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Perspectives

Could Malaria Reappear in Italy?

Roberto Romi,* Guido Sabatinelli,*t and Giancarlo Majori*
*|stituto Superiore di Sanita, Rome, Italy; and tWorld Health Organization,
Regional Office for Eastern Mediterranean Region, Cairo, Egypt

Because of concern about the possible reintroduction of malaria transmis-
sion in Italy, we analyzed the epidemiologic factors involved and determined
the country’s malariogenic potential. Some rural areas in central and south-
ern Italy have high receptivity because of the presence of potential malaria
vectors. Anopheles labranchiae is probably susceptible to infection with
Plasmodium vivax strains, but less likely to be susceptible to infection with
P. falciparum. Its vulnerability is low because of the low presence of game-
tocyte carriers (imported cases) during the season climatically favorable to
transmission. The overall malariogenic potential of Italy appears to be low,
and reintroduction of malaria is unlikely in most of the country. However, our
investigations showed that the malaria situation merits ongoing epidemio-

logic surveillance.

At the end of World War 11, malaria was still present in
vast areas of Italy, mainly in the central and southern
regions and major islands and along northeastern coastal
areas, with offshoots of hypoendemicity in the Pianura
Padana (1). The three vectors were Anopheles labranchiae
Falleroni and An. sacharovi Favre, both belonging to the so-
called maculipennis complex, and An. superpictus Grassi (2).
An.labranchiae was the principal vector in the central and
southern coastal areas, Sicily, and Sardinia. In the two
islands, the species was found as high as 1,000 meters above
sea level. An. sacharovi was present along much of the
coastal area and in Sardinia, but was most important as vec-
tor in the plains of the northeastern Adriatic coast, where
An. labranchiae was absent. An. superpictus was considered
a secondary vector in central and southern Italy and Sicily.
In some interior areas of the Pianura Padana, where none of
the three vectors was present, low levels of endemicity were
probably maintained by other species belonging to the macu-
lipennis complex.

A malaria eradication campaign launched in 1947 led to
interruption of transmission of Plasmodium falciparum
malaria throughout Italy within 1 year (3). Indoor treatment
with DDT (2 g of active ingredient per m?) of houses, stables,
shelters, and all other rural structures continued into the
mid-1950s and even later in some hyperendemic areas. In
Sardinia, where transmission was particularly high, a spe-
cial program was carried out to eradicate the vector (4). The
last endemic focus of P. vivax was reported in the province of
Palermo, Sicily, in 1956 (5), followed by sporadic cases in the
same province in 1962 (6). The World Health Organization
declared Italy free from malaria on November 17, 1970.
Since then, almost all reported cases have been imported,
but their number has risen steadily over the last
decade(7,8).

Address for correspondence: Roberto Romi, Laboratorio di Parassito-
logia, Istituto Superiore de Sanita, Viale Regina Elena, 299, 00161
Rome, Italy; fax: 3906-4938-7065; e-mail: romi@sun.iss.it
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In 1997, a case of introduced malaria occurred in a rural
area of Grosseto Province, the first since the eradication of
malaria from Italy (9). This event, along with the occasional
presence of Plasmodium carriers who contracted the disease
in malaria-endemic areas and the increasing number of
immigrants from malaria-endemic countries entering Italy,
raises concern about the possible reappearance of malaria
foci in certain areas. We evaluate the malariogenic potential
of Italy and assess the risk for malaria transmission in some
areas, decades after the last analysis of the problem (10,11).

Material and Methods

The risk of malaria being reintroduced to an area can be
calculated by determining its “malariogenic potential,”
which is influenced by three factors: receptivity, infectivity,
and vulnerability. Receptivity takes into account the
presence, density, and biologic characteristics of the vectors;
infectivity is the degree of susceptibility of mosquitoes to dif-
ferent Plasmodium species; and vulnerability is the number
of gametocyte carriers present in the area.

Receptivity

To evaluate Italy’s receptivity, we analyzed historical
data and the results of entomologic surveys carried out in
Italy as part of epidemiologic investigations over the last 20
years. The vectorial capacity of some Italian populations of
An. labranchiae was also estimated by the MacDonald
formula (12).

Infectivity

The possibility that the sporogonic cycle of the various
Plasmodium species may be completed within a vector is
defined as infectivity. Only a few species of the Anopheles
genus are capable of becoming infected and transmitting
malaria. Furthermore, for genetic reasons, even mosquito
populations of the same species can differ in sensitivity to
plasmodia (13) or may be completely resistant to infection
with plasmodia from the same species but different
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geographic areas. Infectivity in a mosquito population is a
determining factor in the assessment of malariogenic poten-
tial in a given area. We analyzed data in published studies to
evaluate the infectivity of Italian vectors.

Vulnerability

Vulnerability in a given territory is determined by the
number of gametocyte carriers during the period in which
malaria transmission is possible. To determine the degree of
Italy’s vulnerability, a sample of malaria cases reported from
1989 to 1996 was selected on the basis of spatial and
temporal risk factors for the transmission of malaria.
Malaria cases reported in Italy in 1997 were also analyzed.
Because of the limited distribution of vectors potentially
capable of transmitting malaria, we considered only cases in
Tuscany, Campania, Abruzzo, Molise, Basilicata, Apulia,
Calabria, Sicily, and Sardinia. In the past, the season of
malaria transmission in central and southern Italy lasted
from June to late September for P. vivax and from July to
early September for P. falciparum. We therefore selected
cases reported from June through September.

Results

Receptivity

After their drastic reduction as a result of the DDT cam-
paign, the endophylic anopheline species have begun to
reproduce again and in many cases have reached preinter-
vention densities (14). Of the anopheline species that had
been vectors of malaria in Italy, only An. labranchiae and
An. superpictus are still present in epidemiologically
relevant densities (14). In other European and Mediterra-
nean countries, other anophelines have been considered sec-

ondary @An. atroparvus and An. melanoon) and occasional
(An.algeriensis, An. hyrcanus, and An. claviger) malaria vec-
tors. An. sergenti, a north African species, was implicated in
the 1960s in the transmission of a few sporadic case of
malaria on the island of Pantelleria (15).

Distribution and Density of Potential Vectors

In northern Italy, in particular the northwestern regions
(Veneto and Emilia) where An. sacharovi was present, the
last specimens of the vector were found in the province of
Rovigo (16); in the last 30 years there have been no further
records. No An. sacharovi larvae or adults were recorded in a
recent survey along the northwestern coast of Italy (17).
However, areas with epidemiologically relevant anopheline
densities still exist in Tuscany (only in Grosseto Province),
Calabria, Puglia, Sicily, and Sardinia (14), where hydrogeo-
logic or environmental characteristics are conducive to the
development of vectors (Table 1). Residual populations of An.
labranchiae and An. superpictus could still be present along
the coasts of Abruzzo, Molise (east coast), Campania, and
Basilicata (west coast), but no relevant densities have
recently been reported.

Vectorial Capacity (VC)

The high density of anopheline populations reported in
some areas of Italy does not necessarily imply the resump-
tion of malaria. Other entomologic factors must be taken into
consideration to estimate the risk of transmission. The VC of
a mosquito population is the measure used in epidemiology
to estimate risk in various geographic areas. It expresses the
number of potentially infective bites that originate daily
from a case of malaria in a given area or, more precisely,
from a carrier of gametocytes capable of infecting all the

Table 1. Distribution and density of Anopheles labranchiae and An. superpictusin five regions of central, southern, and insular Italy

Region At-risk areas Vector Larval breeding sites? Vector density and capacityb
Tuscany Grosseto province: areas of An.labranchiae Rice fields, agricultural and land 100-1,000 per animal shelter;
intensive rice cultivation (S. reclamation canals, wells. Larval 180-200/person /night. VC in
Carlo, Principina and S. densities in rice fields 5-10 rice fields: P. falc. 7-26; P.
Donato, Orbetello) larvae/sample, elsewhere 0.5-1 vivax 8.3-32.5; VC in natural
larvae/sample breeding sites: P. falc. 0.8-2.9;
P. vivax 0.96-3.3
Apulia Coastal plains of the Adriatic An.labranchiae Land reclamation canals, pools 20-30 per animal shelter
side, from Lesina Lake to for agricultural purposes. Larval
Candelaro River densities 0.02-0.05 larvae/sample
Calabria Coastal plains of the Tirrenian An. labranchiae Larval densities: 20-500 An. labranchiae, 2-10
and lonian sides and the close An. superpictus An. labranchiae 0.5-1 An. superpictus
hinterland larvae/sample per animal shelter. 10-20
An. superpictus 0.06-0.1 An.labr./person/ night. VC of
larvae/sample An. labranchiae
for P. falciparum 0.8-8.9
Sicily Rural coastal and hilly areas of An. labranchiae Rivers, streams, pools, and canals 10-200 An. labranchiae per
the whole region An. superpictus for agricultural purposes. Larval animal shelter
densities of An. labranchiae 0.03
to 0.5 larvae/sample
Sardinia Rural coastal and hilly areas of An. labranchiae Mainly rivers and streams; 5-40 per animal shelter

the whole region

ponds, artificial pools, rice fields
and irrigation canals. Larval
densities 1 to 10 larvae/sample

aFigures refer to areas considered as “at risk” for malaria reintroduction during surveys carried out from 1994 to 1996.
Calculated at a mean temperature of 25°C (July to August), assuming a sporogonic cycle of 11 days for P. falciparum and 10 days for P. vivax.
VC = vectorial capacity.

Emerging Infectious Diseases

916

Vol. 7, No. 6, November-December 2001



Perspectives

receptive mosquitoes that feed on the carrier. VC is influ-
enced by three factors: the anthropophily, longevity, and
density of the vector. The few recent estimates of the VC of
Italian anopheline populations have been limited to
An.labranchiae (14,18). The first attempt was made in 1978
in Calabria: VC was reported as 0.82 to 8.9, with an average
density of 16 bites per person per night (Coluzzi A. and M.,
unpub. data). In 1994, in a large area of rice cultivation in
Tuscany (Grosseto Province), VC was very low in early July,
constituting no real risk for malaria transmission (<0.01 for
both P. falciparum and P. vivax). At the beginning and
especially the end of August, VC was high (8 to 32.5),
especially for P. vivax, which has a shorter sporogonic cycle
than P. falciparum (VC 7 to 26). This high VC is undoubt-
edly influenced by the high number of bites per person per
night (>200) reported in the area (14). In 1998 in the same
province but in areas where only natural anopheline breed-
ing sites are reported, we calculated the following VCs from
mid-July through the end of August: P. falciparum 0.8 to 2.9
and P. vivax 0.96 to 3.3 (<10 bites/person/night) (18).

Infectivity

As Plasmodium species have long been eradicated in
Italy, it is essential to determine whether local vectors are
still sensitive to infection with Plasmodium from other areas
where malaria is present. Few tests of infectivity have been
carried out with potential Italian vectors. There are numer-
ous difficulties in rearing mosquitoes of the An. maculipen-
nis complex, obtaining blood with vital gametocytes, and
setting up an efficient artificial system that anophelines
bite. To resolve these technical difficulties, some samples of
An. atroparvus and An. labranchiae were captured in Italy
in the 1970s and transported on several occasions to Kenya,
where they were induced to bite P. falciparum carriers
(19,20). In none of the mosquitoes did the plasmodia carry
out the entire cycle and reach the salivary glands. These sus-
ceptibility tests were, of course, carried out with an
extremely low number of samples and are insufficient to con-
firm that Italian anopheline populations are entirely resis-
tant to infection with African strains of P. falciparum.
Nevertheless, data on the resistance of Italian anopheline
populations to tropical African P.falciparum strains agree
with other observations made in England (21) and Portugal
(20) on local An. atroparvus populations.

Populations of An. atroparvus from the eastern Russian
Federation were sensitive to P. vivax strains from Southeast
Asia (22), and populations from Romania were successfully
infected with P. vivax strains from Korea (23). The marked
tendency of Italian populations of An. atroparvus to bite ani-
mals, together with susceptibility assays carried out so far
(19), does not indicate that this species is a malaria vector in
Italy. As for An. labranchiae, this particularly anthropo-
philic Mediterranean species can certainly transmit P. vivax,
as shown by the 1971 epidemic in Corsica (24), the cases
reported in Greece during 1975-76 (25), and the recent
sporadic case in Grosseto Province (9). The susceptibility of
An.superpictus to P. falciparum of African origin has not
been tested, but this mosquito is probably sensitive, as it
belongs to the subgenus Cellia, to which the principal Afri-
can malaria vectors also belong.

Vol. 7, No. 6, November-December 2001

Vulnerability

Of 885 cases reported in 1997, only 88 (9.9% of the total)
were reported from the nine regions at risk (Table 2). A total
of 25 cases (2.8%) occurred during the season favorable to
malaria transmission: 15 from P. falciparum, 9 fromP.vivax,
and 1 from P. malariae. Most of the patients (64%, n=16)
lived in Tuscany. Considering that the highest anopheline
mosquito densities were reported in this region, these results
are cause for concern. On the other hand, the samples were
quite small (16 patients) and other factors need to be consid-
ered. First is the number of patients who live in rural areas,
since these are the only areas where the vector can come into
contact with a gametocyte carrier. The analysis of samples
shows that most of the 25 at-risk patients (72%, n=18) lived
in an urban area. Another factor is the length of exposure of
the malaria patients to mosquito bites during the disease or
the length of their stay in a malaria-endemic area. In fact,
all the patients received hospital care in urban areas, which
would certainly limit mosquito-human contact. However, the
factor that most affects a territory’s vulnerability is the num-
ber of gametocyte carriers—the only persons who can infect
mosquitoes—and the length of their potential exposure to
mosquitoes. Of patients who lived in areas at risk and had
contracted malaria during a period theoretically favorable to
transmission, only eight became gametocyte carriers (six of
them carriers of P. vivax). These carriers represent 0.7% of
all malaria cases reported in Italy in 1997 and 4% of all the
gametocyte carriers. In these patients, the average time
between appearance of symptoms and malaria diagnosis
(when therapy began) was 8.2 days, which is the period when
patients could have been a source of infection for mosquitoes.
The cases reported from 1989 to 1996 show similar results:
of 5,012 cases, 522 (10.4%) occurred in central and southern
Italy; only 184 of these occurred during high-risk months
(June-September). Of 30 gametocyte carriers, 27 were of P.
vivax, 2 of P. falciparum, and 1 of P. ovale.

Conclusion

We investigated Italy’'s malariogenic potential and the
possibility of a recurrence of transmission there. Our results
indicate the following conclusions. First, some rural areas in
central and southern Italy have high receptivity because of
the presence of potential malaria vectors with VC. The fig-
ures for VC were obtained by collecting mosquitoes on
persons exposed to mosquito bites without any protection
(14). These data are purely theoretical, as it would be quite

Table 2. Italy’s vulnerability to malaria during the season favorable to
malaria transmission (June to September) from 1989 to 1997

No. of
cases in No. of
at-risk Total gameto-
regions no. of cyte
Total No. of and game- carriersin
no. of cases in favora- tocyte at-risk
malaria at-risk ble carrie areas and
Year cases regions? season rs season
1989- 5012 522 184 646 30
1996
1997 885 88 25 148 8

@Nine regions in central, southern, and insular Italy.
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unlikely for a person to remain exposed to mosquito bites for
long without taking preventive steps. For comparison with
the VC calculated in Italy with that of malaria-endemic
areas, the VC of P. falciparum reaches values >10 and in
some cases >30 in the hyperendemic conditions in many
areas of the African savanna.

However, even a level of 0.1 (the average production of
an infective bite from a malaria patient every 10 days)
appears sufficient to maintain hyperendemicity, once the
number of carriers of P. falciparum gametocytes reaches 50%
of the population. The critical VC value (i.e., the level below
which malaria does not remain endemic) has been calculated
for the Garki region (Nigeria, State of Kano) as 0.022, or an
average production of about 1 infective bite from a malaria
patient every 50 days (26). In theory, therefore, the VC in
some areas of Italy is epidemiologically significant, and
these areas could become receptive.

Second, An. labranchiae is susceptible to infection with
P. vivax strains from malaria-endemic areas, while infection
with tropical African strains of P. falciparum seems less
likely. Third, Italy’s vulnerability is low because of the low
presence of gametocyte carriers during the season climati-
cally favorable to transmission in areas at risk. These
figures are certainly underestimates, however, as in some
regions of central and southern Italy not all malaria cases
are reported, and the number of migrants from countries
with endemic malaria, who come to Italy to work, is con-
stantly increasing (7,8).

The overall malariogenic potential of Italy appears to be
low, and malaria reintroduction is unlikely in most of the
country. Sporadic autochthonous P. vivax malaria cases may
occur but only in limited rural areas, where high densities of
An. labranchiae have been reported. These results indicate
the need for more epidemiologic surveillance, especially as
the Italian situation is extremely dynamic and changeable.
Sociopolitical factors, in particular, could lead to substantial
changes in the flow of immigrants from endemic malaria
areas, and environmental factors could result in changes in
the density and distribution of vector populations.

Furthermore, the continuous contact of strains of exotic
plasmodia with potential mosquito vectors could lead to
long-term selection or adaptation of strains capable of
developing in Italian mosquitoes. The possible presence in
rural central and southern Italy of potential P. vivax carriers
(e.g., immigrants from Asia and Africa hired as seasonal
workers) is of concern.

A possible episode of autochthonous malaria transmis-
sion in Italy would not have serious health consequences, as
it could easily and quickly be controlled by the National
Health Service. The impact on Italy’s image, however, could
be serious at the international level. From an economic
standpoint, reports of malaria cases would undoubtedly
affect Italy’s tourist industry.

To prevent and manage indigenous malaria cases in
areas where the density of the vector is substantial, regional
or local centers should be established with experts compe-
tent in epidemiologic surveillance and malaria control.
These centers should also monitor the movements of malaria
Plasmodium carriers in the country and assess the risk for
malaria transmission in different regions.
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Developing New Smallpox Vaccines

Steven R. Rosenthal, Michael Merchlinsky, Cynthia Kleppinger, and
Karen L. Goldenthal
Food and Drug Administration, Rockville, Maryland, USA

New stockpiles of smallpox vaccine are required as a contingency for protect-
ing civilian and military personnel against deliberate dissemination of smallpox
virus by terrorists or unfriendly governments. The smallpox vaccine in the cur-
rent stockpile consists of a live animal poxvirus (Vaccinia virus [VACV]) that
was grown on the skin of calves. Because of potential issues with controlling
this earlier manufacturing process, which included scraping VACYV lesions from
calfskin, new vaccines are being developed and manufactured by using viral
propagation on well-characterized cell substrates. We describe, from a regula-
tory perspective, the various strains of VACV, the adverse events associated
with calf lymph-propagated smallpox vaccine, the issues regarding selection
and use of cell substrates for vaccine production, and the issues involved in
demonstrating evidence of safety and efficacy.

An attack on the United States with a biological or
chemical weapon is an eventuality that must be actively
addressed (1,2). Civilian and military public health agencies
are preparing to cope with biological terrorism and warfare
through efforts to stockpile vaccines and antibiotics needed
to protect against diseases caused by potential biological
weapons. New vaccines, such as a new smallpox vaccine, are
being actively developed, and other biologics are needed to
counteract the effects of these weapons on the domestic pop-
ulation and military forces.

Smallpox (Variola major) is a particularly dangerous
biological weapon threat because of its clinical and epidemio-
logic properties (2,3). This virus can be manufactured in
large quantities, stored for an extended period of time, and
delivered as an infectious aerosol. Evidence indicating that
potential enemies of the United States possess smallpox
virus has led to concerns about the susceptibility of U.S.
troops and civilians to the virus and the need to develop
defense strategies (4). With the success of the World Health
Organization (WHO) campaign in the 1970s to eradicate nat-
urally occurring smallpox and the subsequent discontinua-
tion of vaccination, a large proportion of the population has
no immunity. Case-fatality rates could be higher than 25% if
smallpox were released as a bioterrorist weapon (5).

The U.S. stockpile of smallpox vaccine is maintained by
the Centers for Disease Control and Prevention (CDC).
These decades-old doses may be inadequate to meet the vac-
cination needs projected after a bioweapon incident. The
number of doses needed in various scenarios has recently
been discussed (6). In 1972, for example, a single case of
smallpox in Yugoslavia required 18 million doses of vaccine
to stop the spread of disease (7). At least 40 million doses of
vaccine are projected to be needed to respond effectively to a
terrorist attack in the United States (6).

Address for correspondence: Steven R. Rosenthal, CBER/Food and
Drug Administration, HFM-475, 1401 Rockville Pike, Rockville, MD
20852, USA; fax: 301-827-3532; e-mail: rosenthals@cber.fda.gov
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Smallpox Vaccine

The only commercially approved smallpox vaccine avail-
able for limited use in the United States is Wyeth Dryvax.
This vaccine is a lyophilized preparation of live Vaccinia
virus (VACV), made by using strain New York City calf
lymph (NYC_CL), derived from a seed virus of the New York
City Board of Health (NYCBH) strain of VACV that under-
went 22 to 28 heifer passages. The vaccine consists of lyo-
philized calf lymph containing VACV prepared from live
calves. The animals were infected by scarification, and the
skin containing viral lesions was physically removed by
scraping. The lyophilized calf lymph type vaccine is reconsti-
tuted with a diluent containing 50% glycerin, 0.25% phenol,
and 0.005% brilliant green. Vaccine prepared by this tradi-
tional manufacturing technique of harvesting VACV from
the skin of cows (and sheep) was used in most regions of the
world during the smallpox eradication campaign. The facili-
ties, expertise, and infrastructure required for producing the
virus in this way are no longer available. Wyeth Laborato-
ries discontinued distribution of smallpox vaccine to civilians
in 1983(8).

This live-virus vaccine also caused rare but serious
adverse reactions and common local reactions. Effective vac-
cination, classified as a “take,” was indicated by the observa-
tion of a pustular lesion 6 to 10 days after vaccination at the
injection site. This lesion represented a localized infection
and was associated with the generation of an immune
response. The vaccine take rate has been generally accepted
as a correlate of vaccine efficacy. Specifically, there is a
direct relationship between the intensity and extent of virus
multiplication and the magnitude and duration of antibody
response (9-13). The vaccine take rate of lesion formation for
the currently stockpiled vaccine is >90%. Intradermal and
intramuscular administration of VACV vaccine produces
less severe local reactions, thus decreasing the risk of inad-
vertent autoinoculation or transmission; however, this inoc-
ulation route produces substantially lower responses as
measured by enzyme-linked immunosorbent assay (ELISA)
and neutralizing antibody testing (9,13).
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Adverse Events Associated with VACV Vaccine

The complications arising from smallpox vaccination
were well documented during the vaccination program (14-
20). Dermatologic and central nervous system disorders
were the most frequently recognized adverse events. Dermal
complications included vaccinia necrosum, a complication
with case-fatality rates of 75% to 100% that occurred almost
exclusively in persons with cellular immunodeficiency (21).
Eczema vaccinatum was associated with case-fatality rates
of up to 10% overall and 30% to 40% in children <2 years of
age (22). Generalized vaccinia was reported and probably
resulted from rare bloodborne dissemination of virus in nor-
mal persons. Erythematous urticarial eruptions occurred in
1% of all primary vaccinees, and rarely, Stevens-Johnson
syndrome occurred. Rarer diseases such as pericarditis (23),
arthritis (24), and malignant tumors at vaccination scars
(25) have been described in case reports.

During the U.S. smallpox vaccination program, approxi-
mately seven to nine deaths per year were attributed to vac-
cination, with the highest risk for death in infants. Most of
these infant deaths were attributed to postvaccinal encepha-
litis (26). Most primary vaccinations in the United States
were administered to children, so less is known about
adverse events in adults. Rates tended to be higher in pri-
mary vaccinees and also in certain countries such as Austria
and Denmark, where strains were used that may have been
more virulent.

Of important concern is inadvertent administration of
vaccine to persons who are immunodeficient or have other
underlying contraindications to VACV vaccination, such as
pregnancy. Administration of vaccine in the context of mass
vaccination for outbreak control increases the risk for seri-
ous adverse events, since careful screening for vaccine con-
traindications would be problematic. Cultures of the
vaccination sites of primary vaccinees have yielded positive
cultures from days 3 through 14 after vaccination. Thus,
transmission of VACV to close contacts of vaccine recipients
does occur (27-30) and, in light of the global HIV epidemic
and the large prevalence of patients on immunosuppressive
therapy, constitutes a serious concern (31).

Development of New VACV Vaccines

During the early eradication campaign, a number of
studies were undertaken to determine the factors that ren-
dered the smallpox vaccine potent and stable. WHO and its
Expert Committee provided the initial recommendations for
smallpox vaccines in 1959 and updated them in 1965, defin-
ing testing procedures and standards, including a required
pock count of 1 x 108 PFU/mL of undiluted vaccine (32). In
1967, the National Institutes of Health published more
stringent requirements, including the use of a national
reference vaccine preparation.

Selection of Strain

The smallpox eradication campaign used vaccines
derived from many VACV strains. In the United States,
these included the New York City calf lymph (NYC_CL) and
New York City chorioallantoic membrane (NYC_CAM)
strains, both of which were derived from a seed virus of the
NYCBH strain. Strains derived from the NYCBH strain
caused lower rates of adverse events, especially encephalitis.
Other strains used frequently in the global eradication
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program were EM-63 (USSR) and Temple of Heaven
(China). The Lister or Elestree (United Kingdom) strain,
prepared on the skin of sheep, was used extensively in
Europe and other parts of the world. The Lister strain,
which appeared to cause less illness than some of the other
vaccine strains, was distributed by the WHO International
Reference Centre to production laboratories for use as seed
lots. By 1968, 71 producers used 15 principal strains of
VACYV, in addition to some unknown strains. From 1968 to
1971, the Lister strain became the most widely used
throughout the world (33).

The exact origin and lineage of many of these strains
and their relation to each other are not clear; however, all
these strains (that were used in settings where smallpox
actually occurred) were effective in eliminating the disease.
With regard to efficacy, this observation suggests a degree of
latitude in the selection of a VACV strain to provide protec-
tive immunity. From a scientific and regulatory perspective,
many strains of VACV should be appropriate for a new vac-
cine as long as the manufacturer can demonstrate that the
new vaccine is safe and elicits a “take” and an immune
response analogous to that observed for the present licensed
vaccine.

Selection of Cell Substrate

Historically, most manufacturers produced smallpox
vaccine in live animals. However, this harvesting method
has important limitations: it is prone to contamination with
bacteria and other adventitious agents, and the antigenic
and allergenic character of the accompanying animal protein
can potentially result in sensitization and allergic reactions.
Thus, the use of a well-characterized cell substrate for vac-
cine production has some potential advantages. The Ortho-
poxviridae, including Vaccinia, generally replicate on a wide
range of candidate vertebrate fibroblast cell lines. The choice
of a well-characterized or easily tested cell substrate for vac-
cine production can help expedite the review process (34).
Issues associated with cell substrates that have been used
for the manufacture of licensed live-virus vaccines may be
the easiest to anticipate and address.

Use of primary cell substrates, particularly embryo-
nated chicken egg-produced smallpox vaccine, would help to
address major issues with regard to preparation of vaccine in
cell culture. Cells derived from embryonated chicken eggs
(especially chicken embryo fibroblasts) have been used in
preparing many safe biological products, including vaccines.
A variety of methods to ensure product safety can be evalu-
ated rapidly with a high degree of confidence.

Candidate cell substrates for a new smallpox vaccine
also include continuous cell lines or diploid cell strains of
human or animal origin. For human cell substrates, the
source of cells should be clearly described, including the tis-
sue or organ of origin, ethnic and geographic origin, age, gen-
der, and general physiologic condition, as well as the health
or medical condition of the donor, if known. For animal cell
substrates, description of the source should include species,
strains, breeding conditions, tissue or organ of origin, geo-
graphic origin, age, gender, and general condition of the orig-
inal donor.

The Food and Drug Administration (FDA) has licensed
live-virus vaccines, such as varicella and rubella, prepared
in diploid cell substrates (e.g., MRC-5, WI-38). Recently,
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MRC-5 was used as a cell substrate for the preparation of an
experimental smallpox vaccine under a Phase 1 trial (9).
Another diploid cell strain, FrhL-2, has been used as a cell
substrate for rotavirus vaccine and other live-virus vaccines
tested in human clinical trials. The FDA experience in evalu-
ating live-virus vaccines prepared in these diploid cell sub-
strates makes the selection and use of such cell substrates
potentially suitable for manufacture of a smallpox vaccine.

The continuous cell line Vero has been used to prepare a
U.S.-licensed inactivated virus vaccine, the inactivated polio
vaccine. Although the FDA has not yet licensed a live-virus
vaccine manufactured in a continuous cell line, international
experience with Vero cells suggests that they may be a suit-
able substrate for a smallpox vaccine. Issues pertaining to
Vero cells as a substrate for live vaccines, including tumori-
genic potential, were discussed at the May 2000 Vaccines
and Related Biological Products Advisory Committee meet-
ing (35). Further information regarding cell substrates can
be obtained in the FDA document “Draft Points to Consider
in the Characterization of Cell Lines Used to Produce Biolog-
icals” (1993). An FDA letter to vaccine manufacturers con-
cerning the use of Vero cells was recently issued (http://
www.fda.gov/cber/letters.htm).

Any new smallpox vaccine ideally should not be less
immunogenic than animal-derived vaccines. The properties
of Poxviridae host range, virulence, and genome composition
have been shown to change upon many passages in tissue
culture cells. To retain the properties that make VACV a
good vaccine against smallpox, the number of passages in
the cell culture substrate should be kept to a minimum.

LC16m8, an attenuated VACV strain developed by
Japan in 1975 for primary vaccination, was derived by pass-
ing the Lister strain 36 times through primary rabbit kidney
cells at low temperature (30°C) (36). The LC16m8 strain had
a take rate of 95% (compared with 93.7% for Lister), fever
rate of 7.7% (compared with 26.6% for Lister), and lower
neurovirulence in a monkey assay. The lower fever rate and
reduced neurovirulence were considered indications that
this was a safer vaccine (37). Antibody titers and induration
size were lower than those of the Lister strain; however, the
effect of its decreased immunogenicity on the ability of this
vaccine to protect against smallpox infection is unknown
since the vaccine was never used in a smallpox-endemic
region.

Similarly, the Modified Vaccinia Ankara was derived
from the Ankara Vaccinia strain and is one of the most
highly attenuated strains. With >570 passages in chicken
embryo fibroblasts, it is host restricted and unable to repli-
cate in human and other mammalian cells. Pock lesions did
not form at the site of inoculation, and no adverse reactions
were observed in clinical trials in persons at high risk with
skin lesions (38). Modified Vaccinia Ankara was intended to
serve as an attenuated smallpox vaccine for primary vacci-
nations in regions where smallpox was not endemic, since
most of the adverse reactions associated with VACV occur
after primary vaccination. The vaccine was safely used to
vaccinate >120,000 persons in Turkey and Germany; how-
ever, its effectiveness against smallpox is unknown.

The cell substrate must be screened extensively for both
endogenous and exogenous viral contamination. The mea-
sures taken to remove, inactivate, or prevent contamination
of the product from any adventitious agent present in the
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cell substrate should be described. When applicable,
carefully designed viral clearance studies should be con-
ducted with different methods of virus inactivation or
removal in the same production process to achieve maximum
viral clearance. In addition, studies should be performed to
assess virus inactivation and removal. The FDA has drafted
several documents that provide guidance concerning testing
biological products for adventitious agents (Appendix).

Clinical Trials

Phase 1

Phase 1 vaccine trials are primarily designed to evalu-
ate safety and immunogenicity in small groups (e.g., 10 to 20
persons) of closely monitored healthy adult volunteers. Clini-
cal evaluations of safety in Phase 1 studies should include
both local injection site (lesion measurement) and systemic
reactions, as well as hematologic testing, serum chemistries,
and other laboratory studies. At predefined intervals, peri-
odic assessments of the local injection site and systemic
signs and symptoms would normally be recorded. For live
attenuated VACV vaccines, active monitoring of the immuni-
zation site would be required for at least 21 days or until for-
mation and separation of the scab, whichever is longer.

One difficulty in evaluating a new smallpox vaccine is
demonstrating that the vaccine generates a protective
immune response in the recipient. The appearance of a vac-
cine take or lesion is thought to be an important correlate of
immunity. In Phase 1 trials, the frequency and size of the
lesion generated by a new vaccine should be compared with
the values observed historically for the current licensed calf
lymph-type vaccine. It is also important to compare the
breadth and scale of the hosts’ immune response with
responses generated by vaccines previously used against
smallpox infection. One of the challenges will be developing
validated assays to evaluate vaccine efficacy. In a Phase 1
trial, VACV-binding antibodies should be determined by
ELISA and plaque neutralization assays. Extensive charac-
terization of the immune response, including investigation of
the cellular as well as the humoral response, can be pursued
in Phase 2 studies.

Situations in prelicensure trials that may lead to safety
problems for both vaccinees and their close contacts need to
be anticipated. Contraindications for vaccinees include
immune disorders, HIV infection, eczema, history of eczema,
other skin conditions including burns, immunosuppressive
therapy, malignancies, lymphomas and leukemias, and preg-
nancy. Vaccinees who have close contacts with these con-
traindications should also be excluded. Mechanisms to
address rare serious VACV vaccine complications (e.g., avail-
ability of VACV immunoglobulin treatment) need to be
addressed in the protocol.

For live attenuated VACV products, sponsors should
describe their proposed procedures for containing the live
biological material during their clinical studies and should
provide data on the expected survival of the organism in the
environment. Shedding of live vaccine organisms would need
to be evaluated; isolation of volunteers early in clinical devel-
opment may be necessary to assess the shedding of VACV
and the potential for spread to contacts. The vaccination site
needs to be covered at all times with a porous bandage until
the scab has separated and the underlying skin has healed.
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A dry, porous bandage is preferred to prevent the
accumulation of perspiration around the inoculation site,
which can increase the risk for secondary inoculation (9).
Subjects should receive a dressing Kit, including a medical
waste bag in case the dressing should come off. Subjects and
health-care professionals who may handle these dressings
should be instructed on the importance of handwashing after
contact with the site to prevent both self-inoculation of the
virus and contact with the site by unvaccinated persons.

