonellosis.

References

1. St Louis ME, Morse DL, Potter ME, DeMelfi TM, Guzewich JJ,
Taux RV, et al. The emergence of grade A eggs as a major source of
Salmonella enteritidis infections. New implications for the control of
salmonellosis. JAMA. 1988;259:2103-7. http://dx.doi.org/10.1001/
jama.1988.03720140023028

1103



SYNOPSIS

10.

11.

12.

13.

14.

15.

16.

17.

18.

Poppe C. Epidemiology of Salmonella enterica serovar Enteritidis.
In: Saced AM, Gast RK, Potter ME, Wall PG, editors. Sa/monella
enterica serovar Enteritidis in humans and animals: epidemiology,
pathogenesis and control. Ames (IA): Towa State University Press;
1999. p. 3-18.

Rodrigue DC, Tauxe RV, Rowe B. International increase in Salmo-
nella enteritidis: a new pandemic? Epidemiol Infect. 1990;105:21—
7. http://dx.doi.org/10.1017/S0950268800047609

Humphrey TJ, Mead GC, Rowe B. Poultry meat as a source of
human salmonellosis in England and Wales. Epidemiol Infect.
1988;100:175-84. http://dx.doi.org/10.1017/S0950268800067303
Mawer SL, Spain GE, Rowe B. Salmonella Enteritidis phage type 4
and hens’ eggs. Lancet. 1989;333:280-1. http://dx.doi.org/10.1016/
S0140-6736(89)91295-6

Humphrey TJ, Baskerville A, Mawer S, Rowe B, Hopper S.
Salmonella Enteritidis phage type 4 from the contents of intact
eggs: a study involving naturally infected hens. Epidemiol Infect.
1989;103:415-23. http://dx.doi.org/10.1017/S0950268800030818
Cowden JM, Lynch D, Joseph CA, O’Mahony M, Mawer SL,
Rowe B, et al. Case-control study of infections with Salmonella
enteritidis phage type 4 in England. BMJ. 1989;299:771-3. http://
dx.doi.org/10.1136/bm;j.299.6702.771

Wall PG, de Louvois J, Gilbert RJ, Rowe B. Food poisoning:
notifications, laboratory reports and outbreaks—where do the
statistics come from and what do they mean? Commun Dis Rep
CDR Rev. 1996;6:93-100.

Food Standards Agency. A report of the study of infectious intestinal
disease in England. London: The Stationery Office; 2001.

Food Standards Agency. The second study of infectious intestinal dis-
ease in the community. London: The Food Standards Agency; 2012.
Adak GK, Long SM. O’Brien. Trends in indigenous foodborne
disease and death, England and Wales: 1992-2000. Gut. 2002;
51:832—41. http://dx.doi.org/10.1136/gut.51.6.832

Gormley FJ, Little CL, Rawal N, Gillespie IA, LeBaigue S,
Adak GK. A 17 year review of foodborne outbreaks: describing the con-
tinuing decline in England and Wales (1992-2008). Epidemiol Infect.
2011;139:688-99. http://dx.doi.org/10.1017/S0950268810001858
Veterinary Laboratories Agency. Salmonella in livestock production
in GB—2011 report [cited 2012 Oct 10]. http://vla.defra.gov.uk/
reports/rep_salm_repl1.htm

Committee on the Microbiological Safety of Food. The microbio-
logical safety of food. Partl. London: The Stationery Office; 1990.
McCoy JH. Trends in salmonella food poisoning in England and
Wales 1941-72. J Hyg (Lond). 1975;74:271-82. http://dx.doi.
org/10.1017/S0022172400024347

Advisory Committee on the Microbiological Safety of Food. Report
on microbial antibiotic resistance in relation to food safety. London:
The Stationery Office; 1999.

Evans SJ, Davies RH, Wray C. Epidemiology of Salmonella enterica
serovar Enteritidis infection in British poultry flocks. In: Saeed AM,
Gast RK, Potter ME, Wall PG, editors. Salmonella enterica serovar
Enteritidis in humans and animals: epidemiology, pathogenesis and
control. Ames (IA): Iowa State University Press; 1999. p. 313-324.
Bullis KL. The history of avian medicine in the US. II. Pullorum
disease and fowl typhoid. Avian Dis. 1977;21:422-9. http://dx.doi.
org/10.2307/1589326

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Baumler AJ, Hargis BM, Tsolis RM. Tracing the origins of
Salmonella outbreaks. Science. 2000;287:50-2. http://dx.doi.
org/10.1126/science.287.5450.50

Little CL, Rhoades JR, Hucklesby L, Greenwood M, Surman-Lee S,
Bolton FJ, et al. Survey of Salmonella contamination of raw shell
eggs used in food service premises in the United Kingdom, 2005
through 2006. J Food Prot. 2008;71:19-26.

Department of Environment, Food and Rural Affairs. UK nation-
al control programme for salmonella in breeding flocks (Gallus
gallus). 2005 [cited 2012 Oct 10]. http://archive.defra.gov.uk/
foodfarm/farmanimal/diseases/atoz/zoonoses/documents/
salmonella-breeders.pdf

Department of Environment. Food and Rural Affairs. UK national
control programme for salmonella in layers (Gallus gallus). 2007
[cited 2012 Oct 10]. http://archive.defra.gov.uk/foodfarm/farm
animal/diseases/atoz/zoonoses/documents/salmonella-layers.pdf
The British Lion code of practice [cited 2012 Oct 10]. http:/www.
egginfo.co.uk/british-lion-code-practice

Patrick ME, Adcock PM, Gomez TM, Altecruse SF, Holland BH,
Tauxe RV, et al. Salmonella Enteritidis infections, United States,
1985-1999. Emerg Infect Dis. 2004;10:1-7. http://dx.doi.org/
10.3201/eid1001.020572

Wegener HC, Hald T, Lo Fo Wong D, Madsen M, Korsgaard H,
Bager F, et al. Salmonella control programs in Denmark. Emerg
Infect Dis. 2003;9:774-80. http://dx.doi.org/10.3201/eid0907.
030024

European Food Safety Authority Panel on Biological Hazards.
Scientific opinion on quantitative estimation of the public health
impact of setting a new target for the reduction of the Sa/monella
in laying hens [cited 2012 Oct 10]. http://www.efsa.europa.eu/en/
efsajournal/doc/1546.pdf

European Food Safety Authority and European Centre for Disease
Control and Prevention. The European Union summary report on
trends and sources of zoonoses, zoonotic agents and food-borne
outbreaks in 2010. [cited 2012 Oct 10]. http://www.efsa.europa.eu/
en/efsajournal/doc/2597.pdf

Centers for Disease Control and Prevention. Investigation update:
multistate outbreak of human Salmonella Enteritidis infections
associated with shell eggs [cited 2012 Oct10]. http://www.cdc.gov/
salmonella/enteritidis

Fisher IST; Enter-net participants. Dramatic shift in the epidemi-
ology of Salmonella enterica serotype Enteritidis phage types in
Western Europe 1998—2003—results from the Enter-net international
salmonella database. Euro Surveill. 2004;9:43-5.

Health Protection Agency. S. Enteritidis infections in England
in 2009: national case—control study report [cited 2012 Oct 10].
http://www.hpa.org.uk/hpr/archives/2010/hpr0610.pdf

Gormley FJ, Rawal N, Little CL. Choose your menu wisely: cuisine-
associated food-poisoning risks in restaurants in England and Wales.
Epidemiol Infect. 2012;140:997-1007. http://dx.doi.org/10.1017/
S0950268811001567

Address for correspondence: Goutam K. Adak, Centre for Infectious

Disease Surveillance and Control, Public Health England, 61 Colindale
Ave, London NW9 5SEQ, UK; email: bob.adak@phe.gov.uk

CME

Medscape Sign up to receive email announcements when

a new article is available.
Get an online subscription at wwwne.cde.govieid/subscribe.htm

1104

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014



Epidemiology,
Clinical Manifestations, and
Outcomes of Streptococcus suis
Infection in Humans

Vu Thi Lan Huong,' Ngo Ha," Nguyen Tien Huy,' Peter Horby, Ho Dang Trung Nghia,
Vu Dinh Thiem, Xiaotong Zhu, Ngo Thi Hoa, Tran Tinh Hien, Javier Zamora,
Constance Schultsz, Heiman Frank Louis Wertheim, and Kenji Hirayama

Streptococcus suis, a bacterium that affects pigs, is a
neglected pathogen that causes systemic disease in hu-
mans. We conducted a systematic review and meta-anal-
ysis to summarize global estimates of the epidemiology,
clinical characteristics, and outcomes of this zoonosis. We
searched main literature databases for all studies through
December 2012 using the search term “streptococcus suis.”
The prevalence of S. suis infection is highest in Asia; the
primary risk factors are occupational exposure and eating of
contaminated food. The pooled proportions of case-patients
with pig-related occupations and history of eating high-risk
food were 38.1% and 37.3%, respectively. The main clini-
cal syndrome was meningitis (pooled rate 68.0%), followed
by sepsis, arthritis, endocarditis, and endophthalmitis. The
pooled case-fatality rate was 12.8%. Sequelae included
hearing loss (39.1%) and vestibular dysfunction (22.7%).
Our analysis identified gaps in the literature, particularly in
assessing risk factors and sequelae of this infection.

treptococcus suis is a neglected zoonotic pathogen that
has caused large outbreaks of sepsis in China (/,2)
and has been identified as the most common and the third
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leading cause of bacterial meningitis in adults in Vietnam
and Hong Kong, respectively (3-5). S. suis infection is ac-
quired from pigs, either during slaughtering or by handling
and eating undercooked pork products. It is potentially
preventable (3,6). Epidemiology of the infection differs
between Western and Asian regions (7), and the role of
high-risk eating habits (i.e., ingesting raw or undercooked
pig parts, including pig blood, organs, and meat) in some
Asian communities recently has been recognized (6,8,9).
Rates of S. suis infection are low in the general populations
of Europe and North America, and cases are concentrated
among occupationally exposed groups, including abattoir
workers, butchers, and pig breeders (/0,11).

In a 2009 review, =700 S. suis infections were report-
ed worldwide by 2009, mostly from China and Vietnam
(12). Clinical characteristics of this infection have been
reviewed (/2,13) and include meningitis, sepsis, endocar-
ditis, arthritis, hearing loss, and skin lesions. Treatment of
S. suis infection requires =2 weeks of intravenous antimi-
crobial drugs (/2). The death rate varies, and deafness is a
common sequela in survivors.

Although substantial new data on the incidence,
clinical and microbiological characteristics, and risk fac-
tors for S. suis infection have accumulated during recent
years, the prevalence of this infection has not measurably
decreased. We conducted a systematic review and meta-
analysis to update the evidence and summarize the esti-
mates of epidemiologic and clinical parameters to support
practitioners’ and policy makers’ efforts to prevent and
control this infection.

Methods
We conducted the review in accordance with recom-
mendations of the PRISMA statement (/4). The protocol

"These authors contributed equally to this article.
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for this review has been registered at PROSPERO Inter-
national prospective register of systematic reviews (no.
CRD42011001742).

Search Strategy and Selection Criteria

We systematically and inclusively searched 5 main
electronic databases (PubMed, Scopus, ISI Web of Science,
Science Direct, and Google Scholar) for all studies published
until the end of December 2012 (Figure 1). The following
search term was used as a text word in each database, as
follows: PubMed—"‘streptococcus suis” in all fields, limited
to humans; Scopus—“streptococcus suis” in all fields, ex-
cluding veterinary medicine articles; ISI Web of Science—
“streptococcus suis” in topic with exclusion of veterinary
science areas; Science Direct—"streptococcus suis” in all
fields, with articles in veterinary medicine journals exclud-
ed; and Google Scholar—*all in title: ‘streptococcus suis.””

We also searched using the same search term “strep-
tococcus suis” in other databases, including Virtual Health

PubMed (376); Scopus (887); ISI Web of Science (710);
Google Scholar (1310); ScienceDirect (1751); additional sources (48)
Search “streptococcus suis”; limit in human/exclude veterinary

Removal of duplicates,
screening titles and abstracts

A4

315 articles included
for full-text reading

138 articles excluded:

« 46 reporting no cases

* 30 reviews or general
discussion

» 29 overlapping data

+ 16 abstract and full-text
unretrievable

* 9 animal studies

« 8 others (location
unidentifiable, no
original data
translation issue)

Y

Y
177 articles included for data extraction and analysis

h 4 h 4
141 publications report 1-4 36 publications report 25
cases cases (large studies)

A 4
Include in the single case
dataset (n =174 cases)

h 4 h 4
Include in meta-analysis if reporting on the factor
being meta-analyzed

Figure 1. Flow diagram of the search and review process for this
review of Streptococcus suis infection.
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Library, SIGLE, WHOLIS, LILACS, IMSEAR-HELLIS,
and China Academic Journals Full-text Database and checked
the reference lists of retrieved articles. We did not restrict the
types of studies and publication languages, and non-English
papers were translated for review. Publications were exclud-
ed if they did not report any human cases of S. suis infection,
reported data that overlapped with already included articles
and provided no additional information, reported cases with-
out information indicating the location of the patients, or re-
ported data that could not be reliably extracted.

Data Extraction

Two reviewers (N.H. and V.T.L.H.) independently
screened the titles and abstracts, and examined the full-text
publications by using identical selection criteria and data ab-
straction forms. The results of data extraction showed a high
degree of agreement between the reviewers (>0.90 for the
main variables). Any disagreements were resolved by discus-
sion and consensus between the reviewers and other authors
(N.T. Huy, HW., P.H., K.H.). We emailed the original au-
thors of the articles that contained ambiguous data (1 email
attempt per author) for clarification, and the ambiguous data
were excluded from analyses if we did not receive a response.

Data extracted included year of publication, year of
data collection, study design, data collection approach,
country of origin, hospital where the patients were recruit-
ed, patient characteristics, clinical manifestations, methods
of diagnosis, clinical and laboratory parameters, outcomes,
and histories.

Analyses

We described the relevant epidemiologic and clinical
factors using count for number of cases, proportions with
95% Cls for categorical factors (sex, occupation, exposure,
history), and mean with SD for continuous factors (age, du-
ration, and laboratory parameters). Event rates are presented
as proportions with 95% Cls for signs, symptoms, and out-
comes. We defined an event rate as the ratio of number of
events to the number of all patients assessed in each study.

We pooled all single cases from the publications that
reported <5 cases into 1 dataset and produced summary
outputs, which were then meta-analyzed with other large
studies (reporting >5 cases). We report the values of re-
viewed factors in 3 sets: summary values from the single-
case dataset, median values (range) of the large studies, and
pooled values from the meta-analysis as appropriate.

Meta-analysis was conducted by using Comprehen-
sive Meta-analysis software version 2 (Biostat, Engle-
wood, NJ, USA; http://www.Meta-Analysis.com) when
>2 studies reported the reviewed factor. We tested hetero-
geneity using the Q statistic and I test (/5). Pooled values
and 95% CIs were generated from a fixed-effects model or
from a random-effects model, and each was study weighted
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by the inverse of that study’s variance. We used the fix-
effects model when heterogeneity was not significant and
a random-effects model when heterogeneity was evident
(16). Median (range) was converted to mean (SD) by using
proposed formulas (/7), and interquartile ranges to SDs
and subgroup values to total values by Cochrane suggested
methods (/8).

We assessed publication bias using funnel plots and
the Egger’s regression test (if >10 studies were included
in the meta-analysis). If publication bias was found, the
Duvall and Tweedie trim and fill method was performed
to add possible missing studies to improve the symmetry
and calculate the adjusted pooled values (/9). We used sub-
group analyses (when >10 studies were included) and bi-
variate meta-regression (when >20 studies were included)
to examine the effect of study-level variables, including
year of publication (2005 and earlier vs. after 2005 [be-
cause the Sichuan outbreak occurred in 2005]), study de-
sign (case series, outbreak investigation, cross-sectional),
location (China mainland, Hong Kong, Thailand, Vietnam,
and others), data collection (retrospective vs. prospective)
and meningitis rate (<50%, 50%—90%, and >90%) on the
main outcomes. The general linear model was used for
meta-regression, with adjustment for multiple comparisons
by using the Bonferroni method and weighting by study
sample size.

Results
Systematic Review

We used 177 publications that met inclusion and
exclusion criteria for data extraction and final analyses
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S. suis Infection

(Figure 1; online Technical Appendix Table 1, http:/
wwwnc.cde.gov/EID/article/20/7/13-1594-Techapp1.pdf).
The studies were diverse in terms of design, data collec-
tion, and reporting approaches. We identified 20 case series
(8 from South-East Asia region, 8 from the Western Pacific
region, and 4 from Europe) and 21 cross-sectional studies
(9 SouthEast Asia, 8 Western Pacific, and 4 Europe). Five
articles about 3 outbreaks (in Sichuan and Jiangsu, China;
and Phayao, Thailand) were classified as outbreak inves-
tigation reports. The only prospective case—control study
was conducted in Vietnam (Table 1).

Epidemiology

By the end of 2012, a total of 1,584 cases had been
reported in the literature (including 189 probable cases
identified in 3 outbreaks), mainly from Thailand (36%),
Vietnam (30%), and China (22%). More than half (53%)
were in the Western Pacific region; 36% were in the
South East Asia region, 10.5% in the European region,
and 0.5% in the Americas. The highest cumulative preva-
lence rate was in Thailand (8.21 cases/million popula-
tion), followed by Vietnam (5.40) and the Netherlands
(2.52) (country population data for 2008—2012 by World
Bank [20]) (Figure 2).

The pooled mean age of the patients was 51.4 years,
and 76.6% were men (Table 2). All case-patients were
adults, except 1 female infant reported in Thailand (21).
The pooled proportion of case-patients with occupational
exposure was 38.1% (95% CI 24.4%-53.9%); this pro-
portion was higher for industrialized countries than for
other countries (83.8% [95% CI 73.4%-90.7%] for the
United Kingdom, Netherlands, and Japan together). Recent

Figure 2. Global cumulative
prevalence of Streptococcus
suis infection through 2012.
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Table 1. Characteristics of 177 articles in a systematic review of
Streptococcus suis infection

Cases reported,

Characteristic Articles, no. (%) no. (%)*
Geographic regiont
Europe 98 (55) 168 (11)
Western Pacific 47 (27) 836 (53)
SouthEast Asia 24 (14) 572 (36)
Americas 8 (5) 8 (0.5)
Type of study design
Case report 130 (73) 151 (7)
Case series 20 (11) 511 (25)
Cross-sectional 21 (12) 761 (37)
Outbreak investigation 5@3)t 532 (26)
Case—control 1(1) 101 (5)
Data collection approach
Retrospective 159 (90) 1299 (63)
Prospective 15 (9) 697 (34)
Both§ 3(1) 60 (3)
Language of publicationq
English 130 (74) 1947 (95)
Spanish 3(7) 15 (1)
French 12 (7) 13 (1)
Other# 22 (12) 81 (4)
Year of publication
1968-1980 13 (7.5) 18 (1)
1981-1990 7 (15) 95 (5)
1991-2000 32 (18) 119 (6)
2001-2005 8 (16) 115 (6)
2006-2010 55 (31) 1052 (51)
2011-2012 22 (12.5) 659 (32)

*Case duplicates were removed in the counts for the geographic region
subheading (totaling 1,584 cases, no duplicates). Duplicates were not
removed in the counts for other subheadings (totaling 2,056 cases, with
duplicates).

tGeographic regions as defined by the World Health Organization.
FIncludes 3 articles reporting about the patients in the Sichuan outbreak in
China; each was included for analysis of different factors.

§Included in the prospective groups in subsequent analyses.

fJAlmost all large studies were published in English. Most reports in
languages other than English were case reports.

#German (7 articles); Dutch (4); Czech, ltalian, and Japanese (2 each);
Chinese, Polish, Serbian, Swedish, and Thai (1 each).

contact with pigs or pork was reported for 15.5% of single
cases but for 33.9% (95% CI 21.1%—49.5%) in the meta-
analysis. History of eating meals containing pork was re-
ported mainly in Asia (Thailand and Vietnam); the pooled
estimate was 37.3% (95% CI 20.2%—58.3%). For Thailand
only, the proportion was 55.8% (95% CI 33.7%—75.9%). In
other countries, only 1 patient in France was reported eat-
ing artisanal dry sausage (22), and 1 patient in the United

States ate raw pork while traveling in the Philippines (23)
before the infection.

Skin injury was shown for one fourth of case-patients,
and alcohol use was evident in approximately one third of
case-patients. However, a case—control study in Vietnam
did not identify alcohol use as an independent risk factor
after adjustment for other risk factors and confounders (6).
The most commonly reported preexisting condition was
diabetes. Other conditions included underlying heart dis-
ease, hypertension, cirrhosis, and cancer (online Technical
Appendix Table 3). Smoking was mentioned in 5.2% of
patients in the single-case dataset.

Microbiological Diagnosis

Blood and/or cerebrospinal fluid culture were the most
common reported diagnostic methods among the case re-
ports (online Technical Appendix Table 4). Molecular di-
agnosis was more common in the large studies (11 studies)
than in case reports. The most prevalent strain was serotype
2 (86.5%), followed by serotype 14 (2.3%), and serotype
1 (0.6%) of all 1,156 patients with serotype information
mentioned in the articles. Serotypes 4, 5, 16, and 24 also
were reported (1 patient per serotype).

Misdiagnosis of S. suis infection was not uncommon,
either by conventional biochemical tests or commercial
identification systems. The bacteria were often reported as
viridans streptococci in initial cultures. In fact, up to 70% of
all viridans streptococci cases in Thailand were confirmed
as S. suis infections in the follow-up investigations (24). A
total of 62.5% of S. suis—infected patients in another study
in Thailand (25) and 20% in a study inthe Netherlands (/0)
were initially reported to be infected with viridans strepto-
cocci. Misidentification of the infectious agent as S. bovis
(2 patients), S. pneumoniae (1 patient), and S. faecalis (1
patient) also was reported in the Netherlands series. Tsai et
al. (26) showed large variations between the 2 commercial
systems (Phoenix Identification System, Beckon Dickinson,
Sparks, MD, USA; and Vitek II GPI Card, bioMérieux Vi-
tek, Hazelwood, MO, USA), and misidentification of S. suis
as S. acidominimus was common when the Phoenix system
was used.

Table 2. Epidemiologic factors of patients with Streptococcus suis infection included in a systematic review

Single-case Large studies, median Meta-analysis, pooled mean No. studies meta-
Variable dataset, %* (range), % (95% CI), %t analyzed, %%
Mean age, y, n = 156 49.4 50.5 (37.0-61.2) 51.4 (49.5-53.2) 25
Male sex, n = 155 83.2 77.5 (37.5-100) 76.6 (72.2-80.6) 26
Pig-related occupation 58.6 25.0 (0-100) 38.1 (24.4-53.9) 21
Contact with pig/pork 15.5 33.3 (2.4-100) 33.9 (21.1-49.5) 14
Eating of high-risk food 4.0 53.3 (5.9-88.7) 37.3 (20.2-58.3) 9
Skin injury 19.5 16.0 (9.5-71.4) 25.1 (15.1-38.7) 8
Drinking of alcohol 8.6 23.0 (4.8-83.9) 29.7 (17.2-46.3) 13
Concurrent diabetes§ 2.9 7.2 (3.2-25.0) 8.0 (4.6-13.7) 9

*N = 174 unless otherwise indicated.
tRandom-effects model unless otherwise specified.
FInclude the single-case dataset and the large studies (online Technical Appendix Table 2, http://wwwnc.cdc.gov/ElD/article/20/7/13-1594-Techapp1.pdf).

§Other less common underlying conditions are listed in online Technical Appendix Table 3.
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S. suis is mostly sensitive to penicillin; resistance
was reported in only 2 patients (27,27). After cessation
of antimicrobial drug treatment, infection relapsed in a
small proportion of patients, including those for whom
the organism tested highly sensitive to penicillin (28,29).
The pooled relapse rate was 4.4% (Table 3).

Clinical Syndromes

Meningitis was the most common clinical syndrome
(pooled rate 68.0% [95% CI 58.9%—75.8%]), followed by sep-
sis (25.0% [95% C120.5%—30.2%]), arthritis (12.9% [95% CI
6.0%-25.6%]), endocarditis (12.4% [95% CI 6.7%-21.9%)]),
and endophthalmitis (4.6% [95% CI 2.8%—7.4%]) (Table 3).
Toxic shock syndrome also was reported as a distinct severe
clinical feature at high rates in 2 outbreaks in China (64.0%
and 28.9% of patients) (2,30) and in Thailand (37.7%) (24)
but at a rate of only 2.9% among the case reports.

S. suis Infection

We found evidence of publication bias in the meta-
analysis of meningitis rates (Figure 3) (significant Egger’s
test result). The adjusted rate, based on the Duvall and
Tweedie trim and fill method, was 56.0% (95% CI 45.2%—
66.2%). Our meta-regression analysis showed that menin-
gitis rate was significantly associated with country of pub-
lication, study design, and data collection approach (online
Technical Appendix Table 5), although only country of
publication remained significant in a multivariable model.
All patients in the 4 studies conducted in Vietnam had men-
ingitis. When we excluded these studies, the pooled rate of
meningitis was reduced to 59.4% (95% CI 51.1%—67.1%),
and the adjusted value after we used the trim and fill meth-
od was 54.8% (95% CI 46.0%—63.4%). In contrast, if we
excluded the 2 outbreak investigations in China, because
sepsis dominated these outbreaks, the pooled meningitis
rate increased slightly to 72.2% (95% CI 62.4%—80.2%).

Table 3. Main clinical and laboratory parameters at admission of the patients with Streptococcussuis infection in a systematic review*

Single-case Large studies, median ~ Meta-analysis, pooled  No. studies meta-
Variable dataset value (range) mean (95% CI)t analyzedi
Clinical syndrome, %§
Meningitis 69.5 64.5 (30.2—100) 68.0 (58.9-75.8) 26
Sepsis] 19.5 23.8 (11.8-39.4) 25.0 (20.5-30.2) 12
Arthritis 2.87 16.7 (1.5-50.0) 12.9 (6.0-25.6) 12
Endocarditis 8.6 14.3 (1.9-39.0) 12.4 (6.7-21.9) 10
Endophthamiltis 29 4.5(1.5-28.6) 4.6 (2.8-7.4)# 9
Spondylodiscitis 4.6 1.9 (1.5-2.4) 3.7 (2.1-6.6) 4
Toxic shock syndrome 2.9** 37.7 (28.9-64.0) 25.7 (9.8-52.6) 41t
Mean duration, d
Onset to admission, n = 90 7.3 3.5(2.0-11.4) 4.1(2.7-54) 7
Hospitalization, n = 68 20.5 17.4 (13.0-19.2) 17.2 (15.6-18.9)# 5
Symptoms, %
Meningeal signtt 494 66.7 (12.5-95.1) 67.1 (54.9-77.4) 18
Skin rash 10.9 12.5 (0-52.0) 15.4 (8.6-25.9) 10
Shock 8.6 11.8 (1.3-64.0) 11.9 (6.3-21.5) 12
Respiratory failure 5.2 20.0 (8.3-35.8) 16.7 (8.6—29.9) 6
Acute renal failure 5.2 8.3 (1.3-28.0) 7.1 (2.2-20.5) 5
Disseminated intravascular coagulation 10.3 6.0 (2.4-57.1) 10.3 (5.4-18.8) 9
Relapse 2.9 7.3 (2.9-8.3) 4.4 (2.4-7.8)# 5
Laboratory values (mean)§§
Leukocytes, 10° cells/L, n = 98 17.4 15.1 (13.9-18.2) 15.8 (14.6-16.9) 9
Hemoglobin, g/L, n = 22 106.7 - - -
Platelets, 10°/L, n = 41 121.0 182.4 (115-241.5) 164.9 (132.9-197) 7
Blood glucose, mg/dL, n = 32 147.8 - - -
C-reactive protein, mg/L, n = 36 349.7 - - -
Cerebrospinal fluid
Leukocytes, cells/mm?®, n = 88 3,166 2029 (450-3253) 2330 (1721-2939)# 7
Protein, g/L, n =74 3.20 2.35(1.7-4.18) 2.45 (1.91-2.99) 7
Glucose, mg/dL, n =70 20.9 8.60 (1.7-25.6) 12.6 (3.5-21.7) 6

*N = 174 unless otherwise indicated. —, not applicable because no large study reported these data.

tRandom-effects model unless otherwise indicated.

FIncludes the single-case dataset and the large studies (online Technical Appendix Table 2, http://wwwnc.cdc.gov/ElD/article/20/7/13-1594-

Techapp1.pdf).

§Other less common syndromes included peritonitis, myositis, pneumonia, sacroiliitis, abdominal aortic aneurysm, hemorrhagic labyrinthitis,
gastroenteritis, vertebral osteomyelitis, lymphadenopathy, cellulitis, and vertigo.

{[Case-patients with toxic shock syndrome in China and in Thailand not included in this sepsis category.

#Mixed-effects model.
**Counted if the author described the case as toxic shock syndrome.

ttInclude 3 large studies reporting toxic shock syndrome, including 2 outbreaks in China (2,30) and 1 prospective study in Thailand (24).

FtMainly reported with neck stiffness.

§§Reference values may differ among laboratories. Commonly used reference values for presented laboratory blood tests are as follows: leukocytes 4.0—
10 x 10° cells/L; hemoglobin 140-170 g/L (for male patients) and 120-160 g/L (for female patients); platelets 150-350 x 10°/L; blood glucose (fasting) 70—

100 mg/dL; C-reactive protein 0-8.0 mg/L. Reference ranges for cerebrospinal fluid are as follows: leucocytes 0-5 cells/mm?; protein 0.15-0.60 g/L;
glucose 40-80 mg/dL. (Source: http://im2014.acponline.org/for-meeting-attendees/normal-lab-values-reference-table/)
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Table 4. Summary rates of the main clinical outcomes among patients with Streptococcus suis infection included in a systematic

review
Single-case dataset, Large studies, median Meta-analysis, pooled mean No. studies meta-

Variable n=174 (range) (95% CI) analyzed*
Death 10.3 8.9 (0.0-56.0) 12.8 (9.0-18.0) 25
Hearing losst 44.8 38.7 (6.0-100) 39.1 (31.0-47.8) 26
Recovery from hearing loss I 5.0 (0.0-52.3) 15.4 (5.3-37.3) 8
Vestibular dysfunction§ 16.7 25.0 (3.3-60.0) 22.7 (15.6-32.0) 13

Visual impairment 4.0 - = -

*Includes the single-case dataset and the large studies (online Technical Appendix Table 2,http://wwwnc.cdc.gov/EID/article/20/7/13-1594-Techapp1.pdf).
1Studies included if case-patients were reported to have any degree of hearing impairment (unilateral or bilateral, temporary or permanent).

FReliable data could not be extracted for the majority of the case reports.

§Studies included if case-patients were reported to have ataxia, vertigo, loss of balance, or vestibular dysfunction.

{IDashes indicate not applicable because no large study reported these data.

Case-Fatality Rates

The pooled case-fatality rate (CFR) for S. suis—in-
fected patients was 12.8% (95% CI 9.0%—18.0%) (Table
4). This rate varied by country; reported rates were low-
est in Vietnam (Figure 4). However, country of publica-
tion was not significant in the bivariate meta-regression
after adjustment for multiple comparisons (online Tech-
nical Appendix Table 5). Instead, only meningitis rates
remained significant in explaining between-study varia-
tions in CFR. Meningitis rates correlated negatively with
CFRs among the included studies (Figure 5). Studies with
meningitis rates <50% had significantly higher CFRs than
did studies with meningitis rates >90% (mean CFR dif-
ference 20.3%, p = 0.001). The pooled CFR was 4.0%
(95% CI 2.2%-7.0%), estimated for the studies in which
all patients had meningitis (3,4,9,10,31-33), whereas
the pooled rate for the other studies was 17.1% (95% CI
12.3%-23.4%). CFRs were higher for outbreaks than for
nonoutbreaks (21.6% [95% CI 6.4%-52.5%] vs. 11.5%
[95% CI 7.9%—-16.7%]).

Clinical Outcomes

Among the survivors, hearing loss (pooled rate 39.1%
[95% CI 31.0%47.8%]) and vestibular dysfunction
(22.7% [95% CI 15.6%-32.0%]) were the most common
sequelae (Table 4). Reported rates for both sequelae varied
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widely, even within a country such as Thailand, (online
Technical Appendix Figures 1-4). Similar to CFRs, there
was a marginally positive correlation between hearing loss
and meningitis rates (p = 0.05) (online Technical Appendix
Table 5). The pooled hearing loss rate for studies in which
all patients had meningitis was 55.3% (95% CI 36.2%—
72.9%), compared with 34.0% (95% CI 26.0%—43.1%) for
the remaining studies. For the vestibular dysfunction, none
of the investigated study-level factors were significant.
Among the Asian countries, the reported rate of vestibular
sequelae was lowest in Vietnam (4.0%).

Limited information described how hearing loss and
vestibular dysfunction were evaluated during and after
infection. Eight of 25 large studies reporting hearing loss
indicated whether hearing loss was permanent after hos-
pital discharge. Only 4 described their follow-up process-
es; follow-up time ranged from 2 months to 30 months
(4,8,28,31). On the basis of these limited data, we estimat-
ed a comparatively low median rate of recovery from hear-
ing loss of 5.0% (range 0%—-52.3%) and the pooled rate of
15.4% (95% CI 5.3%—-37.3% (Table 4). Hearing loss might
be mediated by adjunctive corticosteroid treatments, as was
shown in a trial in Vietnam (34). Of the S. suis patients,
12.3% had deafness in at least 1 ear in the dexamethasone
treatment group (n = 57), compared with 37.7% in the pla-
cebo group (n = 53).

Figure 3. Funnel plot showing
evidence of publication bias
among 26 studies in a meta-
analysis of meningitis rates in
Streptococcus suis infection.
Each blue circle represents
each study in the meta-analysis,
forming an asymmetric funnel
plot with a pooled log event rate
(gray rhombus). Eight missing
studies (red circles) added in
the left side through the trim
and fill method to make the
plot more symmetric and gave

-
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Country Study name No. deaths/no. cases  Event rale and 85% CI Figure 4. Forest plot of
subgroup meta-analysis
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Discussion notifiable disease in many countries. In addition, lack of di-

We have updated estimates of the global prevalence,
epidemiology, and clinical characteristics of S. suis infec-
tions in humans. After possible duplicates were removed,
the total number of S. suis infections by 2012 was close
to 1,600 cases, doubling the figure published in 2009 (12).
Most of the increase comprised cases from Thailand and
Vietnam, placing both countries in the highest disease
prevalence stratum in the world. In contrast, only a few cas-
es have been reported from the Americas, particularly the
United States, the second largest producer of pigs world-
wide (35). This low number might be attributable to the
high industrialization of pig farming systems in the region.
Nevertheless, we saw far more cases in Europe, a region
where modern farming operations are presumably similarto
those in the Americas. Other plausible explanations include
the lower virulence of North American bacterial strains
(36) or different slaughtering practices.

We counted only published cases; the actual number
of cases would be considerably higher, particularly in areas
to which S. suis is endemic, such as Asian countries with
extensive pig rearing. The problem of underestimation is
further exacerbated by the fact that S. suis infection is not a
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agnostic capacities or limited disease awareness in local lab-
oratories can result in undiagnosed or misdiagnosed cases.

Meningitis is the main syndrome in approximately two
thirds of S. suis—infected patients, although this finding var-
ied by country. The syndromic distribution of the reported
cases may depend on study design and case ascertainment
methods. All major studies in Vietnam ascertained S. suis
cases from the population of patients with central nervous
system diseases, which could lead to underrepresentation
of S. suis patients with clinical syndromes other than men-
ingitis. Only 1 patient without meningitis (diagnosed as
spontaneous bacterial peritonitis with serotype 16 infec-
tion) has been reported in this country (37). Nevertheless,
whether the existing strains infecting humans in Vietnam
mainly cause meningitis remains unclear. In fact, lumbar
puncture is performed regularly for all S. suis—infected pa-
tients, including those with severe sepsis, at a hospital for
tropical diseases in Vietnam, and almost all had exhibited
typical characteristics of bacterial meningitis in cerebrospi-
nal fluid. On the other hand, meningitis might not be diag-
nosed or reported from other countries, therefore reducing
the global S. suis meningitis estimate.
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Figure 5. Meta-regression scatter plot showing the correlation between case-fatality rate and meningitis rate in a review of Streptococcus
suis infection. The logit event rate was calculated for case-fatality rate as follows: logit event rate = In[event rate/(1 — event rate)]. Each
circle represents a study in the meta-analysis, and the size of the circle is proportional to study weighting. Studies with higher meningitis

rates tended to report lower death rates.

The difference in CFR between case-patients with
meningitis and case-patients with severe sepsis has been
documented in both outbreak and nonoutbreak situations
in China and Thailand (/,2,24). Significantly more deaths
were reported among S. suis patients with systemic infec-
tion, including hypotension, septic shock, multiorgan fail-
ure, and disseminated intravascular coagulation in these
studies. In the Sichuan outbreak in 2005, the CFR reached
62% for patients classified as having streptococcal toxic
shock syndrome (/). Several hypotheses have been sug-
gested; however, the pathologic mechanisms underlying
this high CFR remain to be elucidated (7,/2). Regarding
meningitis cases, the pooled CFR is lower than that for
other common causes of adult bacterial meningitis, such as
S. pneumoniae (19%—-37%) (38) and Neisseria meningitidis
(10%) (39). However, the rates of sequelae caused by S.
suis tend to be higher than those caused by other agents
reported in a recent meta-analysis (40).

We were unable to establish pooled risk estimates for
different risk factors because of a lack of studies with ap-
propriate designs. In the Netherlands, the annual risk for
S. suis meningitis among abattoir workers and pig breed-
ers was 1,500 times higher than that in the general popula-
tion (/0). In Vietnam, S. suis—infected patients were more
likely to have eaten high-risk foods (odds ratio [OR] 4.38),
to have pig-related occupations (OR 5.52), and to have pig
exposure while having skin injuries (OR 15.96) than com-
munity controls (6). The lower proportions of patients with
occupational exposure in Thailand and Vietnam than in Eu-
rope shown in our meta-analysis supports the hypothesis
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that other risk factors, including food consumption prac-
tices, may play a major role in the epidemiology of S. suis
infection in Asia.

This review is not without limitations. The included
studies were highly heterogeneous in quality and in the fac-
tors reported, which reduced the number of studies included
in each meta-analysis. The summary values of the single-
case dataset should be interpreted with caution because the
patients in this merged “sample” were heterogeneously “re-
cruited” from different populations, with different assess-
ment protocols. In addition, the studies were mainly retro-
spective; data could have been easily missed on recall or by
re-collecting from the existing data records. We were unable
to assess the extent to which this misinformation could af-
fect the overall estimates. However, data collection approach
was not significantly associated with the main outcomes ex-
amined under this review in our meta-regression analyses.

This review helps to highlight areas in which addi-
tional research is needed. Geographic gaps obviously exist
in the data on S. suis cases, especially in the pig rearing
countries in the Americas, Eastern Europe, and Asia, such
as Mexico and Brazil, Russia, and the Philippines, respec-
tively. Second, much uncertainty remains in understanding
sequelae of S. suis infection and recovery from these condi-
tions over time. Careful prospective assessments of these
debilitating outcomes and associated social and economic
impacts are essential for understanding and reducing the
effects of S. suis infection. More studies also are needed to
assess the treatment effects of adjunctive corticosteroid on
hearing loss or other neurologic sequelae.
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The effects of S. suis infection are mainly in Asia;
occupational exposure and eating possibly contaminated
foods containing undercooked pig tissues are prime risk
factors. Further research in Asia should focus on the fac-
tors pertinent to local risk for infection, including the
practices of unsafe handling and consumption of pork.
Prevention of human infections needs to be tailored for
different risk groups, and studies are needed to assess the
feasibility and effectiveness of those tailored programs.
Additional work is needed to assess the fraction of S. suis
cases that can be attributed to different risk factors (the
population-attributable fraction) and the proportion of S.
suis cases that might be preventable if specific risk factors
were reduced.
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Outbreaks of serious infections associated with heroin
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of anthrax has resulted in a clinical manifestation distinct
from already recognized forms. During 2012—13, additional
cases of heroin-associated anthrax among PWIDs in Eng-
land and other European countries were reported, suggest-
ing that anthrax-contaminated heroin remains in circulation.
Antibacterial drugs used for serious soft tissue infection are
effective against anthrax, which may lead to substantial un-
derrecognition of this novel iliness. The outbreak in London
provides a strong case for ongoing vigilance and the use
of serologic testing in diagnosis and serologic surveillance
schemes to determine and monitor the prevalence of an-
thrax exposure in the PWID community.

eroin-associated anthrax resulting from direct injec-
Htion or injection under the skin, or “skin popping,”
among persons who inject drugs (PWIDs) is a distinct form
of anthrax seen during a 2009-2010 outbreak in Scotland
and England and again during 2012-2013 in northern Eu-
rope and Germany. There are an estimated 281,000 heroin
users in England and >50,000 in Scotland (1), suggesting
that the cases recognized and diagnosed during the out-
breaks are the tip of the iceberg.

