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Chronic Wasting Disease and
Potential Transmission to Humans

Ermias D. Belay,* Ryan A. Maddox,* Elizabeth S. Williams,T Michael W. Miller,f
Pierluigi Gambetti,§ and Lawrence B. Schonberger*

Chronic wasting disease (CWD) of deer and elk is
endemic in a tri-corner area of Colorado, Wyoming, and
Nebraska, and new foci of CWD have been detected in
other parts of the United States. Although detection in some
areas may be related to increased surveillance, introduc-
tion of CWD due to translocation or natural migration of ani-
mals may account for some new foci of infection.
Increasing spread of CWD has raised concerns about the
potential for increasing human exposure to the CWD agent.
The foodborne transmission of bovine spongiform
encephalopathy to humans indicates that the species bar-
rier may not completely protect humans from animal prion
diseases. Conversion of human prion protein by CWD-
associated prions has been demonstrated in an in vitro cell-
free experiment, but limited investigations have not
identified strong evidence for CWD transmission to
humans. More epidemiologic and laboratory studies are
needed to monitor the possibility of such transmissions.

hronic wasting disease (CWD) is classified as a trans-

missible spongiform encephalopathy (TSE), or prion
disease, along with other animal diseases, such as scrapie
and bovine spongiform encephalopathy. The only known
natural hosts for CWD are deer (Odocoileus species) and
Rocky Mountain elk (Cervus elaphus nelsoni) (1,2). CWD
and other TSEs are believed to be caused by a pathogenic
effect on neurons of an abnormal isoform of a host-encod-
ed glycoprotein, the prion protein. The pathogenic form of
this protein appears to be devoid of nucleic acids and sup-
ports its own amplification in the host. TSEs in animals
primarily occur by transmitting the etiologic agent within
a species, either naturally or through domestic husbandry
practices. In contrast, most such encephalopathies in
humans occur as a sporadic disease with no identifiable
source of infection or as a familial disease linked with
mutations of the prion protein gene (3). A notable excep-
tion among the human TSEs is the variant form of
Creutzfeldt-Jakob disease (vCJD), which is believed to

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA; tUniversity of Wyoming, Laramie, Wyoming, USA;
fColorado Division of Wildlife, Fort Collins, Colorado, USA; and
8§Case Western Reserve University, Cleveland, Ohio, USA
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have resulted from the foodborne transmission of bovine
spongiform encephalopathy (BSE) to humans (4,5).

CWD was first identified as a fatal wasting syndrome
of captive mule deer in the late 1960s in research facilities
in Colorado and was recognized as a TSE in 1978 (6,7).
Subsequently, this wasting disease was identified in mule
deer in a research facility in Wyoming and in captive elk
in both the Colorado and Wyoming facilities (6-8). The
disease was first recognized in the wild in 1981, when it
was diagnosed in a free-ranging elk in Colorado (1,9). By
the mid-1990s, CWD had been diagnosed among free-
ranging deer and elk in a contiguous area in northeastern
Colorado and southeastern Wyoming, where subsequent
surveillance studies confirmed it to be endemic (10).
Epidemic modeling suggested that this wasting disease
might have been present among free-ranging animals in
some portions of the disease-endemic area several
decades before it was initially recognized (10). On the
basis of hunter-harvested animal surveillance, the overall
prevalence of the disease in this area from 1996 through
1999 was estimated at approximately 5% in mule deer,
2% in white-tailed deer, and <1% in elk (10). In 2000, sur-
veillance data indicated that the disease-endemic focus
extended eastward into adjacent areas of Nebraska (1,11),
and ongoing surveillance continues to redefine the limits
of this focus.

Clinical manifestations of CWD include weight loss
over weeks or months, behavioral changes, excessive sali-
vation, difficulty swallowing, polydipsia, and polyuria
(1,6-8). In some animals, ataxia and head tremors may
occur. Most animals with the disease die within several
months of illness onset, sometimes from aspiration pneu-
monia. In rare cases, illness may last for >1 year. In cap-
tive cervids, most cases occur in animals 2—7 years of age;
however, the disease has been reported in cervids as young
as 17 months and as old as >15 years of age (1). This dis-
ease can be highly transmissible within captive deer and
elk populations. A prevalence of >90% was reported
among mule deer in facilities where the disease has been
endemic for >2 years (2,6,7,12). The mode of transmission
among deer and elk is not fully understood; however,
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evidence supports lateral transmission through direct ani-
mal-to-animal contact or as a result of indirect exposure to
the causative agent in the environment, including contam-
inated feed and water sources (12).

Geographic Distribution of
Chronic Wasting Disease

The geographic extent of CWD has changed dramati-
cally since 1996 (2). Two largely independent and simulta-
neous epidemics, one in free-ranging deer and elk and
another in the captive elk and deer industry, appear to rep-
resent the main framework for explaining the disease’s
current distribution (2). More extensive and coordinated
surveillance has provided a clearer picture of its distribu-
tion over the last few years. Since 2000, the disease in free-
ranging cervids has been increasingly identified outside of
the original CWD-endemic areas of Colorado and
Wyoming (Figure). The observed distribution seems to be
related in part to natural movement of deer and elk and to
commercial movement of infected animals to areas far
from the disease-endemic zone. Considerable attention has
been given to recent increases in the geographic spread of
the disease, which in some areas is likely a result of
increased surveillance rather than evidence of explosive
geographic spread.

No single original event or source links all wasting dis-
ease foci documented to date. Given the disease’s insidious
nature and the apparent duration (at least several decades)
of epidemics among captive and free-ranging cervids, gaps
in knowledge about its spread and distribution are not sur-
prising, particularly within the captive deer and elk indus-
try. However, our current knowledge cannot explain some
of the distinct foci of CWD among free-ranging animals
(e.g., in New Mexico and Utah). Thus, unidentified risk
factors may be contributing to the occurrence of CWD
among free-ranging and captive cervid populations in
some areas.

Chronic Wasting Disease in
Free-ranging Deer and Elk

In 2000, surveillance of hunter-harvested deer first
detected the occurrence of CWD in counties in southwest-
ern Nebraska, adjacent to the previously recognized areas
of Colorado and Wyoming that are endemic for this dis-
ease (Figure) (1,11). It was reported subsequently in other
Nebraska counties, including among deer and elk in a
commercial, large enclosure surrounded by a fence in
northwestern Nebraska, where the prevalence of CWD
was >50% (11). Free-ranging deer from areas surrounding
the enclosure also tested positive for the disease but at sub-
stantially lower rates. In 2001, CWD in a free-ranging deer
was identified in the southwestern part of South Dakota
along the Nebraska border close to an area where the dis-
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Figure. Chronic wasting disease among free-ranging deer and elk
by county, United States.

ease had been reported among captive elk (13). Since then,
additional CWD-positive free-ranging deer and elk have
been identified in southwestern South Dakota.