Phase 2

In Phase 2 studies, generally more subjects are enrolled
than in Phase 1 studies, and further data are provided on
safety and immunogenicity. Phase 2 vaccine studies are
often randomized and well controlled in design. One purpose
of Phase 2 studies is to identify a preferred vaccine formula-
tion, dose, and schedule for further clinical development in
definitive safety and efficacy trials.

Clinical studies to compare the new vaccine with the
licensed Dryvax vaccine would be done at this phase. Study
size for a pivotal immunogenicity study would be based on
statistical design to provide enough power to detect differ-
ences in “vaccine take,” immune response, and safety (com-
mon local reactions) after inoculation by scarification,
compared with the licensed Wyeth Dryvax. Both the
humoral and cellular arms of the host response should be
measured.

Studies to validate immune response assays should
begin early in the drug development process. The goal is to
have validated assays in place to assess critical immune
responses before pivotal immunogenicity studies are initi-
ated (39). At a minimum, seroconversion would have to be
determined by plaque neutralization assays, VACV binding
antibodies by ELISA, and cellular responses by cytotoxic T-
lymphocyte response and lymphoproliferation assays.

Phase 3 and Beyond

Conducting large-scale clinical endpoint efficacy field
trials for a new smallpox vaccine cannot be planned at this
time, in part because there are no longer any populations at
risk for naturally occurring smallpox infection. For new vac-
cines based on vaccine take rate and the development of neu-
tralizing antibody responses, pivotal comparative
immunogenicity studies of the new compared with the
licensed vaccines will likely form the basis of efficacy assess-
ment. Studies in humans to evaluate the ability of a vaccine
to protect against subsequent challenge with a live attenu-
ated VACYV vaccine might also be informative.

Large-scale trials are needed to provide safety data to
support the license application, especially to evaluate less
common serious adverse events. Randomized, well-con-
trolled trials would provide the most informative safety data.

Plans should be defined for obtaining adequate safety
data. Pediatric use could be critical during a bioterrorist
event; however, identifying an appropriate pediatric study
population for safety and immunogenicity evaluation pre-
sents challenges. Plans for pediatric clinical development
should be discussed with the FDA (40,41). Finally, given the
historical information on adverse events associated with
VACYV vaccination, a rigorous Phase 4 study commitment is
expected (42).
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VACV Immunoglobulin Development

VACV immunoglobulin (VIG) is the only approved prod-
uct currently available for treating complications of VACV
vaccination. It is derived from the immunoglobulin fraction
of plasma from persons who were immunized with VACV.
The Red Cross initially obtained the product from the sera of
hyperimmunized army recruits. The current supply of VIG is
owned by the Department of Defense, which has provided
some of this material to CDC for release in response to emer-
gencies. VIG can be obtained from CDC to treat adverse
reactions of VACV vaccine recipients, such as laboratory
workers exposed to VACV or related Orthopoxviridae.

VIG is believed to be effective against certain complica-
tions of VACYV vaccinations; it is recommended by the CDC's
Advisory Committee on Immunization Practices for use in
treating eczema vaccinatum, vaccinia necrosum, severe gen-
eralized VACV infections, VACV infections of the eyes (but
not keratitis) or mouth, and VACYV infections in the presence
of other skin lesions such as burns, impetigo, varicella
zoster, or poison ivy (43). No randomized controlled clinical
trials have been performed to evaluate therapeutic efficacy
in patients with VACV complications. However, a standard
of care has developed based on data consisting of case series
and anecdotal reports, as well as controlled data suggesting
that VIG may modify VACV infection if administered con-
comitantly with vaccine.

Limited data from unblinded controlled studies support
the efficacy of VIG in certain situations. In a trial conducted
in Madras, India, 705 family contacts of 208 smallpox
patients were randomized to receive smallpox vaccine or
smallpox vaccine plus VIG as soon as possible after the index
patient was admitted to the hospital. Smallpox developed in
5 of 326 contacts who received VIG compared with 21 of 379
controls, for a relative efficacy of 70% in preventing natural
smallpox (44) (p<0.05, calculated by the first author).

The potential for VIG to prevent postvaccine encephali-
tis when administered prophylactically with vaccine was
studied among Dutch military recruits in a double-blinded,
randomized, placebo-controlled trial (45). More than 106,000
recruits were randomized to receive VIG plus smallpox vac-
cine or placebo plus smallpox vaccine. Three cases of VACV-
associated encephalitis occurred in the VIG group compared
with 13 cases of encephalitis in the placebo group (p<0.05,
calculated by author).

Published case series of patients with severe VACV vac-
cination complications treated with VIG suggest that VIG
lowered case-fatality rates and shortened the course of dis-
ease (20,46-52). Other trials have used antiviral agents in an
attempt to treat complications (52-54), and these agents did
not appear to have greater benefit than VIG. VIG is not con-
sidered to be effective in treating postvaccine encephalitis
and is contraindicated for the treatment of vaccinal
keratitis(55).

The recommended therapeutic dosage of VIG is 0.6 mL/
kg intramuscularly, or 42 mL for a 70-kg adult; this dosage
may be repeated as often as weekly. Such high intramuscu-
lar volume can be associated with trauma and possible nerve
damage. Future development of VIG may include intrave-
nous formulations to obviate these dose-related problems.

A more basic problem for the use of VIG is the availabil-
ity of licensed product. The amount of VIG needed to respond
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to the adverse events associated with a large-scale
vaccination program cannot be manufactured from the cur-
rently available human sera.

Future Considerations

An important benefit of the eradication of naturally
occurring smallpox was the cessation of smallpox vaccina-
tion and the elimination of iatrogenic VACV vaccine adverse
events. Growing concern about the U.S. population’s vulner-
ability to a potential terrorist attack with biological weapons
has led to strong political commitment to develop and stock-
pile new vaccines and other agents to respond to such an
event (56). This response requires the development and
manufacture of an effective vaccine, as well as products to
treat the potential complications arising from a widespread
vaccination program.

The evaluation of these products, especially ones that do
not induce a vaccine take and induce an immune response
that substantially differs from that induced by the currently
licensed vaccine, may pose problems. Specifically, the usual
measures of efficacy that require exposure to natural disease
currently are not possible because the disease has been glo-
bally eradicated. In addition, definitive human challenge
and protection studies with Variolawould not be possible for
ethical reasons.

In general, the issue of providing substantial evidence of
efficacy when the traditional efficacy studies in humans can-
not be done is of concern to the FDA. To address this issue,
FDA has published and requested comments on a proposed
rule intended to address certain efficacy issues for new
agents to be used against lethal or permanently disabling
toxic substances (57). The proposed rule attempts to define
standards so that new drug and biological products devel-
oped to prevent serious or life-threatening conditions could
be approved for marketing on the basis of evidence of effec-
tiveness derived from appropriate studies in animals, with-
out adequate and well-controlled efficacy studies in humans
(21 CFR 314.126). For example, the wide host range of poxvi-
rus viruses could potentially lead to the exploration of a
monkeypox model to obtain supporting data. For vaccines,
human safety and immunogenicity data would also be
needed to support such approvals. The final rule, when pub-
lished, would be expected to facilitate the development and
licensing of certain new products to protect against biological
warfare. This proposal would not apply if approval can be
based on other standards in FDA regulations.

The future response to complications inherent in a new
smallpox vaccine during a wide-scale vaccination program
could entail a combination approach including VIG, antiviral
drugs, and immune-based therapy involving humanized
antibodies or fragments of antibodies produced in animals.
Antiviral medications could be mass-produced, stored for
long periods of time, and distributed quickly, if needed. Cido-
fovir, a DNA polymerase inhibitor developed for Cytomega-
lovirus retinitis, has been found to be active in preventing
Variola infection in cultured cells and protects mice against
lethal VACV challenge (58,59). In the long term, more
products should be developed to protect the general
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population against adverse events due to VACV infection.
Each product will pose unique scientific issues for evaluation
and licensure.
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Appendix

A. Examples of U.S. Food and Drug Administration and Interna-
tional Conference on Harmonization (ICH) Documents Relevant to
the Manufacture and Product Quality of New Smallpox Vaccines

Title Date

FDA points to consider in the characterization of cell 1993

lines used to produce biologicals

ICH guidance on quality of biotechnological/biological 1998
products: derivation and characterization of cell
substrates used for production of biotechnological/
biological products

ICH guidance on viral safety evaluation of biotechnology 1998
products derived from cell lines of human or animal
origin

FDA guidance for industry: content and format of 1999
chemistry, manufacturing and controls information and
establishment description information for a vaccine or
related product

FDA draft guidance for industry: revised preventive 2001
measures to reduce the possible risk of transmission of
Creutzfeldt-Jakob Disease (CJD) and Variant

Creutzfeldt-Jakob Disease (vCJD) by blood and blood

products

To obtain these documents, connect to http://www.fda.gov/cber/
guidelines.htm or call the FDA Office of Communication, Training
and Manufacturers Assistance at 1-800-835-4709.)

B. Examples of ICH Documents Relevant to Clinical Testing
of Vaccines

Title Date
Good clinical practice: Consolidated guideline 1997
General considerations for clinical trials 1997
Structure and content of clinical study reports 1996
Statistical principles for clinical trials (draft) 1997

To obtain these documents, connect to http://www.fda.gov/cber/
guidelines.htm or call the FDA Office of Communication, Training
and Manufacturers Assistance at 1-800-835-4709.
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C. U.S. Code of Federal Regulations (CFR) and U.S. Pharmacopeia
(USP) Standards Applicable to Vaccines

Issuance Subject

21 CFR 50 Protection of Human Subjects
21 CFR 56 Institutional Review Boards
21 CFR 58 Good Laboratory Practices

21 CFR 210, 211

21 CFR 312

21 CFR 314.126
21 CFR 610

21 CFR 610.12
21 CFR 610.13
USP 24-(85)
USP 24-(1510)

USP 24-(1171)

Good Manufacturing Practices

Investigational New Drug Applications
(INDs)

Adequate and Well-Controlled Studies
General Biological Product Standards
Sterility Testing

Purity Testing

Bacterial Endotoxin Test

Pyrogen Test

Sterility
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Trichomonas vaginalis, HIV,
and African-Americans

Frank Sorvillo,* Lisa Smith,* Peter Kerndt,H Lawrence Ash*
*University of California at Los Angeles, Los Angeles, California; and

HDepartment of Health Services, Los Angeles County, Los Angeles, California

Trichomonas vaginalis may be emerging as one of the most important cofac-
tors in amplifying HIV transmission, particularly in African-American communi-
ties of the United States. In a person co-infected with HIV, the pathology
induced by T. vaginalis infection can increase HIV shedding. Trichomonas
infection may also act to expand the portal of entry for HIV in an HIV-negative
person. Studies from Africa have suggested that T. vaginalis infection may
increase the rate of HIV transmission by approximately twofold. Available data
indicate that T. vaginalis is highly prevalent among African-Americans in major
urban centers of the United States and is often the most common sexually
transmitted infection in black women. Even if T. vaginalis increases the risk of
HIV transmission by a small amount, this could translate into an important
amplifying effect since Trichomonas is so common. Substantial HIV transmis-
sion may be attributable to T. vaginalis in African-American communities of the

United States.

Trichomonas vaginalis is a protozoan parasite transmit-
ted principally through vaginal intercourse. Infection with
the organism, while frequently asymptomatic, can cause
vaginitis in women and urethritis in men. Despite a relative
paucity of studies on the prevalence and incidence of tri-
chomoniasis, recent publications suggest that T. vaginalis is
one of the most common sexually transmitted infections
(STIs) in the United States, with an estimated 5 million new
cases occurring annually (1). Although the organism appears
to be highly prevalent and has a widespread geographic dis-
tribution, Trichomonas has not been the focus of intensive
study nor of active control programs. This neglect is likely a
function of the relatively mild nature of the disease (2), the
lack of effect on fertility, and the historic absence of associa-
tion with adverse birth outcomes (although recent data sug-
gest a possible causal role in low birth weight and
prematurity [3]). However, Trichomonas may play a critical
and underrecognized role in amplifying HIV transmission
(4). We present the rationale to support the hypothesis that
T. vaginalis may be an important cofactor in promoting the
spread of HIV and, in some circumstances, may have a major
impact on the epidemic dynamics of HIV in African-Ameri-
can communities.

Biologic Rationale

Expanding the Portals of Entry and Exit

T. vaginalis infection typically elicits an aggressive local
cellular immune response with inflammation of the vaginal
epithelium and exocervix in women and the urethra of men

Address for correspondence: Frank Sorvillo, Department of Epidemi-
ology, School of Public Health, UCLA, Box 951772, Los Angeles, CA
90024, USA; fax: 714-816-9099; e-mail: fsorvill@ucla.edu
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(5). This inflammatory response induces a large infiltration
of leukocytes, including HIV target cells such as CD4+ bear-
ing lymphocytes and macrophages to which HIV can bind
and gain access (6,7). In addition, T. vaginalis can frequently
cause punctate mucosal hemorrhages (8). In an HIV-nega-
tive person, both the leukocyte infiltration and genital
lesions induced by Trichomonas may enlarge the portal of
entry for HIV by increasing the number of target cells for the
virus and allowing direct viral access to the bloodstream
through open lesions. Similarly, in an HIV-infected person
the hemorrhages and inflammation can increase the level of
virus-laden body fluids, the numbers of HIV-infected lym-
phocytes and macrophages present in the genital contact
area, or both. The resulting increase of both free virus and
virus-infected leukocytes can expand the portal of exit,
thereby heightening the probability of HIV exposure and
transmission to an uninfected partner. Increased cervical
shedding of HIV has been shown to be associated with cervi-
cal inflammation (9), and substantially increased urethral
viral loads have been documented in men with Trichomonas
infection (10). In addition, T. vaginalis has the capacity to
degrade secretory leukocyte protease inhibitor, a product
known to block HIV cell attachment; this phenomenon may
also promote HIV transmission (11). Moreover, since most
patients with Trichomonas infection are asymptomatic or
mildly symptomatic (12), they are likely to continue to
remain sexually active in spite of infection. Studies suggest
that approximately 50%-70% of persons with T. vaginalis
have subclinical infection (12).

Empiric Evidence Implicating
Trichomonas in HIV Transmission

Data from studies conducted in Africa have shown an
association between Trichomonas and HIV infection, sug-
gesting a two- to threefold increase in HIV transmission
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(4,13,14). A cross-sectional study conducted among 1,209
female sex workers in the Ivory Coast found an association
between HIV and Trichomonas infection in bivariate analy-
sis (crude odds ratio 1.8, 95% confidence intervals 1.3, 2.7).
In another cross-sectional study performed in Tanzania
among 359 women admitted to a hospital for gynecologic
conditions, Trichomonas was more common in women with
HIV infection in multivariate analysis (odds ratio 2.96, no
confidence intervals provided, p<0.001). While such cross-
sectional studies are limited by the issue of temporal ambi-
guity, i.e., lack of information on whether Trichomonas infec-
tion preceded HIV, these preliminary findings were
subsequently reinforced in a single prospective study from
Zaire (4). This study, in which 431 HIV-negative female
prostitutes were evaluated over time, found that prior Tri-
chomonas infection was associated with a twofold increased
rate of HIV seroconversion in muiltivariate analysis.

Data on the Prevalence of

T.vaginalis among U.S. Women

Information on the occurrence of T. vaginalis infection
in the United States is meager. Trichomoniasis is not a
reportable condition in most health jurisdictions, and preva-
lence surveys for STIs often do not include attempts to
recover Trichomonas. In addition, the relatively few pub-
lished studies with information on the prevalence of T. vagi-

nalis infection have generally been conducted among highly
selected populations, typically included only women, or were
limited by small numbers of participants. Frequently these
studies were not conducted with the primary purpose of
assessing the prevalence of Trichomonas. Moreover, many of
these studies have often used diagnostic techniques with rel-
atively low sensitivity such as wet mount, stained prepara-
tions, or Papanicolaou (PAP) smear. Wet mount, the most
commonly used method, has an estimated sensitivity of 58%
when compared with culture (15); the sensitivity of PAP
smear is approximately 57%. The accuracy of these tech-
nigues is dependent on the experience of the microscopist,
and sensitivities may vary widely (15). The sensitivity of cul-
ture when compared with polymerase chain reaction (PCR)
has been estimated to be 70% (16). Such highly sensitive
PCR and related techniques are not routinely used nor
readily available for Trichomonas as for other STIs (17). As a
result of suboptimal laboratory methods, studies of T. vagi-
nalis have often substantially underestimated the preva-
lence of infection. In spite of this, levels of infection have
typically been high, with reported overall prevalences rang-
ing from 3% to 58% and an unweighted average across stud-
ies of 21% (18-37).

Table 1 lists published reports on the occurrence of
T. vaginalis infection among women conducted among U.S.
populations from 1964 through 1999. Although not

Table 1. Studies of the prevalence of Trichomonas vaginalis infection in women, United States, 1964-1997

Trichomonas

Year® Location (ref) N Population prevalence (%) Diagnostic method(s)
1996-97 New York (18) 213 Incarcerated 47 culture
1995-97 St. Louis (19) 143 HIV clinic 11 wet mount
1993-95 4 cities (20) 1,285 HI1V infected and high risk 11 wet mount
1994 New York (23) 1,404 Inner city 20 not provided
1992 Baltimore (24) 279 STD clinic 26 culture
1990-94 New York (37) 677 HI1V and community clinics 22 culture
1901-93 Southeastern city 650 Adolescent health clinics 3 culture

(21)
1986 5 cities (27) 13,816 Antepartum women 13 culture
1990-91 New York (22) 372 Inner city 27 culture
1989-90 New York (25) 1,401 OB/GYN clinics 20 culture
1989 Baltimore (26) 3,005 Cancer screening 25 wet mount
1987-88 Denver (36) 5,681° STD clinic 11 wet mount
1984-86 Birmingham (28) 818 STD clinic 21 wet mount
1985 San Francisco (29) 171 Adolescent clinic 11 wet mount/PAP®
1982 Baltimore (30) 115 Pregnant adolescents 34 culture
1981 Seattle (31) 80 Juvenile detention 48 wet mount
1980 Providence (32) 500 Student health center 3 culture
1979-80 Storrs (33) 383 GYN clinic 19 wet mount/PAP
1971 Oregon (34) 338 State school/adolescents 35 Gram stain
1964 Philadelphia (35) 27,392 Cancer screening 16 PAP

aYear of study (or publication).
b Number of visits.

‘Papanicolaou smear; STD = sexually transmitted disease; OB/GYN = obstetrics/gynecology.
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necessarily complete, a comprehensive search through MED-
LINE and review of articles yielded only 20 reports during
this 35-year period. Evaluated populations have included
such groups as sexually transmitted disease (STD) clinic
patients, inner-city populations, pregnant women, university
students, adolescents, incarcerated populations, and women
with HIV infection.

Data on the Incidence of
T.vaginalis in the United States

Even fewer studies have assessed the incidence of tri-
chomoniasis in the United States. In a study conducted from
1992 to 1995 among a cohort of 212 women with HIV in Los
Angeles County, Trichomonas infection was the most fre-
quently identified sexually transmitted disease and was
found in 37 (17.4%) women, representing a crude incidence
rate of 14.1 per 100 person-years’ experience (38). The crude
rate was highest in black women (69.0 per 100 person-years).
A recent prospective study conducted from 1990 to 1998 in
New Orleans, which followed women co-infected with HIV
and T. vaginalis, documented high rates (16.1 per 100 per-
son-years) of Trichomonas re-infection (39). Among a pre-
dominantly black group of HIV-infected and high-risk
women followed in New York City from 1990 to 1994, T. vag-
inalis was the most frequent incident STI (37).

Prevalence of T. vaginalis among
Men in the United States

Very few published studies have assessed the preva-
lence of T. vaginalis among men and, as is the case for
women, these studies typically have included relatively
small samples from selected populations. Often data on race-
specific prevalences are not provided. Among men attending
an STD clinic in Seattle-King County from 1987 to 1990, 6%
of 300 randomly selected men were infected with Trichomo-
nas by culture technique; 22% of 147 contacts to women with
T. vaginalis were also positive (40). In a study published in
1995 conducted in Richmond, California, 12% of 204 male
patients from an STD clinic were culture positive for T. vagi-
nalis (41). Among 454 consecutive men attending an STD
clinic in Denver in 1998, 2.8% were found to be infected by a
culture method (42). In a small-scale study published in
1991 among 16- to 22-year-old black men enrolled in an
inner-city residential youth job-training program, Trichomo-
nas was recovered from 55% of 85 participants and was the
most common STI identified (43). Data on race-specific prev-
alences of Trichomonas infection among U.S. males are not
available. We are unaware of any published reports that
have assessed the prevalence of T. vaginalis in males and
females. While the separate studies we have cited suggest
that Trichomonas may be more common in women in the
United States, the data are so limited and potentially biased
that any such conclusions must be made cautiously.

Race and Trichomonas

Table 2 presents data, where available, on the preva-
lence of Trichomonas among women, by race, in the United
States. In each study that has presented information on
race/ethnicity, the prevalence of Trichomonas has been high-
est in African-Americans (23%-51%), ranging from approxi-
mately 1.5 to nearly 4 times greater than other racial/ethnic
groups. In several studies in which very high prevalences of

Emerging Infectious Diseases

Table 2. Prevalence of Trichomonas vaginalis among women, by
race, United States

Overall Tricho-
Tricho- Tricho- monas
monas monas prevalence
preva- prevalence in non-

City (ref) lence (%) in blacks blacks OR?
New York 47 51 35 1.6
(18)

San 11 28 9 3.7
Francisco

(29)

5 cities (27) 13 23 6 4.4
Philadelphia 16 30 11 3.6
(35)

New York 27 population

(22) 92% black

New York 20 population

(25) 83% black

Baltimore 26 population

(24) 96% black

New York 20 population

(23) 90% black

Baltimore 25 population

(26) 100% black

Birmingham 21 population

(28) 89% black

Providence 3 population

(32) 87% black

a Estimated odds ratio.

infection were observed, the population consisted exclusively
or predominantly of African-Americans. This racial finding,
consistent across studies, is unlikely to be artifactual.
Several factors may explain the apparent elevated rate
of trichomoniasis in black women. This phenomenon may
indicate a high prevalence of Trichomonas infection among
the sex partners of these women. Although a study in Wash-
ington, D.C., observed a high prevalence of T. vaginalis
(55%) among young, inner-city, black men (43), data on race-
specific rates of Trichomonas infection in men are lacking.
The association with black race may also reflect decreased
use of barrier protection in this population. Studies indicate
that African-American males are less likely to use condoms
than men of other racial groups because of a higher fre-
guency of condom breakage and slippage (44) and a reported
decrease in sexual fulfillment (45). Alternatively, it is possi-
ble that practices such as douching, which is reportedly more
common in black women (46) and can increase susceptibility
to other STIs (47), could predispose to trichomoniasis and
explain the observed racial association. Increased preva-
lences of Trichomonas infection could also reflect lack of
access to care and distrust of the health-care system, which
could manifest as failure to seek care, noncompliance with
treatment recommendations, and hesitation to refer part-
ners for treatment. Drug use and its association with high-
risk sexual behaviors, including trading sex for money or
drugs, may also explain the racial differences in the occur-
rence of Trichomonas. In addition, compared with other
racial and ethnic groups, a greater proportion of blacks are
unmarried, divorced, or separated (48), and unmarried sta-
tus is itself a risk marker for STIs (49). It is also conceivable
that a genetic or racial-based heightened susceptibility to
T.vaginalis exists in African-Americans; however, such a
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phenomenon has not been recognized. Finally, the observed
racial disparity could reflect strain differences of Trichomo-
nas. For example, if the strains that infect African-Ameri-
cans are more likely to produce chronic, persistent infection
of longer duration, higher prevalences would be observed.
However, this hypothesis has not been studied.

Trichomonas Compared with Other STIs in
African-American Women

Table 3 lists studies comparing the prevalence of T.vag-
inalis infection with that of other STIs among black women
in the United States. In each study Trichomonas was the
most commonly identified STI, exceeding both Chlamydia
trachomatis and Neisseria gonorrhoeae in prevalence. While
the optimal tests for detecting C. trachomatis and N. gonor-
rhoeae were not always used in these studies, neither were
highly sensitive tests used for the diagnosis of Trichomonas.

Discussion and Implications

The HIV/AIDS epidemic is a heterogeneous one, impact-
ing communities and subpopulations in disproportionate
ways. In many jurisdictions in the United States, HIV is
increasingly affecting low-income groups, particularly Afri-
can-Americans and women. We suggest that part of this phe-
nomenon may result from the amplifying effect of
T.vaginalis. Several aspects of the biology and epidemiology
of Trichomonas suggest that this long-neglected protozoan
may play an important role in HIV transmission dynamics.
A compelling biologic rationale suggests that the pathology
caused by Trichomonas enhances the efficiency of HIV trans-
mission. In addition, T. vaginalis infection is often asymp-
tomatic, and affected persons are likely to continue to engage
in sexual activity. This strong biologic plausibility is sup-
ported by empiric studies from Africa documenting that Tri-
chomonas may increase HIV transmission by two- to
threefold. Moreover, although imperfect, the available data
suggest that T. vaginalis is a highly prevalent infection, par-
ticularly among African-American women in urban commu-
nities of the United States. Given the evidence that

Table 3. Studies comParing the prevalence of Trichomonas vaginalis
infection with that of other sexually transmitted infections among
black women in the United States

. Trichomonas Chlamydia Gonorrhea
Year City (ref) (%) (%)y (%)
1996 New York 51 9 5
(18)
1994 New York 27 7 2
(22)
1994 New York 20 15 no data
(23)
1992 Baltimore 26 21 14
(24)
1990 New York 22 6 1
-94 (37)
1985 San 28 25 no data
Francisco
(29)

Vol. 7, No. 6, November-December 2001

T.vaginalis likely promotes HIV infection, the apparent
high level of Trichomonas infection in black women is cause
for concern. Even if T. vaginalis increases the risk of HIV
transmission by a small or modest amount, it may translate
into a sizable population effect since Trichomonas is so com-
mon. To illustrate this, we present population-attributable
risk curves, or the level of HIV transmission that would be
attributable to T. vaginalis, at varying prevalences of Tri-
chomonas, given the assumption of an increased relative risk
of HIV infection of 2 or 3 (Figure). As the figure illustrates, if
Trichomonas amplifies HIV transmission by twofold and the
prevalence of T. vaginalis in a community is 25%, one fifth
(20%) of HIV transmission in that population would be
attributable to Trichomonas. This has important implica-
tions for HIV prevention. Reduction in the prevalence of Tri-
chomonas could translate into substantial decreases in HIV
transmission. Effective, inexpensive single-dose therapy (2 g
oral metronidazole) is available for the treatment of T. vagi-
nalis infection. It may not be hyperbole to suggest that Tri-
chomonas infection may be more readily modifiable than
sexual behavior in some high-risk groups. Trials in Tanzania
have demonstrated the benefit of reduced HIV incidence in
communities receiving aggressive STD control intervention
(50).

While convincing data suggest that other STDs, includ-
ing both ulcerative and inflammatory infections, promote
HIV transmission (51), available evidence suggests that
T.vaginalis is the most common STI in African-American
women and therefore may play a more prominent role than
other STls in augmenting the spread of HIV in this high-risk
group.

Additional studies to evaluate the prevalence and inci-
dence of T. vaginalis and to determine risk factors for infec-
tion in both men and women are needed. Moreover, given the
paucity of data and the potential importance of Trichomo-
nas, consideration should be given to requiring mandatory
reporting of T. vaginalis infection. Efforts to further evaluate
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Figure. Hypothetical level of HIV transmission attributable to Tri-
chomonas vaginalis at varying prevalences of Trichomonas infection
and assuming that T. vaginalis infection amplifies HIV infection by
two- or three-fold.
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the interactions between T. vaginalis and HIV, particularly
in an industrialized country setting, would also seem war-
ranted. However, given the lower rates of heterosexual
transmission, such studies would be expensive and require a
large sample. Nevertheless, we believe that current informa-
tion is compelling enough to warrant considering implemen-
tation of efforts to identify and treat persons with T.
vaginalis infection, particularly African-Americans, in areas
of overlapping HIV and T. vaginalis epidemics. Screening
programs using self-collected vaginal swabs (52) for culture
may be a reasonable method for such an effort. An alterna-
tive approach would be to first use wet mount examination,
which is relatively easy and inexpensive but lacks sensitiv-
ity, followed by culture for specimens that are negative on
wet mount. Recent development of sensitive and specific
urine-based diagnostic techniques can enhance both the
yield and ease of screening efforts (53); however, issues of
cost and accessibility may limit the use of such methods for
the average physician.

Frank Sorvillo is an associate professor in-residence in the
Department of Epidemiology at UCLA:s School of Public Health. His
research interests include the epidemiology and control of infectious
diseases, particularly parasitic agents.
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Bioterrorism-Related Inhalational Anthrax:
The First 10 Cases Reported in the United States
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From October 4 to November 2, 2001, the first 10 confirmed cases of inhalational
anthrax caused by intentional release of Bacillus anthracis were identified in the
United States. Epidemiologic investigation indicated that the outbreak, in the Dis-
trict of Columbia, Florida, New Jersey, and New York, resulted from intentional
delivery of B. anthracis spores through mailed letters or packages. We describe
the clinical presentation and course of these cases of bioterrorism-related inhala-
tional anthrax. The median age of patients was 56 years (range 43 to 73 years),
70% were male, and except for one, all were known or believed to have pro-
cessed, handled, or received letters containing B. anthracis spores. The median
incubation period from the time of exposure to onset of symptoms, when known
(n=6), was 4 days (range 4-6 days). Symptoms at initial presentation included
fever or chills (n=10), sweats (n=7), fatigue or malaise (n=10), minimal or nonpro-
ductive cough (n=9), dyspnea (n=8), and nausea or vomiting (n=9). The median
white blood cell count was 9.8 X 10° /mm® (range 7.5 to 13.3), often with
increased neutrophils and band forms. Nine patients had elevated serum tran-
saminase levels, and six were hypoxic. All 10 patients had abnormal chest X-rays;
abnormalities included infiltrates (n=7), pleural effusion (n=8), and mediastinal
widening (seven patients). Computed tomography of the chest was performed on
eight patients, and mediastinal lymphadenopathy was present in seven. With mul-
tidrug antibiotic regimens and supportive care, survival of patients (60%) was
markedly higher (<15%) than previously reported.

spores. In the early 1900s, human cases of inhalational
anthrax occurred in the United States in conjunction with
the textile and tanning industries. In the last part of the
20th century, with improved industrial hygiene practices
and restrictions on imported animal products, the number of

Historically, human anthrax in its various forms has
been a disease of those with close contact to animals or ani-
mal products contaminated with Bacillus anthracis spores.
In the mid-1800s, inhalational anthrax related to the textile
industry became known as woolsorters’ disease (in England)

(1) and ragpickers’ disease (in Germany and Austria)
because of the frequency of infection in mill workers exposed
to imported animal fibers contaminated with B. anthracis
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stop E68, 1600 Clifton Road, N.E., Atlanta, GA 30333 USA; fax: 404-

cases fell dramatically (1,2); however, death rates remained
high (>85%) (1,3). In 1979, in Sverdlovsk, former Soviet
Union, an apparent aerosol release of B. anthracis spores
from a military facility resulted in the largest outbreak of
inhalational anthrax in the 20th century (3).

Before October 2001, the last case of inhalational
anthrax in the United States had occurred in 1976 (1,4).
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Identification of inhalational anthrax in a journalist in Flor-
ida on October 4, 2001, marked the beginning of the first
confirmed outbreak associated with intentional anthrax
release in the United States (5,6). We describe the clinical
presentation of the first 10 cases of this bioterrorism-related
outbreak.

Methods

From October 4 to November 2, 2001, the Centers for
Disease Control and Prevention (CDC) and state and local
public health authorities reported 10 confirmed cases of
inhalational anthrax and 12 confirmed or suspected cases of
cutaneous anthrax in persons who worked in the District of
Columbia, Florida, New Jersey, and New York (6,7). Epide-
miologic investigation indicated that the outbreak resulted
from intentional delivery of B. anthracis spores through
mailed letters or packages.

Of the 10 inhalational cases, 7 occurred in postal
employees in New Jersey and the District of Columbia who
were likely exposed to letters known to be contaminated
with B. anthracis spores. Two cases were in employees of a
media company in Florida: one is believed to have received
contaminated mail, the other to have sorted and distributed
that mail. Case 10 was in a resident of New York, and the
nature of her exposure to B. anthracis is currently unknown.

In the course of the US Public Health Service response
to the outbreak, CDC, in conjunction with state and local
health departments, collected clinical data from patients
with confirmed inhalational anthrax as defined by the CDC
surveillance case definition (8). Data were collected through
a variety of methods, including interviews with patients and
family members, physical examinations of patients, discus-
sions with clinicians, reviews of medical records, and analy-
ses of clinical and pathologic specimens.

Presumptive isolation of B. anthracis in these patients
was confirmed by gamma phage lysis, presence of a capsule,
detection of capsule and cell-wall antigens by direct fluores-
cent antibody, and B. anthracis-specific polymerase chain
reaction (PCR). All isolates were confirmed by state and
other laboratory facilities of the National Bioterrorism Labo-
ratory Response Network and by the laboratories of the
National Center for Infectious Diseases (NCID), CDC. Other
tests performed at NCID for confirming the diagnosis of
inhalational anthrax (8) included immunohistochemical test-
ing of clinical specimens by using B. anthracis capsule and
cell-wall antibody, B. anthracis-specific PCR, and serologic
detection of immunoglobulin (Ig) G to B. anthracis protective
antigen (PA).