The first 2 cases of heroin-associated anthrax occurred
in the Greater Glasgow and Clyde area of Scotland and
were reported on December 10, 2009. By July 2010, there
were 47 confirmed case-patients in Scotland, of whom 13
(28%) died (2). In January 2010, the first cases outside
Scotland were described in England and Germany (3); the
final outbreak total in England was 6, with 4 deaths (4). The
last case from this outbreak occurred in October 2010, and
Health Protection Scotland declared the UK outbreak over
on December 23, 2010; no active surveillance was estab-
lished afterward (4,5).

In June 2012, 21 months after the last reported case in the
United Kingdom, a fatal case was reported in Regensburg, Ba-
varia, Germany. As of March 2013, 7 more cases had occurred
in the United Kingdom, including 5 in England; 4 patients
died during this outbreak: 2 in England, 1 in Scotland, and 1
in Wales. Another 6 cases occurred in Germany, Denmark,
and France, bringing the total to 14 as of (March 2013) (6-8),
which suggests that contaminated heroin remains in circula-
tion and that vigilance should be maintained.

The only reported case of heroin-associated anthrax
before this outbreak was during 2000 in an injecting drug
user in Norway in whom fatal hemorrhagic encephalitis de-
veloped. Although anticipated, no outbreak emerged (9).

Bacillus anthracis

Bacillus anthracis is a spore-forming, gram—positive
zoonosis which causes infection in humans through con-
tact with contaminated animals or animal products (/0). It
occurs naturally in soil and mainly affects hoofed animals
including goats, cattle, and sheep that ingest endospores
(11-13). B. anthracis endospores are hardy and resistant
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to drying, heat, ultraviolet light, and many disinfectants,
and can lie dormant in soil for many years (/0). The en-
dospores can be ingested, inhaled, or enter through skin
abrasions after which they are phagocytosed by macro-
phages, where they germinate, resulting in activation
and recruitment of other immune cells (/0,/7). In some
cases, the bacteria are not destroyed and can activate a
program of antigen-presenting cells and migrate toward
lymph nodes (/7); replication in the lymphatic system can
then lead to septicemia. B. anthracis secretes 3 polypep-
tides called protective antigen, lethal factor, and edema
factor, which combine to form exotoxins (/0,/1). These
toxins have numerous effects on phagocytes, including
impairment of maturation, impairment of chemotaxis of
different phagocytes, and inhibition of phagocyte function
(11). Edema toxin (protective antigen and edema factor)
inhibits neutrophil function and lethal toxin (protective
antigen and lethal factor) stimulates macrophages to re-
lease tumor necrosis factor a and interleukin-1la (10). It is
possible that the host immune response contributes to the
virulence of the pathogen, stimulating greater inflamma-
tory cytokine release and recruitment of cells, including
neutrophils, which have an essential role in controlling
anthrax infection (/7).

Typically, infection occurs through entry of the spores
through the skin, by ingestion of contaminated meat, or by
inhalation; contamination via these routes commonly re-
sults in cutaneous, gastrointestinal, or pulmonary anthrax,
or may manifest as hemorrhagic meningitis (10,12,13).
The intravenous route of exposure has added a new com-
plexity to the immunopathogenic picture and has resulted
in novel, severe, and highly variable patterns of manifes-
tation which are described in the clinical cases section of
this article. Anthrax has been used as a biowarfare select
agent, and there is concern regarding potential future use.
In 2001, the greater New York City metropolitan area in
the United States was the scene of an attack (/4) which
resulted in at least 22 cases of anthrax, leading to 5 deaths.
These cases resulted from a mix of inhalational and cutane-
ous exposures, affecting mainly persons who had contact
with contaminated items sent through mail. This was a de-
liberate bioterrorist attack in which envelopes containing
anthrax spores were delivered to victims. Early recognition
of the first case resulted in a prompt public health response
and epidemiologic investigations in the United States and
internationally (15).

International Heroin Production
and Transportation

Afghanistan is now the largest exporter of heroin,
accounting for 93% of the world’s supply (/6). The Unit-
ed Kingdom National Anthrax Outbreak Control Team
hypothesized that the heroin responsible for the 2009
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outbreak had been contaminated at its likely source in
Afghanistan or entered the supply chain by introduction of
cutting or dissolving agents or through animal hides used
for transport (/7).

Phylogeographic analysis demonstrated that the an-
thrax strains responsible for the 2009-2010 outbreak in
Scotland were closely related to strains from Turkey and
not to prior isolates from Scotland or Afghanistan (/8).
Anthrax is endemic in Turkey, and heroin passing through
Turkey may have been contaminated while being trans-
ported in contaminated goatskins (/8). Isolates from the
2009-2010 and 2012-2013 outbreaks and the isolate from
the case-patient from Norway in 2000 were subjected to
comparative molecular typing by using a 31-marker multi-
locus variable number tandem repeat analysis and a broad
single-nucleotide-polymorphism analysis. Results demon-
strated that these strains were almost identical (8).

Clinical Cases

Here we give a firsthand account of 3 persons with
anthrax associated with subcutaneous or intraarterial injec-
tion of heroin who sought care at different hospitals in the
National Hospital Service trust. These cases highlight the
spectrum of disease, specific management challenges, and
the importance of serologic testing.

The manifestations of disease, treatments, and out-
comes are summarized in the Table. Patient 1 manifested
extensive, painless edema in the left thigh at the subcuta-
neous injection site. (Figure 1, panels A and B.) Despite
remaining lucid and appearing comfortable, she was he-
modynamically unstable and initially managed for severe
soft tissue infection with septicemia; B. anthracis was
identified from blood cultures the next day. Patient 2 also
had extensive tissue involvement at the site of subcuta-
neous injection to the right buttock; he required exten-
sive tissue debridement (Figure 2, panels A and B). Pa-
tient 3 had a pseudoaneurysm of the femoral artery after
he injected heroin into that vessel; he was systemically
well, although febrile, on arrival to the acute care facility.
Samples taken at debridement and cultured were nega-
tive for anthrax; however, positive serology indicated
recent infection.

These cases demonstrate the range of clinical mani-
festations, from relative hemodynamic stability (patient
3) to multiorgan failure requiring intensive care support
(patients 1 and 2.) Clinical features of anthrax-associated
soft tissue infection that differentiate it from that caused by
other bacteria include the degree of edema affecting sur-
rounding tissue (/8,19), the excessive bleeding at the time
of surgery, and the lack of a clear demarcation between af-
fected and unaffected tissue.

In patients that have predominantly soft tissue mani-
festations, there is a notable absence of the eschar that is
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typical of cutaneous anthrax, marking this manifestation
as a distinct form. Despite extensive tissue involvement
as seen in patients 1 and 2, the degree of discomfort
displayed by the patients was markedly less than would
be expected, and they appeared deceptively comfort-
able despite the clinical features and laboratory tests
that indicated severe infection. Both of these patients
were coagulopathic with substantial renal failure requir-
ing hemofiltration. The leukocyte count and C-reactive
protein level were not as elevated as might be expected,
given the degree of tissue involvement and the degree
of organ failure evident; this was particularly evident
in patient 2.

Patients 1 and 2, as seen in the Scottish anthrax
case-patients, exhibited a biphasic illness with an initial
recovery, then further deterioration (20,21,22). Radio-
logic features of pulmonary anthrax include pleural ef-
fusions, mediastinal widening, paratracheal or hilar full-
ness, and parenchymal infiltrates. Patients 1 and 2 showed
chest x-ray evidence of severe pulmonary edema shortly
after arrival.

Patients 1 and 2 were managed by a multidisci-
plinary team that included plastic surgeons, a gynecolo-
gist (for patient 1), intensive care specialists, microbi-
ologists, and infectious diseases physicians. Patient 1
was the first case documented in London; the team drew
on experience from the US Centers for Disease Con-
trol and Prevention, Health Protection Scotland, and
the Rare and Imported Pathogens Laboratory at Porton
Down, England. Anthrax immune globulin intravenous
(human) (AIGIV) was approved for patient 1, but was
not given because she had improved by the time of its
arrival. Patient 2 received AIGIV within 24 hours of ar-
rival at the hospital.

Microbiological Diagnosis

In test results for patients 1 and 2, gram-positive rods
were seen on Gram stain from blood culture and Bacillus
anthracis grew. Gram stain of tissue culture from debride-
ment from patient 2 also showed gram-positive bacilli. Se-
rologic testing and PCR on EDTA blood samples were also
positive for both of these patients.

Patient 3 was referred to the vascular surgeons with
concern regarding his pseudoaneurysm. He was febrile
on admission, and an infectious diseases consultation was
requested to evaluate antibiotic drugs in view of skin and
tissue cultures which had grown anaerobic organisms. He
had injected heroin before onset of illness, although he had
not injected drugs for 10 years before this instance. Blood
cultures and tissue taken at the time of his pseudoaneurysm
repair were negative on culture and by PCR for B. anthra-
cis; however, his strongly positive serologic test results
were indicative of recent infection.
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Discussion

The death rate early in the 2009-2010 anthrax outbreak
in Scotland was ~50% and dropped to 28% toward the end
of the outbreak (23). These results are likely to be a reflec-
tion of increased vigilance, earlier identification of cases,
and an increase in experience in managing the cases. There
is speculation that, rather than destroying the contaminated
heroin, dealers in Scotland may have “cut,” or diluted, the
batch with other supplies; this may have resulted in a re-
duction in the size of the inoculum. The death rate was also
high in the 2012-2013 outbreak, although this outbreak
was more limited in extent than the one in 2009-2010.

Role of Surgery

Regarding soft tissue infections related to heroin-asso-
ciated anthrax, the role of surgery was initially unclear, and
the suggestion was made that disturbing a lesion may result
in clinical deterioration, although this hypothesis remains
contentious (20,21,24). Based on experiences in Scotland
and Health Protection Scotland advice, guidelines from
Public Health England (PHE) advocated timely debride-
ment of affected tissue with the aim of reducing the toxin
load. Patients 1 and 2 had extensive debridement, but in
patient 1 in particular, the extent of involvement and poor
demarcation of affected tissue made this difficult. Toward

Table. Details of 3 heroin-associated anthrax patients from the 2009—-2010 anthrax outbreak, London, United Kingdom*

Characteristic Patient 1 Patient 2 Patient 3

Age, y/sex 43/F 30/M 60/M

Comorbidities HIV, hepatitis C Hepatitis B, hepatitis C, Hepatitis C, left femoral artery
thromboembolic disease pseudoaneurysm

Route of infection Subcutaneous injection to left

thigh 3 d before admission

Subcutaneous injection to right buttock

Injected into left femoral artery
1 wk before admission

Site affected when Extensive involvement: painless

Right buttock erythematous, swollen,

Pulsatile mass at left

patient sought edema and blistering of the left edematous, and painful; edema groin area; no edema or
treatment thigh, lower abdomen, genitals extended to genitals swelling evident
Surgery Extensive debridement by Early, limited debridement performed On hospital d 1, surgery

general surgery and gynecology
performed on 2 occasions; skin
graft applied later

on d 1 of hospitalization. Skin graft

performed to repair left femoral
artery pseudoaneurysm and
debridement; further
debridement performed at d 19

applied later

Anthrax testing results

Culture Blood culture of specimen drawn Blood and tissue cultured on admission Blood and tissue cultured on
on admission positive in <24 h positive 24 h after admission admission negative
Serologic Positive Positive Positive
PCR Positive Positive Negative
Initial antibiotic drugs Ceftriaxone, clindamycin, Clindamycin, ciprofloxacin, flucloxacillin, Clindamycin, ciprofloxacin,
vancomycin vancomycin, gentamicin flucloxacillin, benzylpenicillin,

metronidazole

Outcome Initially lucid and comfortable but
hemodynamically unstable.
Debridement on 2 occasions.
Anthrax PCR post—antibiotic drug
treatment negative; coagulopathy
resolved by day 29 with normal
platelets and clotting studies. On
day 31, brain stem ischemia
developed; died on d 50 after
airway complications.

After initial debridement, electively
intubated to treat edema causing
respiratory compromise. Received
AIGIV within 24 h of admission.
Vacuum-assisted therapy pump was
used, then skin graft, with good

discharged to complete 60 d of

After first surgery on hospital d
1, continued broad-spectrum
antibiotic drugs for 10 d.
Received a further 14 d of
broad-spectrum antibiotic drugs
after debridement on d 19.
Made a good recovery and was
discharged home. Strongly
positive serologic results
subsequently received.

outcome. Recovered and was

ciprofloxacin and clindamycin.

Test results for blood samples taken at admission (reference range)t

Leukocyte count 23.1
(4.2-11.2x10°L)

Neutrophils 14.6
(2.0-7.1 x 10%L)

CRP (0—4 mg/L) 179
Hemoglobin 15.7
(13.0-16.8 g/dL)

INR (1.0) 4.4

Platelets 374
(130=370 x 10%L)

Creatinine 385
(60-125 pmol/L)

Albumin (30—45 g/L) 24

16.8 101
14.6 4.9
71 230
6.7 9.8
1.5 1.0
30 238
488 137
23 30

*Patients 1, 2, and 3 represent the diversity of the cases seen and the spectrum of manifestation caused by heroin-associated anthrax. Clinical features
associated with this condition include the degree of edema present, the absence of the eschar associated with cutaneous anthrax, and the biphasic
nature of the iliness; in the severe cases, Patients 1 and 2 experienced multiorgan dysfunction and coagulopathy. AIGIV, anthrax immune globulin

intravenous; CRP, C-reactive protein; INR, international normalized ratio.

tReference ranges from Imperial College Healthcare (http://www.imperial.nhs.uk/services/pathology/index.htm).
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Figure 1. Manifestation of
heroin-associated anthrax in
patient 1, who injected heroin
under the skin of her left
thigh. Panel A demonstrates
substantial edema and
blistering of skin. Manifestation
is more pronounced in Panel
B, which demonstrates more
blistering and bruising.

the end of the 2012-2013 outbreak, a more conservative
approach was being considered by clinical specialists.

These 3 cases demonstrate the clinical spectrum of
anthrax among heroin users from minimal evidence of
overt sepsis to soft tissue involvement and multiorgan
failure. Several factors are potential contributors to this;
these may include delayed manifestation; delays in rec-
ognition and subsequently, in initiating therapy; the size
and route of entry of the inoculum; comorbidities; and im-
munologic factors.

The Tip of the Iceberg

Patient 3 sought treatment mainly for his femoral ar-
tery pseudoaneurysm after injecting heroin, although after
admission, it was found that he was febrile, had elevated
inflammatory markers, and there was evidence of necro-
sis at debridement. Culture and molecular tests of tissue
collected at debridement were negative, possibly caused
by early antibiotic drug therapy before that procedure. His
manifestation of illness was not initially counted as a case,
but this was revised considering the strength of his serolog-
ic response which suggested recent infection. This patient’s
lack of physical compromise despite active infection is no-
table. A case report from Glasgow described a patient who
had chronic sinuses in the left groin after injecting heroin;
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there was evidence of local infection and sepsis with B. an-
thracis, but he was was uncompromised (25). This raises
the possibility that the cases seen in Scotland and England
may be the tip of the iceberg, particularly if some patients
who are relatively asymptomatic and not overtly septic are
treated for soft tissue infections with antibiotic drugs that
are effective against anthrax, and those infected persons are
not admitted to a hospital.

The seroprevalance of infection in PWIDs who had po-
tentially used heroin from infected batches is unknown and,
given the number of heroin users in the United Kingdom,
this knowledge would shed further light on our understand-
ing of the immune response to anthrax. This is particularly
the case given that some affected individuals may be as-
ymptomatic or minimally symptomatic. Patient 1°s partner
injected from the same batch at the same time but showed
no evidence of anthrax during follow-up.

Information was disseminated through the press and
directly to at risk groups to ensure heightened public aware-
ness; this led several PWIDs to present to the trust con-
cerned regarding possible infection however they proved
serologically negative. Community testing of PWIDs may
be an important initiative to determine the seroprevalence
of anthrax, identify subclinical cases and guide further re-
search into anthrax and immunity.

Figure 1. Manifestation of heroin-
associated anthrax in patient
2, who injected heroin under
the skin of his left buttock 1
week before seeking treatment.
Panel A demonstrates severe
edema with poorly demarcated
erythema. He had debridement
within hours of arrival. Panel
B demonstrates the extent of
debridement required to reach
healthy tissue and to reduce the
toxin burden; there was copious
drainage of fluid and pus as well
as bleeding to the area. The
tissue between affected and
unaffected areas was poorly
demarcated.
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Lessons from the 2009-2010 Outbreak

This outbreak reinforces the importance of vigilance
in the early identification of emerging infections to ensure
rapid identification of cases, containment of an outbreak,
and effective management. Early cooperation and dissemi-
nation of information to at-risk groups and health care pro-
fessionals are also vital.

The case-patients in the 2009-2010 outbreak most
commonly sought treatment with localized abscesses or
inflammatory lesions at the site of injection or skin pop-
ping with a breadth of presentation from subclinical to
hemorrhagic meningitis and peritonitis (/2,20,25-27).
The novelty of this outbreak is the mode of transmission
with endospores injected (in most cases) directly into the
blood supply, resulting in novel soft tissue manifesta-
tions and severe systemic manifestations. The recurrence
of cases in 2012-2013 has reinforced the awareness that
vigilance should continue to be exercised in medical prac-
tice, looking for links among cases with early reporting
and automatic collating of cases so that outbreaks can be
identified early.

Severe Skin and Soft Tissue Infection

The Infectious Diseases Society of America guidelines
for skin and soft tissue infections make special mention of
the treatment for cutaneous anthrax, given the possibility
of anthrax use as a bioterrorism agent (28). The recommen-
dations for necrotizing fasciitis include a broad spectrum
of antibiotics which are similar to those recommended for
the anthrax outbreak; these include ciprofloxacin for sus-
pected anthrax and a combination of a f-lactam antibiotic,
ciprofloxacin, and clindamycin for suspected necrotizing
fasciitis (29). These recommendations are similar to the
PHE recommendations for antibiotics to be used in sus-
pected cases of soft tissue anthrax, specifically, ciprofloxa-
cin, clindamycin, and penicillin plus additional cover for
necrotizing fasciitis with flucloxacillin and metronidazole
(30,31). The use of antibiotics that have anti-anthrax activ-
ity, particularly in severe soft tissue infections in PWIDs,
could possibly mask overt cases.

Anthrax immunoglobulin is available on a named
patient basis with prior agreement from the US Food and
Drug Administration and the Centers for Disease Control
and Prevention for patients who fulfill the particular clini-
cal features and who have confirmed laboratory evidence
of B. anthracis infection in a normally sterile site with
epidemiologic evidence of possible infection (28). It is de-
rived from plasma of humans vaccinated with BioThrax
(adsorbed anthrax vaccine) (Emergent BioSolutions Inc,
Bracknell, UK) and contains polyclonal toxin-neutralizing
antibodies against protective antigens; it is intended for use
as an adjunct to antibiotics to counter the toxin-mediated
immune activations (32).
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Waste Management

Human-to-human transmission of anthrax has not
been reported. However, the clinical waste from patients
is potentially hazardous; hence, early recognition and co-
ordination are essential. In 2010, PHE produced updated
guidance that highlighted the need to address the threat
of potential contamination. This included guidance re-
lated to the collection of samples and guidance related to
any sharps and contaminated waste that should be incin-
erated or autoclaved. Anthrax is a Hazard Group 3 patho-
gen and should be handled in a Biosafety Level 3 facility
by using a Class 1 protective safety cabinet (30,37). All
sharps and any waste contaminated by blood or bodily
fluids and should be incinerated or autoclaved to inter-
rupt transmission (317).

The Need for Vigilance

Given the novel nature of the clinical manifestation,
clinicians may not consider anthrax in the differential di-
agnosis of severe infections in PWIDs, resulting in undiag-
nosed cases. Clinical awareness of the associated risk for
injection-related infection by rare pathogens in this popula-
tion is therefore crucial, particularly because the range of
clinical manifestation is broad. It is therefore possible that
the incidence among PWIDs may be significantly higher
for each overt case than that reported for several subclinical
cases. The re-emergence of anthrax in 2012-2013, albeit at
a smaller scale than in 2009-2010, suggests anthrax-con-
taminated heroin remains in circulation.

Other Considerations

For the cases from June 2012, the European Monitoring
Centre for Drugs and Drug Addiction in association with
the European Centre for Disease Prevention and Control
issued a rapid risk assessment highlighting the presence of
contaminated heroin in northern Europe and disseminated
information to relevant parties (33). Of note, there was a
delay in diagnosis of 1 fatal case in Germany because of the
initial identification of the bacillus as B. cereus.

This new form of anthrax associated with PWID re-
inforces the importance of emerging infections in clinical
practice and the potential global impact of such outbreaks.
In addition, it highlights how globalization, international
travel, and the impact of global conflicts on drug produc-
tion and supply routes can change the landscapes by which
infectious diseases originate and spread. The new cases
during 2012 suggest that contaminated heroin remains
in circulation.

Conclusion

Here we describe 3 cases from the 2009-2010 out-
break of heroin-associated anthrax in the United Kingdom.
Our interest lies in the way that the anthrax spores were
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introduced into the body, their novel effects, and breadth
of manifestation. Lessons learned from the detection and
management of these cases is of renewed interest given the
cases seen during June 2012.

Clinicians may not consider anthrax in the differen-
tial diagnoses of sepsis and soft tissue infection among
PWIDs, leading to an underestimate of the incidence of
anthrax in this novel manifestation. The reemergence of
anthrax makes a strong argument for serologic surveillance
to determine the prevalence of anthrax exposure in PWIDs
and to further our understanding of the nature of anthrax
immunity and pathogenesis in this cohort. Results of this
surveillance would have major implications for health pol-
icy in managing an infection for which there is heightened
public concern.

Outbreaks among heroin users occur intermittently
(34), hence vigilance should be exercised for these pa-
tients. Ongoing cases in Europe suggest that affected
batches of heroin remain in circulation, therefore effi-
cient reporting and noting the association between heroin
use and illness are vital in ensuring early awareness
of outbreaks.

The possibility that there may be a reservoir of undi-
agnosed disease, particularly in those with subclinical or
mild symptoms, makes a strong case for serologic surveil-
lance among PWIDs seeking treatment for sepsis or soft
tissue infections. This will help determine the serologic
prevalence in the community and may confirm the possi-
bility that some heroin users possess immunity to anthrax
through prior low-level exposure to contaminated drugs.
Greater understanding of the nature of anthrax immunity
and pathogenesis in this cohort is necessary for the devel-
opment of health policies targeting this infection for which
there is heightened public concern.

A H. is supported by the United Kingdom Clinical Research
Council and the Imperial NIHR Biomedical Research Centre.

Dr Abbara is an infectious diseases and general medicine
registrar in London. Her research interests include infections
among vulnerable groups including refugees and tuberculosis.
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Norovirus Epidemiology in
Community and Health Care
Settings and Association
with Patient Age, Denmark

Kristina T. Franck, Jannik Fonager, Annette K. Ersbgll, and Blenda Béttiger

Norovirus (NoV) is a major cause of gastroenteritis.
NoV genotype 1.4 (Gll.4) is the predominant genotype in
health care settings but the reason for this finding is un-
known. Stool samples containing isolates with a known NoV
genotype from 2,109 patients in Denmark (patients consult-
ing a general practitioner or outpatient clinic, inpatients, and
patients from foodborne outbreaks) were used to determine
genotype distribution in relation to age and setting. NoV
Gll.4 was more prevalent among inpatients than among pa-
tients in community settings or those who became infected
during foodborne outbreaks. In community and health care
settings, we found an association between infection with
Gll.4 and increasing age. Norovirus Gll.4 predominated
in patients 260 years of age and in health care settings. A
larger proportion of children than adults were infected with
NoV GII.3 or GIl.P21. Susceptibility to NoV infection might
depend on patient age and infecting NoV genotype. Cohort
studies are warranted to test this hypothesis.

Norovirus (NoV) is a major cause of viral gastroen-
teritis (/) and a common cause of outbreaks of acute
gastroenteritis in institutional settings, such as hospitals,
nursing homes, and schools. Foodborne outbreaks of NoV
infection are also common (2, 3).

NoVs are positive-sense, single-stranded, non-envel-
oped RNA viruses (4). On the basis of amino acid or nu-
cleotide sequencing of the polymerase and capsid regions,
NoV can be divided into 6 genogroups (GI-GVI) and sev-
eral genotypes. GI, GII, and GIV are human pathogens

Author affiliations: Statens Serum Institut, Copenhagen, Denmark
(K. T. Franck, J. Fonager, B. Béttiger); University of Southern
Denmark, Odense, Denmark (K. T. Franck); University of South-
ern Denmark, Copenhagen (A. K. Ersbgll); and Lund University,
Malmd, Sweden (B. Bottiger)
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(5—7). Recombination events within a genogroup are com-
mon (§). Thus, genotyping of NoV should ideally be based
on sequencing of the capsid and polymerase regions of the
viral genome (9).

NoV sequences reported to the Foodborne Viruses in
Europe Network come from mainly foodborne outbreaks
or outbreaks in health care settings (2). Outbreaks in health
care settings are most often caused by NoV genogroup II
genotype 4 (GIL.4) (10-13). The proportion of outbreaks
caused by GII.4 is lower in non-health care settings
(2,3,12,14). Elderly persons seem to be more susceptible
to NoV infection (15,16). This susceptibility has been sug-
gested to be genotype dependent (3).

The purpose of this study was to describe the distribu-
tion of NoV genotypes among infections in patients consult-
ing a general practitioner (GP) or outpatient clinic, patients
in health care settings, and patients in foodborne outbreaks.
The association between NoV GII.4 and age of the patients
in community and health care settings was also determined.

Materials and Methods

Patient Samples

The study included patients who had stool samples
test positive for NoV during routine diagnostic virus
analyses at the Department of Virology at Statens Serum
Institut, Copenhagen, Denmark, during 2006-2010. This
department serves as a reference laboratory and, through-
out the study period, also served as the primary virus di-
agnostic laboratory for most GPs, outpatient clinics, and
hospitals in Denmark. Information about sampling date,
setting (i.e., hospital, GP, or outpatient clinic), age, and sex
of the patients was obtained from the laboratory database.
Samples from patients infected during suspected foodborne
outbreaks of gastroenteritis were accompanied by special
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request forms at submission to the laboratory. Information
regarding hospital admissions (dates and wards) during
the study period was obtained from the Danish Health and
Medicines Authority. Patients registered in the laboratory
database as inpatients were excluded if hospitalization at
the time of sampling could not be verified. Collection and
registration of patient data were approved by the Danish
Data Protection Agency (record nos. 2012-54-0046 and
2010-54-1076).

Using the personal identification numbers mandatory
for all Danish citizens, we obtained postal addresses for
patients >60 years of age who were positive for NoV and
had a sample with an assigned genotype submitted from
an outpatient clinic or GP. The addresses were used to de-
termine if these patients were nursing home residents as of
July 2013. Patients who had died before July 2013 were
excluded because it was not possible to determine if they
had been nursing home residents (n = 21).

Patient NoV samples were obtained from 3 settings.
The first group consisted of inpatients and nursing home
residents (referred to as health care settings), the second
group consisted of patients consulting a GP or outpatient
clinic (referred to as community settings), and the third
group consisted of patients from foodborne outbreaks. The
patients were from all 5 regions of Denmark.

Sampling and admission dates were used to estimate
whether infections were nosocomial or community ac-
quired. An infection was classified as community acquired
if stool samples were obtained on the day of admission or
the following day, nosocomial if samples were obtained
on day 5 or afterwards, and indeterminate if samples were
obtained between these 2 periods. Multiple samples were
submitted from 1,060 patients. To avoid overrepresentation
of patients chronically infected with NoV, only the first
NoV-positive sample from each patient was included. Dur-
ing the study period, samples were continuously selected
for genotyping. The intention was to type all samples from
community settings, 21 sample from every hospital ward
per month, and 1 sample from each foodborne outbreak,
respectively, which yielded 2,231 samples.

RNA Extraction

Stool samples were processed as 10% (wt/vol) suspen-
sions in phosphate buffer solution, centrifuged at 4°C for
30 min at 3,400 g, and analyzed within 72 h of arrival. Nu-
cleic acids were extracted by using MagNa Pure LC (Roche
Diagnostics, Hvidovre, Denmark) and the Viral NA Small
Volume Kit (Roche Diagnostics) according to the manu-
facturer’s instructions.

Real-time Reverse Transcription PCR

NoV GI and GII were detected by real-time reverse
transcription PCR (RT-PCR) by using the OneStep RT-
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PCR Kit (QIAGEN, Aarhus, Denmark) and primers and
probes, as previously described (/7). PCR conditions are
shown in the online Technical Appendix (http://wwwnc.
cdc.gov/ElD/article/20/7/13-0781-Techapp1.pdf).

NoV Genotyping

Polymerase RT-PCR

Polymerase gene sequences were obtained by using
primers JVI12Y-JV13 (/8) or JVI2BH-NVpl110 (18,19)
in 1 round of amplification. If PCR results were nega-
tive, a nested PCR was performed (20). Using the above-
mentioned primers, we performed an RT-PCR with the
OneStep RT-PCR Kit (QIAGEN) for the first-round PCR
and AmpliTaq 360 DNA Polymerase (Applied Biosystems,
Naerum, Denmark) for second-round PCR according to the
manufacturers’ instructions. PCR conditions are shown in
the online Technical Appendix.

Capsid RT-PCR

Capsid gene sequences were obtained by using a semi-
nested Gl-specific primer set (GIFF-1, GIFF-2, and GIFF-
3 for a first-round PCR and GISKR [GIFFN and GISKR]
for a second-round PCR), which amplified 305 bp of the GI
capsid gene; or a semi-nested GII-specific primer set (G2FB-
1, G2FB-2, and G2FB-3 for a first-round PCR and G2FBN
[COG2F and G2SKR] for a second-round PCR), which am-
plified 299 bp of the GII capsid gene (/7,21,22). Using these
primers, we performed an RT-PCR by using the OneStep
RT-PCR Kit (QIAGEN) for a first-round PCR and Ampli-
Taq 360 DNA Polymerase (Applied Biosystems) for a sec-
ond-round PCR according to the manufacturers’ instructions.
PCR conditions are shown in the online Technical Appendix.

Sequencing

PCR products were prepared for sequencing by using
Exo-SAP (GE Healthcare, Little Chalfont, UK) according
to the manufacturer’s instructions. Both strands of DNA
were sequenced by using an ABI 377 DNA Sequencer (Ap-
plied Biosystems) with the same primers used for RT-PCR
and the Big Dye Terminator Kit 1.1 (Applied Biosystems).

Sequence Analysis and Identification of Genotype

Sequence analysis and assembly were performed by
using BioNumerics version 6.6 (Applied Maths, Sint-Mar-
tens-Latem, Belgium). Genotypes were assigned by using
phylogenetic analyses (http://www.rivm.nl/mpf/norovirus/
typingtool) (6). Genotyping was primarily based on the
polymerase sequence. If this procedure was not successful,
sequencing of the capsid genome was attempted. For some
sample gene products, both regions were sequenced. If di-
vergent genotypes were detected in the capsid and poly-
merase genes, the capsid genotype was used.
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Descriptive Analyses

Distribution of patients with respect to age and setting
was initially determined by using all 3,848 samples. To ob-
tain a representative picture of the distribution of circulat-
ing NoV genotypes and to avoid including several patients
from the same outbreak, we included only the first sample
from each clinic and ward within a calendar month (n =
1,612). The difference in age between patients with and
without an assigned genotype was obtained for community
and health care settings separately by using the Wilcoxon-
Mann-Whitney test. The association between an assigned
genotype (as the outcome) and age and sex (separately) was
evaluated by using univariable logistic regression analysis.
The association between genotype and age group was test-
ed by using the Pearson y? test.

Association between NoV Gll.4 and Patient Age

The association between age and infection with NoV
GII.4 was measured by using multilevel logistic regression
analysis. Patients grouped within the same cluster (ward
or clinic) are often more similar than randomly selected
patients from different clusters. To account for this lack
of independence between patients in clusters, a multilevel
model was used that assumed a normal distribution of ran-
dom effects. A total of 523 clusters (212 wards and 311
clinics) were included. The outcome was NoV genotype
as the binary variable (GII.4 or non-GII.4). Three covari-
ates were included in the analysis as fixed effects: age (<3,
3-19, 20-39, 40-59, and >60 years), setting (community
or health care), and sex. Two interactions were considered
of interest and were included in the analyses; these were
the interactions between setting and age and between set-
ting and sex. Backward elimination was used to exclude
non-significant interactions by first removing the most non-
significant interaction.

The mean cluster size was 3.73 (range 1-55). To
evaluate the effect of a small cluster size, the analysis was
repeated by including only clusters (i.e., wards and clin-
ics) with >5 patients in the analysis. The analysis was also
repeated by using logistic regression without any random
effect on the descriptive dataset shown in Table 1 (i.e., first
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patient with an assigned genotype from each clinic and
ward within a calendar month).

Stata software version 11.2 (StataCorpLP, College
Station, TX, USA) and SAS version 9.3 (SAS Institute,
Cary, NC, USA) were used for analyses. Significance was
determined at p<0.05 and by using 2-sided tests.

Results

During the 5-year study period, stool samples from
18,796 patients were submitted to the Department of Vi-
rology at Statens Serum Institut. A total of 4,056 patients
were positive for NoV. After exclusion of patients with
uncertain hospitalization status, 3,848 patients were in-
cluded for further analysis (Table 1). These patients were
from 230 wards in 60 hospitals in Denmark, 356 general
practices or outpatient clinics, and 46 suspected foodborne
outbreaks. A NoV genotype was identified for 2,109 pa-
tients. Of these patients, 1,713 had samples initially se-
lected for genotyping. In 223 of the selected samples, a
genotype was not obtained because of lack of sensitivity
or sample material; genotyping was not attempted for 295
other samples.

A genotype based on sequence information from the
polymerase and the capsid genes was obtained for NoVs in
349 (17%) samples. NoVs from 1,496 (71%) samples were
genotyped by partial sequencing of the polymerase gene
and NoVs from 264 (13%) samples were genotyped by par-
tial sequencing of the capsid gene. Thus, a genotype was
established for NoVs in samples from 204 (89%) wards,
59 (98%) hospitals, and 313 (88%) clinics. A genotype
was established for NoVs in >1 sample from all foodborne
outbreaks. The age distribution differed significantly be-
tween patients for whom an NoV genotype was identified
and those for whom it was not (community settings: p =
0.002; health care settings: p<0.001. However, when we
compared patients >60 years of age in community settings
with patients <3 years of age, the proportion of genotyped
NoVs in samples did not differ significantly (odds ratio 0.6,
95% C10.4-1.1,p=10.1).

Among the 2,109 patients for whom the infectious
agent had an assigned NoV genotype, 882 patients were

Table 1. Age and setting for 3,848 patients with stool samples positive for norovirus, Denmark, 2006—2010*

All patients, no. (%)

Descriptive analysis,t no. (%)
patients positive for GIl.4)f

Community Health care Foodborne Community Health care Foodborne
Age group, y settings settings outbreaks settings settings outbreaks
<3 680 (61) 36 (1) NR 490 (51) 23 (57) NR
3-19 113 (10) 15(1) NR 71 (27) 10 (50) NR
20-39 145 (13) 76 (3) NR 94 (62) 33 (64) NR
40-59 93 (8) 240 (9) NR 64 (64) 90 (89) NR
260 86 (8) 2,196 (86) NR 62 (82) 629 94) NR
Total 1,117 (100) 2,563 (100) 168 (100) 781 (54) 785 (91) 46 (41)
*Only 1 sample per patient was included. Gll, genogroup II; NR, not relevant.
1Only 1 patient per clinic or ward per month was included.
tProportion of patients infected with novovirus GII.P4 or G.11.4 in each age group.
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from community settings, 1,070 were from health care set-
tings, and 157 were from foodborne outbreaks. Patients
from health care settings were further grouped into noso-
comially infected patients (n = 539), patients with commu-
nity-acquired infections (n = 248), patients with an inde-
terminate source of infection (n = 274), and nursing home
residents (n = 9).

A total of 22 NoV capsid and 15 polymerase genotypes
were detected among the genotyped samples. In patients from
community settings, 20 capsid and 12 polymerase genotypes
were detected, and 14 capsid and 8 polymerase genotypes
were detected in NoVs from patients in health care settings.
With the exception of GII.21, all NoV genotypes detected
in health care settings were also detected in community set-
tings. Among the samples from the 46 foodborne outbreaks,
15 NoV capsid and 11 polymerase genotypes were detected.
The 2 most prevalent genotype combinations were GII.P21
GII.3 and GII.P7_GII.6, and the 6 most common genotypes
were GII.P4, GI1.4, GIL.6, GII.3, GII.P21, and GII.7 (Figure
1). Clinics (n = 60) and wards (n = 63) that were represented
with >5 patients with an assigned genotype had median pro-
portions of NoV GIL.4 of 57% (range 14%—100%) and 96%
(range 17%-100%), respectively.

The age distribution differed considerably between
patients from community and health care settings (Table
1). A significantly larger proportion of patients from health
care settings were >60 years of age (2,196/2,563, 86%)
(p<0.001). In contrast, patients from community settings
were mainly children <3 years of age (680/1,117, 61%)
(p<0.001).

Descriptive Analyses

In these analyses, only 1 patient per calendar month
from each GP, outpatient clinic, and ward was included
(Table 1). Foodborne outbreaks were described on an out-
break level with only 1 sample representing each outbreak
(n = 46 outbreaks).

The distribution of NoV genotypes according to age
and setting is shown in Figure 2. The distribution differed
between community and health care settings. Although
most patients from health care settings were infected with
GIIL.4 (712/785, 91%), this genotype was detected in a sig-
nificantly lower proportion of patients from community
settings (421/781, 54%) (p<0.001). The proportion infect-
ed with GI was significantly higher in foodborne outbreaks
(22%) than in community settings (6%) and health care
settings (2%) (p<0.001). When samples positive for NoV
GII.4 and GII.P4 were excluded, the proportion of GI was
similar for those infected in community (13%) and health
care settings (16%) but significantly higher for those in-
fected in foodborne outbreaks (37%) (p = 0.001).

The proportion of children <3 years of age infected with
NoV GIL3 or GII.P21 ranged from 11% to 25% during the
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study period. However, <3% of adults >60 years of age were
positive for these genotypes. This difference was significant
for each year studied (each year tested: p<0.001).

Association between NoV Gll.4 and Patient Age

When we compared with younger and older infected
persons, we found a strong association between infection
with NoV GII.4 and patient age >60 years in community
and health care settings. This association was greater in
health care settings than in community settings (Table
2) (p<0.001 for effect of age and setting). The mean
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Figure 1. Distribution of norovirus genotypes of isolates from stool
samples of A) patients in community settings (n = 781 samples), B)
patients in health care settings (n = 785 samples), and C) patients
in foodborne outbreaks (n = 46 samples), Denmark, 2006—2010.
From each clinic and hospital ward, only the first sample with an
assigned genotype per calendar month is included. Values in
parentheses are numbers of isolates with a specific genotype or
genogroup.
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Figure 2. Distribution of norovirus genotypes by patient age and setting for 1,566 patients positive for norovirus, Denmark, 2006—2010.
Only 1 patient from each general practice or outpatient clinic (n = 781 patients) and ward (n = 785 patients) within a calendar month were
included (foodborne outbreak patients were not included). Inpatients and patients from nursing homes were grouped as patients from
health care settings. Genogroup | (Gl), blue; GII.P21, gold; GlI.3, orange; Gll.4 or GlI.P4, red; GII.6, purple; GII.P7, pink; GII.7, brown; all

other genogroup II, green. C, community; H, health care.

proportion of NoV GII.4 within each ward or clinic with
respect to the mean patient age is shown in Figure 3. The
sensitivity analysis showed similar results regarding odds
ratios (Table 2).

