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FIy Transmission of Campylobacter

Gordon L. Nichols*

An annual increase in Campylobacter infection in
England and Wales begins in May and reaches a maximum
in early June. This increase occurs in all age groups and is
seen in all geographic areas. Examination of risk factors
that might explain this seasonal increase identifies flies as
a potential source of infection. The observed pattern of
infection is hypothesized to reflect an annual epidemic
caused by direct or indirect contamination of people by
small quantities of infected material carried by flies that
have been in contact with feces. The local pattern of human
illness appears random, while having a defined geographic
and temporal distribution that is a function of the growth
kinetics of one or more fly species. The hypothesis pro-
vides an explanation for the seasonal distribution of
Campylobacter infections seen around the world.

Campylobacter spp. are the most common bacterial
causes of diarrhea in England and Wales (1). The epi-
demiologic features of Campylobacter infection have
proved difficult to discover, and extensive strain typing has
failed to clarify the main transmission routes. Testable
hypotheses must be established to explain available evi-
dence, particularly the reason for the observed seasonality.
Relatively few outbreaks of Campylobacter gastroenteritis
occur (2), and most cases are sporadic. In case-control and
case-case studies of sporadic Campylobacter infections,
most cases remain unexplained by recognized risk factors
(3,4).

The annual increase in Campylobacter infections in
England and Wales begins at approximately day 130 (May
9) and reaches a maximum at approximately day 160 (June
8) (Figure 1). Although this seasonal rise is seen in all ages,
it is more marked in children (5). Cases in towns and cities
across England and Wales show broadly similar seasonal
changes in distribution (Figure 2). The relative geographic
uniformity of the increase seen in May of most years has
the temporal appearance of an annual national epidemic.
Because person-to-person infection within the community
is uncommon, it is likely that the epidemic is caused by a

*Health Protection Agency Centre for Infections, London, United
Kingdom
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single main driver for human Campylobacter infection. The
possible seasonal drivers were examined, and only vector
transmission by flies appears to provide a convincing
explanation for the observed seasonal trends (Table).

The seasonal increase in Campylobacter infections in
May and June in England and Wales is hypothesized to
reflect an annual epidemic caused by direct or indirect
exposure of humans to contaminated material carried by
several fly species that have been in contact with human,
bird, or animal feces or contaminated raw foods. Flies have
been shown to carry Campylobacter and can infect both
humans and animals (6-8). Intervention studies have
demonstrated diarrheal disease reduction linked to control
of flies (9-11), and deaths from diarrheal diseases have
been linked to measurements of fly abundance (12). The
local pattern of human Campylobacter infection appears
random, while having a defined geographic and temporal
distribution. This distribution is predicted to be linked to
the growth kinetics of 1 or more fly species and their
access to environmental sources of Campylobacter in
feces or food. The seasonal increase in fly populations
results from rainy weather and an increase in temperature
that causes the development from egg to fly to occur in
days rather than months. Individual flies can lay hundreds

0.7
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Figure 1. Distribution of Campylobacter cases per day. When aver-
aged for 1989 to 2002, the epidemic begins at approximately day
130, peaks at approximately day 160, and gradually declines
through the rest of the year.
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Figure 2. Cases of Campylobacter infection in England and Wales
based on the patient specimen date. Figure shows broadly similar
changes in patterns of infection across the country as measured
by laboratory reporting per town or city (cases as a percentage of
the annual total) by day of year. Laboratories were ordered by the
total number of cases reported over the 14-year period (online
Appendix available from http://www.cdc.gov/ncidod/EID/volll
no03/04-0460_app.htm).

of eggs, which can result in a large increase in fly numbers
in a short period. Fly numbers fluctuate through the sum-
mer and decline in October, but the decline is less dramat-
ic and defined than the spring increase.

Disease transmission is hypothesized to occur through
small quantities of contaminated material carried on the
feet, proboscis, legs, and body hairs or from material
regurgitated or defecated by flies. The variety, numbers,
virulence and viability of organisms in the contaminated
material will differ, and some contamination will include
Campylobacter while others will not. Contamination will
be distributed over a variety of food types. Contamination
of food by flies could occur at any stage of the food sup-
ply chain, but Campylobacter counts within the contami-
nated material on foods will decrease over time;
consequently, most infection will result from contamina-
tion close to consumption (e.g., in the domestic or catering
environment). Because whether a fly has visited contami-
nated feces is unknown and how a person becomes infect-
ed is uncertain, epidemiologic investigation is difficult.

A number of synanthropic fly species could be
involved, including houseflies (e.g., Musca spp., Fannia
spp.), blowflies (e.g., Calliphora spp., Lucilia spp.), and
other dung-related flies (e.g., Sarcophaga spp.,
Drosophila spp.) (13). These flies have individual behav-
ioral patterns, ecology, physiology, and temporal and geo-
graphic distributions that will influence the likelihood of
their being in kitchens, on human or animal feces, and on
food. Although Musca domestica is the species most like-
ly to be involved because it is commonly found in houses
and food-processing establishments, larger flies (e.g.,

Table. Risk factors that might affect Campylobacter seasonality*

Risk factor Outbreaks Evidence of seasonality Credibility as the main seasonal driver
Barbecuing Yes Medium Low
Birds Yes Strong Low
Bottled water No None Low
Chicken Yes Medium Medium
Cross-contamination Yes None None
Domestic catering No None None
Farm visit Yes None None
Farm animals Yes Weak Low
Flies No Strong High
Food handlers Yes None None
Food packaging No None None
Immunologic response No Weak None
Mains supply drinking water Yes None None
Nosocomial Yes None None
Pets No Weak Low
Pools, lakes, streams No None None
Private drinking water supplies Yes Weak None
Protozoa No None Low
Salads and fruit Yes Weak Low
Stir-fried food Yes None None
The countryside No Weak Medium
Transmission in families Yes None None
Travel abroad No None None
Unpasteurized milk Yes Weak None
Weather/climate No Medium Medium

*Evidence base provided in online Appendix (available from http://www.cdc.gov/ncidod/EID/vol11n003/04-0460_app.htm).
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Calliphora spp.) may be able to transmit larger numbers
of Campylobacter.

Flies contaminated through fecal contact will carry het-
erogeneous mixtures of organisms, including any
pathogens that are present within the feces, and may be
able to cause a variety of human infections, including
infection by different Campylobacter species and types.
This fact partially explains the lack of a clear epidemiolog-
ic picture arising from Campylobacter typing work.
Gastrointestinal disease caused by flies is more likely to
involve pathogens with a low infectious dose (e.g.,
Shigella, Campylobacter, Cryptosporidium, Giardia,
Cyclospora, Escherichia coli 0157), and some of these
could have a seasonal component related to flies. Where
high fly populations and poor hygiene conditions prevail,
as in disasters or famines, or where pathogens can grow
within fly-contaminated food, the potential exists for trans-
mitting pathogens with a high infectious dose (e.g., Vibrio
cholerae, Salmonella spp.). The access that flies have to
human and animal feces will influence the degree to which
they are contaminated with different enteric pathogens.

Contamination of a range of foods by flies will result in
a pattern of infection that will not be amenable to identify-
ing specific vehicles through standard case-control, case-
case, or cohort studies, unless specific objective or
subjective assessments of fly numbers can be obtained. Fly
monitoring will need to be undertaken. An alternative
approach could use estimates of fly population numbers
based on climatic conditions to compare with data on
human Campylobacter infections. This approach has the
advantage of being able to use historical climatic and dis-
ease surveillance data. The broad relationship between
Campylobacter cases and ambient temperature has not
been explained in terms of disease causation. The time
taken for the larvae of M. domestica to develop (13) was
applied to temperature data for England and Wales and has
been used to show a strong relationship between
Campylobacter cases per week and M. domestica larval
development time for 1989 to 1999 (Figure 3). Periods
when Campylobacter cases exceed a 7-day average of 170
cases per day occurred when M. domestica larval develop-
ment time was <3 weeks.

The hypothesis predicts that the Campylobacter infec-
tion rates will be higher in persons living close to animal
production and lower in urban settings because fly num-
bers will be lower. Some evidence from the United
Kingdom (1,14) and Norway (15) supports this hypothesis.
Seasonal changes in Campylobacter incidence that are
seen around the world may result from changes in fly pop-
ulations and flies’ access to human and animal feces. Much
emphasis on foodborne disease reduction has rightly been
on kitchen hygiene, since the low infectious dose of
Campylobacter makes cross-transmission from raw meats

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 11, No. 3, March 2005

Fly Transmission of Campylobacter
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Figure 3. Campylobacter cases by week and Musca domestica lar-
val growth times. Campylobacter cases per day are plotted against
the minimum M. domestica growth times for the 14 days before the
date for weeks from January 1989 to December 1999. The time
taken for M. domestica larvae to develop was based on under-
stood growth temperatures (145 days divided by the number of
degrees above 12°C, up to an optimum of 36°C) (8). The temper-
atures were based on a maximum temperature in 47 temperature
sampling sites across England and Wales in the 2 weeks before
(online Appendix available from http://www.cdc.gov/ncidod/EID/
vol11n003/04-0460_app.htm).

to ready-to-eat foods a substantial risk in domestic and
catering environments. Fly transmission may be the most
important source of infection in kitchen transmission
routes, and establishments that sell ready-to-eat foods may
be sources of Campylobacter, if effective fly control is not
in operation. Flies may also be important in transmitting
Campylobacter in poultry flocks (16) and between other
agricultural animals.

While flies are regarded as important mechanical vec-
tors of diarrheal disease in developing countries, control
has largely concentrated on improving drinking water and
sewage disposal. In the industrialized world, flies are
thought to play a minor role in the transmission of human
diarrheal diseases. Immediately intervening in the trans-
mission of Campylobacter gastroenteritis should be possi-
ble through increased public awareness and more effective
fly control.
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Disease Risks from Foods, England

and Wales,

1996-2000

Goutam K. Adak,* Sallyanne M. Meakins,* Hopi Yip,* Benjamin A. Lopman,* and Sarah J. O'Brien*

Data from population-based studies and national sur-
veillance systems were collated and analyzed to estimate
the impact of disease and risks associated with eating dif-
ferent foods in England and Wales. From 1996 to 2000, an
estimated 1,724,315 cases of indigenous foodborne dis-
ease per year resulted in 21,997 hospitalizations and 687
deaths. The greatest impact on the healthcare sector arose
from foodborne Campylobacter infection (160,788 primary
care visits and 15,918 hospitalizations), while salmonellosis
caused the most deaths (209). The most important cause
of indigenous foodborne disease was contaminated chick-
en (398,420 cases, risk [cases/million servings] = 111,
case-fatality rate [deaths/100,000 cases] = 35, deaths =
141). Red meat (beef, lamb, and pork) contributed heavily
to deaths, despite lower levels of risk (287,485 cases, risk
= 24, case-fatality rate = 57, deaths = 164). Reducing the
impact of indigenous foodborne disease is mainly depend-
ent on controlling the contamination of chicken.

oodborne infection is a major cause of illness and death

worldwide (1-4). Recognizing this, the World Health
Organization (WHOQO) developed its Global Strategy for
Food Safety (1). In the developing world, foodborne infec-
tion leads to the death of many children (2), and the result-
ing diarrheal disease can have long-term effects on
children’s growth as well as on their physical and cognitive
development (5,6). In the industrialized world, foodborne
infection causes considerable illness, heavily affecting
healthcare systems (3,4).

The WHO Global Strategy for Food Safety acknowl-
edges, “Effective control of foodborne disease must be
based on evaluated information about foodborne hazards
and the incidence of foodborne disease.” Estimates of the
contributions of specific pathogens to the overall extent of
foodborne infection at a national level are available (3,4).
We refined the techniques used to estimate the acute health
effects and the risks associated with consuming different
foods. Our analyses should inform evidence-based control
strategies for foodborne infection.

*Health Protection Agency Centre for Infections, London, United
Kingdom
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Methods

Indigenous Foodborne Disease

Indigenous foodborne disease is defined as food-relat-
ed infectious gastroenteritis acquired and occurring in
England and Wales. We derived pathogen-specific esti-
mates for indigenous foodborne disease (Table 1) by using
the method of Adak et al. (4) for the following 5 disease
parameters: all disease, case-patients seen at a primary
care setting (by general practitioners), hospitalizations,
hospital occupancy, and deaths (online Appendix 1, stages
A-C; available from http://www.cdc.gov/ncidod/EID/
vol11n03/04-0191_appl.htm).

Foods Causing Indigenous Foodborne Disease

Outbreaks reported as foodborne, involving a single
vehicle of infection and identified by epidemiologic or
microbiologic investigations (N = 766, online Appendix 2;
available from http://www.cdc.gov/ncidod/EID/volll-
no3/04-0191 app2.htm), were extracted from the National
Surveillance Database for General Outbreaks of Infectious
Intestinal Disease (GSURV) (7). Reported outbreaks in
which investigators implicated either no (n = 612) or >1 (n
= 234) vehicle of infection were excluded from these
analyses. We also excluded outbreaks in which no
pathogen was confirmed by laboratory testing (n = 113),
although most of these outbreaks were suspected to be due
to norovirus and were also linked to the same range of
vehicles of infection. Foods were classified into broad
food groups, such as poultry, and more specific food types,
e.g., chicken (Table 2). A “complex foods” group was cre-
ated to accommodate dishes consisting of ingredients of
various food types in which the precise source of infection
was not verified.

We calculated the percentage of outbreaks due to each
food type for each pathogen. For disease of unknown ori-
gin, we used the percentages as determined above for dis-
ease due to all known pathogens. These percentages were
applied to the pathogen-specific estimates for the mean
values for all disease, visits to general practitioners, hospi-
talizations, hospital occupancy, and deaths for the years
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Table 1. Estimated annual impact of indigenous foodborne disease by etiologic agent, England and Wales

General Hospital
Pathogen Cases practitioner cases Cases Days Deaths
Bacteria
Aeromonas spp. 0 0 0 0 0
Bacillus spp. 10,717 4,287 26 67 0
Campylobacter spp. 337,655 160,788 15,918 58,897 80
Clostridium perfringens 168,436 88,651 709 10,496 177
C. difficile cytotoxin 0 0 0 0 0
Escherichia coli O157:H7 1,026 1,026 389 2,216 23
Non-0157:H7 STEC* 114 114 43 246 3
Other E. coli 62,050 13,850 319 1561 6
Listeria monocytogenes 221 221 221 3,959 78
Nontyphoidal salmonellae 73,193 52,280 2,666 15,465 209
Salmonella Typhi 86 86 35 239 0
S. Paratyphi 91 91 29 181 0
Shigella spp. 308 308 7 37 0
Staphylococcus aureus 9,196 3,678 232 278 0
Vibrio cholerae O1 and 0139 0 0 0 0 0
V. cholerae, other serotypes 194 97 8 30 0
Other vibrio species 291 146 4 16 2
Yersinia spp. 129,338 11,054 619 5,448 3
Parasites
Cryptosporidium parvum 1,699 894 32 119 3
Cyclospora cayatenensis 1,026 540 3 10 0
Giardia lamblia 1,999 1,052 6 22 0
Viruses
Adenovirus 40/41 0 0 0 0 0
Astrovirus 17,741 4,032 12 47 4
Norovirus 61,584 9,775 39 152 10
Rotavirus 8,205 1,368 42 110 4
Sapovirus 0 0 0 0 0
Unknown 839,144 106,221 637 1,785 85
Totalt 1,724,315 460,560 21,997 101,382 687

*STEC, Shiga toxin—producing Escherichia coli.
tTotals are calculated on the basis of rounding to whole numbers.

1996-2000 to produce pathogen-specific totals by food
type for each of the 5 disease parameters used to describe
the annual disease impact (Tables 2 and 3, Online
Appendix 1, stage D). We then calculated food-specific
totals for all disease, visits to general practitioners, hospi-
talizations, hospital occupancy, and deaths by adding
together the appropriate food-specific totals for each
pathogen (Online Appendix 1, stage E).

Food-Specific Risk

The U.K. Government National Food Survey (8) col-
lects population-based food consumption data. These data
were used to calculate the number of servings of each food
type consumed per resident for the period 1996-2000.
These denominators were used to calculate food-specific
risks, expressed as cases per million servings for all dis-
ease and hospitalizations per billion servings (Table 4,
Online Appendix 1, stage F).

Quality of Evidence
Each of the above steps was classified according to
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whether the pathogen-specific data elements used were
direct measures, extrapolations, or inferences (Table 5).
This classification system permitted us to evaluate the
effects of potential biases on the final estimates produced.

Results

Causes of Disease

Unknown agents accounted for 49% of all cases but
only 23% of all visits to general practitioners, 3% of all
hospitalizations, 2% of hospital occupancy, and 12% of all
deaths (Table I). Campylobacter spp. had the greatest
effect on healthcare provision, according to all of the
parameters examined. Nontyphoidal salmonellae and
Clostridium perfringens caused most deaths. Listeria
monocytogenes and Escherichia coli O157:H7 together
accounted for 15% of all deaths but <0.1% of all cases.

Disease Impact According to Food
Of the 1,724,315 estimated cases of indigenous food-
borne disease in England and Wales, 67,157 (4%) were
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Table 2. Estimated annual impact of indigenous foodborne disease, by food group and type, England and Wales

Food group/type Cases (%) Deaths (%) Case-fatality rate*
Poultry 502,634 (29) 191 (28) 38
Chicken 398,420 (23) 141 (21) 35
Turkey 87,798 (5) 45 (7) 52
Mixed/unspecified 16,416 (1) 4(1) 27
Eggs 103,740 (6) 46 (7) 44
Red meat 287,485 (17) 164 (24) 57
Beef 115,929 (7) 67 (10) 58
Pork 46,539 (3) 24 (4) 53
Bacon/ham 17,450 (1) 9 () 53
Lamb 46,239 (3) 27 (4) 59
Mixed/unspecified 61,329 (4) 36 (5) 59
Seafood 116,603 (7) 30 (4) 26
Fish 22,311 (1) 10 (2) 47
Shellfish 77,019 (4) 16 (2) 21
Mixed/unspecified 17,273 (1) 4(1) 24
Milk 108,043 (6) 37 (5) 34
Other dairy products 8,794 (0) 5(0) 55
Vegetable/fruit 49,642 (3) 14 (2) 29
Salad vegetables 37,496 (2) 11 (2) 28
Cooked vegetables 6,870 (0) 2(0) 35
Fruit 5,275 (0) 1(0) 25
Rice 26,981 (2) 5(1) 20
Complex foods 453,237 (26) 181 (26) 40
Infected food handler 67,157 (4) 14 (2) 20
Totalt 1,724,315 687 40
*Deaths/100,000 cases.

tTotals given are calculated on the basis of rounding to whole numbers.

cases in which humans were considered to be the source of
infection (foods contaminated by infected food handlers;
Tables 2 and 3). Subtracting these cases left 1,657,158
cases in which contaminated food was the likely source.
Within this subset, most illness was attributed to eating
poultry (502,634, 30%), complex foods (453,237, 27%),
and red meat (287,485, 17%). Only 76,623 (5%) patients
were infected by eating plant-based foods, i.e., vegetables,
fruit, and rice.

Chicken consumption accounted for more disease,
deaths, and healthcare usage than any other food type.
Milk also exerted a considerable impact on healthcare pro-
vision. No other single food type accounted for >8% for
any of the healthcare use measures. In general, the health-
care impact arising from plant-based foods was low.

The lowest case-fatality rates were associated with
plant-based foods. By contrast, foods of bovine origin
tended to have the highest case-fatality rates. Shellfish had
the lowest case-fatality rate of all of the foods of animal
origin.

lliness and Risk

Analysis by food group (Table 4) shows that vegetables
and fruit had the lowest disease and hospitalization risks
and poultry had the highest. Red meat accounted for more
illness than seafood but was associated with a lower risk
for disease (24 cases/million servings compared with 41
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cases/million servings).

The lowest disease risk for a single food type was for
cooked vegetables, at 0.11 cases/million servings. This risk
was used to calculate disease risk ratios for the other food
types. Disease risk ratios ranged from 2 for fruit to 5,869
for shellfish. Within individual food groups, large varia-
tions in disease risk ratios occurred. A disease risk ratio
was not calculated for the vegetable and fruit food group
because cooked vegetables contribute to the overall risk
for the group.

The lowest hospitalization risk for a single food type
was for cooked vegetables, 0.45 hospitalizations/billion
servings. This risk was used to calculate hospitalization
risk ratios for the other food types. While salad vegetables
had a disease risk ratio of 53, the hospitalization risk ratio
was 229. Chicken had the highest hospitalization risk ratio,
5,595. This figure is >4 times the value estimated for
turkey and more than double the estimate for shellfish,
both of which had higher disease risk ratios than chicken.

Discussion

To our knowledge, our study is the first to examine the
impact of and risk for indigenous foodborne disease by
food type. When all parameters were considered, infection
due to chicken was consistently responsible for more dis-
ease, while disease linked to plant-based foods had a minor
impact on the population.

367



RESEARCH

Table 3. Estimated annual healthcare impact of indigenous foodborne disease,

by food group and type, England and Wales

Food group/type

General practitioner cases (%)

Hospital cases (%)

Hospital days (%)

Poultry 159,433 (35)
Chicken 129,271 (28)
Turkey 23,679 (5)
Mixed/unspecified 6,483 (1)

Eggs 19,554 (4)

Red meat 80,805 (18)
Beef 34,981 (8)
Pork 11,923 (3)
Bacon/ham 4,470 (0)
Lamb 14,283 (3)
Mixed/unspecified 15,148 (3)

Seafood 23,998 (5)
Fish 4,603 (1)
Shellfish 12,861 (3)
Mixed/unspecified 6,534 (1)

Milk 40,755 (9)

Other dairy products 1,561 (0)

Vegetable/fruit 11,912 (3)
Salad vegetables 9,874 (2)
Cooked vegetables 1,184 (0)
Fruit 853 (0)

Rice 5,127 (1)

Complex foods 103,409 (22)

Infected food handler 14,007 (3)

Total* 460,560

9,952 (45) 41,645 (41)
9,005 (41) 36,425 (36)
360 (2) 3,001 (3)
587 (3) 2,219 (2)
552 (3) 3,410 (3)
1,231 (6) 10,935 (11)
429 (2) 4,284 (4)
219 (1) 1,685 (2)
82 (0) 632 (0)
157 (1) 1,721 )
343 (2) 2,613 (3)
828 (4) 3,690 (4)
112 (1) 748 (1)
134 (1) 752 (1)
582 (3) 2,190 (2)
3,681 (17) 14,176 (14)
67 (0) 402 (0)
702 (3) 2,932 (3)
660 (3) 2,671 (3)
27 (0) 168 (0)
15 (0) 93 (0)
73 (0) 432 (0)
4175 (19) 20,646 (20)
736 (3) 3,113 (3)
21,997 101,382

*Totals given are calculated on the basis of rounding to whole numbers.

Our methods build on approaches to estimate the
impact of foodborne diseases in the United States (3) and
England and Wales (4). To minimize bias, we avoided
using assumptions whenever possible. We concluded that
the effects of bias on the etiologic data (Table 1) were
moderate (Table 5) because we were able to estimate the
incidence of disease for each agent by taking national lab-
oratory surveillance data and applying pathogen-specific
multiplication factors that had been determined through a
large population-based study (9). We were also able to use
direct measurements from special studies and national sur-
veillance systems to estimate the impact of foreign travel.
We avoided using expert opinion (Table 5). Techniques
such as Delphi (10) are available to assimilate the judg-
ments of expert panels to produce consensus data.
However, the Delphi estimate for the incidence of salmo-
nellosis due to the consumption of products made from
chicken and eggs (10) in the United Kingdom was >3
times the incidence for all salmonellosis calculated from a
national population-based incidence study (9).

The use of data from published outbreak investigations
also presents difficulties. Comparing outbreak surveillance
data with those from published reports demonstrates a bias
that favors the publication of novel findings and exception-
al events (11). Therefore, we only used contemporary data
drawn from locally based surveillance systems, popula-
tion-based studies, and surveys (Table 5) (4) in these
analyses. Nevertheless, certain reservations apply when

using outbreak surveillance data to estimate the proportion
of disease due to each food type for each pathogen. Ideally,
a full account should be taken of the relative pathogen-spe-
cific contributions of each food type to both sporadic and
outbreak-associated disease. However, determining the
proportion of cases that fall into these 2 categories for any
pathogen is problematic.

For sound epidemiologic reasons, case-control studies
of sporadic disease test specific hypotheses that might
explain disease transmission (12-15). Sample sizes are
determined to detect associations for major risk factors.
Population-attributable fractions are calculable for only a
small number of foods for the small number of pathogens
studied with these methods. Each study delivers a snapshot
of the epidemiology of disease at a point in time for a par-
ticular population. While some of the findings from these
studies are generalizable, population-attributable fractions
for individual foods are not because food production pat-
terns and consumer preferences change from country to
country and with time (8,16,17). Corroborative evidence to
support identified associations between disease and food
consumption for studies of sporadic disease is usually
lacking. However, in outbreak investigations, microbio-
logic findings, production records, and the like lend weight
to the inferences drawn from analytic epidemiology
(18-20). We believe that the true impact of outbreak-asso-
ciated disease has likely been greatly underestimated
(21,22).
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Table 4. Estimated risks associated with food groups and types, England and Wales

Food group/type Disease risk* Risk ratio Hospitalization riskt Risk ratio
Poultry 104 947 2,063 4,584
Chicken 111 1,013 2,518 5,595
Turkey 157 1,429 645 1,433
Mixed/unspecified 24 217 852 1,893
Eggs 49 448 262 583
Red meat 24 217 102 227
Beef 4 375 153 339
Pork 20 180 93 208
Bacon/ham 8 75 39 86
Lamb 38 343 128 285
Mixed/unspecified 17 157 96 214
Seafood 4 374 293 650
Fish 8 75 4 92
Shellfish 646 5,869 1,121 2,490
Mixed/unspecified NAL NA NA NA
Milk 4 35 133 295
Other dairy products 2 17 14 32
Vegetable/fruit 1 NA 8 NA
Salad vegetables 6 53 103 229
Cooked vegetables 0 1 0 1
Fruit 0 2 1 1
Rice 11 101 30 67

*Cases/1 million servings.
THospitalizations/1 billion servings.
INA, not applicable.

Accounting for disease caused by intermittent or unpre-
dictable food processing failures is important. For exam-
ple, an estimated 224,000 people throughout the United
States were infected with Salmonella enterica serotype
Enteritidis after eating ice cream that had become contam-
inated as a result of a processing failure (20). However,
outbreak cases were only formally recognized in
Minnesota. The scale of the outbreak emerged because of
an unusually detailed epidemiologic investigation.
Therefore, under normal circumstances, most of those
affected would have been classified as sporadic cases. This
outbreak alone would have accounted for 17% of the 1.3
million cases of foodborne salmonellosis in the United
States for 1994 (3). The 1996/7 FoodNet case-control
study did not find an association between pasteurized ice
cream and sporadic salmonellosis (12) because the study
was not conducted during the narrow timeframe when the
implicated product was on the market. This example is not
isolated; milk-processing failures have resulted in hun-
dreds of outbreak cases of Campylobacter and E. coli
0157:H7 infections in the United Kingdom (18). While
outbreaks of this type continue to be identified through
routine surveillance, others likely go undetected. However,
testing for associations between apparently sporadic dis-
ease and consumption of contaminated “pasteurized” milk
using case-control studies is difficult for several reasons:
study participants are unaware of the process history of the
milk that they drink; pasteurized milk is very commonly
drunk and identifying differences in exposure rates would
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involve extremely large sample sizes; and since the geo-
graphic and temporal distribution of cases would be
expected to be heterogeneous, studies would have to
extend over long periods and large areas. For these rea-
sons, recent case-control studies of sporadic
Campylobacter and E. coli O157:H7 infections in the
United Kingdom failed to show associations between dis-
ease and consumption of milk (13,14,23). Similar argu-
ments apply for the role of fruit juice or sprouts in the
transmission of E. coli O157:H7 (24,25) or salad vegeta-
bles and Salmonella serotypes (26). While all of these
foods have made considerable, if intermittent, contribu-
tions to the overall impact of disease in the population,
their role in sporadic disease is hard to test and has seldom
been demonstrated. Thus, published case-control studies of
sporadic infection provide insufficient applicable data for
our purposes.

By contrast, GSURV is large, comprehensive, and pro-
vides contemporary locally defined evidence-based data
that takes into account the contribution of a much broader
range of foods. For example, the foods most frequently
associated with disease in published studies of sporadic
Campylobacter infection (15,23), i.e., chicken, pork, red
meat, and unpasteurized milk, also feature most promi-
nently in GSURV, but GSURYV also takes into account the
more minor contributions of foods such as salad vegeta-
bles, fruit, and seafood. However, for certain pathogens the
amount of outbreak data available is limited. The food dis-
tribution percentages for Campylobacter were based on 28
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Table 5. Quality of evidence

Potential effects of bias

Stage Data sources Evidence Principal assumptions on final estimates
All infectious intestinal Population studies Measured Representivity of data Moderate
disease
Etiology Population studies Measured for most; Accuracy and sensitivity Moderate
inferred rarely of diagnostic methods
Indigenous infection National laboratory report Measured Completeness of reporting Negligible
surveillance; special studies
Foodborne transmission National outbreak Measured for most; Representivity of data Major
surveillance (GSURV)* inferred rarely
Food attribution GSURV Measured Representivity of data Major
Presentations to primary Population studies Measured Representivity of data Moderate
care
Hospitalizations GSURYV;, special studies Measured Representivity of data Moderate
Hospital occupancy Hospital episode statistics Measured Representivity of data Moderate
Deaths GSURV Measured Representivity of data Negligible
Food specific risks National food survey Measured Representivity of data Major

*GSURYV, National Surveillance Database for General Outbreaks of Infectious Intestinal Disease.

outbreaks (Online Appendix 2). Therefore, we have exer-
cised considerable caution in interpreting these data and
have identified this area as one in which the effects of bias
on the final estimates are likely to be most profound (Table
5). Nevertheless, the results are also plausible. In our
analyses, chicken emerges as the most important contribu-
tor to Campylobacter infection. This finding is consistent
with data from food and veterinary studies (27,28), evalu-
ations of the interventions enforced after the Belgian diox-
in crisis (29), and observations on the relationships
between human infection and poultry operations in Iceland
(30). Our estimates for impact and risk for disease linked
to shell eggs is consistent with a U.S. Department of
Agriculture risk assessment on Salmonella Enteritidis in
shell eggs and egg products (31). Therefore, after taking all
of these factors into account, we concluded that GSURV
was the most suitable source of pathogen-specific risk
exposure data.

Our analyses were based on data drawn from 766 out-
breaks in which a single vehicle of infection was identi-
fied. The 612 outbreaks that were reported as foodborne
but had no identified vehicle of infection were excluded
from analysis. In effect, we have made the tacit assumption
that distribution of foods in the subset of outbreaks in
which a vehicle was identified is representative of the
complete population of outbreaks. However, certain vehi-
cles may be more likely to be implicated in outbreak inves-
tigations than others. This situation might occur if
investigators tend to preferentially collect data on the types
of food that are perceived as high risk or when laboratory
methods vary in sensitivity according to food type.
Therefore, a systematic vehicle detection bias could poten-
tially result in our analyses underestimating the contribu-
tion and risks attributable to those foods that were rarely
implicated in outbreak investigations, e.g., salad items
such as sprouts, which are now being recognized as poten-
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tial sources of infection (25), fruit, or background ingredi-
ents such as herbs and spices.

Eggs are used as an ingredient in a wide range of foods
such as desserts, sauces, and savories (complex foods).
These dishes always include other ingredients so ascribing
disease-causing ingredients in the complex foods category
is difficult. There are inherent difficulties in demonstrating
epidemiologic association beyond the level of vehicle of
infection to that of source. However, several factors (being
seen by a general practitioner, hospitalization, and case-
fatality rates) linked to complex foods are similar to those
for eggs. Also, =70% of the complex foods associated with
illness included eggs as an ingredient. Therefore, we sug-
gest that eggs are probably a major source of infection for
disease related to complex foods.

Eating shellfish was associated with the highest disease
risk. Shellfish tends to be a luxury food, and consumption
levels were low when compared with those of other food
types. Although the number of cases attributed to shellfish
was of the same order as beef or eggs, the level of risk was
much higher. Preharvesting contamination of oysters with
norovirus had a major impact in generating cases of dis-
ease. This finding presents an additional impact to that
arising from the cross-contamination with Salmonella of
ready-to-eat items such as cocktail shrimp (32).

When severity of illness data are taken into considera-
tion, an elevated risk is associated with eating chicken.
Chicken has a lower disease risk ratio than either shellfish
or turkey but has a higher hospitalization risk ratio. This
finding is explained by the relative prominence of
Campylobacter and nontyphoidal salmonellae in illness
attributable to chicken. Infection with these pathogens is
much more likely to result in hospitalization than disease
due to norovirus, which accounts for much shellfish-asso-
ciated illness, or C. perfringens, one of the more common
turkey-associated infections.
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Risks associated with eating vegetables were generally
low. However, risks associated with cooked vegetables
were much lower than those associated with salad vegeta-
bles. This finding is mainly because cooking would nor-
mally eliminate the pathogens that can contaminate
vegetables in the field, the processing plant, the market, or
the kitchen through cross-contamination. However, no par-
allel control process exists for salad vegetables, which are
generally regarded as ready to eat.

While these analyses provide data on the impact of dis-
ease attributable to different food types, considerable het-
erogeneity exists in the origin, production, and handling of
each of these types of food. Further research is needed to
examine the influence of imported foods, organic produc-
tion, factory farming, and commercial catering.