CWD in free-ranging cervids was first reported east of
the Mississippi River in Wisconsin among white-tailed
deer harvested in the 2001 hunting season (14).
Subsequent surveillance indicated that this CWD epidem-
ic focus was limited to several counties in the south-central
region of Wisconsin, although a second focus spanning the
Ilinois border was also detected (15). The absence of evi-
dence for a widespread occurrence of CWD and its low
prevalence, despite a highly dense deer population, indi-
cate that the disease probably was recently introduced into
Wisconsin. Because the distance from the CWD-endemic
area of Colorado-Wyoming effectively precludes eastward
migration of animals as a logical source of infection, CWD
in Wisconsin was more likely introduced by an imported
infected cervid or some other unidentified source (14). The
proximity of the Wisconsin-1llinois focus to a white-tailed
deer farm with infected animals appears to support this
explanation, as highlighted by the report of CWD in a pre-
viously captive white-tailed deer approximately 7 months
after it escaped into the wild in southern Wisconsin (14).
The disease among the captive deer herd from which the
white-tailed deer escaped was demonstrated earlier, when
a still-captive deer tested positive for the disease. The cap-
tive source herd was held in a facility 30-50 km from the
[linois location where CWD was recently identified in a
free-ranging deer (16). In 2002, the Wisconsin Department
of Natural Resources launched an ambitious culling pro-
gram by providing special hunting permits to eliminate the
disease in a designated “eradication zone” around the areas
where it was detected (15,17). Whether such aggressive
management will succeed in eliminating free-ranging foci
of CWD remains to be determined.

In Colorado, the Continental Divide initially appeared
to have prevented natural expansion of CWD into the
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western part of the state. However, in 2002, the disease
was confirmed for the first time in several free-ranging
deer harvested in western Colorado in an area surrounding
a commercial enclosure, where entrapped mule deer test-
ed positive for CWD. Aggressive culling of deer and elk
surrounding the enclosure was initiated to prevent further
spread of the disease in the western slope of Colorado.
Through the 2002 hunting season, CWD-positive deer and
elk continued to be identified outside of the previously
defined disease-endemic area, primarily in northwestern
Colorado (18). This northwestern focus appears to be dis-
continuous from the previously identified CWD-endemic
area, although surveys conducted in 2002 demonstrated
that the western and southern boundaries of that area were
wider than previously believed. The ultimate source of
this wasting disease in northwestern Colorado remains
unidentified.

In 2002, samples from an emaciated, free-ranging mule
deer found in White Sands, New Mexico, tested positive
for CWD (1,19). No cervids have been held in captivity
close to the area where the New Mexico deer was found,
and the origin of the disease in this deer remains unknown.
In addition, CWD-positive, free-ranging deer have been
identified in Wyoming to the west over the Continental
Divide from the known CWD-endemic zone (20). In 2003,
a mature buck deer harvested in the fall of 2002 in north-
eastern Utah tested positive for the disease (21); addition-
al cases have since been found in central and eastern Utah
(Figure). These cases provide additional evidence for the
potential spread of this wasting disease in the wild.

In Canada, CWD was first detected in free-ranging
cervids (two mule deer) in 2001 in Saskatchewan; a few
additional deer tested positive in 2002 and 2003 (22).
Saskatchewan Environment has implemented a herd-
reduction program using “control permits” to prevent fur-
ther spread of the disease among free-ranging cervids.

Chronic Wasting Disease in
Captive Deer and Elk

CWD was first recognized in the captive elk industry in
Saskatchewan in 1996, but subsequent investigations indi-
cated that the most likely source of Canadian cases was
captive elk imported from South Dakota prior to 1989
(2,22). Since 1996, surveillance has detected infected ani-
mals on more than 25 elk farms in Colorado, Kansas,
Minnesota, Montana, Nebraska, Oklahoma, South Dakota,
and Alberta, Canada, and the Republic of Korea
(1,14,23,24). CWD in most of these farms was identified
in the past 5 years. In 2002, the disease was detected in
white-tailed deer on farms in Alberta and Wisconsin
(23,25). More extensive and uniform surveillance in cap-
tive white-tailed deer is needed to determine the full extent
of the disease in this industry.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 10, No. 6, June 2004

Chronic Wasting Disease of Deer and Elk

Captive herds with a CWD-infected cervid are often
depopulated both in Canada and the United States.
Carcasses of depopulated animals are incinerated or buried
in accordance with local regulations. Meat from depopu-
lated animals has not been allowed to enter the human food
and animal feed supply.

Transmission to Other Animals

Concerns have been raised about the possible transmis-
sion of the CWD agent to domestic animals, such as cattle
and sheep, which may come in contact with infected deer
and elk or CWD-contaminated environments. If such
transmissions were to occur, they would potentially
increase the extent and frequency of human exposure to
the CWD agent. In addition, passage of the agent through
a secondary host could alter its infectious properties,
increasing its potential for becoming more pathogenic to
humans. This phenomenon may have occurred with BSE
when a strain of scrapie, a possible original source of the
BSE outbreak, changed its pathogenic properties for
humans after infecting cattle. However, the exact origin of
BSE remains unknown.

Although CWD does not appear to occur naturally out-
side the cervid family, it has been transmitted experimen-
tally by intracerebral injection to a number of animals,
including laboratory mice, ferrets, mink, squirrel mon-
keys, and goats (1,26). In an experimental study, the CWD
agent was transmitted to 3 of 13 intracerebrally injected
cattle after an incubation period of 22 to 27 months (27).
The susceptibility of cattle intracerebrally challenged with
the agent of this disease was substantially less than that
observed after intracerebral scrapie challenge: nine of
nine cattle succumbed to scrapie challenge after intracere-
bral injection (28). In ongoing experimental studies, after
>6 years of observation, no prion disease has developed in
11 cattle orally challenged with the CWD agent or 24 cat-
tle living with infected deer herds (E.S. Williams and
M.W. Miller, unpub. data) (1). In addition, domestic cat-
tle, sheep, and goat residing in research facilities in close
contact with infected cervids did not develop a prion dis-
ease.

Analysis by immunohistochemical studies of the tissue
distribution of prions in CWD-infected cervids identified
the agent in the brain, spinal cord, eyes, peripheral nerves,
and lymphoreticular tissues (Table 1) (29,30). Distribution
of the CWD agent outside of the brain seems to be less
widespread in elk than in deer (2). Involvement of the ton-
sils and peripheral nerves early in the course of experimen-
tal and natural prion infection suggests the possible
involvement of the lymphoreticular and peripheral nervous
systems in the pathogenesis and transmission of the dis-
ease (2,12,30,31).
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Table 1. Deer tissues tested for the CWD agent by animal
bioassay or immunohistochemical studies®

Tissues positive for CWD agent

Brain

Pituitary gland

Spinal cord

Eyes (optic nerve, ganglion cells, retina)

Tonsils

Lymphoid tissues (e.g., gut-associated, retropharyngeal,
posterior nasal septum)

Spleen

Pancreas

Peripheral nerves (e.g., brachial plexus, sciatic nerve,
vagosympathetic trunk)

Tissues negative for CWD agent

Dorsal root ganglia

Parotid and mandibular salivary glands, tongue, esophagus,
small intestine, colon

Thymus

Liver

Kidneys, urinary bladder, ovary, uterus, testis, epididymis,
placentomes

Myocardium, Purkinje fibers, arteries, veins

Trachea, bronchi, bronchioles, aleveolar parenchyma
Bone marrow

Thyroid gland, adrenal gland

Skeletal muscle

Skin

‘CWD, chronic wasting disease.