Case Descriptions

Case 1

On October 2, 2001, a 63-year-old Caucasian photo edi-
tor working for a Florida newspaper awoke early with nau-
sea, vomiting, and confusion and was taken to a local
emergency room for evaluation. His illness, which started on
September 27 during a trip to North Carolina, was charac-
terized by malaise, fatigue, fever, chills, anorexia, and
sweats. No history of headache, cough, chest pain, myalgias,
dyspnea, abdominal pain, diarrhea, or skin lesions was
reported. Past medical history included hypertension, cardio-
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vascular disease, and gout. He did not smoke. On admission,
the patient was alert and interactive but spoke nonsensi-
cally. Temperature was 39.2°C, heart rate 109/min; blood
pressure and respiratory rate were normal. Initial pulmo-
nary, heart, and abdominal examinations were reported as
normal. No nuchal rigidity was observed. He was not ori-
ented to person, place, or time. Admission laboratory values
included a normal total white blood cell (WBC) count, but
the platelet count was low. Serum chemistries were normal,
except for borderline hyponatremia and elevated total biliru-
bin. He had mild metabolic acidosis (Table 1). A chest X-ray
showed a prominent superior mediastinum and a possible
small left pleural effusion (Figure 1). Cerebrospinal fluid
(CSF) analysis showed WBC count 4,750/mL (81% neutro-
phils), red blood cell count 1,375/mL, glucose 57 mg/dL
(serum glucose 174 mg/dL), and protein 666 mg/dL. Micros-
copy examination of the CSF showed many gram-positive
bacilli (Figure 2). B. anthracis was isolated from CSF after 7
hours of incubation and from blood cultures within 24 hours
of incubation. The patient was admitted to the hospital with
a diagnosis of meningitis. After a single dose of cefotaxime,
he was started on multiple antibiotics, including ceftazidime,
gentamicin, metronidazole, doxycycline, ampicillin, and tri-
methoprim-sulfamethoxazole. Shortly after admission, he
had generalized seizures and was intubated for airway pro-
tection. On hospital day 2, penicillin G, levofloxacin, and
clindamycin were begun; ampicillin, ceftazidime, and trime-
thoprim-sulfamethoxazole were discontinued. He remained
febrile and became unresponsive to deep stimuli. His condi-
tion progressively deteriorated, with hypotension and wors-
ening renal insufficiency. The patient died on October 5.
Autopsy findings included hemorrhagic mediastinal lym-
phadenitis, and immunohistochemical staining showed dis-
seminated B. anthracis in multiple organs.

Case 2

On September 24, a 73-year-old Hispanic man, the
newspaper mailroom clerk who delivered mail to the patient
in Case 1, had onset of fatigue. On September 28, nonproduc-
tive cough, intermittent fever, rhinorrhea, and conjunctivitis
developed. From September 28 to October 1, he had gradual
progression of cough, marked worsening of fatigue with leth-
argy, onset of exertional dyspnea, fever, and sweats. He had
mild abdominal pain associated with vomiting, and his co-
workers and family noted intermittent periods of confusion.
He had no underlying chronic illnesses, with the exception of
a transient ischemic attack in August 2001. He did not
smoke. He was admitted to the hospital on October 1. Tem-
perature was 38.5°C, heart rate 109/min, respiratory rate 20/
min, and blood pressure 108/61 mm Hg. He had bilateral
conjunctival injection and bilateral pulmonary rhonchi.
Examination, including assessment of neurologic function,
was otherwise unremarkable. No skin lesions were observed.
Admission laboratory results included normal WBC count
and serum chemistries, except for hypoalbuminemia, ele-
vated hepatic transaminases, borderline hyponatremia, and
increased creatinine. Arterial blood gas values showed
hypoxia (Table 1). Blood cultures obtained on hospital day 2,
after initiation of antibiotics, showed no growth. A chest X-
ray showed left upper and lower lobe infiltrates consistent
with pneumonia and a small left pleural effusion (Figure 3).
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Table 1. Laboratory findings at initial visit to health-care provider for 10 patients with bioterrorism-related inhalational anthrax, October through

November 2001

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 92 Case 10
WBC/mm3P 9,400 9,900 7,500 9,700 10,300 13,300 9,700 8,100 11,200 11,400
WBC differential
Neutrophils % 76 72 76 43 83 78 79 50 67 83
Band forms % ND ND 8 10 4 ND ND 6 14 ND
Lymphocytes% 15 10 7 24 6 11 14 30 8 9
Monocytes% 9 17 7 15 7 8 7 10 11 7
Hematocrit % 45.7 47.1 46.9 48.6 43.0 51.4 44.7 45.3 42.5 46.3
Platelet count x 103/ 109 WNL WNL WNL WNL WNL WNL WNL WNL WNL
mm3
Sodium mmol/l 132 WNL WNL WNL ND WNL 134 133 133 134
Potassium mmol/I WNL WNL WNL WNL ND WNL 3.4 WNL WNL WNL
Chloride mmol/I WNL WNL WNL WNL ND WNL WNL 98 WNL WNL
Bicarbonate mmol/L WNL WNL WNL WNL ND WNL 20 WNL WNL WNL
Creatinine mg/dL WNL 1.2 WNL WNL ND WNL WNL WNL WNL WNL
SGOT IU/L WNL 405 106 153 ND WNL ND 269 130 240
SGPT IU/L WNL 408 123 184 ND 44 ND 168 120 263
Alkaline WNL 141 165 171 ND WNL ND WNL 147 WNL
phosphatase 1U/L
Albumin g/dL WNL 2.3 2.9 2.9 ND WNL ND WNL 3.4 3.3
Bilirubin mg/dL 1.5 WNL 1.9 1.7 ND WNL ND WNL WNL WNL
Arterial pH 7.32 7.48 7.45 7.46 ND ND ND 7.51 ND 7.41
Arterial PaCO2 mm Hg 37 33 27 38 ND ND ND 26 ND 40
Arterial PaO2 mm Hg 208 52 80 66 ND ND ND 58 ND 122
(FiO2) (70%) (RA) (RA) (RA) (RA) (100%
NRBR)
Pleural fluid ND 110,000 243,586 179,841 ND ND ND 80,000 “Many” 73,000
RBC/mm3
WBC/mm3 ND 2,260 1,707 1,633 ND ND ND 785 (12) 286 (71) 3,000
(% neutrophils) (58%) (15) (6) (90)
Protein g/dL ND 2.6 2.7 4.3 ND ND 2.01 4.8 4.1 4.2
LDH IU/L ND 282 1,762 965 ND ND 261 319 740 1,264

2 The patient in Case 9 was initially seen as an outpatient 2 days before hospital admission, but had no laboratory studies performed at that time. These results

were obtained from studies done on the day of admission.

b WBC = white blood cells; WNL = within normal limits; ND = not done; NA = not available; SGOT = serum glutamic oxalacetic transaminase; SGPT = serum
glutamic pyruvic transaminase; FiO, = fraction of inspired O,; RA = room air; NRBR = nonrebreather mask; RBC = red blood cells; LDH = lactate

dehydrogenase

No mediastinal widening was observed. The patient was
initially given intravenous azithromycin; cefotaxime and
ciprofloxacin were subsequently added. A nasal swab
obtained on October 5 grew B. anthracis. Computed tomog-
raphy (CT) of the chest showed bilateral effusions and multi-
lobar pulmonary consolidation but no significant
mediastinal lymphadenopathy (Figure 4). A left thoracente-
sis yielded serosanguinous fluid (Table 1) positive for B.
anthracis DNA by PCR. Bronchoscopy showed bloody secre-
tions in the right lower lobe and left lung, with severe
mucosal hyperemia, mottling, and inflammation. Bacterial
cultures of bronchial washings and pleural fluid did not
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grow. A transbronchial biopsy showed B. anthracis capsule
and cell-wall antigens by immunohistochemical staining.
Tests for Legionella spp., acid-fast bacteria, Pneumocystis
carinii, Chlamydia spp., Leptospira, and Hantavirus and
other viral pathogens were negative. The hospital course
included an episode of supraventricular tachycardia with
hypotension, maximum WBC count 26,800/ mm?, and recur-
rent left pleural effusion that required repeat thoracentesis
and placement of a chest tube. The pleural fluid from the sec-
ond thoracentesis was positive for B. anthracis DNA by PCR.
A pleural fluid cytology preparation and pleural biopsy
showed B. anthracis capsule and cell-wall antigens by immu-
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Figure 1. Initial chest X-ray (Case 1) showing prominent superior
mediastinum and possible small left pleural effusion.

Figure 2. Gram stain of cerebrospinal fluid (Case 1) showing B.
anthracis.

nohistochemical staining. In addition, serial serum samples
demonstrated a >4-fold rise in levels of serum antibody (1gG)
to the PA component of the anthrax toxins by enzyme-linked
immunosorbent assay (ELISA). The patient’s condition grad-
ually improved, and he was discharged from the hospital
October 23 on oral ciprofloxacin.

Case 3

On October 16, a 56-year-old African-American man, a
US Postal Service mail sorter, noted low-grade fever, chills,
sore throat, headache, and malaise. This was followed by
minimal dry cough, chest heaviness, shortness of breath,
night sweats, nausea, and vomiting. On October 19, when he
arrived at a local hospital, he was afebrile and normotensive.
Heart rate was 110/min, and he was not tachypneic. He was
in no acute distress but had decreased breath sounds and
rhonchi at the left base. No skin lesions were observed. His
past medical history was unremarkable, and he did not
smoke. Total WBC count was normal, but there was a slight
left shift in the differential. Hepatic transaminase levels and
bilirubin were elevated. Serum albumin was decreased, but
serum chemistries and renal function were normal. Arterial
blood gas values showed adequate oxygenation (Table 1). A
chest X-ray showed a widened mediastinum (especially in
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the right paratracheal region), bilateral hilar masses, bilat-
eral pleural effusions, and a small right lower lobe air space
opacity. CT of the chest showed diffuse mediastinal edema;
marked paratracheal, subcarinal, hilar, and azygo-esoph-
ageal recess adenopathy (the largest node measuring 4.2 cm
in diameter); and bilateral moderate pleural effusions.
Within 11 hours, admission blood cultures grew B. anthracis.
Ciprofloxacin, rifampin, and clindamycin were initiated. On
October 21, the patient had respiratory distress, which was
treated with diuretics, systemic corticosteroids, and a thera-
peutic thoracentesis. During the course of hospitalization,
the pleural effusion reaccumulated, necessitating two addi-
tional thoracenteses. All three pleural fluid specimens were
hemorrhagic. The patient did not require a chest tube.
Hematemesis developed, and several shallow gastric ulcers
were noted on upper endoscopy. On October 28, the patient
had signs of hemolytic anemia and thrombocytopenia, which
was treated with plasmapheresis. Hematologic values subse-
quently improved, and the patient remains hospitalized in
stable condition.

Case 4

On October 16, a 56-year-old African-American man, a
US Postal Service worker, noted mild headache that was con-
stant and global but not associated with visual changes, stiff
neck, or other neurologic symptoms. Over the following 3
days, the headache worsened and was accompanied by low-
grade fever, chills, sore throat, myalgias, nausea, malaise,

Figure 3. Chest X-ray (Case 2) showing diffuse consolidation consis-
tent with pneumonia throughout the left lung. There is no evidence
of mediastinal widening.
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Figure 4. Computed tomography of chest (Case 2) showing bilateral
pulmonary consolidation and pleural effusions.

drenching sweats, intermittent blurred vision, and photo-
phobia. A mild dry cough, dyspnea on exertion, and pleuritic
chest pain developed. When he arrived at the hospital on
October 20, he was afebrile and normotensive, pulse was
127/min, and respiratory rate 20/min. He was in no acute
distress, and physical examination was unremarkable,
except for decreased breath sounds at both bases. His past
medical history was unremarkable, and he did not smoke.
Admission laboratory results were normal, except for ele-
vated bilirubin and hepatic enzymes, low albumin, and
hypoxia (Table 1). A noncontrasted head CT was normal, and
CSF exhibited 4 WBC/L (all lymphocytes), 20 RBC/L, with
normal glucose and protein. No organisms were seen on
Gram stain of the CSF, and CSF culture did not grow. An
anteroposterior chest X-ray showed a widened mediastinum,
bilateral hilar masses, right pleural effusion, and bilateral
perihilar air space disease. A noncontrasted chest CT scan
showed diffuse mediastinal edema; bilateral pleural effu-
sions; bibasilar air space disease; and marked paratracheal,
subcarinal, hilar, and azygo-esophageal recess adenopathy.
Admission blood cultures grew B. anthracis within 15 hours.
Ciprofloxacin, rifampin, and clindamycin were begun. On
October 22, signs of worsening respiratory distress devel-
oped, and on October 23, the patient underwent therapeutic
thoracentesis, which yielded bloody pleural fluid, after which
his condition improved. He also received systemic cortico-
steroids for bronchospasm. He required a second thoracente-
sis and was discharged from the hospital on November 9.

Case 5

On October 16, a 55-year-old African-American man, a
District of Columbia US Postal Service employee, became ill.
He had fever, intermittent diaphoresis, myalgias, and cough
productive of green sputum but no shortness of breath, chest
discomfort, gastrointestinal symptoms, or headache. When
he visited his primary-care provider on October 18, he had
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temperature of 38.9°C, normal heart rate and blood pres-
sure, and respiratory rate of 24/min. He had no other notable
examination findings, but WBC count was slightly elevated
(Table 1). His past medical history included diabetes melli-
tus and sarcoidosis. He did not smoke. No chest X-ray was
performed. He was sent home with a diagnosis of a viral syn-
drome; no antibiotics were prescribed. On October 21, he
arrived at the emergency department with worsening symp-
toms, including chest tightness, fatigue, chills, myalgias,
nausea, vomiting, and shortness of breath. Temperature was
38.9°C, pulse 93 to 150/min and irregular, respiratory rate
20/min, and blood pressure 119/73 mm Hg. Signs of respira-
tory distress were observed. Examination findings included
rales at the right base with diffuse wheezing and tachycar-
dia. WBC count was 18,800/mm?3 with a differential of 73%
segmented neutrophils, 6% bands, 11% lymphocytes, and 8%
monocytes. Hematocrit was 55%, and platelets were 141,000/
mm3. Sodium was 130 mmol/L, potassium 5.3 mmol/L, chlo-
ride 99 mmol/L, and bicarbonate 14 mmol/L, with an anion
gap of 17. Creatinine was 1.6 mg/dL, and glucose was 425
mg/dL. Aspartate aminotransferase (AST) was 76 IU/L and
alanine aminotransferase (ALT) was 77 IU/L. Coagulation
studies were normal. Arterial pH was 7.42, PaCO, 25 mm
Hg, PaO, 66 mm Hg, and O, saturation 93% on 2 L of O,/min
by nasal cannula. A chest X-ray showed right hilar and peri-
tracheal soft tissue fullness with right middle and lower lobe
infiltrates compatible with pneumonia and right pleural
effusion. An electrocardiogram showed atrial fibrillation.
The patient was intubated, ventilated, and administered
levofloxacin, diltiazem, and insulin. Later on the day of
admission, the patient became hemodynamically unstable,
had cardiac arrest, and died. Blood cultures grew B. anthra-
cis. Autopsy findings included hemorrhagic mediastinal lym-
phadenitis, and immunohistochemical staining showed
evidence of disseminated B. anthracis.

Case 6

On October 16, a 47-year-old African-American man, a
US Postal Service employee who worked at the same District
of Columbia mail distribution center associated with cases 3,
4, and 5, had mild nonproductive cough, nausea, vomiting,
and stomach cramps. On October 20, the patient had a syn-
copal episode at church but did not seek medical attention.
Early in the morning of October 21, he arrived at an emer-
gency department complaining of vomiting and profuse
sweating. His past medical history included asthma and
renal calculi. Therapy for asthma had not recently included
corticosteroids. He was afebrile and had orthostatic hypoten-
sion. WBC count was slightly elevated, but he had normal
serum chemistries and coagulation values. Serum glutamic
pyruvic transaminase (SGPT) was slightly elevated (Table
1). A chest X-ray was initially read as normal, but later
review noted an ill-defined area of increased density due to
infiltrate or mass in the right suprahilar region. The patient
was discharged after receiving intravenous hydration. On
the morning of October 22, he visited the emergency depart-
ment again, reporting myalgias, chills, dyspnea, continued
vomiting, and another syncopal episode. His temperature
was 35.6°C, blood pressure 76/48 mm Hg, heart rate 152/
min, and respiratory rate 32/min. He was ill-appearing with
mottled skin that was cool to the touch, and he was in respi-
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ratory distress. He had bilateral wheezing, tachycardia, and
mildly distended abdomen with absent bowel sounds. WBC
count was 31,200/mm?3 with a differential of 78% segmented
neutrophils, 2% bands, 14% lymphocytes and 3% monocytes.
Sodium was 148 mmol/L, bicarbonate 18 mmol/L, anion gap
21, and creatinine 2.8 mg/dL. Serum glutamic oxalacetic
transaminase (SGOT) was 47 IU/L, SGPT 33 IU/L, and alka-
line phosphatase 197 IU/L. Prothrombin time was 13.3 sec-
onds and partial thromboplastin time was 40 seconds.
Penicillin, ceftriaxone, rifampin, and levofloxacin were
begun. Respiratory distress developed, which required
endotracheal intubation and mechanical ventilation. Soon
thereafter signs consistent with peritonitis were observed.
Arterial pH was 7.13, PaCO, 37 mm Hg, PaO, 106 mm Hg,
and oxygen saturation 95% after intubation on 100% FiO,. A
chest X-ray showed bilateral lung infiltrates concentrated
within perihilar and infrahilar regions without pleural effu-
sions. Chest and abdominal CT scans with intravenous con-
trast noted large bilateral pleural effusions, perihilar and
suprahilar infiltrates, mediastinal edema, pneumomediasti-
num, ascites, air in the portal venous system, mesenteric
edema, diffuse small bowel edema, and small collections of
intramural air involving several parts of the jejunum. CT of
the head was normal. The patient died within 6 hours of
admission. Gram-positive bacilli were visible on the buffy
coat blood smear, and blood cultures grew B. anthracis
within 18 hours. Postmortem findings included prominent
hemorrhagic mediastinal lymphadenitis and evidence of sys-
temic B. anthracis infection by histopathologic and immuno-
histochemical tests.

Case 7

On the evening of October 22, a 59-year-old Caucasian
man, contract employee at a U.S. State Department mail
sorting facility that received mail from the District of Colum-
bia postal facility associated with cases 3, 4, 5, and 6, became
ill. He had drenching sweats, followed over the next 2 days
by fatigue, severe myalgias, subjective fever, chills, head-
ache, nausea, vomiting, abdominal pain, cough with scant
white sputum, and substernal chest pain. He had no dysp-
nea or diarrhea. When he arrived at a local emergency room
on October 24, temperature was 38.2°C, heart rate 116/min,
and respiratory rate and blood pressure were normal. A com-
plete blood count was normal, and serum electrolytes showed
hyponatremia and hypokalemia (Table 1). His past medical
history was unremarkable, and he did not smoke. A chest X-
ray was initially reported as normal. The patient was
thought to have a viral syndrome and was discharged, but
blood cultures were obtained and ciprofloxacin was pre-
scribed. He took one dose that night, but vomiting, fatigue,
and headache worsened. He also reported transient distor-
tion in his left visual field, and his wife reported that he was
intermittently confused. Blood cultures grew gram-positive
bacilli after 17 hours of incubation; therefore, on October 25,
he was called back to the hospital for admission. The blood
isolate was subsequently identified as B. anthracis. At
admission, his vital signs were as follows: temperature
38.2°C, heart rate 108/min, respiratory rate 20/min, blood
pressure 121/60 mm Hg, and oxygen saturation 94% on room
air. He appeared ill and had decreased breath sounds at the
right base. The rest of the examination was unremarkable.
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Laboratory studies on admission included WBC count 9,500/
mm?3 with 81% segmented neutrophils, 9% lymphocytes, and
9% monocytes, hematocrit 48.1%, platelet count 196,000/
mm?, normal electrolytes and creatinine, SGOT 85 IUIL,
SGPT 64 IU/L, alkaline phosphatase 141 IU/L, bilirubin 1.6
mg/dL, and albumin 3.0 mg/dL. On review, the initial chest
X-ray showed mediastinal widening (Figure 5), and chest CT
on the day of admission showed mediastinal adenopathy
with evidence of hemorrhage, normal lung parenchyma,
small bilateral pleural effusions, and a suspected small peri-
cardial effusion (Figure 6). Intravenous penicillin and
rifampin were added to the ciprofloxacin. His temperature
rose to 39° C. Subsquently, vancomycin was added and peni-
cillin was discontinued. On October 26, gastrointestinal
bleeding developed, which required blood transfusion, endo-
scopic injection, and cautery of gastric and duodenal ulcers.
On October 27, atrial fibrillation with variable ventricular
response developed. On October 28, fever reached a maxi-
mum of 39.4°C and then decreased to 38.3° C. On October 30,
WBC peaked at 31,300/mm?2. On October 31, enlargement of

Figure 5. Chest X-ray (Case 7) showing mediastinal widening and a
small left pleural effusion.

Figure 6. Computed tomography of chest (Case 7) showing mediasti-
nal adenopathy and small bilateral pleural effusions.
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the right pleural effusion required thoracentesis and
removal of 900 cc of serosanguinous fluid (Table 1). The
patient was discharged from the hospital on November 9.

Case 8

On October 14, a 56-year-old African-American woman
who worked as a mail sorter in the Hamilton, New Jersey,
US Postal Service facility, became ill with vomiting and diar-
rhea, followed the next day by subjective fever and chills
unrelieved by aspirin. The vomiting and diarrhea improved,
but over the next 2 days she had fevers to 38.4 °C with shak-
ing chills, headache, and fatigue. A nonproductive cough
developed, along with mild shortness of breath, and anterior
chest pain on inspiration. She had no sore throat or rhinor-
rhea. On October 19, because of persistent fever and worsen-
ing chest pain, she went to a local emergency room. Findings
at that time included temperature 38.4°C, heart rate 120/
min, blood pressure 159/95 mm Hg, and respiratory rate 18/
min. She appeared ill with increased respiratory effort, had
decreased breath sounds at both bases, and had a 0.5- to 1.0-
cm healing scab on the anterior neck. Initial WBC was nor-
mal except for elevation in neutrophil band forms, and
hematocrit and platelets were normal. Serum electrolytes,
creatinine, and coagulation values were unremarkable,
except for hyponatremia. Hepatic enzymes were elevated,
and she was hypoxic (Table 1). Her past medical history
included a transient ischemic attack. She did not smoke. A
chest X-ray showed bibasilar infiltrates and a small right
pleural effusion but no mediastinal widening. Initial differ-
ential diagnosis included atypical pneumonia versus inhala-
tional anthrax, and the patient was begun on levofloxacin;
rifampin was added the next day. Two days later, the fever
persisted, dyspnea worsened, and large bilateral pleural
effusions developed. Antibiotics were changed to ciprofloxa-
cin, rifampin, and vancomycin. Right-sided thoracenteses
were performed on October 21 and 22, and 750 cc and 650 cc
of hemorrhagic fluid were removed, respectively. On October
23, a right chest tube was placed. A chest CT on October 22
showed mediastinal and cervical lymphadenopathy, bibasilar
infiltrates, and large left pleural effusion. On October 25, the
enlarging left-sided effusion required chest tube placement.
On October 26, the fever resolved, transaminases became
normal, and the dyspnea gradually improved. On October 30
and November 1, the chest tubes were removed. On Novem-
ber 5, the patient was discharged from the hospital. Blood for
B. anthracis DNA by PCR was positive, as were immunohis-
tochemistry studies for B. anthracis cell-wall and capsule
antigens from pleural fluid cytology preparations.

Case 9

On October 15, a 43-year-old South Asian woman, also a
mail sorter at the US Postal Service facility in Hamilton but
at different mail sorting machines from those used by the
patient in Case 8, became ill. She had intermittent fevers
with chills, dry cough with chest discomfort and shortness of
breath, myalgias, and fatigue. She also had nausea and vom-
iting but no abdominal pain or diarrhea. She complained of
“head stuffiness” but no rhinorrhea or sore throat. She also
had headache and was reported to be mildly confused. On
October 16, when she visited her primary-care physician, she
had a temperature of 38°C and was started on levofloxacin
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for bronchitis. Her past medical history was unremarkable,
and she did not smoke. On October 18, she went to a local
emergency room because of persistent symptoms.Vital signs
were as follows: temperature 38.4°C, heart rate 120/min, res-
piratory rate 16/min, and blood pressure 141/85mm Hg, with
oxygen saturation 92% on room air and 97% on 4 L of oxygen
by nasal cannula. She appeared ill and had decreased breath
sounds with egophony at the right base. WBC showed
increase in neutrophil band forms; hematocrit and platelet
count were normal. She had hyponatremia, but electrolytes,
renal function, and coagulation values were otherwise nor-
mal. Hepatic enzymes were elevated (Table 1). Blood PCR for
B. anthracis DNA obtained 2 days after initiation of antibiot-
ics was negative. A chest X-ray showed right hilar opacity
consistent with consolidation or mass, moderate right and
minimal left pleural effusions. Antibiotics were changed to
azithromycin and ciprofloxacin. Ciprofloxacin was discontin-
ued 24 hours later. On October 19, a chest CT showed
increased soft tissue in the mediastinum (thought to repre-
sent adenopathy), right hilar consolidation with possible
underlying mass, and large right pleural effusion. Clindamy-
cin and ceftriaxone were added, and thoracentesis was per-
formed with removal of 500 cc of serosanguinous fluid (Table
1). Pleural fluid cytology preparation was positive for B.
anthracis cell-wall and capsule antigens by immunohis-
tochemical staining. On October 21, repeat thoracentesis
was required, and 800 cc of fluid was removed. On October
22, bronchoscopy found edematous, erythematous mucosa. A
transbronchial biopsy showed B. anthracis cell-wall and cap-
sule antigens by immunohistochemical staining. Cultures of
endobronchial samples, pleural fluid, and a nasal swab were
all negative for B. anthracis, and no other pathogens were
identified. On October 23, the fever resolved, other symp-
toms began to improve, treatment was changed to doxycy-
cline, and the patient was discharged from the hospital on
doxycycline on October 26.

Case 10

On October 25, a 61-year-old Asian woman who worked
in the supply room of a New York City Hospital had onset of
malaise and myalgias. Over the next 2 days, she also had
fatigue, chills, chest pain, progressively worsening dyspnea,
and cough productive of sputum, which was later blood-
tinged; she denied fever. On October 28, 2001, when she
went to a local hospital (other than her workplace), she was
noted to be febrile in the emergency room and normotensive,
but her heart rate was 110/min and respiratory rate 38/min,
with room-air oxygen saturation of 92% by pulse oximetry.
She was awake, alert, and completely oriented. She had
prominent jugular venous distension at 60 degrees. She had
a history of hypertension. She did not smoke. Chest exami-
nation showed rales heard to the apices bilaterally. Abdomi-
nal and cardiovascular examinations were normal except for
tachycardia, and she had no peripheral edema. WBC count
was slightly elevated; hematocrit and platelets were normal.
Serum chemistries and coagulation studies were normal
except for hyponatremia, elevated hepatic enzymes, and
hypoalbuminemia. The serum lactate dehydrogenase level
was 1,370 IU/L. The patient required oxygen delivery by a
nonrebreather mask to maintain adequate oxygenation
(Table 1). Chest X-ray was initially interpreted as showing

939 Emerging Infectious Diseases



Research

pulmonary venous congestion with bilateral pleural effu-
sions. Therapy for congestive heart failure was initiated, but
an echocardiogram in the emergency department showed
normal ejection fraction, no substantial wall motion abnor-
malities, and a small pericardial effusion. Therapy was
changed to levofloxacin for atypical pneumonia. The
patient's respiratory status worsened, and she was intu-
bated. A CT scan of the chest showed mediastinal lymphade-
nopathy, massive mediastinal bleeding, thickened bronchial
mucosa, and bilateral pleural effusions. Rifampin, gentami-
cin and subsequently nafcillin were added to her antimicro-
bial regimen. Early on October 29, 2001, bilateral chest
tubes were placed, and 2.5 liters of serosanguinous fluid was
drained from the right side and 1.0 liter from the left (Table
1). On the same day, bronchoscopy showed hemorrhagic
mucosa throughout the entire tracheobronchial tree, friable
and collapsible airways, and purulent secretions in multiple
segments bilaterally. On October 30, the antimicrobial regi-
men was changed to ciprofloxacin, rifampin, clindamycin,
and ceftazidime. Serial echocardiograms documented enlarg-
ing pericardial effusion, ultimately with tamponade. The
patient’s clinical condition progressively worsened, and she
died on October 31, after attempted pericardiocentesis. Cul-
tures of blood (after 20 hours) and pleural fluid grew B.
anthracis. Autopsy findings included hemorrhagic medias-
tinitis; immunohistochemical stains confirmed the presence
of B. anthracis in multiple organs.

Clinical Summary

The median age of patients with inhalational anthrax in
this series was 56 years (range 43 to 73 years), 70% were
male and, except for the patient in Case 10, all were known
to or believed to have processed, handled, or received letters
containing B. anthracis spores (postal workers [n=6], mail
handlers or sorters [n=2], journalist [n=1]). The source of
exposure to B. anthracis spores in Case 10, a hospital supply
room worker, remains undefined. Four patients had underly-
ing cardiovascular or cerebrovascular disease, one had a
remote history of treated sarcoidosis and diet-controlled dia-
betes mellitus, and one had a history of asthma. None of the
patients was a current or recent smoker.

The median incubation period from the time of exposure
to onset of symptoms when known (n=6) was 4 days (range 4
to 6 days). Two of the patients (in Cases 8 and 9) are pre-
sumed to have been exposed on October 9, when a letter
later known to be contaminated with spores of B. anthracis
was processed in the postal facility where they worked. The
same letter was routed through a second postal facility and
processed on October 12, the presumed day of exposure for
four additional cases of inhalational anthrax (Cases 3, 4, 5,
and 6).

Patients sought care a median of 3.5 days (range 1 to 7
days) after onset of symptoms. Eight of 10 patients were in
the initial phase of illness when they first sought care. Of
these eight, six received antibiotics with activity against B.
anthracis on the same day, and all six survived. Four
patients, including one with meningitis, were exhibiting ful-
minant signs of illness when they first received antibiotics
with activity against B. anthracis, and all four died. Table 2
summarizes the symptoms of the 10 patients with bioterror-
ism-related anthrax. Table 3 lists major initial clinical, labo-
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Table 2. Symﬁtoms for 10 patients with bioterrorism-related
inhalational anthrax, October-November 2001

Symptoms n=10

=
o

Fever, chills

Fatigue, malaise, lethargy

Cough (minimally or nonproductive)
Nausea or vomiting

Dyspnea

Sweats, often drenching

Chest discomfort or pleuritic pain
Myalgias

Headache

Confusion

Abdominal pain

Sore throat

Rhinorrhea

[y
o

P NW DO NN W0 O©O©

Table 3. Initial clinical findings in 10 patients with bioterrorism-
related inhalational anthrax, October - November 2001

Physical findings

Fever (>37.8°C) 7/10
Tachycardia (heart rate >100/min) 8/10
Hypotension (systolic blood pressure <110 1/10
mm Hg)

Laboratory results

White blood cell count (median, range) 9.8 x 103/mm?3

Differential — neutrophilia (>70%) 7/10

Neutrophil band forms (>5%) 4/5

Elevated transaminases 9/10
(SGOT or SGPT > 40)

Hypoxemia 6/10

(Alveolar-arterial oxygen gradient >30mm

Hg on room air O, saturation <94%)

Metabolic acidosis 2/10
Elevated creatinine (>1.5 mg/dL) 1/10

Chest X-ray findings

Any abnormality 10/10
Mediastinal widening 7/10
Infiltrates/consolidation 7/10
Pleural effusion 8/10
Chest computed tomography findings
Any abnormality 8/8
Mediastinal lymphadenopathy, widening 718
Pleural effusion 8/8
Infiltrates, consolidation 6/8

8SGOT = serum glutamic oxalacetic transaminase; SGPT = serum
glutamic pyruvic transaminase

ratory and radiologic findings. The median initial WBC
count was 9,800/mm? (range 7,500 to 13,300/mm?®). However,
the median peak WBC count after presentation and during
the course of the illness was 26,400/mm3 (range 11,900 to
49,600/mm?). The chest X-ray was abnormal in all patients,
but only seven had mediastinal changes.

Pleural effusions were present in all 10 patients and
often became large during hospitalization in those who sur-
vived. Seven patients required drainage of pleural fluid,
three of these with chest tubes; pleural fluid was consis-
tently hemorrhagic with relatively few leukocytes. Pulmo-
nary infiltrates, which were seen in seven patients, involved
the right and left lower lobes (one patient), left upper and
lower lobes (one), right upper lobe (two), right lower lobe
(one), right middle and right lower lobes (one), and bilateral
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perihilar areas (one). Eight patients had a chest CT per-
formed; mediastinal lymphadenopathy was present in all but
one patient.

Blood cultures were obtained before antibiotic therapy
was initiated in seven patients, and B. anthracis was iso-
lated in all seven. Blood cultures grew B. anthracis at a
median of 18 hours (range 12 to 24 hours). Three patients
had the first set of blood cultures obtained after initiation of
antibiotic therapy; these cultures revealed no growth. One
patient with blood cultures that grew B. anthracis had blood
cultures repeated within 24 hours after initiating antibiotics
with activity against B. anthracis, and the repeat cultures
did not grow.

B. anthracis-specific immunohistochemical tests per-
formed on pleural fluid cytology preparations or transbron-
chial biopsy specimens were positive in every case in which
these tissues were available (three nonfatal cases) (Figure
7A). Three patients had atrial arrythmias (supraventricular
tachycardia in Case 2 and atrial fibrillation in Cases 5 and
7), and three patients had pericardial effusion on CT scan. In
one patient, pericardial tamponade was suspected. Six of 10
patients with inhalational anthrax have survived to date
(death rate 40%). Five have been discharged from the hospi-
tal, and one is recovering in the hospital. Figure 8 shows the
timeline from exposure (when known) to current status for
these 10 patients. Autopsy findings in all four patients who
died showed hemorrhagic mediastinal lymphadenitis and
evidence of disseminated B. anthracis infection (Figure7B-D)

Discussion

Before this outbreak of bioterrorism-related anthrax,
only 18 cases of inhalational anthrax had been reported in
the United States in the 20th century (1,4,9-21). The most
recent case was in 1976 (4). Most cases were related to expo-
sure to animal products, primarily in textile mills processing
goat hair, goat skins, or wool (1). Clinical characteristics in

the 10 cases due to bioterrorism described here share simi-
larities with previously reported cases but have important
differences.