We have also attempted to define the contribution of
foods by infected food handlers. One of the key reasons for
conducting these analyses was to provide an evidence base
for developing disease control strategies. Controlling
transmission of infection from infected food handlers in
commercial and domestic catering requires different strate-
gies than controlling foodborne zoonoses through the food
chain. The pathogen most frequently transmitted by infect-
ed food handlers was norovirus. Given the ubiquity of
norovirus infection (9,33), its extreme infectivity, and the
sudden and violent onset of symptoms (34), control of
transmission is difficult and more focused strategies are
needed.

Our evidence-based analyses demonstrate that the most
important priority in reducing the impact of indigenous
foodborne disease in England and Wales is controlling
infection from contaminated chicken. Chicken was associ-
ated with relatively high levels of risk and accounted for
more disease, health service usage, and death than any
other individual food type. Interventions introduced during
the mid-1990s to control S. Enteritidis in the Great Britain
chicken flock (35) appear to have been successful in reduc-
ing the burden of salmonellosis in England and Wales (4).
These findings are consistent with analyses from Sweden
(36), Denmark (37), and the United States (38), which
together demonstrate that foodborne salmonellosis can be
substantially reduced by implementing targeted initiatives
to control Salmonella in domestic livestock.

The greatest challenge to protect the population from
foodborne infection is to develop effective programs to
control Campylobacter through the chicken production
chain. This intervention is possible, as witnessed in
Iceland, where measures at retail level and in the house-
hold were introduced to prevent Campylobacter transmis-
sion. Parallel declines (>70%) were subsequently observed
in the carriage of Campylobacter in broiler flocks and in
human infections (29). Finally, the data from Europe and
the United States show that the largest benefits in reducing
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Salmonella and Campylobacter levels have come from
implementing controls in farm-to-retail processing rather
than in instituting them in domestic kitchens, where the
estimated impacts are much smaller in scale (39), although
still important.
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Rapid Identification of Emerging
Pathogens: Coronavirus

Rangarajan Sampath,* Steven A. Hofstadler,* Lawrence B. Blyn,* Mark W. Eshoo,* Thomas A. Hall,*
Christian Massire,* Harold M. Levene,* James C. Hannis,* Patina M. Harrell,* Benjamin Neuman,t
Michael J. Buchmeier,T Yun Jiang,* Raymond Ranken,* Jared J. Drader,* Vivek Samant,*
Richard H. Griffey,* John A. McNeil,* Stanley T. Crooke,* and David J. Ecker*

We describe a new approach for infectious disease
surveillance that facilitates rapid identification of known and
emerging pathogens. The process uses broad-range poly-
merase chain reaction (PCR) to amplify nucleic acid targets
from large groupings of organisms, electrospray ionization
mass spectrometry for accurate mass measurements of
PCR products, and base composition signature analysis to
identify organisms in a sample. We demonstrate this princi-
ple by using 14 isolates of 9 diverse Coronavirus spp.,
including the severe acute respiratory syndrome—associat-
ed coronavirus (SARS-CoV). We show that this method
could identify and distinguish between SARS and other
known CoV, including the human CoV 229E and OC43,
individually and in a mixture of all 3 human viruses. The
sensitivity of detection, measured by using titered SARS-
CoV spiked into human serum, was =1 PFU/mL. This
approach, applicable to the surveillance of bacterial, viral,
fungal, or protozoal pathogens, is capable of automated
analysis of >900 PCR reactions per day.

ucleic acid tests for infectious diseases are primarily
based on amplification methods that use primers and
probes designed to detect specific organisms. Because
prior knowledge of nucleic acid sequence information is
required to develop these tests, they are not able to identi-
fy unanticipated, newly emergent, or previously unknown
infectious organisms. Thus, the discovery of new infec-
tious organisms still relies largely on culture methods and
microscopy, which were as important in the recent identi-
fication of the severe acute respiratory syndrome—associat-
ed coronavirus (SARS-CoV) as they were in the discovery
of HIV 2 decades ago (1-4).
Broad-range polymerase chain reaction (PCR) methods
provide an alternative to single-agent tests. By amplifying

*Ibis Therapeutics, Carlsbad, California, USA; and tThe Scripps
Research Institute, La Jolla, California, USA
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gene targets conserved across groups of organisms, broad-
range PCR has the potential to generate amplification prod-
ucts across entire genera, families, or, as with bacteria, an
entire domain of life. This strategy has been successfully
used with consensus 16S ribosomal RNA primers for deter-
mining bacterial diversity, both in environmental samples
(5) and in natural human flora (6). Broad-range priming
has also been described for detection of several viral fami-
lies, including CoV (7), enteroviruses (8), retroid viruses
(9), and adenoviruses (10). The drawback of this approach
for epidemiologic applications is that the analysis of PCR
products for mixed amplified samples requires sequencing
hundreds of colonies per reaction, which is impractical to
perform rapidly or on large numbers of samples. New
approaches to the parallel detection of multiple infectious
agents include multiplexed PCR methods (11,12) and
microarray strategies (13-15). Microarray strategies are
promising because undiscovered organisms might be
detected by hybridization to probes designed to conserved
regions of known families of bacteria and viruses.

We present an alternative approach for rapid, sensitive,
and high-throughput detection of infectious organisms. We
use broad-range PCR to generate amplification products
from the broadest possible grouping of organisms, followed
by electrospray ionization mass spectrometry and base
composition analysis of the products (16,17). The base
compositions of strategically selected regions of the
genome are used to identify and distinguish organisms in
the sample. Enhanced breadth of priming is achieved
through the use of primers and probes containing 5-propy-
nyl deoxycytidine and deoxyuridine nucleotides that offer
increased affinity and base pairing selectivity (18,19).
Positioning the 5-propynyl primidine-modified nucleotides
at highly conserved positions enables priming at short con-
sensus regions and significantly increases the extent to
which broad groups of organisms can be amplified.
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Materials and Methods

CoV Isolates and Broad-range PCR Primer Pairs

Table 1 lists all the CoV used in this study. Multiple
sequence alignments of all available CoV nucleotide
sequences from GenBank were scanned to identify pairs of
potential PCR priming loci. Two target regions were
selected in CoV ORF-1b (annotations based on Snijder et
al. [20]), 1 in RNA-dependent RNA polymerase (RARp)
and the other in Nspl4 (Table 2). 5" propynyl-modified
pyrimidine nucleotides (shown in bold) were positioned at
universally conserved positions within these primers to
extend the breadth of broad-range priming to allow effi-
cient PCR from all CoV species tested.

For each primer region, a database of expected base

compositions (A, G, C, and T base counts) from all known
CoV sequences in GenBank was generated (data not
shown) and used in the identification and classification of
the test isolates. Several of the isolates used in this study
did not have a genome sequence record in GenBank.
Experimentally measured base compositions from these
isolates were independently verified by sequencing =500
bp regions that flanked both target regions used in this
study (GenBank accession nos. AY874541 and AY878317-
AY878324).

RNA Extraction, Reverse Transcription, and PCR

RNA was isolated from 250 pL of CoV-infected cells or
culture supernatant spiked with 3 ug of sheared poly-A
DNA using Trizol or Trizol LS, respectively (Invitrogen

Table 1. Coronaviruses used in the study and mass spectrometry results*

RdRp Nsp14
Experiment Experiment
determined Calculated base determined Calculated base

Group CoV species Strain Source Strand  masses (Da) compositions masses (Da)t compositions
1 Canine 1-71 VR809 S 27486514  A24 G24C8T32 42475955  A33 G31C19T54
AS 26936574  A32G8C24T24 42185117  A54 G19C31T33
CCV-TN449  VR2068 S 27471.510 A24 G24COT31 42474899  A34G30C18T55
AS 26952.548 A31 G9C24T24 42184072 A55G18C30T34
Feline WSU 79- VR-989 S 27471517 A24 G24COT31 42490945 A33 G31C18T55
1683 AS 26952.556 A31 G9C24T24 42169118  A55G18C31 T33
DF2 VR2004 S 27472497  A23G25C10T30 42450904  A33 G30C19T55
AS 26953536  A30 G10C25T23  42209.081  A55 G19 C30 T33
Human 229E 229E VR740 S 27450532  A25G24C117T28 42462994  A36 G30 C20 T51
AS 26975545 A28 G11C24T25 42198.061  A51 G20 C307T36
229E NHRC% S 27450506  A25G24C117T28 42462930  A36 G30 C20 T51
AS 26975512 A28 G11C24T25 42198.040  A51 G20 C307T36
2 Bovine Calf diarrheal  VR874 S 27358452  A22 G22C12T32 42606.039  A38 G32C15T52
virus AS 27066586 A32G12C22T22 42052897 A52 G15C327T38
Human 0c43 NHRC% S 27328473  A22G22C14T30 42580959  A38 G31C157T53
0C43 AS 27098562  A30 G14C227T22 42076.028  A53 G15C31T38
Murine MHV1 VR261 S 27344491  A21 G23C14T30 42602022  A37 G34C187T48
hepatitis AS 27083564  A30 G14C23T21  42061.016 A48 G18 C34T37
virus JHM- VR1426 S 27344497  A21 G23C14T30 42529.960  A34 G34C21 T48
thermostable AS 27083571  A30 G14C23T21  42136.047 A48 G21 C34 T34
MHV-A59 VR764 S 27344503  A21 G23C14T30 42599.989  A34 G35C18T50
AS 27083572  A30 G14C23T21  42064.089  A50 G18 C35 T34
Rat 8190 VR1410 S 27344491  A21 G23C14T30 42544967  A34 G34 C20 T49
AS 27083567 A30 G14C23T21 42120041  A49 G20 C34 T34
3 Infectious  Egg-adapted ~ VR22 S 27396544  A24 G24C14T26 42530984  A33 G32C17 T55
bronchitis AS 27032524  A26 G14C24T24 42129100  A55 G17 C327T33

Virus
4 SARS TOR2 University S 27298518  A27 G19C14T28  42519.906  A34 G33 C20 T50
of AS 27125542 A28 G14C19T27 42144026  A50 G20 C33 T34
Manitoba§

Urbani cbey S 27298518  A27 G19C14T28 42519906  A34 G33C20T50
AS 27125542 A28 G14C19T27 42144026  A50 G20 C33 T34

*CoV, coronavirus; SARS, severe acute respiratory syndrome.

tExact mass measurements for the sense and antisense strands of the dsDNA amplicon reported. Experimentally observed masses were within £1ppm
of expected masses, based on sequence data for each of the amplified DNA. Sense and antisense strand base compositions reported.
IClinical isolate obtained from Kathryn Holmes, University of Colorado, via Kevin Russell, Naval Health Research Center, San Diego.

§Obtained from Heinz Feldmann, University of Manitoba.
{[Obtained from Dean Erdman, Centers for Disease Control and Prevention.
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Table 2. PCR primer pairs used in this study*

Rapid Identification of Emerging Pathogens

Primer Gene Genome Product

name name Product name coordinates Orientation length (bp) Sequence (5' to >3)

RdRp ORF 1b Nsp12-pp1ab 15146-15164 Sense 88 TAAGTTTTATGGCGGCTGG
primer (RdRp) 15213-15233 Antisense TTTAGGATAGTCCCAACCCAT
Nsp14 ORF 1b Nsp14-pp1ab 19113-19138 Sense 137 TGTTTGTTTTGGAATTGTAATGTTGA
primer (nuclease ExoN 1922519249  Antisense TGGAATGCATGCTTATTAACATACA

homolog)

*All coordinates are based on SARS TOR2 genome (GenBank accession no. NC_004718.3). 5" propynyl-modified pyrimidine nucleotides are shown in
bold. Each primer was designed to include a thymidine (T) nucleotide on the 5’ end to minimize addition of nontemplated adenosine (A) during
polymerase chain reaction (PCR) (data not shown). RdRp, RNA-dependent RNA polymerase.

Inc., Carlsbad, CA, USA) according to the manufacturer’s
protocol. Reverse transcription was performed by mixing
10 pL of the purified RNA with 5 pL of water treated with
diethyl pyrocarbonate (DEPC, Sigma-Aldrich Co., St.
Louis, MO, USA) containing 500 ng random primers, 1 ug
of sheared poly-A DNA, and 10 U SUPERaseln (Ambion
Inc., Woodlands, TX, USA). The mixture was heated to
60°C for 5 min and then cooled to 4°C. Following the
annealing of the random primers to the RNA, 20 uL of
first-strand reaction mix consisting of 2x first-strand buffer
(Invitrogen Inc.), 10 mmol/L DTT, 500 umol/L deoxynu-
cleoside triphosphates (ANTPs), and 7.5 U SuperScript Il
was added to the RNA primer mixture. The RNA was
reversed transcribed for 45 min at 45°C. Various dilutions
of the reverse transcription reaction mixes were used
directly in the PCR reactions.

All PCR reactions were performed in 50 uL with 96-
well microtiter plates and M.J. Dyad thermocyclers (MJ
Research, Waltham, MA, USA). The PCR reaction buffer
consisted of 4 U Amplitag Gold (Applied Biosystems,
Foster City, CA USA), 1x buffer Il (Applied Biosystems,
Foster City, CA, USA), 2.0 mmol/L MgCl,, 0.4 mol/L
betaine, 800 umol/L dNTP mix, and 250 nmol/L propyne-
containing PCR primers. The following PCR conditions
were used to amplify CoV sequences: 95°C for 10 min fol-
lowed by 50 cycles of 95°C for 30 s, 50°C for 30 s, and
72°C for 30 s. After PCR, the amplified products were
desalted before analysis by electrospray ionization Fourier
transform ion cyclotron resonance mass spectrometry
(ESI-FTICR-MS) by methods described previously (21). A
small oligonucleotide SH2 (CGTGCATGGCGG,
Synthetic Genetics, San Diego, CA, USA) was added as an
internal mass standard (22); the final concentration of SH2
was 50 nmol/L.

Mass Spectrometry and Signal Processing

The mass spectrometer used in this work is based on a
Bruker Daltonics (Billerica, MA, USA) Apex Il 70e ESI-
FTICR-MS that used an actively shielded 7 Tesla super-
conducting magnet. All aspects of pulse sequence control
and data acquisition were performed on a 1.1 GHz
Pentium |1 data station running Bruker’s Xmass software
(Bruker Daltonics). Inputs to the signal processor are the

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 11, No. 3, March 2005

raw mass spectra for each of the parallel PCR reactions
used to analyze a single sample. The ICR-2LS software
package (23) was used to deconvolute the mass spectra and
calculate the mass of the monoisotopic species using an
“averagine” fitting routine (24) modified for DNA (Drader
et al., unpub. data). Using this approach, monoisotopic
molecular weights were calculated. The spectral signals
were algorithmically processed to yield base composition
data as described previously (25). The amplitudes of the
spectra are calibrated to indicate the number of molecules
detected in the mass spectrometer versus m/z and the m/z
values are corrected by using internal mass standards. The
algorithm computes the organism’s identity and abun-
dances consistent with observations over all the PCR reac-
tions run on the input sample.

Results and Discussion

Detection of Individual CoV Isolates

For broad-range detection of all CoV, the 2 PCR primer
target regions shown in Table 2 were used against each
virus listed in Table 1. Resultant products were desalted
and analyzed by FTICR-MS by methods described previ-
ously (21). The spectral signals were algorithmically
processed to yield base composition data. Figure 1 shows
a schematic representation of electrospray ionization,
strand separation, and the actual charge state distributions
of the separated sense and antisense strands of the PCR
products from the RdRp primer pair for SARS-CoV. Due
to the accuracy of FTICR-MS (mass measurement error
+ 1 ppm), all detected masses could be unambiguously
converted to the base compositions of sense and antisense
strands (25).

One of the limitations of all molecular methods for
detecting pathogens, including the one described here, is
that unexpected variations in PCR primer target sequences
in unknown species can lead to missed detection. To min-
imize this possibility, the primers designed in this study
were selected on the basis of highly conserved regions
identified by multiple sequence alignments of all previous-
ly known CoV species sequences. Further, we chose 2
amplification targets for redundant detection of the CoV
and to have increased resolution to distinguish the
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“, \ from the polymerase chain reaction (PCR) amplicons

from the severe acute respiratory syndrome (SARS)-

/’ associated coronavirus obtained with the propynyla-

/ ted RNA-dependent RNA polymerase primer pairs.

The electrospray ionization conditions separate the

sense and antisense strands of the PCR products.

Multiple charge states are observed across the m/z

range shown. The inset shows an expanded view of

the isotope envelope of the (M-27H+)27- species. As

enumerated in Table 1, the derived molecular mass-

es for the amplicon strands are 27298.518 (+0.03)

Da and 27125.542 (+0.03) Da, corresponding to an

unambiguous base composition of A27G19C14T28/

200 A28G14C19T27 for the double-stranded amplicon,
the composition expected for the SARS isolate.

different viral species. Both primer pairs were tested
against multiple isolates from the 3 previously known CoV
species groups and from SARS-CoV isolates.

The results from analysis of 14 CoV isolates are shown
in Table 1. For both target regions, the measured signals
agreed with compositions expected from the known CoV
sequences in GenBank. Several of the isolates used in this
study did not have a genome sequence record in GenBank.
Nevertheless, we were able to amplify all test viruses and
experimentally determine their base compositions. These
experimentally determined base compositions were con-
firmed by sequencing (data not shown). Thus the strategy
described here enables identification of organisms without
the need for prior knowledge of the sequence, provided
that the broad range primers do not fail to amplify the tar-
get because of excessive numbers of mismatches.

Multiple CoV Isolates in Mixture

To demonstrate the potential to detect multiple viruses
in the same sample, as might occur during a coinfection,
we pooled the viral extracts from 3 human CoV, HCoV-
229E, HCoV-0OC43, and SARS-CoV, and analyzed the
mixture. Signals from all 3 viruses were clearly detected
and resolved in the mass spectra (Figure 2), which demon-
strated that coinfections of >1 CoV species could be iden-
tified. We have previously determined that the system can
reliably detect multiple species in ratios of =1:1,000, while
varying input loads from 10 to 10,000 organisms (data not
shown).

Sensitivity

To determine sensitivity in a clinical sample, viable,
titered SARS-CoV was added to human serum and ana-
lyzed in 2 ways. In the first, RNA was isolated from serum
containing 2 concentrations of the virus (1.7 x 105 and 170
PFU/mL), reverse transcribed to cDNA with random
primers, and serially diluted (10-fold), before PCR ampli-
fication with both RdRp and Nspl14 primer sets. By using
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this approach, the assay was sensitive to =102 PFU
per PCR reaction (=1.7 PFU/mL serum). We estimated
the number of reverse-transcribed SARS genomes by
competitive, quantitative PCR with a nucleic acid internal
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Figure 2. Detection of 3 human coronaviruses (CoV) in a mixture.
The deconvoluted (neutral mass) mass spectra obtained for the
RNA-dependent RNA polymerase primer for the 3 human CoV,
HCoV-229E, HCoV-OC43, and severe acute respiratory syn-
drome-associated CoV, which were tested individually and in a
mixture, are shown. Forward and reverse amplicons are shown
with the measured monoisotopic masses for each strand. Colors
of the monoisotopic masses for the mixed spectra correspond to
the individual viral species.
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standard (data not shown). Analysis of ratios of mass spec-
tral peak heights of titrations of the internal standard and
the SARS cDNA showed that =300 reverse-transcribed
viral genomes were present per PFU, similar to the ratio of
viral genome copies per PFU previously reported for RNA
viruses (26). By using this estimate, PCR primers were
sensitive to 3 genome equivalents per PCR reaction, which
is consistent with previously reported detection limits for
optimized SARS-specific primers (27,28). In the second
method, we spiked 10-fold dilutions of the SARS virus
into serum before RT-PCR and could reliably detect 1 PFU
(=300 genomes) per PCR reaction or 170 PFU (5.1 x 104
genomes) per mL serum. The discrepancy between the
detection sensitivities in the 2 experimental protocols
described above suggests that losses were associated with
RNA extraction and reverse transcription when very little
virus was present (<300 genome copies) in the starting
sample in serum. This finding is consistent with results for
direct measurement of RNA viruses from patient samples
(26). Therefore, in a practical experimental analysis of a
tissue sample, the limit of sensitivity was =1 PFU per PCR
reaction.

RNA Virus Classification with Base Compositions

We have described a novel approach using base compo-
sition analysis for viral identification. However, since
RNA virus nucleotide sequences mutate over time within
the functional constraints allowed by selection pressure
(29), the utility of this method to correctly classify RNA
viruses depends on the resolution needed for a particular
application. We considered 2 specific applications. The
first was to distinguish SARS-CoV from other species of
CoV that infect humans, namely HCoV-OC43 and HCoV-
229E. The second application was the utility of the tech-
nique for exploration of animal reservoirs for the discovery
of SARS-related CoV species.

To quantitatively analyze the resolving power of base
compositions, we mathematically modeled base composi-
tion variations using known sequences of multiple isolates
of hepatitis C virus (HCV) in GenBank (H. Levene et al.,
unpub. data). HCV sequence-derived mutation probabili-
ties were used to estimate the extent of base composition
variations for CoV species. Figure 3 shows a plot of the
base compositions for the RdRp target region for the 3 CoV
known to infect humans. A, represents the net changes in
composition required for strain variants of 229E or OC43 to
be misidentified as SARS, and A,, the probability of occur-
rence of these changes. The cumulative probability of mis-
classifying either 229E or OC43 as SARS by using base
composition measurements from both target regions was
low (A, >10), even allowing for unseen variations in those
2 viruses. Thus, for use in human clinical diagnostics, base
composition analysis of the 2 target regions described here
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Figure 3. Spatial representation of base compositions for the 3
coronavirus (CoV) species known to infect humans. Severe acute
respiratory syndrome (SARS), HCoV-OC43, and HCoV-229E
base compositions in the region amplified by RNA-dependent
RNA polymerase primers (Table 1) are plotted on the A, G, and C
axes. T counts are shown by the tilt of the symbol. Within a
species, all known isolates of each virus (37 isolates for SARS, 4
for HCoV-229E, and 2 for OC43) had identical sequences in this
region. A, represents the number of changes in the A, G, C, and
T bases needed for 1 species to be misidentified as another in the
direction of the arrow. A, represents the pairwise mutation dis-
tance between 2 species, or the cumulative probability of A,
occurring.

would provide corroborative information and accurate
species identification of CoV infections.

To determine the utility of base composition analysis in
the search for animal CoV species, we calculated the
cumulative mutation distances for both target regions for
all known CoV and plotted groups where all members fall
within certain probability thresholds, as shown in Figure 4.
A series of nested ovals represents subgroupings of
species, where the maximal distance between known
members of a subgroup is represented by the A, next to the
oval. By using the above classification metric, SARS-CoV
would be considered the first member of a new group of
CoV, not a member of the core group 2 cluster, although it
would be placed closest to group 2 (A, < 10.2). These find-
ings are similar to those recently described by Snijder et
al.,, who used sequence data from the replicase genes
(5,487 bp) in ORF1b and suggested that the SARS-CoV
was most closely related to and possibly an early split-off
from group 2 CoV (20). However, substantial space exists
around SARS-CoV where as yet undiscovered SARS-CoV
could populate a subgroup without being confused with the
group 2 or other CoV.
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Figure 4. Representation of the mutational distances calculated for
the 2 selected primer sets overlaid on the coronavirus phylogenet-
ic tree. Each oval represents grouping of members contained with-
in it; numbers next to the group indicate the maximum distance
between any 2 members of the group. Distances are computed as
the base 10 logarithm of the geometric average of the pair-wise
probabilities for any given pair of base compositions.

Conclusion

The strategy we describe allows rapid identification of
new viral species members of previously characterized
viral families, without the need for prior knowledge of their
sequence, through use of integrated electrospray ionization
mass spectrometry and base composition analysis of broad-
range PCR products. Broad-range PCR reactions are capa-
ble of producing products from groups of organisms, rather
than single species, and the information content of each
PCR reaction is potentially very high. Further, in many
cases, including the SARS-CoV detection described in this
article, priming across broadly conserved regions provides
adequate species detection and taxonomic resolution. In
cases where additional subspecies level classification
becomes important, broad primers can be followed up with
more species-specific primers that can detect even single
nucleotide changes (SNPs) or alternatively, larger regions
of the identified species can be analyzed by sequencing.
Despite the advances in high throughput sequencing, how-
ever, it is impractical as a front-end detector in a routine
survey and detection setting. The mass spectrometer is
capable of analyzing complex PCR products at a rate of =1
minute per sample. Because the process is performed in an
automated, microtiter plate format, large numbers of sam-
ples can be examined (>900 PCR reactions/day/instru-
ment), which makes this process practical for large-scale
analysis of clinical or environmental surveillance samples
in public health laboratory settings. The current generations
of ESI mass spectrometers used in the detector cost approx-
imately U.S.$150,000 and can be operated 24 hours per day

378

by trained technicians. Tools for analyzing mass spectrom-
etry data are widely available and are described in detail
elsewhere (23-25). A comparable alternative to the meth-
ods described here are microarrays, which can also provide
broad range detection.

This approach can be extended to other viral, bacteri-
al, fungal, or protozoal pathogen groups and is a powerful
new paradigm for timely identification of previously
unknown organisms that cause disease in humans or ani-
mals and for monitoring the progress of epidemics.
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Antimicrobial Drug Prescribing for
Pneumonia in Ambulatory Care

Conan MacDougall,* B. Joseph Guglielmo,* Judy Maselli,t and Ralph Gonzalest

To determine patterns and predictors of antimicrobial
drug use for outpatients with community-acquired pneumo-
nia, we examined office visit and pharmacy claims data of
4 large third-party payer organizations from 2000 to 2002.
After patients with coexisting conditions were excluded,
4,538 patients were studied. Despite lack of coexisting con-
ditions, fluoroquinolone use was commonly observed
and increased significantly (p < 0.001) from 2000 to 2002
(24%-39%), while macrolide use decreased (55%—44%).
Increased age correlated with increased fluoroquinolone
use: 18-44 years (22%), 45-64 years (33%), and >65
years (40%) (p < 0.001). Increased use of fluoroquinolones
occurred in healthy young and old patients alike, which
suggests a lack of selectivity in reserving fluoroquinolones
for higher risk patients. Clear and consistent guidelines are
needed to address the role of fluoroquinolones in treatment
of outpatient community-acquired pneumonia.

Community—acquired pneumonia (CAP) is a leading
cause of death due to infection in the United States
and a primary indication for antimicrobial drug use in
inpatient and outpatient settings. The fluoroquinolone
class of antimicrobial agents has become increasingly pop-
ular for the management of CAP because of coverage of
common CAP pathogens, toleration by patients, and excel-
lent oral absorption (1). “Respiratory” fluoroguinolones,
such as levofloxacin, gatifloxacin, moxifloxacin, and
gemifloxacin, have activity against most strains of drug-
resistant Streptococcus pneumoniae (DRSP) (2). Concerns
for infection due to DRSP may drive fluoroquinolone use
because providers fear that traditional CAP regimens will
fail (3,4). However, fluoroquinolone resistance, while gen-
erally low, appears to be increasing in S. pneumoniae
(5-8). Therapeutic failures have been reported in patients
infected with fluoroquinolone-resistant organisms treated
with levofloxacin (9,10). Although data from community

*University of California School of Pharmacy, San Francisco,
California, USA; and tUniversity of California Department of
Medicine, San Francisco, California
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settings are lacking, resistance to fluoroguinolones is also
increasing among gram-negative organisms in hospital set-
tings (11,12). Increased use of fluoroquinolones for outpa-
tient respiratory tract infections may lead to increased
resistance rates among community-acquired gram-nega-
tive organisms. Fluoroguinolones may promote coloniza-
tion and infection with  methicillin-resistant
Staphylococcus aureus (MRSA) (13-15). Community-
acquired MRSA infections, once rare, have increased in
frequency (16,17).

Clinicians are faced with the dilemma of attempting to
limit broad-spectrum antimicrobial drug use on a popula-
tion level while trying to maximize therapeutic success in
individual patients (18). Routine prescribing of fluoro-
quinolones for CAP may limit the possibility of therapeu-
tic failure due to drug-resistant organisms but may
compromise the future effectiveness of this class of drugs.
Practice guidelines available for management of CAP from
various professional societies provide mixed messages on
the use of fluoroquinolones, particularly for patients eligi-
ble for outpatient treatment. The American Thoracic
Society recommends reserving fluoroquinolones for out-
patients with cardiopulmonary disease or other modifying
factors, advocating a macrolide or doxycycline for patients
without such coexisting conditions (19). The Drug-
Resistant Streptococcus pneumoniae Working Group rec-
ommends reserving fluoroquinolones for patients whose
treatment has failed on other regimens or those with docu-
mented infections due to DRSP (20). Previous guidelines
of the Infectious Diseases Society of America considered
macrolides, doxycycline, or fluoroquinolones as equiva-
lent options for treating outpatients, with the suggestion
that older patients and those with underlying disease have
a stronger indication for fluoroquinolone therapy (21). A
recent update of these guidelines categorizes patients
according to whether they recently received antimicrobial
drugs and presence of underlying conditions: patients
without underlying illnesses and no recent antimicrobial
drug therapy should receive a macrolide or doxycycline,
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whereas fluoroquinolones are an option for the other
groups (22). Such extensive subclassification and conflict
among guidelines may pose difficulties for clinicians prac-
ticing in busy outpatient settings (23). Without clear and
consistent guidelines, clinicians may base their therapeutic
decisions on tradition, the practice of colleagues, or advice
from pharmaceutical sales representatives, rather than the
best evidence.

We examined a database of office visit and pharmacy
claims from 4 large managed-care organizations in
Colorado. Our objective was to determine the patterns of
antimicrobial drug prescribing, especially fluoroquinolone
use, in a group of outpatients with CAP without serious
underlying conditions.

Methods

We used administrative claims data from 4 healthcare
organizations in Colorado. Identifiable patient information
was removed before the information was provided, and
patients were assigned a unique identification number for
the purpose of data manipulation. Information contained in
the database included the patient’s date of birth, sex, visit
date, health plan, provider identification and specialty, up
to 3 International Classification of Diseases, 9th edition,
Clinical Modification (ICD-9-CM) diagnostic codes, and
drugs prescribed during the visit. Data were available from
March 1, 2000, to March 1, 2003. The study received
approval from the institutional review board of the
University of California, San Francisco.

Our criteria for inclusion in the study were age >18
years, primary diagnosis of CAP (based on ICD-9-CM
codes 481, 482, 483, 485, and 486), and prescription of an
antimicrobial agent associated with the visit. As serious
coexisting conditions may justify the use of fluoro-
quinolones according to some guidelines, we excluded
those patients with coexisting conditions to examine pre-
scribing patterns in an otherwise healthy population.
Specifically, we excluded patients who had a second or
third diagnosis of chronic obstructive pulmonary disease,
congestive heart failure, diabetes, lung cancer, renal fail-
ure, atrial fibrillation, respiratory failure, pleural effusion,
Parkinson disease, multiple sclerosis, and asphyxia. We
excluded patients who had sought treatment for an acute
respiratory tract infection (bronchitis, pharyngitis, otitis
media, sinusitis, and upper respiratory tract infection) or
urinary tract infection during the 4 weeks before the visit
for pneumonia. Consequently, we excluded results for the
first month of the study (March 2000) since data regarding
prior visits were unavailable for that group. Finally, we
limited the dataset to 1 pneumonia visit per patient to
reduce the likelihood of including patients whose previous
therapy had been unsuccessful. We categorized patients by
age into 3 strata: 18-44 years, 45-64 years, and >65 years.
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We also categorized patients according to health plan (1
through 4). For categorization by year, we used March 1 as
the start and end date (e.g., year 2001 was March 1, 2001,
to March 1, 2002).

Antimicrobial agents were identified by using National
Drug Codes. Antimicrobial drugs were assigned to one of
the following categories: tetracyclines (doxycycline, tetra-
cycline), macrolides (azithromycin, clarithromycin, eryth-
romycin), fluoroquinolones (ciprofloxacin, levofloxacin,
ofloxacin, moxifloxacin, gatifloxacin), aminopenicillins
(amoxicillin, amoxicillin/clavulanate), cephalosporins
(primarily cefuroxime and cefprozil), sulfonamides
(trimethoprim-sulfamethoxazole), and other. Only 1
antimicrobial agent was recorded per patient visit. We used
the visit date to analyze data by year of prescription (2000,
2001, or 2002).

Comparisons between proportions in groups were per-
formed by using the Mantel-Haenszel x2 test for trend,
with a significance level of 0.05. Logistic regression analy-
sis was performed on the group of patients without coex-
isting conditions. The outcome was prescription of a
fluoroquinolone. Variables included in the model were
year of treatment, age (by category), patient sex, and
health plan; and interactions between year of treatment
with age, patient sex, and health plan were also tested. All
analyses were performed by using SAS, version 8.2 (SAS,
Cary, NC, USA).

Results

Inclusion criteria were met by 5,001 patients in our
database. Of our sample, 463 patients were excluded
because of >1 conditions. Excluded patients were more
likely to be in 1 of the older age categories (p < 0.001).
Characteristics of the final group of study patients (N =
4,538) without coexisting conditions are presented in
Table 1.

Data from the 4,538 patients were analyzed to deter-
mine use of antimicrobial agents. Figure 1 shows changes
in antimicrobial prescribing from 2000 to 2002 for all
patients. Use of fluoroquinolones increased from 25% of
all prescriptions in 2000 to 39% in 2002 (p < 0.001).
Macrolide use decreased from 55% in 2000 to 44% in
2002 (p < 0.001). Aminopenicillin use (=9%) did not
change significantly, but cephalosporin use decreased by
almost half (7% to 4%). Use of tetracyclines, sulfa drugs,
and other antimicrobial agents was minimal. Of note, flu-
oroquinolone use in the 18- to 44-year age group more
than doubled from 2000 to 2002 (14% to 30%)

Figure 2 shows the distribution of antimicrobial pre-
scribing between the 3 age categories for all years in the
study. Use of fluoroquinolones differed significantly
between groups (p < 0.001); patients in the oldest group
received more fluoroquinolones (40%) than those in the
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Table 1. Pneumonia patients with no serious underlying
conditions treated with antimicrobial drugs

Characteristic No. of patients (%) (N = 4,538)
Age (y)
18-44 1,581 (35)
45-64 1,610 (35)
>65 1,347 (30)
Sex
Male 2,103 (46)
Female 2,435 (54)
Study year
2000 1,827 (40)
2001 1,328 (30)
2002 1,383 (30)

45- to 64- (33%) and 18- to 44-year groups (22%).
Macrolide use was highest in persons 18-44 years (61%),
followed by those 44-65 years (49%) and persons >65
years (37%) (p < 0.001). Differences in prescribing of
aminopenicillins, cephalosporins, and tetracyclines also
were observed across age groups. Among fluoro-
quinolones prescribed over all years of the study, 74%
were for levofloxacin; among all macrolides, 72% were for
azithromycin.