Risk for Transmission to Humans

Epidemiologic Studies

The increasing detection of CWD in a wider geograph-
ic area and the presumed foodborne transmission of BSE to
humans, resulting in cases of vCJD, have raised concerns
about the possible zoonotic transmission of CWD (32). In
the late 1990s, such concerns were heightened by the occur-
rence of CJD among three patients <30 years of age who
were deer hunters or ate deer and elk meat harvested by
family members (Table 2). However, epidemiologic and
laboratory investigations of these case-patients indicated no
strong evidence for a causal link between CWD and their
CJD illness (33). None of the patients were reported to have
hunted deer or eaten deer meat harvested in the CWD-
endemic areas of Colorado and Wyoming. Such a history in
unusually young CJD patients, if present, would have sup-
ported a causal link with CWD. Moreover, the testing of
brain tissues from >1,000 deer and elk harvested from areas
where the patients hunted or their venison originated did
not show any evidence of CWD (33). In addition, the lack
of homogeneity in the clinicopathologic manifestation and
codon 129 of the prion protein gene among the three
patients suggested that their illnesses could not be
explained by exposure to the same prion strain. In vCJD,
homogeneity of the genotype at codon 129 and the clinical

980

and pathologic phenotype were attributed to the patients’
exposure to the same prion strain, the agent of BSE.

In 2001, the case of a 25-year-old man who reportedly
died of a prion disease after an illness lasting =22 months
was investigated (Table 2). Although this man had hunted
deer only rarely, his grandfather hunted deer and elk
throughout much of the 1980s and 1990s and regularly
shared the venison with the case-patient’s family. The
grandfather primarily hunted in southeastern Wyoming,
around the known CWD-endemic area. The case-patient’s
illness began with a seizure and progressed to fatigue, poor
concentration, and depression. Memory loss, ataxia,
speech abnormalities, combative behavior, and recurrent
seizures also developed. Histopathologic, immunohisto-
chemical, and Western blot testing of brain autopsy sam-
ples confirmed a prion disease diagnosis. Analysis of the
prion protein gene indicated a P102L mutation coupled
with valine at the polymorphic codon 129 in the mutant
allele, confirming a diagnosis of Gerstmann-Straussler-
Scheinker syndrome (GSS). This case-patient was unusu-
ally young even for a person with a GSS P102L mutation.
It remains unknown whether the possible exposure of the
case-patient to CWD-infected venison potentially con-
tributed to the early onset of his prion disease.

In 2001, two additional CJD patients 26 and 28 years of
age were reported from a single state (Table 2) (34). The
patients grew up in adjacent counties and had illness onset
within several months of each other. As a result of this fact
and their unusually young age, a possible environmental
source of infection, including exposure to CWD-infected
venison, was considered. One of the patients died after an
illness lasting 5-6 months that was characterized by pro-
gressive aphasia, memory loss, social withdrawal, vision
disturbances, and seizure activity leading to status epilep-
ticus and induced coma. Histopathologic, immunohisto-
chemical, and Western blot testing of brain biopsy and
autopsy samples confirmed a CJD diagnosis. The patient’s
disease phenotype corresponded to the MM2 sporadic CID
subtype reported by Parchi et al. (35). This patient did not
hunt, and family members provided no history of regular-
ly eating venison. The patient may have occasionally eaten
venison originating from the Upper Peninsula of Michigan
while away from home during his college years. However,
ongoing surveillance has not detected CWD in Michigan
deer (36).

The second patient died from an illness lasting =16
months. The patient’s illness began with behavioral
changes, including unusual outbursts of anger and depres-
sion. Confusion, memory loss, gait disturbances, inconti-
nence, headaches, and photophobia also developed.
Western blot analysis of frozen brain biopsy tissue con-
firmed a prion disease diagnosis. Immunohistochemical
analysis of brain tissue obtained after the patient’s death

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 10, No. 6, June 2004



Chronic Wasting Disease of Deer and Elk

Table 2. Creutzfeldt-Jakob disease investigated for possible causal link with chronic wasting disease of deer and elk, United States®

Eating of venison from CWD-

Case no. Age at death (y)  Year of death Codon 129 Western blot  Final diagnosis endemic area
1 25 2001 MV Type 1 GSS 102 Yes
2 26 2001 M/M Type 2 CJD No
3 28 2002 nd nd GSS 102 No
4 28 1997 M/M nd CJD No
5 28 2000 M/ Type 1 CJD No
6 30 1999 VIV Type 1 CJD No
7 54 2002 VIV Type 2 CJD No
8 55 1999 M/M Type 1 CJD No
9 61 2000 M/M Type 1 CJD Yes
10 63 2002 VIV Type 1 CJD No
11° 64 2002 M/M Type 1 CJD Yes
12 66 2001 M/M Type 1 CJD No

*CWD, chronic wasting disease; GSS, Gerstmann-Straussler-Scheinker syndrome; CJD, Creutzfeldt-Jakob disease; nd, not done.
*Immunohistochemical analysis of postmortem brain tissue was consistent with GSS, and a GSS 102 mutation was confirmed in the family.

‘Investigated as part of a cluster of three case-patients who participated in “wild game feasts” in a cabin owned by one of the decedents.

‘Patient grew up in an area known to be endemic for CWD and ate venison harvested locally; however, the CJD phenotype fits the most common form of

sporadic CJD.

‘Patient may have been successful in harvesting two deer since 1996 from a CWD-endemic area, but both deer tested negative for CWD.

showed prion deposition consistent with GSS. A prion pro-
tein gene analysis could not be performed because appro-
priate samples were lacking. However, prion protein gene
analysis of a blood sample from one of the patient’s par-
ents indicated a GSS P102L mutation. The patient did not
hunt but may have eaten venison from Michigan once
when he was 1-2 years old. The GSS diagnosis greatly
reduced the likelihood that the two patients reported from
adjacent counties had disease with a common origin.

Recently, rare neurologic disorders resulting in the
deaths of three men who participated in “wild game feasts”
in a cabin owned by one of the decedents created concern
about the possible relationship of their illnesses with CWD
(Table 2) (37). Two of the patients reportedly died of CJD,
and the third died from Pick’s disease. More than 50 per-
sons were identified as possibly participating in these
feasts; the three patients were the only participants report-
ed to have died of a degenerative neurologic disorder.
Reanalysis of autopsy brain tissues from the three patients
at the National Prion Disease Pathology Surveillance
Center indicated that two of them had no evidence of a
prion disease by immunohistochemical analysis. CJD was
confirmed in the third patient, who had clinicopathologic,
codon 129, and prion characteristics similar to the most
common sporadic CJD subtype (MM1/MV1) (35). This
patient participated in the feasts only once, perhaps in the
mid-1980s. In addition, the investigation found no evi-
dence that the deer and elk meat served during the feasts
originated from the known CWD-endemic areas of
Colorado and Wyoming.

In 2003, CJD in two deer and elk hunters (54 and 66
years of age) was reported (38). The report implied that the
patients had striking neuropathologic similarities and that
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their illness may represent a new entity in the spectrum of
prion diseases. A third patient (63 years of age), who was
also purported to have been a big game hunter, was subse-
quently reported from the same area. However, none of the
three patients were reported to have eaten venison from the
CWD-endemic areas of the western United States. The 66-
year-old patient hunted most of his life in Washington
State. Although information about the 54-year-old patient
was limited, there was no evidence that he hunted in
CWD-endemic areas. The third patient was not a hunter
but ate venison harvested from Pennsylvania and
Washington. The neuropathologic changes, Western blot
profile, and genotype at codon 129 of the three patients
each fit the MM1, VV1, or VV2 sporadic CJD subtype,
indicating absence of phenotypic similarity among the
cases or atypical neuropathologic features (35).