Discussion

In this study of 3,846 patients who were positive for
NoV by routine diagnostic procedures for gastroenteritis
in Denmark during 2006-2010, we detected an association
between an age >60 years and infection with NoV GIL.4
in patients from community and health care settings. We
also found that NoV GII.P21/GII.3 was more prevalent in
children than in adults, and NoV GI was more frequently
detected in patients from foodborne outbreaks than in pa-
tients from community and health care settings.

NoV GII.4 was the most prevalent genotype among
patients in health care settings (in 91%). However, only
54% of patients from community settings were infected
with this genotype. This finding is consistent with findings
in a recent study from the United States, which reported
that 84%—87% of outbreaks in hospitals and long-term care
facilities were caused by GII.4 compared with 17%-75%
in other settings (/3). The reason for the predominance
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of GIL.4 in health care settings has been debated. Patient
characteristics, such as increased susceptibility caused by
concurrent illnesses or older age, have been suggested (3).
Virus characteristics, such as greater inherent virulence or
increased virus shedding, thereby facilitating transmission
in settings with a high concentration of persons, have also
been suggested as contributing factors (2,23). A study by
Vega et al. reported that older age was associated with GII.4
outbreaks in diverse settings, such as schools, restaurants,
and hospitals (/3). Our study confirmed this association,
which was present in community and health care settings
and could partly explain the predominance of GII.4 in hos-
pital settings. The association was stronger for patients in
health care settings than for patients in community settings,
but the reason for this difference is unknown. Once intro-
duced into a hospital setting, NoV GII.4 might be more eas-
ily transmitted than other genotypes, thus infecting elderly
patients already hospitalized for other reasons (2).

Other studies compared the clinical manifestations of
infection with NoV GII.4 with those of infection with other
NoV genotypes. Two studies of persons in nursing homes
showed that symptoms were more severe in persons in-
fected with GII.4 than in persons infected with other NoV
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Table 2. Association between age and infection with norovirus Gll.4, Denmark, 2006—2010*

All patients with an assigned genotype, n = 1,952

Sensitivity analysis 1,
n = 1,299 patients

Sensitivity analysis 2,
n = 1,566 patients

Total no. No. (%) positive
Variable (%)t for Gll.4% OR 95% CI OR 95% ClI OR 95% CI
Community settings
Age, y
<3 558 (63) 291 (52) 0.60 0.39-0.91 0.46 0.25-0.86 0.63 0.40-1.00
3-19 80 (9) 21 (26) 0.19 0.10-0.37 0.09 0.03-0.24 0.22 0.11-0.43
20-39 114 (13) 73 (64) Ref NA Ref NA Ref NA
40-59 66 (7) 43 (65) 1.03 0.54-1.95 0.86 0.30-2.42 1.07 0.55-2.08
260 64 (7) 53 (83) 2.7 1.27-5.78 2.23 0.73-6.88 2.86 1.32-6.19
Health care settings
Age, y
<3 25 (2) 13 (52) 0.46 0.16-1.29 0.50 0.13-1.98 0.75 0.25-2.22
3-19 12 (1) 6 (50) 0.41 0.11-1.52 0.23 0.04-1.19 0.58 0.14-2.41
20-39 44 (4) 31(71) 1 (Ref) NA 1 (Ref) NA 1 (Ref) NA
40-59 119 (11) 107 (90) 3.73 1.54-9.05 3.42 1.20-9.72 4.59 1.75-12.09
260 870 (81) 828 (95) 8.39 4.07-17.29 8.37  3.55-19.78 9.62 4.38-21.12
Sex
M 965 (49) 716 (74) 1.23 0.96-1.56 1.26 0.92-1.74 1.22 0.95-1.58
F 987 (51) 750 (76) Ref NA Ref NA Ref NA
Estimate SE Estimate SE Estimate SE
Variation between NA NA 0.053 0.089 0.062 0.101 NA NA
clusters§
Intraclass correlation NA NA 2.6% NA 1.95% NA NA NA
coefficient
Dispersion parameter NA NA 0.99 NA 0.99 NA 1.01 NA

*Sensitivity analysis 1 was a multilevel logistic regression model that included only wards and clinics with 25 patients. Sensitivity analysis 2 was a logistic
regression model (without random effect) that included only the first patient per month within each ward and clinic. Gll, genogroup II; OR, odds ratio; Ref,
referent; NA, not applicable. An OR>1 indicates an increased risk for norovirus Gll.4 infection compared with patients 20-39 y of age.

tProportions for community settings do not add up to 100% because of rounding.

tProportion of patients infected with norovirus GlI.P4 or Gll.4 in each age or sex group.

§Estimated to be 1.12 (SE 0.18) in the random intercept-only model (i.e., without the effect of age, sex, and setting).

genotypes (24,25). This finding could be caused by the age
of the participants, a finding consistent with the results of our
study. A study of NoV infections in newborns, whom the
authors presumed to have no pre-existing immunity, showed
that the length of symptomatic NoV infection was longer
when newborns were infected with NoV GIL.4 than with
other genotypes (23). This finding differs from the hypoth-
esis that only elderly persons have more severe infections
when infected with NoV GII.4 than with other genotypes.
Because an association between persons >60 years of age
and infection with NoV GII.4 was also observed in patients
from community settings in our study, the increased dura-
tion of symptomatic NoV GII.4 infection in infants could be
caused by immaturity of their immune systems. Desai et al.
conducted a literature review of published NoV outbreaks
and concluded that in community settings and long-term
care facilities, incidence of hospitalization and death was
increased during infection with NoV GII.4 compared with
non—GII.4 NoV (26). These findings support the theory that
the high proportion of GII.4 in hospital settings is caused
by viral characteristics rather than host characteristics. How-
ever, Desai et al. did not control for age, which might have
biased the results toward an increased risk for hospitalization
during infection with NoV GII.4.

We determined that NoV GI was more prevalent in
foodborne outbreaks than in outbreaks in health care and

1128

community settings, which is consistent with previous stud-
ies that reported that GI is more frequently observed in food-
borne NoV outbreaks than in outbreaks involving person-to-
person transmission (2,3). Excluding GII.4, the proportion of
GI was similar in health care and community settings.

When we grouped GII.3 and GII.P21, we observed
a higher proportion of these genotypes in young children
than among patients >60 years of age. This finding is con-
sistent with those of other studies, which indicate that GII.
P21 (formerly classified as GII.b) and GII.3 infect mainly
young children (/0,27-29). It has been hypothesized that
genotypes that preferentially infect young children, such as
GII.3, require less antigenic variation because of the con-
stant renewal of the host population with persons who do
not have established immune-associated protection from
previous infections (30). This situation is in contrast to that
for GII.4, which infects a large proportion of the adult pop-
ulation and thus requires a constant change in host-binding
receptors to evade the immune response.

Our study had several limitations. First, sampling bias
was caused by inclusion of samples collected for routine di-
agnostic virus analyses, rather than a cohort encompassing
all cases of acute gastroenteritis. Generally, only a few pa-
tients in hospital outbreaks of infectious gastroenteritis in
Denmark are diagnosed by laboratory testing. We assume
that most hospitalized patients with community-acquired
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NoV infection are tested for NoV as a differential diagno-
sis to bacterial causes of gastroenteritis, but this assump-
tion might not be correct. As in another study (37), our
study had an overrepresentation of young and old persons.
This overrepresentation could have affected the outcome
because it is likely that severity of disease, concurrent ill-
nesses, and young age increase the probability of seeking
medical attention. If elderly persons are more likely to be
tested for NoV and GII.4 is more virulent than other NoV
genotypes, the statistical results could be biased toward an
increased effect of age on the odds of infection with GII.4.
The best way of testing this hypothesis would be to conduct
a cohort study that included all patients with gastroenteritis.

Second, genotyping of NoV isolates was only per-
formed for selected number of NoV-positive patients, but
these samples represented almost 90% of all wards, GPs,
and outpatient clinics submitting samples to the laboratory.
The distribution of age differed between patients whose
sample isolates had an assigned genotype. However, a no-
table finding was the association between NoV GII.4 and
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age >60 years old in community settings. The proportions
of genotyped samples did not differ between patients >60
and <3 years of age in community settings. Furthermore,
we detected 22 NoV capsid and 15 polymerase genotypes,
which made it unlikely that problems with laboratory meth-
ods systematically biased the results.

Third, we did not have epidemiologic data to compare
the distribution of NoV genotypes at an outbreak level.
Alternatively, the association between age and NoV GIIL.4
was examined by including the random effect of clinics
and wards. This feature was possible because of the large
number of available clinics and wards (32). The associa-
tion between NoV GII.4 and age was also observed in sen-
sitivity analyses that included 1 patient per clinic or hos-
pital ward in each calendar month or included clinics and
wards with >5 patients.

Fourth, we estimated that most hospitalized patients
were nosocomially infected with NoV. This estimate was
based on admission and sampling dates because clini-
cal data were not available. For some patients, sampling
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may have been performed >1 day after onset of symptoms.
Therefore, the proportion of nosocomially infected patients
might have been overestimated.

In this retrospective study of NoV gastroenteritis in
Denmark, we compared infections in patients from food-
borne outbreaks, community settings, and health care
settings. Our results confirmed that most NoV genotypes
circulating in health care settings were GII.4 and that in-
fection with NoV GIL.P21 or II.3 was more prevalent in
children than adults. We observed an association between
older age and infection with NoV GII.4, which could partly
explain why most NoV infections in health care settings are
caused by this genotype. Cohort studies testing this hypoth-
esis would be of value.
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Changes in Capsule and Drug
Resistance of Pneumococci
after Introduction of PCV7,

Japan, 2010-2013

Naoko Chiba, Miyuki Morozumi, Michi Shouji, Takeaki Wajima, Satoshi lwata, Kimiko Ubukata,
and the Invasive Pneumococcal Diseases Surveillance Study Group

We aimed to clarify changes in serotypes and geno-
types mediating B-lactam and macrolide resistance in Strep-
tococcus pneumoniae isolates from Japanese children who
had invasive pneumococcal disease (IPD) after the 7-valent
pneumococcal conjugate vaccine (PCV7) was introduced
into Japan; 341 participating general hospitals conducted
IPD surveillance during April 2010-March 2013. A total of
300 pneumococcal isolates were collected in 2010, 146 in
2011, and 156 in 2012. The proportion of vaccine serotypes
in infectious isolates decreased from 73.3% to 54.8% to
14.7% during the 3 years. Among vaccine serotype strains,
genotypic penicillin-resistant S. pneumoniae strains also
declined each year. Among nonvaccine serotype strains,
19A, 15A, 15B, 15C, and 24 increased in 2012. Increases
were noted especially in genotypic penicillin-resistant S.
pneumoniae isolates of serotypes 15A and 35B, as well as
macrolide resistance mediated by the erm(B) gene in 15A,
15B, 15C, and 24.

Invasive pneumococcal disease (IPD), such as menin-
gitis, sepsis, and empyema, substantially contributes to
illness and death in children (/,2). After increasing num-
bers of cases caused by penicillin (PEN)-resistant Strep-
tococcus pneumoniae (PRSP) emerged and rapidly spread
worldwide during the 1990s (3,4), the need for a vaccine
effective in infants became clear. In the United States, a
7-valent pneumococcal conjugate vaccine (PCV7) was in-
troduced in 2000 and made available for routine use in all
children 2-23 months of age and in children 24—59 months
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of age at risk for pneumococcal infection (5). Subsequent
surveillance studies demonstrated a marked decrease in
prevalence of pneumococcal infection caused by vaccine
serotypes, including PRSP (6-8). In particular, PCV7 ap-
pears to have decreased incidence of meningitis caused
by vaccine serotypes (9), and cases caused by non-PCV7
serotype strains, such as PRSP with serotype 19A, have
increased in the United States (8,/0,11). Such changes sug-
gest that nonvaccine serotypes are replacing vaccine sero-
types in some countries (/2—14).

A next-generation 13-valent pneumococcal conjugate
vaccine (PCV13) was licensed for use in the United States
in 2010 (/5). PCV13 has been approved in 128 countries,
and children in 83 countries have undergone routine PCV13
vaccination. Recently, Richter et al. reported that an in-
crease of type 19A was halted by introduction of PCV13,
whereas serotype 35B increased; coverage provided by
PCV13 was effective in only 41.4% of children <5 years
of age in 2010 and 2011 (/6). Furthermore, Kaplan et al.
reported a slight increase in serotype 33F (/7).

In Japan, PRSP has increased rapidly as a cause of
respiratory tract infections, acute otitis media, and IPD in
children since the late 1990s (18,/9). PCV7 received final
approval in October 2009 and has been used clinically in
infants on a voluntary basis since February 2010. Since No-
vember 2010, PCV7 use has been encouraged for children
<5 years of age throughout Japan by an official program,
the Provisional Special Fund for the Urgent Promotion of
Vaccination. As a result, estimated rates of PCV7 vaccina-
tion for such children were <10% in 2010, 50%—60% in
2011, and 80%—-90% in 2012.

PCV7 was incorporated into the routine vaccination
schedule for children in Japan beginning in April 2013;
before then, however, its coverage rate against IPD had de-
creased rapidly from 71.8% in 2006 to 51.6% in 2011 (20).
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Most recently, PCV13 was approved by the government in
June 2013, later replacing PCV7 as a routine vaccination in
November 2013. The purpose of our study was to clarify
changes during April 2010-March 2013 of serotypes and
genotypes mediating B-lactam and macrolide resistance in
S. pneumoniae isolates from children <18 years of age who
had IPD before and after PCV7 introduction.

Methods

Patients and Pneumococcal Strains

All study participants were children <18 years of age
who had IPD. Pneumococcal isolates from normally sterile
clinical samples, such as blood, cerebrospinal fluid, pleural
effusions, and joint fluid, were collected and examined.

Medical institutions that had a microbiology labora-
tory and a pediatric department with hospitalization facili-
ties were permitted to participate actively in surveillance.
An estimated 25% of all general hospitals in Japan partici-
pated. Participating hospitals were distributed nearly uni-
formly throughout Japan (Figure 1). These hospitals took
part in the surveillance project after the laboratory direc-
tor or hospital director granted permission in writing. A
questionnaire collecting information for every case-patient
was completed anonymously in accordance with the ethical
guidelines for conducting epidemiologic studies in Japan.

Pneumococcal isolates were collected nationwide dur-
ing 3 periods. The first surveillance period was April 2010—
March 2011, when voluntary vaccination with PCV7 was
estimated to be <10% (vol-PCV7: 2010). The second pe-
riod was April 201 1-March 2012, when the estimated vac-
cination rate was 50%—60% because of the Urgent Promo-
tion of Vaccination incentive (post-PCV7: 2011). The third
period was April 2012—March 2013, when the vaccination
rate was 80%-90% just before introduction of PCV13

_}16",% 25 iég@;: w

Osaka @ Tokyo

/Er‘%
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(pre-PCV13: 2012). We collected a total of 602 isolates
from 341 general hospitals: 300 in 2010, 146 in 2011, and
156 in 2012.

Serotypes and Antimicrobial Drug—Resistant Genotypes

Serotypes of all isolates were determined by the cap-
sular quellung reaction using antiserum purchased from
the Statens Serum Institute (Copenhagen, Denmark). Al-
terations in 3 penicillin-binding protein (PBP) genes me-
diating B-lactam resistance in S. pneumoniae—pbpla
(PBP1A), pbp2x (PBP2X), and pbp2b (PBP2B)—were
identified by real-time PCR methods that we developed
and reported previously (27). The PCR system detected the
presence of amino acid substitution(s) in conserved amino
acid motif(s), such as serine-threonine-methionine-lysine,
in each PBP. The genes mef (A) and erm (B), which con-
fer resistance to macrolide antimicrobial drugs, also were
identified by real-time PCR (21).

Genotype (g) based on molecular analysis is represent-
ed here as penicillin-susceptible S. prneumoniae (gPSSP)
possessing 3 normal pbp genes; penicillin-intermediate
S. pneumoniae (gPISP), further classified as gPISP (pb-
p2x), gPISP (pbpla+pbp2x), or gPISP (pbp2x+pbp2b);
or penicillin-resistant S. pneumoniae (gPRSP), possess-
ing all 3 abnormal pbp genes (22). Relationships between
susceptibilities to f-lactam agents among phenotypes of .
pneumoniae and resistance genotype were described previ-
ously (21). Genotypes involving macrolide resistance are
represented here as the following: macrolide-susceptible S.
pneumoniae not possessing any genes (MLS); intermedi-
ate macrolide resistance to 14- or 15-membered macrolides
mediated by the mef{A) gene (MLR-mef[A]); high macro-
lide resistance to all macrolides mediated by the erm(B)
gene (MLR-erm[B]); and high macrolide resistance pos-
sessing both genes (MLR-mef[A]+erm[B]).

Figure 1. Distribution of general
hospitals participating in surveillance
for invasive pneumococcal disease,
Japan, April 2010-March 2013.
Numbers in gray shaded circles
show the number of hospitals in
Tokyo and Osaka; other numbers
show the number of the hospitals in
each prefecture.

P
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For each strain transferred to our laboratory, we
promptly identified capsular type by quellung reaction,
and resistance genotype was determined by real-time PCR.
Results were returned immediately to medical staff at the
referring hospital. Medical personnel caring for the patients
considered this surveillance and results reporting system
very helpful, and it was continued for 3 years.

Multilocus Sequence Typing

Multilocus sequence typing for the strains collected
was performed according to previously described methods
with slight modifications (23). Primers listed on the website
of the Centers for Disease Control and Prevention (http://
www.cdc.gov/ncidod/biotech/strep/alt-MLST-primers.
htm) were used. Multilocus sequence typing and eBURST
analyses were performed according to published methods
(http://spneumoniae.mlst.net).

Statistical Analysis

We assessed statistical significance of differences in
serotype distribution between the 3 periods, age groups,
and specific infectious diseases. We used y? tests or the
Fisher exact test, using Ekuseru-Toukei 2012 software for
statistics (Social Survey Research Information Co., Ltd.,
Tokyo, Japan).

Results

Patient Age and Coverage Rate by PCV7

Estimated rates of vaccination with PCV7 were <10%
in 2010 (voluntary-PCV7) but rose to 50%—60% with fund-
ing in 2011 (post-PCV7) and to 80%—90% with enhanced
implementation of PCV7 just before the transition from
PCV7 to PCV13 in 2012 (pre-PCV13). S. pneumoniae
isolates from patients with IPD, collected every year, de-
creased by half in 2011 and 2012 from those in 2010. In
particular, vaccine serotypes decreased significantly among
patients <4 years of age (p<0.001) but not among those >5
years of age (p = 0.733) (Table 1). For all patients, cover-
age rate by PCV7 decreased rapidly from 73.3% in 2010 to
54.8%1n 2011 to 14.7% in 2012, and prevalence proportion
of nonvaccine serotypes increased for 3 years (p<0.001).

Year-to-Year Changes in Vaccine and Nonvaccine
Serotype Prevalence Proportion by Disease

We compared year-to-year changes in prevalence of
vaccine and nonvaccine serotypes of S. pneumoniae in
patients who had meningitis; sepsis and bacteremia; pneu-
monia; and other invasive infections, including cellulitis,
arthritis, endocarditis, and empyema during each of the 3
years studied (Table 2). Pneumonia cases were included
only when S. pneumoniae was isolated from blood cul-
tures. Vaccine serotype strains decreased significantly in
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Table 1. Vaccine and nonvaccine serotypes of Streptococcus
pneumoniae in children after introduction of PCV7, Japan, April
2010-March 2013*

Isolates, no. (%)

Age group, Y, 2010, 2011, 2012,

and serotype n = 300t n = 146% n=156§ pvalue

<1 <0.001
VT 51 (17.0) 26 (17.8) 3(1.9)
NVT 19 (6.3) 14 (9.6) 25 (16.0)

1 <0.001
VT 103 (34.3) 25 (17.1) 9(5.8)
NVT 31 (10.3) 28 (19.2) 62 (39.7)

24 <0.001
VT 55 (18.3) 23 (15.8) 6 (3.8)
NVT 19 (6.3) 14 (9.6) 39 (25.0)

>5 0.733
VT 11 (3.7) 6 (4.1) 5(3.2)
NVT 11 (3.7) 10 (6.8) 7 (4.5)

Total <0.001
VT 220 (73.3) 80 (54.8) 23 (14.7)
NVT 80 (26.7) 66 (45.2) 133 (85.3)

*PCV7, 7-valent pneumococcal conjugate vaccine; VT, vaccine serotype
(serotypes 4, 6B, 9V, 14, 18C, 19F, 23F); NVT, serotypes not included in
PCV7.

tVoluntary vaccination with PCV7.

tlmplementation of Urgent Promotion of Vaccination incentive.

§Just before the introduction of 13-valent PCV.

patients with meningitis (p = 0.006), sepsis and bacteremia
(p<0.001), and pneumonia (p<0.001).

Correlation between Serotype and Genotype

We also determined correlations between changes of
serotypes and resistance genotypes in all 602 isolates for
each period (Figure 2). These resistance genotypes were
classified according to real-time PCR results concerning 3
PBP genes: pbpla, pbp2x, and pbp2b.

Table 2. Year-to-year changes in prevalence of vaccine and

nonvaccine serotypes of Streptococcus pneumoniae in children

after introduction of PCV7, Japan, April 2010—March 2013*
Isolates, no. (%)

Disease and 2010, 2011, 2012,
serotype n=300f n=146% n=156§ p value
Meningitis 0.006
VT 42 (14.0) 17 (11.6 6 (3.8)
NVT 20(6.7) 17(11.6) 15(9.6)
Sepsis and bacteremia <0.001
VT 111 (37.0) 42(28.8) 13(8.3)
NVT 48 (16.0) 39(26.7) 94 (60.3)
Pneumonia <0.001
VT 54 (18.0) 14 (9.6) 3(1.9)
NVT 8(2.7) 6(4.1) 21 (13.5)
Other 0.147
VT 13 (4.3) 7 (4.8) 1(0.6)
NVT 4(1.3) 4(2.7) 3(1.9)
Total <0.001
VT 220 (73.3) 80 (54.8) 23 (14.7)
NVT 80 (26.7) 66 (45.2) 133(85.3)

*PCV7, 7-valent pneumoccal conjugate vaccine; VT, vaccine serotype
(serotypes 4, 6B, 9V, 14, 18C, 19F, 23F); NVT, serotypes not included
in PCV7.

tVoluntary vaccination with PCV7.

Flmplementation of Urgent Promotion of Vaccination incentive.

§Just before the introduction of 13-valent PCV.
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Figure 2. Changes in serotype number and penicillin resistance according to genotype, Japan, April 2010-March 2013. gPSSP, genotypic
penicillin-susceptible Streptococcus pneumoniae; gPISP, genotypic penicillin-intermediate resistant S. pneumoniae; gPRSP, penicillin-
resistant S. pneumoniae. The parentheses express abnormal pbp gene mediating penicillin resistance. 2010 indicates first surveillance
period (April 2010-March 2011); 2011 indicates second surveillance period (April 2011-March 2012); 2012 indicates third surveillance

period (April 2012—March 2013).

Overall, gPRSP and gPISP (pbpla+pbp2x), respec-
tively, declined from 54.7% and 14.3% in 2010, to 47.3%
and 8.2% in 2011, to 26.3% and 5.1% in 2012. Among
them, vaccine serotypes 6B, 14, 19F, and 23F, including
gPRSP and gPISP (pbpla+pbp2x), which showed high fre-
quency in 2010, decreased significantly during the 2 subse-
quent periods (p<0.001). Of serotypes contained in PCV13,
serotype 6A, showing cross-protective immunity with 6B,
also decreased markedly in 2012, but prevalence of sero-
type 19A increased. Serotypes 1, 3, and 7F included a very
small number of isolates.

Coverage rate of PCV 13 decreased rapidly from 89.0%
in 2010 to 72.6% in 2011 to 39.1% in 2012 (p<0.001).
Nonvaccine serotypes increased, especially serotypes 24
and 33F, identified as gPSSP; 15B, 15C; and 22F, gPISP
(pbp2x); and 15A and 35B, gPRSP.

Main clonalities within major nonvaccine serotypes
were identified as sequence type (ST) 3111 and ST2331 in
serotype 19A, ST63 in serotype 15A, ST199 in serotypes
15B and 15C, ST433 in serotype 22F, ST338 of clonal
complex (CC) 156 in serotype 23A, ST5496 of CC2572
in serotype 24, ST717 in serotype 33F, and ST558 in
serotype 35B. STs in gPRSP among nonvaccine sero-
types were as follows: major strains of serotype 15A be-
longed to ST63; serotype 15C belonged to ST83 of CC81;
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serotype 35B belonged to ST558; and serotype 16F be-
longed to ST8351 of CC3117.

Yearly Changes in Macrolide Resistance

Macrolide resistance was classified into 4 groups: MLS,
MLR-mef(A), MLR-erm(B), and MLR-mef(A)+erm(B).
Comparing results between 2010 and 2012, proportions of
resistance types of MLR-mef(A), MLR-erm(B), and MLR-
mef{A)+erm(B) in vaccine serotypes decreased, whereas
that of MLR-erm(B) in nonvaccine serotypes increased
significantly (p<0.001) (Figure 3).

Relationships between serotypes and macrolide
resistance genes changed from year to year (Figure 4).
In contrast to decreases in vaccine serotype strains pos-
sessing erm(B) or mef(A) genes, nonvaccine serotypes
15A, 15B, 15C, and 24, which possess the erm(B) gene
mediating high macrolide resistance, increased. Almost
all strains of serotype 19A possessed both genes erm(B)
and mef(A).

Changes of Relative Ratios of Every Serotype

As for increases and decreases in the proportion of each
serotype isolated from patients <5 years of age from 2010
(vol-PCV7) to 2012 (pre-PCV13), vaccine serotype strains
6B, 14, 19F, and 23F, and 6A (which shows cross-protective
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Figure 3. Proportional yearly
changes in macrolide resistance
according to resistance genes
erm(B) and mef(A) identified by
real-time PCR, Japan, April 2010—
March 2013. The percentage
of each resistance gene was
calculated from the number of
Streptococcus pneumoniae
strains for each year. VT, vaccine
serotype (serotypes 4, 9V, 18C,
6B, 14, 19F, 23F) included in the
7-valent pneumococcal vaccine;
NVT, serotypes not included in the
7-valent pneumococcal conjugate
vaccine; MLS, macrolide-
susceptible strains not possessing
any resistance gene; MLR-
mef(A), macrolide-resistant strain
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erm(B), macrolide-resistant strain
possessing the erm(B) gene;
MLR-mef(A)+erm(B), macrolide-
resistant strain possessing both
mef(A) and erm(B) genes.

immunity with 6B, occurring frequently among IPD cases)
decreased markedly (p<0.001 for 4 vaccine serotypes, p =
0.005 for 6A). Serotype 19A, included in PCV13, increased
(p<0.001). Other serotypes included in PCV7 or PCV13,
except for 6A and 19A, changed minimally. Overall, pro-
portions of nonvaccine serotypes not covered by PCV13 in-
creased, particularly serotypes 15A, 15B, 15C, and 24 (each
p<0.001), and 22F (p = 0.004).

Patient Age and Vaccination History in 2012

Only 23 patients had infections caused by strains of
vaccine serotypes (14.7%), 21 of whom had not received
PCV7 (Table 3). Of the remaining 2 patients, a 1-year-old
child infected with a strain of serotype 6B had received 2
doses of vaccine. The other patient, 5 years of age, was
infected with a strain of serotype 19F; vaccination history
was unknown.

Discussion

Introduction of PCV7 to prevent pneumococcal infec-
tions in children was credited with dramatic declines of
the incidence of IPD in the United States (6,7), European
Union countries (24,25), and many other nations (26).

During this implementation, increases in pneumococ-
cal infections caused by serotype 19A and other nonvaccine
serotypes, including those comprising many penicillin-
nonsusceptible strains, has raised problems in clinical
practice (1/0,11,27). Large-scale longitudinal surveillance
showed that the rate of coverage by PCV7 decreased from
70% during 1999-2000 to 4.3% during 2008-2009 (/6).

1136

In light of these observations, PCV7 was replaced with
PCV13 in the United States in 2010 (/5). After the change
to PCV13, penicillin-nonsusceptible strains and serotype
15A or 35B strains increased as they did after PCV7 was
introduced (/6).

In Japan, PCV7 vaccination of children <5 years of
age began at the end of 2010 under the Provisional Spe-
cial Fund for the Urgent Promotion of Vaccination. This
measure led to routine vaccination with PCV7 beginning
in April 2013 until the vaccine was changed to PCV13 in
November 2013. Nationwide, the estimated rate of PCV7
vaccination for children <5 years of age in 2012 and 2013
was 80%—-90% and >90%, respectively. We examined the
influence of PCV7 against IPD infection in children in de-
tail with active cooperation from 341 clinical laboratories
at general hospitals. We therefore believe that our data are
highly likely to reflect changes in trends of serotypes and
strains causing IPD after PCV7 introduction in Japan. Un-
fortunately, we could not calculate a precise incidence of
IPD per 100 000 children.

The decrease of IPD cases caused by strains of vaccine
serotypes after promotion of PCV7 contributed to a reduction
in overall IPD by half. Furthermore, dramatic reductions in
number of cases caused by serotypes 6B, 14, 19F, and 23F—
including mainly gPISP and gPRSP—have been beneficial.

However, the relative proportion of IPD caused by non-
vaccine serotypes, such as 15A, 15B, 15C, 19A, 22F, 24,
and 35B, increased year by year, and the PCV7 coverage
rate fell drastically from 73.3% in 2010 to 14.7% in 2012.
The impact of routine PCV13 vaccination implemented in
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Figure 4. Changes in serotype number and macrolide resistance of Streptococcus pneumoniae strains according to genotype, Japan,
April 2010-March 2013. MLS, macrolide-susceptible strains not possessing any resistance gene; MLR-mef(A), macrolide-resistant strain
possessing the mef(A) gene; MLR-erm(B), macrolide-resistant strain possessing the erm(B) gene; MLR-mef(A)+erm(B), macrolide-

resistant strain possessing both mef(A) and erm(B) genes.

December 2013 is likely to be much less than that from
PCV7 because coverage already had declined to 39.1% in
2012. However, infections caused by serotype 3, included
in PCV13, are expected to decrease. Although IPD caused
by serotype 3 occurs infrequently among children in Japan,
serotype 3 remains important as a pathogen causing acute
otitis media in children and pneumonia or empyema in el-
derly persons.

Two findings in our study stand out. First, gPRSP
strains were confirmed in serotypes 15A, 15C, 16F, and
35B. In particular, strains of serotypes 15A and 35B in
2012 all represented gPRSP. According to multilocus
sequence typing analysis, serotype 15A in this study

belonged to ST63 of CC63, registered as Sweden 15A-25
in the Pneumococcal Molecular Epidemiology Network
clone. Serotype 35B also belonged to ST558 of CC558
from the United States. In addition, gPRSP of serotype
15C corresponded to ST83 of CC81, previously report-
ed from Taiwan. Only 1 serotype 16F strain represent-
ing gPRSP was newly identified as ST8351 of CC3117
in the present study. Increasing migration associated
with economic development is spreading pneumococcal
strains worldwide.

Our finding that vaccine serotype strains are being rap-
idly replaced by strains of nonvaccine serotypes, such as
serotypes 15C and 24, was associated with increased high

Table 3. Pneumococcal vaccination history and age for 156 children with invasive pneumococcal disease, Japan, 2012

No. vaccine doses

administered <6 mo 7-11 mo 1y 2y 3y 4y 5-9y >10y Total no. (%)

0 73] 15 [8] 411] 5[2] 8 [3] 4 1] 53] 47 (30.1)

1 1 5 3 1 10 (6.4)

2 3 411] 1 2 1 11 (7.1)

3 2 13 24 6 45 (28.8)
Booster 16 5 21 (13.5)
Unknown 1 2 11 3 2 1[1] 1 22 (14.1)
Total 6 22 7 19 14 12 6 6 156 (100.0)
*Numbers in brackets indicate infections with a vaccine serotype.
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macrolide resistance mediated by the erm(B) gene. In this
context, wide use of 14-membered and azalide macrolides
for children, in addition to adults, will be a major factor
favoring resistance. Excessive use of macrolides in Japan
also has resulted in substantial increases of macrolide-
resistant Mycoplasma pneumoniae (28) and macrolide-
resistant S. pyogenes strains (29). This alarming problem
suggests a need to strictly control macrolide use, beginning
as soon as possible.

We could not analyze relationships between capsular
type and death in children because deaths among children
were extremely low (<2.2% every year). The low death rate
reflects equal and easy access to hospitals because of Ja-
pan’s universal health insurance system.

Recently, recombination of the cps gene encoding cap-
sular polysaccharides among pneumococcal strains with
different capsular types, called capsular switching, was ob-
served by Brueggemann et al. (30). Capsular switching also
is associated with recombination of PBP genes, consider-
ing that pbpla and pbp2x genes which mediate B-lactam
resistance, are positioned at both ends of the cps region.
Dissemination of vaccine and excessive use of antimicro-
bial agents could favor S. pneumoniae with a new capsular
type in the future.

In conclusion, sustained surveillance on a national
and international scale is needed to control pneumococcal
infections, especially considering the multifaceted conse-
quences of vaccination programs. Also, controlling the use
of antimicrobial agents is urgently needed to avoid increas-
es in the resistant pathogens.

Our study was funded in part by a grant under the category,
“Research on Emerging and Re-emerging Infectious Diseases”
(H22-013), from the Japanese Ministry of Health, Labour and
Welfare to K.U.

Dr Chiba is a microbiologist at Keio University School of
Medicine. Her research interests include molecular epidemiology,
particularly pathogens causing respiratory infection.
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Sulfadoxine-resistant Plasmodium falciparum under-
mines malaria prevention with sulfadoxine/pyrimethamine.
Parasites with a highly resistant mutant dihydropteroate
synthase (dhps) haplotype have recently emerged in east-
ern Africa; they negated preventive benefits of sulfadoxine/
pyrimethamine, and might exacerbate placental malaria. We
explored emerging lineages of dhps mutant haplotypes in
Malawi, the Democratic Republic of the Congo, and Tanza-
nia by using analyses of genetic microsatellites flanking the
dhps locus. In Malawi, a triple-mutant dhps SGEG (mutant
amino acids are underlined) haplotype emerged in 2010
that was closely related to pre-existing double-mutant SGEA
haplotypes, suggesting local origination in Malawi. When we
compared mutant strains with parasites from the Democratic
Republic of the Congo and Tanzania by multiple independent
analyses, we found that SGEG parasites were partitioned
into separate lineages by country. These findings support a
model of local origination of SGEG dhps haplotypes, rather
than geographic diffusion, and have implications for investi-
gations of emergence and effects of parasite drug resistance.
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ntimalarial drug resistance threatens to undermine ef-

forts to control Plasmodium falciparum malaria. In
sub-Saharan Africa, P. falciparum resistance to sulfadox-
ine/pyrimethamine (SP) is widespread, as shown by clinical
treatment failures and the prevalence of molecular markers
of drug resistance (/). Despite these findings, SP remains a
major tool for malaria control when administered as a partner
drug with artemisinins and as intermittent preventive therapy
in infants (IPTi), children, and pregnant women (IPTp). Of
these SP-based interventions, IPTi with SP is safe and effec-
tive (2), IPT in children receiving SP and amodiaquine has
shown promise in western Africa (3,4), and IPTp-SP is used
widely across sub-Saharan Africa. All 3 policies are recom-
mended by the World Health Organization for many settings
in Africa (5—7). Spread of sulfadoxine-resistant parasites will
compromise the effectiveness of these programs.

IPTp-SP has been adopted most broadly; however,
its efficacy appears to be decreasing in areas with increas-
ing parasite resistance to SP (§8,9). Reduced susceptibil-
ity to sulfadoxine is conferred mainly by nonsynonymous
substitutions at codons 436, 437, 540, and 581 of the P.
falciparum dihydropteroate synthase (dhps) gene that en-
codes the enzymatic target of sulfadoxine (/0). Parasites
with mutant dhps haplotypes are restricted to sub-Saharan
Africa, and parasites with the A437G, K540E, and AS81G
mutations (mutant amino acids are underlined), which are
known as dhps triple mutants (haplotype SGEG across co-
dons 436, 437, 540, and 581), have been limited to eastern
Africa. In sites in Tanzania in which the SGEG haplotype
is prevalent, IPTp-SP does not appear to improve birth out-
comes (9), and IPTi with SP is not effective (/7).

In addition, recent evidence suggests that IPTp-SP
might exacerbate placental malaria when women are

'Current affiliation: Duke University School of Medicine, Durham,
North Carolina, USA.
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infected with parasites that have the A581G mutation in
dhps (12), which suggests that these parasites manifest
increased pathogenicity under drug pressure. In contrast,
there was no evidence of pathogenicity caused by A581G-
bearing parasites in Malawi, and SP retained some efficacy
in preventing illness caused by malaria during pregnancy
(J. Gutman et al., unpub. data). These contrasting effects of
this resistant parasite haplotype suggest that effects of the
A581G mutation might vary among populations. However,
if parasites from northern Tanzania dessiminate, parasites
bearing the dhps A581G mutation could broadly under-
mine malaria control efforts in infants and pregnant women
in Africa.

Because of these findings, molecular surveillance for
this mutation is critical to assess the durability of SP for
malaria prevention. Genetic studies have shown that mu-
tations conferring resistance to chloroquine (/3) and pyri-
methamine (/4) have arisen only a few times and then dif-
fused across regions and continents. In contrast, resistance
to sulfadoxine appears to have arisen independently in mul-
tiple locations (/5,16), after originating only in Southeast
Asia, followed by export to Africa (supported by global
survey findings) (/7). Efforts to prevent dissemination of
the A581G mutation hinge on understanding whether the
mutation arises de novo or is spread among locations.

To better understand the emergence of sulfadoxine-
resistant P. falciparum in eastern Africa, we first used
microsatellite genotyping to study the emergence of para-
sites harboring dhps haplotypes with the A581G mutation
in a longitudinal study in Malawi during 1997-2010 (8).
We then compared the genetic background of these triple-
mutant SGEG parasites in Malawi in a cross-sectional
analysis with mutant parasite haplotypes from Tanzania
and the Democratic Republic of the Congo (DRC). In
these 2 investigations, we hypothesized that extant SGEA
haplotypes in Malawi would share a genetic lineage with
recently emerged SGEG haplotypes, and that these SGEG
haplotypes from Malawi would represent a distinct lineage
compared with SGEG haplotypes from other settings in
eastern Africa.

Methods

Ethics

All participants provided written or oral informed con-
sent. Ethical approval for project activities was provided by
the review boards of the Malawi Health Sciences Research
Committee, the University of Malawi College of Medi-
cine Research Ethics Committee, the Liverpool School of
Tropical Medicine, Macro International, the School of Pub-
lic Health of the University of Kinshasa, the International
Clinical Studies Review Committee of the National Insti-
tutes of Health, the Seattle Biomedical Research Institute,
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the Tanzanian National Institute for Medical Research, and
the University of North Carolina.

Sample Collection

Parasites from Malawi were obtained from peripheral
blood of women who delivered children at Queen Elizabeth
Central Hospital in Blantyre, Malawi, during 1997-2005
(18). In 2010, consecutive women who delivered children
at study sites near Blantyre were offered enrollment into
an observational study (F.O. ter Kuile et al., unpub. data).
Dried blood spots were prepared from maternal peripheral
and placental blood of enrollees.

Parasites from the DRC were obtained from adults in
the 2007 Demographic and Health Survey (/9). Parasites
from Tanzania were obtained from placental blood of preg-
nant women delivering at Muheza Designated District Hos-
pital during 2002-2005 (/2).

Genotyping Procedures

For parasites from Malawi and DRC, genomic DNA
was extracted from dried blood spots by using Chelex-100
or a PureLink 96 DNA Kit (Life Technologies, Grand Is-
land, NY, USA), and P. falciparum was detected by using
real-time PCR (/9). These parasites were genotyped at dhps
loci by using amplification and Sanger sequencing (/8,20),
and only those with pure A581G genotypes were geno-
typed at microsatellites. For parasites from Tanzania, the
mutant alleles A437G and K540E are nearly fixed; AS81G
was identified by pyrosequencing (/2). We classified para-
sites as having A581G if the mutant allele frequency was
>90% within the parasitemia level of the person.