Results of logistic regression analysis to determine pre-
dictors of fluoroquinolone use are presented in Table 2.
When the 45- to 64-year age group was used as a referent,
patients in the older group were more likely, and those in
the younger group less likely, to receive fluorogquinolones.
Likelihood of fluoroquinolone use also differed signifi-
cantly by health plan: 1 health plan was less likely to pre-
scribe fluoroguinolones. The interaction between year of
prescription and age category was of marginal significance
(p = 0.0855), which suggests that increases in fluoro-
quinolone use were similar across age groups. However, a
significant interaction occurred between year of prescrip-
tion and health plan (p < 0.0001), which indicates that
changes in fluoroquinolone prescription rates differed by
health plan.

Discussion

We found significant changes in the pattern of antimi-
crobial prescribing for the outpatient management of
patients with CAP from 2000 to 2002. Fluoroquinolone
use increased by >50%, from 25% to 39% of all prescrip-
tions. This increase was at the expense of the macrolide
class of antimicrobial drugs, the use of which declined
20% during the study period. Use of B-lactam drugs and
doxycycline was low throughout the study period.
Although fluoroquinolones were prescribed for older
patients more frequently than for younger patients, the
growth in fluoroquinolone use over the study was similar
across all age groups.

Few published studies have documented trends in use
of fluoroquinolones for the management of respiratory
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tract infections in the community. No study has specifical-
ly addressed the use of fluoroquinolones for pneumonia. In
a national sample of U.S. office-based physicians from
1992 to 2000, a 78% increase in the use of fluoro-
quinolones across all indications was documented (24).
Chen et al. noted a 5-fold increase in community fluoro-
quinolone prescribing for all indications in Canada from
1988 to 1997 (5). In a survey of U.S. community-based
prescribing from 1991 to 1999, use of fluoroquinolones for
upper respiratory tract infections in adults increased from
<1% to 13% of antimicrobial drug prescriptions (25).

A number of factors may contribute to the observed
increased fluoroquinolone use, including the convenience
of once-daily dosing, reliable spectrum of activity against
CAP pathogens, and relatively low toxicity. In addition,
changes in health plan formularies, pharmaceutical adver-
tising, and concerns about resistance to standard therapies
may have influenced these prescribing trends.

We found age-specific differences among patients for
whom fluoroquinolones were prescribed. Patients in the
older age groups were more likely to receive fluoro-
quinolones than those in persons 18-44 years, even after
those with underlying conditions were excluded. Age itself
may be an important underlying condition as well as a risk
factor for drug-resistant S. pneumoniae (26). Thus, clini-
cians may choose to use drugs they perceive to be more
potent to reduce the risk for treatment failure in this popu-
lation. In a survey of fluoroquinolone use from the
National Hospital Ambulatory Medical Care Survey from
1993 to 1998, persons >65 years of age had the highest use
of fluoroquinolones (12.4 prescriptions/100 persons/year,
compared to a mean of 4.6/100 persons/year for all groups)
27).

A recent study evaluated outpatient fluoroquinolone
use for CAP in 6 emergency departments in Canada (28).
The most commonly prescribed antimicrobial drugs were
macrolides (53%) and fluoroquinolones (32%; 98% of
these prescriptions were for levofloxacin). Similar to our
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Figure 1. Antimicrobial drug treatment of outpatient pneumonia by
year. Percentage of all study patients receiving a particular class
of antimicrobial drug for an episode of community-acquired pneu-
monia for each year of the study, across all age groups.
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Figure 2. Antimicrobial drug treatment of outpatient pneumonia by
age. Percentage of all study patients receiving a particular class of
antimicrobial drug for an episode of community-acquired pneumo-
nia by age group, across all study years.

results in this study, increasing age was a significant pre-
dictor of levofloxacin use; 25% of patients 16—40 years of
age received levofloxacin, compared to 28% of those
41-64 years and 47% of those >65 years. We also deter-
mined appropriateness of levofloxacin use on the basis of
Canadian guidelines. When we used an interpretation of
these guidelines in which fluorogquinolone use in all
patients with chronic obstructive pulmonary disease or
recent antimicrobial drug use was considered appropriate,
51% of levofloxacin prescriptions were considered inap-
propriate.

We did not have adequate information to fully assess
appropriateness of therapy, and the lack of agreement
among currently published U.S. guidelines prevents estab-
lishing a universal benchmark. However, in the absence of
coexisting conditions, the prognosis for patients <45 years
of age with CAP is favorable. The American Thoracic
Society, as well as CDC, recommends use of either a
macrolide or doxycycline in this group (current Infectious
Diseases Society of America guidelines would use a fluo-
roquinolone if the patient had recently used an antimicro-

Table 2. Logistic regression analysis of factors predicting
fluoroquinolone use

Odds ratio (95% CI)* for receipt of

N = 4,538 fluoroquinolone
Age (y)
18-44 0.56 (0.48-0.66)

45-64 1

>65 1.62 (1.38-1.91)
Year (later year) 1.40 (1.29-1.51)
Healthcare plan

1 1

2 0.97 (0.77-1.21)

3 0.80 (0.66-0.97)

4 1.23 (0.93-1.62)

*Cl, confidence interval.
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bial agent). Although fewer fluoroquinolones were used in
the younger age groups, substantial use was noted in all
age groups, and increases in the rate of fluoroquinolone
use were independent of age group. These findings suggest
that those prescribing antimicrobial drugs may be increas-
ingly using fluoroquinolones as a “one-size-fits-all” regi-
men without accounting for differences due to age and
other risk factors. Clarifying the appropriateness of fluoro-
quinolone use on the basis of patient characteristics should
be a goal of future joint guidelines for CAP. We also
observed that patterns of fluoroquinolone prescribing var-
ied across health plans. Although this finding probably
reflects differences in each health plan’s pharmacy benefits
management programs, our study did not collect informa-
tion to help further characterize this finding. Further inves-
tigation of the differences between these programs is
warranted because these studies might identify or inform
effective interventions to reduce excess fluoroquinolone
prescribing.

Our study has a number of limitations. The cohort con-
sists of patients seen in a particular geographic area.
Antimicrobial drug use may vary significantly by region.
The dataset consisted of patients enrolled in managed-care
organization healthcare plans. Prescribing patterns for
these patients may differ from those for other populations.
The database captured only the first 3 ICD-9 codes associ-
ated with a patient visit, which we used to exclude patients
with notable underlying conditions. Some coexisting con-
ditions may have been coded as fourth or fifth diagnoses,
or not coded at all, in which case our sample would not
have excluded all patients with these coexisting conditions
as we planned. We did not measure outcomes, such as
return visits or deaths, to assess the effectiveness of the
prescribed regimens. We were not able to exclude all
patients with recent antimicrobial drug therapy. However,
we did exclude patients with a recent visit for an acute res-
piratory infection or urinary tract infection, many of whom
would have received an antimicrobial drug. We also did
not have data on local antimicrobial resistance patterns to
assess appropriateness of empiric therapy or changes in
resistance over the course of the study.

In summary, our study demonstrates an increase in flu-
oroquinolone use to treat outpatient CAP among a cohort
without complicating coexisting conditions. This increas-
ing use of fluoroquinolones, especially in otherwise
healthy patients whose infections are not likely to fail to
respond to treatment or whose infections are not likely to
be caused by resistant organisms, may threaten the future
effectiveness of this drug class. Harmonization of expert
guidelines regarding the role of fluoroquinolones in the
outpatient management of CAP is recommended.
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Ebola Virus Antibody Prevalence In
Dogs and Human Risk

Lois Allela,*! Olivier Bourry,*! Régis Pouillot, André Délicat,* Philippe Yaba,* Brice Kumulungui,*
Pierre Rouquet,* Jean-Paul Gonzalez,t and Eric M. Leroy*t

During the 2001-2002 outbreak in Gabon, we
observed that several dogs were highly exposed to Ebola
virus by eating infected dead animals. To examine whether
these animals became infected with Ebola virus, we sam-
pled 439 dogs and screened them by Ebola virus—specific
immunoglobulin (Ig) G assay, antigen detection, and viral
polymerase chain reaction amplification. Seven (8.9%) of
79 samples from the 2 main towns, 15 (15.2%) of 99
samples from Mekambo, and 40 (25.2%) of 159 samples
from villages in the Ebola virus—epidemic area had
detectable Ebola virus—IgG, compared to only 2 (2%) of 102
samples from France. Among dogs from villages with both
infected animal carcasses and human cases, seropreva-
lence was 31.8%. A significant positive direct association
existed between seroprevalence and the distances to the
Ebola virus—epidemic area. This study suggests that dogs
can be infected by Ebola virus and that the putative infec-
tion is asymptomatic.

bola virus causes fulminant hemorrhagic fever in both

humans and nonhuman primates (1,2). The Zaire
Ebola virus species (Ebola virus-Z), 1 of the 4 known
species of Ebola virus, occurs in central Africa and kills
80% of infected persons within a few days (3,4). Ebola
hemorrhagic fever occurs in rare epidemics, in which the
index patient is often infected by an animal source, which
indicates that Ebola hemorrhagic fever is a zoonotic dis-
ease (5). During the past 3 years, 5 Ebola outbreaks due to
Ebola virus-Z have struck the region of central Africa,
including Gabon and Republic of Congo, and caused 334
deaths among the 428 reported human cases (5). In previ-
ous studies, we showed that each extended outbreak could
be subdivided into several independent epidemic clusters
or chains of transmission, which resulted from close con-
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Franceville, Gabon; fCentre Pasteur du Cameroun, Yaoundé,
Cameroun; and finstitut de Recherche pour le Développement,
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tact with an Ebola virus-Z—infected animal carcass.
Epidemiologic observations and genetic analyses identi-
fied gorilla, chimpanzee, and duiker carcasses as the main
sources of human cases (5). Once the species barrier has
been crossed between animals and humans, the disease
spreads among humans by direct physical contact.

Some human cases in the recent outbreak in the
Gabon/Republic of Congo region did not have a docu-
mented source of exposure to Ebola hemorrhagic fever.
Similarly, 14 (4.9%) of the 284 cases in the 1976 Sudan
outbreak (6) and 55 (17.4%) of the 316 cases during the
1995 outbreak in Kikwit (7), Democratic Republic of
Congo (DRC, former Zaire), had no direct physical contact
with an infected person or known infected carcass. These
observations point to other routes of transmission (e.g.,
human-human respiratory tract infection through droplets
and aerosols) or may suggest that other, unidentified ani-
mal sources may be involved in Ebola virus transmission
to humans.

Ebola hemorrhagic fever outbreaks occurred in villages
where people keep domestic animals, including dogs. The
dogs are not fed and have to scavenge for their food. They
eat small dead animals found near the villages and also
internal organs of wild animals hunted and slaughtered by
villagers. Some dogs are also used for hunting in the dense
forested area. Although canine infection by Ebola virus has
never been documented, domestic dogs’ behavior and diet
place them at risk.

We examined whether pet dogs could have been infect-
ed by Ebola virus and their potential role as primary or sec-
ondary sources of human infection. We conducted a
large-scale serologic survey to determine the prevalence of
Ebola virus infection in pet dogs in an Ebola virus—epi-
demic area of Gabon.

1Lois Allela and Olivier Bourry contributed equally to this work.
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Methods

Study Populations

We sampled 439 dogs divided into 4 groups (Table 1).
The first group comprised 102 dogs living in France (neg-
ative controls). The second group comprised 258 dogs
sampled in the area of Gabon hit by the 2001-2002 Ebola
outbreak. This group was subdivided into 2 clusters, 1 of
159 dogs from villages located between Mekambo and
Ekata and between Mekambo and Mazingo (Figure 1,
Table 1) and another of 99 dogs from Mekambo city,
where human cases were also reported. The third group
comprised 50 dogs from Libreville, the capital of Gabon,
and 29 dogs from Port Gentil, Gabon’s second largest
town, located on the Atlantic Coast (Figure 1, Table 1).
Although these 2 Gabonese towns are both located >600
km from the Ebola virus—epidemic area, several human
cases of Ebola infection, imported from the disease-epi-
demic area, were observed in Libreville during the
1996-1997 outbreak.

Sampling

Sampling was conducted in 3 ways. 1) Dogs in
Libreville and Port Gentil were sampled in a veterinary
clinic. Blood was collected in 5-mL dry Vacutainers (VWR
International, Fontenay-sous-bois, France), and serum was
prepared by centrifugation. Serum specimens were stored
at —20°C until they were sent to the Centre International de

Table 1. Results of testing pet dogs for Ebola-specific
immunoglobulin G antibodies by location

Location No. dogs tested No. dogs positive
Mekambo/Ekata
Ekata 38 10
llahounene 15 1
Mendemba 3 1
Ntolo 11 3
Mekouma 12 1
Malassa 5 0
Mbeza 13 6
Total 97 22
Mekambo/Mazingo
Mazingo 5 1
Massombo 1 0
Ego poma 4 1
Grand Etoumbi 7 3
Zoula 15 3
Ibea 12 3
Imbong 10 4
Etakangaye 8 3
Total 62 18
Mekambo 99 15
Libreville 50 5
Port gentil 29 2
France 102 2
Total 439 64
386
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Figure 1. Locations of the main towns of Gabon (Libreville and
Port Gentil) and the villages in the Ebola virus-epidemic area dur-
ing the 2001-2002 outbreak in Gabon. The villages where human
cases of Ebola infection were observed are indicated by "H." The
villages where both human patients and infected animal carcass
were observed are indicated by "H/A."

Recherches Médicales de Franceville (CIRMF), Gabon,
where they were stored at —80°C until testing. 2) Dogs
from the Ebola virus—endemic area were sampled in the
villages. An experienced veterinary team was located at
Mekambo, where field laboratory facilities were set up;
blood samples were collected on a daily basis in the vicin-
ity of the village by using 5-mL dry Vacutainers and
medetomidine anesthesia. The tubes were then transported
to Mekambo each evening, and serum was decanted from
whole blood. Serum samples were kept in liquid nitrogen
in 1-mL aliquots at Mekambo until they were transported
to CIRMF. Serum samples were then stored at —80°C until
serologic testing, antigen detection, and RNA amplifica-
tion were carried out. 3) Dogs in France were sampled in
the Laboratoire des Dosages Hormonaux of the Ecole
Nationale Vétérinaire de Nantes, France.

Dog owners were interviewed on their pets’ activities
(e.g., participation in hunting) and health history. The
focus of the interviews was on potential Ebola virus—
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exposure events, including human cases that occurred in
the village and among dog owners.

Laboratory Investigations

Ebola virus-specific immunoglobulin (Ig) G was
detected by using a standard enzyme-linked immunosor-
bent assay (ELISA) method as previously described (8).
Briefly, Maxisorp plates (VWR International) were coated
with Ebola virus-Z antigens diluted 1:1,000 in phosphate-
buffered saline (PBS), overnight at 4°C. Control plates
were coated with uninfected Vero cell culture antigens in
the same conditions. Sera diluted 1:400 in 5% nonfat milk
in PBS-Tween 20 (0.1%) were added to the wells and incu-
bated overnight at 4°C. IgG binding was visualized by
using a peroxidase-labeled anti-dog IgG (Kirkegaard &
Perry Laboratories, Inc., Gaithersburg, MD, USA) and the
TMB detector system (Dynex Technologies, Issy-les-
Moulineaux, France). Optical density (OD) was measured
at 450 nm with an ELISA plate reader. For each sample we
calculated the corrected OD as the OD of the antigen-coat-
ed well minus the OD of the corresponding control well.
The cut-off value (CO) was calculated as follows: CO =
M + 3o, where M is the average of the corrected OD of the
102 negative controls from France, and o is the standard
deviation. Samples were considered positive when the cor-
rected OD was above the cut-off.

Samples were used for antigen detection (9) and for
viral polymerase chain reaction (PCR) amplification (10).
Three positive and 3 negative serum specimens were also
used for virus isolation (9). Briefly, Maxisorp plates were
coated with a cocktail of 7 monoclonal antibodies against
Ebola virus—Z antigens; control plates were coated with
normal mouse ascitic fluid produced from the parent
myeloma cell line. Serum was then added to the wells, fol-
lowed by hyperimmune rabbit Ebola polyvalent antiserum
and then peroxidase-conjugated goat antibodies against
rabbit 1IgG. The TMB Microwell peroxidase substrate sys-
tem was used to measure OD. For the detection of viral
mRNA, total RNA was isolated from serum with the
QIlAmp viral RNA kit (Qiagen, Courtaboeuf, France), and
cDNA was synthesized from mRNA as previously
described. Two pairs of degenerate primers corresponding

Ebola Virus Antibodies in Dogs and Human Risk

to the L-gene of Ebola virus were used for 2 rounds of
amplification, which yielded a 298-bp fragment.

Statistical Methods

Confidence intervals for proportions were calculated by
using the Clopper and Pearson method (11). Statistical
comparisons between seroprevalence rates according to
the sampling area were performed by using the Fisher
exact test. The Cochran-Armitage test was used as a trend
test for proportions, after checking for the goodness-of-fit
of the underlying linear model (12). All tests used a 0.05
significance level. Statistical analyses were performed by
using R software (R Development Core Team; 13).

Results

A total of 439 blood samples from dogs were screened
for Ebola virus—specific 1gG. Two (2%) of the 102 blood
samples from dogs living in France had detectable Ebola
virus—reactive 1gG (Table 2). Seven of the 79 dogs sam-
pled in Libreville and Port Gentil (8.9% prevalence rate),
15 of the 99 dogs sampled in Mekambo (15.2% prevalence
rate), and 40 of the 159 dogs sampled in villages located
within the Ebola virus—epidemic area (25.2% prevalence
rate) had detectable 1gG to Ebola virus antigens (Table 2).

During the 2001-2002 Ebola outbreak in Gabon,
human cases of Ebola virus infection appeared only in cer-
tain villages within the Ebola virus—epidemic area (Figure
1). The prevalence of Ebola virus—reactive 1gG among
dogs from the villages where humans cases occurred was
27.2%, compared to 22.4% among dogs from villages
where no human cases were noted (Table 2). In some
cases, hunters had brought back to the village an Ebola
virus—infected animal carcass found in the forest. This car-
cass was the source of human infection in the village, and
the disease then spread from human to human, both with-
in the village and to other villages by population move-
ment (Figure 1). Thus, only secondary human cases were
observed in some villages, with no identified animal
source. The prevalence rate among dogs from villages with
both an animal source and human cases was as high as
31.8%, compared to 15.4% among dogs from villages with
human cases but no identified animal source (Table 2).

Table 2. Prevalence rates of Ebola-specific immunoglobulin G antibodies in pet dogs from different areas and villages

Area/village characteristic No. No. positive Seroprevalence* (%) 95% confidence interval (%)
France 102 2 2 0.2-6.9

Major towns (Libreville and Port Gentil) 79 7 8.9 3.6-17.4
Mekambo 99 15 15.2 8.7-23.8

Ebola virus—epidemic area (villages) 159 40 25.2 18.6-32.6

Villages with human cases 92 25 27.2 18.4-37.4

Villages without human cases 67 15 22.4 13.1-34.2

Villages with human cases and animal source 66 21 31.8 20.9-44.4

Villages with human cases, without animal source 26 4 15.4 4.4-34.9

*Seroprevalence rates were compared by using the Fisher exact test with a 0.05 confidence level.
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The seroprevalence rate was significantly lower in
France (2.0%) than in Gabon (Table 2). In particular, it was
lower than in the 2 major towns (p = 0.043), in Mekambo
(p = 0.001), and in the Ebola virus—epidemic area (p <
0.001). The seroprevalence rate in the major towns (8.9%)
was significantly lower than that in the Ebola virus—epi-
demic area (p = 0.003). Using scores from 1 to 4 for the
canine prevalence rates in France, major towns, Mekambo
and Ebola virus—epidemic areas, we observed a significant
positive trend of linear increase (Cochran-Armitage test: p
< 0.0001) (Figure 2A).

Epidemic area

Villages without  Villages with human
human cases cases

France Major towns. Mekambo

£ s00% !

250% + t -
-
-
200% 1 |

15.0% + t -
10.0% + "
50% 1 1 >

0.0% 4

France Mekamba Villages without  Villages with animal

animal source source

Major towmns

Figure 2. Seroprevalence of Ebola virus in dogs sampled in differ-
ent areas: A) France, major towns of Gabon, Mekambo (a town
close to the disease-epidemic area) and villages in the epidemic
area; B) France, major towns of Gabon, Mekambo, villages with-
out human cases and villages with human cases; C) France, major
towns of Gabon, Mekambo, villages with and without an animal
source. Estimates are represented by squares, bounded by their
95% Clopper and Pearson confidence intervals. The dashed line
is the linear trend in proportion.

388

The seroprevalence rates in dogs increased linearly as
the sampling area approached the sites of human cases, as
confirmed by the highly significant Cochran-Armitage test
for trends in proportions (p < 0.0001), which used a score
of 1 for France, 2 for major towns, 3 for Mekambo, 4 for
villages from the disease-epidemic area without human
cases, and 5 for villages from the Ebola virus—epidemic
area with human cases (Figure 2B). The result was con-
firmed when restricted to the 3 latter areas (p = 0.04).

In parallel, the seroprevalence rates in dogs increased
linearly as the sampling area approached animal sources,
as confirmed by a significant Cochran-Armitage test (p <
0.0001), using a score of 1 for France, 2 for major towns,
3 for Mekambo, 4 for villages where no animal source was
observed (with or without human cases), and 5 for villages
where an animal source was observed (with human cases)
(Figure 2C). Again, the result was confirmed when restrict-
ed to the 3 latter areas (p = 0.01).

Neither Ebola virus antigens nor nucleotide sequences
were detected in any of the positive or negative dog blood
samples. We also failed to isolate the virus from 3 positive
and 3 negative samples on \VeroE®6 cells.

Discussion

We investigated the potential involvement of domestic
dogs in the occurrence or dissemination of Ebola virus
hemorrhagic fever in humans. Based on a large serologic
survey of dogs in the 2001-2002 Ebola outbreak area in
Gabon, we found evidence that dogs can be infected by
Ebola virus, a finding that raises important human health
issues. The ELISA method was based on the use of Ebola
virus—Z antigens. Although cross-reactions can occur with
antibodies to other subtypes, the presence of these sub-
types in our samples is unlikely because only the Zaire
subtype circulates in the study area: all patients and nonhu-
man primates tested in this part of central Africa were
infected by the Zaire subtype alone. The 2 positive dogs in
France, an apparently Ebola virus—exempt part of the
world, could be attributed to false-positive reactions due to
the calculation of the positivity cut-off and the 1:400
serum dilution step used in the tests.

We found that 40 of 159 dogs living in the 2001-2002
Ebola virus—epidemic area had detectable Ebola
virus—specific 1gG, indicating either true infection or sim-
ple antigenic stimulation. All the tests were standardized at
the 1:400 serum dilution, and most serum specimens had
high OD values even at higher dilutions, confirming the
specificity of the reactions. These data are consistent with
observations we made during the different Ebola outbreaks
that occurred in Gabon and the Republic of Congo in
recent years. We observed that some dogs ate fresh
remains of Ebola virus—infected dead animals brought
back to the villages, and that others licked vomit from
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Ebola virus—infected patients. Together, these findings
strongly suggest that dogs can be infected by Ebola virus,
and that some pet dogs living in affected villages were
infected during the 2001-2002 human Ebola virus out-
break. No circulating Ebola antigens or viral DNA
sequences (tested by PCR) were detected in either positive
or negative serum specimens, and attempts to isolate virus
from these samples failed. These findings indicate either
old, transient Ebola infection of the tested dogs, or anti-
genic stimulation.

Symptoms did not develop in any of these highly
exposed animals during the outbreak, a finding that tends
to support antigenic stimulation, asymptomatic, or very
mild Ebola virus infection. Wild animals, especially goril-
las and chimpanzees, can also be infected by Ebola virus,
but the infection is highly lethal and causes huge outbreaks
and massive population declines (5,14). Other animals
such as guinea pigs (15), goats (16), and horses (17)
remain asymptomatic or develop mild symptoms after
experimental infection, but Ebola virus infection has never
been observed in these species in the wild. Thus, dogs
appear to be the first animal species shown to be naturally
and asymptomatically infected by Ebola virus.
Asymptomatic Ebola infection in humans has also been
observed during outbreaks (18) but is very rare. Although
dogs can be asymptomatically infected, they may excrete
infectious viral particles in urine, feces, and saliva for a
short period before virus clearance, as observed experi-
mentally in other animals. Given the frequency of contact
between humans and domestic dogs, canine Ebola infec-
tion must be considered as a potential risk factor for human
infection and virus spread. Human infection could occur
through licking, biting, or grooming. Asymptomatically
infected dogs could be a potential source of human Ebola
outbreaks and of virus spread during human outbreaks,
which could explain some epidemiologically unrelated
human cases. Dogs might also be a source of human Ebola
outbreaks, such as the 1976 Yambuku outbreaks in
Democratic Republic of Congo (19), the 1995 Kikwit out-
break, some outbreaks that occurred in 1996 and 2004 in
Gabon and Republic of Congo (5), and the 1976 (6), 1979
(20), and 2004 (21) outbreaks in Sudan, the sources of
which are still unknown. Together, these findings strongly
suggest that dogs should be taken into consideration dur-
ing the management of human Ebola outbreaks. To con-
firm the potential human risk of Ebola virus—infected dogs,
the mechanisms of viral excretion (i.e. body fluids and
virus kinetics of excretion) should be investigated during
experimental canine infection. This research would also
offer insights into the natural resistance of dogs.

The canine seroprevalence rates in Libreville and Port
Gentil, the 2 main towns of Gabon, were significantly
higher than that observed in France, which suggests
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antigenic stimulation in these towns where no endemic
cases of Ebola infection have been observed.
Epidemiologic investigations showed that most seroposi-
tive dogs in Libreville and Port Gentil had probably never
had contact with an infected source (dead animal or human
case-patient), and that they had never visited the Ebola
virus—epidemic area, in theory ruling out true infection.
They may therefore have come into contact with free viral
antigens, transmitted by aerosol or, to a lesser extent, expe-
rienced conjunctival exposure to virus-laden droplets of
urine, feces, or blood of the unknown natural host. Ebola
virus has been shown to be experimentally transmissible to
rhesus monkeys by inhalation (22) and conjunctival expo-
sure (23). Moreover, accidental transmission of Ebola
virus to 2 rhesus monkeys that had no direct contact with
experimentally infected monkeys was observed in a bio-
containment laboratory, which also suggests aerosol, con-
junctival, or oral transmission (24).

The Ebola virus reservoir species appears to extend
throughout central Africa, both in rural and urban areas
and might therefore be a small terrestrial mammal or a fly-
ing animal (bat or bird). No good candidate species has yet
been identified, despite extensive studies (25,26).
Epidemiologic observations during the 1976 outbreaks in
Democratic Republic of Congo and Sudan identified bats
as a potential reservoir (6,20), and Ebola virus nucleotide
sequences and Ebola virus—like virus capsids were detect-
ed in rodents in the Central African Republic (27). The dis-
covery of Ebola virus—positive pet dogs in undeclared
affected areas suggests that these animals live in close con-
tact with the Ebola virus reservoir, and this finding should
help to narrow the search.

One striking result of this study is the significant
increasing gradient of canine seroprevalence from France
to the Ebola virus—epidemic area, including from villages
with and without human cases in the area. The Cochran-
Armitage test for trends in proportions showed that sero-
prevalence increased linearly from France (2%), to major
towns (8.9%), then to Mekambo (15.2%), and then to vil-
lages in the Ebola virus—epidemic area (25.2%). This trend
is supported by the increasing seroprevalence as the sam-
pling area approached human cases and animal sources
(Cochran-Armitage test, p < 0.0001). These findings sug-
gest that canine seroprevalence could reflect contact with
the virus and, thus, virus activity in a given area and also
the risk for human infection.

The virus appears to jump from its natural host to
humans only in specific, but unknown, conditions.
Seroprevalence rates in dogs might serves as an indicator
of Ebola virus in regions in which no animal deaths or
human cases have been observed.

In conclusion, this study offers the first evidence that
dogs might be asymptomatically infected by Ebola virus in
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the wild. This finding has potential implications for
preventing and controlling human outbreaks. The increas-
ing canine seroprevalence gradient from low-risk to at-risk
Ebola virus—endemic areas indicates that this seropreva-
lence might be used as an epidemiologic indicator of virus
circulation in regions where no other means of virus detec-
tion are available.
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Probable Psittacosis Outbreak
Linked to Wild Birds
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In autumn 2002, an outbreak of probable psittacosis
occurred among residents of the Blue Mountains district,
Australia. We conducted a case-control study to determine
independent risk factors for psittacosis by comparing expo-
sures between hospitalized patients and other residents
selected randomly from the telephone directory. Of the 59
case-patients with laboratory results supportive of psittaco-
sis, 48 participated in a case-control study with 310 con-
trols. Independent risk factors were residence in the upper
Blue Mountains (odds ratio [OR] 15.2, 95% confidence
interval [CI] 5.6—41.7), age of 50-64 years (OR 3.9, 95% ClI
1.5-10.5), direct contact with wild birds (OR 7.4, 95% ClI
2.5-22), and mowing lawns without a grass catcher (OR
3.2, 95% CI 1.3-8.0). Protective equipment is recommend-
ed for residents in areas frequented by free-ranging birds if
contact with birds and their droppings is likely when per-
forming outdoor activities such as lawn mowing.

sittacosis is a human disease caused by infection with

the bacterium Chlamydophila psittaci. The bacterium
also causes avian chlamydiosis, a disease reported in
psittacine birds such as parrots, cockatiels, and parakeets
(1-3). Chlamydophila psittaci can be present in large num-
bers in the droppings of sick birds and in dust contaminat-
ed by infected droppings (4). The organism can remain
infectious in the environment for months (1). Human
infection usually occurs when a person inhales the bacteri-
um shed in feces and secretions of infected birds (1-3,5).
Sheep, goats, cattle, and reptiles can also be infected, but
these animals have rarely been linked to human cases
(1,3,6).

Psittacosis has an incubation period of 1 to 4 weeks,
and manifestations of disease can range from asympto-
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matic infection to systemic illness with severe pneumonia
(1,5,7). Untreated psittacosis has a reported case-fatality
rate of 15% to 20% (1,3). Psittacosis is most commonly
reported among people in close contact with domestic
birds, such as bird owners, poultry farmers, veterinarians,
and workers within pet shops and poultry-processing
plants (1-3,5,8-13). Sporadic cases and an outbreak in
Australia linked to contact with free-ranging (wild) birds
have been reported; however, little information is available
on the role of wild birds in the transmission of
Chlamydophila psittaci to humans (14,15)

Psittacosis became a notifiable disease in New South
Wales (NSW), Australia, in 2001, and 38 laboratory notifi-
cations were received by the state health department that
year, an incidence of 5.7 cases per 1,000,000 population
for NSW (16,17). In May 2002, clinicians at the Blue
Mountains Hospital (BMH), in the Wentworth Area Health
Service, NSW, a 1-hour drive west of Sydney’s central
business district, reported an increase in adult admissions
for severe community-acquired pneumonia. From March
to May 2002, a total of 160 persons with pneumonia were
seen at the BMH emergency department, compared with
82 from March to May 2001. The population of the Blue
Mountains is =80,000 persons, and the area includes a
large national park. The lower Blue Mountains (altitude
=160 m) is on the western outskirts of Sydney, and resi-
dences tend to have suburban-style yards. The upper Blue
Mountains district (altitude =1,044 m) lies further west,
receives more rain, and has more bush land; its residential
areas have larger yards and are closer to bush land. Reports
that patients had found increased numbers of dead free-
ranging birds in their yards, handled dead birds, and occa-
sionally mowed over dead bird carcasses prompted
clinicians to suspect psittacosis, although no case had been
confirmed by laboratory testing. We report on our investi-
gation into the extent and most likely cause of this out-
break.
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Methods

We defined a suspected case of disease as community-
acquired pneumonia (as primary clinical diagnosis), con-
firmed by chest radiograph, in a resident of the Blue
Mountains 15 to 75 years of age who was admitted to a
local hospital between March 1 and June 30, 2002. Patients
with a history of congestive cardiac failure and chronic
obstructive pulmonary disease were excluded. Active sur-
veillance for suspected cases of psittacosis was initiated in
the first week of June 2002. Surveillance was performed
by review of patient medical records and daily contact with
the emergency department and infection control staff at the
Blue Mountains and other local hospitals. We attempted to
contact all suspected case-patients by telephone to invite
them to participate in the study and provide serum samples
for laboratory testing.

We defined a probable case of disease as psittacosis in
a suspected case-patient in which any of the following
were demonstrated: seroconversion, a 4-fold rise in
immunoglobulin (1g) G titer by microimmunofluorescence
(MIF), or a single or static high convalescent-phase MIF
1gG titer to Chlamydophila psittaci.

We conducted a case-control study to identify inde-
pendent risk factors for psittacosis in the outbreak. Only
probable case-patients were included in the analysis. To
identify controls, random digit dialing was used to select
household telephone numbers from the randomly sorted
Blue Mountains telephone directory. All randomly select-
ed households were telephoned, and 1 person 15-75 years
of age from every household was randomly selected and
invited to participate in the study (18,19).