To date, only two nonfamilial CJD cases with a positive
history of exposure to venison obtained from the known
CWD-endemic areas have been reported. One of the
patients was a 61-year-old woman who grew up in an area
where this disease is known to be endemic, and she ate
venison harvested locally. She died in 2000, and analysis
of autopsy brain specimens confirmed that the patient’s
CJD phenotype fit the MM1 subtype, with no atypical neu-
ropathologic features. The second patient was a 66-year-
old man who was reported to have eaten venison from two
deer harvested in a CWD-endemic area. Both deer tested
negative for CWD, and the patient’s illness was consistent
with the MM1 CJD phenotype.

Despite the decades-long endemicity of CWD in
Colorado and Wyoming, the incidence of CJD and the age
distribution of CJD case-patients in these two states are
similar to those seen in other parts of the United States.
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From 1979 to 2000, 67 CJD cases from Colorado and 7
from Wyoming were reported to the national multiple
cause-of-death database. The average annual age-adjusted
CJD death rate was 1.2 per million persons in Colorado
and 0.8 in Wyoming. The proportion of CJD patients who
died before age 55 in Colorado (13.4%) was similar to that
of the national (10.2%). The only CJD case-patient <30
years of age in Colorado had iatrogenic CJD linked to
receipt of human growth hormone injections. CJD was not
reported in persons <55 years of age in Wyoming during
the 22-year surveillance period.

Laboratory Studies

The possible interspecies transmission of prions can be
assessed with laboratory methods. In BSE and vCJD, sev-
eral laboratory studies provided crucial evidence that
helped establish a causal link between the two diseases
(39-41). These studies characterized the molecular simi-
larities of the agents causing BSE and vCJD and deter-
mined the lesion profile and incubation period patterns of
different panels of mice inoculated by the two agents.
Limited laboratory studies have been performed to molec-
ularly characterize CWD-associated prions and to compare
them with prions from human case-patients and other
species. Strain typing studies involving wild-type inbred
mice indicated that the CWD agent from a mule deer pro-
duced incubation-period and brain-lesion profiles different
from those produced by the agents causing BSE and
scrapie (39,42). These same strain-typing techniques had
identified the similarities of the etiologic agents of BSE
and vCJD, providing strong laboratory evidence for a link
between the two diseases.

In human prion diseases, two major types of the pro-
teinase-K-resistant prion protein fragment have been iden-
tified on the basis of their molecular size by
one-dimensional immunoblot analysis: type 1 migrating at
21 kDa and type 2 at 19 kDa (35). N-terminal protein
sequencing indicated that the cleavage site of the type 1
fragment is generally at residue 82 and that of type 2 is at
residue 97 (43). Prion strain diversity is believed to be
encoded in the three-dimensional conformation of the pro-
tein, which determines the cleavage site and molecular size
of proteinase-K-treated prion fragment, indicating that the
difference in molecular size may correlate with strain dif-
ferences. However, one-dimensional immunoblot analysis
may not identify more subtle differences that may influ-
ence the conformation of different prion strains. Analysis
of the glycoform ratios of prion fragments and application
of a two-dimensional immunoblot may help further identi-
fy these subtle differences. On one-dimensional
immunoblot analysis, the prion fragment from several
CWD-infected deer and elk migrated to 21 kDa, corre-
sponding to the type 1 pattern. This specific type has been
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identified in most cases of sporadic CJD in the United
States. However, the deer and elk prion fragment differs
from that in sporadic CJD cases in the glycoform ratio. In
the CWD-associated prion fragment, the diglycosylated
form was predominant, but in the CJD-associated prions,
the monoglycosylated form was predominant. Preliminary
analysis using two-dimensional immunoblot indicated that
the CWD-associated prion fragment exhibited patterns dif-
ferent from that of the CJD-associated prion fragment from
a human patient with the type 1 pattern (S. Chen, pers.
comm.). Although analysis of more samples from cervids
and humans is needed before meaningful conclusions can
be made, these molecular techniques could potentially be
used to study the similarities or differences in prion strains
from cervids and humans with possible exposure to CWD.

The likelihood of successful interspecies transmission
of prion diseases is influenced by the degree of homology
of the infecting prion with that of the host endogenous
prion protein. Such observations have given rise to the con-
cept of a “species barrier,” which would need to be over-
come before an infecting prion strain caused disease in a
recipient host. In vitro cell-free conversion reaction experi-
ments have been developed to assess the degree of molec-
ular compatibility of disease-associated prions from one
species with normal prion protein obtained from a different
species (44,45). Such experiments specifically assess the
likelihood that an infecting prion would potentially initiate
the formation and propagation of pathogenic prions if it
came in contact with normal prion protein. A cell-free con-
version experiment indicated that CWD-associated prions
can convert human prion protein into its abnormal con-
former, albeit at a very low rate (44). The efficiency of this
conversion was >14-fold weaker than the homologous con-
version of cervid prion protein and >5-fold weaker than the
homologous conversion induced by CJD-associated prions.
Asimilar low efficiency conversion of human prion protein
by bovine- and scrapie-associated prions was also reported
(44,45). Although a high level of compatibility of prions in
in vitro conversion reactions is believed to correlate with in
vivo transmissibility of the agents, the threshold of compat-
ibility efficiency below which no natural transmission
should be anticipated is unknown. A low level of compati-
bility of infecting prions and host prion protein does not
necessarily rule in or out natural interspecies transmission
of prion diseases. However, the comparably low-level in
vitro conversion of bovine prion protein by CWD-associat-
ed prions is consistent with the relative in vivo resistance of
cattle to CWD under all but the most extreme experimental
challenges. In addition, several other factors may determine
the in vivo transmission of disease-associated prions,
including dose, strain of the agent, route of infection, stabil-
ity of the agent inside and outside the host, and the efficien-
cy of agent delivery to the nervous system (44,46).
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Conclusions

The lack of evidence of a link between CWD transmis-
sion and unusual cases of CJD, despite several epidemio-
logic investigations, and the absence of an increase in CJD
incidence in Colorado and Wyoming suggest that the risk,
if any, of transmission of CWD to humans is low. Although
the in vitro studies indicating inefficient conversion of
human prion protein by CWD-associated prions raise the
possibility of low-level transmission of CWD to humans,
no human cases of prion disease with strong evidence of a
link with CWD have been identified. However, the trans-
mission of BSE to humans and the resulting vCJD indicate
that, provided sufficient exposure, the species barrier may
not completely protect humans from animal prion diseases.
Because CWD has occurred in a limited geographic area
for decades, an adequate number of people may not have
been exposed to the CWD agent to result in a clinically
recognizable human disease. The level and frequency of
human exposure to the CWD agent may increase with the
spread of CWD in the United States. Because the number
of studies seeking evidence for CWD transmission to
humans is limited, more epidemiologic and laboratory
studies should be conducted to monitor the possibility of
such transmissions. Studies involving transgenic mice
expressing human and cervid prion protein are in progress
to further assess the potential for the CWD agent to cause
human disease. Epidemiologic studies have also been ini-
tiated to identify human cases of prion disease among per-
sons with an increased risk for exposure to potentially
CWD-infected deer or elk meat (47). If such cases are
identified, laboratory data showing similarities of the etio-
logic agent to that of the CWD agent would strengthen the
conclusion for a causal link. Surveillance for human prion
diseases, particularly in areas where CWD has been detect-
ed, remains important to effectively monitor the possible
transmission of CWD to humans. Because of the long
incubation period associated with prion diseases, convinc-
ing negative results from epidemiologic and experimental
laboratory studies would likely require years of follow-up.
In the meantime, to minimize the risk for exposure to the
CWD agent, hunters should consult with their state
wildlife agencies to identify areas where CWD occurs and
continue to follow advice provided by public health and
wildlife agencies. Hunters should avoid eating meat from
deer and elk that look sick or test positive for CWD. They
should wear gloves when field-dressing carcasses, bone-
out the meat from the animal, and minimize handling of
brain and spinal cord tissues. As a precaution, hunters
should avoid eating deer and elk tissues known to harbor
the CWD agent (e.g., brain, spinal cord, eyes, spleen, ton-
sils, lymph nodes) from areas where CWD has been iden-
tified.
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Salmonella-based Rodenticides
and Public Health