Five microsatellite loci flanking the dhps gene were
genotyped in all isolates: —2.9 and —0.13 kB upstream, and
0.03, 0.5, and 9 kB downstream of dhps (20). PCR prod-
ucts of amplifications of individual loci were sized ona 310
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA), and allele lengths were scored by using GeneMap-
per v4.1 (Applied Biosystems). In specimens with multiple
peaks, the major peak was analyzed. All specimens were
amplified and sized in parallel with genomic DNA from
P. falciparum isolate 3D7 (American Type Culture Col-
lection, Manassas, VA, USA). These controls were used
to correct allele lengths to account for batch variability in
fragment sizing.

Data Analyses

We computed heterozygosity () of microsatellite
loci by using GenAlEx v6.5 (21) to quantify the degree
of selection on mutant haplotypes. To assess relatedness
among dhps haplotypes in Malawi during 1997-2010, we
used GenAlEx to compute @, by analysis of molecular
variance (AMOVA) with 999 permutations over the whole
population (22) and the Nei genetic distance (23) among
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dhps haplotypes and years based on microsatellite profiles.
We inputted @, values computed by AMOVA into a prin-
cipal coordinates analysis (PCoA) in GenAlEx.

We further characterized these relationships with a
network analysis. To characterize these relationships, we
assigned unique haplotypes based on microsatellite profiles
for the 91 isolates for which we had successfully genotyped
all microsatellite loci. These unique haplotypes were input-
ted into NETWORK v4.6.1.1 (24,25), and weights were as-
signed to each locus in inverse proportion to the / , of the
locus, as calculated above.

In cross-sectional analysis of parasite populations from
eastern Africa defined by location and dhps haplotype, we
first used GenAlEx to compute pairwise linear genetic dis-
tances and @, (by using AMOVA with 999 permutations
over the full population) and then used SPAGeDi v1.4 (26)
to compute pairwise R, (by using jackknifing with 1,000
permutations). We inputted pairwise tri-distance matrices
of linear genetic distance, ®,,, and R, into separate PCoAs
in GenAlEx. For testing of statistical significance, we con-
sidered a p value of 0.05 as sufficient to reject the null hy-
pothesis and used the Bonferroni correction when comput-
ing multiple comparisons.

We constructed a neighbor-joining (NJ) network to es-
timate a phylogeny of dhps haplotypes circulating in east-
ern Africa. To construct this network, we first computed
pairwise linear genetic distances among all 193 isolates in
GenAlEx; this distance matrix was used to compute an un-
rooted NJ tree in PHYLIP v3.67 (27,28), which was com-
puted agnostic to dhps haplotype and geographic location
and rendered in R v3.0.1. Missing alleles precluded compu-
tation of a median-joining network with NETWORK (on-
line Technical Appendix Table 1, http://wwwnc.cdc.gov/
EID/article/20/7/13-1720-Techapp1.pdf).

We investigated population structure of the dhps hap-
lotypes from these 193 isolates by using STRUCTURE
v2.3.4, a clustering algorithm designed to infer and assign
individuals to subpopulations (29). Although it was not
specifically designed to identify population structure based
on linked loci, we used STRUCTURE to test our a priori
hypothesis of distinct subpopulations based on dhps hap-
lotype and location (30). We performed 3 analyses: first,

of all 193 parasites of all dhps haplotypes; second, of 116
parasites with any mutant dhps haplotype; and third, of
32 parasites with only the triple-mutant SGEG dhps hap-
lotype. We performed 5 simulations each at values of K-
estimated populations from 1 to 20, and estimated the true
K a posteriori by using estimations in STRUCTURE, as
well as using the method of Evanno et al. (37)

Results

Longitudinal Analyses of Parasites in Malawi

We first tested 114 P. falciparum isolates from Ma-
lawi collected during 1997-2010. We identified 25 wild-
type SAKA parasites, 1 single-mutant SGKA, 68 double-
mutant SGEA, 10 triple-mutant SGEG, and 10 with other
dhps haplotypes, including AAKA, AGEA, AGKA, and
SAEA. Among major haplotypes, we observed reductions
in microsatellite allele mean heterozygosity (/) in para-
sites having double-mutant SGEA (H, 0.454, SE 0.076)
and triple-mutant SGEG dhps haplotypes (H, 0.485, SE
0.134) compared with those from wild-type parasites (/,
0.798, SE 0.064). These findings are consistent with posi-
tive selection on mutant haplotypes, presumably caused by
sulfadoxine pressure.

Given the recent emergence of triple-mutant SGEG
haplotype in 2010, we investigated its relationship with the
double-mutant SGEA haplotype that had become fixed in
this population by 2005 (32). To quantify genetic related-
ness among years and major dhps haplotypes, we first com-
puted pairwise @, values and Nei genetic distance among
major dhps haplotypes binned by year. In these analy-
ses, SGEA haplotypes were closely related to each other
during 1997-2005 (®,, values 0.008-0.065, Nei value
0.016-0.073) and closely related to the SGEG haplotype
that emerged by 2010 (®,,0.082, Nei value 0.049) (Table).
We inputted @, estimates into a PCoA to better visualize
divergence among haplotypes by year. In this analysis, co-
ordinates 1 and 2 explained 96.3% of the variance; SGEA
haplotypes from all years clustered with SGEG haplotypes
from 2010, which suggested a shared lineage in Malawi of
mutant dhps haplotypes during 1997-2010 (online Techni-
cal Appendix Figure 1).

Table. Pairwise ®pr values and Nei genetic distances among major Plasmodium falciparum dhps haplotypes by year, Malawi*

SAKA, SAKA, SGEA, SGEA, SGEA,

Haplotype, year 1997-1999 2000-2003 1997-1999  2000-2003  2004—2005 SGEA, 2010 SGEG, 2010
SAKA, 1997—1999 0.251 0.470 0.693 0.818 1.095 1.044
SAKA, 2000-2003 0 0.362 0.264 0.200 0.350 0.162
SGEA, 1997-1999 0.249 0.331 0.02 0.073 0.429 0.246
SGEA, 2000-2003 0.295 0.347 0.008 0.016 0.302 0.096
SGEA, 2004-2005 0.318 0.404 0.065 0.030 0.300 0.049
SGEA, 2010 0.299 0.380 0.298 0.243 0.237 0.031
SGEG, 2010 0.243 0.299 0.202 0.155 0.082 0.015

*Values for dhps haplotypes are defined by amino acids at codons 436, 437, 540, and 581. Mutant amino acids are underlined and in bold. Pairwise ®pr
values are shown below the diagonal; values in bold have a p value <0.05 (after Bonferroni correction for multiple comparisons) based on 999

permutations. Nei unbiased genetic distances are shown above the diagonal.
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We further investigated this finding by using network
analysis. To perform this analysis, we constructed a me-
dian-joining network of wild-type and mutant haplotypes
by year based on microsatellite profiles (Figure 1). In this
analysis, we observed clustering of triple-mutant SGEG
haplotypes from 2010 in a network of double-mutant
SGEA haplotypes, as well as substantial sharing of mic-
rosatellite profiles among SGEA parasites from different
years and with SGEG parasites. These 2 observations sug-
gest a shared lineage of evolved mutant dhps haplotypes
in Malawi.

Cross-sectional Analyses of Parasite Haplotypes
for Eastern Africa

Clinical consequences of infections with parasites
bearing the dhps A581G mutation appear to vary among
study sites in Africa. In Tanzania, these parasites have been
associated with exacerbation of placental inflammation in
women who received IPTp (/2) and failure of IPTp-SP to
prevent low birthweight of infants (33). In Malawi, these
phenomena have not yet been observed. Because of these
differing effects, we speculated that haplotypes bearing the
A581G mutation may also differ among sites.

We conducted a cross-sectional analysis of parasites
from 2 additional cohorts: 1) adults sampled in 2007 from the
eastern DRC (/9), and 2) pregnant women who gave birth
and were enrolled during 2002-2005 in Muheza, Tanzania
(12). In total, we compared the genetic relationships among
193 parasites grouped into 7 parasite populations: wild-type
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(SAKA) isolates from the DRC (n = 53) and Malawi (n =
24), those bearing double-mutant (SGEA) haplotypes from
the DRC (n = 17) and Malawi (n = 67), and those bearing
triple-mutant (SGEG) haplotypes from the DRC (n=5), Ma-
lawi (n = 10), and Tanzania (n = 17). Fragment lengths are
shown in online Technical Appendix Table 1.

We quantified divergence of these 7 populations based
on microsatellite allele lengths by using 3 population ge-
netic metrics: linear genetic distance, ®,,, and R,. Linear
genetic distance is a simple Euclidean genetic distance met-
ric, and @, and R, are variations of Wright F-statistics
that quantify divergence and estimate its variance (22,34).
Among SGEG parasites from Malawi and Tanzania, D,
(0.420, p=0.001) and R, (0.436, p<0.0001) indicated sig-
nificant divergence after Bonferroni correction for multiple
comparisons (online Technical Appendix Table 2); @, and
R, for other pairwise comparisons among SGEG parasites
from Malawi, the DRC, and Tanzania were not significant
but suggested similar divergence (values >0.420).

We visualized the output of each of these metrics with
separate PCoAs (Figure 2; online Technical Appendix Fig-
ure 2). In the PCoAs of genetic distance, ®,,, and R, the
first 2 coordinates accounted for 89%, 94.3%, and 96% of
variance in values, respectively. In each PCoA plot, SGEG
parasites from Malawi, the DRC, and Tanzania were con-
sistently distant from each other in the 2 plotted dimen-
sions, and other relationships among populations were
variable. These analyses suggested divergence of SGEG
haplotypes in Malawi, Tanzania, and the DRC.

Figure 1. Genetic relatedness
of Plasmodium falciparum
dihydropteroate synthase (dhps)
haplotypes from Malawi over
time based on median-joining
network of microsatellite profiles.
Median-joining  network  was
calculated based on microsatellite
profiles for 91 parasites with full
genotype data. Colors indicate
year and dhps haplotype, nodes
are proportional to the number of
parasites with that microsatellite
profile, red nodes are hypothetical
profiles inserted by the program
to calculate a parsimonious
network, and branch lengths are

1987- 2000~ 2004-

2010

arbitrary. Values were computed

in NETWORK v4.6.1.1. (24,25).
The dhps haplotypes are defined
by amino acids at codons 436,
437, 540, and 581. Mutant amino
acids are underlined and in bold.
SAKA, wild-type; SGEA and
SGEG, mutants.
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Figure 2. Principal coordinates analyses of wild-type (SAKA) and mutant
(SGEA and SGEG) Plasmodium falciparum dihydropteroate synthase
(dhps) halotypes from eastern Africa based on analysis of variance (Rj;).
Pairwise R values were computed with SPAGeDi (26) for microsatellite
profiles of 7 populations of parasites defined by dhps haplotype and
location: SAKA parasites from Malawi (n = 24) and the Democratic
Republic of the Congo (DRC) (n = 53) (blue dots); SGEA parasites from
Malawi (n = 67) and DRC (n = 17) (green dots); and SGEG parasites
from DRC (n = 5), Malawi (n = 10), and Tanzania (n = 17) (yellow dots).
These pairwise values were inputted into principal coordinates analyses
in GenAlEx (21), in which coordinates 1 and 2 cumulatively accounted for
96% of the variance. The dhps haplotypes are defined by amino acids at
codons 436, 437, 540, and 581. Mutant amino acids are underlined and
in bold.

To further investigate this apparent divergence of
SGEG haplotypes, we computed an NJ network based on
pairwise linear genetic distances among all 193 isolates.
This phylogenetic analysis, which was computed agnos-
tic to country and dhps haplotype, clustered all 17 SGEG
parasites from Tanzania distinctly from 8 of the 10 SGEG
parasites from Malawi; haplotypes in these clusters were
also distinct from 3 of the 5 SGEG parasites from the DRC
(Figure 3). A large number of SGEA parasites from Malawi
also clustered closely with SGEG parasites from Tanzania,
which suggested some shared lineage. This inferred phy-
logeny further suggests that triple-mutant dhps haplotypes
from Tanzania and Malawi bearing the A581G substitution
have arisen independently.

To further investigate this partition of dhps lineages,
we performed an analysis of population structure. The first
analysis of all 193 wild-type and mutant parasites parti-
tioned only dhps haplotypes into mutant and wild-type, ir-
respective of geographic location. When restricted to the
116 parasites with mutant dips haplotypes, the program
partitioned the dataset into 3 clusters with 99.9% poste-
rior probability; these 3 clusters directly corresponded to
geographic location but were irrespective of dhps haplo-
type, which suggested separate lineages of mutant dhps
haplotypes in Malawi, the DRC, and Tanzania (Figure 4,
panel A). In an analysis restricted to the 32 parasites bear-
ing the SGEG dhps haplotype, 2 population clusters were
identified with the highest posterior probability. All SGEG
parasites from Tanzania were assigned to 1 cluster, and
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SGEG parasites from Malawi and the DRC were assigned
to a second cluster (Figure 4, panel B). These analyses fur-
ther suggest that lineages of triple-mutant dhps haplotypes
bearing the A581G mutation from Malawi and Tanzania
are divergent.

Discussion

In these longitudinal and cross-sectional analyses of
P. falciparum haplotypes from eastern Africa that were as-
sociated with high-level parasite sulfadoxine resistance, we
demonstrated emergence of a distinct lineage of triple-mu-
tant dhps haplotypes in Malawi. In comparative analyses,
these dhps triple-mutant SGEG haplotypes from Malawi
were strongly divergent from haplotypes collected in north-
ern Tanzania, which suggested independent emergence of
this drug-resistant haplotype in these 2 settings in eastern
Africa. This parasite haplotype appears to undermine effi-
cacy of SP in preventing P. falciparum infection in infants
and pregnant women (9,/1); its spread could undermine
current and nascent malaria control programs that are pred-
icated on SP efficacy. To guide malaria control policies that
use SP, surveillance of molecular markers of P. falciparum
drug resistance need to be complemented by clinical stud-
ies of effects of these parasite mutations on maternal and
infant birth outcomes.

Our data indicate that triple-mutant SGEG dhps hap-
lotypes from Malawi, Tanzania, and the DRC represent
distinct lineages. The circumscribed regional distribution
is well described for single-mutant and double-mutant dips
haplotypes across sub-Saharan Africa (/5,20), but our study
describes this phenomenon on a subregional scale with the
emerging, more highly resistant triple-mutant SGEG hap-
lotype. In our analyses, support for this genetic divergence
derives from population genetic metrics, including genetic
distance and F-statistics (online Technical Appendix Table
2), PCoA (Figure 2; online Technical Appendix Figure 2),
unsupervised haplotype phylogeny (Figure 3), and inferred
population structure (Figure 4).

Parasites from Malawi and Tanzania were most
consistently partitioned into distinct SGEG lineages and
showed statistically significant divergence by @, (0.42,
p = 0.001) and R, (0.436, p<0.0001) (online Technical
Appendix Table 2), visually apparent partitioning in an
NJ network (Figure 3) and in PCoA (Figure 2), and as-
signment to separate subpopulations in a probabilistic
clustering algorithm (Figure 4). In a previous study, dou-
ble-mutant SGEA haplotypes in eastern Africa (including
Malawi, Tanzania, and eastern DRC) shared a common
lineage (/5). Our study supports this finding for parasites
from Malawi and the DRC, with closely related SGEA
parasites identified by ®, (0.017, p = 0.228) and R,
(0.0164, p = 0.4306) (online Technical Appendix Table
2). Our data suggest that despite this shared double-mutant
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Figure 3. Neighbor-joining network
of Plasmodium falciparum wild-type
(SAKA) and mutant (SGEA and
SGEG) dihydropteroate synthase
(dhps) haplotypes, eastern Africa.
Pairwise linear genetic distances
among 193 parasite isolates were
computed in GenAlEx (27) inputted
into PHYLIP v3.67 (27,28) to
calculate an unrooted neighbor-
joining tree, and rendered in R
v3.0.1 (http://www.r-project.org/)
by using the ape package. For
visualization, branch lengths were
uniformly lengthened if not equal to
0. The dhps haplotypes are defined
by amino acids at codons 436, 437,
540, and 581. Mutant amino acids
are underlined and in bold. DRC, the
Democratic Republic of the Congo.

Malawi
triple-mutant
complex

dhps haplotype, the additional A581G mutation has arisen
independently in different locations in, at least, Malawi
and Tanzania.

Recent studies of pregnant women have implicated
parasites bearing the SGEG dhps haplotype with under-
mining the efficacy of IPTp-SP (J. Gutman et al., unpub.
data, 33) and possibly exacerbating placental infection in
women who received IPTp-SP (12). Despite these findings,
results of various studies are inconsistent regarding the ef-
fect of the SGEG haplotype on IPTp-SP. On a population
level, IPTp-SP appears to retain some efficacy in preventing
low birthweight in infants in studies in Malawi, where the
SGEG haplotype is just emerging (35), but not in northern
Tanzania, where SGEG parasites are more prevalent (9). On
an individual level, IPTp-SP is less effective at preventing
peripheral parasitemia at delivery caused by parasites bear-
ing the SGEG haplotype in Malawi (J. Gutman et al., unpub.
data), but IPTp-SP was implicated as exacerbating placental
parasite density and inflammation in the presence of SGEG
parasites in Tanzania (/2). These inconsistencies in eco-
logic studies may derive from different frequencies of the
A581G mutation in parasite populations in the 2 settings.

A second explanation for the differences is that these
effects might be derived from additional mutations that
are associated with genotyped loci caused either by differ-
ent genetic backgrounds or linkage disequilibrium. Such

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014

mutations may be hypothesized to exist in the dhps gene
itself, in loci which mediate DHPS expression and thereby
parasite fitness in the presence of drug, or in heretofore
undescribed mediators of pathogenesis. In areas in which
parasites bearing the SGEG haplotypes are emerging, stud-
ies of parasite genomics and phenotypes can further inves-
tigate these possibilities.

Our results suggest atypical spread in Africa of para-
site haplotypes conferring sulfadoxine resistance: haplo-
types that confer resistance to chloroquine (/3) and py-
rimethamine (/4) appear to have limited origins and are
believed to have spread across Africa largely by gene flow.
Similarly, a previous global survey of dhps haplotypes sug-
gested that resistant lineages originated in Southeast Asia
and migrated to Africa (/7), although this study did not in-
clude any parasites from Africa with the SGEG dhps hap-
lotype. In contrast, our data support the local origination
and emergence of this highly resistant haplotype, similar
to rare resistant dhfi haplotypes (36). This phenomenon
for dhps has been most clearly described on a fine scale in
Southeast Asia (/6), and our data support a similar process
in eastern Africa.

This model is further supported by our longitudinal
sampling and testing of parasite specimens in Malawi
during 1997-2010. During this period, SGEG haplotypes
arose after SGEA haplotypes had achieved near fixation.
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Figure 4. Predicted population structure of Plasmodium falciparum parasites from eastern Africa among those with A) double-mutant
(SGEA) or triple-mutant (SGEG) dihydropteroate synthase (dhps) haplotypes and B) those with only the triple-mutant SGEG dhps
haplotype. Estimations of number of populations and assignments of individual parasites to clusters were computed with STRUCTURE
(29,30) by using a burn-in period of 10,000 and 10,000 iterations and models that assume no admixture and which use prior information
related to location because of sparse data and likely subtle structure. Each vertical bar represents an individual parasite, and the color of
each bar indicates the likelihood of membership in the subpopulation indicated by the color. The dhps haplotypes are defined by amino
acids at codons 436, 437, 540, and 581. Mutant amino acids are underlined and in bold. A) Analysis of 116 parasites from Malawi, the
Democratic Republic of the Congo (DRC), and Tanzania with either SGEA or SGEG dhps haplotypes. The posterior probability was 99.9%
of the existence of 3 population clusters that are indicated by the color. B) A similar analysis restricted to 32 parasites with only the SGEG
dhps haplotype from Malawi, DRC, and Tanzania. The division into 2 populations indicated by the color was supported by a posterior

probability of 41%, which is higher than for those of other a priori population sizes tested.

This observation could have been caused by importa-
tion of a new parasite population bearing the SGEG dhps
haplotype or by A581G mutation in the existing parasite
population. Our data suggest that the mutation accounts for
appearance of the SGEG haplotype because of the close re-
lationship among mutant haplotypes both computationally
by @, and visually in a median-joining network (Figure 1),
which suggests that SGEA haplotypes gave rise to SGEG
haplotypes in Malawi.

What are the implications of our findings for IPTp-
SP? IPTp-SP is still used extensively in settings in eastern
and southern Africa that have prevalent parasite resistance.
Failures of IPTp-SP have prompted investigations to define
the prevalence of the A581G mutation (37) and to more
closely investigate its potential for modifying the beneficial
effect of IPTp-SP. Our results have 2 practical implications
for these investigations. First, these data suggest that the
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SGEG haplotype may arise where a SGEA haplotype is cir-
culating without requiring the importation of a new mutant
haplotype. Therefore, even in settings without major mi-
gration of parasites, continued use of sulfadoxine or other
sulfonamides may promote emergence of this haplotype.
Molecular surveillance is critical for detecting this step.
Second, given the differing effects of parasites bearing the
SGEG haplotype on IPTp-SP among settings, it would ap-
pear prudent to supplement molecular surveillance for the
dhps A581G mutation in areas where it is present by stud-
ies of its effects on pregnant women and their infants and
other clinical outcomes.

Our study has several limitations. First, the number
of available parasites bearing the SGEG haplotype is
limited. These parasites have emerged only recently in
Africa, precluding a more widespread analysis. Second,
we did not have SGEA parasites from Tanzania against
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which to compare microsatellite profiles of the SGEG
parasites. Third, these SGEG parasites were collected in
different clinical studies in different years; the 2 principal
populations of parasites were collected from women giv-
ing birth in Malawi and Tanzania during 2002-2010 and
are therefore quite similar.

These analyses of malaria parasites in eastern Africa
support a model of local origination and propagation of
triple-mutant SGEG P. falciparum dhps haplotypes that
confer high levels of resistance to sulfadoxine. Recent evi-
dence indicates that these haplotypes abrogate the efficacy
of SP use to prevent malaria among pregnant women and
their infants in eastern Africa. Integrated clinical and mo-
lecular surveillance for these mutations in parasite popula-
tions is critical to assess the durability of prevention pro-
grams that use SP. These efforts should be complemented
with ongoing investigations of more effective methods to
protect vulnerable populations from malaria.
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Population-Based Analysis

of Invasive Fungal Infections,
France, 2001-2010

Dounia Bitar,’ Olivier Lortholary,' Yann Le Strat, Javier Nicolau, Bruno Coignard,
Pierre Tattevin, Didier Che,? and Frangoise Dromer?

To determine the epidemiology and trends of invasive
fungal infections (IFIs) in France, we analyzed incidence,
risk factors, and in-hospital death rates related to the most
frequent IFls registered in the national hospital discharge
database during 2001-2010. The identified 35,876 IFI
cases included candidemia (43.4%), Pneumocystis jirove-
cii pneumonia (26.1%), invasive aspergillosis (1A, 23.9%),
cryptococcosis (5.2%), and mucormycosis (1.5%). The
overall incidence was 5.9/100,000 cases/year and the
mortality rate was 27.6%; both increased over the period
(+1.5%, +2.9%l/year, respectively). Incidences substan-
tially increased for candidemia, IA, and mucormycosis.
Pneumocystis jirovecii pneumonia incidence decreased
among AIDS patients (-14.3%/year) but increased in non-
HIV—infected patients (+13.3%/year). Candidemia and
IA incidence was increased among patients with hemato-
logic malignancies (>+4%/year) and those with chronic
renal failure (>+10%l/year). In-hospital deaths substan-
tially increased in some groups, e.g., in those with hema-
tologic malignancies. IFls occur among a broad spectrum
of non—HIV-infected patients and should be a major public
health priority.

Invasive fungal infections (IFI) are reportedly increasing
in many countries, especially candidemia and invasive
aspergillosis (IA) among immunocompromised patients
(I—4). Conversely, a decline of AIDS-associated Pneu-
mocystis jirovecii pneumonia (Pjp) and cryptococcosis
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has been observed in Western countries since the advent
of highly active antiretroviral treatments (5,6). Many pub-
lications provide insight on a given IFI and its trends in
specific risk groups, but the overall burden of illness as-
sociated with IFI and its trends at a country level have not
been described (7—10). To describe the epidemiology and
trends of IFIs and to better identify public health priorities
(e.g., surveillance, research, prevention strategies), we ana-
lyzed the national hospital discharge database of France,
Programme de Médicalisation du Systeme d’Information,
spanning 2001-2010.

Materials and Methods

The national hospital database covers >95% of the
country’s hospitals (/7). An anonymous subset of this data-
base can be made available for epidemiologic studies with-
out need for ethical approval or consent of patients, accord-
ing to legislation by the government of France. A unique
anonymous patient identifier enables distinction among
first and subsequent hospital admissions. Information filed
at discharge includes the major cause of admission and
associated diseases, coded according to the International
Classification of Diseases, Tenth Revision, the medical
and surgical procedures performed, and the outcome in-
cluding transfer, discharge, or death. Details on the data
source, case definitions, and methods used are available in
online Technical Appendix 1 (http://wwwnc.cdc.gov/EID/
article/20/7/14-0087-Techapp.pdf).

Records of all hospital stays for which an IFI was re-
corded as the principal cause of admission or as a related
disease were extracted from the national database for the
period of January 2001 through December 2010. Records
of the 5 most frequent IFIs were retained for this analysis.

"These authors contributed equally to this article.
2These authors contributed equally to this article.
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To facilitate comparisons with published studies, we re-
stricted the study of invasive candidiasis to candidemia (i.e.,
excluding Candida endocarditis and meningitis), and inva-
sive aspergillosis (IA) included pulmonary and disseminated
cases. All cryptococcosis cases were included. Gastrointesti-
nal mucormycoses were excluded because results of a previ-
ous study showed that cases were mostly identified on the
basis of false-positive test findings (/2). Finally, codes corre-
sponding to “pneumocystosis” or “HIV infection resulting in
pneumocystosis” were designated as Pjp only if pneumonia
was associated. We excluded rare IFIs (<40 cases per year
each) and endemic mycoses (histoplasmosis, blastomycosis,
coccidioidomycosis, sporotrichosis). Analysis focused on
metropolitan areas of France, excluding overseas territories.

After checking for multiple stays and inconsistent re-
cords within and between hospitals, we retained “incident
cases,” i.e., unique stays and first admissions. To reduce
underreporting bias, we ensured that a risk factor that oc-
curred during subsequent stays was integrated into the in-
cident record (e.g., a diagnosis of diabetes recorded after
a patient’s transfer from a first- to a third—level hospital).
Similarly, in-hospital fatality rates were estimated from the
cumulative stays.

To describe risk factors associated with IFIs, we se-
lected 9 conditions on the basis of expert opinion and pub-
lished studies on the epidemiology of IFI. Considering the
high diversity of conditions, and to provide a description
relevant for clinical practice and health policy makers, we
used hierarchical ranking to assign 1 risk factor per pa-
tient. Given that the preponderant risk factors differ among
IFIs, IFIs were divided into 2 groups. In the first group,
which included candidemia, IA, and mucormycosis, risk-
factor ranking started with hematologic malignancies (HM,
including by priority order, HM associated with hemato-
logic stem cell transplantation [HSCT], HM not associated
with HSCT but with neutropenia, and HM with none of
the above factors). The following illnesses and conditions
were subsequent risk factors in the first group: HIV/AIDS,
solid organ transplantations, solid tumors, systemic inflam-
matory diseases (including inflammatory bowel diseases,
sarcoidosis, rheumatoid arthritis, and systemic lupus or
vasculitis of other origins), diabetes mellitus, chronic respi-
ratory diseases (including chronic obstructive pulmonary
diseases, asthma, and cystic fibrosis), chronic renal failure,
and a group labeled “other diseases” that includes acute re-
nal failure, liver cirrhosis, morbid obesity, acute or chronic
pancreatitis, and severe burns. Thus, a case-patient with
HM and diabetes was recorded as HM. For the second IFI
group (Pjp and cryptococcosis), HIV/AIDS was the first risk
factor, followed by other risk factors as described above.
For all case-patients with IFI, additional risk factors were
explored without hierarchical ranking: a stay in an intensive
care unit; surgery; and extreme age, defined as neonates
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(<28 days of age) and elderly adults (=80 years of age).
Because of lack of precise coding for several risk factors
until 2003, only those documented during the 2004-2010
period were analyzed.

We expressed annual incidence rates among the general
population, by gender and age groups, as cases per 100,000
population, using data from the 1999 national population
census and its updates. We also analyzed trends in groups
with selected risk factors, for which the respective denomi-
nators were available from routine surveillance data or from
prevalence estimates, as detailed in online Technical Appen-
dix 1: patients with HM, HIV/AIDS, solid tumors, chronic
renal failure, diabetes, and HSCT recipients. In these specific
populations, we estimated the annual proportion of each IFI
using the given risk factor per 100,000 population (2004—
2010). Finally, we used an age-polynomial fractional logis-
tic regression (/3) to calculate age- and sex-adjusted risk for
death categorized by risk factor, and analyzed each risk fac-
tor independently from the others without hierarchical rank-
ing. We applied Fisher or %2 tests to compare groups, and a
Poisson regression to assess trends, considering p<0.05 as
significant, using Stata version 11.2 (StataCorp LP, College
Station, TX, USA) software for all calculations.

Results

Characteristics of Case-Patients, 2001-2010

There were 35,876 cases of IFI registered in metro-
politan France during 2001-2010 (Table 1). Candidemia ac-
counted for the highest proportion of cases (43.4%); the next
most frequently identified diseases were Pjp (26.1%), 1A
(23.9%), cryptococcosis (5.2%), and mucormycosis (1.5%).
The overall incidence was 5.9/100,000 population per year.
A total 0of 9,889 (27.6%) case-patients died while in a hospi-
tal. Candidemia and 1A accounted for 87.6% of these deaths.
Male patients predominated in all IFIs (64.0%), especially
in Pjp and cryptococcosis (>70%). The mean age was 54.7
years (range 0—107 years). Gender and age characteristics
of case-patients and of those who died differed according
to the IFI. Details are provided in online Technical Appen-
dix 2, Table 1 (http://wwwnc.cdc.gov/EID/article/20/7/14-
0087-Techapp2.pdf). Incidence and fatality rates of candi-
demia and IA were particularly high in patients >60 years of
age, and male patients predominated in all age groups, ex-
cept in those >80 years of age. Case-patients in extreme age
groups included 185 neonates (mainly with candidemia: 174
cases, 61.5% male patients, specific incidence 2.2/100,000
population) and 3,030 adults >80 years of age (2,283 with
candidemia: 50.5% male, incidence 8.1/10%). Among case-
patients with Pjp and cryptococcosis, the proportion of male
case-patients was higher among HIV-infected persons than
in non—HIV-infected persons (Pjp 74.0% vs. 62.2%; crypto-
coccosis 77.9% vs. 62.3%, respectively).
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Table 1. Cases of invasive fungal infection and attributable deaths in metropolitan France by disease and patient sex and age, 2001—

2010*
Age, y, median lliness incidence Fatality rate, %

Infections No. case-patients  Male sex, % (IQR) (95% Cht (95% CI)
Candidemia

Cases 15,559 58.8 64 (51-75) 2.5(2.1-2.9)

Deaths 6,217 60.0 69 (56-77) 40.0 (38.7-42.0)
Pneumocystis pneumonia

Cases 9,365 713 44 (37-55) 1.5(1.2-1.9)

Deaths 862 71.9 58 (43-70) 9.2 (7.6-12.4)
Invasive aspergillosist

Cases 8,563 63.9 58 (45-68) 1.4 (1.2-1.6)

Deaths 2,443 66.7 61 (49-71) 28.5 (26.9-30.5)
Cryptococcosist

Cases 1,859 72.3 43 (36-55) 0.3 (0.2-0.4)

Deaths 278 73.4 49 (39-65) 15.0 (13.2-17.9)
Mucormycosist

Cases 530 57.7 58 (43-71) 0.09 (0.07-0.1)

Deaths 89 62.9 57 (44-67) 16.8 (11.3-20.2)
Total

Cases 35,876 64.0 56 (42-70) 5.9 (5.5-6.3)

Deaths 9,889 63.1 65 (53-75) 27.6 (25.3-29.7)

*A total of 197 Candida-related endocarditis and 10 meningitis cases were excluded from analysis. IQR, interquartile range.

TIncidence expressed as number of cases per 100,000 population per year (averaged over 10 y)

FInvasive aspergillosis includes 91.7% pulmonary and 8.3% disseminated cases. Cryptococcosis includes 63.8% cerebral or disseminated forms; 13.2%
pulmonary, cutaneous, or bone localizations; and 23.0% unspecified; forms. Mucormycosis includes 50.9% pulmonary, rhinocerebral and disseminated

forms; 16.9% cutaneous forms; and 32.1% unspecified forms.

The highest incidences of Pjp and cryptococcosis were
observed among persons 30-59 years of age with AIDS
and among those >60 years of age who were not infected
with HIV (p<0.001 for each IFI). For these 2 IFIs, the fa-
tality rate was lower in HIV-infected patients than in non-
HIV-infected patients (Pjp 5.7% vs. 21.5%, p<0.001; cryp-
tococcosis 13.4% vs. 17.9%, p<0.009).

Trends in the General Population, 2001-2010

The incidence of IFI increased by 1.5% per year and
that of deaths by 2.9% per year (p<0.001 each) over the
10-year period of observation. Specifically, the incidence
of candidemia, IA, and mucormycosis increased by 7.8%,
4.4%, and 7.3% per year, respectively (p<0.001 each).
The fatality rate decreased by 1.6% per year (p<0.001)
among persons with candidemia and 1.4% per year (p =
0.04) among those with IA, but increased by 9.3% per
year (p = 0.03) for those with mucormycosis. Regard-
ing Pjp and cryptococcosis, incidence decreased by 8.6%
and 9.8% per year (p<0.001 each), and the fatality rate
increased by 11.7% (p<0.001) and 4.7% (p = 0.03) per
year, respectively (Figure 1, panels A, B; Tables 2, 3).
However, trends differed according to HIV status (online
Technical Appendix 2, online Figure 1); incidence of both
IFIs decreased among HIV-infected patients (Pjp -14.3%;
cryptococcosis -14.9% per year, p<0.001 each), and Pjp
increased in non—HIV-infected patients (+13.3% per year,
p<0.001); there was no significant trend for cryptococco-
sis in non—HIV-infected patients. The fatality rate trend
was only significant for HIV-associated Pjp (+5.6% per
year, p = 0.001).

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014

Risk Factor Distribution and Trends in the General
Population, 2004—2010

We studied risk factors among 25,933 IFI case-pa-
tients identified during the 20042010 period. Candidemia
remained the most frequent IFI (46.4%) followed by 1A
(24.8%) and Pjp (22.9%). The distribution of risk factors
differed for each IFI (online Technical Appendix 2, Table
2). Solid tumors were mainly found in patients with can-
didemia (30.6%), HM in those with IA and mucormycosis
(54.3% and 34.8%, respectively), and HIV/AIDS in those
with Pjp and cryptococcosis (>55% each). The incidence
of candidemia, IA, and mucormycosis in patients with HM
(especially with neutropenia) increased significantly, as did
the incidence of candidemia and IA in solid organ trans-
plant recipients, and patients with solid tumors or chronic
renal failure. The incidence of Pjp decreased in patients
with HM and increased in patients with solid organ trans-
plants, solid tumors, and chronic renal failure.

IFI Trends in Specific Risk Groups, 2004-2010

We estimated trends from the annual proportion of risk
factor—associated IFIs in the corresponding risk population.
Only statistically significant trends are shown in Figure 2.
In the general population, the number of patients with HM,
solid organ transplantations, chronic renal failure, HIV/
AIDS, and diabetes substantially increased over time, and
the population of HSCT recipients remained unchanged.
In patients with HM, there was a statistically significant
increase of candidemia, IA, and mucormycosis, and a de-
crease of Pjp (Figure 2, panel A). In HSCT recipients, can-
didemia and IA increased (Figure 2, panel B).

1151



RESEARCH

During the study period, candidemia increased among
patients who had solid tumors (Figure 2, panel C). Among
patients with chronic renal failure, the incidence of candi-
demia, IA, and Pjp increased (Figure 2, panel D). Among
patients with HIV/AIDS, the incidence of Pjp and cryptococ-
cosis decreased (Figure 2, panel E). There was no substantial
trend among patients with diabetes (data not shown).

Odds Ratio of Death by Risk Factors, 2004-2010

We assessed the risk for death associated with each risk
factor by logistic regression, considering each factor indepen-
dently and expressed as an odds ratio for death; except for age,
significant results are shown in online Technical Appendix 2,
Table 3. The risk for death was lower in female patients with
IA, but did not differ by sex for other infections. The role of
age varied according to the IFI type; for instance, in-hospital
fatality rates increased in persons >20 years of age who had
candidemia and Pjp, and in those >70 years who had IA. HM
represented a substantial risk factor for death in patients with
candidemia, A, mucormycosis, and in non-HIV cryptococ-
cosis. Solid tumors were a substantial risk factor for death
in patients with candidemia, IA, and Pjp, regardless of HIV
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Figure 1. A) Trends in the incidence of invasive fungal infections
in France, 2001-2010. The incidence increased (p<0.001) for
candidemia, invasive aspergillosis, and mucormycosis, but decreased
for cryptococcosis and pneumocystosis (Poisson’s regression).
B) Trends in the fatality rate by invasive fungal infections during
2001-2010. Fatality rates decreased for candidemia (p<0.001) and
invasive aspergillosis (p = 0.04), but increased for mucormycosis (p
= 0.03), pneumocystosis (p<0.001), and cryptococcosis (p = 0.03).
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status. Cirrhosis and acute renal failure were also substantial
risk factors for death in patients with candidemia, IA, and non-
HIV Pjp and cryptococcosis. Hospitalization in an intensive
care unit was associated with a higher risk for death among
patients with all IFIs except candidemia. Inversely, chronic
renal failure decreased the risk for death among those with
IA or Pjp, respiratory diseases decreased the risk in patients
with IA, and surgical procedures decreased the risk for those
with candidemia.

Discussion

This nationwide study provides evidence that 3,600
patients have IFI each year in France, of whom 28% die.
The incidence of candidemia, A, mucormycosis, and non-
HIV Pjp has increased over the last decade, predicting a
protracted trend over the coming years.

Studies on the epidemiology of the 5 predominant IFIs
have reached conflicting results, depending on the IFI stud-
ied (most studies focused on a single IFI), the study design,
and source of data (active surveillance system, cohorts,
multicentric or monocentric, laboratory-based diagnosis,
hospital discharge data), the population of interest (neu-
tropenic patients, HM, HSCT and solid organ transplant
recipients), and the practices regarding antifungal agents
use (prophylactic, empiric, preemptive, or curative ther-
apy). Here, we analyzed the hospital dataset at a country
level, covering all persons who were admitted to hospitals
over a period of 10 years, regardless of age or underlying
conditions. We included those with illness caused by IFIs
that have straightforward diagnostic criteria (candidemia,
cryptococcosis) or well-characterized clinical entities (pul-
monary or disseminated IA, pulmonary Pjp), as well as mu-
cormycosis, for which we previously validated the accu-
racy of diagnostic coding in the hospital national database
(14,15). Despite potential bias in the precise classification
of cases, particularly for mold infections, and other limita-
tions of administrative datasets that have been previously
discussed (/2,14,16), several points validate the findings
obtained through this large database. The predominance of
candidemia and IA has been described in other studies of a
variety of IFIs in the general population or in other groups
(7,9,17). For candidemia, the incidence and trends we es-
timated are comparable to many other, although smaller
scale, population-based studies from Europe and North
America (/8-22). For IA in France, we observed a lower
incidence and higher mortality rate than were found by
Dasbach et al. in their analysis of US hospital discharge data
(23). The differences may be explained by the researchers’
use of the International Classification of Diseases, Ninth
Revision case definitions in that study, which would impair
the comparison of invasive and noninvasive forms.