Interviews were conducted by trained interviewers in a
computer-assisted telephone interview service, from June
18 to July 2, 2002, 7 days per week, during the day and the
evening. Up to 10 attempts were made to contact each
case-patient and control. Case-patients and controls com-
pleted a detailed telephone questionnaire, which included
questions on demographics; contact with poultry, pet, and
free-ranging birds; types of bird contact; other animal con-
tact; and gardening and other outdoor activities undertak-
en in the 3 weeks before onset of illness (for case-patients)
or the 3-week period April 1-21, 2002 (for controls).

Statistical analysis was conducted by using SAS
Version 8.02 (SAS Institute Inc., Cary, NC, USA) (20). In
univariate analysis, we compared characteristics and
potential risk factors reported by probable case-patients
and controls. Univariate analysis was performed by using
chi-square tests and logistic regression analysis. When
expected cell counts were <5, Fisher exact 2-sided p value
was used. We performed multivariable logistic regression
modeling using the backward stepwise elimination method
to identify independent risk factors for psittacosis (21).
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Serum samples were tested for Chlamydia and
Chlamydophila species 1gG (to endpoint titer) with a MIF
assay (Chlamydia 1gG SeroFIA, Savyon Diagnostics,
Ashdod, Israel) using purified Chlamydophila pneumoni-
ae, Chlamydia trachomatis, and Chlamydophila psittaci
elementary bodies as antigen and a complement fixation
(CF) assay using a Chlamydia genus-specific glycoprotein
(Virion, Ruschlikon, Switzerland) (22,23). According to
the manufacturer’s instructions, MIF titers >1:64 for
Chlamydophila psittaci and Chlamydia trachomatis and
>1:512 for Chlamydophila pneumoniae were regarded as
indicative of current or recent infection. Serum samples
were also tested for Chlamydia trachomatis IgG and IgA
antibodies by using an enzyme immunoassay (EIA)
(Medac Diagnostika, Wedel, Germany). All paired samples
were tested in parallel in a single laboratory. Complement-
fixing antibodies to Mycoplasma pneumoniae, influenza A
and B viruses, adenovirus, and Coxiella burnetii were
determined. Legionella pneumophila serogroups 1-6 and
L. longbeachae total antibodies were tested by using an in-
house immunofluorescence assay. In the later stage of the
outbreak, upper respiratory tract specimens were collected
from patients with pneumonia for Chlamydophila pneumo-
niae polymerase chain reaction (PCR) and for respiratory
virus isolation. PCR for Chlamydophila pneumoniae was
performed according to the published method (24).

To identify birds with avian chlamydiosis, we invited
all local veterinarians and wildlife workers by letter to sub-
mit sick or dead birds for testing at a regional veterinary
laboratory. The avian diagnostic test was based on direct
immunofluorescence of a conjugated monoclonal antibody
against a common, shared, genus-specific lipopolysaccha-
ride antigen (Chlamydia-CEL VET IF TEST, Cellabs
Diagnostics Pty Ltd, Brookvale, NSW, Australia).
Household contacts of all probable case-patients were
asked to submit any birds that the patient was known to
have had contact with before onset of illness.

Results

Of 95 suspected cases identified, 59 (62%) had serolog-
ic evidence of psittacosis (probable cases), 30 (32%) were
seronegative, and 6 (6%) were lost to follow up. The first
patient with a probable case of psittacosis was hospitalized
on March 11, 2002, marking the start of the outbreak,
which peaked in late April to early May, with the last prob-
able case-patient admitted to the hospital on June 29
(Figure). Of the 59 patients with probable cases of psitta-
cosis, 36 (61%) were men, 50 (85%) resided in the upper
Blue Mountains (altitude 770-1044 m), and 32 (54%)
were 50-64 years of age. The average length of hospital
stay was 7 days (range 2-29). No deaths occurred,
although 2 patients required intensive care with intubation
and mechanical ventilation.
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Figure. Hospitalized patients with cases of probable psittacosis,
Blue Mountains, by week of hospital admission.

Case-Control Study

Of the 59 probable case-patients, 48 (81%) were inter-
viewed for the case-control study, 2 refused to participate,
2 could not be contacted, and 7 were on vacation. Of 384
eligible controls contacted, 310 (80%) agreed to participate.

Symptoms reported by the 48 case-patients included
fever (25 patients), weakness and tiredness (24 patients),
sweats and chills (20 patients), aching muscles (16
patients), headache (16 patients), shortness of breath (9
patients), dry cough (8 patients), confusion (5 patients),
vomiting (6 patients), diarrhea (5 patients), sore throat (3
patients), and loose cough (2 patients). In univariate analy-
sis, when compared with controls, case-patients were sig-
nificantly more likely to be male, to be 50-64 years of age,
and to reside in the upper Blue Mountains (Table 1). Case-
patients were also significantly more likely than controls to
report direct contact with live or dead free-ranging birds,
and a dose-response relationship existed between reported
level of contact with free-ranging birds and disease (chi-
square test for linear trend = 24.5, p < 0.001). In addition,
case-patients were significantly more likely than controls
to report lawn mowing without a grass catcher and to have
spent more time performing this activity. Conversely, case-
patients were significantly less likely than controls to
report contact with caged or domestic birds, a history of
asthma, and potting or weeding in the yard.

Case-patients were more likely than controls to report
direct or indirect contact with the following bird species
of the parrot family: crimson rosellas (odds ratio [OR]
4.4, 95% confidence interval [CI] 2.3-8.7, p < 0.0001),
king parrots (OR 3.6, 95% CI 1.9-6.7, p < 0.0001), and
gang gangs (OR 2.6, 95% CI 1.1-6.0, p = 0.03). Case-
patients were also more likely than controls to report
direct or indirect contact with doves (OR 4.2, 95% CI
1.8-10.3, p = 0.003), currawongs (OR 4.0, 95% ClI
2.1-7.4, p < 0.0001), and magpies (OR 2.4, 95% CI
1.3-4.5, p = 0.004). Case-patients most commonly report-
ed contact with crimson rosellas (73% of cases) and king
parrots (60% of cases). Bird species were not included in
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multivariate analysis due to the likely unreliability of bird
species identification.

In the multivariable logistic regression model, risk fac-
tors independently and positively associated with psittaco-
sis were residence in the upper Blue Mountains, age of
50-64 years, direct contact with live or dead free-ranging
birds, and lawn mowing without a grass catcher (Table 2).
Risk factors independently and negatively associated with
psittacosis were contact with caged or domestic birds, a
history of asthma, and potting and weeding.

A number of persons with probable cases reported find-
ing an unusually high number of dead free-ranging birds in
their yards before onset of their illness; however, the bird
carcasses had been disposed of before the investigation
began. By the time the process for submission of birds for
testing was arranged, winter had begun and few sick or
dead birds were found. Of the 4 sick and 4 dead free-rang-
ing birds submitted from the Blue Mountains area for test-
ing, tissue of 1 Kking parrot tested positive for
Chlamydophila psittaci.

Laboratory Results

Of the 59 seropositive case-patients, 35 (59%) had a
seroconversion or a 4-fold rise in Chlamydophila psittaci
MIF 1gG titer, and 24 (41%) without acute-phase serum
samples had elevated Chlamydophila psittaci MIF IgG
titers in 1 or more convalescent-phase samples. Of these
24, 9 (15%) had a static high titer in 2 convalescent sam-
ples, 2 (3%) had high (but different) titers in 2 samples,
and 13 (22%) had a high titer in a single convalescent sam-
ple. No evidence of infection by other respiratory
pathogens was obtained in any of the Chlamydophila
psittaci-seropositive patients. Alternative microbiologic
diagnoses were made in 8 of the 30 (27%) Chlamydophila
psittaci-seronegative patients, including 4-fold rises in
serum antibodies specific to M. pneumoniae (2 cases), L.
longbeachae (1 case), L. pneumophila serogroup 1 (1
case), and influenza B (2 cases). In 2 cases, Streptococcus
pneumoniae was cultured from blood or sputum.
Chlamydophila pneumoniae PCR and respiratory virus
isolation were performed on upper respiratory tract sam-
ples taken from 8 case-patients when they arrived at the
hospital, and all results were negative; later in the investi-
gation, all 8 had serologic evidence of Chlamydophila
psittaci infection.

Of the 48 probable case-patients included in the case-
control study, 28 (58%) had a seroconversion or a 4-fold
rise in Chlamydophila psittaci MIF IgG titer, 8 (17%) had
a static high titer in 2 samples, 2 (4%) had high (but differ-
ent) titers in 2 convalescent-phase samples, and 10 (21%)
had a high titer in a single convalescent-phase sample.

Of the 35 patients with probable cases who serocon-
verted or showed a 4-fold rise in Chlamydophila psittaci
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MIF 1gG titer, 33 (94%) also had 4-fold rises in CF were seronegative to Chlamydophila psittaci by MIF had
antibodies with a Chlamydia genus—specific glycoprotein,  4-fold rises in CF antibodies.

1 had no rise, and 1 had insufficient serum for testing. In Of the 59 probable case-patients with elevated
contrast, 3 of the 30 (10%) probable case-patients who Chlamydophila psittaci MIF antibody titers, 57 also had

Table 1. Potential risk factors for psittacosis among case-patients and controls in the Blue Mountains outbreak, Australia

Case-patients, Controls,
Potential risk factor N = 48 (%) N =310 (%) Crude OR (95% CI)* p value
Age group (y)
15-49 10 (21) 155 (50) Referent
50-64 27 (56) 89 (29) 4.7 (2.2-10.2) 0.0007
65-75 11 (23) 66 (21) 26 (1.0-6.4) 0.04
Male sex 30 (63) 125 (40) 25(1.3-4.6) 0.005
Resident of the upper Blue Mountains 42 (88) 104 (34) 13.9 (5.7-33.7) <0.0001
History of asthma 1(2) 64 (21) 0.08 (0.01-0.6) 0.0009
Employed 28 (58) 192 (62) 0.9 (0.5-1.6) 0.6
Outdoor employment 7(15) 39 (13) 1.2 (0.5-2.8) 0.64
Bird contact
Contact with caged or domestic birds 3(6) 56 (18) 0.3 (0.1-1.0) 0.04
Contact with poultry birds 3(6) 28 (9) 0.7 (0.2-2.3) 0.80
Visit to pet shop 9 (20) 39(13) 1.6 (0.7-3.6) 0.25
Visit to aviary 0(0) 3(1) Incalculable 1.0
Visit to zoo 0(0) 3(1) Incalculable 1.0
Visit to poultry farm 0(0) 4(1) Incalculable 1.0
Level of contact with free-ranging (wild) birdst
No contact 9(19) 137 (44) Referent
Only indirect contactt 15 (31) 121 (39) 1.9 (0.8-4.5) 0.15
Any direct contact§ 24 (50) 52 (17) 7.0 (3.1-16.1) <0.0001
Yard exposures
Lawn mowing
Did not mow lawn 21 (44) 170 (55) Referent
Only mowed lawn with a grass catcher 4(8) 75 (24) 0.4 (0.1-1.3) 0.14
Mowed lawn without a grass catcher 23 (48) 65 (21) 29 (1.5-5.5) 0.0017
Mowed lawn without a catcher for >1 hour 15 (31) 20 (6) 6.6 (3.1-14.1) <0.0001
Pruning, cutting back branches 21 (45) 141 (47) 1.0 (0.5-1.7) 0.88
Potting or weeding 15 (31) 155 (50) 0.5(0.2-0.9) 0.02
Watering yard 24 (50) 157 (52) 0.9 (0.5-1.7) 0.88
Raking yard 21 (45) 106 (35) 1.5(0.8-2.8) 0.25
Soft landscaping 12 (25) 97 (31) 0.7 (0.4-1.5) 0.40
Hard landscaping 5(10) 17 (5) 20(0.7-5.7) 0.19
Mulching 9 (20) 56 (18) 1.1 (0.5-2.4) 0.84
Using compost 13 (27) 49 (16) 2.0(1.0-4.0) 0.07
Using fertilizer 9 (20) 52 (17) 1.2 (0.5-2.6) 0.68
Home renovations or demolition 4(9) 29 (9) 0.9 (0.3-2.7) 1.00
Bushwalking 13 (28) 91 (30) 1.0 (0.5-1.9) 1.00
Current or ex-smoker 23 (48) 141 (45) 1.1 (0.6-2.0) 0.76
General health self-rating
Excellent to very good 23 (48) 182 (59) Referent
Good to fair 18 (37) 111 (36) 1.3 (0.7-2.5) 0.46
Poor to very poor 7(15) 17 (5) 3.3(1.2-8.7) 0.02
Yard attached to residence 48 (100) 302 (97) Incalculable 0.61
Lived adjacent to bushland 33 (68) 184 (59) 1.5(0.8-2.9) 0.27
Lived in a house 48 (100) 305 (98) Incalculable 1.00
Lived in the Blue Mountains <5 years 11 (23) 38(12) 2.1 (1.0-4.5) 0.07

*OR, odds ratio; Cl, confidence interval.

tChi-square test for linear trend = 24.5, p value < 0.001.

Findirect contact only with free-ranging (wild) birds: watching bird at bird feeder, watching birds in yard, seeing dead birds, watching birds in bird bath, bird
flying in house.

§Any direct contact with free-ranging (wild) birds: catching birds, clipping birds’ feathers, tending to sick birds, touching birds’ feathers, cleaning up or
touching birds’ nest, cleaning up or touching bird droppings, handling dead birds.
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Table 2. Multivariable logistic regression model of potential risk factors for psittacosis among 48 case-patients and 310 controls in the

Blue Mountains outbreak, Australia

Potential risk factors for psittacosis Adjusted* OR (95% CI)t p value
Age group (y)
15-49 Referent
50-64 3.9 (1.5-10.5) 0.006
65-75 2.8 (0.9-8.8) 0.08
Resident of the upper Blue Mountains 15.2 (5.6-41.7) <0.0001
History of asthma 0.1 (0.01-0.8) 0.03
Level of contact with free-ranging (wild) birds
No contact Referent
Only indirect contact 26 (1.0-7.3) 0.06
Any direct contact 7.4 (2.5-22) 0.0003
Contact with caged or domestic birds 0.2 (0.04-0.8) 0.02
Lawn mowing
Did not mow lawn Referent
Only mowed lawn with a grass catcher 0.4 (0.1-1.3) 0.12
Mowed lawn without a grass catcher 3.2(1.3-8.0) 0.01
Potting or weeding 0.2 (0.1-0.5) 0.001

*After adjustment for the effects of age group, sex, region of residence, outdoor employment, history of asthma, level of free-ranging (wild) bird contact,
contact with caged or domestic birds, lawn mowing, potting or weeding, smoking history, general health self-rating, duration lived in the Blue Mountains,
soft landscaping, hard landscaping, using compost, and residence adjacent to bushland.

TOR, odds ratio; Cl, confidence interval.

detectable Chlamydia trachomatis MIF 1gG, generally at a
lower titer. However, when an EIA was used, only 2 had
Chlamydia trachomatis IgA, and 7 (12%) had Chlamydia
trachomatis IgG detected. A similar proportion (10%) of
the suspected case-patients who were seronegative for
Chlamydophila psittaci had Chlamydia trachomatis 1gG
detected. Among the 59 probable case-patients, 21 had ele-
vated Chlamydophila pneumoniae—specific 1gG titers on
MIF testing, although 7 showed a 4-fold rise or higher, and
all were less than the rises in Chlamydophila psittaci.
Active surveillance identified 2 persons with laborato-
ry evidence of psittacosis who were linked to the Blue
Mountains outbreak but resided elsewhere. One person
had stayed in a vacation home there for most weekends in
the months preceding the outbreak. The other lived else-
where in Australia but had been on vacation in the Blue
Mountains in the weeks preceding the outbreak. Between
March and June 2003, 11 other persons with psittacosis
were identified in NSW; these patients all reported other
exposures, such as contact with pet birds and aviaries.

Intervention

Media releases on June 11 and 12, 2002, identified psit-
tacosis as a possible cause of the outbreak and advised res-
idents of the Blue Mountains to avoid contact with
free-ranging birds and their droppings, feathers, carcasses,
and dust and to wear a particulate face mask and follow
other prevention measures when performing outdoor activ-
ities likely to bring them in contact with free-ranging birds
(1). Information on psittacosis and the outbreak were com-
municated by a telephone hotline, health department Web
sites, and by fax to all medical doctors and hospitals in the
Blue Mountains and adjacent regions (25)
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Discussion

We identified a large outbreak of probable psittacosis
among residents of a forested district of Australia. Contact
with live or dead free-ranging birds and lawn mowing
without a grass catcher explained 70% of the cases.
Possible reasons for the cessation of the outbreak include
the onset of colder winter weather, which may reduce the
prevalence or transmissibility of the infection among free-
ranging birds and yard exposure among humans.

This study had several limitations. Case-patients and
controls were exposed to media speculation over the role
of parrots in the outbreak, so that people who believed they
had psittacosis may have been more likely to report parrot
exposure. Among patients, 28 completed hypothesis-gen-
erating questionnaires early in the investigation (between
May 30 and June 7), which may have provided them with
additional prompts to recall parrot exposure. However,
diagnosis was unknown at the time patients completed the
questionnaire, and few had laboratory evidence of psitta-
cosis at the time they completed the questionnaire.
Potential recall bias may also be countered because similar
proportions of case-patients and controls reported no diffi-
culty recalling contact with birds (case patients = 83%,
controls = 85%, OR 0.9, 95% CI 0.4-2.0, p = 0.7).

The serologic diagnosis of chlamydial infections is dif-
ficult because many assays lack specificity, and published
data on the sensitivity and specificity of the MIF assay
used in this study are limited (26). In this study, acute
Chlamydophila  psittaci  infection, rather than
Chlamydophila pneumoniae or Chlamydia trachomatis
infection, was supported by 3 factors: 1) the seroconver-
sion and 4-fold rises in Chlamydophila psittaci MIF 1gG
titers in samples from most case-patients (with most also
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having 4-fold rises in CF antibodies to Chlamydia), com-
pared with lower MIF 1gG titers to Chlamydophila pneu-
moniae and Chlamydia trachomatis, 2) the similar
background rates of Chlamydia trachomatis—specific 19G
on EIA in samples from the Chlamydophila psittaci
seropositive probable and seronegative suspected case-
patients, and 3) history of bird exposure among case-
patients.

Analysis of hospital admission and discharge data indi-
cated that, compared with the NSW state average and with
the lower Blue Mountains average, increased rates of
pneumonia have been seen among residents of the upper
Blue Mountains during the autumn of previous years
(unpub. data). This excess in pneumonia may be due to
seasonal outbreaks of psittacosis in the area. Free-ranging
birds are plentiful in the Blue Mountains, and chlamydio-
sis has been clinically diagnosed among juvenile birds, in
particular crimson rosellas, in the area during the autumn
of previous years (M. Cannon, pers. comm.).

Reasons for the positive association between probable
psittacosis and residence in the upper Blue Mountains are
speculative. The residents of the upper Blue Mountains are
slightly older than that of the lower Blue Mountains
(unpub. data) and may be more likely to remain at home
and be active in their yards than the slightly younger resi-
dents of the lower Blue Mountains, who tend to commute
to work in Sydney every day. This age difference may
result in greater proximity between residents and free-
ranging birds in the upper Blue Mountains.

Although the reason probable psittacosis case-patients
were more likely to be 50-64 years of age is unclear,
younger people may have had milder infection or been less
likely to seek medical attention and require hospitalization
(27,28). That persons with congestive cardiac failure or
chronic obstructive pulmonary disease were excluded
from the study may explain why persons 65-75 years of
age appeared less at risk of disease.

Why a history of asthma seemed protective against psit-
tacosis is uncertain. Persons with a history of asthma may
be less likely to perform outdoor yard activities that gener-
ate dust and pollen. That persons who reported contact
with caged or domestic birds appeared protected against
disease may be related to previous exposure to
Chlamydophila psittaci. While the development of protec-
tive immunity following infection with Chlamydophila
psittaci has not been proven, laboratory-confirmed cases
of reinfection have seldom been reported (2,29). That dis-
ease was less likely to develop in persons who reported
potting or weeding may be because these activities gener-
ate little contaminated dust compared with activities such
as lawn mowing.

Reported symptoms of the probable psittacosis case-
patients in this outbreak were similar to those described
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elsewhere (1-3,5,10,15). One other community-wide out-
break of psittacosis has been reported to be potentially
associated with contact with free-ranging birds (15). In
1995, 16 cases of psittacosis among residents of a rural
town in a forested area in southern Australia were linked to
trimming and mowing lawns and time spent in a yard,
which are thought to be proxies for exposure to infectious
particles shed by free-ranging birds with chlamydiosis
(15). While this 1995 study did not find a significant rela-
tionship between illness and handling of dead birds (OR
2.4, 95% CI 0.25-21.05), the OR supports the positive
association between illness and handling live or dead free-
ranging birds (adjusted OR 7.4, 95% CI 2.5-22, p < 0.001)
found in our study. The 1995 study reported the risk of ill-
ness associated with lawn mowing was not linked to use of
a grass catcher, though whether the authors differentiated
between those who never used a catcher and those who
sometimes used a catcher is not clear. Previous studies
have linked lawn mowing with psittacosis and with pri-
mary pneumonic tularemia (15,30). In our case-control
study questionnaire, we differentiated between persons
who mowed only with, with and without, and only without
a grass catcher. We found this probable psittacosis out-
break to be linked to lawn mowing only without the use of
a grass catcher. We could find no evidence in the literature
suggesting that the use of a grass catcher provides lawn
mower operators some protection from inhaling infectious
particles, though grass catcher marketing materials of lawn
mower manufacturers in Australia suggest that grass catch-
ers reduce the generation of dust and hence the amount of
dust expelled into the operator’s breathing zone (31).

This outbreak could have been missed altogether if not
for alert clinicians. Laboratory evidence of psittacosis
requires acute-phase and convalescent-phase (collected at
least 6 weeks after onset) species-specific serologic testing
for Chlamydophila or Chlamydophila psittaci PCR or cul-
ture. These tests require request by the treating doctor and
referral to a specialized laboratory and enough concern to
convince the patient to return for phlebotomy after recov-
ery. In most clinical settings, underdiagnosis is therefore
likely.

Clinicians should consider a diagnosis of psittacosis in
persons with respiratory disease who reside in or have vis-
ited areas frequented by free-ranging birds. Health depart-
ments should also be alert for such outbreaks to facilitate
diagnosis. Residents of areas frequented by free-ranging
birds should avoid direct contact with dead or sick birds
and bird droppings, use a particulate mask and gloves if
contact is unavoidable, and avoid mowing lawns without a
grass catcher. Further study is needed to identify effective
measures, such as lawn mower design features, for reduc-
ing human exposure to Chlamydophila psittaci and other
Z0oonoses.
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Effect of Regulation and Education
on Reptile-associated Salmonellosis

Birgitta de Jong,*t Yvonne Andersson,* and Karl Ekdahl*t

Reptiles have become increasingly common as
domestic pets, and with them reptile-associated
Salmonella infections in humans. From 1990 to 2000, a
total of 339 reptile-associated Salmonella cases were
reported in Sweden. In 1996, as part of its efforts to adapt
its import regulations to those of the European Union,
Sweden no longer required certificates stating that import-
ed animals were free of Salmonella. A subsequent increase
was noted in the incidence of reptile-associated cases from
0.15/100,000 in the period 1990-1994 to 0.79/100,000 in
1996 and 1997. After a public education campaign was
begun through the news media, the incidence dropped to
0.46/100,000. Children were the most affected age group
among patients (incidence 1.3/100,000). Salmonella enter-
ica serotype Enteritidis was the most frequent serotype
(24% of isolates), followed by S. Typhimurium (9% of iso-
lates). Import restrictions and public information campaigns
are effective public health measures against reptile-associ-
ated salmonellosis.

almonellosis is an important worldwide health prob-

lem, affecting both humans and animals. In the United
States, Salmonella causes an estimated 1.4 million
episodes of infection and 400 deaths annually in humans
(2). Salmonella usually causes a moderate gastrointestinal
disorder, but it may result in more severe disease, such as
bacteremia or meningitis, sometimes with fatal outcome
(2,3).

For decades, reptiles have been recognized as a source
of human salmonellosis. Salmonella species were first iso-
lated from snakes, turtles, and lizards in the 1940s (4,5),
and more recent studies have shown that at least 50%—-90%
of these animals are carriers of Salmonella (6-8). The bac-
teria are excreted intermittently in the feces but can also be
isolated from the cloacae, skin, and throat of water-living
reptiles.

*Swedish Institute for Infectious Disease Control, Stockholm,
Sweden; and tKarolinska Institutet, Stockholm, Sweden

398

Reptiles have become increasingly common as domes-
tic pets. In Canada, pet turtle—associated salmonellosis was
recognized as a serious health problem in the 1960s and
1970s, and the country banned imported turtles in 1975
9).

Sweden has a long tradition of combating and control-
ling Salmonella in feed, animals, and humans, dating back
to a large outbreak of salmonellosis in 1953 that affected
>9,000 persons and caused 90 deaths (10,11). From 1970
to 1994, these control measures also included import
restrictions on reptiles; anyone who wanted to import rep-
tiles or turtles needed a certificate stating that the animals
were free of Salmonella, and importing of turtles with
shells <10 cm was not allowed.

In 1995, Sweden dropped its requirement for a
Salmonella certificate and instead required an import per-
mit issued by the Swedish Board of Agriculture. When
Sweden became a member of the European Union (EU) in
January 1995, a number of new rules were adopted. As a
result of these changes, Sweden no longer required import
permits for reptiles and turtles, and it also lifted the import
ban on small turtles. The adaptation of import regulations
for reptiles took effect on March 1, 1996.

Our study had 2 goals. First, we studied the impact of
strict import regulations on the epidemiology of reptile-
associated salmonellosis (RAS). Secondly, we assessed
whether awareness campaigns can decrease the number of
such cases.

Methods

Swedish Surveillance System for Salmonellosis
Salmonellosis is a reportable disease in Sweden. Case-
patients, who need to have a Salmonella-positive stool or
blood sample confirmed by a laboratory, are reported both
by the physician who has seen the patient (clinical notifica-
tion) and the laboratory that identified the bacterium
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(laboratory notification). Notification is submitted concur-
rently to the Swedish Institute for Infectious Disease
Control, the county medical officer, and the municipal
Environmental Health Board. Clinical notification includes
relevant epidemiologic information, including suspected
source of infection. If the county medical officer’s initial
investigation indicates an environmental source of infection
(such as food, water, or animals), the Environmental Health
Board samples the suspected source.

Reptile-associated Cases

We reviewed all reported domestic cases (patient
reported to be infected in Sweden) of salmonellosis from
1990 to 2000 for association with reptiles. A patient was
considered to have RAS if reference was made to direct or
indirect contact with a reptile or turtle, and the notification
did not indicate other sources of infection. All Salmonella
strains were sent to the national Salmonella Reference
Laboratory at the Swedish Institute for Infectious Disease
Control, which performed serotyping according to the
Kauffman and White scheme (12). In the case of
Salmonella enterica serotype Typhimurium or S.
Enteritidis, the laboratory also carried out phage typing
according to the Colindale scheme. The Department of
Epidemiology at the Swedish Institute for Infectious
Disease Control compiled and analyzed all of these
sources of information, together with reports on outbreaks
from county medical officers.

All data used in this study were compiled as part of rou-
tine national surveillance of communicable diseases, as
regulated in the Swedish Communicable Disease Act. The
research ethics committee at Karolinska Institutet,
Stockholm, Sweden, approved the study.

Results

Age and Sex of Patients

Clinicians and laboratories reported a total of 339 RAS
cases in Sweden from 1990 to 2000. Patients infected by
turtles (n = 153) were younger (median age 8 years, mean
age 16 years) than patients infected by lizards and snakes
(n = 175) (median age 17 years, mean age 18 years)
(Figures 1 and 2). Eleven case-patients had contact with
both turtles and lizards or snakes. Before 1996, RAS was
more common in male patients (65% of cases). This differ-
ence disappeared after 1996, and from 1996 to 2000,
approximately as many female (47%) as male (53%)
patients were affected (nonsignificant difference).

Serotypes

A total of 51 different serotypes were isolated from
RAS-infected patients (Table 1). S. Enteritidis was the
most frequent serotype, accounting for 24% of reported
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Figure 1. Age and sex distribution in turtle-associated salmonel-
losis cases. RAS, reptile-associated salmonellosis.

serotypes, followed by S. Typhimurium with 9%. Some
serotypes were unique for patients with RAS.

Cases before and after Adaptation
of Importation Rules

Sweden has =9 million inhabitants; 4,500-5,200 report
Salmonella infections each year. Less than 20% of report-
ed cases (400-900 per year) are domestically acquired in
Sweden.

Table 2 and Figure 3 present the number of RAS cases
in proportion to all domestic cases. From a very low pro-
portion of RAS (1.2%, 5-16 cases) from 1990 to 1994
when import restrictions were in place, the proportion
increased to 4.5% (25 cases) in 1995, as “Salmonella cer-
tificates” were no longer needed. The proportion of RAS
increased even more (to 11.6%, 68—71 cases) in the 2 sub-
sequent years, when all reptile import regulations had
ceased.

-
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Figure 2. Age and sex distribution in snake/lizard-associated sal-
monellosis cases. RAS, reptile-associated salmonellosis.
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Table 1. Reported serotypes of salmonellosis acquired in Sweden, 1990-2000

No. of RAS* No. of non- % of all % of all patients Type of reptile

Serotype patients RAS patients RAS cases infected in Sweden (could be >1 reptile/case)

Salmonella enterica 81 2,345 23.9 33 Turtle (46); tortoise (2);

Serotype Enteritidis lizard (12); snake (28)

S. Typhimurium 30 2,056 8.9 1.4 Turtle (11); lizard (7); snake (16)

S. Subspecies llI 30 8 8.9 78.9 Turtle (5); lizard (5); shake (25)

S. Subspecies | 19 41 56 31.7 Turtle (7); lizard (4); shake (8)

S. Newport 15 100 4.4 13.0 Turtle (3); lizard (4); shake (9)

S. Poona 15 19 4.4 441 Turtle (9); lizard (1); shake (5)

S. Saintpaul 12 53 35 18.5 Turtle (12)

S. Braenderup 12 30 35 28.6 Turtle (8); lizard(4)

S. Stanley 11 147 32 7.0 Turtle (11)

S. Muenchen 10 30 3.0 25.0 Turtle (4); lizard (1); shake (5)

S. Java 9 49 27 15.5 Turtle (5); snake (2);
several reptiles (2)

S. Oranienburg 6 84 1.8 6.7 Turtle (2); lizard (3); shake (3)

S. Litchfield 6 12 1.8 333 Turtle (6)

S. Subspecies 5 177 1.5 27 Turtle (4); lizard (1)

S. Adelaide 5 33 15 13.2 Snake (5)

S. Chester 5 11 1.5 31.3 Turtle (2); shake (3)

S. Bovismorbificans 4 350 1.2 11 Turtle (3); shake (1)

S. Hadar 4 140 1.2 2.8 Turtle (3); shake (1)

S. Telelkebir 4 4 1.2 50.0 Lizard (2); shake (2)

S. Montevideo 3 55 0.9 52 Turtle (2); lizard (1)

S. Subspecies Il 3 12 0.9 20.0 Turtle (1); lizard (1)

S. Subspecies |V 3 2 0.9 60.0 Lizard (3)

S. Infantis 2 324 0.6 0.6 Snake (2)

S. Bredeney 2 56 0.6 3.4 Turtle (2)

S. Heidelberg 2 44 0.6 4.3 Turtle (2)

S. Panama 2 35 0.6 54 Lizard (1); shake (1)

S. Abony 2 17 0.6 10.5 Turtle (2)

S. Ituri 2 5 0.6 28.6 Snake (2)

S. Napoli 2 1 0.6 66.7 Lizard (1)

S. Bonn 2 0 0.6 100.0 Turtle (1)

S. Nima 2 0 0.6 100.0 Snake (1)

S. Shubra 2 0 0.6 100.0 Turtle (1)

S. Agona 1 429 0.3 0.2 Snake (1)

S. Virchow 1 152 0.3 0.7 Turtle (1)

S. Thompson 1 54 0.3 1.8 Snake (1)

S. Blockley 1 51 0.3 1.9 Lizard (1)

S. Mikawasima 1 27 0.3 3.6 Turtle (1)

S. Muenster 1 7 0.3 12.5 Snake (1)

S. Oslo 1 3 0.3 25.0 Lizard and snake (1)

S. Reading 1 3 0.3 25.0 Snake (1)

S. Ibadan 1 2 0.3 333 Snake (1)

S. Monschaui 1 2 0.3 33.3 Snake (1)

S. Rubislaw 1 2 0.3 33.3 Snake (1)

S. Urbana 1 2 0.3 333 Turtle (1)

S. Farmsen 1 1 0.3 50.0 Snake (1)

S. Pomona 1 1 0.3 50.0 Turtle (1)

S. Abaetetuba 1 0 0.3 100.0 Turtle and lizard (1)

S. Lome 1 0 0.3 100.0 Snake (1)

S. Matadi 1 0 0.3 100.0 Turtle (1)

S. Spartel 1 0 0.3 100.0 Lizard (1)

S. Tamberma 1 0 0.3 100.0 Snake (1)

S. Veijle 1 0 0.3 100.0 Snake (1)

S. Windemere 1 0 0.3 100.0 Snake (1)

>1 serotypet 4 I 1.2 - Lizard (1); shake (3)

Not typed 2 I 0.6 - Snhake (2)

Total no. of cases 339 6,974 100 100 -

*RAS, reptile-associated case of Salmonella infection, human.
11 case respectively with S. Adelaide + S. Montevideo, S. Agoueve + S. Chester + S. Infantis, S. Ajiobo + S. Muenchen, and S. Mesbit + S. Montevideo.