John A. Painter,* Kare Mglbak,*t Jacob Sonne-Hansen,t Tim Barrett,* Joy G. Wells,*
and Robert V. Tauxe*

Several countries still permit strains of Salmonella
enterica serotype Enteritidis, a leading cause of gastroin-
testinal illness in humans, to be used in rat baits. To assess
the human health risk associated with such rat bait, we first
reviewed historic data on health hazards associated with
Ratin, a rodenticide that was used in Europe until the early
1960s. Ratin caused outbreaks of human illness, including
several deaths. We then compared S. Enteritidis isolated
from a current commercial product, Biorat, with S. Enteritidis
from Ratin and found that the strains were both phage type
6a. Based on the similarity of the strains, currently available
Salmonella-based rodenticides likely are as great a threat to
public health as past strains were. Health officials should be
aware that the continued use of Salmonella-based rodenti-
cides is a risk to public health and should take appropriate
measures to prevent use in their jurisdictions.

almonella enterica serotypes Typhimurium and

Enteritidis have been used as rodenticides since the late
nineteenth century. This use was explored after S.
Typhimurium was discovered during a lethal epizootic in a
research mouse colony (1,2). Researchers soon realized
that the strains of S. Typhimurium used as rodenticide were
identical to strains causing “meat poisoning” and might
cause disease among humans. Use of S. Typhimurium
rodenticides was discontinued early in the twentieth centu-
ry, but S. Enteritidis continued to be used as a rodenticide
in the United Kingdom and Denmark until the early 1960s.
In 1954 (3) and again in 1967 (4), the World Health
Organization (WHO) recommended that Salmonella-based
rodenticides not be used because they posed a hazard to
human health.

In spite of these recommendations, Salmonella-based
rodenticides are still produced and used in Central
America, South America, and Asia (2,5). Biorat
(Labiofam, Cuba), one Salmonella-based rodenticide that
is currently used in several countries (6,7), is made by
coating rice grains with a combination of S. Enteritidis and
warfarin. Currently, the Biorat product label offers no

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA; and tStatens Serum Institut, Copenhagen, Denmark
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warning regarding the risk for human salmonellosis.
Indeed, product information indicates that this product
contains a strain of Salmonella that is pathogenic to ani-
mals but not to humans (7).

In 1995, the Centers for Disease Control and
Prevention (CDC) received a sample of Biorat that had
been distributed in Nicaragua (2), and in July 2001, U.S.
custom authorities seized a shipment of Biorat destined for
distribution in the United States. These incidents prompted
us to compare Biorat with Ratin, one of the major
Salmonella-based rodenticides used before the early
1960s; in addition, we summarize the public health haz-
ards of Salmonella-based rodenticides.

Microbiologic Findings

We compared three isolates of S. Enteritidis recovered
from Salmonella-based rodenticides. Two isolates (of the
Biorat strain) were from Biorat samples collected in 1995
and 2001. The label from the Biorat product obtained in
2001 states that Biorat contains 1.25% “monopathogenic”
Salmonella and 0.02% hydroxycoumarin. Pooled samples
of the 1995 Biorat product yielded 1x10®8 CFU S.
Enteritidis per gram of Biorat granules, and the 2001 prod-
uct yielded 200,000 CFU per gram. A third isolate, S.
Enteritidis var. Danysz (of the Ratin strain) was recovered
from Ratin by the Danish Veterinary Laboratory in the
1920s or early 1930s.

Isolates were serotyped and biochemically character-
ized (8), subtyped by pulsed-field gel electrophoresis
(PFGE) with the restriction enzymes Xbal and Binl (9),
and phage-typed. Phage-typing was performed at the
National Laboratory for Enteric Pathogens, National
Microbiology Laboratory, Canadian Science Centre for
Human and Animal Health.

Both the Biorat strains and the Ratin strain were identi-
fied as S. Enteritidis, phage type (PT) 6a. The two Biorat
strains were indistinguishable from each other by PFGE
with the restriction enzymes Xbal and BInl. PFGE patterns
of the Ratin strain differed from those of the Biorat strain
by three bands with Xbal and by five bands with Binl
(Figure 1).
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Neither the Biorat strains nor the Ratin strain was
shown to decarboxylate lysine. By contrast, four S.
Enteritidis PT 6a isolates in the CDC culture collection
from sources unrelated to Biorat or Ratin were positive for
lysine decarboxylase. Threlfall et al. reported that the
strain of S. Enteritidis PT 6a from Biorat is indistinguish-
able from those of the Ratin and Liverpool rodenticide
strains by plasmid profile typing (5), as both strains con-
tained plasmids of approximately 59, 4.0, and 3.0 MDa.

Public Health Hazard

Since the mid 1980s, S. Enteritidis has caused a global
pandemic of foodborne illness associated with eggs and
poultry as a result of infection of the internal organs of
chicken (10). Because of this pandemic, S. Enteritidis has
become the most common serotype of Salmonella isolated
from humans worldwide (11).

The S. Enteritidis strain found in Biorat is similar to the
strain found in Ratin, a discontinued European product that
caused human illness. Both strains were the same phage
type, were indistinguishable by plasmid profile typing, and
were different from 97% of salmonellae (8) in that they did
not decarboxylate lysine. Although differences were noted
between PFGE patterns of the Biorat strain and the Ratin
strain, the similarities suggest that they may have originat-
ed from a common strain. Because the strains are similar
and no evidence shows that the Biorat strain has decreased
virulence, the Biorat strain is likely as pathogenic to
humans as the Ratin strain.

In a retrospective study in Denmark from 1926 through
1956, Martin Kristensen identified 122 patients infected
with the Ratin strain (12 and unpub. data), including 5
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Figure 1. Pulsed-field gel electrophoresis of Salmonella enterica
serotype Enteritidis isolates from Biorat and Ratin products using
Xbal (lanes 2-5) and BInl (lanes 7-10). Lanes 1, 6, and 11, molec-
ular weight standard strain AM01144; lanes 2 and 7, Biorat isolate
from 1998; lanes 3 and 8, Biorat isolate from 1995; lanes 4 and 9,
Biorat isolate from 2001; lanes 5 and 10, Ratin isolate.
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(4%) who died, 3 of whom were children. Twenty-two
(18%) of 122 patients were reported to have eaten food
items contaminated with Ratin, while 43 (35%) had han-
dled the rodenticide. In 1956, Taylor (13) also reported
several outbreaks of food poisoning associated with S.
Enteritidis rodenticides and concluded that the use of bac-
terial rodenticides should be stopped.