The decreasing incidence of Pjp and cryptococco-
sis was expected after the advent of active antiretroviral
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Table 2. Cases of invasive fungal infections per 100,000 population, metropolitan France, 2001-2010

Disease 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Pneumocystis pneumonia 2.6 2.0 1.2 21 1.5 1.3 1.3 1.3 1.1 1.0
Candidemia 1.9 1.9 2.1 23 2.2 2.5 2.7 2.8 34 3.6
Invasive aspergillosis 1.1 1.2 1.3 1.5 1.4 1.4 1.3 1.4 1.7 1.8
Cryptococcosis 0.5 0.4 0.3 0.4 0.3 0.3 0.3 0.2 0.2 0.2
Mucormycosis 0.07 0.06 0.07 0.07 0.09 0.09 0.08 0.11 0.10 0.12

therapy (5,6,24,25). However, we observed some notewor-
thy changes: Pjp incidence in non-HIV—infected patients
has currently reached the levels observed in HIV-infected
patients, as observed in the United Kingdom during the
same period (26); incidence of cryptococcosis is also in-
creasing in the seronegative population, and the mortality
rate of both IFIs among non-HIV—infected patients is high-
er than among HIV-infected patients.

Most risk factors described in this study are well
known in clinical practice. The major risk factors for can-
didemia, IA, and mucormycosis, i.e., HM, HSCT, and solid
tumors, are described in many studies, such as those by the
Transplant Associated Infections Surveillance Network,
known as TRANSNET, and Prospective Antifungal Thera-
py Alliance, known as PATH (3,27-29), albeit sometimes
reported as differently distributed. The hierarchical rank-
ing process used here may have influenced the risk factor
distribution, underestimating some conditions. Most stud-
ies of risk factors are performed on the basis of cohorts of
cases in referral centers where a large number of high-risk
patients are recruited, whereas in our population-based ap-
proach, we used a national dataset covering all levels of
care, thus selecting a wider range of underlying conditions,
including those less commonly recognized as risk factors.
As a result, we documented substantial increases of candi-
demia, 1A, and Pjp in patients with chronic renal failure,
suggesting that the increase is not uniquely caused by the
growing number of persons at risk (Figure 2). The growing
number and longer survival of patients with protracted im-
munosuppression beyond traditional hematology patients,
transplant patients, and HIV/AIDS populations are major
challenges. The fact that 2 IFIs that are frequently associ-
ated with health care settings (candidemia and IA) are still
on the rise despite existing infection control recommenda-
tions is of specific concern (30).

Hospital data are not collected for clinical research pur-
poses. Thus, it is very hazardous to explain the trends on the
basis of our limited observations. Specific analyses should
be encouraged, aiming at better understanding the role of

comorbid conditions in the occurrence of IFI (e.g., chronic
renal failure) or the effect of the improved overall survival of
patients, even those who are immunocompromised.

Another noteworthy finding of this study is that the
risk for death was altered by factors that were not frequent-
ly documented before. For instance, cirrhosis was found in
1.3% of all patients with IFIs but was an independent risk
factor for death among all except those with mucormycosis,
suggesting underrecognition of IFIs in such populations,
possibly leading to delayed prevention or treatment. Simi-
larly, patients with HM showed an increased risk for death
when cryptococcosis was also diagnosed, as did those with
cirrhosis and acute renal failure, which suggest that specific
attention should be paid to patients with these conditions;
this could modify their clinical management.

This population-based study has limitations. The in-
crease in IFIs observed parallels a better awareness of cli-
nicians and microbiologists of the threat of IFIs in at-risk
populations, improving the sensitivity of the hospital-based
dataset. The availability of a broader antifungal drug arma-
mentarium and efficient treatment could have the paradoxical
effect of improving the prevention of IF1 for selected groups
of at-risk patients, thus lowering the population of infected
patients. We report trends and risk factors for invasive my-
cosis in France. Hence, our findings may not apply to other
countries with different endemic mycoses, population struc-
tures, and health care systems. Our observations are based on
hospital discharge coding, which is subject to many biases,
including misdiagnosis and incorrect coding. More notably,
the advent of new diagnostic tools for the detection of many
invasive mycoses may have affected our ability to diagnose
these diseases over the study period, which may have had a
substantial impact on the temporal trends observed.

Nevertheless, this large-scale study provides bench-
marking data on the current burden of illness of major IFIs
and shows the effects of disease trends and death rates
spanning a decade in a Western European country. The
need for baseline data was recently highlighted (/0). Our
data provide complementary information to specific studies

Table 3. Deaths attributed to invasive fungal infections per 100,000 cases, metropolitan France, 2001-2010

Disease 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Candidemia 0.41 0.43 0.44 0.41 0.40 0.40 0.40 0.38 0.40 0.36
Invasive aspergillosis 0.32 0.31 0.28 0.26 0.30 0.30 0.28 0.26 0.30 0.25
Mucormycosis 0.10 0.03 0.10 0.20 0.19 0.20 0.17 0.18 0.21 0.21
Cryptococcosis 0.08 0.14 0.17 0.18 0.13 0.21 0.16 0.18 0.16 0.15
Pneumocystis pneumonia 0.05 0.06 0.09 0.08 0.09 0.1 0.10 0.1 0.15 0.15
Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014 1153
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Figure 2. A) Invasive fungal infections in patients with hematologic malignancies (HM) in France, 2004-2010. The case count
continuously increased (p<0.001) over the period. Candidemia increased from 751.4 to 1,028.2 cases (+4.3%, p = 0.001), invasive
aspergillosis (IA) from 2,112.4 to 2,434.2 cases (+2.7%, p = 0.002), and mucormycosis from 73.0 to 105.8 cases (+8.7%, p = 0.05)
per 100,000 patients per year. Inversely, the incidence of Pneumocystis jirovecii pneumonia (Pjp) decreased from 468.0 to 351.5
cases/100,000 patients/year (—4.4%, p = 0.006). B) In HSCT recipients (average 4,300 cases per year, no significant trend), candidemia
increased from 721.5 to 1008.6 cases (+6.0%, p = 0.05) and invasive aspergillosis from 2,573.4 to 3,705.3 cases (+9.8%, p<0.001)
per 100,000 HM patients per year. C) The number of patients with solid tumors continuously increased (p<0.001), and candidemia
increased among those patients from 33.7 to 40.9 cases/100,000 patients/year (+6.2%, p<0.001). D) The number of patients with
chronic renal failure continuously increased (p<0.001). Candidemia increased from 57.9 to 88.6 cases/100,000 patients/year (+8.1%),
IA from 7.0 to 12.0 cases/100,000 patients/year (+18.4%, p = 0.007), and Pjp increased with a peak during 2007-2008 (+11.1%, p =
0.052). E) In the HIV/AIDS population (increase p<0.001), incidence of Pjp and cryptococcosis decreased by —17.9% and —19.0%,

respectively (p<0.001). HSCT, hematologic stem cell transplant.

or investigations linked to outbreaks (3/,32). IFIs in this
study occurred among a broad spectrum of patients and the
fatality rate was high; clinicians should be made aware of
risk factors, signs, and symptoms. Beyond the specific is-
sues addressed by our study, such as the identification and
management of patients in potentially under-recognized
risk groups, the expected consequences of the increasing
incidence of IFIs should be anticipated in terms of hospital
and laboratory workload, antifungal use, and need for new
systemic antifungal drugs and strategies (33). The develop-
ment of epidemiologic studies is also of specific concern
to clarify the determinants of the trends and identify effec-
tive interventions that can reduce deaths and the general
public health burden of illness. These questions should be
addressed jointly by clinicians and public health authorities
at national and international levels.
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Staphylococcus aureus Infections
in New Zealand, 2000-2011

Deborah A. Williamson, Jane Zhang, Stephen R. Ritchie, Sally A. Roberts,
John D. Fraser, and Michael G. Baker

The incidence rate for invasive and noninvasive Staph-
ylococcus aureus infections in New Zealand is among the
highest reported in the developed world. Using nationally
collated hospital discharge data, we analyzed the epidemi-
ology of serious S. aureus infections in New Zealand during
2000-2011. During this period, incidence of S. aureus skin
and soft tissue infections increased significantly while inci-
dence of staphylococcal sepsis and pneumonia remained
stable. We observed marked ethnic and sociodemographic
inequality across all S. aureus infections; incidence rates for
all forms of S. aureus infections were highest among Maori
and Pacific Peoples and among patients residing in areas
of high socioeconomic deprivation. The increased incidence
of S. aureus skin and soft tissue infections, coupled with the
demographic disparities, is of considerable concern. Future
work should aim to reduce this disturbing national trend.

Despite advances in diagnostics and therapeutics, the
clinical and economic burdens of Staphylococcus au-
reus infections remain a substantial public health problem
(). During the past decade in several parts of the world,
most notably in North America, the epidemiology of S. au-
reus infections has changed dramatically, predominantly
because of the epidemic spread of a strain of community-
associated methicillin-resistant S. aureus (MRSA) (2,3).
Infections caused by community-associated MRSA are
most commonly skin and soft tissue infections (SSTIs) and
typically occur in patients with no history of exposure to
health care facilities (/). In addition, specific sociodemo-
graphic associations for community-associated MRSA in-
fection have been described and include younger patient
age, specific ethnic groups, and economic deprivation
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(1,4,5). Although the epidemiology of S. aureus infections
has been well studied in North America, comparatively
little is known about the trends and patient demographics
for S. aureus infections in other geographic settings, par-
ticularly in the Southern Hemisphere. Knowledge of the
overall prevalence and distribution of S. aureus infections,
regardless of methicillin resistance, at a population level
is crucial for informing prevention and control strategies.

The incidence of invasive and noninvasive S. aureus
infections is reportedly higher In New Zealand than in
other developed countries; rates are highest among Maori
(indigenous New Zealanders) and Pacific Peoples (6-9).
For example, in 1 study, S. aureus bacteremia was 2 times
more likely to develop among Maori patients and 4 times
more likely to develop among Pacific Peoples than among
European patients (7). To date, however, studies describing
S. aureus infections in New Zealand have generally been
confined to 1 geographic region, to children, or to 1 specific
aspect of S. aureus disease such as bloodstream or MRSA
infection (4,6-8). Accordingly, we sought to describe the
longitudinal trends for S. aureus infection and demograph-
ic characteristics of patients across the entire New Zealand
population for the 12-year period 2000-2011.

Methods

Study Setting

New Zealand is an island nation in the southwestern
Pacific Ocean and has =4.4 million residents. The popu-
lation is ethnically diverse, consisting of the following
ethnicities: 67% European, 15% Maori, 10% Asian, 7%
Pacific Peoples, and 1% other (/0). New Zealand has a
public health care system; data on all publicly funded hos-
pital admissions are recorded by the New Zealand Minis-
try of Health in the National Minimum Dataset (NMDS).
In addition to basic patient information such as age, sex,
and ethnicity, these data include principal and additional
hospital discharge diagnoses, which since July 1999 have
been coded according to the International Classification of
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Diseases, Tenth Revision (ICD-10). Our study population
included all patients discharged from New Zealand hospi-
tals from January 2000 through December 2011.

Data Collection and Definitions

In New Zealand, a unique identifier (the National
Health Index number) is assigned to each person who ac-
cesses public health services; this number can be used to
extract information from the NMDS about patient hospi-
talizations. Patients were identified from the NMDS on
the basis of S. aureus—associated ICD-10 discharge codes.
These ICD-10 codes were A410 (sepsis due to S. aureus),
J152 (pneumonia due to staphylococci), and B956 (S. au-
reus as the cause of diseases classified elsewhere). A case
of S. aureus SSTI was defined as infection in a patient who
had 1) a principal discharge diagnosis of SSTI (according
to an epidemiologic case definition validated in a previous
study [//]), 2) an additional discharge diagnosis of B956,
and 3) no additional discharge diagnoses containing either
A410 or J152. The National Health Index number can also
be used to filter out unrelated hospital admissions. We fil-
tered our data to exclude the following groups: overseas
visitors, patients on waiting lists, hospital attendees who
did not stay overnight, hospital transferees, and patients re-
admitted to the hospital within 30 days of first admission.

The following information about each patient who was
discharged from the hospital for an S. aureus—associated
cause was extracted from the NMDS: age, sex, ethnicity,
and socioeconomic status (derived from the New Zealand

S. aureus Infections, New Zealand, 2000-2011

deprivation index [NZDep] (/2). The NZDep score is an
area-based measure of socioeconomic deprivation derived
from New Zealand census data; the score is based on vari-
ous measures of deprivation, including household income,
household ownership, household occupancy, employment
and education levels, and access to telecommunications. It
is expressed as a score between 1 and 10; a score of 10
represents the most deprived neighborhoods. To determine
whether any increasing trends in S. aureus infection were
associated with a general increase in all hospital admis-
sions, we obtained information from the NMDS on all pa-
tients acutely hospitalized overnight in New Zealand over
the study period, applying the same exclusion filters de-
scribed above.

Statistical Analyses

Age-adjusted incidence rates were calculated per
100,000 population and standardized to the age distribu-
tion of the 2006 New Zealand census (/0). These incidence
rates were stratified according to sex, ethnicity, NZDep
score, and geographic region. For analysis, we used 4 ma-
jor ethnic groups: European, Maori, Pacific Peoples, and
Asian/other. To determine possible geographic differences
in incidence of S. aureus infection across New Zealand, we
analyzed 4 broad geographic regions: northern, midland,
central, and southern (Figure 1). Population denominator
data were obtained from Statistics New Zealand (http://
www.stats.govt.nz). A Poisson regression model, with log
population data as an offset variable, was used to assess
trends over time. The Kruskal-Wallis analysis of variance
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Figure 1. Annual rates of Staphylococcus aureus—associated hospital discharge (no. cases/100,000 population) and all-cause acute
hospital discharge rates (no. cases/100,000 population), New Zealand, 2000—2011. Error bars indicate 95% Cls; for all-cause hospital
discharges, error bars are too small to be visible on this chart. SSTI, skin and soft tissue infection.
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test was used to determine differences in the geographic
incidence of S. aureus infections. Relative risks were cal-
culated with 95% Cls, and all statistical analyses were per-
formed by using SAS version 9.3 (SAS Institute Inc., Cary,
NC, USA) or STATA version 11.1 (StataCorp, College
Station, TX, USA). We considered p<0.05 to be statisti-
cally significant.

Results

For the study period, 61,522 S. aureus—associated
hospital discharges were identified. The overall averaged
12-year incidence rate for all S. aureus infections was 127
(95% CI 122-133) per 100,000 population per year. The
overall incidence rate for S. aureus SSTIs was 108 (95% CI
105-111) per 100,000 population, S. aureus sepsis 14 (95%
CI 13-16) cases per 100,000, and staphylococcal pneumo-
nia 5 (95% CI 4-6) cases per 100,000. The incidence rate
for sepsis caused by S. aureus and pneumonia caused by
staphylococci did not change significantly over the study
period; however, the incidence rate for S. aureus SSTIs in-
creased significantly, from 81 (95% CI 78— 84) cases per
100,000 population in 2000 to 140 (95% CI 137-144) cases
per 100,000 in 2011 (p<0.001) (Figure 1), which represents
an increase of =5% each year. In contrast, the rate of acute
all-cause hospital discharges in New Zealand fell signifi-
cantly, from 9,657 (95% CI 9,625-9,689) per 100,000 pop-
ulation in 2000 to 8,701 (95% CI 8,673-8,729) per 100,000
population in 2011 (p<0.001). Consequently, the relative

A B

12

proportion of S. aureus SSTIs to all hospital discharges
doubled, from 0.8% in 2000 to 1.6% in 2011.

Incidence of staphylococcal pneumonia did not vary
significantly by geographic location (p = 0.8); however,
incidence of staphylococcal sepsis (p = 0.02) and SSTIs
(p = 0.01) did (Figure 2). In particular, there was a dis-
tinct north—south gradient for staphylococcal SSTIs; rates
in the northern and central regions were =3 times rates in
the southern region.

Incidence of S. aureus infections also varied markedly
by sociodemographic characteristics (Table, http://wwwnc.
cdc.gov/ElD/article/20/7/13-1923-T1.htm). Staphylococ-
cal infections of all forms were significantly more likely
to occur among male than female patients; this difference
was most marked for S. aureus sepsis (relative risk [RR]
1.9; 95% CI 1.8-2.0). The incidence rates for sepsis and
pneumonia were significantly higher among patients >70
years of age (62 and 24 cases/100,000 population/year, re-
spectively) than among patients of other age groups (Ap-
pendix Table). In contrast, the incidence rate for S. aure-
us SSTIs was highest among those <5 years of age (242
cases/100,000 population/year). The incidence of all dis-
ease types was highest among Maori and Pacific Peoples
(Appendix Table). In particular, Maori were 3 times more
likely and Pacific Peoples almost 5 times more likely than
Europeans to have an S. aureus SSTI.

The incidence of S. aureus disease also varied sig-
nificantly according to socioeconomic deprivation; the

Figure 2. Average annual ASR
(no. cases/100,000 population)
of staphylococcal sepsis (A)
and staphylococcal skin and
soft tissue infections (B), New
Zealand, 2000-2011. ASR,
age-standardized rate.
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incidence rates for sepsis, pneumonia, and SSTI were
significantly higher among patients residing in areas of
high socioeconomic deprivation. This disparity was most
marked for SSTTs; patients residing in areas of high depri-
vation were almost 4 times more likely to have S. aureus
SSTIs than were those residing in areas of low depriva-
tion (RR 3.7, 95% CI 3.6-3.8). An independent associa-
tion seemed to exist between S. aureus disease and ethnic-
ity after socioeconomic status was adjusted for, such that
for each tier of socioeconomic deprivation, all 3 types of
S. aureus disease were more common among Maori and

S. aureus Infections, New Zealand, 2000-2011

Pacific Peoples than among those of European or other
ethnicity (Figure 3).

Discussion

In this study, we analyzed the longitudinal incidence
and epidemiology of serious S. aureus disease across the
entire New Zealand population during 2000-2011. Inci-
dence of S. aureus SSTI increased dramatically while in-
cidence of S. aureus sepsis and pneumonia remained rela-
tively stable. Our finding of a persistent increase in serious
S. aureus SSTIs over the past decade is a substantial public
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Figure 3. Admission rate ratios for Staphylococcus aureus—associated hospital discharges by ethnicity according to level of deprivation,
New Zealand, 2000-2011. A) Staphylococcal sepsis; B) staphylococcal pneumonia; C) staphylococcal skin and soft tissue infections.

NZDep, New Zealand Deprivation Index.
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health concern, particularly given the overall decrease in
acute overnight hospital admissions in New Zealand.

The factors underlying the increase in such infections
are unknown, but risk factors for the development of S. au-
reus SSTI are multifactorial and probably include house-
hold crowding, delayed or inadequate access to health care,
and issues associated with household hygiene (/3,/4).
The reasons for the relatively unchanged rate of S. aureus
sepsis and staphylococcal pneumonia in New Zealand are
unclear; however, recent studies highlight the decreasing
incidence of invasive S. aureus infections in other geo-
graphic settings, particularly among those patients recently
exposed to health care facilities or receiving health care
(15,16). Although improvements in infection prevention
practices probably contribute to the decrease of invasive
infections (/7), other possible unexplored factors include
changes in host susceptibility to S. aureus infection (e.g.,
improved management of concurrent conditions such as
cardiovascular disease and diabetes) or temporal changes
in the virulence profiles or transmissibility of circulating S.
aureus strains.

Consistent with the findings of other studies of infec-
tious diseases in New Zealand (/3,/4), we found notable
sociodemographic disparity in the incidence of S. aure-
us infections; incidence of all S. aureus infections was
highest among Maori or Pacific Peoples and among those
residing in areas of high socioeconomic deprivation.
Even after adjusting for socioeconomic deprivation, we
found that the incidence of all S. aureus disease was sig-
nificantly higher among Maori and Pacific Peoples than
among patients of European and other ethnicities; this
pattern is seen for infectious diseases generally in New
Zealand (/4). The underlying reasons for this apparent
ethnic disparity in staphylococcal disease are uncertain.
Unexplored possibilities include a higher prevalence of
S. aureus colonization among Maori or Pacific Peoples or
differences in the circulating S. aureus strain types among
distinct ethnic groups, as previously described for our
setting (4). However, an alternative possibility is that the
area-based NZDep score used to record socioeconomic
deprivation does not fully represent those facets of pov-
erty that contribute to the development and prevention of
serious S. aureus disease. These unmeasured risk factors
include aspects of health literacy relating to early man-
agement of insect bites and skin infections, availability of
household amenities such as hot water, and affordable and
timely access to health care. Specific individual-level and
household-level studies are required for determination of
the relative contribution of such potentially modifiable
risk factors.

We also observed significant geographic variation
in the incidence of S. aureus SSTI, with a distinct north—
south gradient. This finding can probably be explained by

1160

the distribution of population groups in New Zealand; the
groups most affected by S. aureus SSTI reside predomi-
nantly in the North Island (/3). However, other possible
contributory factors include geographic differences in
access to and provision of health care and climate differ-
ences; the climate in the upper North Island is relatively
warmer and more humid than that in the southern regions.

A limitation of our study was our use of hospital dis-
charge data for case ascertainment. Use of these data meant
that we were unable to determine the proportion of cases
occurring in the community versus in the hospital setting,
although previous studies have demonstrated that most S.
aureus infections in New Zealand originate in the commu-
nity (4,7,8). However, our aim was not to provide detailed
information on individual S. aureus infections but rather to
provide a broad overview of the trends and demographics
of serious S. aureus infections across the entire New Zea-
land population. In addition, our data represent only those
patients whose hospital discharge was associated with S.
aureus disease; they do not represent those patients who
sought care from a primary care physician or who sought
care at a hospital but were not admitted. For example, a re-
cent study of children with SSTIs in 1 New Zealand region
found an estimated 14 primary care cases for every 1 hospi-
tal admission (/8). Furthermore, these data represent only
those instances in which an etiologic agent was described
and recorded in the discharge diagnoses. It is therefore
highly likely that the overall prevalence of staphylococcal
disease in our setting is substantially higher than that esti-
mated here.

In summary, our study provides valuable longitudi-
nal data on the prevalence of serious S. aureus disease in
the New Zealand population and represents one of the few
studies that systematically assessed the epidemiology and
demographics of staphylococcal infections across an entire
nation. The steady and significant increase in serious S. au-
reus SSTI coupled with notable sociodemographic dispar-
ity in disease incidence is a disturbing national trend. A
concerted multimodal public health intervention is urgently
required to tackle this problem.

This study was supported by internal funding.
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Zealand. Her research interests are the clinical and molecular epi-
demiology of S. aureus infections and infections caused by anti-
microbial drug—resistant pathogens.

References

1. David MZ, Daum RS. Community-associated methicillin-resistant
Staphylococcus aureus: epidemiology and clinical consequences
of an emerging epidemic. Clin Microbiol Rev. 2010;23:616-87.
http://dx.doi.org/10.1128/CMR.00081-09

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 7, July 2014



2. Klevens RM, Morrison MA, Nadle J, Petit S, Gershman K, Ray S,
et al. Invasive methicillin-resistant Staphylococcus aureus infec-
tions in the United States. JAMA. 2007;298:1763-71. http://dx.doi.
org/10.1001/jama.298.15.1763

3. Klein E, Smith DL, Laxminarayan R. Hospitalizations and
deaths caused by methicillin-resistant Staphylococcus aureus,
United States, 1999-2005. Emerg Infect Dis. 2007;13:1840-6.
http://dx.doi.org/10.3201/eid1312.070629

4. Williamson DA, Roberts SA, Ritchie SR, Coombs GW, Fraser JD,
Heffernan H. Clinical and molecular epidemiology of methicillin-
resistant Staphylococcus aureus in New Zealand: rapid emergence
of sequence type 5 (ST5)-SCCmec-1V as the dominant community-
associated MRSA clone. PLoS ONE. 2013;8:¢62020. http://dx.doi.
org/10.1371/journal.pone.0062020

5. Tong SY, Steer AC, Jenney AW, Carapetis JR. Community-associated
methicillin-resistant Staphylococcus aureus skin infections in the
tropics. Dermatol Clin. 2011;29:21-32. http://dx.doi.org/10.1016/
j.det.2010.09.005

6. Williamson DA, Ritchie SR, Lennon D, Roberts SA, Stewart J,
Thomas MG, et al. Increasing incidence and sociodemographic
variation in community-onset Staphylococcus aureus skin and soft
tissue infections in New Zealand children. Pediatr Infect Dis J. 2013;
32:923-5. http://dx.doi.org/10.1097/INF.0b013e3182905f3d

7. Hill PC, Birch M, Chambers S, Drinkovic D, Ellis-Pegler RB,
Everts R, et al. Prospective study of 424 cases of Staphylococcus
aureus bacteraemia: determination of factors affecting incidence and
mortality. Intern Med J. 2001;31:97—103. http://dx.doi.org/10.1111/
j-1444-0903.2001.00029.x

8. Williamson DA, Lim A, Thomas MG, Baker MG, Roberts SA,
Fraser JD, et al. Incidence, trends and demographics of Staphylo-
coccus aureus infections in Auckland, New Zealand, 2001-2011.
BMC Infect Dis. 2013; 13:569. http://dx.doi.org/10.1186/1471-
2334-13-569

9. ElAtrouni WI, Knoll B, Lahr B, EckelaPassow J, Sia I, Baddour LM.
Temporal trends in the incidence of Staphylococcus aureus
bacteremia in Olmsted County, Minnesota, 1998 to 2005: a popu-
lation-based study. Clin Infect Dis. 2009;49:¢130-8. http://dx.doi.
org/10.1086/648442

S. aureus Infections, New Zealand, 2000-2011

10. Statistics New Zealand. 2006 census of populations and dwellings.
District Health Board area summary tables [cited 2013 Dec 21].
http://www.stats.govt.nz/Census/about-2006-census/district-health-
board-area-summary-tables.aspx

O’Sullivan CE, Baker MG. Proposed epidemiological case defini-
tion for serious skin infection in children. J Paediatr Child Health.
2010;46:176-83. http://dx.doi.org/10.1111/j.1440-1754.2009.01658 x
Salmond C, Crampton P, Sutton F. NZDep91: New Zealand in-
dex of deprivation. Aust N Z J Public Health. 1998;22:835-7.
http://dx.doi.org/10.1111/j.1467-842X.1998.tb01505.x

O’Sullivan CE, Baker MG, Zhang J. Increasing hospitalizations
for serious skin infections in New Zealand children, 1990-2007.
Epidemiol Infect. 2011;139:1794-804. http://dx.doi.org/10.1017/
S0950268810002761

Baker MG, Barnard LT, Kvalsvig A, Verrall A, Zhang J, Keall M,
et al. Increasing incidence of serious infectious diseases and
inequalities in New Zealand: a national epidemiological study. Lancet.
2012;379:1112-9. http://dx.doi.org/10.1016/S0140-6736(11)61780-7
Dantes R, Mu Y, Belflower R, Aragon D, Dumyati G,
Harrison LH, et al. National burden of invasive methicillin-
resistant Staphylococcus aureus infections, United States, 2011.
JAMA Intern Med. 2013;173:1970-8. http://dx.doi.org/10.1001/
jamainternmed.2013.10423

Tracy LA, Furuno JP, Harris AD, Singer M, Langenberg P,
Roghmann MC. Staphylococcus aureus infections in US veterans,
Maryland, USA, 1999-2008. Emerg Infect Dis. 2011;17:441-8.
http://dx.doi.org/10.3201/eid1707.100502

Roberts SA, Sieczkowski C, Campbell T, Balla G, Keenan A. Imple-
menting and sustaining a hand hygiene culture change programme at
Auckland District Health Board. N Z Med J. 2012;125:75-85.
O’Sullivan C, Baker MG. Skin infections in children in a New
Zealand primary care setting: exploring beneath the tip of the ice-
berg. N Z Med J. 2012;125:70-9.

12.

13.

15.

16.

17.

18.

Address for correspondence: Deborah Williamson, Faculty of Medical
and Health Sciences, University of Auckland, Park Rd, Auckland, New
Zealand; email: deb.williamson@auckland.ac.nz

New Podcasts

Outbreaks of Kingella kingae Infections in Daycare Facilities
* Incorporating Research and Evaluation into Pandemic Influenza Vaccination Preparedness

and Response

Low-Incidence, High-Consequence Pathogens

Breathing Valley Fever

EMERGING

INFECTIOUS DISEASES

A Peer-Reviewed Journal Tracking and Anolyzing Diseose Trends

Unraveling the Mysteries of Middle East Respiratory Syndrome Coronavirus

Art in Science: Selections from Emerging Infectious Diseases

(1)

PODCASTS

_;-'.
; -EE‘ http://www2c.cdc.
%35 gov/podcasts/player.
S [t asp?f=8626456

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014

1161



RESEARCH

Epidemiology of
Influenza Virus Types and Subtypes
in South Africa, 2009-2012"1

Adam L. Cohen, Orienka Hellferscee, Marthi Pretorius, Florette Treurnicht, Sibongile Walaza,
Shabir Madhi, Michelle Groome, Halima Dawood, Ebrahim Variava, Kathleen Kahn, Nicole Wolter,
Anne von Gottberg, Stefano Tempia, Marietjie Venter, and Cheryl Cohen

Medscape ACTIVITY

Medscape, LLC is pleased to provide online continuing medical education (CME) for this journal article, allowing clinicians

the opportunity to earn CME credit.

This activity has been planned and implemented in accordance with the Essential Areas and policies of the Accreditation
Council for Continuing Medical Education through the joint providership of Medscape, LLC and Emerging Infectious Diseases.
Medscape, LLC is accredited by the ACCME to provide continuing medical education for physicians.

Medscape, LLC designates this Journal-based CME activity for a maximum of 1.0 AMA PRA Category 1 Credit(s)™.
Physicians should claim only the credit commensurate with the extent of their participation in the activity.

All other clinicians completing this activity will be issued a certificate of participation. To participate in this journal CME
activity: (1) review the learning objectives and author disclosures; (2) study the education content; (3) take the post-test with a 75%
minimum passing score and complete the evaluation at http://www.medscape.org/journal/eid; (4) view/print certificate.

Release date: June 16, 2014; Expiration date: June 16, 2015

Learning Objectives
Upon completion of this activity, participants will be able to:

1. Describe differences in characteristics of patients hospitalized with severe acute respiratory illness (SARI) in South
Africa by infection with different influenza types and subtypes, based on a

surveillance study

2. Compare characteristics of patients hospitalized with SARI in South Africa by infection with different influenza types
and subtypes during the first and second influenza A(H1N1)pdm09 waves

3. Compare case fatality and severity rates among infections with different types and subtypes and between the first

and second influenza A(H1N1)pdm09 waves.
CME Editor

P. Lynne Stockton, VMD, MS, ELS(D), Technical Writer/Editor, Emerging Infectious Diseases. Disclosure: P. Lynne
Stockton, VMD, MS, ELS(D), has disclosed no relevant financial relationships.

CME Author

Laurie Barclay, MD, freelance writer and reviewer, Medscape, LLC. Disclosure: Laurie Barclay, MD, has disclosed no

relevant financial relationships.
Authors

Disclosures: Adam L. Cohen, MD, MPH; Orienka Hellferscee, MSc; Marthi Pretorius, MSc; Florette Treurnicht, PhD; Sibongile

Walaza, MBBCh, MSc; Michelle Groome, MD, MSc; Ebrahim Variava, MD; Kathleen Kahn, MBBCh, MPH, PhD; Nicole Wolter, PhD;
Stefano Tempia, DVM, MSc, PhD; Marietjie Venter, PhD; and Cheryl Cohen, MBBCh, FCPathSA(Micro), MSc, have disclosed no
relevant financial relationships. Shabir Madhi, MD, PhD, has disclosed the following relevant financial relationships: served as an advisor or
consultant for GlaxoSmithKline, Pfizer, Merck, Novartis; served as a speaker or a member of a speakers bureau for GlaxoSmithKline, Pfizer,
Sanofi Pasteur; received grants for clinical research from GlaxoSmithKline, Pfizer, Novartis, Sanofi-Aventis. Halima Dawood, MBBCh, MSc,
has disclosed the following relevant financial relationships: served as a speaker or a member of a speakers bureau for MSD, Novartis; owns
stock, stock options, or bonds from Netcare Holdings; received a travel grant from Novartis. Anne von Gottberg, MBBCh,
FCPathSA(Micro), PhD, has disclosed the following relevant financial relationships: served as an advisor or consultant for Pfizer, Novartis,
GlaxoSmithKline; served as a speaker or a member of a speakers bureau for Pfizer, Novartis, GlaxoSmithKline; received grants for clinical

research from Pfizer.

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA, and Pretoria, South Africa (A.L. Cohen,
S. Tempia, M. Venter); National Institute for Communicable Dis-
eases, Sandringham, South Africa (O. Hellferscee, M. Pretorius,
F. Treurnicht, S. Walaza, N. Wolter, A. von Gottberg, S. Tempia, M.
Venter, C. Cohen); University of the Witwatersrand, Johannesburg,
South Africa (S. Madhi, M. Groome, N. Wolter, A. von Gottberg,
C. Cohen); Medical Research Council: Respiratory and, Meningeal
Pathogens Research Unit, Johannesburg (S. Madhi, M. Groome);
Pietermaritzburg Metropolitan Hospital Complex, Pietermaritzburg,

1162

South Africa (H. Dawood); University of KwaZulu-Natal, Durban,
South Africa (H. Dawood); Klerksdorp Tshepong Hospital, Klerks-
dorp, South Africa (E. Variava); University of the Witwatersrand,
Johannesburg (K. Kahn); Umea University, Umed, Sweden (K.
Kahn); INDEPTH Network, Accra, Ghana (K. Kahn); and University
of Pretoria, Pretoria, (M. Venter)

DOI: http://dx.doi.org/10.3201/eid2007.131869

'This information has been presented at Options for the Control
of Influenza VIII, Cape Town, South Africa, September 5-9, 2013.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 20, No. 7, July 2014



To determine clinical and epidemiologic differences
between influenza caused by different virus types and sub-
types, we identified patients and tested specimens. Patients
were children and adults hospitalized with confirmed influ-
enza and severe acute respiratory illness (SARI) identified
through active, prospective, hospital-based surveillance
from 2009-2012 in South Africa. Respiratory specimens
were tested, typed, and subtyped for influenza virus by
PCR. Of 16,005 SARI patients tested, 1,239 (8%) were pos-
itive for influenza virus. Patient age and co-infections varied
according to virus type and subtype, but disease severity
did not. Case-patients with influenza B were more likely
than patients with influenza A to be HIV infected. A higher
proportion of case-patients infected during the first wave of
the 2009 influenza pandemic were 5-24 years of age (19%)
than were patients infected during the second wave (9%).
Although clinical differences exist, treatment recommenda-
tions do not differ according to subtype; prevention through
vaccination is recommended.

ost influenza in humans is caused by 2 types of in-

fluenza virus: A and B. On the basis of the hem-
agglutinin and neuraminidase proteins on the surface of
the virus, influenza A viruses are further subdivided into
subtypes, 2 of which have commonly caused disease in
humans over the past century: H3N2 and HIN1. The pro-
portion of these 3 types and subtypes of influenza virus—
A(H3N2), A(HIN1), and B—that circulate among hu-
mans varies each year. In 2009, a novel pandemic strain of
influenza A(HIN1) virus, now called influenza A(HIN1)
pdm09 virus, became the dominant HIN1 virus strain cir-
culating worldwide (7).

It is generally not possible to distinguish infection
caused by different influenza types and subtypes by clini-
cal features (2,3), although differences in severity have been
observed (4-6). Analyses of vital statistics data from the
United States and South Africa have suggested that the num-
bers of excess deaths associated with influenza are higher
in years when influenza A(H3N2) virus is circulating than
when influenza B or prepandemic influenza A(HINT1) virus
is circulating (4,7). Some studies have suggested that influ-
enza A(HIN1)pdmO09 virus infection led to more severe out-
comes than did other types and subtypes (8,9). In the first 3
months after influenza A(HIN1)pdm09 virus was identified
in South Africa, 91 deaths among 12,331 patients with lab-
oratory-confirmed cases were identified; rates of HIV infec-
tion and pregnancy among those who died were high (/0).
After the influenza pandemic, studies showed that A(HINT1)
pdm09 virus was more likely than previously circulating vi-
rus types and subtypes to affect children and young adults
and that severe disease was associated with clinical char-
acteristics such as obesity (/7,/2). The data conflict with
regard to whether severity of disease increases with subse-
quent waves of A(HIN1)pdmO09 virus infection (/3—-17).
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Little data have been reported from Africa on clinical
and epidemiologic differences caused by different influ-
enza virus types and subtypes. The objective of our study
was 2-fold. First, we sought to compare the demographic
and clinical characteristics, factors associated with infection,
and disease severity among case-patients hospitalized with
severe acute respiratory illness (SARI) associated with in-
fluenza A(HIN1)pdm09, A(H3N2), and B viruses in South
Africa during 2009—-2012. Second, we sought to compare the
characteristics of case-patients infected during the first wave
of influenza A(HIN1)pdm09 infection in 2009 with those of
case-patients infected during the subsequent wave in 2011.
Because this surveillance was started in 2009, we did not
include prepandemic A(HIN1) virus strains in this study.

Materials and Methods

Setting and Time

The SARI program is an active, prospective, sentinel,
hospital-based surveillance system that monitors children
and adults hospitalized with pneumonia in 4 provinces in
South Africa (18). In February 2009, SARI surveillance
was implemented in 3 of the 9 provinces of South Africa
(Chris Hani-Baragwanath Academic Hospital, an urban
site in Gauteng Province; Edendale Hospital, a periurban
site in KwaZulu-Natal Province; and Matikwana and Map-
ulaneng Hospitals, rural sites in Mpumalanga Province). In
June 2010, an additional surveillance site was introduced
at Klerksdorp and Tshepong Hospitals, periurban sites in
Northwest Province. This surveillance, which includes
testing for influenza virus and HIV, has received human
subjects review and approval by the University of Witswa-
tersrand, South Africa. The US Centers for Disease Control
and Prevention deemed this a nonresearch surveillance ac-
tivity. The study was conducted during 2009-2012.

Case Definitions and Patient Enroliment

A case of SARI was defined as acute lower respira-
tory tract infection (or pneumonia) in a patient hospital-
ized within 7 days of illness onset. Children 2 days through
<3 months of age with physician-diagnosed sepsis or acute
lower respiratory tract infection (including, for example
bronchitis, bronchiolitis, pneumonia, and pleural effu-
sion) and children 3 months through <5 years of age with
physician-diagnosed acute lower respiratory tract infection
were enrolled. Among patients >5 years of age, we enrolled
those who met the World Health Organization case defini-
tion of SARI: sudden onset of reported or measured fever
(>38°C), cough or sore throat, and shortness of breath or
difficulty breathing (79).

All patients admitted to a hospital during Monday—
Friday were eligible for enrollment in the study; adult
patients at Chris Hani-Baragwanath Academic Hospital
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were systematically sampled 2 of every 5 working days
per week. Patients were enrolled within the first 24 hours
of admission. We determined the number of patients who
were admitted, met study case definitions, and were en-
rolled. Study staff were centrally trained and completed
case report forms until discharge for all enrolled patients;
staff collected respiratory (nasopharyngeal) aspirates from
patients <5 years of age and nasopharyngeal and throat
swab specimens from patients >5 years of age and blood
specimens from consenting patients. Patients were admit-
ted to an intensive care unit, and specimens for bacterial
culture and tuberculosis testing were collected at the dis-
cretion of the attending physician. For children <5 years
of age, we gathered data on additional clinical signs and
symptoms; for adolescents and adults >12 years of age,
we gathered information on smoking and alcohol use. In-
formed consent was obtained for all enrollment, laboratory
testing, and anonymized, linked HIV testing.

Laboratory Methods

Respiratory specimens were placed in viral transport
media, kept at 4-8°C, and sent to the National Institute for
Communicable Diseases in Johannesburg within 72 hours
of collection. Respiratory specimens were tested by multi-
plex real-time reverse transcription PCR for 10 respiratory
viruses (influenza A and B viruses; parainfluenza viruses
1, 2, and 3; respiratory syncytial virus; enterovirus; hu-
man metapneumovirus; adenovirus; and rhinovirus) (20).
Influenza-positive specimens were subtyped by using the
Centers for Disease Control and Prevention real-time re-
verse transcription PCR protocol for detection and char-
acterization of influenza virus (21). Streptococcus pneu-
moniae was identified by quantitative real-time PCR that
detected the /yt4 gene from whole-blood specimens (22).
When available, data on HIV infection status were obtained
through routine standard-of-care testing at the treating hos-
pital. When those data were not available, HIV testing was
implemented at the National Institute for Communicable
Diseases through anonymized, linked, dried blood-spot
specimen testing by HIV PCR for children <18 months of
age and by ELISA for patients >18 months of age.