1Not available.
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Table 2. Reptile-associated salmonellosis and its proportion of all salmonellosis cases by study period, Sweden, 1990-2000*

Incidence per 100,000 (no.)

Incidence per 100,000 (no.)

Proportion (%)

Study period of all salmonellosis of RAS cases RAS (95% Cl) p value
Period 1 (1990-1994) 12.74 (4,405) 0.15 (52) 1.2 (0.9-1.5) <0.001
Period 2 (1995) 6.32 (558) 0.28 (25) 45 (2.9-6.5) Reference
Period 3 (1996-1997) 6.78 (1,199) 0.79 (139) 11.6 (9.9-13.5) <0.001
Period 4 (1998-2000) 7.70 (2,046) 0.46 (123) 6.0 (5.1-7.1) NS

*Figures only include patients infected in Sweden.

TRAS, reptile-associated salmonellosis; Cl, confidence interval; NS, not significant.

In recognition of the growing problem with RAS,
authorities alerted the public, mainly through the newspa-
pers, starting in late 1997. In the 2 following years
(1998-2000) the proportion of RAS cases decreased to
6.0% (43 and 34 cases), but it did not reach the low levels
seen before 1995.

Of the 77 RAS cases diagnosed before the adaptation
with EU importation rules in 1996, 26 (34%) persons had
contracted the infection from turtles and 51 (66%) from
snakes and lizards. After adaptation, the proportion of
cases from the 2 sources was more even; of 262 diagnosed
cases, 127 (48%) were due to contacts with turtles and 124
(47%) were due to contacts with snakes and lizards.
Eleven (4%) of the case-patients after 1995 had a history
of contact with several kinds of reptiles. Since no sampling
of the animals was performed, we do not know which kind
of reptile caused these infections.

Discussion

First, this report shows that an import restriction requir-
ing certificates that animals are not carrying Salmonella is
an effective public health measure for protecting the gen-
eral population from RAS. Sweden noted a dramatic
increase in the number of reported cases of RAS in 1996.
No changes in the reporting system were made that could
explain the increase in reported cases, making it likely that
synchronization of import rules of animals and reptiles
within the EU in March 1996 caused the sudden increase
in the number of RAS cases in Sweden that year.

Secondly, our report indicates that actively informing
the public about RAS can cause a decrease in cases.
Immediately after the harmonization of rules, the availabil-
ity of reptiles in pet stores increased, and many parents
gave their children a pet turtle, lizard, or snake. The exact
number of animals sold is unknown. No information about
the risk of contracting salmonellosis was given to the fam-
ilies who bought the animals. In the United States, the
Association of Reptilian and Amphibian \eterinarians
(ARAV) produced a client education handout with basic
facts on how to avoid transmission of Salmonella bacteria
from reptiles to humans (13). The Centers for Disease
Control and Prevention recommends that children under
the age of 5 should avoid contact with reptiles and that
households with children <1 year should not own reptiles.
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Information about the risk of contracting salmonellosis
from pet reptiles was communicated to the public from late
1997 and onwards, and the information given to the public
in Sweden has closely followed ARAV guidelines. After
the information activities began, the number of reported
RAS cases decreased significantly in subsequent years.
The decrease might have been even greater since it is like-
ly that more patients with diarrhea would have informed
their doctors of reptile contact once they knew of the asso-
ciation between reptiles and salmonellosis.

Third, our study demonstrates that RAS poses a threat
to human health that cannot be ignored. The true number
of such cases is hard to estimate. We have little hard data
on the proportion of all Salmonella cases in the communi-
ty being diagnosed, although according to conservative
estimates, =90% of cases remain undiagnosed (11). The
Swedish system, with its dual notifications from clinicians
and laboratories, captures >99% of cases actually being
diagnosed, and >95% of all diagnosed cases are clinically
reported (A. Jansson, unpub. data). We assume that at least
50% of RAS patients have been reported as such, once a
Salmonella infection has been diagnosed, for the following
reasons: 1) only a few clinical notifications lack informa-
tion on likely route of transmission, 2) domestically
acquired salmonellosis is comparatively rare, and 3) most
physicians are aware of this route of transmission. We esti-
mated the true annual number of RAS in Sweden after
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Figure 3. Reported cases of reptile-associated salmonellosis in
Sweden, 1990-2000; total number of cases and proportion of
domestic cases.
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1996 to be =1,000 cases per year, or >10 cases per 100,000
inhabitants. The same rate applied in the United States
would correspond to 30,000 to 40,000 cases per year. This
number is substantially less than the 93,000 cases per year
estimated by the Centers for Disease Control and
Prevention (14), which hypothesized that 7% of all U.S.
cases of salmonellosis were RAS.

The incidence of RAS in a country is naturally depend-
ent on the magnitude of reptile imports. We therefore tried
to obtain some estimates of the numbers of imported rep-
tiles in the years under study. This attempt was unsuccess-
ful because the responsible national authority (the Swedish
Board of Agriculture) has no figures on the number of
imported animals, only records on the importer.
Furthermore, according to direct private import rules, any-
one can legally bring <3 animals into the country without
any registration. Although we have no indication that the
numbers of imported reptiles decreased in the later years
(rather, we think the opposite is true), we cannot rule out
that some of the decrease in RAS cases was due to
decreased imports.

Fourth, we obtained information on the epidemiology
of RAS that is likely to hold true for other Western coun-
tries as well. Children are the most affected age group,
with an incidence of 1.3/100,000 inhabitants. Those
patients who had acquired salmonellosis from a turtle were
younger than patients who acquired it from a snake or
lizard, a reflection of the age groups for which turtles are
bought as pets. Young boys 5 to 9 years of age who had
contracted the disease from a turtle were shown to be at
particular risk in this study.

In the United States during the 1970s, small pet turtles
were a major source of RAS infections and accounted for
14% of all cases of salmonellosis in children <10 years of
age. This fact was the reason for the ban on commercial
distribution of pet turtles with a carapace length <4 inches.
This ban has prevented an estimated 100,000 RAS cases
among children in the United States yearly (14,15).
Nevertheless, the incidence of RAS in the United States
has been increasing because of an increase in pet reptile
owners; experts estimate that the number of pet reptiles
owners doubled from 1991 to 2001 (3).

In most cases included in this study, patients experi-
enced gastrointestinal infection with symptoms severe
enough to seek medical care; some even required hospital-
ization. Many of the serotypes isolated from the Swedish
RAS patients were serotypes also commonly found in
foodborne Salmonella infection. S. serotype Enteritidis
and S. Typhimurium, the 2 most common serotypes found
in humans in Europe and the United States (16,17),
accounted for 33% of all RAS cases, while S. Subspecies
111, known to be reptile-associated, caused 9% of cases.
Some serotypes such as S. Abaetetuba, S. Bonn, S. Lome,
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S. Matadi, S. Nima, S. Shubra, S. Spartel, S. Tamberma, S.
\eijle, and S. Windemere were only found in RAS cases
and could therefore be assumed to be more reptile-associ-
ated than other serotypes. Previously known reptile-asso-
ciated serotypes, including S. Poona, S. Stanley, S.
Pomona, and S. Java, were also isolated from Swedish
RAS patients (15). Some serotypes may be more species-
specific; 24 of the 51 isolated serotypes were isolated from
only 1 kind of reptile (turtle, snake, or lizard). In most of
these cases, the numbers were too low to allow for any
firm conclusions. However, S. Litchfield, S. Saintpaul, and
S. Stanley seem to be associated with turtles and S.
Adelaide with snakes. The wide variety of Salmonella
serotypes in persons with RAS demonstrates that reptiles
are well adapted to Salmonella and could harbor and trans-
mit many different serotypes, which confirms that a risk is
always involved in handling these kinds of animals.

Having the same close contact with pet reptiles and tur-
tles as with cats and dogs, or even just keeping them in the
private home, increases the risk for transmission of
Salmonella bacteria from animals to humans. Pet stores,
veterinarians, and other appropriate sources should pro-
vide better information on how to avoid these risks, such
as the ARAV guidelines, to all prospective buyers of turtles
and other reptiles.
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SARS Risk Perceptions in
Healthcare Workers, Japan

Teppei Imai,* Ken Takahashi,* Tsutomu Hoshuyama,* Naoki Hasegawa,t
Meng-Kin Lim, and David Kohi

In coping with severe acute respiratory syndrome
(SARS), infection control measures are a key aspect of
protecting healthcare workers. We conducted a survey
concerning perception of risk and countermeasures for
SARS in 7 tertiary hospitals in Japan from July through
September 2003, immediately after the SARS epidemic in
neighboring countries. Based on 7,282 respondents out of
9,978 questionnaires administered, we found the percep-
tion of risk to be relatively high and the perception of coun-
termeasures at the institutional level to be relatively low.
Knowledge of preventive measures, concept of (opinions
regarding) institutional measures, and perception of risk dif-
fered substantially among the 3 job categories, notably
between physicians and nurses. The concept of institution-
al measures was the most important predictor of individual
perception of risk. In view of the potential for future epi-
demics, planning and implementing institutional measures
should be given a high priority.

Severe acute respiratory syndrome (SARS) has been
reported in 30 countries with a total of 8,096 probable
cases and 774 deaths as of July 31, 2003. A large propor-
tion of these SARS outbreaks occurred in hospitals, and
21% of probable SARS cases involved healthcare workers
(1). Protecting healthcare workers is essential from the
standpoints of both public and occupational health.
Experience in hospitals has suggested that appropriate
infection control measures, including use of personal pro-
tective equipment, personal hygiene, and environmental
measures, such as area isolation, protect healthcare work-
ers from SARS (2,3). During the SARS epidemic, hospi-
tals in affected areas emphasized training and issued
guidelines on infection control and use of personal protec-

*University of Occupational and Environmental Health,
Kitakyushu, Japan; tKeio University, Tokyo, Japan; and £National
University of Singapore, Singapore
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tive equipment (4-6). To prepare for future potential out-
breaks of SARS and other emerging infectious diseases,
implementing appropriate infection control measures in
healthcare settings and assessing the efficacy of those
measures in the postepidemic period are necessary.

Japan was one of the few Asian countries to be spared
from the SARS epidemic in 2003. Although Japan did not
experience cases of SARS, healthcare workers in Japan
likely felt insecure in their work environment because of
the situation in neighboring countries. Quah et al. (7)
reported that the anxiety level of the general population in
Singapore was low at the height of the SARS epidemic
(55% of the respondents reported a low anxiety level). In
contrast, Nickell et al. (8) reported that, in a teaching hos-
pital in Toronto, the SARS outbreak had substantial psy-
chological effects on healthcare workers, whose General
Health Questionnaire scores suggested that “a probable
case of emotional distress” was more than double the level
of the general population. However, the level of anxiety
(i.e., perception of risk) among healthcare workers has yet
to be evaluated in Japan. Infection control measures and
other administrative support also must be examined at the
institutional level, which may influence the perception of
risk among healthcare workers.

Another point of interest is the comparison between the
overall preparedness of Japan for SARS and the prepared-
ness of other countries. Thus, we joined an international
collaborative effort to study the perception of risk and
countermeasures for SARS among healthcare workers and
conducted a survey concerning those issues among health-
care workers in Japan. The objective of the present analy-
sis was 2-fold: 1) to assess healthcare workers’ perception
of risk, knowledge of preventive measures, and perception
of infection control measures at the institutional level and
2) to evaluate the interrelationships among these factors,
with a focus on institutional measures.
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Materials and Methods

Study Population

The study population comprised 9,978 healthcare
workers working at 7 tertiary-level hospitals distributed
throughout Japan; 4 of the hospitals are university-affiliat-
ed, 2 are municipal, and 1 is private. The study participants
held a wide range of jobs in each institution. The question-
naire was administered from July through September
2003. Overall, 7,463 healthcare workers responded to the
questionnaire (crude response rate 74.8%). After missing
or invalid responses for sex, age, or job category were
excluded, 7,282 were finally analyzed (valid response rate
73.0%) (Table 1).

Questionnaire

This study formed part of an international collaborative
study involving healthcare workers in Singapore, China,
Taiwan, Canada (Toronto), and Japan. The questionnaire
was developed in English at the National University of
Singapore, translated into Japanese, and adapted to accom-
modate background conditions (i.e., no outbreak). The
questionnaire was anonymous, and procedures involving
human participants were approved by the institutional
review board of the University of Occupational and
Environmental Health, Japan.

The questionnaire included 24 items regarding knowl-
edge of preventive measures (15 items), concept of (opin-
ion regarding) institutional measures (4 items), and
perception of risk (5 items) (online Appendix 1 available
from http://www.cdc.gov/ncidod/EID/vol11n003/04-0631
appl.htm). These 24 items were measured on a 7-point
scale for responses (strongly agree, agree, probably agree,
probably disagree, disagree, strongly disagree, and not
applicable). In the statistical analyses, we dichotomized this
scale into positive response (strongly agree, agree, and
probably agree) and negative response (strongly disagree,
disagree, and probably disagree) after excluding “not appli-
cable.”

To assess knowledge of preventive measures, we ana-
lyzed responses to questions regarding the effectiveness of
measures to avoid contracting SARS (personal protective
equipment, personal hygiene, environmental measures).
The 15 items are shown in Appendix 1. The correct
response to each item was designated on the basis of World
Health Organization (WHO) guidelines (2) and other find-
ings. The correct responses for the 15 items were a positive
response for all items except “paper mask” and “gauze
mask,” which required a negative response. To assess con-
cept (opinion) of institutional measures, we used 4 items
regarding “clear policies and protocols,” “specialist avail-
able,” “adequate training,” and “effectiveness.” To assess
perception of risk, we used 5 items regarding “avoidance
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Table 1. Demographic characteristics of respondents*

Variable n (%)
Age, y (mean 35.6 £ SD 11.2)

<35 3,963 (54.4)

>35 3,319 (45.6)
Sex

Women 5,077 (69.7)

Men 2,205 (30.3)
Job category

Physicians 1,370 (18.8)

Nurses 3,274 (45.0)

Otherst 2,638 (36.2)
Tenure at this job, y (mean 11.1 + SD 9.6)

<10 3,884 (54.1)

>10 3,292 (45.9)
Type of facility

University hospitals (4 facilities) 5163 (70.9)

Municipal hospitals (2 facilities) 1,344 (18.5)

Private hospital (1 facility) 775 (10.6)

Total

*SD, standard deviation.

tOthers include nursing assistant, social worker, pharmacist, clinical and
radiologic technologist, physical therapist, occupational therapist,
speech therapist, managerial staff, clerk, educational and research staff,
building maintenance staff, cleaner, nutritionist, and licensed cook.

7,282 (100.0)

of patient,” “acceptance of risk,” “little personal control,”
“fear,” and “job change,” as indicators (Appendix 1).

We quantified the degree of concept of institutional
measures and that of knowledge of preventive measures by
calculating the institutional (1) and knowledge (K) scores.
The I-score was defined as the total number of positive
answers to the 3 specific questions regarding “clear poli-
cies and protocols,” “specialist available,” and “adequate
training”; the maximum possible I-score was 3 points.
“Effectiveness” was excluded from the calculation of the I-
score because it could be looked upon as a combined, gen-
eral concept of institutional measures. The K-score was
defined as the total number of correct (either positive or
negative) answers to the 15 questions regarding the knowl-
edge of preventive measures; thus the maximum possible
K-score was 15 points. The K-score was categorized as
high (11-15 points), middle (6-10 points), or low (0-5
points). Cronbach’s o was 0.87 for the K-score and 0.76
for the I-score, which indicated a high degree of internal
consistency for each score.

Statistical Analysis

The chi-square test was used to evaluate differences in
the proportion of respondents according to job category
(physician, nurse, and other), sex, age, and type of facili-
ties. The Student t test was used to evaluate differences in
the mean value between 2 groups, and analysis of variance
was used to evaluate differences in the mean value among
3 groups. Logistic regression analyses were used to identi-
fy factors associated with the overall concept of the effec-
tiveness of institutional measures (“effectiveness”) and
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perceptions of risk (“avoidance of patient” and “accept-
ance of risk”) as the dependent variables. The independent
variables were the I-score (0, 1, 2, and 3 points), the K-
score (low, middle, and high), age (<35 years old, >35
years old), sex (men, women), fear (-, +), and type of facil-
ity (nonuniversity hospital, university hospital). The logis-
tic regression model was applied to each of the 3 job
categories and to all participants. Spearman’s correlation
coefficients among 6 independent variables were <0.26,
and no strong correlations were seen among them. Data
were analyzed by using SPSS, version 11.5J (SPSS Inc.,
Chicago, IL, USA) for Windows and SAS V8 (SAS
Institute Inc., Cary, NC, USA). All reported p values are 2-
tailed, and p < 0.05 was considered statistically significant.

Results

Levels of knowledge of preventive measures, concept
of institutional measures, and perception of risk are shown
in Table 2 (complete data are available in online Appendix
2 from http://www.cdc.gov/ncidod/EID/vol11no03/04-

0631 _app2.htm). The proportion, mean score, or both were
calculated for each item or category according to job cate-
gory (physician, nurse, and other), sex, age, and type of
facility, as well as the total. As shown in Table 3, the dis-
tribution of job categories was significantly different
between the 2 types of facility (university hospitals and
nonuniversity hospitals), with a higher proportion of
physicians and lower proportion of nurses in university
hospitals. The corresponding proportion did not differ sub-
stantially between municipal and private hospitals, so we
categorized the 2 types as nonuniversity hospital for fur-
ther analyses.

For knowledge of preventive measures, the overall cor-
rect response rates were, in descending order, area isola-
tion (98.1%), hand washing (98.0%), alcohol rubs
(93.3%), prominent notices (89.9%), N95 mask (86.9%),
gloves (79.3%), gowns (67.0%), surgical masks (64.2%),
temperature checks (60.9%), hair cover (59.7%), paper
mask (59.0%), goggles (56.2%), gauze mask (54.5%),
shoe cover (53.3%), and limiting visitors (35.3%). The

Table 2. Knowledge of preventive measures, concept of institutional measures, and perception of risk by job category, sex, age, and

type of facility*

Job category

Sex Age Type of facility

Questionnaire item

Physicians Nurses Other Men Women <35y >35y University Nonuniversityt Total

Knowledge of preventive measures

Area isolation 96.0 993 978
Hand washing 95.6 99.2 978
Alcohol rubs 87.0 946 951
Prominent notices 86.8 91.2 899
N95 mask 86.2 89.5 838
Gloves 73.7 826 782
Gowns 63.5 745 58.8
Surgical mask 64.5 625 66.4
Temperature checks 51.2 615 654
Hair cover 551 63.9 56.6
Paper mask 64.3 623 516
Goggles 57.7 56.3 553
Gauze mask 58.5 58.6 46.7
Shoe cover 50.6 555 519
Limiting visitors 29.9 41.3 305
Concept of institutional measures
Clear policies and protocols 62.8 706 594
Specialist available 42.6 596 504
Adequate training 29.4 489 319
Effectiveness 27.2 340 295
Perception of risk
Avoidance of patient 86.9 93.4 921
Acceptance of risk 69.5 64.7 609
Little personal control 59.8 61.7 59.8
Fear 48.9 60.6 521
Job change 14.3 34.1 24.7

963 989 981 982 97.8 98.9 98.1
960 989 981 979 97.8 98.7 98.0
89.8 949 932 935 93.2 93.6 93.3
861 916 897 090.2 89.5 91.0 89.9
857 875 864 876 85.6 90.1 86.9
748 813 780 81.0 77.3 84.3 79.3
62.0 691 65.8 68.5 63.9 74.4 67.0
636 645 646 638 63.8 65.1 64.2
581 622 616 60.1 60.5 61.9 60.9
56.3 611 56.9 631 56.1 68.3 59.7
615 580 569 618 59.5 57.9 59.0
56.7 956.0 519 617 52.9 64.2 56.2
544 545 515 583 54.3 54.8 54.5
507 544 50.7 56.5 49.4 62.6 53.3
316 369 334 376 326 1.9 353
626 664 616 697 62.8 7.2 65.2
454 565 488 583 49.0 62.8 53.0
317 424 352 438 357 471 391
306 317 281 346 28.4 37.6 311
873 937 931 90.0 911 93.3 N7
67.0 631 62.3 66.6 64.0 64.8 64.3
592 613 606 607 60.5 61.1 60.6
487 582 558 547 52.2 62.9 55.3
157 319 307 225 241 33.8 27.0

*Data are presented as percentages, number of positive responses divided by number of respondents answering each question (except for paper mask
and gauze mask, where negative responses were counted). Positive responses include “probably agree,” “agree,” and “strongly agree”; negative

responses are “probably disagree,” “disagree,” and strongly disagree.” Detailed information, including n’s, distribution of scores, and p values (based on
chi-square test for difference in proportion, ¢ test for difference in 2 means, and analysis of variance [ANOVA] for differences in 3 means), is available in

the full table in online Appendix 2.

tNonuniversity includes municipal hospitals (2 facilities) and private hospitals (1 facility).
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Table 3. Job categories by type of facility

SARS Risk Perceptions in Healthcare Workers, Japan

Type of facility Physicians, n (%) Nurses, n (%) Others, n (%) p value* Total

University hospital (4 facilities) 1,116 (21.6) 2,225 (43.1) 1,822 (35.3) <0.001 5,163 (100.0)

Nonuniversity hospital (3 facilities) 254 (12.0) 1,049 (49.5) 816 (38.5) 2,119 (100.0)
Municipal hospital (2 facilities) 153 (11.4) 688 (51.2) 503 (37.4) 1,344 (100.0)
Private hospital (1 facility) 101 (13.0) 361 (46.6) 313 (40.4) 775 (100.0)

*p value based on chi-square test between university and nonuniversity hospitals.

correct response rate differed significantly among job
categories for all items except for goggles. As a general
trend, physicians ranked third for 9 items, nurses ranked
first for 10 items, and others ranked second for 7 items.
The K-score distribution and mean indicated the highest
score for nurses, intermediate for physicians, and lowest
for others. The correct response rate differed significantly
between men and women for all items except goggles,
gauze mask, and surgical mask. As a general trend, women
ranked higher than men for 13 out of 15 items.
Accordingly, the K-score distribution and mean indicated
a significantly higher score for women. This trend was
observed in physicians but not in nurses when the analysis
was conducted separately for each group (data not shown).
The correct response rate differed significantly between
the 2 age categories for 8 items. As a general trend, older
workers (>35 years old) ranked higher for 12 of the 15
items. However, neither the K-score distribution nor the
mean K-score indicated a higher score for older workers.
The correct response rate differed significantly between
the 2 types of facilities for 9 items. As a general trend,
nonuniversity hospital ranked higher for 14 of the 15
items. Accordingly, the K-score distribution and mean
indicated a significantly higher score for nonuniversity
hospital.

For concept of institutional measures, the overall pro-
portion of positive responses were, in descending order,
clear policies and protocols (65.2%), specialist available
(53.0%), adequate training (39.1%) (concept of respective
institutional measures), and effectiveness (31.1%) (overall
concept of effectiveness of institutional measures). For all
items, the positive response rate differed significantly
among the 3 job categories, with nurses consistently
ranked the highest. The I-score distribution and mean indi-
cated the highest score for nurses, intermediate for physi-
cians, and lowest for others. For all items except for the
overall concept of effectiveness, the rate of positive
responses was significantly higher for women than men.
The I-score distribution and mean indicated a higher score
for women than men. For all items, the positive response
rate was significantly higher for older workers than
younger workers. Accordingly, the I-score distribution and
mean indicated a significantly higher score for older work-
ers than younger workers. For all items, the positive
response rate was significantly higher for nonuniversity
hospital than university hospital. Accordingly, the I-score
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distribution and mean indicated a significantly higher
score for nonuniversity hospital than university hospital.

For perception of risk, the overall positive response
rates were, in descending order, avoidance of patient
(91.7%), acceptance of risk (64.3%), little personal control
(60.6%), fear (55.3%), and job change (27.0%). The posi-
tive response rate differed significantly among the job cat-
egories for all items except little personal control. Nurses
ranked highest for avoidance of patient (93.4%), whereas
physicians ranked highest for acceptance of risk (69.5%).
Nurses showed the highest level of fear (60.6%) and physi-
cians the lowest (48.9%). Nurses had the highest tendency
to consider job change (34.1%) and physicians the lowest
(14.3%). The positive response rate differed significantly
between men and women for all items except little person-
al control. Compared to men, women had a significantly
higher proportion of positive responses to avoidance of
patient (93.7% vs. 87.3%, p < 0.001), fear (58.2% vs.
48.7%, p < 0.001), and job change (31.9% vs. 15.7%, p <
0.001) and lower proportion of positive responses to
acceptance of risk (63.1% vs. 67.0%, p = 0.002). The pos-
itive response rate differed significantly between the 2 age
categories for all items except little personal control and
fear. Compared to younger workers, older workers had a
lower proportion of positive responses to avoidance of
patient (90.0% vs. 93.1%, p < 0.001) and job change
(22.5% vs. 30.7%, p < 0.001), and a higher proportion of
positive responses to acceptance of risk (66.6% vs. 62.3%,
p < 0.001). The positive response rate differed significant-
ly between university hospital and nonuniversity hospital
for all items except acceptance of risk and little personal
control. Compared to university hospitals, nonuniversity
hospitals had a significantly higher proportion of positive
responses to avoidance of patient (93.3% vs. 91.1%, p =
0.002), fear (62.9% vs. 52.2%, p < 0.001), and job change
(33.8% vs. 24.1%, p < 0.001).

As shown in Table 4, logistic regression analyses indi-
cated that effectiveness (as overall conception of effective-
ness of institutional measures) was positively associated
with the I-score in all 3 job categories and with age in 1 job
category (others). Effectiveness was negatively associated
with fear in 2 job categories (physicians and others) and
with type of facility in 2 job categories (nurses and others).
Avoidance of patient was positively associated with fear in
all 3 job categories, with gender in 1 job category (others),
and with K-score in 1 job category (physicians).
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Table 4. Factors associated with concept of institutional measures (effectiveness) and perception of risk (selected factors) by job

category

OR (95% Cl)t
Variable* Physician (N = 1,370) Nurse (N = 3,274) Other (N = 2,638) Total (N = 7,282)
Effectiveness

|-score (0,1,2,3)

Age (=35 year)

K-score (low, middle, high)
Type of facility (university)
Sex (women)

1.87 (1.65-2.13)
1.23 (0.93-1.62)
0.89 (0.72-1.10)
0.82 (0.59-1.15)
0.79 (0.53-1.18)

Fear (+) 0.61 (0.46-0.80)
Avoidance of patient
Fear (+) 1.91 (1.33-2.76)

K-score (low, middle, high)

Sex (women)

Age (=35 year)

Type of facility (university)

|-score (0,1,2,3)
Acceptance of risk

|-score (0,1,2,3)

Age (=35 year)

Fear (+)

Sex (women)

K-score (low, middle, high)

Type of facility (university)

1.42 (1.10-1.84)
1.27 (0.76-2.13)
1.00 (0.70-1.42)
0.91 (0.57-1.43)
0.80 (0.68-0.94)

1.26 (1.11-1.42)
1.05 (0.81-1.36)
1.01 (0.78-1.30)
1.01 (0.71-1.43)
0.90 (0.74-1.10)
0.81 (0.58-1.14)

1.83 (1.69-1.98)
1.19 (0.99-1.41)
1.01 (0.88-1.17)
0.71 (0.60-0.84)
0.63 (0.38-1.06)
0.90 (0.76-1.06)

2.56 (1.89-3.48)
1.01 (0.78-1.30)
1.95 (0.91-4.21)
0.58 (0.42-0.79)
0.83 (0.59-1.16)
0.87 (0.75-0.99)

1.08 (1.01-1.16)
1.27 (1.06-1.51)
1.14 (0.97-1.33)
0.65 (0.38-1.12)
1.05 (0.92-1.20)
0.98 (0.83-1.15)

2.02 (1.84-2.22)
1.42 (1.15-1.74)
0.96 (0.82-1.11)
0.75 (0.60-0.92)
0.97 (0.79-1.18)
0.58 (0.47-0.70)

2.32 (1.66-3.24)
1.23 (0.98-1.56)
2.05 (1.50-2.82)
0.84 (0.60-1.17)
0.75 (0.52-1.08)
0.80 (0.69-0.93)

1.24 (1.14-1.35)
1.11 (0.93-1.33)
1.44 (1.21-1.71)
0.85 (0.71-1.02)
1.04 (0.91-1.18)
1.20 (0.99-1.45)

1.90 (1.80-2.01)
1.25 (1.11-1.41)
0.97 (0.88-1.06)
0.74 (0.65-0.83)
1.00 (0.88-1.14)
0.72 (0.64-0.81)

2.31(1.91-2.80)
1.19 (1.03-1.37)
1.93 (1.59-2.33)
0.81 (0.67-0.97)
0.82 (0.66-1.01)
0.81 (0.75-0.88)

1.18 (1.12-1.24)
1.10 (0.99-1.22)
1.21 (1.09-1.34)
0.82 (0.73-0.92)
1.03 (0.95-1.12)
1.04 (0.93-1.17)

*Goodness-of-fit was satisfactory: ranged from [goodness-of-fit statistics = 0.49 with 8 df (p = 0.99)] for (effectiveness) x (physician) to [goodness-of-fit
statistics = 12.71 with 8 df (p = 0.12)] for (nurse) x (avoidance), except for [goodness-of-fit statistics = 18.98 with 8 df (p = 0.02)] for (nurse) x
(effectiveness) and [goodness-of-fit statistics = 18.38 with 8 df (p = 0.02)] for (others) x (effectiveness).

TOR, odds ratio calculated by logistic regression; Cl, confidence interval.

Avoidance was negatively associated with I-score in all 3
job categories and with age in 1 job category (nurses).
Acceptance of risk was positively associated with I-score
in all 3 job categories, with age in 1 job category (nurse),
and fear in 1 job category (others). Hence, the I-score was
a significant positive predictor of effectiveness (as overall
conception of effectiveness of institutional measures) in all
3 job categories, a significant negative predictor of avoid-
ance of patient in 2 job categories (physician and others),
and a significant positive predictor of acceptance of risk in
all 3 job categories.

Discussion

A substantial number of probable SARS cases were
concentrated in Asian countries during the previous SARS
epidemic (5,327 cases in China, 1,755 cases in Hong
Kong, 346 cases in Taiwan, and 238 cases in Singapore as
of July 31, 2003) (1). Accordingly, strict policies and
administrative measures for infection control (e.g., manda-
tory quarantine and training of healthcare workers in infec-
tion control measures) were implemented in these
countries (9-11). In contrast, no probable SARS cases
were recorded in Japan, and thus administrative measures
for infection control tended to be hypothetical (i.e., most
countermeasures at the institutional level were voluntary)
(12,13). As such, the Japanese situation is distinct from
that in other Asian countries, and various aspects of knowl-

edge, perception, and attitudes of healthcare workers
regarding SARS are likely to differ between Japan and
other Asian countries. To clarify this issue, we assessed the
level of knowledge of preventive measures, concept of
institutional measures, and perception of risk and their
interrelationships in healthcare workers in Japan.

SARS Knowledge, Concept of Institutional
Measures, and Perception of Risk

Regarding knowledge of preventive measures, most
respondents assigned relatively high importance to hand
hygiene and area isolation but saw personal protective
equipment as being of relatively low importance. This
finding may be partly due to healthcare workers’ not hav-
ing previously used some of the protective equipment rec-
ommended for use with SARS patients (3). The use of
personal protective equipment as countermeasures for
SARS has been rightly advocated by various authors
(10,14,15). Thus, adequately training healthcare workers
in the use of personal protective equipment is an important
aspect of reducing the incidence of SARS infection.

Regarding the concept of institutional measures, 40%
of respondents believed that they had received adequate
training; for example, less than half felt that they had ade-
quate training in the use of masks. During the SARS epi-
demic, medical institutions were required by authorities to
provide adequate training to healthcare workers in affect-
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ed countries (5,6,10,11). Because no outbreaks were in
Japan, however, Japanese institutions have not been forced
to implement sufficient measures to adequately cope with
future outbreaks of SARS and other emerging diseases.

Regarding perception of risk, although we did not com-
pare healthcare workers with an external group, more than
half (55%) of the healthcare workers surveyed indicated
that they were afraid. Furthermore, a high proportion of
healthcare workers preferred to avoid the patient (92%),
although almost two thirds accepted the risk (64%). When
these 2 items were cross-classified, 55% of respondents
showed a mixed attitude (i.e., avoidance of patient [+] and
acceptance of risk [+]), 32% showed a disloyal attitude
(i.e., avoidance of patient [+] and acceptance of risk [-]),
and 6% showed a loyal attitude (i.e., avoidance of patient
[-] and acceptance of risk [+]). These results indicate a
high level of fear and anxiety with complex psychology in
Japanese healthcare workers, even in the absence of an
epidemic.

Significant differences were seen in the level of knowl-
edge and attitudes among the 3 job categories. Nurses
showed the best knowledge of preventive measures and
concept of institutional measures, while physicians
showed the highest acceptance of risk. Both sex and job
characteristics may have influences in this regard. Ninety-
eight percent of nurses were women, whereas 84% of
physicians were men. Quah et al. reported that, in
Singapore, women showed better practice of SARS pre-
ventive measures than men among the general population
(7). Similarly, our results indicated a higher level of
knowledge regarding preventive measures for female
physicians compared to male physicians. However, this
trend was not observed within the nurse job category,
although the number of male nurses was sufficiently small
that separating the effect of sex was difficult. In terms of
job characteristics, nurses may receive more official train-
ing in infection control than physicians, under the assump-
tion that physicians are already knowledgeable. In fact,
compared to physicians, nurses have higher levels of com-
pliance with universal precautions (16) and hand-washing
(17,18) in their respective countries. However, nurses tend
to have higher job turnover rates than physicians, which
reflect less stability or security in their profession. These
factors directly and indirectly influence the response pat-
tern among the 3 job categories.