Inhalational anthrax has been described as a biphasic
clinical illness characterized by a 1-to 4-day initial phase of
malaise, fatigue, fever, myalgias, and nonproductive cough,
followed by a fulminant phase of respiratory distress, cyano-
sis, and diaphoresis (1). Death follows the onset of the fulmi-
nant phase in 1 to 2 days (2,22). The symptoms of the initial
phase of inhalational anthrax in the 10 cases caused by bio-
terrorism (Table 1) were similar to those of the 18 occupa-
tionally related cases previously described (1); however, pro-
found, often drenching sweating, which was a prominent
feature in the current cases, was not emphasized in earlier
reports. Previous case reports have noted a brief period of
improvement between the initial and fulminant phases (1),
but this phenomenon was not observed in the current cases.
Nausea and vomiting were also frequent symptoms of the
initial phase in the current cases, suggesting early involve-
ment of the gastrointestinal tract. Gastrointestinal lesions
were observed in 39 of 42 total cases of fatal inhalational
anthrax associated with the Sverdlovsk outbreak (23). Most
lesions in these fatal cases appeared to represent hematoge-
nous spread of B. anthracis to the submucosa of the gas-
trointestinal tract and did not involve Peyer’s patches or, in
most cases, mesenteric lymph nodes. The nondistinctive
nature of the initial phase of inhalational anthrax presents a
diagnostic challenge. The chest X-ray appeared to be a sensi-
tive indicator of disease in patients with bioterrorism-associ-
ated inhalational anthrax, as none of the 10 patients had an
initially normal chest X-ray. Multiple abnormalities were
noted on initial chest X-ray, including mediastinal widening,
paratracheal fullness, hilar fullness, pleural effusions,and
parynchemal infiltrates. Two patients had chest X-rays that
were interpreted initially as normal, but abnormalities
(mediastinal widening in one case and perihilar mass versus

Figure 7(A). Pleural fluid cell block from a nonfatal case showing abundant Bacillus anthracis granular antigen staining inside mononuclear
inflammatory cells. (Immunohistochemical assay with a mouse monoclonal anti-B. anthracis capsule antibody and detection with alkaline
phosphatase and naphthol fast red, original magnification 158X). (B) Mediastinal lymph node from a fatal case of anthrax showing extensive
capsular and sinusoidal hemorrhage. (Hematoxylin and eosin, original magnification 25X). (C) Lymph node from same case shown in B, show-
ing abundant B. anthracis granular antigen staining inside mononuclear inflammatory cells and bacilli (arrows) in the subcapsular hemor-
rhagic area. (Immunohistochemical assay with a mouse monoclonal anti-B. anthracis cell wall antibody and detection with alkaline
phosphatase and naphthol fast red, original magnification 100X). (D) Lung tissue from a fatal case showing B. anthracis granular antigen
staining inside a perihilar macrophage (red arrow) and intra- and extracellular bacilli (black arrow). (Immunohistochemical assay with a
mouse monoclonal anti-B. anthracis cell wall antibody and detection with alkaline phosphatase and naphthol fast red, original magnification

100X)
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Figure 8. Timeline of 10 cases of inhalational anthrax in relation to onset of symptoms, October through November 2001.

infiltrate in the other) were detected when the X-rays were
reviewed by a radiologist. Pulmonary infiltrates or effusion
were initially seen in two cases without evidence of mediasti-
nal widening. Chest CT was helpful in further characterizing
abnormalities in the lungs and mediastinum and was more
sensitive than chest X-ray in revealing mediastinal lym-
phadenopathy.

The total WBC count was usually normal or only
slightly elevated at the time of initial visit to a health-care
provider for patients who sought medical care in the initial
phase. However, an elevation in the proportion of neutro-
phils or band forms was frequently noted and was an early
diagnostic clue. During the course of illness, WBC counts
increased, sometimes markedly, in most patients.

Blood cultures grew B. anthracis even in the initial
phase of the illness in all patients who had not received prior
antibiotic therapy. Animal models suggest that primates
with inhalational anthrax become bacteremic early in the
course of the illness before the fulminant clinical phase
develops (24). In contrast, blood cultures rapidly became
sterile after initiation of antibiotic therapy, suggesting that
prior antibiotic treatment may substantially decrease the
sensitivity of blood cultures as a diagnostic test.

The diagnosis of anthrax was established in three
patients without growth of B. anthracis from clinical speci-
mens. In all three of these cases, proper cultures were
obtained only after initiation of antibiotic therapy. The diag-
nosis in these patients was established by a history of expo-
sure or occupational and environmental risk with a clinically
compatible syndrome, by the identification of B. anthracis in
pleural fluid, pleural biopsy, or transbronchial biopsy speci-
mens by immunohistochemical staining with B. anthracis-
specific cell wall and capsular antibodies, or by identifying B.
anthracis DNA by PCR on pleural fluid or blood. Serologic
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data from ELISA available for one patient with inhalational
anthrax also demonstrated a >4-fold increase in levels of
serum antibody (IgG) to the PA component of anthrax toxins.

The survival of patients with inhalational anthrax in
this series (60%) is higher than previously reported (<15%)
(1,3). All patients received combination antimicrobial ther-
apy with more than one agent active against B. anthracis.
The apparent improvement in survival compared with previ-
ous cases suggest that the antibiotic combinations used in
these patients may have therapeutic advantage over previ-
ous regimens. Limited data on treatment of the survivors
suggests that early treatment with a fluoroquinolone and at
least one other active drug (7) may improve survival. Other
antimicrobial susceptibilities of the isolates associated with
this outbreak have been published (7). B. anthracis isolates
produce a cephalosporinase (7) that inhibits the antibacte-
rial activity of cephalosporins such as ceftriaxone, and ceph-
alosporins should not be used for treatment. Other
explanations for the improved survival rate include earlier
recognition and initiation of treatment, better supportive
care, differences in the pathogenesis of bioterrorism-related
anthrax, differences in susceptibility of the hosts, or a combi-
nation of the above.

Pleural effusions were a remarkably consistent clinical
feature of inhalational anthrax in this series, occurring in all
patients. The pleural effusions were often small on presenta-
tion, but in the surviving patients effusions were character-
ized by progressive enlargement and persistence. Drainage
of the pleural cavity was required in seven patients. The
characteristics of the pleural fluid in all patients were simi-
lar: hemorrhagic, with a high protein concentration and rela-
tively few WBCs. Immunohistochemistry demonstrated
large quantities of B. anthracis capsule and cell-wall anti-
gens in pleural tissue or pleural fluid cell blocks.
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Case 2 was remarkable in that X-ray findings were dom-
inated by large and progressive pulmonary infiltrates, not by
mediastinal widening. In fact, no mediastinal adenopathy
was noted on chest CT. Transbronchial biopsies of the
patient in Case 2 showed B. anthracis-specific capsular and
cell-wall antigens in the lung parenchyma. Previous reports
have noted bronchopneumonia and pulmonary hemorrhagic
infarcts in patients with inhalational anthrax. Abramova et
al. (23) described focal hemorrhage and necrotizing anthrax
pneumonia in 11 of 42 patients who died with inhalational
anthrax. Characteristics of the spore-containing aerosol or
individual host factors may influence pathogenesis, so pul-
monary infiltrates may be a more prominent manifestation
in some patients with bioterrorism-related inhalational
anthrax. Three patients had supraventricular arrythmias,
and three had pericardial effusion on chest CT, one of which
may have progressed to tamponade. Pericardial effusions
may reflect toxin-related local edema or inflammation, hem-
orrhagic necrosis and infarct extending into the pericardium
from the mediastinum, or hematogenous spread of B.
anthracis.

Anthrax meningitis is a complication of inhalational
anthrax and is characteristically hemorrhagic. Pathologic
findings are a hemorrhagic leptomeningitis with edema and
inflammatory infiltrates (2,23). Fifty-five percent of patients
at Sverdlovsk who died of inhalational anthrax had evidence
of meningeal involvement at autopsy. Cerebrospinal fluid
was examined in only two patients in our series, and menin-
gitis was documented in one. Three other patients had a his-
tory of intermittent confusion, but no meningeal signs were
observed, and lumbar punctures were not performed. No pre-
dominant underlying diseases or conditions were noted in
the patients with bioterrorism-related inhalational anthrax.
One patient (Case 5) had a remote history of sarcoidosis but
had been free of clinical illness or treatment associated with
this diagnosis for the past 25 years. One other case of inhala-
tional anthrax associated with underlying sarcoidosis has
been reported (12). The patient in Case 5 also had diabetes
mellitus, a condition present in one previously reported case
(12). Smoking did not appear to be a risk factor for inhala-
tional anthrax.

In summary, we describe the clinical presentation of the
first 10 cases of bioterrorism-related inhalational anthrax in
the United States. The clinical presentation in these patients
was variable and often resembled a viral respiratory illness,
but the interpretation of the initial symptoms in the context
of a possible exposure to B. anthracis often led to an early
diagnosis. In contrast to previous reports indicating a death
rate >85% (1,3), our series suggests that survival may be
markedly improved by combination antimicrobial therapy
begun during the initial phase of the illness and by aggres-
sive supportive care (e.g., drainage of pleural effusions).
Newer methods of detection such as polymerase chain reac-
tion, immunohistochemistry, and sensitive serologic tests are
important adjunctive diagnostic modalities that aid in the
diagnosis of B. anthracis infections. Further studies are
needed to better define optimal antimicrobial regimens,
explore the role of adjunctive therapies (e.g., immunoglobu-
lin antitoxin, corticosteroids, and other toxin inhibitors), and
better understand the pathogenesis of inhalational anthrax
associated with intentional release.
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Advanced Age a Risk Factor for lliness
Temporally Associated with
Yellow Fever Vaccination

Michael Martin,*t Leisa H. Weld,* Theodore F. Tsai,* Gina T. Mootrey,* Robert T. Chen,*
Manette Niu, Martin S. Cetron,* and the GeoSentinel Yellow Fever Working Group*
*Centers for Disease Control and Prevention, Atlanta, Georgia, USA; TEmory School

of Medicine, Atlanta, Georgia, USA; and fCenter for Biologic Evaluation,
U.S. Food and Drug Administration, Rockville, Maryland, USA

In 1998, the Centers for Disease Control and Prevention was notified of
severe illnesses and one death, temporally associated with yellow fever
(YF) vaccination, in two elderly U.S. residents. Because the cases were
unusual and adverse events following YF vaccination had not been studied,
we estimated age-related reporting rates for systemic illness following YF
vaccination. We found that the rate of reported adverse events among eld-
erly vaccinees was higher than among vaccinees 25 to 44 years of age. We
also found two additional deaths among elderly YF vaccinees. These data
signal a potential problem but are not sufficient to reliably estimate inci-
dence rates or to understand potential underlying mechanisms; therefore,
enhanced surveillance is needed. YF remains an important cause of severe
illness and death, and travel to disease-endemic regions is increasing. For
elderly travelers, the risk for severe illness and death due to YF infection
should be balanced against the risk for systemic illness due to YF vaccine.

In 1998, the Centers for Disease Control and Prevention
(CDC) was notified of severe illnesses occurring days after
immunization with yellow fever (YF) vaccine in two elderly
U.S. residents. Both vaccinees had been in good health, and
neither was immunocompromised. One patient died.
Because these cases were unusual and the risk for illness fol-
lowing vaccination with YF vaccine in the elderly had not
been studied, we estimated age-related reporting rates for
YF vaccine associated systemic illness.

YF is an acute febrile illness caused by a mosquito-borne
flavivirus (1). Clinical presentation ranges from a mild,
febrile illness to a life-threatening infection involving
hepatic failure, renal dysfunction, myocardial injury, and a
bleeding diathesis. YF is endemic in much of tropical South
America and sub-Saharan Africa (2).

Two live, attenuated YF vaccines were developed in the
early 1930s, the French neurotropic vaccine (FNV) and the
17D vaccine (1,3-5). Production of FNV was halted in 1982

Address for correspondence: Martin Cetron, Division of Global
Migration and Quarantine, National Center for Infectious Diseases,
Centers for Disease Control and Prevention, Mailstop E03, 1600
Clifton Road, Atlanta, GA 30333, USA; fax: 404-498-1633; e-mail:
Mcetron@cdc.gov

because its neurotropism had resulted in cases of encephali-
tis, primarily among children (1,6,7). Derivatives of the 17D
strain are the only YF virus strains currently used for vac-
cine production. These vaccines are not cloned from a single
virus but consist of a heterologous population of virions (8).
Human trials with the 17D YF vaccine in the 1930s found
low rates of adverse events and protective levels of YF viral
neutralizing antibodies in more than 95% of vaccinees (3,5).
More recent studies have shown that protective antibodies
may last 30 to 35 years (9).

Early field trials and experiments with the 17D virus
demonstrated that virulence varied with the passage level.
Some substrains were overattenuated and led to low rates of
seroconversion, while others were associated with post-vac-
cine encephalitis (10,11). A seed lot system, which standard-
izes vaccine preparation and limits passage of the virus, was
recognized as the production standard in 1945 (1,12). The
World Health Organization publishes recommended stan-
dards. Previous reports of YF adverse events have focused
primarily on hypersensitivity or neurologic sequelae. A
review of reports submitted to the Vaccine Adverse Event
Reporting System (VAERS) in the United States from 1990
to 1997 found a rate of probable anaphylaxis after YF vac-
cine immunization of 1 per 131,000 vaccine doses distributed

1Jeff Altman, University of Washington, Seattle, Washington; Vernon Ansdell, Kaiser Permanente, Honolulu, Hawaii; Elizabeth Barnett,
Boston University, Boston, Massachusetts; Michele Barry, Yale University, New Haven, Connecticut; Bradley Connor, Cornell University,
New York, New York; David Freedman, University of Alabama at Birmingham, Birmingham, Alabama; Alejandra Gurtman, Mount Sinai
Medical Center, New York, New York; Elaine Jong, University of Washington, Seattle, Washington; Phyllis Kozarsky, Emory University,
Atlanta, Georgia; Russell McMullen, University of Washington, Seattle, Washington; Jan Patterson, University of Texas, San Antonio, Texas;
Bradley Sack, Johns Hopkins University, Baltimore, Maryland; Mary E. Wilson, Harvard University, Cambridge, Massachusetts; Martin

Wolfe, Traveler's Medical Service of Washington, Washington, D.C.
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(13). Since the seed lot system was introduced, 21 cases of
post-vaccine encephalitis have been reported worldwide (20
patients recovered, one died) (1,14); 16 (76%) of these cases
occurred in children <9 months. Meningoencephalitis has on
rare occasions been reported among adults after immuniza-
tion with the vaccine (15,16), and severe, multisystemic ill-
ness has recently been reported in seven YF vaccinees (17-
19).

YF vaccine has had a long history of efficacy and pre-
sumed safety (1). Nonetheless, a reexamination of its safety
profile has been prompted by its increased use in interna-
tional travelers and by these recent reports of serious
adverse events (17-19).

Methods

Adverse events following vaccination with YF vaccine
reported to VAERS were collected and categorized as sys-
temic, nonsystemic, or unrelated and were classified by age
group. The number of doses administered by age group
(denominators) was estimated from the age distribution of
travelers receiving the vaccine at a sample of travel clinics
and from the number of doses distributed to civilians in the
United States by the vaccine manufacturer. Reporting rates
for systemic and nonsystemic adverse events were calculated
by dividing the events reported by an estimate of the number
of people receiving the vaccine in each age group.

Source of Cases and Case Classification

VAERS, a passive surveillance system for adverse
events, monitors vaccine safety in the United States and is
jointly operated by CDC and the U.S. Food and Drug Admin-
istration (20). All civilian U.S. VAERS reports from 1990
through 1998 listing YF vaccine were reviewed. Reports of
death, hospitalization or disability, a life-threatening illness,
or illness requiring an emergency room or doctor visit were
analyzed. Reports that did not involve any of these events
were considered less serious and were excluded from analy-
sis. Reports were blinded for age and reviewed indepen-
dently by three physicians. Adverse events were classified as
neurologic, multisystemic, uncomplicated neurologic or sys-
temic, nonspecific, hypersensitivity, local reactions, or unre-
lated (Table 1). If more than one category was appropriate,
the most serious category, in terms of reaction to the specific
vaccine components, was selected. These categories were
defined for the purposes of this study and reflect an interest
in examining adverse events that might be related to the
vaccine virus rather than those that might be immune
responses to other vaccine components. The investigators
reached a consensus on the categorization of each report
before unblinding the ages.

A systemic adverse event (SYyAE) was defined as a multi-
systemic (excluding anaphylactic) or neurologic reaction.
Adverse events categorized as uncomplicated neurologic or
systemic, hypersensitivity, or local reaction were defined as
other adverse events (OAE). A second analysis used a more
stringent definition of SYyAE that included only neurologic or
multisystemic cases requiring hospitalization or resulting in
death (SyAE¥*).

VAERS reports that did not include the age of the vac-
cinee, provided another explanation of the adverse event
(e.g., local reaction from another vaccination), or indicated
inappropriate administration or inadvertent use (e.g., during
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Table 1. Categories of vaccine adverse events?

Neurologic (SYyAE)

= Guillain-Barré syndrome, new onset seizures, encephalitis,
myelitis, altered mental status, focal cranial or peripheral
neurologic deficits, paresthesias, vertigo, headaches
(headaches alone are not sufficient for neurologic diagnosis)b

= Onset <2 weeks after vaccination
e Duration >72 hours
Multisystemic (SYAE)

= Myalgias, arthralgias, rhabdomyolysis, elevated
transaminases, respiratory distress, nausea, vomiting,
diarrhea, nephropathy, disseminated intravascular
coagulation, +/-fever

= Onset <2 weeks after vaccination
e Duration >72 hours
Neurologic/systemic, uncomplicated (OAE)

= Cases that met the neurologic or systemic criteria but had a
full and rapid clinical recovery in <72 hours

Nonspecific events without other focal finding (OAE)
e Dizziness, headache

= Nausea, vomiting, or diarrhea alone
Hypersensitivity (OAE)

e Rash, urticaria, +/- fever

= Anaphylaxis, angioedema

= Onset within 48 hours of vaccination

Local reaction (OAE)

- L_oc;alized pain, swelling, erythema, or warmth (at injection
site

= Onset within 1 week of vaccination

Unrelated to vaccine (excluded from AE analysis)

= Aclear, alternative diagnosis_ confirmed by laboratory criteria
accounts for symptoms and signs; sometimes this is‘an
underlying illness

= Another cause implied or stated in the physician's report

= For hepatitis A vaccine, onset of adverse event is >6 weeks

SyAE = systemic adverse event; OAE = other adverse events; AE = adverse
event(s).

aListed in order from most to least severe.

bE><amp|es, but not limited to these signs, symptoms and conditions.

pregnancy) were excluded. Reports from children <15 years
of age and military personnel were excluded because no ade-
quate estimates of the number of persons who received YF
vaccine in these groups were available. As a comparison,
similar analyses were done on adverse events after hepatitis
A (HA) vaccine reported to VAERS during 1994 to 1998
(Table 1).

VAERS solicits reports not only of events known to be
causally related to vaccine but also of all events temporally
related to vaccination, some of which may be coincidental.
Evaluating the causal relationship of an event to a specific
vaccine may be also confounded by the routine practice of
administering multiple vaccines at a single visit.
Furthermore, VAERS has several other methodologic limita-
tions inherent to passive surveillance systems, such as
under-, biased-, and incomplete reporting and lack of consis-
tent diagnostic criteria. Thus, VAERS reporting rates are, at
best, a crude estimate of event rates. Given these limitations
of passive surveillance systems, neither reporting rates nor
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the number of events reported to VAERS may automatically
be considered synonymous with the incidence of adverse
events. Elevated VAERS reporting rates may best serve as
sentinel signals suggesting hypotheses to test in other more
rigorous databases before definitive conclusions can be
reached.

Denominator

The sole manufacturer of YF vaccine in the United
States (now known as Aventis Pasteur) provided the annual
number of YF vaccine doses purchased by civilian providers
from 1995 through 1998. The annual number of doses from
1990 through 1994 was extrapolated from the number of
doses in 1995. We assumed that the number of doses
increased each year at the same annual rate as occurred
from 1995 to 1996. Doses for 1997 and 1998 were not used in
the extrapolation because unusual supply and regulatory
issues influenced the number of doses provided in these
years. Telephone interviews with health-care providers indi-
cated little or no waste of YF vaccine, which for civilian use
in the United States is sold predominantly in single-dose
vials. Thus, it was assumed that the total number of doses
sold was a good estimate of the total number of doses admin-
istered.

The manufacturers of HA vaccine (Havrix, SmithKline
Beecham, Rixensart, Belgium; and Vaqta, Merck & Co., Inc.,
West Point, PA) provided the annual number of doses of HA
vaccine purchased from 1995 through 1998. We estimated
that 10% of HA vaccine was wasted and that 50% of vac-
cinees received both doses in the series. The total number of
doses sold was reduced by these amounts to estimate the
total number of doses administered. These doses did not
include those used for outbreak control.

Thirteen U.S.-based GeoSentinel clinics, which provide
YF vaccine to international travelers, reviewed records of YF
and HA vaccine administration. GeoSentinel is an interna-
tional network of travel and tropical medical clinics estab-
lished in 1995 as a

24 years, 25 to 44 years, 45 to 64 years, 65 to 74 years, and
>75 years). Data for children <15 years of age and military
personnel were excluded because these groups are underrep-
resented at U.S. GeoSentinel clinics. Other than these excep-
tions, the age distribution for YF vaccine recipients at
GeoSentinel clinics was assumed to represent national YF
vaccine use. The age distribution for HA vaccine recipients
from these clinics was also assumed to represent national
use excluding the same exceptions and outbreak control.

The number of YF vaccine doses administered to each
age group was estimated by multiplying the total number of
YF vaccine doses per year by the proportionate age group
distribution estimated from the GeoSentinel clinics. Age
group-specific reporting rates for SyAE per 100,000 doses
and reporting rate ratios for SyAE were calculated with a
reference group of 25- to 44-year-old vaccine recipients. The
25- to 44-year-old group was chosen because of the previ-
ously reported increased risk for adverse events among
younger YF vaccine recipients (1). Although the risk is high-
est for infants <4 months of age, it is unclear at what age the
risk reaches a nadir. Confidence intervals were calculated
based on standard statistical assumptions for confidence
intervals (ClI) for ratios of rates, although because of the lim-
itations of passive surveillance systems, these assumptions
may not hold.

Results

From 1990 through 1998, VAERS received 166 reports
of YF vaccine adverse events that met the criteria for review
(Figure 1). Thirty-five (21%) of these reports were catego-
rized as SyAEs and 36 (22%) as OAEs. Of the 10 VAERS
reports for patients >65 years of age, one was categorized as
an OAE and the other nine as SyAE. The latter included the
two index patients, one additional death, and six patients
with various signs and symptoms, including fever, headache,
malaise, myalgia, nausea, somnolence, and ataxia. Two of
these six patients were hospitalized. Ninety-five (57%)

collaborative effort by
CDC and the Interna-
tional Society of Travel

YF vaccine VAERS reports —
n=166 Military
56

Medicine (21). GeoSenti-
nel monitors geographic
and temporal infectious
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95
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4
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Figure 1. Diagram of yellow fever (YF) vaccine adverse events reports (1990-1998). n = number of reports; O =
number of reports in patients >65 years old. VAERS = Vaccine Adverse Event Reporting System.
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reports were excluded because they did not include the age of
the vaccinee (4 reports), or the vaccine was used in military
personnel (56 reports) or a child <15 years old (7 reports), or
an alternative cause of the adverse event was reported (28
reports). Seventeen patients were hospitalized, and three
patients, ages 63, 67, and 79 years, died. The clinical course
for the two index patients and the two additional deaths was
characterized by a nonspecific febrile syndrome with fatigue,
myalgia, and gastrointestinal symptoms, rapidly progressing
to a severe multisystemic illness with dysfunction of liver,
kidneys, lungs, central nervous system, as well as throm-
bocytopenia, and possible disseminated intravascular coagu-
lopathy (18).

From 1990 through 1998, U.S. civilian providers pur-
chased an estimated 1.55 million doses of YF vaccine. The
age distribution of YF vaccine recipients was estimated from
5,125 YF vaccine recipients in 13 GeoSentinel clinics. The
reference group, ages 25 to 44 years, accounted for 45% of
the sample; 285 (5.6%) of the vaccinees were 65 to 74 years of
age, and 73 (1.4%) were >75 years of age (Figure 2).

The overall reporting rate for a SyAE after YF vaccina-
tion was 2.4 per 100,000 doses, and the reporting rate for
death was 0.2 per 100,000 doses; for those >65 years of age,
the overall reporting rate for SyAE was 8.3 per 100,000
doses, and the reporting rate for death was 1.8 per 100,000
doses. During this period, an estimated 108,000 doses were
administered to those >65 years of age. The reporting rate
for a SyAE for the reference age group (25 to 44 years) was
1.6 per 100,000 doses and increased progressively for each

50
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Figure 2. Estimated age range for YF vaccine recipients, n=5,125.
Percentage of children <15 years of age is underestimated as these
groups were excluded from analysis (see text).
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older age group to 5.8 per 100,000 doses for vaccinees 65 to
74 years of age and 18.1 per 100,000 doses for those >75
years of age (Table 2). Compared with the reference group,
the reporting rate ratio for an SyAE for those 65 to 74 years
of age was 3.7 (95% CI 1.3-10.7); for those >75 years of age, it
was 11.6 (95% CI 3.7-36.3). Conversely, the reporting rate
for OAE decreased for each older age group.

When analysis of SyAEs was restricted to vaccinees who
died or were hospitalized, the pattern was even stronger
(Table 3). Compared with the reference group, the reporting
rate ratio for an SyAE* for those 65 to 74 years of age was
12.3 (95% CI 2.0-73.2); for those >75 years of age, it was 31.8
(95% CI 4.5-225.9).

Of the 35 patients with SyAEs, 19 (54%) received at
least one other vaccine in addition to YF vaccine. When
analysis was restricted to those who received only YF vac-
cine, the reporting rate ratio for a SyAE* for those 65 to 74
years of age was 6.1 (95% CI 1.4-27.3); for those >75 years of
age it was 23.9 (95% CI 5.3-106.6). Six of the nine patients
>65 years of age with SyAEs received only YF vaccine, and
all five patients >65 years of age who were hospitalized or
died had received that vaccine alone.

During 1995 to 1998, VAERS received 310 reports of
adverse events after immunization with HA vaccine that
met the inclusion criteria. From an estimated 3.2 million
doses of HA vaccine, 30 patients were hospitalized, and none
died. This is double the total number of doses of YF vaccine
and almost three times the number of YF vaccine doses
given to people ages >75 years. The reporting rate for an
SyAE after HA vaccine for vaccine recipients 65 to 74 years
of age was 6.2 per 100,000. This was higher than the 2.5 per
100,000 reporting rate for the reference group (ages 25 to 44
years); however, there was no consistent increase in the
reporting rate for SyAE for each older age group, and recipi-
ents ages >75 years did not have a different reporting rate
from those ages 25 to 44 years (reporting rate ratio =1.9, 95%
Cl 0.6-6.3) (Table 4) (Figure 3).

Discussion

Severe illness in two elderly recipients of YF vaccine,
one of whom died shortly after immunization, prompted this
collaborative study, which examined reporting rates for
adverse events among elderly YF vaccine recipients in the
United States (18). We found a higher reporting rate for
SyAEs among elderly YF vaccine recipients than among YF
vaccine recipients ages 25 to 44 years. This increase in
reporting rates persisted when adverse events were limited

Table 2. Reporting rates (RR) and reporting rate ratios (RRR) for yellow fever (YF) vaccine adverse events by age, 1990-1998

No.
Age vaccine OAE reports/ b SgAE reports/

(years) doses No. OAE? 100,000 doses RRR (95% CI) No. SYyAE 100,000 doses RRR (95% CI)
15-24 189,991 11 5.79 2.5(1.2-5.5) 3 1.58 1.0 (0.3-3.6)
25-44 702,783 16 2.28 Reference 11 1.57 Reference
45-64 442,605 8 1.81 0.8 (0.3-1.9) 12 2.71 1.7 (0.8-3.9)
65-74 86,222 1 1.16 0.5(0.1-3.8) 5 5.80 3.7 (1.3-10.7)
>75 22,085 0 0 undefined 4 18.11 11.6 (3.7-36)
Total 1,443,686 36 2.49 35 2.42
Cl = confidence interval.
80AE: other adverse event (uncomplicated neurologic/systemic, hypersensitivity, or local reaction).
bSyAE: systemic adverse event (multisystemic [excluding anaphylactic] or neurologic reaction)
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Table 3. Reporting rates (RR) and reporting rate ratios (RRR) for serious systemic yellow fever (YF) vaccine adverse events (SyAE*) by age,

1990-1998
No.
Age vaccine No. of OAE™* reports/ SyAE* reports/

(years) doses OAE*? 100,000 doses RRR (95% CI) No. SyAE*b 100,000 doses RRR (95% CI)
15-24 189,991 12 6.32 1.8 (0.9-3.5) 2 1.05 3.7 (0.5-26)
25-44 702,783 25 3.56 Reference 2 0.29 Reference
45-64 442,605 15 3.39 1.0 (0.5-1.8) 5 1.13 4.0 (0.8-20)
65-74 86,222 3 3.48 1.0 (0.3-3.2) 3 3.48 12.3 (2.0-73)

>75 22,085 2 9.06 2.5 (0.6-10.7) 2 9.06 32 (4.5-226)
Total 1,443,686 57 3.95 14 0.97

CIl = confidence intervals.

80AE*= other adverse events (i.e., uncomplicated neurologic or systemic event; hypersensitivity; local reaction) OR systemic adverse events not requiring

hospitalization or resulting in death.

SyAE* = serious systemic adverse events, including only neurologic or multisystemic adverse events requiring hospitalization or resulting in death; this is
distinguished from the term SyAE, which indicates all systemic adverse events (See Table 2).

Table 4. Reporting rates (RR) and reporting rate ratios (RRR) for hepatitis A vaccine adverse events by age, 1995-1998

Age No. HA No. OAE reports/ SyAE reports/

(years) doses OAE? 100,000 doses RRR (95% CI) No. SyAEb 100,000 doses RRR (95% CI)
15-24 387,031 21 5.43 1.8(1.1-3.0) 7 1.81 0.7 (0.3-1.6)
25-44 1,444,895 44 3.05 Reference 36 2.49 Reference
45-64 1,096,391 23 2.10 0.7 (0.4-1.1) 26 2.37 1.0 (0.6-1.6)
65-74 241,453 4 1.66 0.5 (0.2-1.5) 15 6.21 2.5(1.4-4.6)
>75 61,760 1 1.62 0.5 (0.1-3.9) 3 4.86 1.9 (0.6-6.3)
Total 3,231,530 93 2.88 87 2.69

HA = hepatitis A [vaccine]; ClI = confidence intervals.

30AE = other adverse events (uncomplicated neurologic/systemic, hypersensitivity, or local reaction).
bSyAE: systemic adverse event (multisystemic [excluding anaphylactic] or neurologic reaction)

to patients who required hospitalization or died and when
recipients who also received other vaccines were excluded.
Although we did find an elevated rate of reported SyAEs fol-
lowing HA vaccine in the 65- to 74-year-old group, we did not
find a similar increase in persons >75 years, despite almost
three times as many doses sold overall and twice as many
adverse events reported to VAERS for all age groups com-
bined. No deaths following HA vaccination were reported.

Our analysis showed that the reporting rate for systemic
illness requiring hospitalization or leading to death after YF
vaccination was 3.5 per 100,000 among people 65 to 75 years
of age and 9.1 per 100,000 for people >75 years. For a rough
comparison, the risk for vaccine-associated paralytic polio-
myelitis due to oral polio vaccine was estimated as 1 per 2.5
million (22,23). A review of a passive surveillance system in
the United Kingdom that receives reports from primary-care
physicians also found a similar increase in SyAEs among eld-
erly YF vaccine recipients (unpub. data).

Close examination of the two index cases and two addi-
tional deaths that followed YF vaccination shows four cases
with similar clinical presentations, all of which share impor-
tant characteristics with viscerotropic wild-type YF infection
(18). Clinical presentations were characterized by fever,
myalgia, headache, and confusion rapidly progressing to a
multisystemic illness and death in three of the patients. The
vaccine strain of YF virus was isolated from the serum of two
patients and the cerebrospinal fluid of one. Sequence analy-
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sis of these isolates and the elevated antibody titers suggest
an overwhelming infection caused by the selective amplifica-
tion of a mutated virus subpopulation. The temporal rela-
tionship between severe illness and YF vaccination, the
similar clinical presentations, and the laboratory results
favor the hypothesis that these adverse events are causally
related to YF vaccine. Recently, three cases of similar sys-
temic adverse events after YF vaccination resulting in death
were reported: two from Brazil, patients ages 5 and 22 years
(Brazilian 17DD vaccine) and one from Australia, patient 56
years old (17D-204 vaccine) (17,19).

An increased risk for severe disease due to the vaccine
strain of Yellow fever virus among older YF vaccine recipi-
ents is biologically plausible. Numerous reports and studies
have shown that deaths and severe illnesses occur more fre-
quently among the elderly with other flaviviral infections
(e.g., West Nile encephalitis, Japanese encephalitis, Saint
Louis encephalitis, Murray Valley encephalitis, and tick-
borne encephalitis), while these infections are more likely to
be self-limited in children (24-27). Similarly, investigations
of YF outbreaks in the 1930s and 1940s found increased
case-fatality rates among the oldest patients (28-30).

This study has several limitations. Rates calculated
from VAERS data have to be interpreted with caution
because of the problems inherent in a passive reporting sys-
tem. Estimates of adverse events based on VAERS reports
are likely to underestimate actual events (31). Our data,
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Figure 3. Reporting rate ratios for systemic adverse events (SyAE)
and serious adverse events (SyAE*) after yellow fever (YF) vaccina-
tion and hepatitis A (HA) vaccination.

therefore, may reflect minimum estimates of these adverse
events. Age-related reporting bias may also have influenced
our results. Age-related reporting bias would decrease the
significance of the reporting rate ratios only if SyAEs, partic-
ularly those leading to hospitalization and death, among
vaccinees <65 years of age were reported less often than
among vaccinees >65 years of age.

Another important limitation is that the estimated age
distribution of travelers from the GeoSentinel clinics receiv-
ing YF vaccine in 1998 was assumed to apply for the entire
study (1990 to 1998) and to be generalizable to the entire
United States. However, if as many suspect, the proportion
of elderly travelers has increased in recent years, this
extrapolation will have overestimated the number of older
travelers and have the effect of underestimating the report-
ing rate and reporting rate ratio of adverse events in the eld-
erly. We excluded data on children <15 years of age, which
caused a slight, proportionate increase in the denominator
for the remaining vaccine recipients and a slight underesti-
mate of the reporting rate for adverse events in all other age
groups. Also, the calculation of denominators relied on
assuming that the increase in vaccines administered
between 1995 and 1996 held for 1990 to 1994.