Statistical Analyses

We excluded from the analysis influenza virus—positive
case-patients for whom subtyping could not be performed
because of low concentration of virus. Univariate compari-
sons were performed by using multinomial or logistic re-
gression. We conducted multinomial regression to compare
demographic and clinical characteristics, associated factors,
and disease severity among patients infected with the 3 in-
fluenza types and subtypes. Multinomial regression enables
modeling of outcome variables with >2 categories and re-
lates the probability of being in a category (in this instance
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either influenza A[H3N2] or B virus) to the probability
of being in a baseline category (in this instance influenza
[H3N2] virus). A complete set of coefficients are estimated
for each of the categories being compared with the baseline,
and the effect of each predictor in the model is measured as
relative risk ratio (RRR). For this analysis, we used the influ-
enza virus A(H3N2)—infected group as the baseline category
because influenza A(H3N2) virus is considered to induce
more severe illness (4,7). We conducted 2 logistic regres-
sion models to compare patients infected with influenza A
with those infected with influenza B and to compare patients
infected during the first wave of influenza A(HIN1)pdm09
with patients infected during subsequent waves of influenza
A(HIN1)pdm09. All models were built by using stepwise
forward selection. Covariates for which p value was <0.2 at
the univariate analysis were assessed for significance with
multivariable analysis, and statistical significance was as-
sessed at p<0.05 for all multivariable models. We assessed
2-way interactions by inclusion of product terms for all vari-
ables remaining in the final models. Additional modeling is
shown in the online Technical Appendix (http://wwwnc.cdc.
gov/ElD/article/20/7/13-1869-Techapp.pdf).

Results

From February 2009 through December 2012, a total
of 21,792 patients hospitalized with lower respiratory tract
infection were approached for enrollment in SARI surveil-
lance. Of those, 16,005 (73%) were enrolled and 1,239
(8%) had positive influenza virus test results. Of the 5,876
patients who were approached but not enrolled, the most
common reasons for not enrolling were unavailability of
a legal guardian (among children <5 years of age; 1,452
[25%]), refusal (1,296 [22%]), and being confused or too
ill (431 [7%]). Of the influenza-positive SARI cases, 463
(37%) were caused by influenza A(H3N2), 338 (27%) by
influenza A(HIN1)pdm09, and 418 (34%) by influenza B
viruses; 20 (2%) influenza A viruses could not be further
subtyped because of low viral yield in the samples. Influ-
enza epidemics occur annually during the colder months in
South Africa (May—September), and little activity occurs
during the rest of the year (Figure). The circulating types
and subtypes varied between study years and within an-
nual epidemics. During 2009, influenza virus activity oc-
curred in 2 peaks; the first was caused by subtype A(H3N2)
(194/379, 51%), which occurred earlier than in the other
years, and the second was caused by subtype A(HINI)
pdm09 (160/379 42%) (Table 1 [an expanded version of
this table is available in the online Technical Appendix];
Figure). The predominant influenza virus types or sub-
types in the other years were as follows: B (164/273, 60%)
in 2010, A(HIN1)pdm09 (140/362, 39%) in 2011, and
A(H3N2) (99/205, 48%) and B (105/205, 51%) in 2012.
Most (71%) case-patients were at Chris Hani-Baragwanath
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South Africa, 2009-2012.

Academic Hospital, which reflects the higher number of
SARI case-patients enrolled there. Of 12,494 SARI case-
patients for whom treatment data were available, 7 (0.1%)
received oseltamivir, 1 of whom had laboratory-confirmed
influenza. Of 12,173 SARI case-patients for whom influ-
enza vaccine histories were available, 19 (0.2%) reported
having been vaccinated. HIV test results were available for
947 (76%) of influenza case-patients. Of those, 399 (42%)
were positive for HIV: 377 (94%) from anonymized testing
at the National Institute for Communicable Diseases and 22
(6%) from standard-of-care testing at the treating hospitals.

The age distribution of SARI case-patients with in-
fluenza was bimodal: most of the 1,239 influenza case-
patients were <5 years of age (613 [49.5%]), followed by
those 2544 years of age (306 [24.7%]); few patients were
365 years of age (53 [4.3%]). This bimodal age distribu-
tion is repeated for each of the types and subtypes (Table
1) except that the first wave of A(HIN1)pdm09 infection
disproportionately affected those 5-24 years of age (Table
2). According to univariate analysis, case-patients infected
with influenza A(HIN1)pdmO09 virus were less likely than
case-patients infected with influenza A(H3N2) virus to be
co-infected with another virus (crude RRR [cRRR] 0.6,
95% CI 0.4-0.8), and case-patients infected with influenza
B virus were more likely to be infected with HIV (cRRR
1.7,95% CI 1.2-2.3), have stridor (cRRR 2.1, 95% CI 1.2—
3.6), have symptoms >3 days before admission (cCRRR 1.6,
955 CI 1.2-2.1), and to have been hospitalized for >2 days
(cRRR 1.6, 95% CI 1.2-2.2), and were less likely to have
a measured fever of >38°C (cRRR 0.5, 95% CI 0.4-0.7)
(Table 1). In the multivariate analysis model, only age and
year remained statistically significant (Table 1). We found
no statistical difference in case-fatality rates between virus
types and subtypes (2.8% for A[H3N2], 1.5% for A[HIN1]
pdm09, and 3.9% for B) and no difference in other mark-
ers of severity, such as admission to an intensive care unit,
need for mechanical ventilation, need for supplemental
oxygen, or prolonged hospitalization (Table 1).
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To further explore the association between influenza
types and characteristics such as HIV status, we conducted
a univariate analysis and constructed a multivariable lo-
gistic regression model comparing influenza B virus with
influenza A (both A[H3N2] and A[HIN1]pdm09) viruses.
Except for co-infection with any virus other than influenza,
the same variables were significant on this univariate anal-
ysis as were significant on the previous analysis. According
to multivariate analysis, only year and HIV status remained
statistically significant and were retained in the final model.
Because age group was not significantly associated with vi-
rus type and did not have an interaction with HIV infec-
tion in the multivariate model, we did not include age in
the final model. When we controlled for year, this model
showed that case-patients with influenza B virus infection
were more likely than patients with influenza A virus infec-
tion to also be infected with HIV (adjusted odds ratio 1.4,
95% CI 1.02-1.80).

According to univariate analysis, case-patients in the
second wave of the A(HIN1)pdm09 pandemic were less
likely than case-patients in the first wave to have had a mea-
sured fever of >38°C (crude odds ratio [cOR] 0.2, 95% CI
0.1-0.4) and more likely to have been co-infected with re-
spiratory syncytial virus (cOR 6.4, 95% CI 1.4-29.6), have
had symptoms for >3 days at admission (cOR 2.0, 95% CI
1.2-3.1), and to have needed supplemental oxygen (cOR
2.6, 95% CI 1.6-4.2; Table 2). According to multivariable
logistic regression, only age group and surveillance site re-
mained statistically significant (Table 2). Severity of hos-
pitalization, as measured by admission to an intensive care
unit, need for mechanical ventilation, need for supplemental
oxygen, or prolonged hospitalization, did not differ between
waves (Table 2). In addition, case-fatality rates did not dif-
fer between the first (1.3%) and second (1.5%) waves.

Discussion

The influenza virus types and subtypes that circulated
during the annual winter influenza seasons in South Africa
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Table 1. Characteristics of patients hospitalized with influenza-associated severe acute respiratory illness, by virus type and subtype, 4

sites, South Africa, 2009-2012*

Influenza type and subtype

A(H3N2) (reference) A(H1N1)pdm09 B
No. pos/no. tested No. pos/no. Adjusted RRR No. pos/no. Adjusted RRR
Characteristic (% pos) tested (% pos) (95% CI) tested (% pos) (95% CI)
Age group, y
<5 265/463 (57.2) 167/338 (49.4) Reference 171/418 (40.9) Reference
5-24 35/463 (7.6) 49/338 (14.5) 2.3 (1.4-3.8) 43/418 (10.3) 2.0 (1.2-3.4)
25-44 96/463 (20.7) 78/338 (23.1) 1.3 (0.9-2.0) 128/418 (30.6) 1.5 (1.0-2.1)t
45-64 44/463 (9.5) 35/338 (10.4) 1.4 (0.9-2.4) 55/418 (13.2) 1.4 (0.9-2.2)
>65 23/463 (5.0) 9/338 (2.7) 0.6 (0.2-1.3) 21/418 (5.0) 1.1 (0.6-2.2)
Male 207/461 (44.9) 149/336 (44.4) 177/417 (42.5)
Black African 452/460 (98.3) 327/336 (97.3) 407/416 (97.8)
Year
2009 194/463 (41.9) 160/338 (47.3) Reference 25/418 (6.0) Reference
2010 72/463 (15.6) 37/338 (11.0) 0.6 (0.4-1.0)t 164/418 (39.2) 16.8 (10.1-27.9)
2011 98/463 (21.2) 140/338 (41.4) 1.7 (1.2-2.5) 124/418 (29.7) 9.5 (5.7-15.6)
2012 99/463 (21.4) 1/338 (0.3) 0.0 (0.0-0.1) 105/418 (25.1) 7.8 (4.7-13.0)

Co-infections and underlying medical conditions

HIV infection

Tuberculosis

Underlying medical condition
excluding tuberculosis, HIVE
Pregnancy

Pneumococcal co-infection
detected by PCR

112/311 (36.0)
42/458 (9.2)
34/460 (7.4)

3/251 (1.2)
23/310 (7.4)

110/271 (40.6)

170/352 (48.3)

34/335 (10.2) 38/411 (9.3)
31/336 (9.2) 38/417 (9.1)
2/187 (1.1) 3/24 (1.3)
25/286 (8.7) 32/325 (9.9)

Clinical presentation and course
Temperature >38°C
Cough§
Tachypnea§
Difficulty breathing§
Chest wall indrawing§
Stridor§
Symptoms >3 d before
admission
Admitted to ICU
Mechanical ventilation needed
Supplemental oxygen needed
Antimicrobial drugs prescribed
on admission
Hospitalized for >2 d

181/364 (49.7)
255/264 (96.6)
99/250 (39.6)
188/264 (71.2)
96/264 (36.4)
30/264 (11.4)
206/452 (45.6)

4/457 (0.9)
3/457 (0.7)
138/457 (30.2)
402/421 (95.7)

319/451 (70.7)

141/287 (49.1)

138/407 (33.9)

162/167 (97.0) 163/170 (95.9)
73/161 (45.3) 62/159 (39.0)
125/167 (74.9) 111/170 (65.3)
77/167 (46.1) 56/170 (32.9)
20/167 (12.0) 36/170 (21.2)
153/335 (45.7) 239/415 (57.6)
3/336 (0.9) 4/411 (1.0)
1/336 (0.3) 4/411 (1.0)
117/336 (34.8) 144/411 (35.0)
321/335 (95.8) 384/395 (97.2)

255/332 (76.8)

323/407 (79.4)

No. deaths/no. patients (case-
fatality ratio)

13/459 (2.8)

5/334 (1.5)

16/412 (3.9)

*Pos, positive; RRR, relative risk ratio; ICU, intensive care unit. An expanded version of this table is available in the online Technical Appendix

(http://wwwnc.cdc.gov/ElID/article/20/7/13-1869-Techapp1.pdf).

1p<0.05.

FAsthma, other chronic lung disease, chronic heart disease (valvular heart disease, coronary artery disease, or heart failure excluding hypertension), liver
disease (cirrhosis or liver failure), renal disease (nephrotic syndrome, chronic renal failure), diabetes mellitus, immunocompromising conditions excluding
HIV infection (organ transplant, immunosuppressive therapy, immunoglobulin deficiency, malignancy), neurologic disease (cerebrovascular accident,
spinal cord injury, seizures, neuromuscular conditions), or pregnancy. Concurrent conditions were considered absent for patients for whom the medical
records stated that the patient had no underlying medical condition or when there was no direct reference to that condition.

§Patients <5 y of age.

varied from 2009 (the year of the A(HIN1)pdm09 pan-
demic) to 2012. Characteristics of patients hospitalized
with SARI differed by infection with different influenza
types and subtypes, particularly with regard to age and
co-infection with HIV. In South Africa, the age dis-
tribution of those hospitalized with influenza during
the second wave of the A(HIN1)pdm09 pandemic was
more similar to the age distribution of those infected by
seasonal influenza types and subtypes (a bimodal distri-
bution with a peak in young adults 25-44 years of age)
than to that of those who experienced severe disease

during the first wave of the A(HIN1)pdm09 pandemic
(18). This age distribution of respiratory influenza infec-
tion in South Affrica is driven by the high prevalence of
HIV infection among young adults in South Africa be-
cause HIV-infected adults are at increased risk for severe
disease from influenza virus infection (/8). In South Africa
in 2009, the prevalence of HIV infection among the total
population was 11% (23) and the prevalence among
women attending antenatal care was 29% (24). In other
settings, infection with influenza B virus is associated
with less severe disease than is infection with influenza
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Table 2. Characteristics of patients hospitalized with influenza A(H1N1)pdm09-associated severe acute respiratory illness, by wave, 4

sites, South Africa, 2009-2012*

A(H1N1)pdm09
First wave (2009), Second wave (2011), Crude OR (95%  Adjusted OR
Characteristic no. pos/no. tested (% pos) no. pos/no. tested (% pos) Cl) (95% ClI)
Age group, y
<5 87/160 (54.4) 67/140 (47.9) Reference Reference
5-24 31/160 (19.4) 12/140 (8.6) 0.5(0.2-1.1) 0.6 (0.3-1.4)
25-44 24/160 (15.0) 42/140 (30.0) 2.3(1.34.1) 2.8 (1.5-5.1)
45-64 13/160 (8.1) 16/140 (11.1) 1.6 (0.7-3.6) 2.0 (0.9-4.6)
>65 5/160 (3.1) 3/139 (2.1) 0.8 (0.2-3.4) 1.1 (0.3-5.1)
Male 76/159 (47.8) 57/139 (41.1) 0.8 (0.5-1.2)
Black African 156/159 (98.1) 135/139 (97.1) 1.5 (0.3-7.0)
Site
Soweto 104/160 (65.0) 98/140 (70.0) Reference Reference
Klerksdorp Not applicable 12/140 (8.6) Not calculated  Not calculated
Pietermaritzburg 6/160 (3.8) 12/140 (8.6) 0.4 (0.2-0.7) 0.4 (0.2-0.8)
Agincourt 50/160 (31.3) 18/140 (12.9) 2.1(0.8-5.9) 2.7 (0.96-7.8)
Co-infections and underlying medical conditions
HIV-infected 47/119 (39.5) 49/117 (41.9) 1.1 (0.7-1.9)
Tuberculosis 18/158 (11.4) 12/139 (8.6) 0.7 (0.3-1.6)
Underlying medical condition 11/159 (6.9) 15/139 (10.8) 1.6 (0.7-3.7)

excluding tuberculosis, HIV

Pregnancy

2/83 (2.4)

0/82 (0)

Not calculated

Bacterial/viral respiratory co-infection
Pneumococcal co-infection
detected by PCR

15/129 (11.6)

7/127 (5.5) 0.4 (0.2-1.1)

Respiratory syncytial virus 2/153 (1.3) 11/140 (7.9) 6.4 (1.4-29.6)
Adenovirus 0/153 (0) 18/140 (12.9) Not calculated
Parainfluenzavirus 1, 2, or 3 10/160 (6.3) 3/140 (2.1) 0.3 (0.1-1.2)
Human metapneumovirus 6/153 (3.9) 1/140 (0.7) 0.2 (0.0-1.5)
Rhinovirus 16/153 (10.5) 11/140 (7.9) 0.7 (0.3-1.6)
Enterovirus 2/153 (1.3) 2/140 (1.4) 1.1(0.2-7.9)
Clinical presentation and course
Temperature >38°C 76/110 (69.1) 46/139 (33.1) 0.2 (0.1-0.4)
Cought 83/87 (95.4) 66/67 (98.5) 3.2(0.3-29.1)
Tachypneat 32/84 (38.1) 34/65 (52.3) 1.8 (0.9-3.4)
Difficulty breathingt 69/87 (79.3) 45/67 (67.2) 0.5(0.3-1.1)
Chest wall indrawingt 44/87 (50.6) 25/67 (47.3) 0.6 (0.3-1.1)
Stridort 4/87 (4.6) 11/67 (16.4) 4.1 (1.2-13.4)
Tachycardiat 44/87 (50.6) 43/67 (64.2) 1.8 (0.9-3.4)
Diarrheat 16/87 (18.4) 9/67 (13.4) 0.7 (0.3-1.7)
Unable to eatt 29/87 (33.3) 11/67 (6.4) 0.4 (0.2-0.9)
Vomiting 26/87 (29.9) 22/67 (32.8) 1.1 (0.6-2.3)
Lethargyt 19/87 (21.8) 10/67 (14.9) 0.6 (0.3-1.5)
Symptoms >3 d before admission 58/158 (36.7) 74/139 (53.2) 2.0 (1.2-3.1)
Admission to intensive care unit 1/159 (1.0) 2/139 (1.4) 2.3(0.2-25.7)
Mechanical ventilation needed 0/159 (0) 1/139 (1.0) Not calculated
Supplemental oxygen needed 37/159 (23.3) 61/139 (43.9) 2.6 (1.6-4.2)
Antimicrobial drugs prescribed on 151/158 (95.6) 134/139 (96.4) 1.2 (0.4-4.0)
admission
Duration of hospitalization >2 d 117/157 (74.5) 107/138 (77.5) 1.2 (0.7-2.0)
No. deaths/no. patients (case-fatality 2/158 (1.3) 2/138 (1.5) 1.1 (0.2-8.3)
ratio)

*Pos, positive; OR, odds ratio.
1Patients <5 y of age.

A(H3N2) virus (4—6). We found that hospitalization with
influenza B virus infection was associated with HIV in-
fection. This finding suggests that underlying immuno-
suppression can trigger severe influenza illness requiring
hospitalization for infection caused by virus types, such
as influenza B, that can cause milder illness in immuno-
competent persons.

Unlike case-fatality rates and disease severity previ-
ously reported from South Africa and other countries,

we found no differences in case-fatality rates or severity
in South Africa during the years studied among the virus
types and subtypes or between the first and second waves
of the A(HIN1)pdmO09 pandemic. Previous excess death
models have suggested increased deaths in years when
influenza A(H3N2) virus circulated in South Africa (7).
The contrast between case-fatality and severity found
in this analysis and that observed in previous studies in
South Africa might be the result of different methods
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or different study periods. Although our study was con-
ducted over fewer years and might have had less pow-
er to detect differences at a population level, we were
able to look at markers of severity in individual cases
and to compare different waves of A(HIN1)pdmO09
virus infection.

This study has several limitations. We compared in-
fluenza types and subtypes across 4 years, so some asso-
ciations might have resulted from changes in prevalence
of other diseases such as HIV over the same period. We
do not have data on nonrespiratory influenza disease,
which might have different associations with influenza
virus types and subtypes than respiratory influenza dis-
ease. Although obesity and pregnancy have been associ-
ated with infection with influenza A(HIN1)pdm09 virus,
we identified few case-patients who were pregnant, and
obesity was not included in our analysis because so few
obese case-patients were identified by surveillance. Other
factors and conditions, such as neuromuscular disorders
that are associated with severe influenza disease, might
be associated with specific types and subtypes, but we
were unable to evaluate this association because of the
small number of patients with these conditions. Patients
were not enrolled on weekends, which could introduce
bias if patients had more or less severe disease on week-
ends than patients enrolled during the week. Last, most
patients were identified at a single surveillance site, so the
results might more strongly reflect differences observed at
that site.

Vaccination remains the best way to prevent influenza
infection. Influenza vaccination coverage is very low in
South Africa (25). In that country, influenza vaccination is
recommended for HIV-infected persons (26), and efforts
should be made to encourage higher vaccine coverage.
Although differences exist between infection with differ-
ent influenza types and subtypes, particularly with regard
to age distribution and co-infections, it can be difficult for
the clinician to differentiate infection by different types
and subtypes for individual patients. Current treatment rec-
ommendations do not differ according to the subtype with
which a patient is infected, in part because it is not common
to type and subtype the virus in individual patients in time
for clinical decision-making.

This work was supported by the Centers for Disease
Control and Prevention, Atlanta, Georgia, USA, and the
National Institute for Communicable Diseases, Johannesburg,
South Africa.

Dr Cobhen is a pediatrician, medical epidemiologist, and di-
rector of the Influenza Program at the Centers for Disease Control
and Prevention—South Africa, Pretoria, South Africa. His research
interests involve public health in the fields of pneumonia and
global child health.
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Deaths Attributable to
Carbapenem-Resistant
Enterobacteriaceae Infections

Matthew E. Falagas,' Giannoula S. Tansarli,' Drosos E. Karageorgopoulos,'
and Konstantinos Z. Vardakas'

We evaluated the number of deaths attributable to
carbapenem-resistant Enterobacteriaceae by using studies
from around the world published before April 9, 2012. At-
tributable death was defined as the difference in all-cause
deaths between patients with carbapenem-resistant infec-
tions and those with carbapenem-susceptible infections.
Online databases were searched, and data were qualita-
tively synthesized and pooled in a metaanalysis. Nine stud-
ies met inclusion criteria: 6 retrospective case—control stud-
ies, 2 retrospective cohort studies, and 1 prospective cohort
study. Klebsiella pneumoniae was the causative pathogen
in 8 studies; bacteremia was the only infection in 5 studies.
We calculated that 26%—-44% of deaths in 7 studies were
attributable to carbapenem resistance, and in 2 studies,
which included bacteremia and other infections, —-3% and
—4% of deaths were attributable to carbapenem resistance.
Pooled outcomes showed that the number of deaths was
significantly higher in patients with carbapenem-resistant
infections and that the number of deaths attributable to car-
bapenem resistance is considerable.

Carbapenem-resistant strains have emerged among spe-
cies belonging to the Enterobacteriaceae family (1,2).
Carbapenemases are a class of enzymes that can confer
resistance to carbapenems and other B-lactam antibiotic
drugs, but not all carbapenemase-producing isolates are
carbapenem-resistant (3,4). Among the known carbapen-
emases are Klebsiella pneumoniae carbapenemase (KPC)
and Verona integrin—encoded metallo-p-lactamase (VIM)
(5). Several outbreaks caused by carbapenem-resistant
Enterobacteriaceae (CRE) have been recorded in health
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care facilities around the world (6—13), and in some plac-
es, CRE have become endemic (/4—18). Serious concur-
rent conditions (3,4,/9-22) and prior use of fluoroquino-
lones (20,23,24), carbapenems (22,25), or broad-spectrum
cephalosporins (20,22) have been independently associated
with acquisition of infections caused by CRE.

Several studies have provided data regarding clinical
outcomes for CRE infections. However, controversy re-
mains concerning the number of deaths among persons in-
fected with CRE compared with the number among persons
infected with carbapenem-susceptible Enterobacteriaceae
(CSE) (23,26). In this context, the goal of our study was to
evaluate the number of deaths attributable to CRE infec-
tions by conducting a systematic review and metaanalysis
of the available data.

Methods

Literature Search

We performed a systematic search in the PubMed
(http://www.ncbi.nlm.nih.gov/pubmed/) and  Scopus
(http://www.scopus.com/home.url?zone=header&origin=s
earchbasic) databases on April 9, 2012, by using the fol-
lowing search terms: carbapenem-resistant or carbapen-
emase-producing or KPC and outcome or mortality. We
also conducted a hands-on search of the reference lists of
relevant studies to identify additional studies. Articles pub-
lished in languages other than English, French, German,
Italian, Spanish, or Greek were not evaluated.

Study Selection Criteria

Any article that compared death rates between CRE-
infected patients and CSE-infected patients was considered
eligible for inclusion in the review. Studies that reported
only on carbapenem-resistant isolates (without comparison

All authors contributed equally to this article.
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with susceptible isolates) were excluded, as were studies
that compared patients who had carbapenem-resistant in-
fections with patients who were not infected. Other exclud-
ed studies were those that did not distinguish the outcomes
for infected patients from those for colonized patients and
studies that reported on isolates resistant to a carbapenem
other than imipenem, meropenem, or doripenem. Studies
that compared infection-related but not all-cause deaths
among CRE-infected patients with those among CSE-in-
fected patients were excluded because of homogeneity of
the outcome analysis. Unpublished studies presented as ab-
stracts at scientific conferences were not eligible for inclu-
sion because of the low quantity of information provided in
these types of articles.

Data Extraction

Literature search, study selection, and data extraction
were performed independently by 2 of the authors (G.S.T.
and K.Z.V.). Any disagreement was resolved by consen-
sus in meetings with all investigators and by reviewing
the original articles to assess validity of the abstracted
data. Extracted data included study characteristics (au-
thor, design, country, period, number of patients) and
patient characteristics (type of infection, causative patho-
gen, and concurrent condition or severity of illness score
at admission). We also recorded the all-cause deaths in
each group of patients (CRE and CSE), deaths attributable
to carbapenem resistance, and the independent predictors
of all-cause deaths evaluated in the total population of
each study.

For studies in which analyses were performed for the
individual patient groups (CRE and CSE) rather than the
study population as a whole, we could not conclude wheth-
er carbapenem resistance predicted death. Thus, we did not
extract results from such studies.

Definitions and Outcomes

We compared 2 groups of patients: CRE-infected and
CSE-infected patients. The primary outcome of our analy-
sis was the comparison of all-cause deaths between CRE
and CSE groups with the same type of infection (i.e., bac-
teremia or pneumonia) caused by the same species (i.c., K.
pneumoniae). The secondary outcome was deaths attribut-
able to carbapenem resistance in Enterobacteriaceae infec-
tions. Attributable death was defined as the difference in
all-cause deaths between the 2 compared groups.

Carbapenem resistance was defined as the resistance
of a pathogen to imipenem, meropenem, or doripenem, ac-
cording to the susceptibility breakpoints that had been ap-
plied by the investigators of each study. Carbapenemase
production was not considered as carbapenem resistance if
the MIC of an antibiotic was within the susceptible range
according to those breakpoints.
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Statistical Analysis

We calculated pooled risk ratios (RRs) and 95% CIs
regarding deaths. The statistical heterogeneity between
studies was assessed by using the y* test (p<0.10 was
defined to indicate the presence of heterogeneity) and
the P2 index (for assessing the degree of heterogeneity)
(27). The random effects model was applied because we
considered the nonrandomized, comparative studies that
we analyzed to be heterogeneous by definition. We used
RevMan 5.1 software (Nordic Cochrane Centre of the Co-
chrane Collaboration, Copenhagen, Denmark) to perform
the metaanalysis.

Results

A total of 364 articles were retrieved during the search
process: 152 in PubMed, 207 in Scopus, and 5 from hands-
on searches of the reference lists of relevant studies. Of the
364 articles, 9 were considered eligible for inclusion in the
analysis (3,4,19,21-23,26,28,29). The study selection pro-
cess is depicted in the Figure. A total of 985 patients were
included in the 9 eligible studies.

The characteristics and outcomes of the included studies
are presented in the online Technical Appendix Table, http://
wwwnc.cdc.gov/ElD/article/20/7/12-1004-Techapp1.pdf.
Of the 9 studies, 8 were retrospective: 6 case-control stud-
ies with a total of 527 patients (3,/9,271-23,28) and 2 cohort
studies with a total of 296 patients (26,29). The remaining
study was a prospective cohort study with 162 patients (4).
The causative pathogen was K. pneumoniae in 8 studies
(3,4,21-23,26,28,29) and Escherichia coli in 1 study (19).
Among studies that provided relevant data, metallo-p-
lactamases were the carbapenemases produced by Entero-
bacteriaceae in 2 studies (3,4), and KPC and VIM were the
carbapenemases produced by Enterobacteriaceae in anoth-
er study (21). In 6 studies, bacteremia represented the only
infection or the majority of infections (3,4,719,21,22,26). In
another study, cases of bacteremia constituted 26% of all
infections (23). The remaining 2 studies included patients
with undetermined infections (28) or infections other than
bacteremia (29). An MIC of <4 pg/mL was considered the
susceptibility breakpoint for imipenem, meropenem, and
doripenem in 8 of the 9 studies (3,4,19,21-23,26,29); rel-
evant data were not provided by 1 study (28).

In 3 studies, CRE-infected and CSE-infected patients
had similar underlying diseases (21,23,28). However, in
3studies that provided specific relevant data, CRE-infect-
ed patients were more likely than CSE-infected patients
to experience heart or liver failure or malignancy or to
be transplant recipients (19,22,26). In 5 of the 9 studies,
concurrent condition scores or severity of illness scores
for the 2 groups of patients were compared by using the
Acute Physiology and Chronic Health Evaluation II se-
verity of disease classification system, Sequential Organ

171



RESEARCH

Articles identified and
screened in PubMed
database (N =152)

Y

Full-text articles
assessed for
eligibility (n = 31)

Articles screened during
hand-searching in the
references of relevent

studies (N=5)

Y

Full-text articles
assessed for
eligibility (n =5)

screened in Scopus
database (N = 207)

Articles identified and

Y

Full-text articles
assessed for
eligibility (n = 27)

Figure. Selection process for studies
included in a systematic review and
metaanalysis of deaths attributable to
carbapenem-resistant Enterobacteriaceae
infections. CRE, carbapenem-resistant
Enterobacteriaceae; CSE, carbapenem-
susceptible Enterobacteriaceae; KPC,
Klebsiella pneumoniae carbapenemase;
ESBL, extended-spectrum p-lactamase.

Articles excluded (N = 54)
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synthesis (N =9)

v

Studies included in the
quantitative synthesis
(metaanalysis) (N=9)

Failure Assessment scoring system, Pitt bacteremia score,
or Charlson comorbidity index (3,21,23,26,28). Of the 5
studies, 3 showed significantly higher scores for CRE-
infected than CSE-infected patients (/9,21,26). Compara-
tive data on the appropriateness of empirical antibiotic
treatment were provided by only 2 studies (4,26). Patients
with infections caused by CRE were more likely than
those with infections caused by CSE to receive inappro-
priate empirical treatment (88% vs. 39%, odds ratio 4.1,
95% CI 1.3-12.9).

Deaths

Reported all-cause deaths differed significantly be-
tween the 2 groups of patients in 5 of 9 studies (3,4,19,22,26).
The CRE-attributable deaths that we calculated varied from
26% to 44% in 7 studies (3,4,19,21,22,26,29) and were -3%
and -4%, respectively, in 2 studies (23,28).

Our pooled analysis of the 9 studies (985 patients)
showed that the death rate was higher among CRE-infected
than CSE-infected patients (RR 2.05, 95% CI 1.56-2.69)
(online Technical Appendix Figure). Moderate heterogene-
ity was detected between all studies (2= 51%). Subgroup
analysis was performed for studies that included only or

mostly patients with bacteremia. In 6 studies (718 patients),
the patients who had bacteremia caused by CRE had higher
death rates than those who had bacteremia caused by CSE
(RR 2.19, 95% CI 1.82-2.63) (online Technical Appendix
Figure) (3,4,19,21,22,26). No heterogeneity was detected
among these studies. Three studies (267 patients) provided
data regarding patients with bacteremia or other infections
(23,28,29). The death rate did not differ between CRE-in-
fected patients and CSE-infected patients in those studies
(RR 1.46, 95% CI 0.47-4.49) (online Technical Appendix
Figure). Considerable heterogeneity was detected among
studies (I>=77%).

Predictors of Death

We performed a multivariable analysis of deaths for
the total study population in 7 of the 9 studies (3,4,21—
23,26,29); in 6 of the 7 studies, adjustment was made
for concurrent condition score or severity of illness score
(3,4,21,23,26,29). In 7 studies, higher concurrent condition
score at hospital admission or more severe patient condi-
tion independently predicted death (3,4,2/-23,26,29). Five
studies showed that carbapenem resistance was indepen-
dently associated with death (3,4,22,26,29), and another
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study, which did not specifically analyze carbapenem re-
sistance, showed that KPC production was an independent
predictor of death (21).

Discussion

The main finding of this metaanalysis is that the rate
of CRE-attributable deaths ranged from 26% to 44% in 7
studies (3,4,19,21,22,26,29) and was —3% and —4%, re-
spectively, in 2 studies (23,28). Furthermore, CRE-infected
patients had an unadjusted number of deaths 2-fold higher
than that for CSE-infected patients.

Six of the included studies showed significantly more
deaths among CRE-infected than CSE-infected patients
(3,4,19,22,26,28). In the 3 remaining studies, the lack of
a significant difference in death rates for the CRE-infected
and CSE-infected patients could be explained by the simi-
larity of underlying disease characteristics for the 2 groups
of patients (27,23,28). On the contrary, in the 3 studies that
provided relevant data, concurrent condition scores or se-
verity of illness scores were higher in CRE-infected than
CSE-infected patients (/9,22,26). In 2 studies, the Acute
Physiology and Chronic Health Evaluation II score was in-
dependently associated with death (3,23).

A critical finding of our metaanalysis is that the num-
ber of deaths was 2-fold higher among patients with bacte-
remia caused by CRE than among patients with bacteremia
caused by CSE (3,4,19,21,22,26). However, a significant
difference in death rates was not detected between the 2
compared groups in studies reporting on patients with un-
determined infections, patients with infections other than
bacteremia, or patients among whom the percentage of
bacteremia cases was low (23,28,29). Therefore, it could
be suggested that the higher rate of death among patients
with CRE infections, compared with CSE infections, is due
to the higher rate of death among patients with bacteremia
caused by CRE. The smaller number of patients included
in this subgroup analysis (267 patients) compared with the
number in the group who had bacteremia as the only infec-
tion (718 patients), along with the considerable heterogene-
ity among the included studies, but not among the type of
infection, may justify the absence of statistical significance.
Apart from the sample size, other variables that have not
been analyzed might have affected the strength of the death
(or outcomes) analysis. Additional and larger studies re-
porting on infections other than bacteremia could elucidate
this issue.

Many factors other than underlying concurrent con-
dition or severity of illness at the initial medical visit
could be responsible for the higher rate of death among
patients with infections caused by CRE. A key relevant
factor could be the higher frequency of inappropriate em-
pirical treatments among the CRE patients. Only 2 of the
included studies provided comparative data for patients
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who received appropriate empirical antibiotic treatment
(4,26). Those studies showed that patients with infections
caused by CRE were significantly more likely than those
infected by CSE to receive inappropriate antibiotic treat-
ment. In addition, another study showed that inappropriate
empirical antibiotic treatment was independently associ-
ated with death in patients infected with KPC-producing
K. pneumoniae (30). Apart from empirical treatment,
the antibiotics used for treatment might be less effective
against carbapenem-resistant infections as well. There are
few published clinical data available on the effectiveness
of colistin, tigecycline, fosfomycin, and gentamicin (which
are likely to be active in vitro against CRE) for the treat-
ment of CSE infections. From a pharmacokinetic—pharma-
codynamic perspective, these agents might be suboptimal
for the treatment of serious CRE infections, particularly
bloodstream infections (37).

Five studies showed that carbapenem resistance
(3,4,26,29) or KPC production (21) were independent pre-
dictors of death after adjustment for concurrent condition
or severity of illness. KPC ST258, a widely distributed
clone of KPC-producing K. pneumoniae, is considered a
successful pathogen because of its ability to persist and
spread, causing nosocomial outbreaks (32).

Data regarding the association between carbapenem
resistance and virulence are scarce. In vivo and in vitro
findings froml study argued that carbapenem-resistant
K. pneumoniae isolates are less virulent and fit than car-
bapenem-susceptible isolates in an antibiotic-free environ-
ment (33).This reduction in virulence and fitness was due
to the loss of the major porins OmpK35/36 (through which
B-lactams penetrate into K. pneumoniae isolates) and the
presence and expression of OmpK26 in the resistant isolates.

In addition, the number of deaths attributable to CRE
infections varied between studies; the susceptibility profile
of the microbes in the control groups could have an influ-
ence on this outcome. Metaanalyses have shown that death
rates are higher among patients with infections caused by
extended-spectrum B-lactamase—producing or multidrug-re-
sistant Enterobacteriaceae isolates than among patients with
infections caused by non—extended-spectrum B-lactamase or
non—-multidrug-resistant isolates (34—36). However, the type
of infections, concurrent conditions, prior antibiotic use, and
length of preinfection hospital stay could also have played
a role in the observed differences in attributable death in
our metaanalysis. Also, the virulence characteristics of the
carbapenem-resistant isolates may differ among isolates
with different types of carbapenemases or among strains that
belong to different clones. This is important because some
of the studies might have only included clonal isolates (e.g.,
KPC isolates in an endemic setting), and others might have
included isolates from different clones (e.g., VIM producers
that are typically polyclonal).
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It should be emphasized that the findings of this sys-
tematic review and metaanalysis may not apply to the cur-
rent Clinical and Laboratory Standards Institute breakpoints
for carbapenem susceptibility; in 2010, the susceptibility
breakpoint for imipenem, meropenem, and doripenem was
lowered from 4 pg/mL to 1 pg/mL (37). There were no
available data among the included studies that we could use
to classify deaths according to the new breakpoints.

Our study findings should be interpreted in light of cer-
tain other limitations. The effect of the possible confound-
ing factors (i.e., concurrent condition, severity of illness)
on death could not be detected in the pooled analysis be-
cause only unadjusted data were entered. Furthermore, 8
of the 9 included studies had a retrospective study design.
Data from such studies may be suboptimal compared with
data from prospective studies, but this could not be tested
due to the lack of prospective studies.

In conclusion, our findings suggest that the number of
deaths attributable to carbapenem resistance is considerably
high among persons with Enterobacteriaceae infections.
Further original studies are needed to determine the reason(s)
for the increased risk for death from carbapenem-resistant
isolates versus carbapenem-susceptible isolates. Our find-
ings imply a need for strict infection control measures and
a need for new antibiotics to protect against CRE infections.
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Undiagnosed Acute
Viral Febrile llinesses, Sierra Leone

Randal J. Schoepp, Cynthia A. Rossi, Sheik H. Khan, Augustine Goba, and Joseph N. Fair

Sierra Leone in West Africa is in a Lassa fever—
hyperendemic region that also includes Guinea and Li-
beria. Each year, suspected Lassa fever cases result in
submission of ®500-700 samples to the Kenema Govern-
ment Hospital Lassa Diagnostic Laboratory in eastern Si-
erra Leone. Generally only 30%—40% of samples tested
are positive for Lassa virus (LASV) antigen and/or LASV-
specific IgM; thus, 60%—70% of these patients have acute
diseases of unknown origin. To investigate what other ar-
thropod-borne and hemorrhagic fever viral diseases might
cause serious illness in this region and mimic Lassa fever,
we tested patient serum samples that were negative for
malaria parasites and LASV. Using IgM-capture ELISAs,
we evaluated samples for antibodies to arthropod-borne
and other hemorrhagic fever viruses. Approximately 25%
of LASV-negative patients had IgM to dengue, West Nile,
yellow fever, Rift Valley fever, chikungunya, Ebola, and
Marburg viruses but not to Crimean-Congo hemorrhagic
fever virus.

he West African country of Sierra Leone is located in

a Lassa fever—hyperendemic region that also includes
Guinea and Liberia. The causative agent of Lassa fever is
Lassa virus (LASV), a member of the Arenaviridae family.
Lassa fever is a severe, often fatal, hemorrhagic illness; the
virus causes 100,000-300,000 infections and 5,000 deaths
each year in the region (/).