Interrelatedness of Knowledge, Concept of
Institutional Measures, and Perception of Risk

In the logistic regression model, K-score, an indicator
of knowledge of preventive measures, was not a signifi-
cant predictor of perception of either risk or concept of
institutional measures. This finding implies that profes-
sional knowledge has little, if anything, to do with positive
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perception of risk (in terms of accepting risk and not
avoiding patients) and concept of institutional measures.
However, the importance of providing accurate knowledge
cannot be discounted solely on this ground. In contrast, I-
score, an indicator of concept of institutional measures,
was a significant positive predictor of concept of effective-
ness and acceptance of risk and a significant negative pre-
dictor of avoidance of patient. In other words, a collective
assertion of 3 specific institutional measures (clear policies
and protocols, specialists available, and adequate training)
had the greatest effect on a person’s 2 different aspects of
perception of risk and concept of the effectiveness of insti-
tutional measures. These findings corroborate earlier stud-
ies reporting that administrative support enhances
compliance with universal precautions (19-21) and hand
washing (17,18). Therefore, we infer that perception of
institutional measures affects perception of risk and relat-
ed behaviors.

Fear was a significant negative predictor of concept of
effectiveness in 2 job categories (physicians and others)
and a significant positive predictor of avoidance of patient
in all 3 job categories. These findings were in line with our
expectations and signal the need to reduce fear as a practi-
cal goal. Older age was a significant positive predictor for
the concept of effectiveness in 2 job categories (nurses and
others). Among nurses, older age was also a significant
negative predictor for avoidance of patient and a signifi-
cant positive predictor for acceptance of risk. Age has pre-
viously been shown to be a positive predictor for
practicing SARS preventive measures among the general
population (7). Hence, older age seems to correlate with an
increased ability to cope with emergency situations related
to infectious diseases. Type of facility (university hospital)
was a significant negative predictor for the concept of
effectiveness in 2 job categories (nurses and others).
Although confined to the 7 facilities studied, university
hospitals may have been less stringent in the formulating
or implementing infection control measures, which in turn
affected the overall concept of effectiveness of measures
among healthcare workers.

Limitations

Our study has several limitations. First, the cross-sec-
tional nature of the study prevents assertion of cause and
effect. Our conclusion, particularly on interrelationship
among individual factors, is based on inferences. Second,
responder bias may have been in play, i.e., only workers
with a strong interest in SARS may have been motivated to
respond, although the fairly high response rate counteracts
this argument to an extent. Third, K-score may not accu-
rately reflect knowledge of preventive measures. For
example, workers who, in practice, had accurate knowl-
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edge about shoe covers as personal protective equipment
may have answered incorrectly because they had been
taught conflicting information. In fact, the Infectious
Disease Surveillance Center (IDSC), Japan, categorizes
shoe cover as optional personal protective equipment (22).
However, among the personal protective equipment con-
sidered in this study, only alcohol rubs (WHO) (2) and
shoe cover (IDSC, Japan) (22) are considered optional, and
the effect of conflicting information should not be strong.
Fourth, we considered the difference in type of facility
(university or nonuniversity) but did not consider differ-
ences by facility (hospital A or B) or type of unit (internal
medicine, surgery, and others), which may be related to
differences in job descriptions (even within the same job
category) as well as the study variables. Such effects
caused by affiliation constitute a separate theme worth fur-
ther investigation, which will be pursued.

We found that the level of anxiety among healthcare
workers in Japan was relatively high and that the imple-
mentation of preventive measures at the institutional level
was not perceived to be sufficient. However, a collective
assertion of 3 specific institutional measures stood out as
the most important predictor for individual perception of
risk, including avoidance of patient and acceptance of risk,
as well as concept of general effectiveness of institutional
measures. In view of the potential for future epidemics of
SARS or other emerging infectious diseases, the planning
and implementation of institutional measures should be
given a high priority.
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Longitudinally Profiling Neutralizing
Antibody Response to SARS
Coronavirus with Pseudotypes

Nigel J. Temperton,* Paul K. Chan,t Graham Simmons,} Maria C. Zambon,8 Richard S. Tedder,*
Yasuhiro Takeuchi,* and Robin A. Weiss*

The severe acute respiratory syndrome—associated
coronavirus (SARS-CoV) spike protein (S) is a major target
for neutralizing antibodies. Retroviral SARS-CoV S
pseudotypes have been constructed and used to develop
an in vitro microneutralization assay that is both sensitive
and specific for SARS-CoV neutralizing antibodies.
Neutralization titers measured by this assay are highly cor-
related to those measured by an assay using replication-
competent SARS-CoV. No cross-neutralization occurred
with human sera known to contain antibodies to coron-
avirus strains OC43 and 229E. The pseudotype assay was
used to profile neutralizing antibody responses against
SARS-CoV S in sequential serum samples taken from 41
confirmed SARS patients during the 2003 outbreak in Hong
Kong and shows long-lasting immunity in most recovered
patients. The pseudotype assay does not require handling
live SARS virus; it is a useful tool to determine neutralizing
titers during natural infection and the preclinical evaluation
of candidate vaccines.

he coronavirus that causes severe acute respiratory

syndrome (SARS-CoV) is a new human pathogen for
which a vaccine may be urgently required should a new
outbreak occur. Studying the magnitude and longevity of
the neutralizing antibody response during natural infection
will help establish correlates of protection to be generated
by immunization. Humoral immunoglobulin (Ig) G, IgM,
and IgA responses to SARS-CoV have been studied exten-
sively (1-7). However, studies of neutralizing antibody
responses during natural infection have been limited (8,9),
partially because neutralization assays must be performed
at biosafety level 3 or higher.

*University College London, London, United Kingdom; tPrince of
Wales Hospital, Shatin, New Territories, Hong Kong Special
Administrative Region, People’s Republic of China; fUniversity of
Pennsylvania School of Medicine, Philadelphia, Pennsylvania,
USA; and 8Health Protection Agency Central Public Health
Laboratory, London, United Kingdom
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The SARS-CoV genome encodes 4 structural proteins,
the spike (S), membrane (M), envelope (E), and nucleo-
capsid (N) proteins (10). The S protein is the major surface
antigen of the virus, and the neutralizing antibody response
is primarily directed against this protein. Monoclonal anti-
bodies to the S protein neutralize the virus and have been
mapped (11-14). By vaccinating hamsters with a recombi-
nant parainfluenza virus vector, Buchholz et al. found that
the expression of M, E, or N, in the absence of S, did not
induce a neutralizing antibody response (15). Preclinical
studies of SARS-CoV vaccines provide evidence that gen-
erating a strong neutralizing antibody response to SARS-
CoV S may protect against SARS infection (16-19).

Retroviral and lentiviral pseudotypes have been
employed in lieu of replication-competent virus to study
neutralizing antibody responses to viral infection (20,21).
Pseudotype viruses encode marker genes and bear foreign
viral envelopes (22). The transfer of marker genes to target
cells depends on the function of the envelope protein; there-
fore, the titer of neutralizing antibodies against the enve-
lope can be measured by a reduction in marker gene
transfer. Lentiviral pseudotypes bearing the SARS-CoV
spike protein were first described by Simmons et al. to
study viral entry (23). Other studies have used SARS-CoV
S pseudotyped viruses for identifying receptors (24), exam-
ining viral tropism (25-27), and measuring neutralizing
antibody responses (18,28-30). Yang et al. constructed
lentiviral pseudotypes harboring S, M, or E proteins and
found that only S supported viral entry into target cells (26).

The aim of this study was to establish a neutralizing
antibody assay using murine leukemia virus (MLV)
pseudotypes bearing the SARS-CoV S envelope,
MLV(SARS), and to profile neutralizing antibody respons-
es to SARS-CoV natural infection during a relatively long
period in a cohort of Hong Kong patients who had recov-
ered from the disease.
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Materials and Methods

Patient Samples

A total of 166 blood samples were obtained from 41
patients (68% female) 11-80 years of age who were admit-
ted to the Prince of Wales Hospital, Hong Kong, from
March to May 2003. All study patients fulfilled the World
Health Organization criteria for having a probable case of
SARS. Samples from 7 of the 41 patients were tested for
SARS-CoV by reverse transcription—polymerase chain
reaction (RT-PCR) in a study previously described (31),
and 4 patients had positive results. Pneumonia developed
in all 41 patients, and 6 required intensive care. None of
these patients died of the infection. For most patients, mul-
tiple samples were obtained at sequential times covering
the acute, convalescent, and recovered phase of the dis-
ease. This study was approved by the Prince of Wales
Hospital local institutional ethics committee.

Plasmids and Cell Lines

Construction of the plasmid pCAGGS-S harboring full-
length SARS-CoV S from the Urbani strain has been
described previously (23). The MLV gag/pol construct,
pCMVi, and the green fluorescent protein (GFP) reporter
construct, pPCNCG, have been described (32). Vesicular
stomatitis virus envelope protein (VSV-G) expression vec-
tor pMDG has been described previously (33). HIV con-
structs were used as described (34).

All cell lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) with Glutamax and high glucose
(Gibco, Paisley, Scotland, UK), supplemented with 10%
fetal calf serum and penicillin/streptomycin. To make the
quail QT6/ACE?2 cell line, the gene encoding the receptor
for SARS-CoV, human angiotensin-converting enzyme 2
(ACE2) (35), was cloned from a human primary kidney
cDNA library (Invitrogen, Paisley, Scotland, UK) using
21-mer primers designed to the start and stop of ACEZ2,
and subcloned into pcdna3.1+. QT6 cells were transfected
by using lipofectamine 2000 and selected with G418, and
a bulk ACE2-positive, G418-resistant population was
grown.

Viral Vector Production and Infection of Target Cells
Confluent plates of 293T cells were split 1:4 the day
before transfection. Each plate of 293T cells was transfect-
ed with 1 pg gag/pol construct, 1.5 ug of enhanced GFP
reporter construct, and 1.5 pg envelope-expressing con-
struct by using the Fugene-6 transfection reagent (36).
Supernatant was harvested 48 h and 72 h posttransfection,
filtered through 0.45-um filters, and stored at —-80°C. MLV
and HIV vector titer were measured on 293T, TE671, and
QT6/ACE2 cells and are presented as infectious units (1U)
per milliliter. Briefly, cells were infected with vector, and
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eGFP titers were determined 72 h later by fluorescence-
activated cell sorter (FACS).

Neutralization Assays

Live Virus

Patient serum samples were heat inactivated at 56°C for
30 min and serially diluted from 1:10 in culture medium.
Fifty PFU of SARS Frankfurt strain were added to the
serum dilution and incubated for 1 h at 37°C. We added
5 x 104 Vero E6 cells per well to the virus and serum mix,
and the mixture was incubated in 96-well plates for 4 days,
after which neutralization was assessed by cytopathic
effect (CPE). The neutralization endpoint was taken as the
last well in which complete neutralization was observed.
Serum samples were assayed in duplicate, and positive
results were confirmed in separate assays.

Pseudotype

Patient serum samples were heat inactivated at 56°C for
30 min, 2-fold serially diluted from 1:10 in culture medi-
um, and mixed with MLV(SARS) virions (=100 IU) at a
1:1 vol/vol ratio. After incubation at 37°C for 1 h, 100 uL
of each dilution was added to QT6/ACE2 cells seeded at
1 x 104 cells per well in 96-well flat-bottomed tissue cul-
ture plates seeded 24 h previously. GFP-positive cells were
counted 48 h later by fluorescence microscopy.
Neutralizing antibody titers are presented as geometric
mean titers of assays performed in triplicate.

Results

Production of MLV S Pseudotypes

Retroviral particles pseudotyped with SARS-CoV S
were made by cotransfection of an S-expressing plasmid,
pCAGGS-S, with plasmids encoding MLV or HIV gag-pol
and GFP vector genome in 293T cells. Culture super-
natants were used to infect human TE671, 293T, and quail
QT6/ACE2 cell lines. VSV-G pseudotyped MLV particles,
MLV(VSV), and HIV particles, HIV(VSV), were used as
controls. MLV(VSV) and HIV(VSV) pseudotypes infected
all 3 cell lines tested. MLV(SARS) and HIV(SARS)
pseudotypes infected 293T (which have a low level of
endogenous ACE2 expression) and QT6/ACE2 but not
TEG71 cells (Figure 1). The highest titer (3.5 x 105 1U/mL)
was obtained with the combination of QT6/ACE2 cells and
MLV(SARS), so this system was employed for all subse-
quent assays.

Validation of Pseudotype Microneutralization Assay

A blinded panel of 50 samples comprising sera from
healthy persons, patients infected with other human coron-
aviruses (OC43 and 229E), patients infected with influenza
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Figure 1. Infectivity of retroviral severe acute respiratory syn-
drome-associated coronavirus (SARS-CoV) spike protein (S)
pseudotypes on target cells. SARS-CoV S-mediated infection of
human 293T, TE671, and quail QT6/ACE2 was assessed. Murine
leukemia virus (MLV) or HIV pseudotypes bearing either the
pantropic vesicular stomatitis virus envelope protein (VSV-G) as a
positive control, or the SARS-CoV S, were added to target cells.
After 72 h, green fluorescent protein (GFP)—positive cells were
counted by fluorescence-activated cell sorter analysis. Infection
titers are given as infectious units per milliliter (IU/mL). Arrow indi-
cates that infection titer was less than the detection limit, 102 IlU/mL.

virus, and persons who were convalescent from SARS was
provided by the Health Protection Agency (HPA), United
Kingdom, for the validation of our pseudotype neutraliza-
tion assay. For 12 samples positive for both assays, 90%
and 50% inhibitory concentration (ICy, and ICs,) pseudo-
type neutralizing titers were compared with titers obtained
at HPA by neutralization assay using replication-compe-
tent SARS-CoV. Logarithmic plots of pseudotype versus
live virus neutralization titers are shown in Figure 2.
Correlation coefficients for pseudotype 1Cy, and ICx titers
versus live SARS-CoV neutralization titers were 0.69 and
0.78, respectively. MLV(SARS) entry into QT6/ACE2
cells was not substantially inhibited by sera from healthy
persons or from persons with human coronavirus OC43
and 229E antibodies. MLV(VSV) infection was not inhib-
ited by any sera (data not shown). The pseudotype assay
was thus shown to be both sensitive and specific for
SARS-CoV neutralizing antibodies, with no evidence for
cross-reaction with the other human coronaviruses.
Although the live virus assay was based on the Frankfurt
SARS-CoV isolate, and the pseudotype assay was based
on the Urbani isolate, they gave equivalent titers, including
analysis of serum from the person from whom the
Frankfurt isolate was made.

Neutralizing Antibody Response to SARS-CoV S
Blood samples from the Hong Kong cohort of patients
were tested for neutralizing antibodies to the SARS-CoV S
protein by using the pseudotype neutralization assay.
Figure 3 shows the number of patients positive for neutral-
izing antibodies and the mean neutralizing antibody titer
displayed by week after onset of fever. Samples taken dur-
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ing the convalescent and recovered phase (after day 28 fol-
lowing onset of fever) are grouped into longer time blocks
(29-100 days, 101-200 days, and >201 days). In the first
week after onset of fever, all patient samples tested were
negative for neutralizing antibody. Appearance of neutral-
izing antibody was first seen in week 2 with 9 (64%) of 14
patients becoming positive. Geometric mean IC,y, neutral-
izing antibody titers ranged from negative (<10) to 40. In
week 3, all patients were positive for neutralizing antibod-
ies with titers from 10 to 200. ICy, titers peaked during
week 4 (mean titers 28-640) but persisted in some patients
for >200 days after onset of fever. Figure 4 shows the lon-
gitudinal profiles of neutralizing antibody responses to
SARS-CoV S in 4 representative patients for whom serial-
ly collected blood samples were available for testing.

Discussion

We have developed a retroviral pseudotype-based assay
that facilitates the accurate determination of neutralizing
antibody responses to SARS-CoV without the use of repli-
cation-competent virus. Since the neutralization titers
measured on replication-competent SARS-CoV and
pseudotypes are highly correlated, this assay can be wide-
ly applied in routine diagnostics and used for the preclini-
cal evaluation of candidate vaccines and immune therapies
for SARS, without the pathogen itself being handled. This
advantage is important because nosocomial infections
have arisen from laboratory handling of SARS-CoV in
Taiwan, Singapore, and Beijing (37). A lack of good, quan-
titative assays for SARS-CoV replication in vitro also
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Figure 2. Correlation of neutralizing antibody titers measured by
plaque reduction assay with titers measured with pseudotype
assay. LV, neutralizing antibody titer by using replication-compe-
tent severe acute respiratory syndrome-associated coronavirus
(SARS-CoV) (live virus); PV, neutralizing antibody titer by using
pseudotype virus; PV, (filled black diamonds), 90% neutralizing
antibody titer by using murine leukemia virus (MLV) (SARS)
pseudotype virus; PV, (open squares), 50% neutralizing antibody
titer. Logarithmic trendlines were fitted to the data by using
Microsoft Excel 2003 (Microsoft Corp., Redmond, WA, USA).
Correlation coefficients for LV versus PV, and LV versus PV, are
0.69 and 0.78, respectively.
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Figure 3. Severe acute respiratory syndrome-associated coron-
avirus (SARS-CoV) neutralizing antibody-positive rate by time of
blood sample collection (days after onset of fever). Black bars rep-
resent the number of patients tested for neutralizing antibodies
(Nab). White bars represent the number of patients whose
assayed samples were positive for neutralizing antibodies (Nab+).
Samples are considered positive for Nab if the 90% neutralizing
antibody titer determined by using murine leukemia virus (MLV)
(SARS) pseudotypes is >10. Line plot with open white circles
shows the geometric mean (GM) Nab titer within each time frame.
ICqy, 90% inhibitory concentration.

makes the pseudotype assay, with its easily interchange-
able reporter genes, a more flexible platform with which to
study neutralization and cell tropism.

Our assay detected neutralizing antibodies generated
during both the acute and convalescent phases of SARS
infection. When looking for neutralizing antibody respons-
es, previous researchers have predominantly tested sam-
ples taken during the convalescent phase of the disease,
whereas we found that during the period 8-14 days after
onset of fever, 9 patients in our cohort had neutralizing
responses to SARS S protein. Viral load, as measured by
real-time RT-PCR, for 19 of the patients in our cohort, was
previously shown to peak at approximately day 4 or 5 after
onset of fever and then decreased to barely detectable
around the time of seroconversion (38), which suggests
that the neutralizing antibody response may play a role in
viral clearance. This finding has implications for diagnos-

1CS0 titer

o 50 100 150 200 250 300
Days after fever

Figure 4. Neutralizing antibodies to severe acute respiratory syn-
drome-associated coronavirus spike protein in sequential blood
samples from 4 representative patients. Lines represent profiles of
individual patients. Filled black symbols represent geometric mean
titers at individual time points. IC4,, 90% inhibitory concentration.
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tics and surveillance, since positive diagnoses for neutral-
izing antibodies can be made earlier in infection and as a
complement to testing for IgG responses by enzyme-
linked immunosorbent assay. SARS has yet to manifest
itself as a seasonal epidemic threat like influenza, which
makes mass vaccination an unlikely scenario. The rapid
detection of neutralizing antibodies seen in this study sug-
gests that localized vaccination with an effective vaccine is
likely to help control the spread of SARS-CoV during an
outbreak, if vaccine elicits as rapid a response as live virus.

This article also reports longitudinal neutralizing anti-
body profiles in patients with SARS by using blood sam-
ples collected at serial time points (up to day 287). A broad
spectrum of longitudinal profiles is seen in patients, and
neutralizing antibody levels persist in many recovered per-
sons for several months (Figure 4). In only 1 patient did we
find a complete loss of neutralizing antibody titer after a
sharp rise, which began at the end of the acute phase (day
10). In a second patient, ICy, neutralizing antibody titers
attained 640 by day 22 after onset of fever, followed by a
decline; however, in another patient, neutralizing antibody
was detectable at day 261 after onset of fever. Maintenance
of neutralizing antibody titers will have important implica-
tions for vaccine design.

Gao et al. (39) tested in rhesus macaques an adenoviral
vaccine that was made up of the S1 spike fragment, M, and
N; the test showed that strong neutralizing antibody
responses were generated, some of which appeared early
after vaccination. We have shown that some patients con-
valescing from SARS have similar responses before full
recovery, which suggests that this level of vaccine-induced
neutralizing antibodies may be protective. Initial preclini-
cal studies in mice and hamsters are encouraging and show
that neutralizing antibodies are sufficient to protect against
live virus challenge (16-19,40). Candidate vaccines for
SARS must be moved from the preclinical evaluation
phase to clinical trials in human volunteers as rapidly as
possible, since the possibility of further SARS outbreaks is
uncertain. The method used here to analyze natural infec-
tion can be applied to clinical trials of candidate vaccines,
and we expect this test to be equally applicable to animal
sera.
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SARS-related Perceptions
In Hong Kong

Joseph T.F. Lau,* Xilin Yang,* Ellie Pang,* H.Y. Tsui,* Eric Wong,* and Yun Kwok Wing*

To understand different aspects of community
responses related to severe acute respiratory syndrome
(SARS), 2 population-based, random telephone surveys
were conducted in June 2003 and January 2004 in Hong
Kong. More than 70% of respondents would avoid visiting
hospitals or mainland China to avoid contracting SARS.
Most respondents believed that SARS could be transmitted
through droplets, fomites, sewage, and animals. More than
90% believed that public health measures were efficacious
means of prevention; 40.4% believed that SARS would
resurge in Hong Kong; and =70% would then wear masks
in public places. High percentages of respondents felt help-
less, horrified, and apprehensive because of SARS.
Approximately 16% showed signs of posttraumatic symp-
toms, and =40% perceived increased stress in family or
work settings. The general public in Hong Kong has been
very vigilant about SARS but needs to be more psycholog-
ically prepared to face a resurgence of the epidemic.

he severe acute respiratory syndrome (SARS) epidem-

ic affected =30 countries, resulting in 8,422 cases and
916 deaths globally (1). Approximately 20.8% (1,755) of
the cases and 32.8% (300) of the deaths occurred in Hong
Kong. The World Health Organization issued a travel advi-
sory warning against visiting Hong Kong from April 2 to
May 23, 2003 (2). School classes were suspended from
March to May 2003 (3). More than 90% of Hong Kong
residents frequently wore face masks in public places from
March through May 2003, and 33.6% worried that they or
their family members would contract the disease (4). A
number of hypotheses have been generated about different
modes of transmission of SARS (5-7). However, respons-
es to many of these issues have not yet been formulated.
From December 16, 2003, through April 30, 2004, another
14 new SARS cases were reported in 4 areas in China
(8-10). Public health measures played an important role in
the control of the spread of SARS in the community
(11,12). Whether SARS will reappear in some parts of the
world is not known.

*The Chinese University of Hong Kong, Hong Kong Special
Administrative Region, China
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Studies of the psychological effect of disastrous events
at a general population level have been reported. Some
studies investigated the effect of the September 11, 2001,
terrorist attack in the United States (13-16). Longitudinal
studies found that some of the mental health problems
could become chronic (15,17). Similar studies have been
conducted for other disasters, such as the 1995 Sarin attack
in the Tokyo subway system (18) and the terrorist attacks
in Israel (19). SARS-related psychological problems have
been reported to be prevalent in the general population
(20,21).

The first objective of our study was to investigate how
members of the general population in Hong Kong per-
ceived different aspects of SARS and how people would
react to a possible resurgence of SARS =6 months after the
end of the epidemic (survey 1). The second objective was
to assess the mental health effects on the general popula-
tion at the end phase of the epidemic and to investigate
relationships among various reactions, perceptions, and
mental health effects (survey 2).

Participants and Methods

The study population was composed of Chinese-speak-
ing residents of Hong Kong (22) who were 18-60 years
old. We conducted 2 independent cross-sectional telephone
surveys to achieve the 2 aforementioned objectives.
Survey 1 was conducted from December 30, 2003, to
January 17, 2004, and survey 2 from May 27, 2003, to
June 1, 2003. Telephone numbers were randomly selected
from up-to-date residential phone directories. Nearly
100% of the Hong Kong residents have telephones at home
(Hong Kong Office of the Telecommunications Authority,
pers. commun.), and other local studies have used tele-
phone surveys for data collection (21).

Interviewers called between 6:00 p.m. and 10:30 p.m.
to avoid undersampling workers and students. If a tele-
phone call was not answered, at least 2 follow-up calls
were made at different hours on weekdays. An eligible
household member, whose birthday was closest to the date
of the interview, was invited to participate in the study.
Verbal informed consent was obtained from participants.
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Ethical approval was obtained from the Chinese University
of Hong Kong. The response rate, defined as the number
completing the survey divided by the number of valid
households contacted, was 65% for survey 1 and 57.7% for
survey 2. Relevant sociodemographic characteristics of
respondents are shown in Table 1.

Respondents in survey 1 were asked about SARS-relat-
ed perceptions, different public health measures currently
practiced, and one’s anticipated public health and emotion-
al responses if SARS were to return to Hong Kong.
Respondents in survey 2 were asked about psychological
effects of SARS. These included whether respondents felt
horrified, helpless, or apprehensive; had sleeping and psy-
chosomatic problems; had increased smoking and alcohol
consumption; or had perceived stress. The Chinese version
of the Impact of Event Scale (IES) (23,24) and the mental
health (5 items) and the vitality (4 items) subscales of the
Medical Outcomes Study 36-ltem Short Form Health
Survey (SF-36) (25-27) were also used in survey 2.

In survey 1, multivariate logistic regression analysis,
using univariately significant responses as input variables,
was performed. In survey 2, 2-staged stepwise linear and
logistic regression models were used. SPSS for Windows
Release 11.0.1 (SPSS Inc., Chicago, IL, USA) was used
and p values < 0.05 were considered significant.

Results

Current SARS-related Preventive Behavior
At the time of the first survey, 66.7% and 68.6% of the

respondents, respectively, would avoid visiting hospitals
or mainland China (Table 2). More than 80% would make
a health declaration to customs, use a mask on a flight, or
see a doctor when traveling overseas if they had influenza,
while 38.7% would see a local doctor in mainland China
under such circumstances (Table 2). Women were more
likely than men to avoid visiting China or avoid seeing a
local doctor if they had influenza when traveling overseas
(p < 0.05) (Table 2).

SARS-related Perceptions

From 65.0% to 89.3% of respondents believed that
SARS could be transmitted through droplets, fomites, and
sewage systems; by eating wild animal meat; or by rats,
cockroaches, or pets, while 49.2% of respondents
believed that SARS is transmittable through aerosols
(Table 3). Of all respondents, >90% believed that using a
mask in public places, disinfecting living quarters, and
frequent hand washing are efficacious means of SARS
prevention (Table 3).

Atotal of 40.4%, 68.9%, and 29.1% of the respondents,
respectively, believed that resurgence of SARS would
occur in Hong Kong, in mainland China, or overseas in the
coming 6 months. In addition, 69.8% of respondents
believed that even if this resurgence occurred, it would not
be a major outbreak, and 80.3% believed that the govern-
ment would be able to control the epidemic under such cir-
cumstances (Table 2).

In the event that a few new cases of SARS were report-
ed in Hong Kong, >70% of all the respondents would wear

Table 1. Sociodemographic characteristics of respondents*

Survey 1 Survey 2
Men Women Total Men Women Total
(n=428), % (n=435), % (N = 863), % (n=407), % (n=411), % (N =818), %

Age group (y)

18-29 25.6 22.4 24.0 35.5 241 29.8

30-44 37.2 44.8 41.0 33.0 50.5 41.8

45-60 37.2 32.8 35.0 31.5 25.4 28.4
Education level

<9y 23.7 325 28.1 24.0 32.0 28.0

10-12y 48.4 449 46.6 44.4 47.3 45.9

Post secondary 27.9 226 25.2 31.6 20.7 26.1
Marital status

Single 39.2 25.8 324 44.0 28.3 36.1

Married/divorced/widowed 60.8 74.2 67.6 56.0 7.7 63.9
Employment status

Full time 711 42.3 56.6 65.4 41.4 53.3

Housewife/student 10.8 50.8 31.0 14.3 421 28.2

Other 18.1 6.9 12.5 20.4 16.5 18.5
Monthly income (HKD)

<4,000 24.6 50.2 37.9 - - -

4,001-12,000 421 27.8 347 - - -

12,001-20,000 18.5 11.2 14.7 - - -

>20,001 14.9 10.8 12.7 - - -

*HKD, Hong Kong dollar (1 US$ = 7.8 HKD). —, data not collected in survey 2.
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Table 2. Perceptions related to resurgence of severe acute respiratory syndrome (SARS) and associated behaviors (survey 1 data)

Men Women Total
Perceptions (n=428), % (n =435), % (N = 863), % p value*
Resurgence of SARS
There will be a resurgence of SARS in Hong Kong in the 37.4 43.4 40.4 0.069
coming 6 months
There will be a resurgence of SARS in China in the 66.6 71.3 68.9 0.138
coming 6 months
There will be a resurgence of SARS overseas in the 29.9 28.3 291 0.613
coming 6 months
No major outbreaks even if SARS returns to Hong Kong 71.3 68.3 69.8 0.340
The government could control SARS if there were a few 80.3 80.2 80.3 0.958
sporadic new SARS cases in Hong Kong
Preventive behavior if a few new SARS cases were reported
in Hong Kong
Would frequently wear a mask in public places 70.7 7.7 71.2 0.730
Would avoid going to crowded places 715 77.9 74.8 0.031
Would avoid going to mainland China 69.6 79.7 74.7 0.001
Would not allow children to go to school 13.5 121 12.8 0.536
Would avoid going to hospitals 67.3 76.3 71.8 0.003
Would avoid contacts with medical personnel 35.8 38.4 371 0.437
Would avoid contacts with tourists coming from mainland 315 37.8 34.7 0.051
China
Perceived emotional responses if a few new cases were
reported in Hong Kong
Would be in a state of panic 14.0 23.0 18.6 0.001
Would be very depressed 121 17.7 14.9 0.020
Am still emotionally disturbed because of SARS 33.0 39.5 36.3 0.047
Current preventive behavior
Would avoid visiting hospitals to prevent contracting SARS 65.0 68.3 66.7 0.311
Would avoid visiting China to prevent contracting SARS 64.4 72.8 68.6 0.008
Would make a health declaration if crossing the border 79.3 84.3 81.9 0.058
and had influenza
Would see a local physician if had influenza in mainland 37.6 39.8 38.7 0.498
China
Would see a local physician if had influenza overseas 79.3 84.8 82.1 0.039
Would wear a mask if had influenza when traveling by air 87.3 91.0 89.2 0.079

*Chi-square test.

a mask in public places and avoid visiting crowded places,
mainland China, or hospitals (Table 2); 12.8% of respon-
dents would not allow their children to attend school. A
total of 37.1% of respondents would avoid contacting
medical personnel, and 34.7% would avoid contacting vis-
itors from mainland China. Furthermore, 18.6% of the
respondents indicated that they would be in a state of
panic, and 14.9% would be very depressed. Approximately
36.3% of the respondents felt emotionally disturbed
because of SARS.

Female respondents were more likely than male
respondents to perceive SARS to be transmittable through
different modes (rats and cockroaches, animal meat, and
sewage) or to perceive efficacy in disinfecting living quar-
ters, washing hands frequently, and using traditional
Chinese medicine for SARS prevention (p < 0.05) (Table
3). Women were also more likely than men to be in a state
of panic and be depressed or emotionally disturbed
because of SARS (p < 0.05) (Table 3).
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Factors Predicting Public Health
Measures for Preventing SARS

Multivariate results show that sex, marital status,
believing that SARS would be transmitted through fomites
or aerosols, perceiving that older people were more sus-
ceptible to SARS, perceiving that a resurgence would
occur in Hong Kong or in China, and current emotional
disturbance because of SARS were associated with visit-
ing hospitals or visiting mainland China (online Appendix
Table 1, available from http://www.cdc.gov/ncidod/
EID/vol11 no03/04-0675_appl.htm). Sex; education level,
marital status; believing that SARS was transmitted
through droplets, fomites, pets, or sewage; anticipation of
a resurgence in SARS in Hong Kong or overseas; and the
perceived ability of the government to control the resur-
gence of SARS were associated with being emotionally
disturbed by SARS or in a state of panic if SARS returned
to Hong Kong (online Appendix Table 1).
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Table 3. Perceptions related to mode of transmission, medical development, and epidemiology of severe acute respiratory

syndrome (SARS) (survey 1 data)

% agreeing with statements Men (n = 428), % Women (n = 435), % Total (N = 863), % p value*
Mode of transmission
SARS is transmittable through respiratory 86.7 88.5 87.6 0.416
droplets
SARS is transmittable through fomites 87.1 87.6 87.4 0.847
SARS is transmittable through aerosols 47.2 51.3 49.2 0.232
SARS is transmittable through rats and 70.6 79.3 75.0 0.003
cockroaches
SARS is transmittable through pets 66.6 63.4 65.0 0.333
SARS is transmittable through sewage 86.7 92.0 89.3 0.012
There is a high likelihood of contracting 77.4 87.6 82.6 <0.001
SARS through wild animal meat
Perceived efficacy of preventive measures
Wearing masks in public places could 92.0 93.3 92.7 0.471
effectively prevent SARS
Disinfecting living quarters could effectively 96.0 98.6 97.3 0.018
prevent SARS
Frequent hand washing could effectively 96.3 99.3 97.8 0.002
prevent SARS
Vaccination against influenza could 44.6 47.7 46.2 0.363
effectively prevent SARS
Intake of traditional Chinese medicine could 36.6 44.2 40.5 0.023
effectively prevent SARS
Medical development
SARS vaccines would be developed in a 47.2 447 45.9 0.462
year
No effective drugs available to treat SARS 82.9 80.5 81.7 0.345
Epidemiology of SARS
Old people are more likely than others to 68.9 70.5 69.7 0.613
contract SARS
SARS mortality rate >50% for patients >60 44.7 47.6 46.2 0.400

years old

*Chi-square test.