An additional limitation is that age-specific SyAEs to YF
vaccine may reflect an age-related response to vaccines in
general or an increased amount of background illness in the
elderly. Analysis of VAERS reports for SyAEs to HA vaccine
did not support this conclusion; however, HA vaccine is an
inactivated vaccine, and another live, attenuated vaccine
would have served as a better control. We attempted to look
at adverse events reported for oral typhoid vaccine, but the
limited number of VAERS reports precluded a quantitative
analysis.

Finally, although severe illness occurred days after YF
vaccination in the cases we investigated, this temporal asso-
ciation does not prove causality. Definitive clinical or patho-
logic evidence identifying YF vaccine as the cause of severe
illness or death for most cases reported to VAERS is lacking
and is not routinely part of this surveillance system.

YF remains an important cause of severe illness and
death in tropical South America and sub-Saharan Africa. In

Emerging Infectious Diseases

recent years, Aedes aegypti, the mosquito vector of urban YF,
has reestablished itself in South America, increasing the
likelihood of large, explosive outbreaks, and in both South
America and sub-Saharan Africa, the number and size of
outbreaks have increased in the last 20 years (32-34). Con-
comitant with these changes in the distribution of the vector
and ongoing outbreaks, travel from the United States to dis-
ease-endemic regions has increased substantially (35).
Quantitative risk assessments of YF among travelers to dis-
ease-endemic areas have not been done; however, the risk for
acquiring YF has been highlighted by the recent deaths of
four unvaccinated travelers due to YF imported to Europe
and the United States (36-40).

The 17D YF vaccine has a long history of reported safety
and efficacy and has played an important role in YF control,
one of the public health triumphs of the 20th century. Age-
specific recommendations and production standards for this
important vaccine have been modified as a result of safety
and efficacy issues that have become apparent with
increased use (1,2,4,41,42). These modifications have pre-
served the vaccine as a vital tool for disease prevention and
control. Defining the risk for adverse events among elderly
vaccine recipients is an extension of these important efforts.

Conclusion

This study provides data quantifying the relative report-
ing ratios of SyAE following YF vaccination among people
>65 years of age in the United States. However, several
issues must be addressed before any changes or restrictions
to YF vaccine recommendations are proposed.

These SyAEs are still relatively rare (2.4 per 100,000
doses) in the United States, where an estimated 200,000
doses are given annually. The risk for unvaccinated travel-
ers acquiring YF remains undefined; so risk-benefit esti-
mates of YF vaccine are difficult to develop. In the absence of
this important information, we suggest the following steps.
Our observations should be confirmed by studies in different
populations. Enhanced surveillance for systemic adverse
events following YF vaccination should be introduced at U.S.
certified vaccination centers and in other countries where YF
vaccine is used. This enhanced surveillance should be com-
bined with prospective follow-up that includes appropriate
clinical, epidemiologic, and laboratory assessments of cases,
biologic specimens, and vaccine or vaccine lots. In addition,
epidemiologic studies should be designed to explore both
host- and vaccine-specific factors associated with systemic
adverse events (43).

In the interim, elderly YF vaccine recipients and their
health-care providers should be cautioned about the possible
risks of vaccination. Travel itineraries should be scrutinized,
and the vaccine given only to those traveling to areas that
report YF or are in the YF-endemic zone.

YF causes serious, life-threatening infections, and the vac-
cine is highly effective. The virus is responsible for substantial
morbidity and death in disease-endemic areas and until more
definitive evidence of vaccine-related adverse events is accumu-
lated, the benefit-risk ratio of mass vaccination in YF-endemic
countries favors continuation of a universal vaccine policy
under the Expanded Programme on Immunization. Mean-
while, efforts to enhance our understanding of both the risks
and benefits of YF vaccine and refine its use to maximize its
safety and effectiveness should be accelerated.
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Rapid Identification of Bordetella pertussis
Pertactin Gene Variants Using LightCycler
Real-Time Polymerase Chain Reaction
Combined with Melting Curve Analysis
and Gel Electrophoresis

Johanna Mékinen,*t Matti K. Viljanen,* Jussi Mertsola,t
Heikki Arvilommi,* and Qiushui He*
*National Public Health Institute, Department in Turku, Finland;
tTurku University Central Hospital, Turku, Finland

Recently, eight allelic variants of the pertactin gene frn1-8) have been
characterized in Bordetella pertussis strains isolated in Europe and the
United States. It has been suggested that the divergence of the pertactin
types of clinical isolates from those of the B. pertussis vaccine strains is a
result of vaccine-driven evolution. Sequencing of the prn, which is relatively
time-consuming, has so far been the only method for the differentiation of
prn types. We have developed a rapid real-time polymerase chain reaction
assay suitable for large-scale screening of the prn type of the circulating
strains. This method correctly identified the prn type of all tested 41 clinical
isolates and two Finnish vaccine strains. The method is simple and reliable
and provides an alternative for sequencing in pertussis research.

Bordetella pertussis is the causative agent of pertussis
(whooping cough), which is increasing in incidence in several
countries despite high vaccination rates (1-5). One explana-
tion for the increase might be the adaptation of B. pertussis
bacteria to vaccine-induced immunity. Pertactin, a 69-kDa
outer membrane protein, is an important virulence factor of
B. pertussis. Because pertactin elicits protective immunity in
animals and humans during vaccination (6-9), this protein is
included in most new acellular pertussis vaccines. Pertactin
contains two immunodominant regions, regions 1 and 2,
comprising repeating units of five (GGxxP) or three (PQP)
amino acids, respectively (10-12). It has been suggested that
the number of the units is regulated through genetic recom-
bination (12). Recently, eight allelic variants of the pertactin
gene (prnl-8) have been characterized in B. pertussis strains
isolated in Europe and the United States (12-16). Most of the
allelic variation in prn1-5 are restricted to region 1, whereas
prn6-8 also show variation in region 2 (13). prnl-3 are the
predominant types, representing >90% of tested clinical iso-
lates (12-16), whereas vaccine strains have exclusively prnl
(12,14-16). Of 92 strains isolated between 1989 and 1999 in
the United States, 30% harbored prnl and 70% prn2 (14). In
the Netherlands and Finland, approximately 10% of clinical
strains isolated in the 1990s harbored prnl and 90%, prn2or
prn3 (12,15).

So far, the only means of determining the pertactin type
has been polymerase chain reaction (PCR)-based sequencing
of the prn gene, a relatively time-consuming and expensive
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Turku, Finland; fax: 358-2-251-9254; e-mail: johanna.makinen@utu.fi
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method. To monitor the variation of clinical isolates on a
large scale, a rapid and simple method is needed. The recent
applications of fluorescence techniques to PCR allow real-
time monitoring of accumulation of the amplified product
and accurate analysis of the melting temperatures of either
the amplified product itself or the attached hybridization
probes (17-21). In the hybridization probe format the two
independent, nonextendible, single-labeled oligonucleotide
probes hybridize adjacently on the amplicon internal to the
flanking PCR primers. After excitation by the light-emitting
diode, a fluorescence resonance energy transfer (FRET)
occurs from the donor dye to the acceptor dye, increasing the
signal emitted by the acceptor dye (22).

We developed a simple method to characterize the
pertactin variants (Figure 1). The strains with the frequent
types, prnl-5, were first differentiated from strains with the
rare types, prn6-8, by a real-time allele-specific amplification
(ASA) assay. Strains representing prnl-5 were further iden-
tified by a real-time PCR combined with the melting curve
analysis of FRET probes and gel electrophoresis. Results
were compared to those obtained by sequencing (15). The
speed and simplicity of this approach make it an advanta-
geous alternative to conventional sequencing of the prn gene.

Materials and Methods

Bacterial Strains and DNA Sequencing

Forty-one clinical B. pertussis isolates and 2 Finnish
vaccine strains were selected from the strain collection of the
Pertussis Reference Laboratory, National Public Health
Institute, Turku, Finland. All 41 clinical isolates originated
from Finland and were isolated from 1956 to 1996. The prn
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1. B. pertussis culture ‘

2. DNA extraction

‘ 3. Allelele-Specific Amplification

Negative= prn6-8
(Distinquish by gene sequencing)

Positive¥ prn1-5

4. Melting curve analysis of FRET probes ‘

\ ‘ \
prnt pm2-4 pm5
Tm 58.8°C Tm56.5°C Negative

‘ 5. Gel electrophoresis ‘

\ \
prn2 pm3 prn4
275 bp 260 bp 245 bp

Figure 1. Workflow for typing prn alleles. The allele-specific amplifi-
cation (ASA) assay (step number 3) and the fluorescence resonance
energy transfer (FRET) probe assay (step number 4) each require
approximately 1 hour.

genes of these isolates and strains have been previously
sequenced, and the prn sequences of 38 were published
earlier (15). All the Finnish strains represented prnl-4.
Strains B935 (AJ011016), 18323 (AJ132095), B567
(AJ133784), and B1092 (AJ133245) harbor prn5, prn6, prn7,
and prn8, respectively.

Bacteria were cultivated on Regan-Lowe medium con-
taining charcoal agar and defibrinated horse blood at 35°C
for 3 days (23). Bacterial colonies on the plates were har-
vested for isolation of DNA. PCR-based sequencing was done
as described previously (12).

Primers and Probes
Primers for real-time ASA and the FRET probe assay
were designed on the basis of the published sequence of the

Table 1. Primers and probes used in study of Bordetella pertussis
pertactin gene variants

Primer/ Posi-
probe Sequence (5'-3')? tion
QJF3°¢ GCT GGT GCA GAC GCC AGT 1578-

1595
QJR1C CCG ATATCG ACCTTG CC 1649-
1633
QHsF¢ CTG CAG CGC GCG ACG ATA 757-
774
QH2RH ATT GCC GTG CGG TGC GGA CAA 1026-
1006
QJ1° CCG GCG GTGCGG TTC C-F 809-
824
QJ2¢ LC Red 640-CGG TGG TGC GGT TCC C-P 825-
840

aModifications of primer or probe are boldfaced or underlined.

bposition numbers indicate the position of bases relative to the first start
codon of prnl.

‘Primers used in the real-time allele-specific amplification. QJF3
contained a specific mismatch G (underlined) at the 3' end that does not
complement the published sequences of any prn type. The T (boldfaced) at
the 3' end (corresponding to the nucleotide 1595) is complementary to
prnl-5. Primer QJF3 has two mismatches with prn6é-8.

dprimers used in fluorescence resonance energy transfer (FRET) probe
assay.

®Probes used in FRET probe assay. Boldfaced T is complementary to C to T
transition specific for prnl. QJ1 was labeled with fluorescein at the 3' end
and QJ2 with LC Red at 5' end and phosphorylated at the 3' end.
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1595
QJF3 57GCT GGT GCA GAC GCC AGT 3°
Prn 1-5 GCT GGT GCA GAC GCC ACT
Prn 6-8 - - - == ——= =G

Figure 2. Partial sequence of the prn gene of Bordetella pertussis,
showing the position of QJF3 primer. Consensus bases are shown
with dashes, and the mismatched bases in the primer are under-
lined.

1.ASA
QJF3

QJR1

2. FRET

n°—»—®\0—0 ®

QH2R

Figure 3. Schematic structure of the prnl gene, showing the position
of the primers used in the allele-specific amplification assay (1.),
and the primers and probes used in the fluorescence resonance
energy transfer probe assay (2). Proportions of the gene are not
drawn to scale. F = fluorescein; LC = LC red 640; and P = phosphate.

prn genes (10,12,15,16) and synthesized at Eurogentech,
Seraing, Belgium (Table 1). Of primers used in ASA assay
(Table 1) (Figures 2,3), QJF3 contained a specific mismatch
G at the 3' end that did not complement the published
sequences of any prn type. The T (boldfaced) at the 3'end of
QJF3 (corresponding to the nucleotide 1595) was comple-
mentary to prnl-5 but not to prn6-8 to permit preferential
amplification of the former types. The two mismatches at the
3'end of QJF3 would guarantee the absence of PCR amplifi-
cation when the sequences of prn6-8 are used as targets
(24,25). The primers QJF3 and QJR1 define a 72-bp long
PCR product. The primers QH8F' and QH2R used in the
FRET probe assay define a 260-bp long PCR product. Based
on earlier sequencing data, the calculated lengths of the PCR
products were 260 bp, 275 bp, 260 bp, 245 bp, and 245 bp for
prnl, 2, 3, 4, and 5, respectively. The FRET hybridization
probes QJ1 and QJ2 were designed on the basis of the
sequence of prnl to differentiate prnl from prn3 (Table 1)
(Figures 3,4). The boldfaced T of probe QJ2 is complemen-
tary to C to T transition specific for prnl (corresponding to
nucleotide 828) (13). Binding of probe QJ2 to prn5 (compared
to the prnl-4) will be hampered since no complementary
sequence to the probe is available on prn5 (Figure 4A, B).
Probes were synthesized at TIB Molbiol, Berlin, Germany.
QJ1 (used as the donor probe in FRET technology) was
labeled with fluorescein at the 3' end. QJ2 was labeled with
LightCycler Red 640 at the 5'end and phosphorylated at the
3' end; this was used as the acceptor probe in the FRET
(Table 1) (Figure 4A).

DNA Preparation

DNA was extracted from bacterial colonies by using the
DNA Isolation Kit for Blood/Bone Marrow/Tissue (Roche
Diagnostics, Mannheim, Germany) according to the
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QJ1 CC GGC GGT GCG GTT CC
790 C GGT GGT GCG GTT

PRN 1 CCT GCC GGC GGT GCG GTT CCC GGC GGT GCG GTT CCC GGT GGT GCG GTT

CCC GGC GGC TTC GGT CCC GGC GGC TTC GGT CCC GTC CTC

PRN 2 CCT GCC GGC GGT GCG GTT CCC GGC GGT GCG GTT CCC GGC GGC TTC GGT

CCC GGC GGC TTC GGT CCC GGC GGC TTC GGT CCC GGC GGC TTC GGT CCC GTC CTC

PRN 3 CCT GCC GGC GGT GCG GTT CCC GGC GGT GCG GTT CCC GGC GGC TTC GGT C

PRN 4 CCT GCC GGC GGT GCG GTT CCC GGC GGT GCG GTT CCC GGC GGC TTC GGT

PRN 5 CCT GCC GGC GGT GCG GTT CCC GGC GGC TTC GGT CCC GGC GGC TTC GGT CCC GGC GGC TTC GGT CCC GTC CTC
B.

PRN 1 RGDAPA GGAVP GGAVP GGAVP GGFGP GGFGP --——- VI,

PRN 2 RGDAPA GGAVP GGAVP GGFGP GGEGP GGFGP GGEGP VL

PRN 3 RGDAPA GGAVP GGAVE GGEGP GGEGE GGEGP --—-- VL

PRN 4 RGDAPA GGAVP GGAVP GGEGP GGEGP ----= ————- VL

PRN 5 RGDAPA GGAVP GGFGP GGFGP GGEGP —---- ————n VL

Figure 4A. Nucleotide sequences of polymorphic regions of different types of the prn gene and the sequences of the fluorescence resonance
energy transfer probes aligned to their hybridization positions in the prn gene. Number 790 refers to the position of bases relative to the first
start codon of prnl. Underlined regions represent repeats in the sequence. B. Amino acid sequences of polymorphic regions of different pert-

actin types. Dashes indicate caps in the sequence.

manufacturer's instructions. Extracted DNA concentrations
were measured with a GeneQuant spectrophotometer (Phar-
macia Biotech, NJ, USA). DNA concentrations in all samples
were adjusted to 3 ng/uL. DNA preparations were stored at
-20°C.

Allele-Specific Amplification (ASA)

ASA PCR, which distinguishes between prnl-5 and
prn6-8, was performed in a fluorescence temperature cycler
(LightCycler, Roche). The PCR reaction mixture was opti-
mized for the LightCycler and amplified according to the
manufacturer’s protocol. The final volume of 20 pL contained
2 pL of LightCycler-DNA Master SYBR Green | (containing
Taq DNA polymerase, reaction buffer, deoxynucleoside triph-
osphate (dNTP) mix and dsDNA binding dye SYBR Green I),
4 mM MgCl, (Roche), 8 pmol of the primers QJF3 and QJR1,
5% dimethyl sulfoxide (Merck, Darmstadt, Germany), and 2
pL of 3-ng/uL sample DNA. A negative control without DNA
and a positive control that contained 6 ng of the DNA from
strain 1772 (prnl) were included in each run. The amplifica-
tion protocol consisted of the initial denaturation step at 94°C
for 30 seconds, 30 cycles of denaturation at 95°C for 1 second,
annealing at 62°C for 5 seconds, and extension at 72°C for 4
seconds. The temperature transition rate was 20°C per sec-
ond. Fluorescence was measured at the end of each extension
step at 530 nm. The increase in the fluorescence signal corre-
lates to the accumulation of PCR product (19,22).

After amplification, melting curve analysis of the PCR
product was used to differentiate between specific and non-
specific amplification products. Melting curve was acquired
by heating the product at 20°C/seconds to 95°C, cooling it at
20°C/seconds to 55°C for 30 seconds, and slowly heating it at
0.1°C/seconds to 94°C under continuous fluorescence moni-
toring. Melting curve analysis was accomplished with Light-
Cycler software. As the temperature reaches the specific Tm
of the PCR product, the double-stranded product is rendered
into the single-stranded form. A rapid loss of fluorescence
can be observed as the double-stranded DNA binding dye
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SYBR green | detaches from the PCR products. The change
in fluorescence signal intensity is then plotted as the nega-
tive derivative of fluorescence versus temperature (—-dF/dT
vs T graphs) to obtain the characteristic melting peaks. In
constant reaction conditions (salt concentration and the
like), the position of the melting curve peak (Tm) is a func-
tion of the GC/AT ratio, length, and nucleotide sequence of
the PCR product (26). Melting curve analysis has been suc-
cessfully used in the differentiation of PCR products with a
difference of even <2°C in the Tm (18,26).

Hybridization Probe Assay

The hybridization probe assay was carried out by using
the FRET probe format of LightCycler. The PCR reaction
mixture was optimized for the LightCycler and amplified
according to the manufacturer’s protocol. The final volume of
20 pL contained 2 L of LightCycler-DNA Master Hybridiza-
tion Probes (containing Tag DNA polymerase, reaction
buffer, and dNTP mix), 3 mM MgCl, (Roche), 1.5 pmol of the
FRET probes QJ1 and QJ2, 8 pmol of the primers QH8F' and
QH2R, 220 ng of TagStart antibody (ClonTech, CA, USA),
10% dimethyl sulfoxide (Merck), and 2 pL of sample DNA. A
negative control without DNA and two positive controls rep-
resenting prnland 3 were included in each run. The temper-
ature profile of the real-time PCR included an initial
denaturation step at 94°C for 120 seconds followed by 40
cycles of denaturation at 94°C for 2 seconds, annealing at
55°C for 10 seconds, and extension at 72°C for 12 seconds.
The temperature transition rate was 20°C/s. Fluorescence
was measured at 640 nm at the end of the annealing step of
each cycle to monitor the accumulation of PCR product.

After amplification, a melting curve was acquired by
heating the product at 20°C/seconds to 95°C, cooling it at
20°C/seconds to 42°C for 120 seconds, and slowly heating it
at 0.1°C/seconds to 80°C under continuous fluorescence mon-
itoring. Melting curve analysis was accomplished using
LightCycler software. In the hybridization probe format, the
rapid loss of fluorescence is observed when the temperature
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reaches the Tm of the probes. The two adjacently bound
probes dissociate from their complementary target, which
prevents the fluorescence resonance energy transfer. Melt-
ing curve analysis allowed us to discriminate the specific
binding of the hybridization probes to the amplified segment
of the prnl from their less specific binding to the amplified
segments of the other prntypes.

Analysis of the FRET Hybridization Probe
Assay PCR Products by Gel Electrophoresis

A 20-pL volume of LightCycler PCR product from the
hybridization probe assay was removed from the capillary by
removing the cap, placing the capillary upside down in an
empty Eppendorf tube, and centrifuging for 5 seconds. A 10-
ML volume of the PCR product was run (100 V for 3 hours) in
a 3% molecular screening (MS) agarose gel (Roche Diagnos-
tics) together with a 100-bp DNA ladder (Amersham).
According to the manufacturer, the resolution characteris-
tics of MS agarose enable separation of fragments that differ
in size by as little as 4 bp. After being stained with ethidium
bromide, the bands in the gel were visualized and photo-
graphed under UV light. To avoid PCR contamination, three
separate rooms were used for preparing the PCR mixtures,
performing PCR reactions, and analyzing PCR products.

Statistical Analysis

The Student t test was used to analyze statistical signif-
icance. All p values corresponded to two-tailed tests, and p
<0.05 was considered significant.

Results

Differentiation of prn1-5from 6-8

The ASA assay was used as a screening method to dif-
ferentiate the frequent prn types (prnl-5) from rare types
(prn6-8). When compared to previous sequencing data (12),
all type strains and clinical isolates were correctly catego-
rized by this assay. The mean Tm of the PCR products
derived from the prnl-5 strains was 83.4°C (standard devia-
tion [SD] 0,54) (Figure 5). There was no specific amplifica-
tion from the strains with prn6-8. The nonspecific products,
such as primer dimers, melt below 80°C and were differenti-
ated from the specific products by the melting curve analy-
sis. These results were also confirmed by gel electrophoresis.

Melting Curve Analysis of Hybridization Probe Assay
Strains that were found to harbor prnl1-5in the screen-
ing were further analyzed by the combination of hybridiza-
tion probe assay and gel electrophoresis. FRET probes were
designed as complementary to the prnl gene. The Tms and
results of the melting curve analyses of the strains with the
prnl gene differed markedly from those of strains with prn2,
prn3, and prn4 (Figure 6). All nine strains harboring the
prnl gene showed an abrupt decrease in the fluorescence sig-
nal (Table 2) and a melting peak (Figure 6) at 58.78°C (SD
0.26). The corresponding melting peak was observed at the
same temperature in all nine prnl strains. Although probes
did not remain bound to PCR products of prn2, prn3, and
prn4 when the fluorescence signal was measured at the end
of the annealing cycle at 55°C, probes bound to those prod-
ucts at the beginning of the melting analysis at 42°C, and
Tm and the area under the melting curve (AUC) could also
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Figure 5A. Melting curves from the allele-specific amplification
assay, showing the presence of amplified products from prnl-5 and
the absence of amplification from prn6-8 and the negative control. B.
Corresponding melting peaks derived from the melting curve. Prnl
represents the prnl-5 types; prn7 represents prn6-8 types and the
negative control.
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Figure 6. Curves showing the dissociation of fluorescence resonance
energy transfer probe assay probes from the polymerase chain reac-
tion products of different prn types. Negative control includes all
reagents but no template DNA.

be determined for these products. As expected, the Tm of
FRET probes bound to the PCR products derived from prn2,
prn3, and prn4 was 2°C lower (56.49°C) than that of the
FRET probes bound to the PCR product of prnl (all p values
for differences between the Tm of prnl and that of the other
prn types were <0.0001) (Table 2) (Figure 6). The AUC of the
hybridization probe melting curve of prnl was approxi-
mately 20 times larger than that of the melting curve of the
prn2, prn3, and prn4 (all p values <0.0001) (Table 2) (Figure
6). There was no detectable binding of FRET probes to the
PCR products derived from the prn5 strain (Figure 6). DNA
isolated from the strain with prn5 (together with DNAs from
strains representing prnl-4 that served as controls) was
tested in triplicate and with different DNA concentrations
with the same result. In contrast to prn2-4, there was no
measurable melting temperature and no AUC from the DNA
isolated from the strain with prn5, although the PCR prod-
uct was seen (245-bp long on the electrophoresis gel) (Figure
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Table 2. Comparison of the results from sequencing and the
hybridization probe assay in the determination of the pertactin gene
type of Bordetella pertussis strains

Melting Melting curve
temperature
Pertactin No. of
allele type? isolates Mean SD Area SD
1 9 58.78° 0.26 21.64°>  5.64
2 25 56.31 0.44 1.25 0.30
3 4 56.59 0.09 1.35 0.26
4 5 56.57 0.29 1.43 0.25
5 1 - - - -

2Allele type determined by sequencing. Of the strains representing
prnl-4, 41 were Finnish clinical isolates, and 2 were Finnish vaccine
strains.

PAIl P values were <0.0001 when prnl was compared to prn2, prn3, or
prn4.

7). In this setting, therefore, a sample that remained totally
negative (no measurable melting temperature and no AUC)
in the hybridization probe assay but was characterized as
prnl-5 type strain by the ASA assay was considered to
harbor prnb.

Gel Electrophoresis of PCR Products

Calculated sizes of PCR products were 260 bp, 275 bp,
260 bp, 245 bp, and 245 bp for prnl to 5, respectively. PCR
products of the different prn types behaved in gel electro-
phoresis as expected on the basis of their calculated sizes
(Figure 7). Thus, prn2, prn3, and prn4 could be easily differ-
entiated by gel electrophoresis when the prnl and prn5 were
identified by the melting curve analysis of hybridization
probes.

Identification of the prn Type of B. pertussis
Isolates and Vaccine Strains

The prn types of all tested 41 Finnish clinical B. pertus-
sis isolates and 2 Finnish vaccine strains were identified cor-
rectly when compared to types defined by sequencing (Table
2). None of these strains was found to harbor prn5-8.

Discussion

Real-time PCR combined with melting curve analysis of
FRET probes and gel electrophoresis of PCR products proved
to be an alternative to sequencing in the determination of
the pertactin gene types of B. pertussis. The method was reli-
able and accurate, as evidenced by the correct identification
of the prntype of all tested 41 clinical B. pertussis isolates,
two vaccine strains, and the four reference strains. The
advantage of this approach over sequencing is that the whole
procedure from nucleic acid extraction to gel electrophoresis
can be completed within 1 day. The disadvantages of the
method are that the novel genotypes can be missed and the
method does not differentiate prn6-8 from each other.

The low intra- and inter-assay variation coefficients of
melting temperatures show that the technical principles of
LightCycler allow consistent temperature and fluorescence
measurement conditions for the reaction capillaries. This is
a definite advantage over the corresponding instruments
using the microwell plate format, which requires intrinsic
correction to compensate for technical variation between
reaction wells.
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Figure 7. Ethidium bromide stained 3% molecular screening agarose
gel containing Bordetella pertussis DNA amplified with primers
QHB8F' and QH2R. Lanes: 1, negative control including all reagents
but no template DNA; 2, 100-bp ladder; 3, B. pertussis strain 1772 of
type prnl (260 bp); 4, Bordetella pertussis clinical isolate of type
prn2 (275 bp); 5, B. pertussis clinical isolate of type prn3 (260 bp); 6,
B. pertussis clinical isolate of type prn4 (245 bp); and 7, B. pertussis
type prn5 (245 bp).

In this study, a real-time ASA assay was used as a
screening method to first differentiate the frequent prn types
prnl-5 from the rare types prn6-8 (13). In ASA assay, when
primers designed to be specific for either wild-type or the
mutant allele are used, results depend on the presence or
absence of amplification. In this study the PCR amplification
by the primers specifically designed for the allele prn1-5 took
place with DNAs extracted from prnl-5 strains but not with
those isolated from strains representing prn6-8. When ASA
reactions occur in a fluorescence thermal cycler such as
LightCycler, accumulation of the PCR product can be moni-
tored in real-time. The analysis of specific melting
temperatures further confirms the identity of the amplified
products.

The FRET probes were specifically designed to identify
prnl so that the strains representing the vaccine type prn
could be rapidly detected. The FRET probes also enabled dif-
ferentiation of prnl from prn3, the two prn types that cannot
be differentiated on the basis of the size of the PCR product.
The prnl sequence contains an additional C to T transition
(corresponding to nucleotide 828) that makes it possible to
design probes that are specific for just one prn type. The
probes did not bind to the PCR products of prn2, prn3, prn4,
and prn5 in the fluorescence measurement phase of the PCR
cycle at 55°C. Therefore, no signal was obtained in the real-
time PCR from DNA of bacteria having these prn types.
However, probes did bind to the PCR products of prn2, 3,
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and 4 at the beginning of the melting analysis at 42°C, and
the Tm and AUC values could also be determined for these
products. Their Tm was >2°C lower and AUC approximately
20 times smaller than those of the PCR product of prnl.
These differences clearly reflect the lower sequence compati-
bility of the probes for prn2, prn3, and prn4 than for prnl. As
expected, the Tms of prn2, prn3, and prn4 were almost iden-
tical because the target sequences of the probes in these prn
types were the same. Prn5 has the same number of repeats
as prnd does, which makes their PCR products the same
length. However, the difference between these two is that
prn4 has two repeats of “GGAVP,” as do prn2 and prn3,
whereas prn5 has only one such repeat.Prn5 is the only type
to which there was no detectable binding of the FRET probes
during the amplification phase or the melting curve analy-
sis. This property could be used to differentiate prn5 from
prn4.

The difference in size of the PCR products derived from
the prn2, prn3, and prn4 (or prn5) is 15 bp. To assure the
correct identification of the pertactin types, a gel with a
high-resolution power is needed for the electrophoresis. In
this study molecular screening agarose gel was used, since
the resolution characteristics of this agarose enable
separation of fragments that differ in size by as little as 4 bp.

Recent data suggest that B. pertussis strains having dif-
ferent prn types are circulating in Europe and the United
States. The predominant types representing >90% of the
tested clinical isolates are prnl-3 (12-16).

In the United States, all strains isolated before 1974
harbored prnl (14), the prn type of the strains included in
conventional whole-cell vaccines and in the new acellular
vaccines. However, nonvaccine prn types gradually replaced
the vaccine types in later years, and approximately 30% of
strains isolated between 1989 and 1999 were prnl. Similar
trends of frequency in strain types were also seen in Euro-
pean countries. The method described here is suitable for
monitoring the frequency of the strain types of clinical iso-
lates. The strains representing prnl can be detected by run-
ning the two PCR reactions (ASA and hybridization probe
assay), and the results can be obtained within 2 hours. When
the strains that do not represent vaccine strain type need to
be clarified, gel electrophoresis of PCR products can be per-
formed. To combat pertussis and to design more effective
vaccines, the variation of pertactin and other virulence fac-
tors of the B. pertussis strains circulating in the population
has to be monitored. It is possible that the antigenic varia-
tion is a result of vaccine-driven evolution, possibly protect-
ing the bacteria from the attacks of the host's specific
immune response. The method described here is convenient
for large-scale screening of pertactin variation in B. pertussis
isolates. Data obtained by large-scale screening provide the
epidemiologic picture of the circulating strains. This infor-
mation may further help in vaccine formulation, which
enables more efficient protection against pertussis. It is also
possible to use a similar approach to detect the variation in
pertussis toxin gene that has been already characterized, or
in studies on genetic variation in any species.
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Modeling Potential Responses to
Smallpox as a Bioterrorist Weapon

*Centers for Disease Control and Prevention, Atlanta, Georgia, USA; and
tDon Millar & Associates, Inc., Atlanta, Georgia, USA

We constructed a mathematical model to describe the spread of smallpox
after a deliberate release of the virus. Assuming 100 persons initially
infected and 3 persons infected per infectious person, quarantine alone
could stop disease transmission but would require a minimum daily removal
rate of 50% of those with overt symptoms. Vaccination would stop the out-
break within 365 days after release only if disease transmission were
reduced to >0.85 persons infected per infectious person. A combined vacci-
nation and quarantine campaign could stop an outbreak if a daily quarantine
rate of 25% were achieved and vaccination reduced smallpox transmission
by >33%. In such a scenario, approximately 4,200 cases would occur and
365 days would be needed to stop the outbreak. Historical data indicate that
a median of 2,155 smallpox vaccine doses per case were given to stop out-
breaks, implying that a stockpile of 40 million doses should be adequate.

Martin 1. Meltzer,* Inger Damon,* James W. LeDuc,* and J. Donald Millart

Recent papers have speculated about the use of small-
pox as a biological weapon (1-5). If we assume such a risk,
there is concern about the need for preparations to limit and
prevent the spread of smallpox after a deliberate release of
the virus. Studies of smallpox control and eradication efforts
(6-8) identified two available types of interventions: vaccina-
tion of those at risk from infection, quarantine, or both.
Some studies have provided estimates of the potential num-
bers that could be infected (1,3,5) and the number of vaccine
doses that should be stockpiled (5); however, they did not
provide details of how these estimates were calculated. Fur-
ther, none of these articles examined how quarantine of
infected persons may help halt transmission of smallpox.

Crucial questions that remained unanswered include—
How can we calculate the number of doses of smallpox vac-
cine to be stockpiled? Can quarantine contribute to control
efforts? How effective does quarantine have to be to reduce
transmission? We present a mathematical model that helps
answer these and other questions.

Methods

We constructed a mathematical model to meet the fol-
lowing objectives: 1) describe the spread of smallpox through
a susceptible population, calculating daily (new-onset) and
cumulative cases; 2) readily accommodate changes in input
values, such as the number of persons infected per infectious
person (i.e., rate of transmission) and the number of persons
initially infected; 3) examine the impact of quarantine and

Address for correspondence: Martin |I. Meltzer, Centers for Disease
Control and Prevention; Mailstop D-59; 1600 Clifton Rd., Atlanta,
GA 30333, USA; fax: 404-371-5445; e-mail: qgzm4@cdc.gov

vaccination, alone and in combination, on the spread of
smallpox; and 4) estimate the number of doses of smallpox
vaccine that should be stockpiled as part of readiness plans.

Despite numerous reports of mathematical models of
infectious diseases (9-14), few such models describe the
spread of smallpox. Frauenthal (15) addressed the question
of optimal level of smallpox vaccination. We constructed a
Markov chain model (16) to describe the spread of smallpox
through a susceptible population (objective 1), using a com-
puter-based spreadsheet program (Excel97, Microsoft, Red-
mond, WA). The model describes four disease stages:
incubating, prodromal, overtly symptomatic, and no longer
infectious (Figure 1). The term “prodromal” indicates the
preeruptive stage.l “Overtly symptomatic” refers to the
period of disease when a rash or similar symptoms can be
readily noted by even an untrained observer.? For each day
after the release, the model calculates both the number of
new cases and the cumulative total.