In 2002, Sierra Leone emerged from a brutal 11-year
civil war that left the country with little infrastructure and
much of its formal economy destroyed. Today Sierra Le-
one is undergoing substantial economic growth; however,
poverty, unemployment, and inadequate health care remain

Author affiliations: US Army Medical Research Institute of Infec-
tious Diseases, Fort Detrick, Maryland, USA (R.J. Schoepp, C.A.
Rossi); Kenema Government Hospital, Kenema, Sierra Leone
(S.H. Khan, A. Goba); and Metabiota, San Francisco, California,
USA (J.N. Fair)
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major challenges. Through the Mano River Union—Lassa
Fever Network, a variety of organizations are building di-
agnostic capacity for Lassa fever that will lead to better un-
derstanding of the disease and its treatment (2—5). These
scientific efforts are centered in eastern Sierra Leone at the
Kenema Government Hospital (Kenema, Sierra Leone)
within the Lassa fever-hyperendemic region (Figure). The
Lassa Fever Ward, a 16-bed facility on the hospital grounds,
is dedicated to treating patients suspected of having Lassa
fever and is supported by the Lassa Diagnostic Laboratory.

Each year, suspected Lassa fever infections result in
submission of ~500-700 samples to the Kenema Govern-
ment Hospital Lassa Diagnostic Laboratory (J. Bangura,
unpub. data). Samples come from throughout the Lassa
fever-hyperendemic region and initially are screened for
malaria by thick blood smear and, if negative, are tested
for LASV. LASV infection is determined by the presence
of virus detected by an antigen-detection ELISA and by
the presence of IgM determined by using an IgM-capture
ELISA. Generally only 30%—40% of samples tested are
positive for LASV antigen and/or LASV-specific IgM;
therefore, 60%—70% of patients have acute diseases of
unknown origin. We investigated what other arthropod-
borne and hemorrhagic fever viral diseases might be
causing serious illness in the region and confounding the
diagnosis of Lassa fever. We tested samples from these
patients using IgM-capture ELISAs to virus pathogens
that could occur in the region and mimic Lassa fever. We
tested for IgM to dengue virus (DENV), West Nile vi-
rus (WNV), yellow fever virus (YFV), Rift Valley fever
virus (RVFV), chikungunya virus (CHIKV), Ebola virus
(EBOV), Marburg virus (MBGV), and Crimean-Congo
hemorrhagic fever virus (CCHFV). Follow up analyses
included IgG ELISAs and/or confirmatory plaque-reduc-
tion neutralization tests (PRNTs). This study provides
a better understanding of the differential diagnoses for
Lassa fever in the region, which can lead to improved di-
agnostic capability and disease treatment.
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Materials and Methods

Patient Samples

Blood samples collected during October 2006—Octo-
ber 2008 from patients with suspected Lassa fever were
submitted to the Lassa Diagnostic Laboratory. Most sam-
ples were from acutely ill patients from eastern Sierra Le-
one; some were submitted from Liberia and a few from
Guinea. Samples were from patients whose illness met a
surveillance case definition for Lassa fever (Table 1) and
were processed as described elsewhere (5). Samples that
were malaria negative by thick blood smear and were from
patients whose illness failed to respond to antimicrobial
drugs were initially tested in the Lassa Diagnostic Labo-
ratory for LASV antigen by antigen detection ELISA and
for LASV-specific IgM by IgM-capture ELISA. LASV-
negative samples were then tested for IgM to DENV,
WNV, YFV, RVFV, and CHIKV before being transferred
to the US Army Medical Research Institute of Infectious
Diseases for additional testing for IgM to EBOV, MBGV,
and CCHFV. IgM-positive samples were tested for IgG by
ELISA and/or confirmatory PRNT, depending on the vol-
ume of sample available.

Research on human subjects was conducted in com-
pliance with US Department of Defense, federal, and state
statutes and regulations relating to the protection of human
subjects, and adhered to principles identified in the Bel-
mont Report (1979) (www.hhs.gov/ohrp/humansubjects/
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guidance/belmont.html). All data were gathered and hu-
man subjects research was conducted under an institutional
review board—approved protocol (no. HP-09-32).

Antigens and Antiserum

Viruses used in production of ELISA antigenic mate-
rials were the 4 DENVs (DENV-1 Hawaii, DENV-2 New
Guinea C strain [6,7], DENV-3 H87 strain, and DENV-
4 H241 strain [8]); WNV EG101 strain (9); YFV Asibi
strain (IgM ELISA) or YFV 17D strain (Connaught) (IgG
ELISA) (10); CHIKV Indo23574 strain; RVFV ZH 501
strain (/7); EBOV Zaire-76 strain (/2); MBGV Musoke
strain (/3); CCHFV IbAr10200 strain (/4); and LASV Jo-
siah strain (/5). The antigens were prepared and optimized
as previously described (/6). All viruses were propagated
at Biosafety Level 3 or 4, as appropriate. Briefly, the vi-
ruses were grown in appropriate continuous cell lines un-
til cytopathic effects were observed in 50%—75% of the
cells. Cell culture supernatants, used in the [gM- and IgG-
capture ELISAs, were clarified by centrifugation, inacti-
vated by treatment with 0.3% B-propiolactone, aliquoted,
and stored at —70°C. Cell lysates for the IgG sandwich
ELISAs were produced from virus-infected cell pellets
that were resuspended, sonicated, clarified, aliquoted,
and stored at —70°C. Virus-infected cell culture super-
natants and cell lysates were inactivated by y-irradiation
(3 x 10°rad) andsafety tested to ensure inactivation. Optimal
dilutions of antigens were determined by checkerboard
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Table 1. Case definition used to detect suspected Lassa fever at Kenema Government Hospital, Kenema, Sierra Leone, October

2006—October 2008*

Major criteria

Minor criteria

Known exposure to person with suspected Lassa fever
Abnormal bleeding (from mouth, nose, rectum, or vagina)
Edema of the neck and/or face

Conjunctivitis or subconjunctival hemorrhage
Spontaneous abortion

Petechial or hemorrhagic rash

Onset of tinnitus or altered hearing

Persistent hypotension

Elevated liver transaminases (aspartate aminotransferase higher than alanine

aminotransferase)

General myalgia or arthralgia
Headache

Sore throat

Vomiting

Abdominal pain/tenderness
Retrosternal pain

Cough

Diarrhea

Profuse weakness
Proteinuria

Leukopenia (leukocytes <4,000 pL)

*To be tested for suspected Lassa fever, a patient had to have a fever >38°C and not respond to appropriate antimalarial and antimicrobial drug treatment

within 72 h.

titrations against virus-specific antibodies. Negative or
mock antigens, both supernatant and cell lysate, used as
negative controls, were prepared from uninfected cell
monolayers as described above.

IgM-Capture ELISA

The IgM-capture ELISAs were performed as described
elsewhere (/7,18). Briefly, 96-well round bottom polyvi-
nyl chloride microtiter plates were coated with diluted goat
anti-human IgM heavy chain capture antibody overnight
at 4°C. The capture plates were washed, and then patient
samples, diluted 1:100, were added and incubated for 1 h at
37°C. With every assay, we included at least 1 known posi-
tive control serum sample to ensure assay was working.
and 4 known negative control serum samples were used
to determine assay cutoff. After washing the plates, the in-
activated cell culture supernatant antigen or mock antigen
was added, and the plates were incubated for 1 h at 37°C.
Unlike the other assays that used a single virus strain, the
DENV IgM ELISA antigen was a mixture of all 4 viruses
and was recognized by antibodies against each (/9). Sam-
ples were tested in duplicate against each virus and mock
antigen. After the plates were washed, a secondary detector
antibody (mouse or rabbit polyclonal serum antibody titers
raised against the target virus) was added, and the plates
were incubated for 1 h at 37°C. After additional washing,
horseradish peroxidase (HRP)-labeled antidetector species
antibody (goat anti-mouse IgG, heavy and light chain, or
HRP-labeled goat anti-rabbit IgG, heavy and light chain),
was added to the mixture, and the plates were incubated
for 1 h at 37°C. The plates were washed again, ABTS (2,
2' -azino-di[3-ethylbenzthiazoline-6-sulfonate]) substrate
was added, and the plates were incubated for 30 min at
37°C. The optical densities (OD) were determined at 410
nm in an automated ELISA reader. We determined an ad-
justed OD for each sample by subtracting the average mock
antigen OD from the average positive antigen OD. For each
assay, the mean deviation and SD of the adjusted ODs were
determined for all 4 negative control samples. The cutoff
of each assay was the mean OD plus 3 SDs rounded up to
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the nearest tenth. This OD was typically 0.2. A sample was
considered positive if the OD was greater than or equal to
this OD cutoff.

IgG ELISA

We conducted the IgG ELISAs on selected serum
samples using a modification of the IgM-capture ELISAs
described above. Briefly, polyvinyl chloride microtiter
plates were coated with inactivated cell lysate or mock
antigen overnight at 4°C (/9). To detect RVFV IgG, we
used a sandwich IgG ELISA; plates were coated with an
RVFV-specific nucleocapsid monoclonal antibody over-
night at 4°C to capture inactivated cell culture supernatant
onto the plate surface (1 h at 37°C) (/8). Antigen-coated
plates were washed; diluted patient samples (1:100) were
added, and plates were incubated for 1 h at 37°C. Samples
were tested in duplicate against each virus and mock an-
tigen, and we included at least 1 known positive control
sample and 4 known negative control samples with every
assay. After the plates were washed, diluted HRP-labeled
mouse anti-human IgG (Fc-specific) conjugate was added,
and the plates were incubated for 1 h at 37°C. After again
washing the plates, ABTS substrate was added, and the
plates were incubated for 30 min at 37°C, and the absor-
bance at 410 nm was determined. Mathematical calcula-
tions and assay cutoffs were determined as described for
the IgM-capture ELISA.

PRNT

PRNTSs were conducted on selected serum samples as
described elsewhere (20). Briefly, heat-inactivated serum
samples were diluted 4-fold from 1:10 to 1:10,240 and
were tested for their ability to neutralize =100 PFU of the
challenge virus. Each sample dilution was tested in dupli-
cate. Both known positive and negative control serum sam-
ples were included with every assay. Serum—virus mixtures
were incubated overnight at 4°C and then inoculated onto
85%—100% confluent monolayers of the appropriate cell
lines grown in 6-well tissue culture plates. After incubation
for 1 h at 37°C, a nutrient 0.5%—1% agarose overlay was
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added, and plates were incubated at 37°C for the appropri-
ate number of days for the virus, then stained with a second
overlay containing 4%—5% neutral red; plaques were count-
ed 2448 h later. To detect a wider range of viruses neutral-
ized by the serum, we recorded the reciprocal of the highest
serum dilution reducing 50% of the plaque assay dose. A
titer >10 was considered positive. The virus strains used
in the PRNT were the same as the strains used for ELISA
antigen, with the exception of WNV(NY99 strain) (21). In
addition, the PRNT used the alphaviruses, o’nyong-nyong
(ONNYV), Semliki Forest (SFV), and Sindbis (SINV); and
the ebolaviruses, Sudan Gulu strain (SUDV) and Tai Forest
(Cote d’Ivoire) virus (TAFV).

Results

We tested serum samples from 253 patients submit-
ted to the Lassa Diagnostic Laboratory during 20062008
for IgM to the arthropod-borne and hemorrhagic fever vi-
ruses of interest (Table 2). Because of limited amounts
of serum, not all samples were tested for antibodies to
all viruses. Of the arthropod-borne viruses, the preva-
lence of DENV antibodies (4.3%) was highest, followed
by CHIKYV (4.0%). The prevalences of other viruses were
<3.0%; WNV, 2.8%; YFV, 2.5%; and RVFV, 2.0% of
patients tested. No antibodies to the tick-borne virus,
CCHFV, were found in any samples tested. Antibody
prevalence to the hemorrhagic fever viruses, EBOV and
MBGYV, were 8.6% and 3.6%, respectively.

Samples positive for IgM and with sufficient volumes
were tested for IgG. Of the 11 DENV IgM—positive pa-
tients, 6 (2.4% of total) were IgM positive only (Table 2).
Of the 7 WNV IgM—positive patients, 3 (1.2%) were IgM
positive only. Of the 10 CHIKV IgM—positive patients, 5
(2.0%) were IgM positive only. Of the 8 MBGV IgM—pos-
itive patients, 7 (3.2%) were IgM positive only. No IgG
was detected in the patients identified as IgM positive for
YFV, RVF, or EBOV. Two patients were IgM positive for
both EBOV and MBGV; 1 sample neutralized EBOV in
PRNT and 1 did not. MBGV PRNTSs were not possible
because of a lack of positive control serum samples. No
IgM-only samples reacted in >1 flavivirus assay. Testing
of patients with undiagnosed acute febrile illness for an-
tibodies against the 8 viruses suggested a possible cause
for illness in 25.7% of the patients originally suspected of
having Lassa fever; of these, 19.4% demonstrated only an
IgM response, suggesting an acute infection.

Malaria parasites and LASV are known to occur in the
region, and we excluded samples with evidence of either
because of our interest in undiagnosed acute febrile illness-
es. However, the sample group was tested for LASV IgG
to better understand the prevalence of Lassa fever. Of 237
patients, 25.5% were positive for LASV-specific IgG (data
not shown). Because of the high number of IgG-positive
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Table 2. Patients’ antibody reactions to arthropod-borne and
hemorrhagic fever virus antigens, Lassa Diagnostic Laboratory,
Kenema, Sierra Leone, October 2006—October 2008

No. positive /total No. IgM only
Virus (%) positive/total (%)
Dengue 11/253 (4.3) 6/250 (2.4)
West Nile 7/253 (2.8) 3/250 (1.2)
Yellow fever 5/201 (2.5) 5/201 (2.5)
Rift VValley fever 5/253 (2.0) 5/253 (2.0)
Chikungunya 10/253 (4.0) 5/253 (2.0)
Ebola 19/220 (8.6) 18/219 (8.2)
Marburg 8/220 (3.6) 7/219 (3.2)
Crimean-Congo 0/220 Not tested
hemorrhagic fever
Total 65/253 (25.7) 49/253 (19.4)

*Detected by IgM-capture ELISA in serum samples submitted to Lassa
Diagnostic Laboratory (Kenema, Sierra Leon) for suspected Lassa fever.
All samples tested were malaria negative by thick blood smear and Lassa
virus negative by antigen detection and IgM-capture ELISA when initially
tested. Samples with sufficient volumes were tested for the presence of
IgG to determine samples that were IgM positive only.

patients, we retested the samples for LASV IgM and dem-
onstrated that 7 (3.0%) of the patients tested had LASV-
specific IgM.

Antibodies detected by ELISA cross-react, especially
within a genus and particularly for antibodies elicited by
alphaviruses and flaviviruses. Immunodiagnosis conven-
tionally is confirmed by virus isolation or a rise in PRNT
titer (22). We did not attempt to isolate viruses because the
samples were heat inactivated to protect the laboratory per-
sonnel. Confirmation by PRNT ideally uses paired serum
samples (acute- and convalescent- phase), demonstrating a
4-fold rise in titer. In our retrospective study, we had only
acute-phase serum samples, but we performed PRNTs in
an attempt to clarify the specific viruses causing severe
disease in this region. Flavivirus-reactive patient serum,
positive for IgM only, was tested for its ability to neutral-
ize DENV-3, WNV, and YFV. Comparison of neutralizing
titers could not attribute a specific virus as the cause of dis-
ease, with the exception of YFV (data not shown). Three
of the 5 YFV IgM—positive serum samples demonstrated
neutralizing titers to YFV and not to the other flaviviruses
tested. These serum samples also were not reactive by IgM
ELISA to any of the other 8 viruses tested. CHIKV-reac-
tive patient serum, positive for IgM only, was tested for
its ability to neutralize CHIKV, ONNV, SFV, and SINV
(Table 3). Four of the 5 samples tested neutralized ONNV
to a greater degree than CHIKV. We found no correlation
between OD and neutralization titer. Five samples had evi-
dence of IgM against RVFV, none of which had evidence
of IgG. Of the 3 samples tested for neutralizing antibodies,
only 1 neutralized RVFV (data not shown). No other bun-
yaviruses were available for comparison.

Comparative PRNTs for the ebolaviruses used EBOV,
SUDYV, and TAFV, all of which are known to have circu-
lated in Africa. Eighteen samples were IgM positive only
by ELISA. Of these, 14 had sufficient volume for PRNT
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Table 3. Results of Immunologic assays for serum samples that
tested IgM positive only for alphaviruses, Lassa Diagnostic
Laboratory, Kenema, Sierra Leone, October 2006—October 2008*

CHIKV ELISA Alphavirus PRNT
Sample no. IgM IgG CHIKV ONNV SFV SINV
051-5 0.34  0.07 160 2,560 10 10
0551 0.34  0.00 160 2,560 <10 10
1321 1.32  0.00 640 2,560 40 <10
168-1 0.76  0.03 10 640 10 10

*Patient samples were tested for IgM and IgG reactivity in a CHIKV ELISA.
Samples with only IgM were tested for their ability to neutralize specific
alphaviruses, CHIKV, chikungunya virus; PRNT, plaque-reduction
neutralization test; ONNV, o'nyong-nyong virus; SFV, Semliki Forest virus;
SINV, Sindbis virus.

against all 3 ebolaviruses (Table 4). Eight of these neu-
tralized EBOV, 7 of which were 4 times more reactive to
EBOV than to the other ebolaviruses tested. One sample
was 4 times more reactive to SUDV, and 1 neutralized
TAFV but only at a 1:10 dilution. Four patient samples did
not neutralize any of the ebolaviruses tested. We found no
correlation between ELISA OD and neutralization titer.
We did not test samples with evidence of MBGV-specific
IgM by PRNT because no known neutralizing antibody
was available to use as a control.

Discussion

In West Africa, as in many regions of Africa, infec-
tious disease is part of everyday life. The cause of disease is
often unknown or incompletely understood because of non-
specific clinical features, lack of diagnostic laboratory sup-
port, or little or no knowledge about disease prevalence in a
region (23). Within the LASV-hyperendemic region, Lassa
fever is always possible, but early signs and symptoms are
similar to those of other viral, bacterial, and rickettsial dis-
eases, which can confound a clinical diagnosis (24). Our
aim was to investigate other viral diseases that cause acute
febrile illnesses originally thought be Lassa fever. We in-
vestigated arthropod-borne and hemorrhagic fever viruses
that were likely to occur in the region. More than 25% of
the LASV-negative patients had evidence of infection with
other arthropod-borne or hemorrhagic fever viruses.

Using only retrospective field-collected samples lim-
ited the analysis and thus our conclusions. In a prospective
study, patients would be sampled during the acute phase
and again during the convalescent phase of illness. Virus
isolations, antigen-detection ELISAs, and/or reverse tran-
scription PCR would be attempted on all acute-phase sam-
ples. Testing acute- and convalescent-phase serum would
enable both IgM and IgG testing and confirm positive re-
sults by a >4-fold increase in neutralizing titer. In this retro-
spective study we had only acute-phase samples; therefore,
our results can be considered presumptive only.

Because the samples submitted to the Lassa Diag-
nostic Laboratory were from patients with acute illness,
IgM-capture ELISAs were used to detect the earliest
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antibody elicited in response to viral infection. We found
evidence of IgM for flaviviruses (DENV, WNV, and
YFV); the bunyavirus RVFV; the alphavirus CHIKV; and
the filoviruses EBOV and MBGV (Table 2). We tested
IgM-positive samples for IgG when possible. Most sam-
ples exhibited only IgM or very low IgG levels, suggest-
ing acute-phase disease or the beginning of class switch-
ing (data not shown). Exceptions were the samples that
had CHIKYV antibodies; 6 of the 10 patients had higher
IgG than IgM against CHIKYV, suggesting late acute-
phase or early convalescent-phase infection.

PRNT is the laboratory standard for immunologic as-
says. It measures in vitro virus neutralization and is the
most virus-specific serologic test to confirm immunologic
test results. Testing CHIKV-positive serum demonstrated
that the patients were more likely to have been infected by
ONNYV, a related but separate virus species. The viruses
can be distinguished genetically by sequence analysis but
with greater difficulty by serologic testing (25). Antibod-
ies to the 2 viruses are generally distinguishable only by
PRNT. We demonstrated that the CHIKV ELISA we used
can detect antibodies to both viruses and confirmed the re-
sults by PRNT (Table 3). Most patient samples that reacted
in the CHIKV IgM ELISA were ONNV upon confirma-
tory testing in the PRNT (Table 3). PRNT results for other
viruses provided some additional information but at times
were incomplete because of limitations of available virus
strains or appropriate positive controls. We found clear
evidence for YFV infections in the samples tested, but data
were incomplete for other flaviviruses. PRNT results for
RVFV and MBGYV infections were similarly inconclusive.

Table 4. Results of immunologic assays for serum samples
testing IgM positive only for ebolaviruses, Lassa Diagnostic
Laboratory, Kenema, Sierra Leone, October 2006—October 2008*

ELISA PRNT
Sample no. IgM IgG EBOV SUDV TAFV
060-1 0.35 0.00 40 <10 <10
076-1 0.45 0.00 40 <10 10
085-1 0.20 0.00 40 <10 <10
090-1 0.26 0.06 40 <10 <10
118-2 0.23 0.00 40 <10 <10
119-1 0.24 0.06 <10 <10 <10
120-1 0.38 0.00 <10 <10 10
121-1 0.58 0.00 <10 <10 <10
1221 0.66 0.00 40 <10 <10
125-1 0.24 0.00 ND ND ND
129-2 0.37 0.00 <10 <10 <10
130-1 0.40 0.03 <10 40 <10
131-1 0.25 0.00 <10 <10 <10
132-1 0.21 0.09 ND ND ND
143-1 0.30 0.00 ND ND ND
1441 0.35 0.06 40 <10 <10
182-1 0.38 0.00 ND ND ND
261-1 0.29 0.00 10 <10 <10

*Patient samples were tested for IgM and IgG reactivity in an EBOV
ELISA. Samples with IgM only were tested for their ability to neutralize
specific ebolaviruses, PRNT, plaque-reduction neutralization test; EBOV,
Ebola virus; SUDV, Sudan Gulu strain; TAFV, Tai Forest (Cote d’lvoire)
viruses.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 7, July 2014



PRNT results for the ebolaviruses clearly indicated that
most resulted from EBOV infections (Table 4). We found
evidence that SUDV was responsible for 1 infection but
no evidence for TAFV infection, the only ebolavirus iso-
lated in West Africa. In the ebolavirus PRNTSs, we did not
include the newest discovered ebolavirus, Bundibugyo vi-
rus, which cross-reacts with EBOV in immunoassays (26).
Ebolavirus infections in Sierra Leone might be the result
of Bundibugyo virus or an ebolavirus genetic variant and
not EBOV.

Several arthropod-borne viruses are known to circu-
late in West Africa (23). Using ELISA to look for IgM and
IgG, we found indication of infections with the flavivi-
ruses DENV, WNV, and YFV; the bunyavirus RVFV; the
alphavirus CHIKV (shown to be ONNV by PRNT); and
the filoviruses EBOV and MBGV. Evidence of flavivirus
infections was not unexpected. DENV, WNV, and YFV
infections have been reported in Sierra Leone and the sur-
rounding region (23,27-30). CHIKV is thought to be en-
zootic in West Africa, maintained in a sylvatic cycle in-
volving nonhuman primates and 4edes species mosquitoes
(25). ONNV is a distinct virus species but closely related to
CHIKYV. CHIKYV fever is described throughout the region,
but ONNV disease has not been described in this immedi-
ate region. In 2003, an outbreak of ONNV was reported in
Cote d’Ivoire (31).

RVFV, a bunyavirus in the Phlebovirus genus, is en-
demic to East and South Africa, but may not be estab-
lished in West Africa (32-34). In this study, we found
evidence of RVFV IgM and confirmation of at least 1 of
them as neutralizing the virus. CCHFV, another bunyavi-
rus in the Nairovirus genus, circulates in West Africa, but
we found no evidence of CCHFYV infections in any patient
samples tested (35). The filoviruses represented the larg-
est group of patient samples that reacted in our study. This
finding was surprising because no filovirus has been re-
ported in the region or in West Africa other than the initial
isolation of TAFV in Cdte d’Ivoire (36). These serologic
results provide evidence that ebolaviruses are circulat-
ing and infecting humans in West Africa. All of the eb-
olavirus-reactive samples demonstrated only IgM and no
evidence of IgG, suggesting acute infection. PRNT results
indicated that the infecting virus was most closely related
to EBOV, except for 1 SUDV-reactive patient sample.
This finding was unexpected because our assumption was
that any ebolavirus would more likely be TAFV, the only
species described in West Africa. Although the serum
samples were able to neutralize EBOV only at a low level
(1:40 dilution), it is possible that the virus is an EBOV
genetic variant. This presumptive diagnosis of EBOV in-
fection extends the ebolavirus geographic region to Sierra
Leone and the surrounding region. The MBGV-reactive
samples, similar to the ebolavirus samples, had evidence
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only of IgM, suggesting acute infection. Unfortunately,
we were unable to determine whether the samples could
neutralize any MBGV because we were unable to acquire
a known neutralizing serum to use as a positive control.
Our presumptive results provide some insight into the
other viruses causing acute disease in the patients whose
samples were submitted to the Lassa Diagnostic Laboratory.
Although our results are not definitive, they demonstrate ar-
thropod-borne and hemorrhagic fever viruses that should be
considered when Lassa fever is suspected. These continued
studies will add to the body of knowledge for Lassa fever
and other arthropod-borne diseases and hemorrhagic fevers
that occur naturally within Sierra Leone and West Africa.
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Borrelia miyamotoi sensu lato
Seroreactivity and Seroprevalence
in the Northeastern United States

Peter J. Krause, Sukanya Narasimhan, Gary P. Wormser, Alan G. Barbour, Alexander E. Platonov,
Janna Brancato, Timothy Lepore, Kenneth Dardick, Mark Mamula, Lindsay Rollend,
Tanner K. Steeves, Maria Diuk-Wasser, Sahar Usmani-Brown, Phillip Williamson,

Denis S. Sarksyan, Erol Fikrig, Durland Fish, and the Tick Borne Diseases Group'

Borrelia miyamotoi sensu lato, a relapsing fever Bor-
relia sp., is transmitted by the same ticks that transmit B.
burgdorferi (the Lyme disease pathogen) and occurs in all
Lyme disease—endemic areas of the United States. To de-
termine the seroprevalence of IgG against B. miyamotoi
sensu lato in the northeastern United States and assess
whether serum from B. miyamotoi sensu lato—infected
persons is reactive to B. burgdorferi antigens, we tested
archived serum samples from area residents during 1991—
2012. Of 639 samples from healthy persons, 25 were posi-
tive for B. miyamotoi sensu lato and 60 for B. burgdorferi.
Samples from =10% of B. miyamotoi sensu lato—seroposi-
tive persons without a recent history of Lyme disease were
seropositive for B. burgdorferi. Our results suggest that
human B. miyamotoi sensu lato infection may be common
in southern New England and that B. burgdorferi antibody
testing is not an effective surrogate for detecting B. miya-
motoi sensu lato infection.

elapsing fever, an arthropod-borne infection caused
by several Borrelia spp. spirochetes, is transmitted by
ticks and lice (1,2). In 1995, Fukunaga et al. (3) discovered a
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novel relapsing fever spirochete in the hard-bodied (ixodid)
tick Ixodes persulcatus and named it Borrelia miyamotoi.
This discovery greatly expanded the potential geographic
range of relapsing fever borreliac for humans. Before this
finding, only soft-bodied ticks were known to transmit tick-
borne relapsing fever spirochetes to humans. In 2001, a
related spirochete was detected in /. scapularis ticks in the
northeastern United States (4); this and similar organisms
have been designated B. miyamotoi sensu lato to distinguish
them from the B. miyamotoi sensu stricto isolates from Japan
(5). A subsequent study showed that ticks in 15 states in the
northeastern and northern midwestern regions of the United
States are infected with B. miyamotoi sensu lato and have
an average prevalence of infection of 1.9% (range 0-10.5%)
(6). B. miyamotoi sensu lato has now been found in all tick
species known to be vectors of Lyme disease, including 1.
pacificus in the western United States, /. ricinus in Europe,
and I. persulcatus and I ricinus in Russia (7-9). The first
human cases of B. miyamotoi sensu lato infection were re-
ported from central Russia in 2011 (9). Several reports of B.
miyamotoi sensu lato infection in humans have subsequently
been published, including 3 in the United States, 1 in Europe,
and | in Russia (/0—/4). Some of these reports suggest that
B. miyamotoi sensu lato infection causes a nonspecific, vi-
rus-like illness. B. miyamotoi sensu lato and B. burgdorferi,
the agent of Lyme disease, share several antigens that might
cause cross-reactivity during serologic testing, which could
lead to a misdiagnosis.

There are few data on the seroprevalence of B. miya-
motoi sensu lato infection. To increase knowledge of the
seroprevalence of this infection, we used assays for anti-
bodies against B. miyamotoi sensu lato glycerophospho-
diester phosphodiesterase (GlpQ), a protein that is absent

"Members of the Tick Borne Diseases Group are listed at the end
of this article.
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from all Lyme disease Borrelia species (15), for evaluation
of >1,000 archived serum samples from persons living in
a Lyme disease—endemic region of the United States. We
also performed standard 2-tiered testing for B. burgdorferi
antibodies (/6). Our aim was to compare the seroprevalence
of B. miyamotoi sensu lato with that of B. burgdorferi. We
also sought to determine whether persons seropositive for
B. miyamotoi sensu lato would also have positive results
for standard B. burgdorferi antibody testing.

Materials and Methods

Study Population

The serum samples evaluated in our study were ob-
tained during 1991-2012 from 3 groups of persons living
in areas of the northeastern United States where Lyme dis-
ease is endemic. Group 1 consisted of 639 persons from
Block Island and Prudence Island, Rhode Island, and from
Brimfield, Massachusetts, who participated in serosurveys
for tick-borne infections. Persons participating in the se-
rosurvey were healthy at the time of blood sampling and
were enrolled during the spring and autumn of each year
(16). All participants were asked to respond to a question-
naire and to provide a blood sample for serologic analyses
of tick-borne infections.

Group 2 consisted of 194 patients from Block Island;
Nantucket, Massachusetts; Mansfield, Connecticut; and the
Lower Hudson Valley, New York, who were enrolled in
studies of tick-borne diseases. At or near the time of sample
collection, persons in this group were treated with doxycy-
cline, amoxicillin, or amoxicillin/clavulanic acid for acute
Lyme disease.

Group 3 consisted of 221 adult patients who experi-
enced a febrile illness in the late spring or summer without
features suggestive of an upper respiratory tract infection
or gastroenteritis. A subgroup of group 3 consisted of 17
patients from the Lower Hudson Valley who were enrolled
in a study during 1992-20009 to better characterize the clini-
cal and laboratory features of human granulocytic anaplas-
mosis as a single infection or as a co-infection with early
Lyme disease. Results for serologic testing, culture, buffy
coat examination for morulae, and/or PCR showed that
none of the patients was infected with Anaplasma phago-
cytophilum (17). All these patients resided in an area where
1. scapularis—transmitted infection is highly endemic and,
thus, had possible exposure to I. scapularis ticks. A sec-
ond subgroup of group 3 consisted of 204 adult patients
from Block Island, Mansfield, or Nantucket who had sus-
pected Lyme disease or babesiosis. Testing showed that 25
of these patients had babesiosis but none had Lyme disease
or anaplasmosis.

Serum samples were also obtained from 2 pa-
tients from the Udmurtia Republic, Russia, who had
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PCR-confirmed acute B. miyamotoi sensu lato infec-
tion. In addition, Creative Testing Solutions (Tempe,
AZ, USA) provided an aliquot of residual serum used
for blood screening from 300 blood donors who lived in
Tempe or in Miami, Florida.

De-identified serum samples were used in this study.
The study was approved by the Yale School of Public
Health Human Investigation Committee, the New York
Medical College Institutional Review Board, and the Uni-
versity of Connecticut Institutional Review Board.

Laboratory Procedures

Production of B. miyamotoi sensu lato

GlpQ Antigen

B. miyamotoi sensu lato glpQ from strain LB-2001
cloned into the prokaryotic expression vector pXT7 (18),
a derivative of pGEM4Z and pSP64T (Promega, Madison,
WI, USA), was transformed into BL21 Star (DE3)/pLysS
cells (Invitrogen, Carlsbad, CA, USA), and transformants
were used for protein production (6). The chromosome
sequence for the protein is in GenBank (accession no.
CP006647) (19). The 39.1-kDa recombinant GlpQ (rGlpQ)
containing an N-terminal His tag was purified over an
Ni-NTA Superflow affinity column (QIAGEN, Valencia,
CA, USA) as described by the manufacturer. Purity was
assessed by sodium dodecyl sulfate electrophoresis of ~1
pg of rGlpQ on a 4%-20% polyacrylamide gel and by Coo-
massie blue staining (Figure 1).

A B
1 2 kDa
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— a8 -
- 37

25
20 %

Figure 1. Polyacrylamide gel electrophoresis purification (A) and
Western blot analysis (B) of recombinant glycerophosphodiester
phosphodiesterase (rGlpQ). A) Coomassie blue staining of purified
Borrelia miyamotoi sensu lato rGlpQ (lane 1) and of Precision Plus
Protein Prestained Standards (Bio-Rad, Laboratories, Hercules,
CA, USA) (lane 2). B) Western blot analysis of B. miyamotoi sensu
lato—positive control mouse serum shows 39-kDa rGIpQ-specific
band (arrow).
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GlpQ Antibody ELISA

We developed a B. miyamotoi sensu lato IgG ELISA by
using 20 C3H/HelJ mice (Jackson Laboratory, Bar Harbor,
ME, USA). Ten of the mice were not infected. The other
10 age-matched mice were infected by using B. miyamotoi
sensu lato—infected /. scapularis nymphal ticks. A month
after the mice were infected, blood was obtained from all
20 mice for testing. Titrating concentrations of GlpQ pro-
tein and secondary antibody were tested in a checkerboard
assay to determine the optimal concentrations for detect-
ing B. miyamotoi sensu lato antibody. Results for the B.
miyamotoi sensu lato ELISA were positive for all 10 B.
miyamotoi sensu lato—infected mice and negative for all 10
uninfected mice.

To test the human serum samples, we coated ELISA
plates with 100 puL of 1 pug/mL GlpQ protein in phosphate-
buffered saline (PBS) and incubated the plates at 4°C for
18 h. We then added 300 pL of 1% bovine serum albumin
in PBS buffer to the plates and incubated them for 2 h
at room temperature. The plates were then emptied, and
serum was added at a 1:320 dilution and incubated for 1
h. If acute- and convalescent-phase serum samples were
available for a study participant, the initial dilution of the
acute-phase sample was 1:80, and convalescent-phase
samples were diluted to endpoint. The plates were then
washed 3 times with wash buffer, and 100 pL of goat an-
tihuman IgG secondary antibody was added at 0.002 mg/
mL, incubated for 1 h, and then washed 3 times. BluPhos
substrate (Kirkegaard & Perry, Gaithersburg, MD, USA)
was added and allowed to react for 20 min before absor-
bance at 630 nm was determined. B. miyamotoi sensu
lato—infected mouse serum was used as a positive con-
trol. As a negative control for each plate, we used serum
samples that were negative for B. miyamotoi sensu lato
antibody, as determined by ELISA and Western blot. The
serum was obtained from 3 healthy participants who had
no history of tick bite or tick-borne disease and who lived
in an area where Lyme disease is endemic. The serum
samples were tested by PCR for amplifiable B. miyamotoi
sensu lato DNA and were negative. For mouse and hu-
man serum samples, a signal >3 SD above the mean of 3
noninfected serum controls was considered positive for B.
miyamotoi sensu lato infection.

GlpQ Western Blot Antibody Assay

Purified GIpQ (500 ng) was electrophoresed on each
replicate lane of a precast mini 4%—20% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gel (Bio-Rad
Laboratories, Hercules, CA, USA) and transferred to a ni-
trocellulose membrane using the Bio-Rad MiniTrans Blot
Cell (Bio-Rad Laboratories). Replicate strips containing
rGlpQ were blocked overnight at 4°C in PBS (pH 7.2)/5%
dried milk/0.05% Tween 20. The blocked strips were then
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individually incubated with human serum at a 1:250 di-
lution at room temperature in PBS (pH 7.2)/2.5% dried
milk/0.05% Tween 20 for 1 h. The strips were then washed
3 times and incubated for 1 h with horseradish peroxidase—
conjugated rabbit anti-human IgG (Sigma-Aldrich, St. Lou-
is, MO, USA) or with horseradish peroxidase—conjugated
goat anti-human IgM (Invitrogen) at a 1:5,000 dilution in
PBS (pH 7.2)/2.5% dried milk/0.05% Tween 20. Bound
antibodies were detected by using Thermo Scientific Su-
perSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific, Inc., Rockford, IL, USA). Serum from
~10% of the study participants reacted to a ~55-kDa band,
presumably a trace contaminant copurified with the rGlpQ
generated in a bacterial expression system. Samples with
a 39-kDa band corresponding to GlpQ on positive control
mouse serum samples were considered GIpQ antibody—
positive (Figure 1).

PCR DNA Amplification

We used a B. miyamotoi sensu lato PCR as described
(4) to amplify B. miyamotoi sensu lato DNA in serum sam-
ples. B. burgdorferi DNA was amplified by using a stan-
dard PCR assay (/0).

B. burgdorferi Antibody Detection

We detected serologic evidence of exposure to B.
burgdorferi by using a whole-cell sonicate ELISA, C6
ELISA, or Western blot assay as described (16,20-22).
Specimens were considered positive according to the cri-
teria of the US Centers for Disease Control and Preven-
tion (http://www.cdc.gov/lyme/diagnosistesting/LabTest/
TwoStep/index.html).

Case Definitions

B. miyamotoi sensu lato—seropositive serum samples
were defined by the presence of B. miyamotoi sensu lato
antibody as determined by using ELISA and confirma-
tory Western blot assays for IgG alone or IgG plus IgM
antibody. B. burgdorferi seropositive serum samples were
defined by the presence of B. burgdorferi antibody as de-
termined by ELISA and supplemental Western blot IgM or
IgG assays.

Study participants were considered to have B. miya-
motoi sensu lato infection if they had exhibited a fever
>37.5°C and a >4-fold rise in antibody to B. miyamotoi
sensu lato GlpQ protein between acute- and convalescent-
phase serum samples, as determined by ELISA and con-
firmatory Western blot assays for IgG alone or IgG plus
IgM. The time between acute- and convalescent-phase
samples ranged from 2 wk to 2 mo. Study participants were
considered to have Lyme disease if they had a physician-
diagnosed erythema migrans skin lesion or a virus-like ill-
ness plus a test result that showed either PCR amplification
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of B. burgdorferi DNA in blood or B. burgdorferi sero-
conversion from negative to positive between acute- and
convalescent-phase serum samples.

Statistical Analysis

A 2-tailed Fisher exact test was used to compare the
frequency of B. miyamotoi sensu lato—seropositive and —
seronegative study participants in groups 1, 2, and 3. The
McNemar ¥* test was used to compare the seroprevalence
of B. miyamotoi sensu lato and B. burgdorferi among group
1 participants.

Results

Seroprevalence of B. miyamotoi sensu lato Infection

Serum samples from 52 of the 1,054 study participants
were seroreactive to B. miyamotoi sensu lato antigen by
rGlpQ ELISA and Western blot assay (Table 1). The per-
centage of B. miyamotoi sensu lato—seropositive persons
was greater among participants with Lyme disease (group 2;
19/194 [9.8%]) than among those who were healthy (group
1; 25/639 [3.9%], p<0.01 by Fisher exact test, odds ratio
[OR] 2.66 [range 1.35-5.16]) or those who had a febrile
illness in the late spring or summer (group 3; 8/221 [3.6%],
p<0.05 by Fisher exact test, OR 2.89 [range 1.17-7.81]). B.
miyamotoi sensu lato DNA could not be amplified from any
serum samples (including 27 acute-phase serum samples)
from the 52 participants who had test results positive for B.
miyamotoi sensu lato antibody.

Of the 639 serum samples from group 1 participants,
25 (3.9%) were seroreactive to B. miyamotoi sensu lato
antigen and 60 (9.4%) were seroreactive to B. burgdor-
feri antigen, as determined by using the standard 2-step
ELISA and Western blot procedure (McNemar y* test,
p<0.0001, OR 10.23 [range 7.84-13.57]). About half
(51%) of group 1 participants were male, and the mean
age of group 1 participants was 55 years (range 2—102).
There was no significant difference in the sex of the group
1 study participants who were seropositive for B. miyamo-
toi sensu lato (40% male) and those who were seroposi-
tive for B. burgdorferi (53% male; p = 0.34). The mean
age also did not differ significantly between participants
who were seropositive for B. miyamotoi sensu lato (59
years [+15]) and those who were seropositive for B. burg-
dorferi (61 years [£15]; p = 0.62).