Rodenticides containing salmonellae were evaluated
during a plague outbreak in San Francisco in 1895 (2);
they were found to have no definable impact on the rodent
population, but they caused illness and death in humans
who prepared and handled them. In 1921, Willfuhr and
Wendtland (14) reported several outbreaks of human
Salmonella infections from rodenticides. In one of these
outbreaks, Russian prisoners of war who ate a large num-
ber of Ratin potato baits became ill, and two died. In
another outbreak in 1918, two persons died and approxi-
mately 35 became ill after eating a cake that had been
intentionally contaminated with Ratin (14,15). From 1920
through 1940, other outbreaks associated with Salmonella-
based rodenticides were reported, and several of these out-
breaks included deaths (15-18).

The Biorat product insert, as well as information avail-
able on the Internet (6,7), claims that the product is not
harmful to humans and does not contaminate the environ-
ment. Recent newspaper articles have generated interest in
using Salmonella-based rodenticides as an alternative to
chemical rodenticides. Advocates for the use of Biorat
claim, “[Biorat] has absolutely no secondary effects on
other animals, on the environment, or on humans.... It
contains a strain of Salmonella that only affects rats” (19).

S. Enteritidis causes severe diarrheal illness, which can
be life-threatening, especially among children, the elderly,
and immunocompromised persons. We have not identified
any peer-reviewed, scientific data on the safety of
Salmonella-based rodenticides, and to our knowledge, all
strains of S. Enteritidis are capable of causing human ill-
ness. Noting the hazards of Salmonella-based rodenticides,
many countries have banned their use, and WHO has
repeatedly recommended against use of salmonellae in
rodenticides.

Current concerns about bioterrorism suggest an addi-
tional public health threat posed by a commercially avail-
able strain of S. Enteritidis. Salmonella-based rodenticides
have already been used intentionally to cause human illness
(14,15); however, human illness may more commonly be
caused by inadvertent exposure to Salmonella-based roden-
ticides. These rodenticides are generally mixed with grains
to form baits (Figure 2). Biorat, for example, is made with
whole rice and can easily be mistaken for food. Ingesting a
few grams of bait, with at least 200,000 CFU per gram,
could easily cause a severe case of salmonellosis.

To determine why Salmonella-based rodenticides are
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Figure 2. A sample of rodenticide that resembles grains of rice but
contains pathogenic Salmonella enterica serotype Enteritidis.

still used despite information about the public health haz-
ards, we conducted a literature search with the keywords
“Salmonella” and “rodenticide” (National Library of
Medicine, http://www.ncbi.nlm.nih.gov). We found 10
articles, in addition to the recent public health publications
discussed above (2,5); none addressed the public health
hazards of Salmonella-based rodenticides. Many of the
reference materials we used to prepare the present article
were not written in English or were not retrievable from
current electronic databases. The continued use of
Salmonella-based rodenticides may likely be related to the
fact that the content of important but dated scientific
papers is unlikely to be known to current decision-makers.

Salmonella-based rodenticides may contain an
approved rodenticide, such as warfarin, in concentrations
high enough to kill rats, and the addition of S. Enteritidis
has not been shown to increase the effectiveness of the poi-
son (2). Extensive use of Salmonella-based rodenticides in
the past may have increased the prevalence of Salmonella
in rodents (1) and consequently increased the potential for
human salmonellosis by transmission from rodents to food
or food animals. Unfortunately, a misperception exists that
some strains of S. Enteritidis are not pathogenic to humans.
We recommend informing rodent-control authorities and
the public that S. Enteritidis is a known human pathogen
and that use of Salmonella-based rodenticides has had
severe public health consequences. Effective and safe
alternatives to Salmonella-based rodenticides are available
worldwide.
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First Report from the Asian
Rotavirus Surveillance Network

Joseph Bresee,* Zhao-Yin Fang,t Bei Wang,f E.A.S. Nelson,§ John Tam,8 Yati Soenarto,{
Siswanto Agus Wilopo,{ Paul Kilgore,# Jung Soo Kim,** Jung Oak Kang,Tt Wong Swee Lan,f}
Chan Lee Gaik,88 Kyaw Moe,f Kow-Tong Chen,## Chuleeporn Jiraphongsa,***
Yaowapa Pongsuwanna,*** Nguyen Van Man,ttt Phan Van Tu,tf Le Thi Luan,t1t
Erik Hummelman,* Jon R. Gentsch,* Roger Glass,* and the members of
the Asian Rotavirus Surveillance Network?

Rotavirus remains the most common cause of severe,
dehydrating diarrhea among children worldwide. Several
rotavirus vaccines are under development. Decisions about
new vaccine introduction will require reliable data on dis-
ease impact. The Asian Rotavirus Surveillance Network,
begun in 2000 to facilitate collection of these data, is a
regional collaboration of 36 hospitals in nine countries or
areas that conduct surveillance for rotavirus hospitalizations
using a uniform World Health Organization protocol. We
summarize the Network’s organization and experience from
August 2001 through July 2002. During this period, 45% of
acute diarrheal hospitalizations among children 0-5 years
were attributable to rotavirus, higher than previous esti-
mates. Rotavirus was detected in all sites year-round. This
network is a novel, regional approach to surveillance for
vaccine-preventable diseases. Such a network should pro-
vide increased visibility and advocacy, enable more efficient
data collection, facilitate training, and serve as the paradigm
for rotavirus surveillance activities in other regions.

n recent years, several international agencies, including
the World Health Organization (WHO), the Global
Alliance for Vaccines and Immunization (GAVI), and the

Children’s Vaccine Program at the Program for
Appropriate Technology in Health (PATH), have identified
the accelerated development and introduction of a
rotavirus vaccine to be among their highest priorities. This
decision was made based on the high incidence of
rotavirus, the most common cause of severe diarrhea in
children worldwide. An estimated 440,000 children die of
rotavirus each year (1), and in developing countries, 5% of
all deaths in children <5 years of age are due to rotavirus.
Furthermore, rotavirus is responsible for 25% to 50% of all
hospitalizations of children for diarrhea in both industrial-
ized and developing countries (2). After 2 decades of vac-
cine development and testing, the principles for making
safe and effective, live oral vaccines have been firmly
established, and several new candidate vaccines are cur-
rently in the late stage of development (3). Given the
importance of rotavirus, GAVI has initiated the
Accelerated Development and Introduction Program to
expedite the development, evaluation, and introduction of
rotavirus vaccines into the poorest countries with the goal
of preventing most rotavirus deaths and hospitalizations
within the next decade.
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Despite the global awareness about the prevalence of
rotavirus, physicians and policymakers in most developing
countries, where rotavirus causes the most fatalities and
cases of severe disease and where new vaccines could have
their greatest value, know little about rotavirus in their
location. While these physicians and policymakers may
appreciate that diarrhea is the first or second leading cause
of death in children <5 years of age, the diagnosis of
rotavirus is rarely, if ever, made at the local level.
Moreover, acute diarrhea is treated with rehydration,
regardless of the cause, so a diagnosis is not required, and
no specific means of preventing rotavirus currently exists.
Consequently, rotavirus is not often viewed as a priority
and is incorrectly considered a disease that can be prevent-
ed by improvements in water and sanitation. If a vaccina-
tion program against rotavirus is to be successful, local
leaders must understand the disease, which might include
initiating surveillance of rotavirus, assessing the full inci-
dence of rotavirus disease, and appreciating the impact that
a new vaccine might have if added to the existing program
of childhood immunizations.