In the model, an infected person can only progress, from
incubating to prodromal to overtly symptomatic, and cannot
revert. The duration in days of a given disease stage is con-
trolled by a probability function (Figure 2).

Probable Durations of Each Disease Stage

When smallpox was endemic in human populations, the
incubation period was often difficult to measure because
many patients were exposed over several days (7,8). Fenner
et al. (7) reviewed and summarized three reports in which
the incubation period was calculated for 255 cases of variola
major smallpox (the “classic” form). Just over 70% of these
cases incubated 9 to 13 days, with an average of 11.5 days
(range 7 to 19 days; median approximately 11 days; 5th

Lothers have suggested that the terms “preeruptive” or “initial” are more descriptively accurate of this stage (6). However, because “prodromal” is used in many

standard textbooks (7,8,17), we will use this term.

2Prodromal rashes have been recorded, but they were considered to be uncommon occurrences, “. . . not more than 1 in 10.” (17).
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Figure 1. Schematic of the Markov-chain model used to model the
movement of a person infected with smallpox through the four stages
of disease. P, = probability of remaining in the incubating stage; Pp =
probability of remaining in the prodromal stage; and P4 = probabil-
ity of remaining in the overtly symptomatic stage. For each stage,
the probabilities of remaining in that stage (P |,Pp,Py) are deter-
mined by a daily probability (Figure 2). Patients who have reached
the fourth and final stage (no longer infectious) effectively drop out
of the model. The “overtly symptomatic” stage refers to the period of
disease when a person has a rash or similar symptoms that even an
untrained observer can readily note. During the period of infectivity,
the average number of persons infected per infectious patient is pre-
set by the researchers. The days when transmissions occur are deter-
mined by a probability function.
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Figure 2. Probability functions associated with remaining in three
smallpox disease stages. These reverse cumulative probability func-
tions describe the probability on any defined day of a patient remain-
ing in a disease stage during the next day. On any given day, the
probability of moving from one stage to the next is 1 minus the prob-
ability of remaining in the stage.

percentile 8 days; and 95th percentile 14 days). Others have
observed similar lengths of incubation. For example, by
examining the time between onset and “brief and only
possible contact with a known case,” Singh (18) determined
the possible length of incubation of six cases of smallpox
(mean 11 days; median 12 days). Rao (6) used data from 50
first-generation cases to determine that the mean “fever-to-

fever” (i.e., onset of fever to onset of fever) interval was 16
days (range 12 to 21 days for 80% of cases).

Emerging Infectious Diseases

Using data from 115 cases in Europe (19), we con-
structed a reverse cumulative probability function to
describe the probability of a person on a given day remaining
in the state of incubation for the next day (Figure 2). The cal-
culated mean was 11.7 incubating days (median approxi-
mately 11 days; 5th percentile 8 days; and 95th percentile 17
days). The function used can be altered to reflect other data
sets or hypothesized functions. Further, the model can
accept different transition probability functions for each day
in the model.

The duration of the prodromal stage is variable and
depends in part on the ability of the physician or patient to
detect the first lesion (6). The onset of rash (the overtly
symptomatic stage) typically occurs 48 to 72 hours after
onset of fever, although some types of smallpox may have a
prolonged prodromal stage of 4 to 6 days (6). Fenner et al.
reviewed several data sources and used temperature data to
report that the prodromal stage lasts an average of 3 days
(7). Beyond these descriptions of the average or typical
course of disease, no data are readily available documenting
the probabilities associated with a longer prodromal stage
(e.g., frequency data linking number of patients to number of
days in the prodromal stage). Thus, we assumed a linear
decline in the daily probability of remaining in the prodro-
mal stage (Figure 2). The probabilities decline from 0.95 at
the end of day 1 (i.e., a 95% chance that the patient will be in
prodromal stage for another day) to 0.00 at the end of day 3
(i.e., absolute certainty that the prodromal stage will not last
beyond day 3).

The average total time of illness (i.e., having some symp-
toms) is given in Fenner et al. (7) as 21 days, with scabbing
on day 19. Allowing up to 3 days for the prodromal period
(Figure 2) leaves an average of 16 days in the overtly symp-
tomatic period in which a patient can infect others. Although
scabs may contain infectious amounts of smallpox virus after
the patient has fully recovered, we assumed that after scab-
bing, neither the patient nor the scabs will pose a substan-
tial source of infection. The exact duration of illness is
somewhat moot, as the likelihood of transmission declines
after the first few days of overt symptoms. Thus, after some
period, a person who is overtly symptomatic has a low proba-
bility of infecting a susceptible person. We assumed a proba-
bility of 1.00 (i.e., absolute certainty) of remaining the next
day in the overtly symptomatic stage for the first 10 days in
the stage. Including the prodromal stage, this corresponds to
12-15 days of illness (Figure 2). After 10 days, a patient’s
daily probability of remaining in the stage decreases lin-
early, so that 15 days after onset of symptoms the probabil-
ity of remaining the next day in this stage is 0.00 (Figure 2).
That is, after a maximum of 16 days in the overtly symptom-
atic stage, all patients will have progressed to the “no longer
infectious” stage. Patients who have reached the fourth and
final stage (no longer infectious) effectively drop out of the
model. These probability functions can readily be changed
(objective 2).

Likelihood of Smallpox Transmission

Also described by a probability function is the likelihood
of smallpox transmission during the infectious period. For a
variety of reasons, the probability of transmission is likely to
change during the period when an infected person is infec-
tious. For example, persons with a high fever during the first
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2 days of the prodromal stage (Figure 2) may voluntarily
confine themselves to quarters, possibly limiting their oppor-
tunities to infect others. Limited data are available regard-
ing changes in the probability of when an infection is
transmitted, but Mack (19) and Rao (6) provide a time series
of data involving 23 and 60 patients, respectively. Both data
sets suggest that transmission is less likely during the pro-
dromal stage (the first 3 days when a person is symptomatic)
and that the probability of transmission is greatest between
days 3 and 6 after a patient becomes infectious (Figure 3).
This period is equivalent to the first to third days of onset of
rash (overt symptoms). Both data sets (6,19) indicate that
70% to 80% of transmission is likely to occur in the first 9
days of the symptomatic period, and 90% of all transmission
will have occurred in 10 to 13 days (Figure 3). In other
words, by day 6 of overt symptoms (rash), approximately
75% of transmissions will have occurred, with 90% occurring
within 7 to 10 days. For the model, we used the data from
Mack (19) to describe the probabilities of when transmission
will occur, from infectious to newly infected (Figure 3). Other
data sets and probability functions can readily be substi-
tuted.

Existing Immunity and Community Size

For simplicity, we assumed an unlimited supply of sus-
ceptible persons,® so that disease transmission will not be
halted because of lack of susceptible persons. Although this
scenario is unrealistic for modeling the natural spread of an
infectious disease, it may be realistic for considering the
initial spread of an infectious disease after deliberate infec-
tion of a small number of persons in a population with a rela-
tively large proportion who are susceptible.

Cumulative probabilities
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Mack ~ -eseeeseeees Rao

Figure 3. Daily and cumulative probabilities determining when an
infectious person infects another person with smallpox (6,19). Day 1
of the infectious period is the first day of the prodromal stage. That
is, we have interpreted the source data to reflect the assumption
that no spread of infection can occur while an infected person is in
the incubating stage.

Another variable that can alter the transmission rate
and persistence of disease is size of community. Smith (22)
summarized data evaluating the link between community
size and spread of some infectious diseases and found that
the larger the community, the higher the rate of transmis-
sion. This observation was found to be true for measles, scar-
let fever, diphtheria, and whooping cough (pertussis), but
smallpox was not analyzed (22-24). Arita et al. (25) found a
correlation between increasing density of smallpox-suscepti-
ble persons and the persistence of smallpox within a popula-
tion but did not estimate the relationship between
susceptible population density and transmission rate. Our
model allows for the impact of different densities of suscepti-
ble persons by adjusting the average transmission rate.

Numbers Initially Infected and Rate of Transmission

Based on Henderson's comment that an outbreak of
smallpox “. . . in which as few as 100 people were infected
would quickly tax the resources of any community” (1), we
initially assumed that 100 persons would be effectively
exposed, infected, and become infectious. We set the average
transmission rate at 3, which is notably higher than most
historical averages. (A mathematical review of the transmis-
sion of smallpox appears in Appendix I, available at URL:
http://www.cdc.gov/ncidod/eid/vol7no6/
meltzer_appendix1l.htm). We define the term “transmission
rate” as the number of persons infected per infectious per-
son, rather than the number of persons infected during a
standardized unit of time. During sensitivity analyses, we
altered both the number of persons initially infected and the
rate of transmission.

Modeling the Effects of Potential Interventions

We examined the effect of quarantine and vaccination,
alone and in combination (objective 3). Quarantine was mod-
eled by removing daily a fixed proportion of a cohort of infec-
tious persons, starting on the day that they become overtly
symptomatic. For example, we assumed that 50% of all per-
sons with rashes on day 1 of the overtly symptomatic period
would be successfully quarantined and not infect anyone
else. Fifty percent of those who missed quarantine on day 1
of rash would be quarantined on day 2. This proportionate
reduction would continue for the duration of time that per-
sons are likely to infect others. The model also calculated the
number of infectious persons needed to be quarantined
under a given scenario.

For a vaccination-only strategy to stop transmission,
sufficient susceptible persons must be effectively vaccinated
so that the number of persons infected per infectious person
is less than 1. We thus evaluated how long it would take to
stop an outbreak if the level of transmission were reduced to
0.99 persons infected per infectious person. We also calcu-

3The United States stopped routine vaccination of the civilian population in 1972 (5). In July 1998 in the United States, there were approxi-
mately 109.9 million persons <30 years of age, representing 41% of the total resident population (20). Most of these people have not been vacci-
nated against smallpox. In addition, the immunologic status of those who were vaccinated >30 years ago must be considered. Historical data
indicate that vaccination 20 to 30 years ago may not protect against infection but will often protect against death (8,21). No reports, however,
define the probability of such persons’ transmitting the disease to susceptible persons. Faced with such uncertainty, we chose the simplest
approach of assuming an unlimited supply of susceptible persons.

4At a 50% daily removal rate, a cohort of all those beginning the first day of overt symptoms is entirely removed in 7 days (8 to 10 days postin-
cubation), with 90% removed in 4 days after they enter the overtly symptomatic period. At a 25% daily removal rate, a cohort is entirely
removed 17 days after entering the overtly symptomatic period (18 to 20 days postincubation), with 90% removed in 9 days after entering the
overtly symptomatic period. The calculated numbers of those quarantined relate only to those who are infectious (i.e., overtly symptomatic).
The model does not take into account those who might also be quarantined along with the infectious persons, such as unvaccinated household
contacts and other exposed persons.
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lated the smallest vaccine-induced reduction in transmission
required to stop the outbreak within 365 days postrelease.
This calculation was done by an iterative process in which
the rate of transmission was reduced until the number of
new cases per day reached approximately zero 365 days after
release. To estimate the impact of vaccination, we assumed
that a vaccination campaign would immediately reduce the
risk of transmission, and we did not model the time required
from vaccination to effective vaccine-derived immunity. This
assumption may overstate the impact of vaccination, partic-
ularly in terms of how quickly a vaccination campaign could
stop an outbreak.

Lane and Millar estimated that continuing routine
childhood immunization against smallpox in the United
States from 1969 to 2000 would cause 210 vaccine-related
deaths (26). That calculation was made before the population
included substantial numbers of immunocompromised per-
sons (e.g., HIV- or cancer therapy-induced immune suppres-
sion). Because of the potential for adverse vaccine-related
side effects,® it may be prudent to attempt to limit the num-
ber of persons vaccinated. We therefore calculated the
impact of limiting the numbers vaccinated so that transmis-
sion would be reduced by just 25%, from 3 to 2.25 persons
infected per infectious person, combined with a daily quaran-
tine rate of 25%. We also calculated, by an iterative process,
the smallest vaccine-induced reduction in transmission
required to stop the outbreak within 365 days postrelease
when combined with a daily quarantine rate of 25%.

Start of Interventions

We considered the effect of starting large-scale, coordi-
nated interventions on days 25, 30, and 45 postrelease,
assuming release on day 1. Twenty-five days assumes 15
days for the first signs of overt symptoms (Figure 2), 2 days
for initial clinical diagnosis, 1 day for specimen transport, 3
days for laboratory confirmation, and 4 days to mobilize and
begin appropriate large-scale interventions.® Although inter-
ventions may begin on a small scale earlier than day 25, in
the model the term “start date of interventions” refers to the
date when a full-scale and comprehensive intervention
begins (i.e., the model does not allow for a gradual increase
of intensity in interventions). If we assume that an average
of 15 days will be needed for those infected to become infec-
tious (Figure 2), 30 days represents the time when the first
generation of cases (those infected by the index cases) will
begin to show overt symptoms. Forty-five days represents
the time needed for the second generation of cases (those
infected by the first generation) to show overt symptoms.

Numbers Vaccinated per Case: Stockpile Issues

To determine the number of persons that must be vacci-
nated, we searched for reports of successfully contained
smallpox outbreaks in which both the number of cases and
the number of doses of vaccine administered were recorded.
These data allowed us to assemble a data set of doses used
per case, which was then fitted to probability distributions
by using specialized software (Bestfit, Palisade Corp, New-
field, NY). The probability distribution that gave the “best

fit,” judged by standard tests (chi square, Kolmogorov-
Smirnov, Anderson-Darling), provided the mean and median
number of doses historically used per case of smallpox, as
well as confidence intervals (e.g., 95th, 90th, and 10th per-
centiles). We then estimated the total number of vaccine
doses that should be stockpiled by multiplying the estimated
doses per case by the number of cases estimated by the
Markov chain model (objective 4).

Other Potential Interventions

We did not consider other potential preparations, such
as routine mass immunizations against smallpox. Reasons
for this exclusion include uncertainties about cost, vaccine
safety, duration of vaccine efficacy, and the probability of
such an event.

Sensitivity Analyses

We examined the effect on the number of daily and total
cases when the number initially infected was changed from
100 to 1,000 and the transmission rate was decreased to 2 or
increased to 5 persons infected per infectious person. We also
used the model to determine the minimum level of interven-
tions needed to ensure that transmission stopped by given
target dates. We chose 75, 150, and 225 days postrelease as
the examples of target dates, representing 5, 10, and 15 gen-
erations of smallpox, respectively. The minimum levels of
intervention needed to achieve these targets were deter-
mined by an iterative process, altering the level of the inter-
vention(s) until the number of new cases per day reached
zero on each target date.

Results

Effect of Transmission Rate and Numbers Initially Infected

We calculated the hypothetical effect of allowing small-
pox to spread without intervention, assuming an unlimited
supply of smallpox-susceptible persons. The data demon-
strate that the most important mathematical variable is the
assumed rate of transmission. For a given number of persons
initially infected, doubling the number infected per infec-
tious person causes a massive increase (greater than 2
orders of magnitude) in the cumulative total cases at 365
days (Table 1).

Effect of Intervention: Quarantine Only

A quarantine-only program can stop an outbreak of
smallpox, but it takes a daily removal rate of at least 50% to
ensure that disease transmission will cease. At a quarantine
rate of 50% starting on day 30 postrelease, the daily number
of new cases would peak at approximately 50 cases per day,
with no new cases on day 240 and a cumulative total of
approximately 2,300 cases (Figure 4). If 50% quarantine
began 5 days earlier, on day 25 postrelease, the total cases
would be approximately 1,750 and the maximum number of
daily new cases would be 20 per day (Figure 4). A 15-day
delay in starting quarantine programs, to day 45 postre-
lease, results in approximately 6,800 total cases and a maxi-
mum of almost 120 new cases daily (Figure 4).

5The number, severity, and cost of vaccine-induced side effects is the subject for a separate paper.
8Allowing 3 days for laboratory confirmation assumes that virus loads in clinical specimens may be insufficient to allow use of rapid assays
and confirmation must await the results of a culture-based assay, which takes approximately 72 hours. Rapid laboratory confirmation, within

24 hours, is possible.
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Table 1. Estimates of cumulative total smallpox cases after 365 days with no intervention

Cumulative total no. of smallpox cases, days postrelease®

No. initially No. infected per
infected?® infectious person 30 days 90 days 180 days 365 days
10 1.5 31 214 2,190 224 thousand
10 3.0 64 4,478 2.2 million 774 billion
1,000 1.5 3,094 21,372 219,006 22 million
1,000 3.0 6,387 447,794 222 million 77 trillion

@Number initially infected refers to those who are exposed during a release so that they subsequently become infectious to others. This scenario excludes those
who are exposed but either do not become ill (i.e., are immune or are not exposed to an infectious dose) or do not become infectious (residual immunity from

Erior vaccination may be sufficient to prevent onward transmission).
The number of persons infected per infectious person is the transmission rate.
€Assumes an unlimited supply of smallpox-susceptible persons.

Effect of Intervention: Vaccination Only

A vaccination-only program that reduces the rate of
transmission to 0.99 persons infected per infectious person
will eventually stop an outbreak, but not within 365 days
postrelease, even if it is begun on day 25 postrelease (Figure
5). To stop the outbreak by day 365 postrelease, a vaccina-

tion campaign starting on day 30 must reduce transmission casesonday365.

Quarantine only:
Remove 25% per day

Quarantine only:
Remove 50% per day

Daily cases

120 1140
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Z 100 Y \
5 1100
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= 60 >
0 160 =
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8 20 \ 120
Start day 25
0 : : ‘ 0
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Figure 4. Daily and total cases of smallpox after quarantining infectious persons at two daily rates and three
postrelease start dates. The graphs demonstrate that if quarantine is the only intervention used, a daily
removal rate of > 50% is needed to stop transmission within 365 days postrelease. At a 25% daily removal
rate of infectious persons by quarantine, a cohort of all those entering the first day of overt symptoms (i.e.,
rash) is entirely removed within 17 days (18 to 20 days postincubation) after the first day of overt symptoms,
with 90% removed within 9 days. At a 50% daily removal of infectious persons by quarantine, a cohort of all
those entering their first day of overt symptoms (i.e., rash) is entirely removed within 7 days (8 to 10 days
postincubation) after the first day of overt symptoms, with 90% removed within 4 days. The daily rate of
removal (quarantine) relates only to the removal of those who are infectious (i.e., overtly symptomatic). The
rate does not include any persons who may be quarantined along with overtly symptomatic patients, such as
unvaccinated household contacts. Data generated by assuming 100 persons initially infected and a transmis-
sion rate of 3 persons infected per infectious person. For clarity, the graphs of daily cases do not include the
assumed 100 initially infected persons. The graphs of total cases include the 100 initially infected

to approximately 0.85 persons infected per infectious person
(Figure 5), resulting in a cumulative total of 2,857 cases. If
the same intervention were started on day 25 postrelease,
the cumulative total would decline to 2,125 cases. Delaying
the start of the intervention to day 45 postrelease would
result in 3 new cases per day and a cumulative total of 8,347

Effect of Intervention:
Quarantine and
Vaccination

When combined with a
quarantine rate of 25%, to
stop transmission by day
365 postrelease, vaccina-
tion has to effectively
reduce the rate of trans-
mission by at least 33%,
from 3 persons infected to 2
persons infected per infec-
tious person (Figure 6).
Although transmission will
be halted,” the total num-
ber of cases would be
approximately 4,200, which
is 82% greater than the
total if a 50% daily reduc-
tion quarantine-only pro-
gram is assumed (Figure
4). Starting on day 25 pos-
trelease reduces the total
number of cases to approxi-
mately 3,200 (Figure 6).
Delaying the start of a
combined intervention to
day 45 postrelease
increases the total number
of cases to approximately
12,400.

"Even by reducing transmission from 3 to 2 persons per infectious person and quarantining infectious persons at a rate of 25% per day, the
number of new cases at day 365 is 3, not zero (i.e., transmission is not quite completely stopped) (Figure 6). For transmission to cease com-
pletely, vaccination must either achieve a 38% reduction in transmission to 1.85 cases per infectious person (assuming a daily quarantine
rate of 25%), or quarantine must achieve a 29% daily reduction in the number of infectious persons (assuming vaccination reduces transmis-

sion by 33%).
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Figure 5. Daily and total cases of smallpox for two vaccine-induced rates of transmission and three postrelease start dates. The graphs show
that, while reducing the transmission rate to 0.99 persons infected per infectious person reduces the daily number of cases over the period
studied, vaccination must reduce the rate of transmission to 0.85 persons infected per infectious person to stop the outbreak within 365 days
postrelease. Data were generated by assuming 100 initially infected persons and an initial transmission rate of 3 persons infected per infec-
tious person. For clarity, the graphs of daily cases do not include the assumed 100 initially infected. The graphs of total cases include those

initially infected.

Effect of Intervention: Number of Infectious Persons
Quarantined

With a quarantine-only intervention of 50% daily rate of
removal, starting on day 30 postrelease, the peak number of
daily removals is 69 infectious persons, occurring on day 30
(start day) with a cumulative total of 2,166 infectious
persons quarantined. With a combination of a 33% vaccine-
induced reduction in transmission and a 25% daily removal
quarantine program, the peak number of daily removals is
34 (start day 30), but the cumulative total that must be
quarantined is approximately 3,970 infectious persons.

Sensitivity Analyses: Effect of Changing Input Values
Reducing the transmission rate to two results in a quar-
antine-only program with a 25% daily removal rate almost
stopping transmission (Table 2). Delaying the start of such
an intervention to day 45 but combining it with a vaccination
campaign, which reduced transmission by 33%, would halt
the outbreak by Day 365 (Table 2). For the same interven-
tion start date, increasing the assumed transmission rate
from 2 to 5 persons infected per infectious person does not
proportionately increase the cumulative total number of
cases at day 365. Even with a quarantine rate of 25%
removal per day, assuming that vaccination concurrently
reduces transmission by 66%, the cumulative total number
of cases on day 365 is 19,821 (Table 2). For any given sce-
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nario, increasing the number initially infected from 100 to
1,000 increases both the cumulative totals and the daily
number of new cases at day 365 by a factor of 10 (Table 2).
Similarly, reducing the number of those initially infected
from 100 to 10 would cause a proportionate reduction in both
cumulative totals and daily numbers (data not shown; addi-
tional results in Appendix Il, available at URL: http://
www.cdc.gov/ncidod/eid/vol7no6/meltzer_appendix2.htm).

Sensitivity Analyses: Minimum Levels of Intervention to
Achieve Target Days

The earlier the target date for stopping an outbreak,
the larger the minimum vaccine-induced reduction in
transmission needed to achieve zero transmission (i.e., out-
break stopped). For example, assuming a transmission rate
of 3 and a 25% daily removal rate, a target date of day 225
requires a 45.2% vaccine-induced reduction in transmission
to 1.65 persons infected per infectious person (Table 3).
Reducing the target date to day 75 requires a 76.7% vac-
cine-induced reduction in transmission to 0.70 persons
infected per infectious person (Table 3). Again, delay in
starting interventions makes it notably more difficult to
stop an outbreak by a given target date. For example, to
achieve a target date of day 75 with a 50% daily removal
rate, starting interventions on day 45 requires a vaccine-
induced reduction in transmission of 81.2%, to 0.57 persons
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Figure 6. Daily and total cases of smallpox after a combined quarantine (25% daily removal rate) and vaccination campaign for two vaccine-
induced reductions in transmission and three postrelease start dates. The graphs show that, when combined with a daily quarantine rate of
25%, vaccination must achieve a >33% reduction in transmission to stop the outbreak. At a 25% daily removal rate of infectious persons by
guarantine, a cohort of all those entering their first day of overt symptoms (i.e., rash) is entirely removed within 17 days (18 to 20 days after
incubation) after the first day of overt symptoms, with 90% removed within 9 days. Removal is assumed to start same day as vaccinations. The
daily rate of removal by quarantine relates only to the removal of those who are infectious (i.e., are overtly symptomatic). The rate does not
include any persons who may be quarantined along with overtly symptomatic patients, such as unvaccinated household contacts. Vaccinating
contacts or potential contacts is assumed to result in 25% and 33% reductions in transmission, so that the transmission rate is reduced from 3
to 2.25 and 2 persons infected per infectious person, respectively. Data were generated by assuming 100 initially infected persons and an ini-
tial transmission rate of 3 persons infected per infectious person. For clarity, the graphs of daily cases do not include the assumed 100 initially
infected persons. The graphs of total cases include those initially infected.

Table 2. Sensitivity analyses: Effect on number of cases of smallpox due to varlat|ons in numbers initially infected, numbers infected per infectious
person, intervention start days, and quarantine and vaccination effectiveness?

No. infected Quarantine: Vaccination: % Impact: Impact: Increase or
No. initially per Start % removal reduction Cumulative total Daily cases at decrease
infected? infectious® dayd per day® transmissionf at 365 days 365 days (+/-9)

Base:100" 3.0 30 25 33 4,421 3 -
100 2.0 30 25 Nil 2,455 2 -
100 2.0 30 10 25 10,512 2 -
100 2.0 45 25 33 1,548 0 -
100 5.0 30 25 66 4,116 0 -
100 5.0 45 25 66 19,821 1 -
1,000 2.0 30 10 25 105,117 511 +
1,000 2.0 30 10 33 32,125 42 -

aTable 1, Appendix Il (see online) is an expanded version of this table.

Number initially infected refers to those who are exposed during a release such that they become infectious. This excludes those who are exposed but either do
not become ill or do not become infectious.
CThe number of persons infected per infectious person is the transmission rate.

dstart day, for both quarantine and vaccination interventions, refers to the day postrelease, with the day of release being day 1.

€Quarantine refers to removal of infectious persons only, starting on the first day of overt symptoms (i.e., rash). At a 25% daily removal rate, a cohort of all
those entering the first day of overt symptoms is entirely removed in 17 days (18 to 20 days postincubation) after day 1 of overt symptoms, with 90% removed
in 9 days. At a 10% daily removal, a cohort of all those entering the first day of overt symptoms is entirely removed in 44 days (45 to 47 days post incubation)
after day 1 of overt symptoms, with 90% removed in 22 days.
fvaccination is assumed to reduce the transmission rate by a given percentage (e.g., 25% reduction results in transmission declining from 2.0 to 1.5 persons
infected per infectious person, and 33% reduces transmission from 2.0 to 1.32).
9(+) = an increasing rate of daily cases on day 365, and thus the modeled interventions will not stop the transmission of smallpox. (-) = a decreasing rate of daily
cases such that the interventions modeled will eventually stop the transmission of smallpox.

h'see Figure 6 for complete results related to the base case in the initial modeling scenario.
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infected per infectious person (Table 3). If a 25% quaran-
tine-induced daily removal rate is assumed, then vaccina-
tion must reduce transmission by 91.5% to 0.26 persons
infected per infectious person (Additional results in Ap-
pendix Il, available at URL: http://www.cdc.gov/ncidod/eid/
vol7no6/meltzer_appendix2. htm).

Vaccinations per Case: Stockpile Issues

We identified 14 outbreaks in which a range of 9 to
102,857 persons were vaccinated per case of smallpox (Table
4). The mean was 14,411 persons vaccinated per case
(median 2,155). When fitted to a Gamma probability distri-
bution (35), the 95th, 90th, and 10th percentiles were 7,001,
4,329, and 3.5 doses per case, respectively (Table 4).

In Yugoslavia the number vaccinated per case was
approximately 5 times greater than in any other outbreak
considered (31). If the Yugoslavia data are removed from the
data set (Table 4), the simple average doses per case would
be 6,370 (56% decrease), with a median value of 1,801 (16%
decrease) doses per case.

If one assumes 4,200 cases result from 100 index cases
and a combined quarantine and vaccination program (start
day 30: Figure 6), and one uses a median of 2,155 persons
vaccinated per case (Table 4), 9,051,000 doses must be made
available for use (4,200 x 2,155). The 95th, 90th, and 5th
percentiles of this estimate are 29,404,200, 18,181,800, and
14,700, respectively. When the assumed number of persons
infected per infectious person is set at 2, the number of cases
declines to 1,548 (start on day 45: Table 2), and 3,335,940
vaccine doses must be made available for use (2,155 x 1,548),
with 95th, 90th, and 5th percentiles of 10,837,548,
6,701,292, and 5,418, respectively.

Discussion

The greatest simplification in building our model was
the assumption that the supply of susceptible persons was
unlimited, so that any specified rate of transmission would
be sustained for at least 365 days. In reality, many factors,
such as existing immunity and behavior modifications by
society (e.g., voluntary or forced quarantine) could limit the
supply of susceptible persons, reducing the total number of
cases in a 1-year period.

Supply of susceptible persons and assumed rate of
transmission are the most important variables influencing
the total number of smallpox cases (Tables 1,2). Historically,
average transmission rates were well below three persons
infected per infectious person (Appendix I, available at URL.:
http://www.cdc.gov/ncidod/eid/vol7no6/meltzer_appendix1
.htm). Variables that can affect the average rate of transmis-
sion of smallpox include seasonality, group size, and type of
contact (“face-to-face” or “incidental;” Appendix I, Table 5).
Our model does not explicitly allow for consideration of such
variables, and adjustments to transmission rate resulting
from changes in factors such as group size must be done
externally to the model.

Another result of assuming an unlimited supply of sus-
ceptible persons is that the impact of multiple releases does
not “need” to be explicitly modeled. That is, in our model it
does not matter if the release initially infects 100 persons
who are standing shoulder to shoulder or are each separated
by 500 miles. The two variables that can be manipulated to
act as proxies for modeling the impact of multiple releases
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Table 3. Sensitivity analyses: Minimum levels of intervention
needed to stop transmission of smallpox by days 75, 150, and 225
postrelease

Quaran-

Numbers _tine: o
Start day infected Minimum Vaccination:
Target of per % Minimum %
stop interven- infectiogs removal reduction in
day? tions® person per day® transmission
75 30 2 25.0 58.0 (0.84)
75 30 3 25.0 76.7 (0.70)
75 30 5 50.0 78.9 (1.06)
75 45 3 50.0 81.2 (0.57)
150 30 2 25.0 25.8 (1.49)
150 30 3 25.0 53.7 (1.39)
150 30 5 50.0 55.7 (2.22)
150 45 3 50.0 33.3 (2.00)
225 30 2 25.0 14.3 (1.72)
225 30 3 25.0 45.2 (1.65)
225 30 5 50.0 46.5 (2.68)
225 45 3 50.0 14.8 (2.56)

See Appendix 11, Table 2 (online) for an expanded version of this table.
aTarget stop day and start day of interventions refer to days postrelease,
with day of release being day 1.

"The number of persons infected per infectious person is the transmission
rate.

‘Quarantine refers to removal of infectious persons only, starting on the
first day of overt symptoms (i.e., rash). Rates are the minimum rates
needed, when combined with vaccination, to ensure that there is zero
transmission by the target date. At a 25% daily removal rate of infectious
persons, a cohort of all those entering their first day of overt symptoms is
entirely removed in 17 days (18-20 days postincubation) after day 1 of
overt symptoms, with 90% removed in 9 days. With 50% daily removal of
infectious persons, a cohort of all those entering the first day of overt
symptoms is entirely removed in 7 days (8 to 10 days postincubation) after
day 1 of overt symptoms, with 90% removed in 4 days.

dvaccination assumed to reduce the transmission rate by a given
percentage (e.g., 25% reduction results in transmission declining from 3.0
to 2.25 persons infected per infectious person). Percentages are the
minimum percentage reduction in the assumed rate of transmission
needed, when combined with quarantine, to ensure zero transmission by
the target date. The resultant transmission rate, after reduction, is in
parentheses.

and geographically diverse sites are the transmission rate
and the day of the start of interventions. For example, multi-
ple releases may be assumed to result in a lower average
transmission rate. Simultaneously, such releases may cause
confusion among authorities, the public, and the media,
resulting in delay in starting effective interventions. Simi-
larly, releases of smallpox among those perhaps disinclined
to interact with authorities (e.g., homeless persons) may go
undetected for longer periods of time, also resulting in
delayed interventions. We present results from our model of
the effect of assuming different transmission rates and start
days for an intervention (Tables 1-3). The net result of using
these proxy variables to model potential scenarios is that we
probably overestimate the spread of disease and the num-
bers infected. Nonetheless, we feel that the degree of overes-
timation will probably not substantially affect estimates for
thetotalnumberofdosesofvaccinethatshouldbestockpiled.
Another limitation of the model is that it does not explic-
itly answer the question of how many persons (or what pro-
portion of the population) need to be vaccinated for the
transmission rate to decline by, say, 33%. To answer this
guestion, we would need to know two pieces of information:
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Table 4. Doses of vaccine used to control outbreaks of smallpox: Numbers vaccinated per confirmed case from a variety of outbreaks, 1961-1973

Population Total Doses used
Site Year % susceptible No. of cases vaccinated per case Source

Saiwara village, India 1968 8 40 1,3582 34 27
Nathawala village, India 1969 12 12 450° 38 27
Bawku, Ghana 1967 n/a 66 165,449 2,507 28
Rural Afghanistan 1969 n/a® 6 5084 85 29
Nuatja subdivision, Togo 1969 n/a 6 10,818 1,803 30
Anéono subdivision, Togo 1969 40 47 294,274 6,261 30
Yugoslavia 1972 n/a 175 18 million 102,857 31
Utinga City, Brazil 1969 57 246 2,188 9 32
Botswana 1973 17-27¢ 30 50,000 1,667 33
London, UK 1961 n/a 3 62,000 20,667 34
West Bromwich, UK 1961 n/a 2 “limited”f n/a 34
Bradford, UK 1961 n/a 14 250,000 17,857 34
Birmingham, UK 1962 n/a 1 “limited”f n/a 34
Cardiff, UK 1962 n/a 47 900,000 19,148 34

Mean 14,411

Median 2,155

95th perct.9 7,001

90th perct.9 4,329

10th perct.9 3.5

8This population includes 1,069 revaccinations, accounting for 79% of total vaccinations.

bThis population includes 323 revaccinations, accounting for 72% of total vaccinations.

“The source did not provide population-based estimates of preoutbreak vaccination coverage (as determined by a vaccine scar survey). However, in the four
households that contained the six cases, of the 18 family members present at the time of the investigation, 6 (33%) had evidence of preoutbreak vaccination or
variolation.