Of the participants from Brimfield, Massachusetts,
9.3% (10/107) were seropositive for B. miyamotoi sensu
lato and 7.5% (8/107) were seropositive for B. burgdor-
feri, compared with 3.2% (15/474) and 11% (52/474), re-
spectively, of the participants from Block Island, Rhode
Island. None of the 58 participants from Prudence Island,
Rhode Island, were seropositive for B. miyamotoi sensu
lato or B. burgdorferi.
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Serodiagnosis of B. miyamotoi sensu lato Infection

To assess B. miyamotoi sensu lato ELISA and Western
blot assay accuracy in patients with confirmed B. miyamo-
toi infection, we tested acute- and convalescent-phase se-
rum samples from 2 patients in Russia with B. miyamotoi
sensu lato infection confirmed by real-time PCR—(9). Both
patients had a >4-fold rise in B. miyamotoi sensu lato GlpQ
antibody between acute- and convalescent-phase serum
samples (1:80 and 1:2,560, respectively, for 1 patient and
1:640 and 1:2,560, respectively, for the other), as deter-
mined by ELISA and confirmed by Western blot.

To assess B. miyamotoi sensu lato ELISA and Western
blot assay performance in persons at low risk for Lyme dis-
ease or B. miyamotoi sensu lato infection, we performed the
GlpQ ELISA on 300 serum samples from healthy blood do-
nors living in Tempe or Miami. For the 9 microtiter plates
used for this serosurvey, the mean and standard deviation
of the ELISA optical density values for 3 negative control
serum samples ranged from 0.108 to 0.136 and from 0.03
to 0.07, respectively. Of the 300 samples, 19 (6.3%) ex-
ceeded the mean of the negative control serum by >3 SDs,
but none was reactive by Western blot.

We determined whether B. miyamotoi sensu lato in-
fection might be misdiagnosed as Lyme disease in persons
whose serum was reactive by B. burgdorferi antibody test-
ing. Of the 36 B. miyamotoi sensu lato—seropositive study
participants without a clinical history of Lyme disease with-
in the previous 2 years, 7 (19.4%) had test results positive
for B. burgdorferi by 1gG and/or IgM ELISA, 6 (16.7%)
had test results positive for C6 ELISA, and 4 (11.1%) had
test results positive for standard 2-tier ELISA plus confir-
matory Western blot (Table 2). The 2-tier B. burgdorferi
ELISA and Western blot assay combination used in our
laboratory has a 2% false-positive rate.

Clinical Manifestations among Patients with
B. miyamotoi sensu lato Seroconversion

A clinical description of illness was available for 5
symptomatic patients who experienced a >4 fold rise in B. mi-
yamotoi sensu lato IgG and/or IgM antibody between acute-
and convalescent-phase serum samples, as determined by
ELISA and confirmatory Western blot assays (Western blot
data shown in Figure 2). Of the 5 patients, 4 were co-infected
with Lyme disease, 1 of whom was also co-infected with ba-
besiosis (determined by blood smear). The 4 patients all had
an erythema migrans skin lesion, and 2 had culture results
positive for B. burgdorferi. The fifth patient had no evidence
of co-infection and was the only 1 of 17 (5.9%) participants
with a febrile summertime illness who had acute- and conva-
lescent-phase serum tested for B. miyamotoi sensu lato anti-
body and who seroconverted. Three of these 5 patients have
been reported previously (/7). All 5 patients had fever, but a
relapsing fever pattern was not reported. Symptoms resolved
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Table 1. Assay results for patient samples seroreactive to Borrelia miyamotoi sensu lato antigen, northeastern United States,
1991-2012

Group no, description, participant no. Year sample obtained 1gG ELISA Western blot IgM ~ Western blot IgG

Group 1, healthy participants, n = 639

1 1995 1:320 Positive Positive
2 2000 >1:1280 Negative Positive
3 1991 >1:1280 Positive Positive
4 1993 >1:1280 Negative Positive
5 2000 >1:1280 Negative Positive
6 2000 >1:1280 Negative Positive
7 2012 >1:1280 Negative Positive
8 2012 >1:1280 Negative Positive
9 2012 >1:1280 Negative Positive
10 2012 >1:1280 Negative Positive
11 1993 >1:1280 Negative Positive
12 1993 1:320 Negative Positive
13 2012 1:320 Negative Positive
14 2012 >1:1280 Positive Positive
15 2012 1:640 Negative Positive
16 2002 >1:1280 Negative Positive
17 2002 >1:1280 Negative Positive
18 2002 >1:1280 Negative Positive
19 2002 >1:1280 Negative Positive
20 2000 >1:1280 Negative Positive
21 2000 >1:1280 Negative Positive
22 2002 >1:1280 Negative Positive
23 2002 >1:1280 Negative Positive
24 2002 >1:1280 Positive Positive
25 2002 >1:1280 Positive Positive
Group 2, adults with Lyme disease, n = 194

26

Acute-phase serum 1992 Jul 17 1:80 (negative) Negative Negative

Convalescent-phase serum 1992 Jul 27 1:1280 Negative Positive
27

Acute-phase serum 1997 Jul 27 1:160 (negative) Negative Negative

Convalescent-phase serum 1997 Aug 26 1:1280 Positive Positive
28

Acute-phase serum 1996 Jun 30 1:80 (negative) Positive Positive

Convalescent-phase serum 1996 Jul 10 1:320 Negative Positive
29

Acute-phase serum 1997 Aug 7 1:80 (negative) Negative Negative

Convalescent-phase serum 1997 Aug 17 >1:1280 Negative Positive
30 1995 >1:1280 Negative Positive
31 1991 >1:1280 Positive Positive
32 2004 1:640 Negative Positive
33 2004 1:320 Positive Positive
34 2000 >1:1280 Negative Positive
35 2011 >1:1280 Negative Positive
36 1995 >1:1280 Negative Positive
37 1994 >1:1280 Negative Positive
38 1998 1:320 Positive Positive
39 2000 >1:1280 Negative Positive
40 1998 >1:1280 Positive Positive
41 2006 >1:1280 Negative Positive
42 2002 >1:1280 Negative Positive
43 2002 1:320 Negative Positive
44 1995 1:320 Positive Positive

Group 3, adults with virus-like illness, n = 221

45

Acute-phase serum 1996 Jul 8 1:80 (negative) Positive Negative

Convalescent-phase serum 1996 Jul 19 1:320 Positive Positive
46 2011 >1:1280 Positive Positive
47 1997 >1:1280 Negative Positive
48 1991 >1:1280 Negative Positive
49 1991 >1:1280 Negative Positive
50 1993 >1:1280 Negative Positive
51 1997 1:320 Negative Positive
52 1992 1:320 Negative Positive
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Table 2. Number of false-positive Borrelia burgdorferi assay results for participants in various relapsing fever studies*

No. participants seroreactive to B. burgdorferi/no. total (%)
B. miyamotoi B. hermsii ~ B. hermsii  B. recurrentis  B. recurrentis
Borrelia burgdorferi assay (current study)t (23) (24) (24) (25)
Whole-cell sonicate ELISA 7/36 (19) ND 7/11 (64) 3/11 (27) 5-7/11 (45-64)
C6 ELISA 6/35 (17)% 114 (7) ND ND ND
Whole-cell sonicate ELISA and Western blot 4/36 (11) 2/14 (14) ND ND ND

*ND, not determined.

1Study participants had no history of Lyme disease within the 2 years before serum was obtained for testing.

fThe quantity of 1 serum sample was insufficient to test.

in 4 of the patients after treatment with doxycycline for 7-14
days, and symptoms resolved in the fifth patient after treat-
ment with amoxicillin/clavulanic acid for 14 days.

Discussion

We found evidence of human infection with the spi-
rochete B. miyamotoi sensu lato in 52 residents residing in
southern New England or New York State during 1991-
2012. Among healthy study participants from southern
New England, the seroprevalence of B. miyamotoi sensu
lato infection was about one third that of B. burgdorferi
infection (3.9% vs. 9.4%, respectively). This finding is
consistent with the higher rate of B. burgdorferi infection
in I. scapularis ticks in the region (range 2:1-20:1) (4-06).
As expected, the seroprevalence of B. miyamotoi sensu lato
infection was higher in serum samples from patients with
acute Lyme disease and recent /. scapularis tick bites than
in serum samples from patients whose tick-bite status was
unclear. B. miyamotoi sensu lato seroprevalence rates were
similar among study participants with a febrile late spring
or summertime illness and healthy participants, probably
because B. miyamotoi sensu lato infection is unlikely to be
a common cause of nonspecific febrile illness in the late
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spring or summer. The seroprevalence of B. miyamotoi
sensu lato was less than that of B. burgdorferi but simi-
lar to that of Babesia microti among residents of the same
southern New England and New York region (/6,26-28).
Approximately 10 percent of the B. miyamotoi sensu
lato—seropositive patients without a recent history of Lyme
disease reacted to B. burgdorferi antigen by 2-tier testing.
The reactivity could have represented a prior B. burgdor-
feri infection, a false-positive test reaction, and/or cross-
reactivity of B. miyamotoi sensu lato antibody against >1 B.
burgdorferi antigens. The frequency of antibody reactivity
to B. burgdorferi in patients with relapsing fever is shown
in Table 2 (23-25,29). Several proteins are found in com-
mon between B. burgdorferi and B. miyamotoi sensu lato,
including the flagellin FlaB protein, the GroEL heat shock
proteins, and the BmpA (P39) protein (/9,25). Misdiagno-
sis of B. miyamotoi sensu lato infection as Lyme disease is
therefore possible. Results of B. burgdorferi testing may
be positive for B. miyamotoi sensu lato—infected patients
who are co-infected with B. burgdorferi (as was the case
for some persons in this study). Our findings suggest, how-
ever, that testing for antibodies against B. burgdorferi is not
an appropriate surrogate for testing for antibodies against

Figure 2. Western blotreactivity torecombinant
Borrelia miyamotoi glycerophosphodiester
phosphodiesterase in serum samples from
5 Borrelia miyamotoi sensu lato—seropositive
patients in the northeastern United States,
1991-2012. Numbers at the top of rows are
patient numbers and correspond to patients
26-29 and 45 in Table 1. The letters a and
c that follow patient numbers indicate acute-
I and convalescent-phase serum samples,
respectively. Western blot results that show
no seroreactive IgG and/or IgM band in
acute-phase serum samples and a reactive
IgG and/or IgM band in convalescent-phase
serum samples are consistent with ELISA
results showing a 4-fold rise in B. miyamotoi
sensu lato antibody titer from acute-phase
(negative) and convalescent-phase (positive)
serum samples. The acute-phase serum
of patient 28 was nonreactive for IgG in the
ELISA assay (Table 1), but the sample was
reactive for IgM and IgG on Western blot.

a 45¢

-

IgM
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B. miyamotoi sensu lato; B. burgdorferi antibody testing
should not be used in place of an assay for antibody against
B. miyamotoi sensu lato GlpQ or another B. miyamotoi
sensu lato—specific antigen.

Our study had several limitations. First, laboratory
evidence for acute B. miyamotoi sensu lato infection was
based on ELISA and Western blot antibody assay rather
than on culture, blood smear, or B. miyamotoi sensu lato
PCR. However, in agreement with the case definition com-
monly used for many infectious diseases by the US Centers
for Disease Control and Prevention (30), we considered re-
sults positive if a >4-fold rise in antibody occurred between
acute- and convalescent-phase serum samples.

Second, B. miyamotoi sensu lato from North America
has not been cultured, and blood smears were not available
from the patients in our study. We were unable to detect
B. miyamotoi sensu lato DNA in frozen, archived serum
samples; however, the process of preparing serum from
whole blood likely removed some spirochetes from the
samples, and freeze—thaw cycles may have destroyed bac-
terial DNA. Furthermore, almost half of the serum samples
that we tested were obtained after the period of acute ill-
ness, when the bacteremia may have cleared.

Third, our seroprevalence rates presumably would
have been higher if we had tested for both IgM and IgG an-
tibody by ELISA and included patients with IgM antibody
alone as seropositive patients; however, we chose a more
stringent definition of seropositivity by requiring the pres-
ence of IgG antibody. On the other hand, our seroprevalence
data may have been inflated as a result of cross-reactivity of
antibodies from other infections reacting against B. miya-
motoi sensu lato GIpQ antigen. Although all other relapsing
fever species have the glpQ gene, no other relapsing fever
Borrelia sp. has been identified in 1. scapularis ticks or hu-
mans in the northeastern United States (2,4-6,15,17,31).

Last, we do not have travel histories for the B. miya-
motoi sensu lato—seroreactive patients included in the study,
but the probability that many of our patients would have had
exposure to other relapsing fever Borrelia spp. in the United
States seems highly unlikely because these infections are in-
frequent and occur in the western states (2). Cross-reactivity
against other tick-borne infections in the Northeast also ap-
pears unlikely because the agents of Lyme disease, human
granulocytic anaplasmosis, and Powassan virus disease lack
a glpQ gene (15). Proteins homologous to the GlpQ protein
of relapsing fever borreliae are found in some gram-negative
bacteria, including Escherichia coli, but they are so distant in
sequence that antibody cross-reactivity is not expected (/5).

The determination of B. miyamotoi sensu lato serop-
revalence in our population is important because it indi-
cates that this pathogen may infect persons at a rate that
is similar to that of B. microti in the northeastern United
States (/6,26,27). Our data suggest that acute B. miyamotoi
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sensu lato infection in some persons may be misdiagnosed
as Lyme disease because of the presence of antibody to
B. burgdorferi from a previous B. burgdorferi infection,
a false-positive test reaction, and/or cross-reactivity. Anti-
body testing for B. burgdorferi, however, is not adequate to
detect infection with B. miyamotoi sensu lato in the United
States. The potential for misdiagnosis may be greater in
locations like northern California, were the prevalence
of B. miyamotoi sensu lato in ticks equals or exceeds the
prevalence of B. burgdorferi in ticks (32). Further stud-
ies are needed to better characterize the epidemiology and
improve the serodiagnosis of human B. miyamotoi sensu
lato infection.
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DISPATCHES

Diversity of
Francisella
tularensis

Subsp. holarctica
Lineages, China

Yanhua Wang, Yao Peng, Rong Hai, Lianxu Xia,
Hang Li, Zhikai Zhang, Hong Cai, Ying Liang,
Xiaona Shen, Dongzheng Yu, Dawn Birdsell,

David M. Wagner, and Paul Keim

We analyzed 10 isolates of Francisella tularensis sub-
species holarctica from China and assigned them to known
clades by using canonical single-nucleotide polymor-
phisms. We found 4 diverse subtypes, including 3 from the
most basal lineage, biovar japonica. This result indicates
unprecedented levels of diversity from a single region and
suggests new models for emergence.

Tularemia is a disease caused by distinct subspecies and
phylogenetic groups within the bacterial species Fran-
cisella tularensis (1,2). These groups exhibit distinct phylo-
geographic patterns; F. tularensis subsp. tularensis (type A)
is restricted to North America, whereas F. tularensis subsp.
holarctica (type B) is found throughout many parts of the
Northern Hemisphere (3) and has been reported recently in
Tasmania (4). Both subspecies exhibit highly clonal popu-
lation structures, as determined by phylogenetic analysis
using data from multilocus variable number tandem repeat
analysis, single-nucleotide polymorphisms (SNPs), and in-
dels (5—7). The wide geographic distribution and low di-
versity of F. tularensis subsp. holarctica isolates have been
used to argue that this clade is recently emerged and highly
fit (3), but the geographic origin of its emergence has not
been determined.

F. tularensis subsp. holarctica has been further sub-
divided by whole-genome sequencing and canonical SNP
(canSNP) genotyping into multiple clades (7) (Figure 1).
The most basal clade consists of strains assigned to the
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biovar japonica; this biovar had previously only been re-
ported from Japan (8), but a recent report suggests that it
may be found in Turkey (9). The next derived clade (B.2/3)
has been described only from 2 isolates from California,
USA (7). Isolates from these 2 most basal clades are rare,
and apparently geographically restricted, but still provide
insights into the origin of F. tularensis subsp. holarctica.
The global expansion of the more derived clades is exten-
sive, and closely related isolates are common and widely
distributed. The source for emergence of the main type B
has been proposed for either North America or Scandina-
via, on the basis of the presence of the OSU18 clade iso-
lates in both locations (6,7). However, a sampling bias to-
ward both of these geographic regions has left F. tularensis
subsp. holarctica diversity in much of the rest of the world
poorly understood. We analyzed 10 isolates of F. tularensis
subsp. holarctica from China (/0) to determine their place-
ment within the current global phylogeographic framework
of this pathogen.

The Study

The F. tularensis subsp. holarctica isolates we ana-
lyzed were collected over a long period but have been
preserved by lyophilization and have been verified every
5 years since they were isolated (Table 1, http://wwwnc.
cdc.gov/ElD/article/20/7/13-0931-T1.htm). We assigned
these isolates into previously defined (6,7) phylogenetic
clades and conducted a phylogeographic analysis by using
a panel of 12 canSNPs specific for F. tularensis subspecies
or clades within F. tularensis subsp. holarctica (Table 2);
these canSNPs were obtained from previous reports (6,7).
The canSNP analysis was PCR based and performed as de-
scribed (7). Table 1, lists the derived or ancestral allele sta-
tus for these isolates and for 13 control isolates. These data
facilitated the assignment of the 10 F. fularensis subsp.
holarctica isolates to major phylogenetic subgroups previ-
ously identified within this subspecies (6,7).

The isolates were of wide phylogenetic diversity for
isolates from a single country. The 10 isolates we analyzed
were assigned to 4 distinct phylogenetic clades: 3 were as-
signed to the basal japonica clade (B.16), 3 to the OSU18
clade (B.4), 3 to the FSC200 clade (B.20), and 1 to clade
B.6 (Figure 2; Table 1,). Two of these clades are very basal
(B.16 and B.4; Figure 1), whereas the other 2 are relatively
derived (B.6 and B.20). Regardless, these results demon-
strate the presence of multiple distinct F. tularensis subsp.
holarctica lineages in China. Within China, isolates from
the Tibetan plateau in the areas bordering Nepal, Bhutan,
India, and central Asia were particularly diverse; all 7
strains assigned to clades B.4, B.6, and B.16 were from
this region.

The substantial diversity of F. tularensis subsp. holarc-
tica from the Tibetan region provides evidence for an Asian
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OR96 (B.9) Figure 1. Evolutionary development of
Francisella tularensis subsp. holarctica.
Previous studies (6,7,71) defined the
FTNF0O02 (B.11) Main global major lineages of this subspecies on the
F. tularensis bases of whole-genome sequences and
LVS (B.23) B subsp. holarctica single-nucleotide polymorphism analysis.
clades The other F. tularensis subspecies and
FSC 200 (B.20) closely-related Francisella species are
shown at the root.
osu18 (B4)

Basal California lineage (B.2/3)

Root

Jjaponica (B.16)

F. tularensis subsp. tularensis
F. tularensis subsp. mediasiatica
F. novicida

ancestral focus of this subspecies. With the exception of the
rare B.2/3 California group, all major basal lineages were
represented in this small sample from this region. The center
of diversity rationale would suggest that F. fularensis subsp.
holarctica diversified in Asia and then spread outward to
the rest of the world. The presence of representatives of the
basal japonica and OSU18 lineages further argues for ances-
tral populations in this region. In contrast, the derived and
terminal position of the B.20 (FSC200) isolates in northern
China suggests that this lineage was introduced to this re-
gion from other regions—perhaps Europe, in which B.20 is
found (6)—after ancestral strains dispersed to other regions

from Asia and diversified in these new locations. The analy-
ses used in this current study show that the B.4 (OSU18)
isolates from China are indistinguishable from B.4 isolates
from North America or Europe and could represent an ances-
tral population or a reintroduction after global dissemination.

Although strong evidence shows that F. fularensis subsp.
holarctica is a highly fit and recently emerged clone (3), we
know little about the basis for its great fitness. It is possible
that certain, as yet unidentified, adaptive features developed
that led to an increase in its fitness. Alternatively, a stochas-
tic event may have led to the emergence and subsequently
circumpolar expansion of this subspecies. However, our

Table 2. Primers used in sequencing to obtain canonical SNP loci for Francisella tularensis subsp. holarctica isolates*

Annealing
SNP SCHU S4 SNP positiont  SNP state (D/A)% Primer sequence, 5' > 3' temperature, °C§
F.3 910179 G/A F: GCTGTATCATCATTTAATAAACTGCTG 55
R: TTGGGAAGCTTGTATCATGGCACT
B.2 5162 A/IC F: TTAGTCTATGAGCAGCCAG 50
R: TAATATCACCAAGGTAGCC
B.3 470841 AIG F: ACGCTAGGTGTCTTGGT 50
R: CTATATCCGCTCAACAT
B.4 823672 T/A F: TAGACGCACTGGATTTAGGT 53.5
R: AACCATCACGCCACCATAAG
B.5 1853655 TIC F: TGGATCAAACAACCGT 50
R: TCTCAAGAGCTGGTGC
B.6 713647 AIG F: AGTAGTGGTAGCGAGGC 53.5
R: TACCGTTAGCCCAACAG
B.12 109781 T/A F: TACTGCCCAACATAGAG 55
R: ATCGTGATAAGGCTGGA
B.16 608245 T/IG F: ATGCTAGCAAATTACCATCAAAAG 57
R: AACTCTTCTCGCCATCAACTTCTAT
B.17 1743207 A/IC F: CCAAGAGCTAAATTAGCTTCAA 53.5
R: TGACCAAGAAGGTAGAGGTATTGGTT
B.19 1373999 A/IC F: TTGCTACTGATGGTTTAACT 57
R: CAATACGTCACTTATGCAGTGAT
B.20 1396082, 1789417 CIT F: ATGGGTCGGACTATCACATC 56
R: ATTATTGTTAAACGGCATCG
B.23 253120 A/IC F: GGCAACAGCAGATTCGTGAG 56

R: TGAAAGCAGGTTTAGAAGGACAG

*SNP, single-nucleotide polymorphism; D, derived; A, ancestral; F, forward; R, reverse.

TSNP position based on the reference isolate Schu S4 (NC_006570).
ITop strand orientation of SCHU S4.
§Sequencing conditions as described in (10).
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Figure 2. Phylogeography of Francisella tularensis (F.t.) subsp. holarctica. The global distribution of different clades (indicated by colored
stars, circles, and circle sections) and their phylogenetic relationships (tree) are shown as described (6,7,77). Stars indicate sequenced
reference strains. The phylogenetic positions of the 10 isolates from China (boxes on tree) and their sites of isolation (circles within China)
are indicated. The exact lineage of strain 410105 (black circle) was not determined.

understanding of the ecology of F. tularensis subsp. holarc-
tica is severely limited, so the dispersal mechanisms that led
to its wide geographic distribution have yet to be identified.

Conclusions

Wide diversity in F. tularensis subsp. holarctica
strains, including basal lineages, has been observed in
China and underscores a lack of phylogeographic knowl-
edge of this subspecies. Previous arguments (/) about the
emergence of this highly fit subspecies have been based on
highly biased sampling of strains in North America, Eu-
rope, and Japan. Our data suggest a broader distribution in
Asia of the japonica clade (B.16) in particular. The OSU18
clade (B.4) also appears to have a broader distribution in
Asia than has been observed from both North America and

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 7, July 2014

Europe. These clades are thought to be basal to the highly
fit clonal expansion on these continents. Sampling of addi-
tional regions in Asia and characterization of those isolates
would greatly advance the literature on the phylogeography
of F. tularensis subsp. holarctica.

This work was supported by funding from the China Mega-
Project for Infectious Disease (no. 2012ZX10004219 and no.
2011ZX10004-001) and the US Department of Homeland Security
Science and Technology Directorate (award HSHQDC-10-C-US).
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tularensis at the National Institute for Communicable Disease
Control and Prevention, Chinese Centers for Disease Control and
Prevention. Her research interests include the evolution, epidemi-
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Widespread
Rotavirus H in
Domesticated Pigs,
United States

Douglas Marthaler, Kurt Rossow, Marie Culhane,
Sagar Goyal, Jim Collins, Jelle Matthijnssens,
Martha Nelson, and Max Ciarlet

We investigated the presence in US pigs of rotavirus
H (RVH), identified in pigs in Japan and Brazil. From 204
samples collected during 2006—2009, we identified RVH in
15% of fecal samples from 10 US states, suggesting that
RVH has circulated in the United States since 2002, but
probably longer.

R;)taviruses (RVs) belong to the Reoviridae family and
re a major cause of severe diarrhea in humans and an-
imals worldwide (/). According to the International Com-
mittee on Taxonomy of Viruses, the Rotavirus genus is di-
vided into 5 antigenically distinct groups or species (RVA,
RVB, RVC, RVD, RVE), 2 tentative species (RVF, RVG),
and an unassigned species (ADRV-N), recently confirmed
to be distinct from the other RV species, and now referred
to as RVH (2,3).

Three human RVH strains from Asia (ADRV-N, J19,
B219) (4-8) and a porcine RVH strain (SKA-1) (9) were
identified during 1997-2002. In 2012, three Brazil por-
cine RVH strains BR63, BR60, and BR59 (GenBank ac-
cession nos. KF021621, KF021620, and KF021619) were
identified, bringing to only 7 the total number of known
RVH strains. To investigate the presence of RVH in US
swine, we screened 204 porcine samples collected during
2006-2009.

The Study

We identified RVH in a porcine intestinal sample
(RVH/Pig-wt/USA/AR7.10-1/2012/GXP[X]) submitted
from a farm in Arkansas in 2012. Subsequently, we
rescreened 204 available RVA-, RVB-, and/or RVC-
positive porcine samples collected during 2006-2009

Author affiliations: University of Minnesota Veterinary Diagnostic
Laboratory, Saint Paul, Minnesota, USA (D. Marthaler, K. Rossow,
M. Culhane, S. Goyal, J. Collins); University of Leuven, Leuven,
Belgium (J. Matthijnssens); Fogarty International Center of the
National Institutes of Health, Bethesda, Maryland, USA
(M. Nelson); and Novartis Vaccines and Diagnostics, Inc.,
Cambridge, Massachusetts, USA (Max Ciarlet)

DOI: http://dx.doi.org/10.3201/eid2007.140034
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from 16 US states for RVH. The samples were from 5
different age groups of pigs: 1-3 days (21 samples), 4-7
days (23), 8-20 days (19), 21-55 days (110), and >55
days (9); 22 samples were from pigs of unknown age.
Sample selection, histologic examination, extraction of
genomic material, reverse transcription PCR (RT-PCR)
amplification, sequencing of viral protein (VP) 6 gene,
and statistical and sequence analysis are described in the
online Technical Appendix (http://wwwnc.cdc.gov/EID/
article/20/7/14-0034-Techapp1.pdf).

We identified RVH in 30 (15%) of the 204 samples,
including sample AR7.10-1 (online Technical Appendix
Table). RVH strains were identified in samples from 10 US
states (Figure 1, panel A). The first US sample was identi-
fied on November 7, 2006. Of samples from age groups
in which we detected positive results, most (20/111, 18%)
were from 21-55-day-old pigs; RVH was not detected in
1-3-day-old piglets. We also detected RVH-positive sam-
ples in 4-20-day-old (5/42, 12%) and >55-day-old (5/9,
56%) pigs. The number of positive and negative samples
differed significantly between age groups (p = 0.036,
Fisher exact test). The odds of 21-55 day-old pigs being
RVH positive was not significant (odds ratio [OR] 1.63, p
= 0.36); however, in the >55-day group, the odds of being
RVH positive was significant (OR 5.92, p = 0.031), com-
pared with odds for the 4-20-day group. The trend for in-
creased RVH positivity by age group was not significant (p
=0.94, Wald y? test).

Although we identified only 5 samples with RVH in
pigs co-infected with RVA and RVB, co-infections with
RVH and RVA, RVB, both RVA and RVC, or both RVB
and RVC (1 sample each) also were identified but did not
differ significantly (p>0.05, Fisher exact test) (Figure 1,
panel B). We did not identify RVH co-infected with only
RVC. Most RVH samples (21 [70%]) were identified from
pigs co-infected with RVA, RVB, and RVC, which was
significantly higher from any other RVH co-infections with
RVA, RVB, RVC, RVAB, RVAC, or RVBC (p<0.001,
Fisher exact test). Of these 21 RVA, RVB, RVC, and RVH
co-infected samples, 15 were from 21-55-day-old pigs
(Figure 1, panel B).

The US porcine RVH VP6 sequences (GenBank ac-
cession nos. KF757260-KF757289) exhibited 91%—100%
nt identity with each other and shared 89%—-92% nt identity
with Japan porcine strain SKA-1 and 85%—-87% nt identity
with Brazil porcine strains BR63, BR60, and BR59 (Ta-
ble 1). The US porcine and human RVH VP6 sequences
shared 70%—-73% nt identity. The US porcine RVH VP6
sequences were 97%—100% aa identical with each other
and 97%-98% and 96%—-98% aa identical with the Japan
and the Brazil porcine strains, respectively. The US porcine
and human RVH VP6 sequences were 75.3%—76.8% aa
identical (Table 1). The nucleotide and amino acid pairwise
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Figure 1. Epidemiologic and molecular distribution of porcine rotavirus H (RVH) strains, United States, 2006—2009. A) Geographic
distribution of RVH-positive porcine samples/total number of samples tested. Pink indicates states containing positive samples; green
indicates states negative samples; white indicates states from which samples were not submitted. B) Distribution of RVH-positive samples
and age group in pigs co-infected with RVA, RVB, and/or RVC. Blue indicates samples from the 4-20-day age group; pink indicates
samples from the 21-55-day age group; green indicates samples from the >55-day age group. C) RVH viral protein 6 nt pairwise identity.

D) RVH amino acid pairwise identity.

identity charts (Figure 1, panels C and D) and phylogenetic
trees (Figure 2, panel A) suggest the existence of at least 2
distinct RVH VP6 (I) clusters/genotypes containing human
and porcine strains, respectively.

Compared with other RV species, the US RVH VP6
sequences shared the highest nucleotide and amino acid
identities with RVG (51%—-53% and 39%—41%, respec-
tively) and RVB (47%—-52% and 34%—-39%, respectively)
(Table 2). In the RV VP6 phylogenetic tree, The RVH,
RVG, and RVB VP6 sequences clustered in 1 large branch,

whereas the RVA, RVC, RVF, and RVD sequences clus-
tered separately in another large branch (Figure 2, panel
A). The RVH evolutionary rate (substitution/site/year)
from BEAST (http://tree.bio.ed.ac.uk/) was estimated at
2.6 x 1073 (95% CI 5.83 x 10~ to 4.46 x 107). On the basis
of the estimate of the time from the most recent common
ancestor for the VP6 gene segment, we believe that US
RVH strains circulated in US swine for at least a decade
and possibly much longer (the time from the most recent
common ancestor 1963-2002, 95% highest posterior

Table 1. Nucleotide and amino acid percentage identities of RVH*

RVH type US porcine RVH, % Japan porcine RVH, %  Brazil porcine RVH, % Human RVH, %
US porcine RVH
Nucleotide 91-100 89.2-91.9 85.2-86.8 70.4-72.8
Amino acid 97-100 96.5-98.2 95.7-97.7 75.3-76.8
Japan porcine RVH
Nucleotide 89.2-91.9 NA 85.5 71.7-72.3
Amino acid 96.5-98.2 NA 97 76.5-76.8
Brazil porcine RVH
Nucleotide 85.2-86.8 85.5 100 71.1-71.2
Amino acid 95.7-97.7 97 100 75.8-76
Human RVH
Nucleotide 70.4-72.8 71.7-72.3 71.1-71.2 94—-100
Amino acid 75.3-76.8 76.5-76.8 75.8-76 98.7-100

*RVH, rotavirus H; NA, not applicable
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Figure 2. A) Nucleotide neighbor-joining phylogenetic tree of rotavirus (RV) A-D and F-H viral protein (VP) 6 sequences. Blue strains are
from the United States; green strains are from Brazil; and the red strain is from Japan. Purple strains are from humans. Scale bar indicates
percentage of dissimilarity between sequences. B) Time-scaled phylogeny of swine RVH VP6 sequences using a Bayesian Markov chain
Monte Carlo approach. Blue shaded region indicates the time from the most recent common ancestor range (tMRCA) of the US strain;
red shaded region indicates the US and Japan RVH tMCRA range; green shaded region indicates the tMRCA range for all swine RVH

VP6 sequences.

density [HPD]) (Figure 2, panel B). The US and Japan
RVH VP6 sequences diverged during 1955-1993, 95%
HPD, and the estimated divergence of the Brazil RVH
VP6 sequences from the US and Japan RVH VP6 se-
quences was 1832-1991, 95% HPD.

Conclusions

Our data indicate that RVH is widespread in US
swine herds. Although the samples analyzed already were
known to be positive for RV species A, B, and/or C, our
identification of RVH in 15% of samples is remarkable.
In the United States, piglets are weaned at 21 days of age
and then mixed with other piglets from different produc-
tion sites, which may explain the higher rate of RV co-
infections in 21-55-day-old pigs (10,11). These findings
suggest that RVH is underdiagnosed in US swine herds
and requires further surveillance.

Our phylogenetic analysis indicates that the RVH
strains circulating in US swine is evolutionarily distinct
from that found in humans, as well as from swine in Brazil
and Japan. Although our low sample number and sequenc-
ing of a single gene (VP6) makes the genetic diversity of

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 20, No. 7, July 2014

RVH in US swine herds difficult to fully assess, the lack of
spatial structure in the tree indicates extensive gene flow of
RVH between swine herds in different US regions. Infer-
ring the circulation of RVH in US swine herds is difficult
because of the small sample size, although our time-struc-
tured phylogenetic analysis indicates at least 1 decade of
circulation. Although US swine are routinely transported to
South America, the phylogeny indicates that the VP6 gene
of US swine RVH viruses is more closely related to that
of Japan strain SKA-1 than to those of the 3 Brazil strains
included in this analysis.

In conclusion, we identified RVH in 30 samples from
pigs co-infected with RVA, RVB, and/or RVC in the Unit-
ed States, which indicates that RVH has been circulating
in US swine for at least 1 decade and perhaps for longer.
The human and porcine RVH VP6 sequences clustered into
separate branches in the phylogenetic tree, but the presence
of RVH in swine clearly raises the possibility of interspe-
cies transmission. Because the swine samples were co-in-
fected with RVA, RVB, and/or RVC, the role of RVH in
pathogenesis remains unknown but this circumstance illus-
trates the need for molecular epidemiologic studies.
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Table 2. Nucleotide and amino acid percentage identities of RVs*

RV type RVA RVB RVC RVD RVF RVG RVH
RVA

Nucleotide 65.2—-100 29.7-36.2 48.5-55.7 46.4-52.1 46.3-50.8 32.9-36.7 31.7-36.2

Amino acid 65-100 7.5-11.3 36.3-42.9 33.3-39.9 31.8-37.2 11.1-13.5 9.9-13.1
RVB

Nucleotide 29.7-36.2 64.8—-100 30.5-34.4 29.2-32.9 30.1-32.9 50.7-57.1 47.4-51.7

Amino acid 7.5-11.3 66.2-100 10.6-13.9 10.4-12.7 11.3-13.4 46.1-49.4 34.4-39.4
RVC

Nucleotide 48.5-55.7 30.5-34.4 81.4-100 47.2-49.8 47.4-48.3 33.8-34.2 31.5-34.6

Amino acid 36.3-42.9 10.6-13.9 87.1-100 34.7-35.4 32.7-33.9 14.4-14.6 13.4-14.7
RVD

Nucleotide 46.4-52.1 29.2-32.9 47.2-49.8 90.1-99.6 49.8-50.7 33-34 31.9-34.4

Amino acid 33.3-39.9 10.4-12.7 34.7-35.4 98.2-99.7 36.6-37.6 12-12.5 14.5-16.8
RVF

Nucleotide 46.3-50.8 30.1-32.9 47.4-48.3 49.8-50.7 NA 32.3 31-32.2

Amino acid 31.8-37.2 11.3-13.4 32.7-33.9 36.6-37.6 NA 11.1 12.6-14
RVG

Nucleotide 32.9-36.7 50.7-57.1 33.8-34.2 33-34 32.3 NA 50.7-52.2

Amino acid 11.1-13.5 46.1-49.4 14.4-14.6 12-12.5 1.1 NA 39.1-414
RVH

Nucleotide 31.7-36.2 47.4-51.7 31.5-34.6 31.9-34.4 31-32.2 50.7-52.2 70.4-100

Amino acid 9.9-13.1 34.4-39.4 13.4-14.7 14.5-16.8 12.6-14 39.1-41.4 75.3-100
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Severe Malaria
Not Responsive

to Artemisinin
Derivatives in Man
Returning from
Angola to Vietnam
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Resistance to artemisinin derivatives, the most potent
antimalarial drugs currently used, has emerged in Southeast
Asia and threatens to spread to Africa. We report a case of
malaria in a man who returned to Vietnam after 3 years in
Angola that did not respond to intravenous artesunate and
clindamycin or an oral artemisinin-based combination.

Artemisinin derivatives are used in combination with
other drugs for treatment of Plasmodium falciparum
malaria. Nevertheless, P. falciparum resistance to artemisi-
nins has been recently detected in 4 countries (Cambodia,
Thailand, Myanmar, and Vietnam) in the Greater Mekong
subregion in Southeast Asia (/). Artemisinin resistance
could spread from these countries to other regions, includ-
ing sub-Saharan Africa, where the incidence of malaria is
highest, and where artemisinin resistance would have dev-
astating consequences. Increased and uncontrolled travel
between Asia and Africa might contribute to the spread of
artemisinin-resistant malaria parasites.

An estimated 40,000 Vietnamese workers travel annu-
ally to Angola (2), where P. falciparum malaria is the lead-
ing cause of illness and death (3,4). Over the past year, an
increasing number of severe malaria cases have been identi-
fied among Vietnamese migrants returning from Angola (5).
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During March-mid-April 2013, five deaths from malaria
among Vietnamese workers in Angola were reported (6-8).
We report a case of malaria in a Vietnamese man who re-
turned from Angola and did not respond to intravenous arte-
sunate or oral artemisinin-based combination therapy.

The Study
In April 2013, a 58-year-old Vietnamese man was ad-
mitted to Bach Mai Hospital in Hanoi, Vietnam, because
of high fever, jaundice, and lack of consciousness. Eleven
days before hospitalization, he had returned from Saurimo
City in Angola, where he had been working in the con-
struction industry for the past 3 years, to his home village
in malaria-free Nam Dinh Province, 80 km from Hanoi.
Four days after returning from Angola, he reported fatigue,
fever with chills, and a cough. Two days later, he went to
the local district hospital where he was given a diagnosis
of bronchitis and received a third-generation cephalosporin
(cefixime) and antipyretics for 3 days. Ten days after his
arrival in Vietnam, the patient came to the emergency de-
partment of Bach Mai Hospital because of continuous high
fever (body temperature 39°C—40°C), dyspnea, and urinary
incontinence. He was given fosfomycin for pyelonephritis.
Because his clinical condition worsened rapidly, the
patient was transferred the next day to the Infectious Dis-
eases Department in the same hospital because cerebral
malaria was diagnosed. At admission to the department,
the patient (weight 58 kg) was in a confused state and had
a Glasgow coma score of 13/15, generalized convulsions,
jaundice, and tachypnea (respiration rate 25 breaths/min),
a body temperature of 38.5°C, a blood pressure of 130/80
mm Hg, and pulse rate of 121 beats/min. Clinical examina-
tion detected hepatomegaly and cracklings in both lungs.
Blood tests showed the following results: leukocyte count
13.3 x 10° cells/L, hemoglobin 15.3 g/L, platelet count 20.9
x 10°/L, blood urea nitrogen 19.8 mmol/L, serum creatinine
135 mmol/L, aspartate aminotransferase 125 IU/L, alanine
aminotransferase 45 IU/L, C-reactive protein 16 mg/L, pro-
calcitonin >120 ng/mL; total bilirubin 116 pmol/L; direct
bilirubin 11.5 umol/L; and standard levels of electrolytes.
Parasite density/microliter of blood was calculated
after counting the total number of P. falciparum tropho-
zoites/200 leukocytes and assuming a leukocyte concentra-
tion of 8,000 cells/pL. Microscopy identified P. falciparum
tro