In an effort to create regional awareness of the inci-
dence of rotavirus disease and let countries assess the
potential value of rotavirus vaccines currently being devel-
oped, we established the Asian Rotavirus Surveillance
Network (ARSN), the first regional collaboration of its
kind, as a pilot program for epidemiologic surveillance and
advocacy. As members of this network, participating coun-
tries in the region conduct sentinel hospital surveillance to
monitor rates of rotavirus among children hospitalized for
diarrhea in several major hospitals by using a common
protocol and comparable diagnostic test. The goal is to
understand the epidemiology and impact of rotavirus diar-
rhea in the region, to educate physicians and health leaders
about the importance of this problem, and let them assess
the potential public health value of introducing vaccines.
The same surveillance system could ultimately be used to
monitor the impact of a vaccination effort.

Although many of the participating sites had begun sur-
veillance up to 6 months earlier, we report preliminary data
for the first year of the network, in which all but one coun-
try had completed a full year of surveillance, August
2001-July 2002. Data from Korea are not included
because investigators in that country began surveillance in
June 2002 and did not have a full year’s data to report. We
report data from >16,000 children hospitalized for diarrhea
and tested for rotavirus in 33 hospitals in eight Asian coun-
tries or regions. Our results document the rates of rotavirus
in the region, identify features in the epidemiology of the
disease that might effect future immunization efforts, and
underscore the value of regional surveillance networks to
collect data with the same protocol and to test specimens
with comparable diagnostic assays.
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Rotavirus Surveillance in Asia

ARSN

ARSN is a collaboration of investigators from medical
centers and public health agencies in nine Asian countries
or regions. The goal of the group is to define the epidemi-
ology and rates of rotavirus disease in Asia and to use these
data to make informed decisions regarding the possible
future use of rotavirus vaccines. ARSN was formed in
2000 in response to a WHO report that called for expedit-
ed rotavirus vaccine evaluation and introduction in Asia
(4). WHO commissioned a generic protocol for sentinel
hospital surveillance of rotavirus that would allow investi-
gators in many countries to assess, in a simple, economi-
cal, and timely fashion, the epidemiology and disease
prevalence of rotavirus (5). This protocol provides the
minimum requirements for hospital-based surveillance,
with attention to collecting and testing fecal samples, and
includes an appendix to identify the catchment population
for the hospital, suggestions to assess the prevalence of
fatal rotavirus disease, and a discussion of the methods to
characterize rotavirus strains.

Goals and Organizational Structure

The goals of ARSN are to use the generic protocol as a
basis to: 1) define the epidemiology and strain distribution
of rotavirus in participating countries, 2) estimate the costs
associated with rotavirus and its prevalence in these set-
tings, 3) create a surveillance system that can monitor the
effectiveness of a vaccine program once introduced, 4)
serve as a basis to conduct enhanced surveillance with spe-
cial studies (e.g., cost-benefit or death rate studies) to
inform decision makers considering a new vaccine pro-
gram, and 5) describe trends in rotavirus activity and strain
distribution over a large geographic region over time.

ARSN consists of 13 collaborating institutions in nine
countries or regions that conduct hospital-based surveil-
lance to monitor the rate of rotavirus infection among chil-
dren hospitalized with diarrhea. The network is supported
by five international donor groups, and coordination is
provided by the Centers for Disease Control and
Prevention (CDC) (Table 1). The lead groups in each coun-
try are responsible for establishing a hospital surveillance
network, ensuring the timely collection of data, creating
the laboratory capacity to test fecal specimens for rotavirus
and to characterize strains identified, performing the
analysis, and writing the report. A summary of all surveil-
lance data is submitted electronically to CDC each month,
and CDC prepares and distributes a quarterly report to all
participants.

The basic structure for surveillance of children hospi-
talized for diarrhea is described in the Generic Protocol
available from the WHO website (5). In brief, it provides
that all children <59 months of age admitted to a partici-
pating hospital with physician-diagnosed acute diarrhea of
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Table 1. Member institutions and participating hospitals of the Asian Rotavirus Surveillance Network

Sites Lead institution(s) Participating hospitals
China Institute of Virology, Chinese Center for Disease Beijing Friendship Hospital
Control, Ministry of Health, Beijing Changchun Children’s Hospital
Southeast University, Nanjing Lulong County Hospital
International Vaccine Institute Lulong Maternal and Child Health Hospital
Kunming Hospital
Ma-An-Shan Steel Trust Hospital
Suzhou University-Affiliated Children’s Hospital
Hong Kong Chinese University of Hong Kong, Prince of Wales Hospital
New Territories Queen Elizabeth Hospital
Tuen Mun Hospital
Pamela Youde Nethersole Eastern Hospital
Indonesia Gadjah Mada University, Yogyakarta Dr. Sardjito Teaching Hospital, Yogyakarta
Wirosaban District Hospital, Yogyakarta
Purworejo Hospital, Purworejo
Korea Chonbuk National University ChungEub Asan Foundation Medical Center, Chonbuk
International Vaccine Institute, Seoul National University Hospital
Chonju Presbyterian Medical Center
Malaysia Institute of Pediatrics, Kuala Lumpur University, Kuala Lumpur Hospital, Kuala Lumpur
Kuala Lumpur Kuching Hospital, Kuching, Sarawak
Myanmar Department of Medical Research, Yangon Children’s Hospital, Yangon
Ministry of Health
Taiwan Taiwan Center for Disease Control, Taipei National Taiwan University Hospital, Taipei
Veteran General Hospital, Taipei
Veteran General Hospital, Taichung
Veteran General Hospital, Kaohsiung
Thailand Ministry of Public Health, Bangkok Nongkhai Hospital
Maesod Hospital
Prapokklao Hospital
Ramathibodi Hospital
Hadyai Hospital
Srakaew Hospital
Vietnam National Institute of Hygiene and Epidemiology, Hanoi St. Paul’s Hospital, Hanoi

POLIOVAC, Hanoi
Pasteur Institute, Ho Chi Minh City

Swedish Children’s Hospital, Hanoi

Children’s Hospital, Hai Phong

General Hospital, Khan Hoa

General Pediatric Hospital #1, Ho Chi Minh City
General Pediatric Hospital #2, Ho Chi Minh City

<7 days’ duration be surveyed. At admission, simple uni-
form data are collected from the medical records by using
a standard questionnaire that includes date of admission,
age and sex of the patient, symptoms of illness, and out-
come. A fresh fecal specimen is obtained from each child,
placed in a clean container, and stored at 4°C until tested
for rotavirus with an enzyme immunoassay (EIA), either
Rotaclone (Meridian Diagnostics, Inc., Cincinnati, OH) or
DAKOPATTS (DAKO Diagnostics Ltd., Glostrup,
Denmark), or by polyacrylamide gel electrophoresis
(PAGE). Testing is conducted at the participating hospital
laboratory or at the coordinating institution in the country.
Each site tracks the proportion of total diarrheal admis-
sions tested for rotavirus as an indicator of the sensitivity
of the system to monitor disease. A subset of samples
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found to be positive for rotavirus is tested for G and P
types by using reverse transcriptase—polymerase chain
reaction (RT-PCR) according to published methods (6).
Samples are selected for strain characterization on the
basis of representativeness in terms of seasonal and age
distribution and their quality. The generic protocol was
pilot tested in Vietnam, and the encouraging results of this
survey led to some simplifications and improvements in
the study methods (7). Individual country proposals were
reviewed and approved by ethical review boards in mem-
ber institutions.