9This number excludes some children who had been vaccinated 15 days before the outbreak investigation.

€In the sample (n=68,065), susceptibility varied by age. Smallpox vaccination scars were noted among 76% of those <5 years of age, 83% of those 6 to 14 years
of age, and 79% of those >15 years of age.

The health authorities for West Midlands, which dealt with two of the importations (West Bromwich, Birmingham, UK), limited vaccinations to “...established
contacts and medical and ancillary staffs placed at definite risk...” (34). Thus, although the source provides no estimates of the number vaccinated, the
description of those targeted for vaccination can lead to the hypothesis that <1,000 persons were vaccinated per case.

9The percentiles were calculated by fitting the data to a Gamma distribution (values of parameters: a = 0.25; R = 58,400). The chi-square value of the fit of the
data to the distribution was 20.57 (p>0.01), the Kolmogorov-Smirnov test value was 0.1262 (p>0.15), and the Anderson-Darling test statistic was 0.3147

(p>0.15).

first, what percentage of the population is truly susceptible to
smallpox and could become infectious to others; and second,
how would these susceptible persons interact with those
infected?®

Vaccination Alone or Combined with Quarantine?

The results from the model demonstrate that it is theoreti-
cally possible to completely halt the spread of smallpox by
quarantine only (Figure 4; Tables 2,3). The level of quarantine
needed, however, may prove impossible to enforce. On the
other hand, historically, mass vaccinations alone did not
always stop the transmission of smallpox (7,8). Thus, relying
solely on either intervention would appear to be unwise, so that
a combination of vaccination and quarantine should beused.

Using quarantine has the benefit of lowering the level of
effective vaccination needed to stop transmission (Tables 2,3).
Furthermore, compared with a vaccination-only intervention,
a combined quarantine and vaccination campaign will pro-
duce fewer total cases and stop transmission sooner (Table 3).
Depending on how vaccination is done, requiring a lower level

of effective vaccination could result in fewer vaccinations
being administered. Given that the smallpox vaccine occa-
sionally has adverse effects, including death (7,8), any
method that reduces the number of vaccinations needed to
halt transmission should be examined for possible inclusion
into a response plan.

Doses To Be Stockpiled

The number of estimated doses that must be stockpiled
ranges from the 5th percentile estimate of approximately
5,000 doses (assuming approximately 1,500 cases) to a 95th
percentile of almost 30 million (assuming approximately
4,200 cases). The latter estimate was generated by assuming
an average rate of transmission of three persons infected per
infectious person. This assumed level of transmission is well
above historical average rates of transmission (Appendix I,
available at URL: http://www.cdc.gov/ncidod/eid/vol7no6/
meltzer_appendix1.htm). Thus, allowing for factors such as
vaccine wastage, stockpiling 40 million doses as recom-
mended by Henderson et al. (5) should be adequate.

8Although there are some historical data regarding how infected persons interacted and infected others, all such data were collected when cir-
cumstances differed from those of today’s societies, particularly with regard to travel and spread of information. Although air and other modes
of mass travel were common before smallpox was eradicated, the numbers of travelers and the total miles traveled have vastly increased in
the past 30 years. Similarly, although mass media were well known and used in the 1960s and 1970s, more outlets are available to spread
information than ever before. It is unknown how these and other changes could affect the spread of smallpox.
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Because the pool of smallpox-susceptible persons is how
very large, the rate of transmission may be much higher
than historical averages, resulting in more cases of smallpox
and the need for more vaccine doses stockpiled. For example,
if a transmission rate of 5 is assumed and large-scale inter-
ventions are started on day 45 postrelease, the 95th percen-
tile of doses that should be stockpiled is 140 million doses
(mean 43 million doses; Tables 2,4). Similar estimates are
obtained if it is assumed that 1,000 persons are initially
infected (Tables 2, 4). Further supporting the argument for
stockpiling >40 million doses is the idea that there would be
enormous public demand for vaccination in the event of an
outbreak.

Stockpiling a large number of doses of smallpox vaccine
has three major problems. Building a stockpile of 140 million
doses might leave public health officials without needed
resources to prepare for and implement other interventions,
such as quarantine and public education. Second, a large
stockpile poses the problem of deciding how to use it. Invest-
ing in such a resource may invite the conclusion that the
only suitable response to a deliberate release of smallpox
would be a mass vaccination campaign, using as much of the
stockpile as possible. An enormous logistical problem would
be associated with rapidly vaccinating 140 million persons.
Assuming 10 minutes per person vaccinated (excluding
patient waiting time), 23 million person-hours would be
required to vaccinate 140 million people. In 1947 in New
York City it took approximately 1 week to vaccinate 6 mil-
lion people in response to an outbreak with eight cases (1).
An additional problem with trying to mass-immunize >100
million people is that, if a transmission rate of 5 is assumed,
disease spread might be so rapid as to “outrun” any mass
vaccination attempt (Tables 1,2). The third problem associ-
ated with a large stockpile of smallpox vaccine is that a large
number of side effects would be generated, including need for
treatment with vaccinia immunoglobulin and deaths as a
result of adverse reactions (26). Between the demands of vac-
cination and treatment of side effects, the health-care sys-
tem would be overburdened, to the detriment of treatment
for any other disease or medical emergency.

Policy Implications

The four most important policy implications from the
model results are 1) Delay in intervention will be costly, dra-
matically increasing the total number of cases; 2) Postre-
lease intervention should be a combination of quarantine
and vaccination; 3) Planning requires not only an apprecia-
tion of how many persons may be infected initially, but also
an understanding of the likely rate of transmission; and 4) a
stockpile of approximately 40 million doses of vaccine should
be adequate.

Beyond stockpiling, adequate planning, preparation,
and practice must be carried out (36). Such preparation must
include training health-care workers to recognize a case of
smallpox and what to do if a case is diagnosed. Public health
authorities and policymakers need to make detailed plans
that fully describe how persons will be quarantined and how
quarantine will be enforced. The successful enforcement of
quarantine requires political will, public acceptance, and
group discipline. Thus, a large part of the preparation for a
public health response to smallpox as a bioterrorist weapon
must involve educating policymakers and the public as to
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why quarantine is needed and why relying solely on mass
immunizations may not be the magic bullet that some might
hope.

Dr. Meltzer is senior health economist, National Center for
Infectious Diseases, Centers for Disease Control and Prevention.
His research interests focus on assessing the economics of public
health interventions such as oral raccoon rabies vaccine, Lyme dis-
ease vaccine, influenza vaccination among healthy working adults,
and the economics of planning, preparing and practicing for the next
influenza pandemic. He uses a variety of research methodologies,
including Monte Carlo models, Markov models, contingent valuation
(willingness-to-pay) surveys, and nonmonetary units such as Dis-
ability Adjusted Life Years.
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Hepatitis E Virus Sequences in Swine Related to
Sequences in Humans, the Netherlands

Wim H.M. van der Poel,* Froukje Verschoor,* Reina van der Heide,*
Maria-Inmaculada Herrera,t Amparo Vivo,t Marlou Kooreman,*
and Ana Maria de Roda Husman*
*National Institute of Public Health and the Environment (RIVM), Bilthoven, the
Netherlands; and fInstituto de Salud Carlos 111, Majadahonda, Madrid, Spain

Hepatitis E virus (HEV), a major cause of viral hepatitis in much of the
developing world, has recently been detected in swine in North America and
Asia, raising concern about potential for zoonotic transmission. To investi-
gate if HEV is commonly present in swine in the Netherlands, pooled stool
samples from 115 swine farms and nine individual pigs with diarrhea were
assayed by reverse transcription-polymerase chain reaction (RT-PCR)
amplification. HEV RNA was detected by RT-PCR and hybridization in 25
(22%) of the pooled specimens, but in none of the individual samples. RT-
PCR amplification products of open reading frames 1 and 2 were
sequenced, and the results were compared with published sequences of
HEV genotypes from humans and swine. HEV strains from swine in the
Netherlands were clustered in at least two groups, together with European
and American isolates from swine and humans. Our data show that HEV in
swine in the Netherlands are genetically closely related to HEVs isolates
from humans. Although zoonotic transmission has not been proven, these

findings suggest that swine may be reservoir hosts of HEV.

Hepatitis E virus (HEV) is a nonenveloped RNA (7.5-kb)
virus, previously classified as a calicivirus but provisionally
classified in a separate family of HEV-like viruses (1). HEV
is responsible for large epidemics of acute hepatitis and spo-
radic cases in southeast and central Asia, the Middle East,
parts of Africa, and Mexico. Few HEV infections have been
reported in nontravelers in industrialized countries, includ-
ing the Netherlands (2). HEV infection spreads by the fecal-
oral route, usually through contaminated water. The clinical
illness resembles other forms of acute viral hepatitis, with
onset after an 1- to 8-week incubation period. Clinical attack
rates are the highest among young adults. In younger age
groups, infections are more often anicteric and asymptom-
atic. Chronic HEV infection has not been observed. Although
the death rate is usually low (0.07% to 0.6%), the illness may
be particularly severe among pregnant women, with death
rates as high as 25% (3). To date, no specific treatment is
available for HEV infection. Ensuring a clean drinking water
supply remains the best preventive strategy.

Viral excretion begins approximately 1 week before
onset of illness and persists for nearly 2 weeks; viremia can
be detected during the late phase of the incubation period
and in the acute phase of illness (3,4). Long-term persistence
of HEV in the body fluids of infected persons seems to be an
unlikely reservoir for transmission of HEV (3). Experimental
HEV infection in swine has been reported (5), and serologic
evidence for HEV infection in swine from areas endemic for

Address for correspondence: Wim H.M. van der Poel, Microbiological
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human HEV has also been reported (6). Recent isolation of a
swine virus resembling human HEV suggests the possibility
of zoonotic HEV infection (7).

The objective of this study was to investigate if HEV is
prevalent in swine in the Netherlands and to determine the
relationship between the strains detected in pigs and those
described in humans.

Methods

Fecal Specimens

Stool specimens from swine were collected as part of
ongoing surveillance for potential zoonotic microorganisms
associated with gastroenteritis in humans (8). From October
10, 1998, through April 21, 1999, fecal samples were col-
lected from 115 pig farms located throughout the Nether-
lands. Pig samples were collected from fattening pigs 3 to 9
months of age; farm sizes ranged from 22 to 1,600 animals.
Individual stool samples were collected from nine pigs with
diarrhea.

Sampling

The sampling strategy was designed to allow monitoring
for the presence of pathogens in a large number of animals;
it allows detection of microorganisms at the farm level with
a prevalence of 5% and 95% confidence (8). Pig farm samples
were collected from animals housed in one randomly chosen
farm building. A minimum of 20 and a maximum of 60 fresh
stool specimens were collected per farm and pooled samples
were designated as the farm sample. Fecal samples were
stored until testing at -70°C in 15 g/L of Trypton Soya broth
(Oxoid CM 129) and 10% glycerol.
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Molecular Detection of HEV

For extraction of viral RNA, stool samples were resus-
pended in Hanks balanced salt solution (Gibco BRL, Breda,
the Netherlands) to a final concentration of approximately
10%. These suspensions were centrifuged at 3,000 x g for 20
minutes, and 100 pL was used for RNA extraction. Viral
RNA was extracted by binding to size-fractionated silica
beads (Sigma, Roosendaal, the Netherlands) in the presence
of guanidinium isothiocyanate (GuSCN). Bound RNA was
washed and eluted as described (9).

To reduce risk of contamination, one water sample for
every four stool specimens was included as a negative con-
trol, treated the same way as the fecal samples. For positive
controls, three HEV-positive samples (10% fecal suspen-
sions) were used. One human (US-2) and one swine (Meng
isolate) HEV-positive sample, both isolated in the United
States, were included. The human isolate (US-2) was pas-
saged once in a Cynomolgus macaque and once in a Rhesus
monkey (Macaca mulatta). The swine isolate was passaged
once in a Rhesus monkey. The third positive control sample
was a Burmese HEV swine isolate (10), which was passaged
once in Cynomolgus monkeys M. fascicularis). Extraction,
preparation of master mixes and reactions, and analysis of
polymerase chain reaction (PCR) products were done in dif-
ferent rooms with designated sets of pipettes. To avoid false-
positive PCR results, the precautions described by Kwok and
Higuchi (11) were strictly followed.

We used single-round and nested reverse transcription
(RT)-PCR assays with primer pairs, as described by Meng et
al. (7), Wang et al. (12), and Schlauder et al. (13). Two of
these primer pairs target a section of the open reading frame
(ORF)1 gene coding for nonstructural proteins (Table 1).
Three primer pairs target the ORF2 part of the HEV genome
that codes for the viral structural proteins (Table 1). Primers
ORF2-s1 and ORF2-al were used for screening and detect-
ing HEV RNA in all fecal samples. This single-round RT-
PCR amplifies 197 nucleotides of ORF2. Primer sets ORF1-
s1/ORF1-al with ORF1-s2/ORF1-a2 and 3156-EF/3157-ER
with 3158-EF/3159-1RS were used for nested PCR amplifica-
tion of specific parts of the ORF1 and ORF 2 encoding
regions. Second-round internal primers amplify the 286 and
348 nucleotides of ORF1 and ORF2, respectively.

For RT, 5 puL of RNA was mixed with 4 pL of 45 pmol
antisense primer (ORF1lal for ORF1 and 3157ER for ORF2).
The solution was heated to 95°C for 2 minutes, and after

cooling on ice, 6 pL of RT buffer was added. The RT reaction
was performed in a final volume of 15 pL consisting of 10
mM Tris-HCI (pH 8.3), 50 mM KCI, 3 mM MgCl,, 1 mM each
of deoxynucleoside triphosphates (dNTPs), and 5 U of avian
myeloblastoma virus-RT (Boehringer Mannheim, Almere,
Netherlands). The mixture was incubated for 1 hour at 42°C,
heated for 5 minutes at 95°C to denature the enzyme, and
then placed on ice. Five microliters of the RT mixture was
added to the PCR mix, which contained 10 mM Tris-HCI (pH
9.2), 75 mM KClI, 1.5 mM MgCl,, 0.2 mM dNTPs, 2.5 units
AmpliTag (Perkin Elmer, Nieuwerkerk a/d 1Jssel, Nether-
lands), and 15 pmol sense primer (ORF1-s1 for ORF1 and
3156 EF for ORF2). The final volume of the PCR reaction
was 50 pL. Mineral oil was added, and 40 amplification
cycles (1 minute at 94°C, 1 minute 30 seconds at 55°C, and 1
minute at 74°C each) were performed. The amplification
products were analyzed by 2% agarose gel electrophoresis
and visualized with UV after ethidium bromide staining.
Methods for both amplification rounds of the nested PCR
were the same as for the single-round PCR. To measure HEV
concentrations in the pooled fecal pig farm samples, end-
point dilution PCR was performed with the US-2 sample as a
reference.

Southern Blot Hybridization

RT-PCR was followed by Southern blot hybridizations.
An HEV-specific probe was developed based on the consen-
sus sequence of RT-PCR products of the human and swine
HEV control samples. The probe sequence was
5'gagaatgcdcagcaggayaaggg3’. For Southern blotting, the
RT-PCR products in the agarose gel were denatured by incu-
bating in 0.5 M NaOH for 30 minutes and transferred to a
positively charged nylon membrane (Boehringer, Almere,
Netherlands) by vacuum blotting (Millipore, Etten-Leur,
Netherlands).

Hybridization of HEV RT-PCR products was performed
as described for Norwalk-like virus by Vinjé et al. (14).
Briefly, the nylon membranes were prehybridized for 30
minutes at 42°C in 20 mL 2x SSPE (300 mM NaCl, 20 mM
NaH,PO,H,0O, 2 mM EDTA, pH 7.4) with 0.1% sodium
dodecyl sulfate (SDS). The membranes were left for 45 min-
utes at 42°C to allow hybridization, after addition of 40 pmol
of each of the 5'-biotinylated probes (14). The membranes
were washed three times for 10 minutes at 42°C with 2x
SSPE and 0.1% SDS. Then the membranes were incubated

Table 1. Oligonucleotide primers employed for RT-PCR amplification

Primer Sense Sequence (5' to 3) Position in genome Reference
ORF1-s1 Sense Ctggcatyactactgcyattgagc 56-79 13
ORF1-al Antisense Ccatcrarrcagtaagtgcggtc 451-473 13
ORF1-s2 Sense Ctgccytkgecgaatgcetgtgg 104-124 12
ORF1-a2 Antisense Ggcagwrtaccarcgctgaacatc 367-389 12
ORF2-s1 Sense Gacagaattratttcgtcggctgg 6298-6321 13
ORF2-al Antisense Cttgttcrtgytggttrtcataatc 6470-6494 13
3156-EF Sense Aaytatgcmcagtaccgggttg 5687-5708 7
3157-ER Antisense Cccttatcctgctgagcattctc 6395-6417 7
3158-EF Sense Gtyatgytyygcatacatggct 5972-5993 7
3159-IRS Antisense Agccgacgaaatyaattctgtc 6298-6319 7

@Nucleotide positions are numbered according to the Burmese strain (10).
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with 1:4,000 diluted streptavidin-peroxidase conjugate
(Boehringer, Almere, the Netherlands) for 45 minutes at
42°C in 10 mL of 2x SSPE and 0.5% SDS. After washing
three times (10 minutes each) with decreasing concentra-
tions of SDS (0.5%, 0.1%, and 0%) in 2x SSPE, the mem-
branes were incubated for 2 minutes with the enhanced
chemoluminescence (ECL) detection reagents (Amersham
Life Science, s’Hertogenbosch, the Netherlands), and then
were exposed to an ECL hyperfilm (Amersham Life Science)
for 30 minutes and overnight to visualize the bound probe.

Cloning, Sequence Comparison, and Phylogenetic
Analysis

HEV RT-PCR products of expected sizes from the pig
farm samples were excised from a 2% agarose gel, purified
with a Qiaquick gel extraction kit (Qiagen, Hilden, Ger-
many), and cloned into pGEM T-Easy Vector System |1l
(Promega, Madison, WI). After transformation, five positive
colonies of each ligation were selected. The pGEM T-Easy
Vector was checked for correct insertion size by direct PCR
amplification with M13 forward and M13 reverse primers.
Correct PCR products were purified with PCR purification
kit (Qiagen) and sequenced with the BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Perkin Elmer,
Applied Biosystems, Foster City, CA) by the use of PCR
primers. Nucleotide sequences were edited by using Seq Ed
(V1.03, Applied Biosystems) and aligned by Bionumerics
(V2.0 Applied Maths, Kortrijk, Belgium). Distance calcula-
tions were done by the Jukes and Cantor correction for evo-
lutionary rate (15). The confidence values of the internal
nodes were calculated by performing 100 bootstrap analyses.
Evolutionary trees for nucleotide sequences were drawn by
the Jukes and Cantor method, with HEV strain Burma
(GenBank accession number M73218) bp 125-366 and bp
5,994-6,297 as reference.

Electron Microscopy

Electron microscopy procedures were performed as rec-
ommended by Flewett (16) and Doane and Anderson (17).
Briefly, a 10% fecal suspension in phosphate-buffered saline
was clarified by centrifugation for 30 minutes at 3,000 x g at
4°C. The supernatant fluid was collected and centrifuged for
1 hour at 90,000 x g at 4°C. The pellet was resuspended in 1
drop of distilled water, and the grids were negatively stained
with 2% K-phosphotungstic acid (pH 7.0). Grids were inves-
tigated for the presence of viruses with an electron micro-
scope, model Philips 400T (Philips, Eindhoven, the
Netherlands) at 80 kV. Identification of virus particles was
based on morphologic criteria, i.e., size and characteristic
surface morphology (18). The diameters of the virus particles
were measured directly on the negatives, instead of on the
prints. A 10x measuring magnifier with metric scale was
used for particle measurements. Magnification calibration
was performed each year with a crossed-line grating replica.
All fecal swine farm samples (n = 115) were screened by
electron microscopy for viruses.

Results

RNA Detection and Virus Detection
In 20 of the pooled samples from the swine farms, HEV
was detected by single-round RT-PCR with the primer pair
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ORF2-s1/ORF2-al. None of the nine individual samples from
pigs with diarrhea contained HEV RNA by RT-PCR. South-
ern blot hybridization with a probe designed for both human
and swine HEV strains confirmed all RT-PCR-positive reac-
tions and identified 5 more positive pooled samples, for a
total of 25 (22%) of 115 HEV-positive farm samples.

Nested RT-PCR of ORF1 and ORF2 fragments, with dif-
ferent primer sets, was performed for sequencing. Nested
RT-PCR of the 25 HEV-positive samples with the primer
sets targeting ORF1 resulted in PCR products of specific size
in 18 samples. Nested RT-PCR with the primer sets target-
ing ORF2 resulted in PCR products of specific size in 17 sam-
ples. Five of these samples were positive in the first
amplification round. In one sample, our single-round screen-
ing RT-PCR was negative, but the nested RT-PCR was posi-
tive.

PCR titers (endpoint dilution PCR) of the pooled fecal
pig farm samples were between 10 E.4 and 10 E.2. In com-
parison, the US-2 isolate had an infectivity titer of approxi-
mately 10 E.6 and reached 10 E.2 positive dilutions by PCR
(Figure 1).

Electron microscopy analysis of the 25 RT-PCR positive
samples revealed particles with HEV-like morphologic fea-
tures in only one pig farm sample. The diameter of these par-
ticles was 31.5 nm.

Cloning, Sequence Comparison, and Phylogenetic
Analysis

For 14 HEV isolates, nucleotide sequences of both ORF1
and ORF2 PCR products were obtained. Cloned sequences
from the same sample showed little or no diversity in ORF1
as well as ORF2 fragments. Only cloned sequences were
used in the phylogenetic analyses. The sequences reported in
this paper have been deposited in GenBank (accession
numbers AF336290-336299 and AF335998-336014). Com-
parison of the nucleotide sequences showed percent nucleic
acid identities of 82.0% to 95.5% in the 242-bp fragment of
ORF1 and 79.5% to 92.7% in the 304-bp fragment of ORF2
among swine HEV isolates from the Netherlands. The com-
parative analysis of sequences of the capsid encoding region
ORF2 from GenBank indicated that parts of the Dutch swine
sequences (NLSW22 and NLSW122) were closely related
(90.0% to 90.9%) to the U.S. human and swine strains, and

0 1112 13 14 1516 17 182 18 ]

Figure 1. Endpoint dilution polymerase chain reaction with the US2
human Hepatitis E virus (HEV) sample as reference (infectivity titer
approximately 10 E.6). M: molecular mass marker; lanes 1-4
NLSW50 107,102,103 ;lanes 6-9: NLSW15 101,102,103 lanes 11-
14: NLSW20 107,102,107 lanes 16-19 US2 10711021073, Lanes
5,10 and 15 negative control water samples.
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others (NLSWH50) were closely related (91.8% to 93.1%) to
human and swine strains from Spain (Table 2). Comparison
with other isolates from endemic areas showed a nucleotide
identity <79.8% in both fragments. Many of these changes
did not result in differences at the amino acid level.

By phylogenetic analysis, the swine HEV sequences of
ORF1 and ORF2 formed at least two separate clusters.
Seven of 14 Dutch isolates were closely related to the U.S.
human and swine isolates. The other seven Dutch isolates
were closely related to European HEV isolates from humans
and swine (Figures 2 and 3).

Discussion

To determine whether HEV is prevalent in swine in the
Netherlands, we used RT-PCR methods, with primers
located in the HEV ORFs 1 and 2. Cloned sequences of the
PCR product showed little or no diversity, suggesting that
only one or a few HEV strains circulated in a pig farm.

Despite the fact that PCR titers revealed reasonable
quantities of virus (Figure 1), particles with HEV-like mor-
phologic features could be detected by electron microscopy in
only one of the 25 RT-PCR positive samples. This relatively
low number of positives by electron microscopy can be
explained by the greater sensitivity of RT-PCR and may also
have resulted from freeze-thawing the samples. HEV-like
caliciviridae have been described as sensitive to freeze-
thawing (27).

This is the first report with direct evidence of HEV in
swine in Europe. Pina et al. (21) reported detection of HEV
sequences in sewage from a swine slaughterhouse, suggest-
ing that HEV might be present in swine. The rather high
prevalence of HEV in commercial swine farms suggests that
it is widespread in the general swine population. In this
study, clinical symptoms in swine were not recorded, and no
overt clinical symptoms were observed. Therefore, a clinical
association with HEV infection could not be demonstrated.

Table 2. Nucleotide identit%ég/oa? between NLSW Hepatitis E virus (HEV) isolates, with respect to other HEV strains, in sections of 242 bases of

ORF1 and 304 bases of O

ORF1 fragment

ORF2 fragment

HEV strain NLSW15 NLSW22 NLSW50 NLSW105 NLSW15 NLSW22 NLSW50 NLSW105
Nz1 82.0 85.7 82.3 84.2 NaP Na Na na
Italy 80.8 82.3 80.8 83.8 Na Na Na na
Argl 82.7 85.7 83.5 88.4 Na Na Na na
Arg2 79.5 83.3 81.0 84.8 Na Na Na na
us1 80.5 92.9 82.7 87.2 86.7 90.9 83.9 86.4
us2 80.8 91.4 83.1 85.7 85.7 90.9 83.6 86.7
USswine 81.2 87.6 83.5 84.2 86.1 90.0 83.0 85.7
NLSW15 100.0 82.0 94.7 83.8 100.0 83.8 90.9 82.7
NLSW22 82.0 100.0 84.2 87.6 83.8 100.0 83.3 85.7
NLSW50 94.7 84.2 100.0 85.7 90.9 83.3 100.0 84.4
NLSW105 83.8 87.6 85.7 100.0 82.7 85.7 84.4 100.0
NLSW36 84.2 86.1 85.3 91.0 83.0 84.7 83.2 89.4
NLSW82 93.2 85.3 93.2 83.8 91.0 79.5 91.2 83.3
NLSW85 91.7 85.3 93.6 86.1 91.3 92.5 92.7 84.2
NLSW122 82.7 95.5 83.5 88.4 83.2 82.6 83.8 86.0
Greecel 92.1 82.3 92.9 83.8 Na Na Na Na
Greece2 85.7 80.8 83.1 79.3 Na Na Na Na
Egypt Na Na Na Na 75.6 76.5 76.5 76.5
Morocco Na Na Na Na 77.5 77.2 78.1 76.5
VH1 92.1 83.5 92.1 83.8 91.1 80.9 93.1 82.9
VH2 91.0 83.1 91.7 83.5 92.4 80.3 92.4 81.6
E1ll Na Na Na Na 92.8 80.9 91.8 82.6
Barcelona 79.3 73.7 78.2 75.9 76.9 76.2 77.8 79.0
Nepal 79.3 73.7 78.2 75.9 78.1 78.1 79.6 79.3
Burmal 79.7 72.9 78.6 76.3 76.9 76.8 78.4 78.1
Indial 79.0 73.7 78.6 75.6 78.7 76.5 79.0 78.7
Chinal 79.0 72.9 78.6 75.6 77.5 77.8 78.4 78.4
Pakistan 79.3 73.3 78.2 75.9 77.5 77.2 78.4 77.5
New 80.5 77.8 79.7 78.6 79.0 79.6 78.7 77.2
China(T1)
Mexico 78.2 77.8 77.5 76.3 76.0 75.4 76.0 75.1
aFor explanation of isolates’ acronyms, see Figure 2 legends.
bna= not available
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Other studies with different designs will be needed to
f...8. 8 8 R .2 B e, find out whether HEV can cause clinical disease in
rE :t:; swine. HEV may run a subclinical course in swine (7), a
A rs oy situation resembling the mostly asymptomatic hepatitis
__2],—-—5; NLEWTS A and E infections in children (4). The outcome of natu-
N NLSHER ral HEV infection in adult and pregnant pigs is unknown
; NLSAES and needs to be evaluated. In addition, it is unknown
NLSAGH whether subclinical HEV infection may have adverse
Greecet effects on growth rates in juvenile pigs.
s Vi On the basis of sequence comparisons, genetic dis-
Vh2 tances, and phylogenetic analyses of the 242 bases of
e Gexe? ORF1 and the 304 bases of ORF2, all swine HEVs in the
____ Itatyl Netherlands clustered with previously described Euro-
Ly N pean or American human or swine HEV isolates. There
__ Al appears to be geographic clustering of swine and human
A sequences in Europe, America, and Asia. Only one Asian
E 332 isolate (from New Zealand) clustered with a European
il 0 S’A isolate. The observation that American, European, and
| Ussiire - - R
L2 Asian human and swine isolates group together suggests
———E: NLSHZ relatively recent interspecies transmission in different
L, NLSWaT parts of the world. To determine whether human HEV
E NLSHED evolved from swine HEV or vice versa, the retrospective
T e studies of archived fecal or serum samples from humans
“ i NS5 and swine may provide information about the evolution-
{ NS0 ary relationship between swine and human HEV.
NewCHira An important issue raised from the discovery of
Burmal swine HEV strains similar to human strains is the possi-
Mo bility of actual zoonotic transmission from swine to

Figure 2. Phylogenetic relationships among human and pig strains of Hepatitis E virus (HEV), based on a 242-bp sequence of ORF1 (nucle-
otides 125-366). Rooted tree (A) and unrooted tree (B). In the rooted tree, all the Dutch swine sequences are depicted with the foreign isolates
that cluster with those sequences, as well as prototype isolates from different clusters. The distances can be estimated by using the scale, and
the numbers are confidentiality rates. In the unrooted tree, eight Dutch swine sequences selected on the basis of diversity are depicted with
isolates from different geographic origins. The numbers correspond with distances. NLSw15, 20, 22, 28, 36, 50, 68, 76, 82, 85, 91, 99, 105, and
122: 14 Dutch pig HEV. US1, US2 and USswine: United States human and pig HEV strains, respectively (19). Greece 1 and Greece 2: Greek
human HEV strains (13). Argl and Arg 2: Argentinian human isolates (20). VH1 and VH2: Spanish human isolates; and E11: Spanish slaugh-
terhouse sewage isolate (21). Burmal: Burmese human isolate (22). Italyl: human isolate (13). Barcelona: sewage isolate (23). Pakistan:
human isolate (24). Chinal: human isolate (25). Indial: human isolate (GenBank acc. no. X99441). NZ1: New Zealand human isolate (Gen-
Bank acc. no AF215661). Nepal: human isolate (26). Egypt: human isolate (22). Morocco: human isolate (7). NewChina (T1):GenBank acc. No
AJ272108).
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humans. Based on the sequence similarities observed
among the Dutch swine HEV strains and the European
and North American human strains, one cannot yet deter-
mine whether these swine strains are species-specific or
circulating in the human population as well. Swine may be
a reservoir for human infection. A reported higher anti-
HEV seroprevalence among pig farmers working in close
contact with pigs versus persons whose work does not
involve contact with livestock (28) suggests that swine
HEV may infect humans. If zoonotic HEV infections occur,
whether HEV from swine can cause clinical disease in
humans warrants study. Clinical HEV infection in the
Netherlands in persons without a history of travel has not
yet been observed; however, nontravelers with hepatitis
are seldom tested for HEV.

HEV has been detected in sewage in Spain (23). The
discovery of HEV in swine in the Netherlands suggests
that humans may become infected by contact with sewage
of animal origin or even through contact with surface
waters.

In addition to the public health concern about zoono-
sis, there is also the concern for xenozoonosis, the inadvert-
ent transmission of pathogens from animal organs to
human recipients. Nonpathogenic pig HEV strains may
become pathogenic for humans after xenotransplantation,
as a result of species jumping, recombination, or adapta-
tion in immunocompromised xenotransplantation recipi-
ents (29).

In conclusion, the discovery of swine HEV strains in

Figure 3. Phylogenetic relationships among human and pig Hepatitis E virus strains, based on 304 nucleotide sequences of HEV ORF2 (nu-cle-
otides 5994-6297). Rooted tree (A) and unrooted tree (B). For further explanation of the figure and definition of isolate acronyms, see Figure 2

legend.
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the Netherlands related to human HEV isolates from Europe
and America indicates an important new direction for HEV
research. From the public health point of view, methods
should be developed to detect interspecies transmission at an
early stage. Swine HEV infection may provide an animal
model for HEV studies, and swine HEV might also prove use-
ful for development of a vaccine against human hepatitis E.
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A Multistate Outbreak of Escherichia coli
O157:H7 Infections Linked to Alfalfa Sprouts
Grown from Contaminated Seeds

Thomas Breuer,* Denise H. Benkel,*T Roger L. Shapiro,* William N. Hall,t
Mary M. Winnett,§ Mary Jean Linn,T Jakob Neimann,* Timothy J. Barrett,*
Stephen Dietrich, Frances P. Downes,f Denise M. Toney,{ James L. Pearson,{
Henry Rolka,* Laurence Slutsker,* Patricia M. Griffin,*
and the Investigation Team?!

*Centers for Disease Control and Prevention, Atlanta, Georgia, USA; tVirginia Department of
Health, Richmond, Virginia, USA; tMichigan Department of Community Health, Lansing,
Michigan, USA; §Medical College of Virginia, Richmond, Virginia, USA; and fVirginia
Division of Consolidated Laboratory Services, Richmond, Virginia, USA

A multistate outbreak of Escherichia coli O157:H7 infections occurred in the
United States in June and July 1997. Two concurrent outbreaks were inves-
tigated through independent case-control studies in Michigan and Virginia
and by subtyping isolates with pulsed-field gel electrophoresis (PFGE). Iso-
lates from 85 persons were indistinguishable by PFGE. Alfalfa sprouts were
the only exposure associated with E. coli 0157:H7 infection in both Michi-
gan and Virginia. Seeds used for sprouting were traced back to one com-
mon lot harvested in Idaho. New subtyping tools such as PFGE used in this
investigation are essential to link isolated infections to a single outbreak.

Escherichia coli O157:H7 was first recognized as a
human pathogen in 1982 and has since emerged as a major

identification of alfalfa sprouts grown from contaminated
seeds as a new vehicle for E. coli O157:H7 infection in

cause of bloody and nonbloody diarrhea, causing thousands humans.
of infections with substantial illness and death each year in
the United States (1). In addition, E. coli O157:H7 infection Methods

is the most common cause of hemolytic uremic syndrome, the

leading cause of kidney failure among children in the United Epidemiologic Investigation

States.