Mental Health Effects of SARS

A total of 92.5% of the respondents regarded the SARS
epidemic in Hong Kong as severe or very severe. High
percentages (65.4%, 55.5%, and 65.0%, respectively) of
respondents felt helpless, horrified, and apprehensive
because of SARS or worried that they or family members
would contract the virus, and 48.4% of respondents per-
ceived that their mental health had severely or moderately
deteriorated because of the SARS epidemic (Table 4).

Using the cutoff values of the IES of the combined
intrusion and avoidance subscale (28), we observed that
13.3% of male respondents and 18.0% of female respon-
dents (p = 0.060), respectively, had moderate or severe
posttraumatic stress symptoms (1.3% and 1.5%, respec-
tively, of the male and female respondents had severe
symptoms) (Table 4). Female respondents had higher men-
tal health quality of life (QOL) and vitality QOL subscale
scores (p < 0.05).

Atotal of 36.8% and 37.8%, respectively, of the respon-
dents perceived that the level of stress related to work and
family had increased as a result of the SARS epidemic, and
26.5% of the respondents were facing increased financial
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stress. Among current smokers, 12.9% had increased their
frequency of smoking during the SARS epidemic com-
pared with the pre-SARS period. Among those who con-
sumed alcohol, 4.7% of male respondents and 14.8% of
female respondents had increased their frequency of drink-
ing (Table 4).

Of the respondents, 11.5% had trouble falling or stay-
ing asleep because they had been preoccupied by thoughts
related to SARS. In the month preceding the survey, 18.6%
of the respondents reported that they slept restlessly
(Online appendix Table 1). A total of 6.9% of respondents
had psychosomatic symptoms such as sweating, nausea,
trouble breathing, or pounding heartbeats when thinking
about the SARS epidemic (Table 4). When the situations
before or during the SARS epidemic were compared, we
observed that 4.2% of respondents had family members in
need of psychological or psychiatric services, 6.1% report-
ed poorer sexual functioning, 37.2% reported a poorer
social life, 20.1% of those employed reported difficulty in
concentrating on their work, and 26.5% of respondents
reported poorer emotional states of their family members
(Table 4).
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Table 4. Psychological and related effects of severe acute respiratory syndrome (SARS) (survey 2 data)*

Men, %  Women, %  Total, % p valuet
General mental health effect of SARS
SARS perceived to be severe or very severe 91.4 93.7 92.5 0.216
Felt horrified because of SARS (agree or strongly agree) 65.4 80.3 72.9 <0.001
Felt apprehensive because of SARS (agree or strongly agree) 55.5 69.1 37.7 <0.001
Felt helpless about SARS (agree or strongly agree) 65.0 63.7 64.4 0.703
Worried or worried very much about oneself or family members 413 57.2 49.3 <0.001
contracting SARS
IES cutoff (posttraumatic stress symptoms) 13.3 18.0 15.7 0.060
Worsened self-assessed mental health effect of SARS (very much or 42.6 541 48.4 0.001
somehow)
Sleeping/psychosomatic problems
Experienced trouble falling or staying asleep because of SARS 9.3 13.6 11.5 0.054
(sometimes or often)
Sleep was restless in the last month (sometimes or often) 15.3 21.9 18.6 0.015
Experienced sweating, trouble breathing, nausea, or heart pounding 52 8.5 6.9 0.059
because of SARS
Substance use
Increased frequency of smokingt 13.2 1.5 12.9 0.820
Increased frequency of drinking alcohol§ 4.7 14.8 6.8 0.062
Perceived increased stress because of SARS
Increased or much increased work stress 35.4 38.2 36.8 0.403
Increased or much increased family stress 38.6 37.0 37.8 0.639
Increased or much increased financial stress 251 28.0 26.5 0.344
Other problems
Family members in need of psychology or psychiatry services 4.7 3.7 4.2 0.539
Difficult or very difficult to concentrate at workf] 18.8 21.8 201 0.409
Worsened or much worsened sexual life 6.2 59 6.1 0.855
Worsened or much worsened social life 31.0 43.4 37.2 <0.001
Family member with worsened or much worsened emotional states 26.0 26.9 26.5 0.783

*IES, Impact of event scale.

tChi-square test.

FTAmong those who were smokers.

§Among those who drank alcohol.

fJAmong those who were currently working full time and part time.

Factors Predicting Mental Health Effects

Stage 1 Analysis (Stepwise Regression of

Sociodemographic Variables)

The relevant sociodemographic variables (Table 1)
were entered as input variables in stepwise linear and
logistic regression models to predict IES scores, mental
health, and vitality QOL scores and various psychological
effects (e.g., whether one had trouble falling asleep)
(online Appendix Tables 2 and 3, available from
http://www.cdc.gov/ncidod/eid/vol11n0o03/04-0675_
app2.htm and http://www.cdc.gov/ncidod/eid/vol11no03/
04-0675_app3.htm).

Stage 2 Analysis (Adjusted for

Variables Significant in Stage 1)

Those who felt horrified, apprehensive, and helpless
because of SARS were more likely to report posttraumatic
stress symptoms (as measured by IES) or have a lower
mental health QOL and vitality QOL scores (online
Appendix Table 2). Those who felt apprehensive because
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of SARS were more likely to report sleeping problems and
experience overall negative mental health effects (online
Appendix Table 3). Feeling helpless because of SARS was
associated with sleeping problems, while worrying about
contracting SARS was associated with overall negative
mental health and psychosomatic symptoms.

Increased work-related and family-related stress, but
not increased financial stress, were associated with IES
and mental health QOL and vitality QOL outcomes (online
Appendix Table 2). Increased work-related stress was also
associated with sleeping problems, psychosomatic symp-
toms, and a poorer social life. Increased family-related
stress was associated with a poorer social life, worsened
mental health, and the need for psychological/ psychiatric
services (online Appendix Table 3). Financial stress was
associated with worsened sexual functioning and wors-
ened mental health.

A poorer social life was associated with IES (intrusion
and hyperarousal) (online Appendix Table 2), sleeping
problems, worsened sexual functioning, and a negative
overall effect on mental health (online Appendix Table 3).
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Worsened emotional states of family members was signif-
icantly associated with subscales of the IES (intrusion and
avoidance) and QOL subscales, sleeping problems, wors-
ened overall mental health effects, and worsened sexual
and social life.

Discussion

The general public in Hong Kong did not perceive the
possibility of a resurgence of SARS. The degree of vigi-
lance was high when respondents were asked about current
preventive behaviors and hypothetical situations of having
a few new SARS cases reported in Hong Kong. The entire
city was expected to react strongly to a resurgence of
SARS. However, some precautions may be unwarranted
and could have a negative economic effect (29).
Approximately 20% of respondents believed that they
would be in a state of panic, 37% were still emationally
disturbed by SARS, and 4% had family members in need
of psychological or psychiatric services. Thus, the general
public needs to be better prepared psychologically to be
able to avoid possible panic and emational disturbances in
a resurgence of SARS.

More than 90% of respondents perceived that mask
use, frequent hand washing, and disinfection of living
quarters are efficacious means of SARS prevention.
Although the droplet theory of transmission has been
widely accepted by the scientific community, other theo-
ries involving fomites (30), aerosols (5), sewage (31), rats
(7), and wild animals (32) remain controversial. No con-
clusions have been reached regarding these topics.
Information provided by health workers has also shown
marked variations (33). In the absence of confirmed “top-
down” official information, the general public has appar-
ently been forming their own attitudes in a “bottom-up”
manner. Similarly, another study claimed that laypersons
in Hong Kong, Taiwan, and Toronto used “naive knowl-
edge models” that were either incomplete or faulty in con-
ceptualizing the symptoms, threat, spread, and prevention
of SARS (34). Another study also reported substantial
misinformation and false beliefs related to the existence
of SARS in the general public (20). Therefore, it is impor-
tant to understand how perceptions were formed during a
newly emerging epidemic.

If one compares the results of this study with those
obtained in March 2003, SARS-related perceptions and
behaviors changed sharply over time (21,35). The results
of several studies show that most of the general public had
always believed that SARS could be transmitted through
droplets, and increasingly more people believed that SARS
is transmittable through fomites, but opinions about
aerosol transmission of SARS remained split (20,21,35).
Different studies had similar conclusions that perceptions
such as perceived efficacy and perceived susceptibility
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were predictive of the use of preventive measures and
emotional responses (20,21,35).

In survey 2, the prevalences of avoiding hospitals and
China were 66.7% and 68.6%, respectively, which are
comparable with the results obtained in another study con-
ducted in May 2003 (21). More than 80% of respondents
in this study would use a mask if they had influenza while
traveling, while another study conducted from April 22 to
April 29, 2003, documented that =70% would do so (36).
A third study reported that =50% of the general public
practiced at least 5 of 7 studied types of preventive meas-
ures (20). Preventive behaviors were thus prevalent
throughout different phases of the epidemic.

A study conducted on approximately April 1, 2003
(20), reported that 12.6% of the respondents were quite or
very anxious. Our survey 2, which was conducted at the
ending phase of the epidemic, showed that =16% of the
respondents had moderate or severe posttraumatic stress
symptoms. Another study conducted from April 11 to
May 19, 2003 (37), documented that =68% of healthy
control participants experienced negative SARS-related
effects. Our study showed that =48% assessed their men-
tal health as being worse because of SARS. Also, 20% of
the respondents worried about finances, whereas =27% of
the respondents had financial stress. Emotional distur-
bance (our survey 2) and anxiety level (20) were associ-
ated with use of preventive measures. Psychological
stress was prevalent throughout different phases of the
epidemic.

Sex differences in perceptions and responses were
observed. Men and women may have reacted differently to
the incomplete evidence available when forming their
views about the spread and control of SARS. Women were
more likely than men to believe that SARS could be trans-
mitted through different modes or that different methods
could effectively prevent SARS.

A sizable proportion of the population felt horrified,
apprehensive, or helpless because of the SARS epidemic
in Hong Kong. Approximately 40%-50% of the respon-
dents reported that their mental health status had been
worsened, and 40% felt that their levels of work- and fam-
ily-related stress had increased during the epidemic. The
SARS epidemic exerted adverse effects on multiple
aspects of social, family, sexual, and occupational
domains. Those who smoked and drank in Hong Kong also
increased their frequency of smoking and drinking. Thus,
the mental health effect was prevalent and pervasive.
Longitudinal studies are therefore required to understand
the long-term mental health effects of SARS. Similar
effects had been documented in studies conducted after the
September 11, 2001, terrorist attack in the United States
(15,38,39). Some similarities may exist in the community
responses of different large-scale disasters.
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Married persons tended to have a worsened mental
health status because of SARS. Married people usually
have a lower prevalence of psychological problems and a
better support system compared with single people.
However, =25% of respondents reported that their family
members were emotionally affected by the epidemic, and
=40% reported increased family stress. When an infectious
epidemic is being faced, the worries of cross-infection and
the well-being of family members are critical in determin-
ing the mental health effects of the epidemic on a person.
Mental health services should take into account mutual
influences among family members. Increased work-related
stress was another predictor of mental health effects.
Business activity decreased sharply, and the job security of
many people was threatened. Similarly, social life was
reported as worse among 40% of respondents. The effect
of SARS was not confined to physical and psychological
aspects, but it also affected socioeconomic and social
aspects, which in turn determined the psychological well-
being of persons.

This study had several limitations. First, data were self-
reported and are subject to reporting biases. However, the
interviews were anonymous. Second, some questions were
asked about behavior in response to a potential resurgence
of SARS, rather than measuring actual behavior because
we were investigating how the general public would
respond to a possible resurgence of SARS. Third, the
response rates of the studies were moderate (=58% in sur-
vey 1 and 65% in survey 2), and no data were available
from nonresponders. The response rates were comparable
with those of other survey studies in Hong Kong (40,41),
and the age composition of the 2 samples was comparable
with those of the Hong Kong census figures. Furthermore,
we were not able to ascertain the previous psychological
conditions of the respondents. However, results of the
study should reflect the direct effect of SARS, rather than
the general psychological status of the respondents. Some
important factors, such as intensity of media exposure,
were not measured in the study. However, many variables
in this study (e.g., perceived reaction to resurgence and
some psychological responses variables) have not been
reported elsewhere.

SARS may return to some parts of the world, and
preparative work is warranted. Up-to-date SARS-related
knowledge should be collated and disseminated to the gen-
eral public to promote effective public health measures and
avoid unnecessary panic in case of a resurgence. Sex dif-
ferences and concerns for family members and work need
to be considered by relevant information campaigns. The
perception of the general public changes rapidly over time
and needs to be monitored closely. Bioterrorism may be
similar to SARS in many ways. The results of this study
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predict that, in cases of bioterrorism, the general public
would form their perceptions based on weak evidence, and
the effect on mental health would also be evident.
Modifying perceptions of the public would facilitate con-
trol of the disaster and alleviate panic among the general
population. Further studies on the process of perception
formation and its consequences on psychological respons-
es in newly emerged epidemics are warranted.

This study was supported by the Chinese University of
Hong Kong.

Dr. Lau is the director of the Center for Epidemiology and
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West Nile Virus Risk
Assessment and the Bridge
Vector Paradigm

A. Marm Kilpatrick,* Laura D. Kramer,t Scott R. Campbell, E. Oscar Alleyne,§
Andrew P. Dobson, and Peter Daszak*

In the northeast United States, control of West Nile
virus (WNV) vectors has been unfocused because of a lack
of accurate knowledge about the roles different mosquitoes
play in WNV transmission. We analyzed the risk posed by
10 species of mosquitoes for transmitting WNV to humans
by using a novel risk-assessment measure that combines
information on the abundance, infection prevalence, vector
competence, and biting behavior of vectors. This analysis
suggests that 2 species (Culex pipiens L. and Cx. restuans
Theobald [Diptera: Cilicidae]) not previously considered
important in transmitting WNV to humans may be respon-
sible for up to 80% of human WNYV infections in this region.
This finding suggests that control efforts should be focused
on these species which may reduce effects on nontarget
wetland organisms. Our risk measure has broad applica-
bility to other regions and diseases and can be adapted for
use as a predictive tool of future human WNV infections.

ince its first appearance in North America in 1999,

West Nile virus (WNV) has spread across the continent
and into Central America. It has infected >17,000 persons
and caused >670 deaths (1,2). Reducing the number of
human cases of WNV through vector control depends on
efficiently using limited resources (3), which requires
understanding which vectors are most important in trans-
mitting WNV to humans.

Previous research has suggested that different mosqui-
to species play different roles in spreading WNV. Culex
pipiens L. and Cx. restuans Theobald mosquitoes are
thought to be the primary amplification vectors of WNV in

*Consortium for Conservation Medicine, Wildlife Trust, Palisades,
New York, USA; tNew York State Department of Health, Albany,
New York, USA; $Suffolk County Department of Health Services,
Yaphank, New York, USA; §Rockland County Health Department,
Pomona, New York, USA; and {Princeton University, Princeton,
New Jersey, USA
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birds in the northeastern and north-central United States
(4) because they are primarily ornithophilic, or bird-biting,
are abundant, and have the highest prevalences for WNV
in this region (5). These species have not been considered
important in transmitting WNV to humans because of their
feeding habits (3,4). Instead, other mosquitoes, which take
a larger fraction of their blood meals from mammals, are
thought to be bridge vectors in transmitting WNV to
humans (3,4). Species that have been proposed as bridge
vectors include members of the genera Aedes and
Ochleratus and other Culex species (3,4). However, classi-
fication of mosquito species as enzootic or bridge vectors
was previously based primarily on qualitative categories
and did not incorporate other data that are critical to deter-
mining the risk for human infection from each species. In
this study, we integrate quantitative information on the
abundance, WNV infection prevalence, vector compe-
tence, and biting behavior of the most important vectors in
the northeast and north-central United States to predict the
risk for human infection from each species.

Materials and Methods

The probability or risk that a species of mosquito will
infect a human with WNV can be estimated as

Risk=AxF,xPxC,
where A is the abundance, F, is the fraction of blood meals
taken from mammals, P is the WNV infection prevalence,
and C, is an index of vector competence (the fraction of
WNV-infected mosquitoes that will transmit virus in a sub-
sequent bite). Our equation for Risk (capitalized to denote
our calculated expression) is an estimate of the relative
number of WNV-infectious bites on mammals by each
mosquito species. We discuss the data we used for each
variable in turn.

We used abundance data from 2 counties near the orig-
inal 1999 outbreak (Suffolk and Rockland) in New York
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State during the period 2000-2003, totaling =7,195
trap-nights and 378,000 mosquitoes. Mosquitoes were col-
lected by using Centers for Disease Control and Prevention
(CDC) light traps baited with CO, (dry ice) from evening
until the next morning, which includes the peak activity
periods for the mosquitoes considered here. While some
mosquitoes are underrepresented in CDC light trap collec-
tions (e.g., Ochleratus trivittatus [6,7]), baiting traps with
CO, and trapping during both dusk and dawn minimizes
this bias (3).

Mosquitoes from these traps were identified to species
with 1 exception; Cx. pipiens and Cx. restuans adults are
difficult to distinguish in the field and are usually counted
and submitted for testing after being pooled and labeled as
Cx. pipiens/Cx. restuans. As a result, we present the 2
species as a pair. We averaged their vector competencies
and fraction of blood meals from mammalian hosts, which
were examined for each species separately by using a
molecular identification protocol (8) and identification of
mosquitoes as larvae to separate the 2 species.
Identification of a subset of trapped adult mosquitoes by
experienced entomologists (9) suggests that although year-
to-year variability occurs, these species had approximately
equal abundance averaged over the past 4 years (L.
Kramer et al., unpub. data). Both species have similar
feeding behavior (15%-22% of blood meals come from
mammalian hosts, averaging the data weighted by sample
size from [9,10] and L. Kramer et al., unpub. data) and
breed in similar habitats (containers such as tires, gutters,
catch basins, polluted surface pools). As a result, combin-
ing these species in our analysis should not detract from
our ability to determine which vectors transmit WNV to
humans; nor should it alter strategies that should be taken
to control vector populations.

To increase the sensitivity of our analyses, we used
WNV testing data from all of New York State from 2000
to 2003 to estimate the infection prevalence for each
species. However, we only included data from mosquitoes
trapped with CDC light traps because prevalences were
higher from mosquitoes caught in gravid traps, and these
traps primarily capture Culex mosquitoes that have already
fed at least once. Although the large-scale averaging we
performed ignores important spatial and temporal varia-
tion, the larger dataset is required to accurately estimate
prevalence for species that are rarely infected (i.e., all non-
Culex species). A correlation analysis of mosquito species’
prevalences at the county and state level suggested that the
2 datasets were comparable (Rockland vs. New York State,
r = 0.92 and Suffolk vs. New York State, r = 0.97).
Mosquitoes were tested for WNV RNA by using reverse
transcription—polymerase chain reaction (RT-PCR) (11) in
groups (pools) of 20 to 50, and infection prevalence of
each species is expressed as the minimum infection rate
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(MIR), where MIR = 1,000 x (pools testing positive for
WNV/total number of mosquitoes tested). This calculation
assumes that each pool contains only 1 infected mosquito,
which is >99% likely for MIRs <3 and pools of 50.
Occasionally, MIRs >3 have been recorded for Cx. pipi-
ens/Cx. restuans (5), which could lead to an underestimate
of the true prevalence and Risk for this species pair.

Blood meals from mosquitoes trapped in New York and
New Jersey were identified to vertebrate order by using
PCR or the heteroduplex method (9,10,12). We calculated
the fraction of each species’ blood meals that came from
mammals as a relative estimate of the probability that the
species would feed on humans (13). We believe this
approximation is valid because identification of mam-
malian blood meals to the species level showed that all of
the species considered here feed on humans (10,14). In
addition, all of the identified mammalian blood meals from
Cx. pipiens and Cx. restuans were from ground-dwelling
mammals (9,10, Kramer et al., unpub. data). As a result,
we believe that mammalian blood meals identified from
Cx. pipiens and Cx. restuans were not a result of these nor-
mally ornithophilic mosquitoes’ occasionally biting arbo-
real mammals. Lastly, recent research showed that North
American Cx. pipiens are actually hybrids between more
ornithophilic Cx. pipiens and more opportunistically feed-
ing Cx. molestus and Cx. quinquefasciatus (15), which
might help explain their feeding on humans and other
mammals.

Finally, previous research has shown that mosquitoes
may be infected with WNV (i.e., test positive) but not
transmit virus when feeding, at times because the virus is
not present in the salivary glands (4). The probability that
the virus will be transmitted with a bite, given that a mos-
quito tests positive for WNV, differs among species and
has been incorporated into the analysis through the vector
competence C, (see Table for sources). Three species,
Culiseta melanura, Ochlerotatus canadensis, and Oc.
trivittatus, have not been tested for vector competence. For
these species, we used values for their congeners and also
present the Risk for these species if their C, was 1, i.e., if
every infected mosquito transmitted the virus when feed-
ing (see Table).

Results

The species-pair Cx. pipiens + Cx. restuans accounts for
>80% of the total Risk, a surrogate for human WNV infec-
tions in this region, over this time period (Table). The threat
of this species-pair is =16 times higher than that for the 4
other important species, Oc. japonicus, Ae. vexans, Oc.
trivittatus, and Cx. salinarius. This finding is a result of the
high WNV prevalence and abundance of this species-pair,
which more than compensates for the relatively small frac-
tion of mammalian blood meals of these primarily bird-
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Table. Risk of mosquito species transmitting West Nile virus (WNV) to humans

Relative Vector competencet

Species abundance WNV MIR* (reference) Fraction mammalt Risk % Risk
Aedes vexans 20.7 0.05 0.17 (16) 0.86 (126) 0.14 45
Coquillettidia perturbans 11.3 0.01 0.11 (17) 0.83 (191) 0.01 0.5
Culex pipiens + 37.2 0.95 0.38 (16-18) 0.19 (373) 252 80.2
Cx. restuans

Cx. salinarius 0.6 0.85 0.36 (17) 0.67 (91) 0.12 3.9
Culiseta melanura 52 0.17 0.28 (19) § 0.1 (141) 0.03 0.8
Ochlerotatus canadensis 14.9 0.00 0.55(16,18) 1.00 (107) 0.00 0.0
Oc. japonicus 05 0.33 0.93 (16) 0.95 (57) 0.16 5.0
Oc. sollicitans 2.0 0.07 0.16 (16) 1.00 (28) 0.02 0.7
Oc. trivittatus 7.6 0.05 0.55(16,18)9 0.64 (115) 0.14 4.4

*MIR, minimum infection rate.

1The fraction of WNV-infected mosquitoes that will transmit virus in a subsequent bite.

FNumber of mosquito blood meals identified in parentheses (9,10, Kramer et al., unpub. data).

§Vector competence value taken from study on Cs. inornata. Risk increases to 0.09 and 3.0%, assuming a maximum vector competence of 1.0.
{IGenus average used. Risk with a vector competence of 1.0 would be 0 and 0% for Oc. canadensis and 0.25 and 8.0% for Oc. trivittatus.

biting mosquitoes (Table). In contrast, while some of the
species previously suggested as important bridge vectors
have high infection rates (Cx. salinarius), are abundant
(Aedes vexans, Oc. canadensis), or are extremely efficient
vectors in the laboratory (Oc. japonicus), none make up
>5% of the total Risk for human WNV infections.

Discussion

Integrating 4 important aspects of disease transmission
into a single measure of Risk suggests that 2 mosquito
species that were previously overlooked as vectors for
transmission to humans may in fact be the most important.
Current WNV management guidelines (3) call for broadly
controlling mosquitoes by using both insecticides and
water flow management. Our results argue for focusing
mosquito control efforts on Cx. pipiens and Cx. restuans,
which primarily breed in a small subset of habitats (tires,
gutters, catch basins, polluted surface pools) that are dif-
ferent from those of many other vectors (20). This focus
could substantially reduce the detrimental effects of mos-
quito control on nontarget species, especially in wetlands.
In addition, focusing control on these habitats and species
should improve the effectiveness of control measures and
reduce the number of human WNV infections. Finally,
reducing the densities of these mosquito species should
also decrease transmission of WNV between birds. This
management strategy has the dual benefit of decreasing the
severity of WNV epidemics in birds and the subsequent
spillover to mammals.

These results should be placed within their proper spa-
tial and geographic context. The most important vectors
for transmitting WNV to humans in other regions of the
United States are likely to be different. Cx. quinquefascia-
tus and Cx. nigripalpus are the predominant vectors of
WNV between birds in the southeastern United States
(17,21), and Cx. tarsalis and Cx. quinquefasciatus play
this role in much of the western United States (19). Broad
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feeding habits, host switching from birds to mammals in
the fall, or both (22-24) make these 3 species likely to also
be the dominant vectors in transmitting WNV to humans in
these regions. Similarly, while our analysis of vectors in
the northeastern United States determined the most impor-
tant vectors for human WNV infections by averaging over
several years and a multicounty scale, other vectors may
be more important on a local scale (e.g., Cx. salinarius
near a salt marsh [25]) or during portions of the transmis-
sion season. Our results should be verified at smaller tem-
poral and spatial scales because averaging over data in
which abundance and infection rates negatively covary can
produce biased results (26).

The validity of our conclusions rests on the assump-
tions we have made and the data on which they are based.
Of primary importance is the relative number of feedings
of Cx. pipiens and Cx. restuans on humans, which is based
on abundance estimates generated by using CO,-baited
CDC light traps and mosquito blood meals identified from
mammalian hosts (as well as a small number from
humans). Recent work by Gingrich and Casillas (25)
strengthens our results and suggests that feedings by Cx.
pipiens on humans may be more common than was previ-
ously thought. These researchers compared the landing
rates of mosquitoes on humans (which were then captured
with an aspirator and identified) with the abundance of
mosquitoes trapped with CO,-baited CDC light traps at 4
sites in Delaware. When data from their Table 1 were
used, the ratio of mosquitoes caught after landing on a
human to those caught by using CO,-baited CDC light
traps is 0.36 for Cx. pipiens, 0.40 for Cx. salinarius, and
0.07 for Ae. vexans (25, Table). This finding suggests that
in terms of feeding on humans, Cx. pipiens are relatively
underrepresented by CO,-baited CDC light traps com-
pared to Ae. vexans, which implies that Ae. vexans may be
less important and Cx. pipiens more important than our
analyses have shown. Of the species considered in both
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our study and that of Gingritch and Casillas, only Oc.
canadensis is relatively underrepresented by CDC light
traps compared to Cx. pipiens, with a human landings to
CDC light trap ratio of 1.31. However, this species is
rarely infected with WNV and does not represent an
important vector for transmitting WNV to humans
(Table).

One strength of our Risk measure is that it can be
applied to other locations and at other scales simply by
applying the risk equation to data from the desired scale
and region if analyzed appropriately (26). In addition, the
Risk equation can be used as a predictive index to forecast
the relative number of future human WNV infections,
which could be useful for short-term planning and resource
allocation. The sum of the Risk equation over all (i = 1 to
n) mosquito species multiplied by human population den-
sity in the area considered should estimate the number of
short-term future human WNV infections:

Predicted human infections =

(human density) x 2.”1 AxF xPxC,

We are currently testing the usefulness of this index in
predicting the relative number of human WNYV infections
between locations and over the mosquito season.
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Methicillin-resistant
Staphylococcus aureus in Horses
and Horse Personnel, 2000-2002

J.S. Weese,* M. Archambault,* B.M. Willey,T H. Dick,t P. Hearn,§ B.N. Kreiswirth,8 B. Said-Salim,q
A. McGeer,t Y. Likhoshvay,{ J.F. Prescott,* and D.E. Lowt

Methicillin-resistant Staphylococcus aureus (MRSA)
infection was identified in 2 horses treated at a veterinary
hospital in 2000, prompting a study of colonization rates of
horses and associated persons. Seventy-nine horses and
27 persons colonized or infected with MRSA were identi-
fied from October 2000 to November 2002; most isolations
occurred in a 3-month period in 2002. Twenty-seven (34%)
of the equine isolates were from the veterinary hospital,
while 41 (51%) were from 1 thoroughbred farm in Ontario.
Seventeen (63%) of 27 human isolates were from the vet-
erinary hospital, and 8 (30%) were from the thoroughbred
farm. Thirteen (16%) horses and 1 (4%) person were clin-
ically infected. Ninety-six percent of equine and 93% of
human isolates were subtypes of Canadian epidemic
MRSA-5, spa type 7 and possessed SCCmeclV. All tested
isolates from clinical infections were negative for the
Panton-Valentine leukocidin genes. Equine MRSA infec-
tion may be an important emerging zoonotic and veteri-
nary disease.

ethicillin was first introduced in human medicine in

the 1950s for the treatment of penicillin-resistant
staphylococci, and within a few years, methicillin-resistant
isolates of Staphylococcus aureus (MRSA) were identified
(2). Since then, MRSA has emerged as an important prob-
lem in human medicine internationally, especially in the
hospital setting (2-6). Methicillin resistance is mediated
by production of an altered penicillin-binding protein
(PBP2a), which confers resistance to all B-lactam antimi-
crobial agents. The gene that encodes this altered PBP,
mecA, resides on a large, mobile genetic element called the
staphylococcal chromosomal cassette mec (SCCmec).

*University of Guelph, Guelph, Ontario, Canada; TMount Sinai
Hospital, Toronto, Ontario, Canada; FVita-Tech Laboratories,
Markham, Ontario, Canada; 8Hearn Veterinary Services,
Orangeville, Ontario, Canada; and {New York University Medical
Center, New York, New York, USA
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Three types of SCC (types I, I, and I1I) were originally
described in hospital-acquired MRSA strains, most of them
isolated before 1990. A fourth type (type 1V) was recently
described, initially in community-acquired MRSA isolates
(2-4). Although MRSA have been typically hospital
acquired (5,6), reports of community-acquired MRSA in
persons have increased (7-9). In Canada, 6 epidemic
clones, designated CMRSA (Canadian epidemic MRSA) 1
through 6 based on pulsed-field gel electrophoresis
(PFGE), are recognized (10,11). In addition to PFGE,
SCCmec typing and DNA sequencing of the X region of
the protein A gene (spa typing) can be used to further dif-
ferentiate strains for epidemiologic analysis (12).

The role of MRSA in veterinary medicine has not been
well characterized. Isolation of MRSA has been reported
in horses, cattle, and dogs (13-20). In addition, MRSA
infection in 2 horses treated at the Ontario \eterinary
College Veterinary Teaching Hospital (OVC-VTH) was
first documented in 2000. To evaluate the apparent emer-
gence of MRSA infection and colonization in horses, nasal
swabs from horses and persons at OVC-VTH and a select
group of farms from southern Ontario were cultured.

Materials and Methods

Veterinary Hospital Facility

The Large Animal Clinic at OVC-VTH is a tertiary-
care referral center with a caseload of =2,000 horses per
year. Hospital personnel that are in contact with horses
include senior clinicians (internists, surgeons, other spe-
cialists), residents, interns, veterinary technicians, agricul-
tural assistants, and veterinary students.

Sampling Procedures
A limited organized MRSA screening of horses at
OVC-VTH was performed from October 1 to October 5,
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2000, after the first 2 clinical cases were recognized. A
more thorough screening program was performed from
May 17 to November 16, 2002, after further cases were
recognized. With this program, nasal swabs were collected
from all horses at the time of admission, weekly during
hospitalization, and at the time of discharge. Intermittent
screening of horses on 1 Ontario breeding farm (farm A)
was performed from May 11 to September 15, 2002, after
infected horses were identified. Nasal swabs were collect-
ed from horses at 9 other Ontario farms after MRSA infec-
tion in a resident horse was identified at OVC-VTH. Nasal
swabs were collected from all horses that were present on
these farms on the day of sampling.

\oluntary screening of OVC-VTH Large Animal Clinic
personnel was performed on 2 occasions in 2002 in
response to identification of clusters of nosocomial MRSA
colonization in horses. Periodic nasal cultures of horses
and personnel were initiated at farm A from May 11 to
September 15, 2002.

For persons, cotton-tipped swabs were used to sample
both anterior nares. For horses, the swab was inserted =10
cm into 1 anterior nare and rubbed against the mucosa as
the swab was removed. Swabs were placed in liquid
Stuart’s or Amies medium and stored at 4°C until process-
ing. Colonization or infection identified within 72 h of
admission was classified as community acquired.

MRSA Identification, Characterization, and Typing

Nasal swab samples were injected onto mannitol-salt
agar with 2 ug/mL oxacillin and incubated aerobically at
35°C for 48 h. Colonies were identified as S. aureus based
on colony morphology, Gram stain appearance, ability to
ferment maltose, and positive tube coagulase test or latex
agglutination test (Pastorex Staph Plus, Bio-Rad
Laboratories Ltd, Mississauga, Canada).

Screening for methicillin resistance in all S. aureus was
by growth on Mueller-Hinton agar with 4% NaCl and 6
ug/mL oxacillin. Confirmation of methicillin resistance
was by detection of PBP 2a by using the MRSA SCREEN
antibody kit (Denka Seiken Co. Ltd, Tokyo, Japan) (21).

Antimicrobial susceptibility testing was performed by
broth microdilution as per NCCLS guidelines (22).
Detection of inducible erm gene-mediated clindamycin-
resistance (MLSg phenotype) was performed by using the
double disk diffusion method as described in M100-S14
NCCLS 2004 Informational Supplement (23).

Isolates were typed by using PFGE after DNA extrac-
tion and Smal digestion (24). PFGE images were read
manually by 1 investigator (B.W.), and related isolates
were divided into subtypes by using an arbitrary naming
system based on previously described principles (25).
Further typing by DNA sequence analysis of the X region
of the protein A gene (spa typing) and SCCmec typing
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were performed, as has been described, on isolates from
those with clinical infections, atypical isolates from colo-
nized horses, and a random sample of isolates from colo-
nized horses (12,26).

Isolates from those with clinical infection were tested
for the presence of the Panton-Valentine leukocidin (PVL)
genes by polymerase chain reaction (PCR) and by molec-
ular beacon with the lukF component of pvl. Amplification
of the pvl gene was performed by using the following
primers: LukS-PV: GGCCTTTCCAATACAATATTGG;
and LukF-PV: CCCAATCAACTTCATAAATTG.

Thermal cycling consisted of initial heating at 95°C for
5 min followed by 35 cycles of denaturation (1 min at
94°C), annealing (30 s at 57°C), and extension (1 min at
72°C). The beacon experiment was carried out using the
following beacon and primers: lukF beacon: 5" 6-FAM d
(CGCGAAGAATTTATTGGTGTCCTATCTCGAT-
CGCG) DABCYL 3, LUkF F: 5-GCCAGTGTTATCCA-
GAGG-3’, LukF R: CTATCCAGTTGAAGTTGATCC-3".

Quantitative real-time PCR mixture contained 1x I.Q.
supermix (Bio-Rad Laboratories Ltd., Hercules, CA,
USA), 0.1 umol/L each molecular beacon, 0.5 umol/L of
each primer, and DNA template. The thermal cycling pro-
gram consisted of 10 min on a spectrofluorometric thermal
cycler at 95°C, followed by 45 cycles of 30 s at 95°C, 30 s
at 50°C, and 30 s at 72°C.

Statistical Analysis

Duration of carriage by adult horses versus foals was
compared by using the Mann-Whitney test. The incidence
of intermittent MRSA shedding by adult horses and foals
was compared by using Fisher exact test. A p value of
<0.05 was considered significant for all comparisons.

Results

In total, MRSA was isolated from 79 horses and 27 per-
sons. Two equine isolations occurred in 2000, 5 in 2001,
and 72 in 2002. Of the 79 equine cases, 27 (34%) were in
horses that had been hospitalized at OVC-VTH, 41 (52%)
were from 1 thoroughbred farm (farm A), and 11 (14%)
were from other Ontario farms. Twenty-four of the 79
(30%) horses were adults; the remaining 55 (70%) were <1
year of age.

Clinical infections developed in 13 (16%) horses at 1 or
more body sites. Incision or wound infections (n = 6),
infection from intravenous catheter (n = 2), bacteremia
(n =2), pneumonia (n = 1), infection from surgical implant
(n = 1), septic arthritis (n = 1), omphalophlebitis (n = 1),
gluteal abscess (n = 1), and osteomyelitis (n = 1) were
identified. In 2 neonatal foals, MRSA was isolated from
the nares, blood, and intravenous (jugular) catheter; septic
arthritis developed in 1 of the foals. The intravenous
catheter was thought to be the original site of infection in
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both cases. Ten (85%) of 13 clinically affected horses had
a history of contact with colonized persons; 2 of these also
had contact with infected or colonized horses. No history
of known contact with colonized humans or horses was
present in 3 (15%) cases. Although many of the clinically
infected horses were seriously ill and required prolonged
hospitalization, MRSA was implicated directly in the death
of 1 horse as a result of severe osteomyelitis.

The clinical significance of 3 isolates was unclear. One
was from a routine prebreeding uterine swab from a mare
without any apparent clinical abnormalities or history of
reproductive disease. Two were from uterine swabs from
2 mares following abortions. Whether MRSA was the
cause of abortion in either case was unclear. The remain-
ing 63 (80%) horses had subclinical infection and were
nasal carriers.

Typing was performed on all 27 OVC-VTH isolates, 37
(90%) of 41 farm A isolates, and all 11 isolates from other
Ontario farms. The remaining 4 isolates, all from colo-
nized horses, were lost before being typed. Of the 75 test-
ed isolates, including all 13 isolates from clinical
infections, 72 (96%) were identified as CMRSA 5. This
strain is closely related to an international epidemic strain
designated the “archaic clone” (ATCC BAA-38) (11). Nine
different subtypes of CMRSA-5 were identified from hors-
es. All 12 tested isolates from horses with clinical infec-
tions contained SCCmeclV, were spa type 7, and did not
contain PVL genes. The 2 isolates from postabortion uter-
ine swab specimens also contained SCCmeclV and were
negative for PVL genes; however, 1 was spa type 7 and the
other spa type 235. Five isolates from colonized horses
were tested, and all also contained SCCmeclV and were
spa type 7. All 3 non-CMRSA-5 isolates were obtained
from farm A and were similar to, but distinguishable from,
CMRSA-2, spa type 2 and contained SCCmeclV.

MRSA infection or colonization was suspected of being
nosocomial in 17 (63%) of 27 OVC-VTH cases and com-
munity-acquired in 3 (11%) cases. Origin of infection was
unclear in the remaining 7 (26%) cases. In these cases, the
nasal swab specimen was not collected on admission;
MRSA was isolated from the first sample collected >72
hours after admission, and horses were admitted from farm
A during a time when numerous colonized horses were on
the farm.

Sixty-eight of the equine isolates were obtained during
periods of organized screening at OVC-VTH or on horse
farms. The remaining 11 isolates were from clinical speci-
mens submitted directly by primary care veterinarians to a
diagnostic laboratory and are excluded from prevalence
calculations. In 2000, MRSA was isolated from the nasal
passages of 2 (4%) of 57 horses, including the 2 initial
clinical cases. In 2002, MRSA was isolated from 25 (8%)
of 320 horses at OVC-VTH and 41 (13%) of 321 horses on

432

farm A. Of the 9 other farms evaluated after identification
of an infected or colonized horse at OVC-VTH, MRSA
was only identified on 1 farm, where 3 (5%) of 64 of hors-
es were colonized. MRSA was not isolated from any of
277 horses from 8 other Ontario farms.

MRSA was isolated from 27 persons; 17 (14%) of 125
of tested OVC-VTH personnel, 8 (12%) of 67 of farm A
personnel, 1 owner of a horse with an MRSA wound infec-
tion and the spouse of a colonized OVC-VTH clinician.
Three human isolates were obtained in 2000, and 24 were
obtained in 2002. Only 1 (4%) was from a source with
clinical infection, an OVC-VTH veterinarian with a tattoo
site infection. That person was infected with CMRSA-5
subtype H12, a strain that contained SCCmeclV, was spa
type 7, and was PVL negative, and that strain was isolated
from 2 horses that had been under that person’s care for a
week before the wound infection developed. All but 1 col-
onized person (96%) had previous contact with 1 or more
MRSA-positive horses; in 24 (89%) of 27 persons, recent
contact with a horse infected with an indistinguishable
subtype was documented. The colonized spouse of the col-
onized OVC-VTH clinician reported no contact with hors-
es; however, isolates from both of these persons were
indistinguishable from an isolate recovered from a horse
under that clinician’s care. CMRSA-5 was isolated from
26 (96%) of 27 persons. One person harbored both
CMRSA-5 and the CMRSA-2-like isolate in his nose at
the same time. This person was a veterinarian from farm A,
which was the origin of the 3 horses colonized with this
strain. Nine different subtypes of CMRSA-5 were identi-
fied among human isolates.

All but 2 of the human isolates were obtained during
organized screening of personnel from OVC-VTH or
selected Ontario horse farms. In 2000, MRSA was isolated
from 2 (10%) of 21 humans at the OVC-VTH. In 2002,
MRSA was isolated from 15 (12%) of 127 persons at
OVC-VTH and 8 (12%) of 68 from farm A.

Antimicrobial susceptibility testing was performed on
67 of the 72 equine and all 26 human CMRSA-5 isolates,
and the 5 CMRSA-2-related strains. Five of the equine
CMRSA-5 isolates were unavailable for testing. All 101
MRSA isolates tested were susceptible to ciprofloxacin,
clindamycin, fusidic acid, linezolid, mupirocin, quin-
upristin-dalfopristin, and vancomycin. The range of
oxacillin MIC was 1->32 pg/mL, and although 21.8% of
strains had oxacillin MIC of <2 ug/mL at 24 h, all such
strains grew on the NCCLS oxacillin screen agar and pro-
duced the PBP2a protein. Isolates of both CMRSA-5 and
CMRSA-2-related strains that were erythromycin-resist-
ant were found to be inducibly resistant to clindamycin
when challenged by using the double disk approximation
test. The remaining susceptibility test results are presented
in the Table.
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Table. In vitro antimicrobial susceptibilities of 101 methicillin-resistant Staphylococcus aureus isolates from humans and horses*

MIC in ng/mL % of isolates

Antimicrobial agent 50% 90% Range Intermediate Resistant
Tetracycline >16 >16 <4->16 0 96
Doxycycline 8 8 <4-8 78.2 0
Minocycline <4 <4 <4-8 14.8 0
Erythromycin >8 >8 <0.5->8 0 86.1
Gentamicin >16t >16t <2->1671 9.9 88.1
Rifampicin >4 >4 <1->4 10.9 7.2
TMP/SMX 8/152 >8/152 <2/38-8/152 NA 79.2

*MIC, minimum inhibitory concentration; TMP/SMX, trimethoprim-sulfamethoxazole; NA, no intermediate MIC category in NCCLS guidelines.

TAll strains were susceptible to gentamicin at a concentration of 500 ng/mL.

Discussion

This study has identified the largest number of reported
cases of clinical MRSA infection in horses and horse per-
sonnel. It also identified extensive nasal colonization in
horses and horse personnel from a veterinary hospital and
horse farm, nosocomial infection in a veterinary hospital
setting with clinical illness in horses, and for the first time,
clinical infection in 1 person working with infected horses.
The subtyping information and timing of isolation provide
solid evidence supporting both human-to-horse and horse-
to-human transmission.

The prevalence of MRSA colonization in horses at the
OVC-VTH was 4% in 2000 and 8% in 2002; however, care
must be taken when interpreting these data because screen-
ing was performed during 2 periods that followed identifi-
cation of clinical MRSA infection in horses at the facility.
Similar limitations are present with the prevalence data
regarding MRSA colonization on breeding farms, which
ranged from 0% to 13% and were based on screening after
identification of MRSA infection or colonization at OVC-
VTH in horses from these farms. The prevalence of human
colonization at OVC-VTH and 1 Ontario horse farm is of
concern, particularly because of the likelihood of transmis-
sion between horses and humans on these farms. As with
horses, the prevalence data in humans must be interpreted
with care because of the nature of sampling. Further stud-
ies are required to determine the prevalence of MRSA
infection and colonization in horses and humans at veteri-
nary hospitals and equine farms. One well-recognized
human S. aureus strain, CMRSA-5, a relatively uncommon
isolate in Canada (11), has the ability to colonize the nose
of horses and to spread between horses and between horses
and persons on farms and within a veterinary hospital set-
ting. The PFGE pattern of the CMRSA-5 isolates was sim-
ilar to the PFGE patterns published in a previous report of
MRSA infection in horses (13). This finding, along with the
isolation of CMRSA-5 from horses in Prince Edward
Island, Canada (J.S. Weese et al., unpub. data) and
Colorado, USA (P. Morley, pers. comm.) that did not have
any contact with colonized Ontario horses or horse person-
nel, further suggests that CMRSA-5 may be more dissemi-
nated in the horse population beyond Ontario.
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Why MRSA has emerged in the equine population is
unclear. It may reflect increased exposure of horses to
MRSA-infected persons, a unigue ability of CMRSA-5 to
colonize horses, the increasing use of certain antimicrobial
drugs in veterinary medicine, or a combination of these
factors. Several recent investigations in humans suggest
that the fluoroguinolones themselves may actually predis-
pose patients to infection with or carriage of MRSA
(27,28). Two case-control studies examining risk factors
for MRSA found a significant association between fluoro-
quinolone exposure and MRSA isolation or infection
(4,29).

Whether fluoroquinolone use in horses has facilitated
emergence of MRSA is not known, since no current data
exist on fluoroquinolone use in veterinary medicine.
Enrofloxacin is widely used in some sectors of the Ontario
horse population, particularly racing horses; however, it is
rarely prescribed at OVC-VTH and uncommonly used on
breeding farms (J.S. Weese, unpub. data).

While MRSA has been considered primarily a hospital-
associated pathogen in humans (10), the increasing inci-
dence of community-acquired infection is concerning
(8,9,30,31). Similar to the equine and equine-associated
cases reported here, community-acquired infection with
SCCmeclV strains has been reported in humans (32-34).
Most reports of community-acquired-MRSA in humans
involve skin and soft tissue infections, and production of
PVL has been implicated as the possible virulence factor in
community-associated MRSA infection in humans
(31,35). None of the isolates from clinical equine or
equine-associated infections in this study contained PVL
genes; however, definitive conclusions regarding the role
of PVL in equine-associated infection cannot be made with
the reasonably small number of clinical isolates evaluated
here. Isolates in this study were also multidrug resistant, in
contrast to results of many reports of community-associat-
ed MRSA in humans (36,37). Therefore, determining the
origin of these isolates (community versus hospital) is not
straightforward and requires further study.

The lack of proven, safe, and acceptable options of
eradication of nasal colonization in horses creates potential
management problems. To date, isolation of infected hors-
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es and use of barrier precautions have been employed (J.S.
Weese, unpub data). However, such methods may be diffi-
cult on farms, particularly if colonization is prolonged.

Our study has shown that MRSA infection may be an
emerging disease in horses, which agrees with earlier
reports (13,14). MRSA infection also may become an
important nosocomial problem in the veterinary hospital
setting and become endemic on horse farms, particularly in
foals. Because of the extensive movement of horses, espe-
cially thoroughbreds and standardbreds, between and with-
in Canada and the United States, MRSA colonization and
infection may be more widespread than recognized.
Emergence of MRSA as an equine pathogen is of addition-
al concern because horses may be a community reservoir
of MRSA and source of infection or reinfection for per-
sons. In view of the size of the North American horse pop-
ulation and the frequent close contact between many
persons and horses, this concern must not be dismissed.
Further study is required to clarify the role of this pathogen
in equine disease and transmission between horses and
humans.

Dr. Weese is an associate professor in the Department of
Clinical Studies, Ontario Veterinary College, University of
Guelph. His current research interests include multidrug-resistant
bacteria (particularly interspecies transmission of such bacteria),
zoonotic diseases, and veterinary infection control.

References

1. Barber M. Methicillin-resistant staphylococci. J Clin Pathol.
1961;14:385-93.

2. Ito T, Katayama Y, Asada K, Mori N, Tsutsumimoto K, Tiansasitorn
C, et al. Structural composition of three types of staphylococcal chro-
mosomal cassette chromosome mec integrated in the chromosome of
methicillin-resistant Staphylococcus aureus. Antimicrob Agents
Chemother. 2001;45:1323-36.

3. Daum RS, Ito T, Hiramatsu K, Hussain F, Mongkolrattanothai K,
Jamklang M, et al. A novel methicillin-resistance cassette in commu-
nity-acquired methicillin-resistant Staphylococcus aureus isolates of
diverse genetic backgrounds. J Infect Dis. 2002;186:1344—7.

4. Graffunder EM, Venezia RA. Risk factors associated with nosocomi-
al methicillin-resistant Staphylococcus aureus (MRSA) infection
including previous use of antimicrobials. J Antimicrob Chemother.
2002;49:999-1005.

5. Hartstein Al, Mulligan ME. Methicillin-resistant Staphylococcus
aureus In: Mayhall CG, editor. Hospital epidemiology and infection
control. Baltimore: Williams and Wilkins, 1996. p. 290-306.

6. Casewell MW. New threats to the control of methicillin resistant S
taphylococcus aureus. J Hosp Infect. 1995;30:465-71.

7. Baggett HC, Hennessy TW, Leman R, Hamlin C, Bruden D,
Reasonover A, et al. An outbreak of community-onset methicillin-
resistant Staphylococcus aureus skin infections in southwestern
Alaska. Infect Control Hosp Epidemiol. 2003;24:397-402.

8. Centers for Disease Control and Prevention. Four pediatric deaths
from community-acquired methicillin-resistant Staphylococcus
aureus—Minnesota and North Dakota. MMWR Morb Mortal Wkly
Rep. 1999;48:707-10.

434

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Centers for Disease Control and Prevention. Public Health Dispatch:
outbreaks ~ of  community-associated  methicillin-resistant
Staphylococcus aureus skin infections - Los Angeles County,

California, 2002-2003. MMWR Morb Mortal WKly Rep.
2003;52:88.
Simor AE, Ofner-Agostini M, Bryce E, Green K, McGeer A, Mulvey

MR, et al. The evolution of methicillin-resistant Staphylococcus
aureus in Canadian hospitals. CMAJ. 2001;165:21-26.

Simor AE, Ofner-Agostini M, Bryce E, McGeer A, Paton S, Mulvey
MR. Laboratory characterization of methicillin-resistant
Staphylococcus aureus in Canadian hospitals: results of 5 years of
national surveillance, 1995-1999. J Infect Dis. 2002;186:652-60.
Shopsin B, Gomez M, Montgomery SO, Smith DH, Waddington M,
Dodge DE, et al. Evaluation of protein A gene polymorphic region
DNA sequencing for typing of Staphylococcus aureus strains. J Clin
Microbiol. 1999;37:3556-63.

Seguin JC, Walker RD, Caron JP, Kloos WE, George CG, Hollis RJ,
et al. Methicillin-resistant Staphylococcus aureus outbreak in a vet-
erinary teaching hospital: potential human-to-animal transmission. J
Clin Microbiol. 1999;37:1459-63.

Hartmann FA, Trostle SS, Klohnen AAO. Isolation of methicillin-
resistant Staphylococcus aureus from a post-operative wound infec-
tion in a horse. J Am Vet Med Assoc. 1997;211:590-2.

Cefai C, Ashurst S, Owens C. Human carriage of methicillin-resistant
Staphylococcus aureus linked with pet dog. Lancet.
1994;344:539-40.

Devriese LA. Epidemiology of methicillin-resistant Staphylococcus
aureus in dairy herds. Res Vet Sci. 1975;19:23-7.

Shimizu A, Kawano J, Yamamoto C, Kakutani O, Anzai T, Kamada
M. Genetic analysis of equine methicillin-resistant Staphylococcus
aureus by pulsed-field gel electrophoresis. J Vet Med Sci.
1997;59:935-7.

Pak SI, Han HR, Shimizu A. Characterization of methicillin-resistant
Staphylococcus aureus isolated from dogs in Korea. J Vet Med Sci.
1999;61:1013-8.

Manian FA. Asymptomatic nasal carriage of mupirocin-resistant,
methicillin-resistant Staphylococcus aureus (MRSA) in a pet dog
associated with MRSA infection in household contacts. Clin Infect
Dis. 2003;36:e26-8.

Tomlin J, Pead MJ, Lloyd DH, Howell S, Hartmann FA, Jackson HA,
et al. Methicillin-resistant Staphylococcus aureus infections in 11
dogs. Vet Rec. 1999;144:60-4.

Gosbell IB, Neville SA, Mercer JL, Fernandes LA, Fernandes CJ.
Evaluation of the MRSA-Screen Test in detecting oxacillin resistance
in community and hospital isolates of Staphylococcus aureus.
Pathology. 2001;33:493-5.

NCCLS. Methods for dilution antimicrobial susceptibility tests for
bacteria that grow aerobically. Approved standard M7-A5. Wayne
(PA): NCCLS; 2000.

NCCLS. Fourteenth Informational Supplement M100-S14. Wayne
(PA); NCCLS; 2004.

Mulvey MR, Chui L, Ismail J, Louie L, Murphy C, Chang N, et al.
Development of a Canadian standardized protocol for subtyping
methicillin-resistant Staphylococcus aureus isolates using pulsed-
field gel electrophoresis. J Clin Microbiol. 2001;39:3481-5.
Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE,
Persing DH, et al. Interpreting chromosomal DNA restriction patterns
produced by pulsed-field gel electrophoresis: criteria for bacterial
strain typing. J Clin Microbiol. 1995;33:2233-9.

Oliveira DC, DeLencastre H. Multiplex PCR strategy for rapid iden-
tification of structural types and variants of the mec element in methi-
cillin-resistant ~ Staphylococcus aureus. Antimicrob Agents
Chemother. 2002;46:2155-61.

Weber SG, Gold HS, Hooper DC, Karchmer AW, Carmeli Y.
Fluoroquinolones and the risk for methicillin-resistant Staphylococcus
aureus in hospitalized patients. Emerg Infect Dis. 2003;9:1415-22.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 11, No. 3, March 2005



28.

29.

30.

31.

32.

33.

Crowcroft NS, Ronveaux O, Monnet DL, Mertens R. Methicillin-
resistant Staphylococcus aureus and antimicrobial use in Belgian hos-
pitals. Infect Control Hosp Epidemiol. 1999;20:31-6.

Dziekan G, Hahn A, Thune K, Schwarzer G, Schafer K, Daschner FD,
et al. Methicillin-resistant Staphylococcus aureus in a teaching hospi-
tal: investigation of nosocomial transmission using a matched case-
control study. J Hosp Infect. 2000;46:263-70.

Hwang JH, Tsai HY, Liu TC. Community-acquired methicillin-resist-
ant Staphylococcus aureus infections in discharging ears. Acta Oto-
Laryngologica. 2002;122:827-30.

Dufour P, Gillet Y, Bes M. Community-acquired methicillin-resistant
Staphylococcus aureus infections in France: emergence of a single
clone that produces Panton-Valentine leukocidin. Clin Infect Dis.
2002;35:819-24.

Ma XX, Ito T, Tiensasitorn C, Jamklang M, Chongtrakool P, Boyle-
Vavra S, et al. Novel type of staphylococcal cassette chromosome
mec identified in community-acquired methicillin-resistant
Staphylococcus aureus strains. Antimicrob Agents Chemother.
2002;46:1147-52.

Pan ES, Diep BA, Carleton HA, Charlebois ED, Sensabaugh GF,
Haller BJ, et al. Increasing prevalence of methicillin-resistant
Staphylococcus aureus infection in California jails. Clin Infect Dis.
2003;37:1384-8.

EMERGING

34.

35.

36.

37.

MRSA in Horses and Horse Personnel

Baba T, Takeuchi F, Kuroda M, Yuzawa H, Aoki K, Oguchi A, et al.
Genome and virulence determinants of high virulence community-
acquired MRSA. Lancet. 2002;359:1819-27.

Lina G, Piemont Y, Godail-Gamot F, Bes M, Peter MO, Gauduchon
V, et al. Involvement of Panton-Valentine leukocidin-producing
Staphylococcus aureus in primary skin infections and pneumonia.
Clin Infect Dis. 1999;29:1128-32.

Kenner J, O'Connor T, Piantanida N, Fishbain J, Eberly B, Viscount
H, et al. Rates of carriage of methicillin-resistant and methicillin-sus-
ceptible Staphylococcus aureus in an outpatient population. Infect
Control Hosp Epidemiol. 2003;24:439-44.

Hopital Propre Il Study Group. Methicillin-resistant Staphylococcus
aureus in French hospitals: a 2-month survey in 43 hospitals, 1995.

Infect Control Hosp Epidemiol. 1999;20:478-86.

Address for correspondence: J. Scott Weese, Department of Clinical
Studies, Ontario Veterinary College, University of Guelph, Guelph,
Ontario N1G 2W1; fax: 519-763-9544; email: jsweese@uoguelph.ca

All material published in Emerging Infectious Diseases is in the
public domain and may be used and reprinted without special per-
mission; proper citation, however, is appreciated.

INFECTIOUS DISEASES

A Peer-Reviewed Journal Tracking and Analyzing Disease Trends

4

Emerging Infectious Diseases * www.cdc.gov/eid  Vol. 11, No. 3, March 2005

Vol.8, No.8, August 2002

"'S'eurch past issues of EID at W'ww.cdc.gov/é:i'd'

West Nile Virus in Horses
. R R

435



RESEARCH

Malaria Risk In Travelers

Helena Hervius Askling,*t Jenny Nilsson,*t Anders Tegnell,* Ragnhild Janzon,* and Karl Ekdahl*}

Imported malaria has been an increasing problem in
several Western countries in the last 2 decades. To calcu-
late the risk factors of age, sex, and travel destination in
Swedish travelers, we used data from the routine reporting
system for malaria (mixture of patients with and without
adequate prophylaxis), a database on travel patterns, and
in-flight or visa data on Swedish travelers of 1997 to 2003.
The crude risk for travelers varied from 1 per 100,000 trav-
elers to Central America and the Caribbean to 357 per
100,000 in central Africa. Travelers to East Africa had the
highest adjusted odds ratio (OR = 341, 95% confidence
intervals [Cl] 134-886) for being reported with malaria,
closely followed by travelers to central Africa and West
Africa. Male travelers as well as children <1-6 years of age
had a higher risk of being reported with malaria (OR = 1.7,
95% CI 1.3-2.3 and OR = 4.8, 95% CI 1.5-14.8) than
women and other age groups.

mported malaria has been an increasing problem in

Sweden and other Western countries in the last 2
decades. Two possible reasons for this increase are the
increase in the number of travelers to tropical countries, as
well as a growing number of immigrants from malaria-
endemic countries (1-3). Even though the number of
malaria cases has been declining during the past years in
Sweden (4), the risk for travelers is still evident and should
be a concern for physicians who give pretravel advice or
evaluate a returning traveler with fever.

Several studies have assessed malaria risk in travelers
to specific countries (5-8). The risk of a traveler’s acquir-
ing malaria has been considered highest in sub-Saharan
Africa and Papua New Guinea, intermediate on the Indian
subcontinent, and low in Southeast Asia and Latin
America. The numbers assigned to the relative risk in these
regions, however, are quite variable (9-12). The total num-
ber of travelers is often unknown, and most reports based
on national reporting data therefore lack a denominator
(2,9). Hence, making a risk assessment on the basis of such

*Swedish Institute for Infectious Disease Control, Stockholm,
Sweden; tKarolinska University Hospital, Stockholm, Sweden;
and tKarolinska Institute, Stockholm, Sweden
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figures is difficult. Other approaches to achieve risk esti-
mates are case-control studies. In 1 such Danish study, the
country-specific risk for acquiring malaria varied from 714
per 100,000 travelers to Ghana to 2.5 per 100,000 to
Thailand (13).

To our knowledge, no previous study based on national
data over an extended period has related the number of
cases of malaria diagnosed in returning travelers from
malaria-endemic areas to continuously collected data on
the total number of travelers to that same area. Through
access to one of Europe’s largest ongoing surveys on trav-
el patterns (14) and to data on reported malaria, we ana-
lyzed the risk factors for malaria in returning Swedish
travelers from 1997 to 2003.

Materials and Methods

Cases and Controls

Cases were derived from the routine Swedish reporting
system. Malaria is a reportable disease in Sweden, and all
patients in whom the disease is diagnosed are reported
from both the clinician treating the patient and the micro-
biology laboratory confirming the diagnosis. By using a
unique personal identification number, issued to all
Swedish residents, the 2 reporting sources can be linked.
Thus, all cases reported from 1997 to 2003 were included.
Since routine surveillance data were not sufficiently
detailed regarding information on prophylaxis, the patients
included a mixture of those with and without adequate pro-
phylaxis. To assess travel risk specifically, newly arrived
immigrants and refugees, who lack a personal identifica-
tion number, were excluded from the study.

Controls were obtained from the Swedish Travel and
Tourist Database, a commercial ongoing survey, based on
a randomized selection of 2,000 members of the Swedish
population each month (14). These persons are inter-
viewed by telephone in regard to all overnight travel (busi-
ness as well as pleasure) in the preceding month, and the
data are weighted and extrapolated to estimate the total
numbers of Swedish travelers. When the number of
respondents has been too low to give a reliable estimate of
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the total number of travelers to a specific country, regions
(rather than single countries) are given in this database.
This practice was used for all malaria-endemic countries in
this report, except for Thailand, where country-specific
data were available for the period 2001-2003.

Out of the total database, which contained detailed
information from almost 170,000 interviews, information
about all respondents who had traveled to malaria-endem-
ic areas from 1997 to 2003 was extracted. To evaluate data
quality in the travel database, the weighted and extrapolat-
ed estimates of total numbers of travelers to Thailand,
India, The Gambia, and South Africa were compared with
in-flight or visa data on Swedish travelers. These figures
were obtained by courtesy of the embassies of the respec-
tive country in Sweden, except for The Gambia, where the
figures were supplied by the Central Statistics Department
of the Gambia, (through the courtesy of the Swedish
embassy in Dakar, Senegal). For each study participant
(patients and controls), we used the following information:
age, sex, year and month of infection (patients); year and
month of travel (controls); country of infection (patients);
and country/region of travel (controls). No data on any ill-
ness were available for controls. The latest available infor-
mation on annual malaria incidence among the local
population in the studied countries and regions was
accessed from the World Health Organization (WHO)
(15).

Statistics

The risk for disease per 100,000 travelers, with 95%
confidence intervals (95% CI), was calculated by using
reporting data as numerator and the estimated total numbers
of travelers from the travel database as denominator. For
the 4 specific countries mentioned above, the risk per
100,000 travelers was also calculated by using in-flight and
visa data as denominator. Since malaria is a rare disease in
Sweden and controls were chosen randomly from the entire
Swedish population, we could use odds ratios (OR) with
corresponding 95% CI as relative risk estimates to assess
the association between risk factors (age, sex, and travel
destination) and outcome (being reported with malaria).

Each risk factor was first analyzed in a univariate
model. To adjust for confounding, we then used a multi-
variate logistic regression model with these variables, and
we also included month of travel or infection. The param-
eter with the lowest OR in each category was used as ref-
erence in the models. Likelihood ratio statistics were used

Malaria Risk in Travelers

to assess whether each variable in the model contributed
significantly to the model and to test for interaction. All
analyses were performed with Stata 6.0 software (Stata
Corporation, College Station, TX, USA).

The travel database contains aggregated data only.
Reportable data are regulated by the Communicable
Disease Act and contain full personal identification. The
subset of the reporting database abstracted for this study
did not contain any information that could be linked to a
specific person. The study was approved by the Ethics
Committee of the Karolinska Institute, Stockholm,
Sweden.

Results

From 1997 to 2003, a total of 975 persons were report-
ed with malaria in Sweden; 118 of them were newly
arrived immigrants or refugees and thus excluded from
further analysis (Table 1). Of the remaining 857 persons,
348 were infected with Plasmodium falciparum, 178 with
P. vivax, 47 with P. ovale, and 15 with P. malariae (Tables
2 and 3). In 269 patients, the report did not contain data on
Plasmodium species. Most of these patients were seen in
1997 before the full implementation of a new reporting
system that year. Little variation occurred, either in the
number of reported cases or the species distribution over
the period, except in the last year studied (2003), which
had <65% of the mean of reported cases for the preceding
years. This low figure in 2003 was mainly due to a
decreased number of reported P. falciparum cases.

A total of 16,255 persons with overnight travel abroad
were recorded in the travel database for the period
1997-2003. Of these, 881 (projected to a total of 3.5 mil-
lion travelers) had traveled to malaria-endemic countries
or regions, as defined by WHO (16) and were included as
controls (Tables 3 and 4). Of the travel destinations, east
Asia (mainly Thailand) was dominant.

Three quarters of all cases and 93% of the P. falciparum
cases were seen in travelers from sub-Saharan Africa
(Table 4). The crude risk for travelers to different regions
varied from 1 per 100,000 travelers to Central America and
the Caribbean to 357 per 100,000 in central Africa. In the
multivariable analysis, OR for being diagnosed with any
malaria species after return to Sweden was calculated for
various risk factors (Table 1). Compared to the reference
region (Central America and the Caribbean), travelers to
East Africa had the highest OR for being reported with
malaria, closely followed by travelers to central Africa and

Table 1. Reported cases of malaria in Sweden, by group of patients, 1997-2003

Category of infection 1997 1998 1999 2000 2001 2002 2003 Total
Immigrants/refugees 10 16 23 14 13 24 18 118
Travel associated 157 144 124 112 127 111 82 857
Total 167 160 147 126 140 135 100 975
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Table 2. Reported travel-associated cases of malaria in Sweden, 1997-2003

Source of infection 1997 1998 1999 2000 2001 2002 2003 Total
Plasmodium falciparum 10 56 55 60 58 65 44 348
P. malariae 0 0 1 5 4 4 1 15

P. ovale 2 11 4 8 7 10 5 47

P. vivax 12 34 33 19 40 21 19 178
Unspecified species 133 43 31 20 18 11 13 269
Total 157 144 124 112 127 111 82 857

West Africa. The Indian subcontinent had an OR in the
same “middle” range as southern Africa. Southeast Asia
and South America had similar ORs, at the lower range.
The malaria risk in Arab countries did not differ signifi-
cantly from the risk in Central America and the Caribbean.

Malaria was significantly more often diagnosed in men
than in women, as well as in the age-group <1-6 years,
after adjustments were made for the various confounders.
The calculated malaria risk per 100,000 travelers in 4
countries with alternative sources of travel information is
shown in Table 5, with risk data based on the travel data-
base, and the annual malaria incidence reported to WHO
(15) as comparisons.

Discussion

These results are based on official reports of malaria,
with data from one of the largest ongoing population-based
surveys on travel patterns in Europe as denominator. The
laboratory method of microscopy of a blood film for
malaria is well defined, and the reporting of diagnosed
malaria is believed to be relatively complete in Sweden.
Since case-patients are reported both by the clinician and
the laboratory, the overall sensitivity of the Swedish sur-
veillance system is comparatively high, with >95% of
diagnosed diseases being reported (17).

The information in the tourist and travel database and
the reporting database were not fully consistent. The trav-
el database did not contain any data on travel-related ill-
nesses, while the official reports did not contain
information on length of stay. Previous studies have shown
that the duration of stay influences the risk for malaria
(5,12,13), but this factor could not be evaluated in this
study. Because the tourist and travel database classification

sometimes included both malaria-endemic and malaria-
nonendemic countries within the same region, some trav-
elers who only visited regions that were not
malaria-endemic were included in the denominator for the
region. Therefore, the risk for the region may be underes-
timated, e.g., in east Asia, which includes several malaria-
free countries. However, many of these countries are
comparatively rare as tourist destinations.

To further evaluate the precision of the estimates from
the tourist database, we also used official in-flight and visa
data obtained fro