Most foodborne outbreaks associated with E. coli
0157:H7 have been traced to foods derived from cattle, espe-
cially ground beef and milk (1). In June and July 1997, the
state health departments of Michigan and Virginia concur-
rently received an increased number of reports of E. coli
0157:H7 infections compared with the numbers in similar
periods the previous year. We describe the epidemiologic,
environmental, and laboratory investigations that led to the

Address for correspondence: Thomas Breuer, Infectious Disease Epide-

Independent studies were done in Michigan and Vir-
ginia to investigate exposures associated with E. coli
0157:H7 infection.

Michigan

Cases were identified through passive surveillance of
isolates sent from clinical laboratories to the Michigan
Department of Community Health (MDCH). During July 21-
27, 1997, we conducted a case-control study in Michigan,
using a questionnaire designed to test hypotheses developed
during in-depth interviews with seven ill persons. Because

miology Section, Robert Koch-Institute, Stresemannstr. 90 — 102,
10963 Berlin, Germany; fax +49-30-4547-3533; e-mail: breuert@rki.de

alfalfa sprouts and salads were the most commonly men-
tioned items in the hypothesis-generating interviews, the
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Groth, Robert Hackler, Pamela Hankison, Suzanne Jenkins, Jack Kress, Jan LaPierre, Henry Martin, Michael McMahan, Christopher
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guestionnaire focused on these food items. Other food items
known to be vehicles for E. coli O157:H7 infections were also
included.

A case was defined as diarrhea, abdominal cramps, or
both, in a resident of Michigan with onset of symptoms from
June 15 to July 31, 1997, and a stool culture yielding E. coli
0157:H7 with the outbreak strain pulsed-field gel electro-
phoresis (PFGE) pattern. Il persons were interviewed by
telephone about their illness and exposures during the 7
days before onset of symptoms. Two age group-, sex-, and
neighborhood- (based on the same telephone prefix) matched
controls were selected for each patient. Matching by age was
based on six groups (<2, 2 to <5, 5 to <12, 12 to <18, 18 to
<60, and >60 years). Children <12 years of age were not
matched by sex. Controls were identified by systematically
adding to or subtracting from the case-patient’s telephone
number until a match was obtained. Controls were asked
about food exposures during the 7 days before the day of
interview. In addition, questions were asked about the con-
sumption of selected food items such as alfalfa sprouts and
salad during the time period including the 7 days before the
onset of illness in the matched patient. The water quality
records of a nearby lake where ill persons had swum were
reviewed.

Virginia

Cases were reported to the Virginia Department of
Health by the local health districts, the state public health
laboratory (Division of Consolidated Laboratory Services),
and hospital and private laboratories. We initiated a case-
control study on July 15, 1997, using a questionnaire regard-
ing 31 specific food items and environmental exposures. The
study design and questionnaire were not discussed with the
Michigan investigators. Case-patients and controls were
interviewed via telephone by trained interviewers who used
a data collection instrument based on a Centers for Disease
Control and Prevention (CDC) questionnaire used for a
nationwide E. coli O157:H7 case-control study, with addi-
tional questions on items mentioned in interviews with ill
persons. Controls were matched with case-patients by age,
sex, and geographic location, with 1 to 3 controls per case.
Case-patients <18 years old were matched within 3 years,
those 18 to 34 years old within 5 years, and those >34 years
old within 10 years. To locate geographically matched con-
trols, investigators dialed the case-patients’ area code and
the first five digits of his or her telephone number and then
completed the call by using a list of randomly generated
numbers for the last two digits.

A confirmed case was defined as diarrheal illness (three
or more loose stools in a 24-hour period) occurring in a Vir-
ginia resident (or nonresident if the person was seen in a
Virginia health-care facility for treatment) with onset of
symptoms from June 1 to September 5, 1997, and a stool cul-
ture that yielded E. coli O157:H7 with the outbreak strain
PFGE pattern. Potential controls were excluded if they
reported having had diarrhea in the 2 months before the
interview or if they were not living in their current residence
during the week before the matching patient’'s onset of ill-
ness. Controls were asked about the same time period as the
matched patient. If case-patients or controls could not
remember eating an item during that week, they were asked

Emerging Infectious Diseases

whether that item would have been eaten in a typical week
in the month of the patient’s illness onset.

Laboratory Methods

PFGE subtyping of E. coli O157:H7 isolates was per-
formed by the MDCH laboratory and the Virginia State labo-
ratory by using the restriction enzyme Xbal (Boehringer
Mannheim, Indianapolis, IN) as described (2). A subset of
isolates (12 from Michigan and 24 from Virginia) were sent
to CDC for simultaneous PFGE subtyping, phage typing,
and antimicrobial susceptibility testing. PFGE subtyping of
selected isolates was also performed by using the restriction
enzymes BInl (Boehringer) and Spel (Boehringer).

In addition, we asked all state and territorial epidemiol-
ogists and public health laboratory directors to send to CDC
E. coli O157:H7 isolates from any patients who had eaten
alfalfa sprouts in the week before illness.

Isolates with PFGE patterns indistinguishable from the
predominant pattern of isolates in Michigan were considered
the outbreak strain. The outbreak PFGE pattern was com-
pared with PFGE patterns in the CDC database by Molecu-
lar Analyst Fingerprinting Plus Software (Bio-Rad
Laboratories, Hercules, CA). Phage typing was done by the
extended phage typing scheme of Khakhria et al. (3). Isolates
were tested by the disk-diffusion technique for susceptibility
to the following antimicrobial agents: amoxicillin/clavulanic
acid, ampicillin, ceftriaxone, chloramphenicol, ciprofloxacin,
gentamicin, kanamycin, nalidixic acid, streptomycin,
sulfisoxazole, tetracycline, and trimethoprim-sulfamethox-
azole (4).

Implicated alfalfa seed and sprouts grown from that
seed were cultured for E. coli O157:H7 in two enrichment
broths (mTSB and TSBcv) (5,6). The broths were streaked to
Sorbitol MacConkey Agar (CT-SMAC) containing 0.05 mg/L
cefixime and 2.5 mg/L potassium tellurite) and further
examined by immunomagnetic separation (anti-E. coli 0157
Dynabeads; Dynal, Inc., Lake Success, NY.) (7). The concen-
trated samples were then plated to selective media (CT-
SMAC). Sweeps of growth on all plates were tested by poly-
merase chain reaction for stx1, stx2, and uidA gene
sequences (8,9).

Trace-Back Methods

State health departments, in conjunction with the
Department of Agriculture in Michigan, the local Food and
Drug Administration in Virginia, and CDC investigators,
conducted interviews to determine the source(s) of sprouts.
Il persons identified retail outlets (restaurants, markets)
and dates of purchase. Retail outlets identified shippers and
growers of alfalfa seed. The origin of implicated seed was
determined by reviewing seed supplier invoices and delivery
records. A successful trace-back from a patient who had
eaten sprouts was defined as one in which the grower and
seed supplier(s) could be identified. After the alfalfa sprouts
were traced back to one specific lot of seeds, we investigated
the seed processing company and the fields from which they
were harvested.

Statistical Methods
Maximum likelihood estimates of matched odds ratios
(MOR) with exact 95% confidence intervals (Cl) were used as
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measures of association (SAS statistical software version
6.12, SAS Institute Inc., Cary, NC, USA).

Results
Epidemiologic Investigation

Michigan

From June 1 to July 31, 64 persons with E. coli 0157:H7
infection from Michigan were reported to MDCH, a twofold
increase from the 31 infections reported during the same 2
months in 1996. Thirty-eight patients had illness that met
the case definition (Figure). Of these, 26 (68%) were female,
and the median age was 31 years (Table). Ninety-five per-
cent reported bloody diarrhea, 47% were hospitalized, and
11% had hemolytic uremic syndrome; none died. Sixty-six
percent of patients reported that they received antibiotics;
74% reported the use of antimotility agents.

Twenty-seven case-control sets were interviewed; the
remaining patients either could not be reached or were iden-
tified after the study ended. The only food item positively
and significantly associated with illness was alfalfa sprouts.
Fifteen (56%) of 27 ill persons reported eating alfalfa sprouts
in the 7 days before onset of illness, but only 3 (6%) of 53 con-
trols had eaten them in the 7 days before the interview
(MOR 27; 95% CI 5-558). When controls were asked about
alfalfa sprout consumption for the same 7-day interval as ill

persons, a similar association was observed (4 [8%] of 53 con-
trols; MOR 25; 95% CI 4-528). No other food item—or swim-
ming—was positively associated with illness.

Virginia

In June 1997, 32 persons with E. coli O157:H7 infection
were reported, compared with 11 cases in the same time
period in 1996. Seventy-four persons with E. coli O157:H7
infection with dates of onset from June 1 to September 5,
1997, were reported. Forty-four (59%) had illnesses that met
the case definition; the exact onset dates were reported for
42 (Figure). Demographic and clinical characteristics of
patients were similar to those of Michigan patients (Table).

Twenty case-control sets could be contacted for the case-
control study. As in Michigan, eating alfalfa sprouts was the
only exposure positively and significantly associated with ill-
ness. Thirteen (68%) of 19 case-patients but only 6 (13%) of
45 controls reported eating alfalfa sprouts during the week
before illness onset in the case or in a typical week in the
month of the patient’s illness onset (MOR 25; 95% CI 4-537).
No other food item was significantly associated with illness.

Laboratory Results

In the subset of 34 E. coli O157:H7 isolates from case-
patients in Michigan and Virginia submitted to CDC, all iso-
lates had indistinguishable PFGE patterns with restriction
enzyme Xbal and BInl. Three isolates were also tested by

Number of cases reported

7
Michigan
6" n=(38)
5l last day sprouts from implicated seed lot left
sprouting company
4+
3.
2,
T swimmers
006 11 16 21 26 1 6 1M 16 21 26 31 5 10 15 20 25 30 4 9 14
7
Virginia
| n=(42)
5,
4r sprout recall initiated
1 6 11 16 21 26 1 6 1 16 21 26 3 5 10 15 20 25 30 4 9 14
June July August September
1997

Figure. Date of onset of illness for persons with Escherichia coli O157:H7 infection and the outbreak pulsed-field gel electrophoresis pattern,

Michigan and Virginia, June to September 1997.

Vol. 7, No. 6, November-December 2001

979 Emerging Infectious Diseases



Research

Table. Demographic and clinical characteristics of persons with
Escherichia coli 0157:H7 infections and the outbreak pulsed-field
gel electrophoresis patterns, Michigan and Virginia, 1997

Michigan
Characteristic (n=38) Virginia (n=44)2
Median age, years (range) 31 (2-76) 33 (1-71)
Female, no. (%) 26 (68) 26 (59)
Signs and symptoms, no. (%)
Diarrhea 38 (100) 44 (100)
Abdominal cramps 37 (97) 40 (100)
Bloody stool 36 (95) 38 (95)
Vomiting 20 (53) 26 (62)
Subjective fever 15 (39) 15 (43)
Hospitalized 18 (47) 18 (49)
HusP 4 (11) 0 (0)
Headache ND 18 (47)
Muscle aches ND 15 (44)
Median days of diarrhea, 6 (3-41) ND

no. (range)

aDenominator ranged from 34 to 44 because of missing information.
bHUS = hemolytic uremic syndrome; ND = not determined.

Spel and had indistinguishable patterns. All isolates were
phage type 32. Thirty-three isolates were sensitive to all
antimicrobial agents tested; one isolate from Virginia was
resistant to ampicillin.

Sixty-seven isolates collected during the outbreak period
from U.S. states other than Michigan and Virginia were
tested at CDC by PFGE by using Xbal, and BInl, and Spel
restriction enzymes. Six (9%) had PFGE patterns indistin-
guishable from the outbreak strain PFGE pattern by all
three enzymes and were phage type 32, bringing the total
number of cases to 85. These isolates came from Ohio and
North Carolina, which are directly adjacent to the outbreak
states.

We obtained a 50-pound bag of seeds used to grow the
implicated alfalfa sprouts. A 500-g sample of seeds was cul-
tured directly, and the same amount of seeds was sprouted,;
neither yielded E. coli 0157:H7.

Trace-Back

Trace-back to the sprouting facility was successful in 29
of 31 instances in which ill persons reported eating alfalfa
sprouts. Of 16 successful trace-backs in Michigan, 15 led to
one sprouting facility, facility A, in Michigan; one patient
could have eaten sprouts from either facility A or facility B
in Michigan. All 13 successful trace-backs in Virginia were
traced to one sprouting facility in Virginia. During the out-
break period, the Virginia company used only one seed lot.
That same seed lot was one of only two lots continuously
sprouted by facility A in Michigan from mid-May to the first
week of July. Facility B in Michigan sprouted a small num-
ber of seeds from this lot on only 2 days; the sprouts from
these seeds represented only a fraction of each day’s produc-
tion. The implicated seed lot was not distributed to any other
sprouting company in or outside the United States. That
seed lot was 17,000 Ibs, of which 6,000 Ibs still existed and
were immediately removed from distribution.

Emerging Infectious Diseases

The implicated seed lot was a blend of five lots from four
farms, harvested from 1984 to 1996. The seed processor and
the farmers were all located in Idaho. Inspection of the
alfalfa fields revealed three possible sources of contamina-
tion: cattle manure, water, and deer feces. Manure is not
normally applied in alfalfa fields in ldaho; however, cattle
feedlots are common in the area. The alfalfa fields of one of
the farmers were adjacent to a feedlot. Manure may have
leaked or been illegally dumped next to feedlots. In addition,
run-off water from neighboring fields, which is collected in
furrows and sometimes used to irrigate alfalfa fields, could
carry manure to the fields. Three of the four farmers
reported at least occasionally seeing deer in their fields. In
fact, one had fields next to a wildlife refuge and reported
that deer were in the fields every day. Contaminated alfalfa
plants, cattle manure, or deer feces could be picked up by the
thresher during harvesting and contaminate the seeds. No
evidence was found for bacterial contamination at the seed
processor.

Other Sources of lliness

We interviewed 11 patients in Michigan who met the
case definition but were not included in the case-control
study because they either could not be contacted during the
study or had not been identified when the case control-study
was conducted. The median age of these patients was 12
years, compared with 31 years for patients in the case-con-
trol study. Their onsets of illness were from June 30 to July
13. Five of these patients, all children, had definitely not
eaten alfalfa sprouts but had swum in the same manmade
lake during the July Fourth holiday weekend or the previous
weekend.

We re-interviewed the eight patients who were enrolled
in the case-control study and who reported swimming in the
7 days before illness. We identified two children (ages 4 and
5) who had not eaten alfalfa sprouts in the week before ill-
ness but who had been swimming at the same manmade
lake during the same time period. None of the other patients
had visited the lake. The number of visitors per day was not
higher on these weekends than the average number for
weekend days in June and July. Water samples from three
locations in the beach area of the lake contained < 10 E. coli
bacteria/100 mL on June 25 and July 7.

Demographic characteristics of patients in Virginia
(n=21) who were not included in the case-control study did
not differ from those of patients enrolled in the study.

Follow-Up of Patients Outside the Outbreak States

We contacted all six ill persons from North Carolina and
Ohio who were infected with E. coli O157:H7 of the outbreak
strain PFGE pattern. Two of them had traveled to an out-
break state during the outbreak period but could not remem-
ber eating alfalfa sprouts. Three remembered eating alfalfa
sprouts in the week before illness but did not recall traveling
to an adjacent outbreak state during that time.

Discussion

This multistate outbreak of E. coli 0157:H7 infections is
the first outbreak linked to consumption of alfalfa sprouts. It
is also the first outbreak in which subtyping by PFGE was
used to determine the magnitude of the outbreak on a
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national scale. Many lines of evidence indicate that the vehi-
cle was alfalfa sprouts grown from contaminated seed. First,
two independently designed and conducted case-control
studies of concurrent outbreaks in Michigan and Virginia
found that eating alfalfa sprouts was the only exposure posi-
tively associated with illness. Second, E. coli O157:H7 iso-
lates from Michigan and Virginia patients epidemiologically
linked to the outbreak had an indistinguishable PFGE pat-
tern, the same phage type, and the same antibiogram,
strongly suggesting a common source. The identical PFGE
pattern had been identified only once before in one isolate in
CDC's database of PFGE patterns. Third, trace-back investi-
gations implicated independently operating sprouting facili-
ties in Michigan and Virginia. The only common link
between these sprouting facilities was the use of the same
seed lot, grown and shipped from Idaho, indicating that the
seed was contaminated before it was shipped to the sprout-
ing facilities. Fourth, the outbreak ended after alfalfa
sprouts from the implicated seed lot were no longer sold.
Fifth, a national sample of other E. coli O157:H7 isolates col-
lected during the outbreak period did not contain the PFGE
outbreak pattern, except for a few isolates from ill persons in
states adjacent to the outbreak states, who could have eaten
the implicated sprouts. The lack of a nationwide distribution
of cases is consistent with the fact that the seeds and the
sprouts grown from them were distributed in only two
states.

This outbreak also highlights the use of PFGE subtyp-
ing as a tool for differentiating between an increase of spo-
radic unlinked infections and a cluster of infections from a
common source. After an increased number of reports of E.
coli O157:H7 infections was noticed, rapid PFGE subtyping
of the initial isolates within 2 days was the starting point of
this investigation.

The removal of 6,000 pounds of remaining seeds from
the marketplace likely prevented more illnesses, although
cultures of implicated seeds and sprouts grown from them
did not yield E. coli O157:H7. Contamination was probably
not uniform in the lot of seed from which the implicated
sprouts were grown, and since only a single bag, represent-
ing <0.003% of that seed lot, was cultured, recovery of E. coli
0157:H7 may have been unlikely. This outbreak investiga-
tion illustrates the recommendation that public health offi-
cials should not require confirmation of microbial
contamination of a product before taking action when suffi-
cient epidemiologic evidence is available.

In recent years, produce items such as lettuce, apple
cider, and unpasteurized apple juice have been implicated in
outbreaks of E. coli O157:H7 infections (10). Detection of
non-meat-related outbreaks is most likely explained by
heightened awareness of E. coli O157:H7 infection and
improved detection methods such as PFGE subtyping, which
enable recognition of smaller clusters and widely dispersed
outbreaks. The expanded range of food vehicles also high-
lights the need for changes in educational messages and for
improving awareness among physicians and the general
public that E. coli O157:H7 infections can be acquired from
many sources other than ground beef.

In recent years, consumption of raw alfalfa sprouts has
also been associated with outbreaks due to various serotypes
of Salmonella (11,12). Salmonellae can survive for months
under the dry conditions used for alfalfa seed storage (13),
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and E. coli O157:H7 likely follows a similar survival pattern.
Furthermore, E. coli O157:H7 proliferates 103- to 10°fold
during sprout germination. Viable E. coli O157:H7 can exist
not only on the outer surface but also inside the sprout ves-
sels (14). If this finding is confirmed by other researchers, it
is even more important to identify sources of contamination
and institute specific prevention measures.

The U.S. sprouting industry produces several hundred
thousand tons of sprouts of different varieties each year. No
methods to reduce or eliminate contamination of seeds in the
field, to effectively decontaminate alfalfa seeds before
sprouting, or to clean the sprouts themselves are in place.
The sprout industry is working with the National Center for
Food Safety and Technology to study sprout safety. The most
promising method is chemical treatment with calcium
hypochlorite, a method already in use in California on an
emergency basis, as approved by the state’'s environmental
protection agency (15). Irradiation, in which a measured
dose of ionizing radiation is applied, appears to work well in
decontaminating sprout seeds; U.S. Food and Drug Adminis-
tration approval is pending (15). Until the safety of alfalfa
sprouts can be assured, we recommend that persons at
increased risk for E. coli O157:H7 infections, such as chil-
dren <5 years of age, the elderly, and patients with compro-
mised immune systems, should not eat alfalfa sprouts
(16,17).

This outbreak shows how foodborne outbreaks can
extend in a community. The identification of an identical
PFGE pattern in a second cluster of patients at the end of
the outbreak suggests that a lake was contaminated by feces
from a patient with illness from sprouts. Such contamination
is possible because E. coli O157:H7 can survive for weeks in
lake water (18) and has a very low infectious dose. Children
could have acquired illness by swallowing a small amount of
water while swimming (19,20). The finding of a probable
waterborne outbreak also underscores the fact that new sub-
typing methods such as PFGE are tools to improve investiga-
tions but cannot substitute for a thorough epidemiologic
work-up. Epidemiologic investigation combined with PFGE
made the link to the source of the outbreak and to a specific
lot of alfalfa seeds. Additional epidemiologic inquiry estab-
lished lake water as the most likely mode of transmission for
children who had not eaten sprouts.

Because food is increasingly centrally produced and
widely distributed (21), the public health system will likely
face more widely dispersed outbreaks such as this one. To
meet the challenge, subtyping tools such as those used in
this investigation, as well as timely and centralized disease
reporting and outbreak investigation by trained public
health personnel, the application of appropriate microbio-
logic tests in suspected cases, and increased awareness of
foodborne illness will be essential.
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Effect of Prevention Measures on Incidence
of Human Listeriosis, France, 1987-1997

Véronique Goulet,* Henriette de Valk,* Olivier Pierre,t
Frédéric Stainer,t Jocelyne Rocourt,§ Véronique Vaillant,*
Christine Jacquet,§ and Jean-Claude Desenclos*

Contaminations, Paris, France; and §Institut Pasteur, Paris, France

To assess the impact of preventive measures by the food industry, we ana-
lyzed food monitoring data as well as trends in the incidence of listeriosis
estimated through three independent sources: the National Reference Cen-
ter of Listeriosis; a laboratory-based active surveillance network; and two
consecutive nationwide surveys of public hospital laboratories. From 1987
to 1997, the incidence of listeriosis decreased by an estimated 68%. A sub-
stantial reduction in the proportion of Listeria monocytogenes-contaminated
products was observed at the retail level. The temporal relationship
between prevention measures by the food industry, reduction in L. monocy-
togenes -contaminated foodstuffs, and reduction in listeriosis incidence sug-
gests a causal relationship and indicates that a substantial part of the

*Institut de Veille Sanitaire, Saint-Maurice, France; TDirection Générale de la Concurrence, Bureau
Hygiene, Paris, France; tDirection Générale de I'Alimentation, Bureau des Préventions des

reduction in illness is related to prevention efforts.

Although rare, invasive listeriosis is an infection of pub-
lic health concern because of its severity, with a case-fatality
rate evaluated at 20%-30%, the possible sequelae, and its
potential to cause epidemics. In 1981, the investigation of an
outbreak of listeriosis in Canada demonstrated for the first
time that human listeriosis could be caused by transmission
of Listeria monocytogenes through contaminated foods, in
this case coleslaw (1). However, it was not until 1985,
prompted by the outbreak of listeriosis in California linked
to inadequately pasteurized soft cheese, that L. monocytoge-
nes became a major concern of the food industry. In the
United States, as a first step, the Food and Drug Adminis-
tration began monitoring dairy products for L. monocytoge-
nes. This monitoring was later expanded to include ready-to-
eat foods such as cold meat and poultry products, seafood,
and salads; strict zero-tolerance guidelines for L. monocyto-
genes in ready-to-eat foods were enforced (2).

In France, the first control measures for L. monocytoge-
nes, including microbiologic monitoring of unprocessed and
finished products, were implemented in 1986 in plants pro-
ducing cheese for exportation to the United States (3). When
a soft cheese was shown to be the cause of a large outbreak
that occurred in Switzerland from 1983 to 1987, French
authorities enforced prevention efforts to eliminate sources
of contamination by L. monocytogenes in all cheese produc-
tion plants beginning in 1988 (4). In 1992, Listeria control
measures were extended to include plants producing ready-
to-eat meat and meat products (5). In 1992, the investigation
of a large outbreak (279 cases) identified pork tongue in jelly
as the main vehicle of transmission and showed that cross-

Address for correspondence: V. Goulet, Institut de Veille Sanitaire,
12 rue du Val d'Osne, 94415 Saint-Maurice Cedex, France; fax: 00
331417967 69; e-mail: v.goulet@invs.sante.fr
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contamination of other ready-to-eat meat products,
especially those sold at the delicatessen counter, amplified
transmission (6). As a result, hygiene measures at the retail
level and particularly at delicatessen counters were rein-
forced (7,8). This 1992 outbreak prompted the Ministry of
Health to issue recommendations through the public media
to immunocompromised patients, the elderly, and pregnant
women to avoid certain foods, encouraging them to consult a
physician in case of symptoms suggestive of listeriosis.

Finally, in 1993, L. monocytogenes control measures
were extended to include all foods potentially contaminated
with L. monocytogenes (9). These control measures included
microbiologic monitoring of food products and, if L. monocy-
togenes were isolated, investigation, increased sanitation,
and plant clean-up. Foods were considered to be potentially
contaminated with L. monocytogenes if they were either raw
and did not undergo a listericidal process (such as cooking)
before being eaten, or if they were pasteurized foods that
could be contaminated during handling and that have char-
acteristics favorable to the growth of Listeria (e.g., pH, water
content, and salt concentration within certain ranges). For
some products (food for infants and toddlers, canned food) a
zero-tolerance policy was enforced. For dairy, meat, and fish
products, the standard is to have no contamination, but <100
CFU L. monocytogenes/g at the end of the product’s shelf life
can be tolerated under certain circumstances.

In the same period, the dairy corporation and meat pro-
cessing association produced video training programs to help
managers improve food hygiene understanding by educating
their employees. Several guidelines were published, in 1991
and 1992 for the dairy industry and in 1994 for the meat
product industry. Guidelines to introduce Hazard Analysis
and Monitoring of Critical Control Points (HACCP) in manu-
facturing plants were promulgated in 1992 by the meat and
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dairy industry, and software was developed to help
managers implement this method in their plants.

We analyze trends in the incidence of listeriosis to
assess the impact of the measures described.

Material and Methods

Case Surveillance

Data on the incidence of human listeriosis in mainland
France were obtained from three independent sources. The
first source was the National Reference Center (NRC) of list-
eriosis, to which microbiology laboratories voluntarily send
human isolates of L. monocytogenes. The NRC was the
Microbiology Laboratory of the Medical Faculty in Nantes
from 1982 to 1992; since 1993, the Institut Pasteur in Paris
has performed this function. For patients identified by the
NRC in 1997, information on pregnancy status and underly-
ing medical conditions was obtained by contacting the
attending physician (10).

The second source was two surveys carried out among
public hospital laboratories to estimate listeriosis incidence in
France in 1987 and 1988 (11,12). In France, general hospitals
that provide primary care are distinguished from regional
hospitals, usually university teaching hospitals, which pro-
vide primary as well as secondary care. With the rare excep-
tions of a few specialized university hospitals, all general and
regional/university hospitals have neonatal or pediatric de-
partments or both, as well as an obstetric department.

In the retrospective surveys, all laboratories of general
and regional/university hospitals were asked to complete
case reports for all patients from whom L. monocytogenes
had been isolated in the year of the survey. Information was
collected on the site of isolation of the strain and age and sex
of the patient. In 1987, information on pregnancy status and
underlying disease, as well as clinical outcome of listeriosis,
was also recorded. For each year, the total number of cases
in France was estimated by dividing the number of cases
reported by the participating hospitals by the proportion of
beds represented by these hospitals (number of beds in par-
ticipating hospitals/total number of beds in all public hospi-
tals in France).

The third source was a surveillance network of laborato-
ries of general and regional/university hospitals called EPI-
BAC, which has been operational since 1987 (13).
Participating laboratories complete monthly report forms
indicating all cases of bacteremia or meningitis with an iso-
late of L. monocytogenes, Streptococcus pneumoniae, Haemo-
philus influenzae, Neisseria meningitidis, or Streptococcus
groups A and B. For each case, the type of isolate and the
date of birth and sex of the patient are recorded. Until 1991,
a case was defined as an isolate. Therefore, a patient with
isolates from both blood and cerebrospinal fluid (CSF) was
reported on two separate forms as a case of bacteremia and a
case of meningitis. Since 1991, cases of listeriosis are
reported on a single form, and for each case it is noted
whether the isolate was recovered from blood or CSF. Conse-
quently, for the period 1987-1997, we cannot analyze trends
in incidence from the total number of cases, since the num-
ber of cases before 1991 would be overestimated. Therefore,
we analyzed trends in incidence from 1987 to 1997 sepa-
rately from the total number of blood isolates (whether or
not associated with an isolate from CSF) and from the total
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number of CSF isolates (whether or not associated with an
isolate from blood).

For each year, the total number of cases of listeriosis in
France was estimated by dividing the number of cases
reported by the participating hospitals by the proportion of
hospital admissions in medicine departments (all nonsurgi-
cal departments) represented by these hospitals (number of
admissions in medicine departments of participating hospi-
tals/total number of admissions in medicine departments in
public hospitals in France).

Case Definition for Surveillance

In the NRC and in the two surveys of hospital laborato-
ries, a case of listeriosis was defined as isolation of L. mono-
cytogenes from a normally sterile site or, in the case of a
newborn <7 days of age, from any site. The EPIBAC network,
which used a more restricted case definition, reported only
invasive cases with an isolate of L. monocytogenes from blood
or CSF. Patients with blood or CSF isolates represent
approximately 80% of all cases identified by laboratory sur-
veys and the NRC. Pregnancy-associated cases were defined
by the isolation of L. monocytogenes from a pregnant woman
or her fetus or newborn infant within the first 30 days of life.
A mother-infant pair (even in the case of twins) was counted
as a single case. A predisposing condition was defined as one
for which an increased risk of listeriosis had been demon-
strated in a previous study (14; manuscript in preparation).
These conditions included malignancies, chronic hemodialy-
sis, hepatic or renal failure, diabetes, HIVV/AIDS, corticother-
apy, chemotherapy, and organ transplantation.

Sensitivity of Data Sources

The number of laboratories sending isolates to the NRC
increased over time. In 1986, comparison with the number of
cases identified by a survey among hospital laboratories esti-
mated this proportion at <33% of the isolates (15). For 1997,
the sensitivity for case-detection by EPIBAC and NRC was
evaluated by the capture-recapture method (16). A total of
225 cases with L. monocytogenenes isolated from blood or
CSF were identified by one or both systems: 148 by EPIBAC,
190 by NRC, and 113 by both systems. The sensitivity for
detecting cases of bacteremia or meningitis was estimated at
76% (95% confidence interval [CI] 72-81) for NRC and 59%
(95% CI 56-63) for EPIBAC. The annual incidence of inva-
sive listeriosis in 1997 was thus estimated for NRC by divid-
ing the number of identified cases by 76%.

Food Monitoring

In France, two ministries are responsible for monitoring
foods for L. monocytogenes. The Ministry of Agriculture is
responsible for monitoring at the production level. In addi-
tion to inspecting sanitary conditions in processing plants,
its officers test foods bacteriologically at different phases of
production and review results of microbiologic surveillance
carried out by the producer. Until 1998, results of these tests
were not available for analysis, since the data remained at
the local level.

The Ministry of Economy (Consumers Affairs
Directorate) conducts 2-year surveys to determine the
proportion and level of contamination of foodstuffs consid-
ered to be at risk for L. monocytogenes contamination and to
evaluate the impact of preventive efforts on the frequency of
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contamination of these foodstuffs.
The results of these surveys are 800
available from 1993 on (17,18). The
surveys focus on foods considered
to be at risk for L. monocytogenes 700
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gories according to whether the
product is pasteurized; soft or hard,;
ripened or fresh; made of cow, goat,
or sheep milk; or blue veined or
white mold. In the 1993-94 and 1995-96 surveys, products
from 27 subcategories of ready-to-eat foods were sampled at
the retail level so that the distribution of the subcategories
was similar in both surveys. For these ready-to-eat products,
we compared the proportion of samples within the four cate-
gories of foods that was contaminated in the periods 1993-
1994 and 1995-1996.

Statistical Analysis

Incidence data were calculated by using the census data
estimates from Institut National de la Statistique et des
Etudes Economiques (19). For 1987 and 1997, the distribu-
tion by category of the identified patients with information
on pregnancy status and medical conditions was applied to
the total estimated annual incidence to obtain category-spe-
cific incidence rates. Changes in incidence by category were
evaluated by comparing the category-specific incidence rate
in 1987, as estimated by the 1987 hospital laboratory survey,
with the category-specific estimated incidence rate in 1997,
based on the number of isolates received by NRC.

Since the 1987 survey used a different approach from
the 1997 study, we also analyzed the proportional reduction
in number of cases by category, from the subset of hospitals
that reported cases in both 1997 and 1987. Proportions were
compared by chi-square test with Yates correction or Fisher
exact test, as appropriate.

Results
Incidence of Listeriosis (Figure)

EPIBAC

From 1987 to 1993 and from 1994 to 1997, participating
hospitals represented 35% and 60%, respectively, of public
hospital admissions in medicine departments in France. Par-
ticipation of regional/university hospitals was slightly but
consistently higher than that of the general hospitals: in
EPIBAC hospitals, 42% of hospital admissions were in uni-
versity/regional hospitals; the figure for the whole country is
37.5%. The number of admissions in pediatric departments
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Figure. Annual incidence of Listeria monocytogenes bacteremia estimated by the EPIBAC laboratory
network, number of isolates received by the National Reference Center, and year of implementation
of preventive measures, France, 1987-1997.

divided by the number of admissions in all medicine depart-
ments (all nonsurgical) was consistently the same (14%) in
EPIBAC hospitals and in all hospitals in France.

Using data from the EPIBAC network, we found the
annual estimated incidence of bacteremia and meningitis
due to L. monocytogenes declined substantially, from 12.3
cases for bacteremia and 3.4 cases of meningitis per million
population in 1987 to 3.5 cases of bacteremia and 0.9 cases
for meningitis per million population in 1997, a reduction of
72% and 73%, respectively. The incidence decreased slightly
from 1987 to 1989, showed a clear decrease in 1990, and con-
tinued to diminish until 1997, with the exception of 1992,
when a large outbreak involving 279 cases occurred in
France.

The annual number of cases identified by NRC
decreased by 33% from 366 (6.3 cases/million) in 1987 to 242
(4.1 cases per million) in 1997. The trend is similar to that in
EPIBAC: a decrease was observed in 1990, followed by a
peak in 1992, and then a decrease after 1993. The number of
cases identified by the NRC in 1994-1995 was similar to the
number identified in 1988-1989, whereas the incidence esti-
mated by EPIBAC shows a 54% reduction over this period.

Hospital Laboratory Surveys

Overall, the h