Progress during the First Year
Surveillance began in Hong Kong in December 2000,
and by August 2002, 36 hospitals in 26 cities or towns in
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nine Asian countries or regions were actively participating
and routinely reporting their results (Table 1).
Collaborators from Korea joined the network, with 3 hos-
pitals reporting in June 2002. Of the 36 hospitals conduct-
ing surveillance, 19 (53%) are in large urban settings, 14
(39%) are in smaller cities, and 3 (8%) are rural hospitals.
Seventeen (47%) are tertiary-care hospitals.

As of July 2002, seven of nine regions had collected 1
full year of data, and two collaborating countries (Korea
and Myanmar) had collected data for <1 full year. From
August 2001 through July 2002, a total of 11,498 stool
samples were obtained from 16,173 patients, which repre-
sented more than 71% of all children admitted to partici-
pating hospitals with acute gastroenteritis (Table 2). Each
month, participating hospitals collected fecal specimens
from 679 to 1,556 children <5 years of age. Overall,
rotavirus was detected in 45% (n = 5,124) of stools tested,
with a range among hospitals of 18% to 67%. When only
the sites that contributed 12 full months of data during this
period were surveyed (to account for seasonal peaks of
rotavirus disease), rotavirus was still detected in 44% of
children tested. Rotavirus was detected year-round in all
sites; however, wintertime peaks (November to March)
were evident in the most northern areas (China, Taiwan,
Hong Kong), while seasonal peaks were not as clearly
defined in more southern sites, with tropical climates
(Vietnam, Thailand, Malaysia) (Figure 1 and 2).

By mid-2002, five sites had begun strain characteriza-
tion: China, Malaysia, Vietnam, Hong Kong, and Taiwan.
CDC sponsored ARSN investigators from Indonesia,
Taiwan, Vietnam, and Korea to train in Atlanta, and as a
result, these sites have initiated genotyping of specimens
from surveillance in these countries as of mid-2003.
Finally, arrangements have been made for training a scien-
tist from Myanmar in Hong Kong and will begin soon.
CDC provided technical expertise, reagents, and protocols
for some of the laboratory work and will provide assis-
tance in resolving nontypeable strains.

Rotavirus Surveillance in Asia

Discussion

ARSN was organized to allow for the timely and eco-
nomic collection of quality data on the effect of rotavirus
infections in Asia, to collect these data efficiently, and to
facilitate use of the data to inform decision makers about
possibly introducing rotavirus vaccines. During the first
year of the collaboration, ARSN produced valuable data
that also yielded some surprises, and it has contributed to
local and regional training, capacity building, advocacy,
and development of the infrastructure for surveillance in
member sites. Preliminary data from ARSN reaffirm that
rotavirus remains a major cause of severe gastroenteritis
among infants and young children. Moreover, rotavirus
predominates in all sites, whether urban or rural, north or
south, industrialized or developing, regardless of a coun-
try’s gross national product. In addition, unlike rotavirus
hospitalizations in the United States (8,9) and Europe (10),
those in the ARSN settings occurred year-round, although
seasonal peaks in disease were observed in the northern-
most sites, areas with more temperate climates. These find-
ings are similar to those found in the summary from the
African data of Cunliffe et al. (2). The finding that
rotavirus disease occurs with high frequency in settings
with a variety of sanitation conditions reinforces the
hypothesis that vaccines, not improved hygiene and water
quality, are the best strategy to prevent this disease (3).

The preliminary finding of such high rates of rotavirus
in sites throughout the region among children hospitalized
for diarrhea confirms pilot studies in Vietnam that identi-
fied rotavirus in >50% of patients hospitalized with diar-
rhea (7). These high rates have implications for our global
estimates of the prevalence of rotavirus disease. The most
recent estimates of the global prevalence of rotavirus dis-
ease were determined on the basis of a literature review of
studies conducted in the late 1980s and 1990s that estimat-
ed the percentage of rotavirus detected among children
hospitalized for diarrhea (1). In this study, the authors esti-
mated that from 20% (for low-income countries) to 34%

Table 2. Rates of rotavirus detection in Asian Rotavirus Surveillance Network sites, August 2001-July 2002

No. stool samples

% (no.) one rotavirus-

Range of % rotavirus-positive samples

Sites Start of surveillance tested positive sample among participating hospitals
China Aug 2001 2,079 44 (910) 24-65
Korea® Jun 2002 N/A N/A N/A
Taiwan Apr 2001 1,632 49 (744) 43-53
Hong Kong Dec 2000 2,986 28 (829) 18-35
Vietnam Feb 2001 1,570 59 (921) 47-67
Myanmar® Dec 2001 388 53 (204) 53°
Thailand Feb 2001 992 44 (436) 38-49
Malaysia Feb 2001 1,374 57 (778) 52-59
Indonesia Aug 2001 577 52 (302) 47-57
Overall 11,498 45 (5,124) 18-67

°Data from Korea absent due to start of surveillance in June 2002.
*Partial year of data.
“Single hospital in Myanmar participating in surveillance.
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(for high-income countries) of hospitalizations for children
>5 years were due to rotavirus infection. Data collected by
the ARSN sites indicate higher rates of rotavirus illness in
hospitalized children than used in previous models that
have estimated rotavirus-associated disease and death
globally. Indeed, the findings of the ARSN sites presented
here are generally higher than those in previous studies in
ARSN member countries that used similar methods (Table
3), but agree with recent data from studies in South
America and Africa (31,32), and to recent rates from other
investigators in Asia (33). One hypothesis for this differ-
ence is that improvements in sanitation and hygiene have
reduced the number of diarrheal cases caused by bacteria
and parasites, but less so the number due to rotavirus,
because of differences in modes of transmission. As a
result, the proportional fraction of diarrheal disease due to
rotavirus rather than other causes increases as populations
gain better access to clean water and sanitation. Among
ARSN sites, rates of rotavirus detection in industrialized
Hong Kong have changed little over the past decade, while
countries with developing economies generally have found
estimates higher than those from studies conducted in the
1970s and 1980s. Reports of bacterial enteric disease sur-
veillance from some relatively high-income countries have
demonstrated decreasing rates of disease (34-36); howev-
er, few data document trends of bacterial and parasitic
enteric infections in industrialized countries. In addition,
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indirect support of the hypothesis comes from diarrheal
death rates in Mexico during the 1990s (37) and the United
States in the 1980s (38). In both settings, summer and win-
ter peaks of diarrheal death rates have, over time, been
replaced by single wintertime peaks. In Mexico, the
decrease in summertime diarrheal death rates was associ-
ated with improvements in water supply. In both countries,
wintertime rotavirus peaks in deaths have declined steadi-
ly over time but remain comparatively high.

An alternative explanation for the high detection rates
could be the strict adherence to standard stool sample col-
lection and handling procedures or the use of more sensi-
tive tests compared to previous studies. Because
rotaviruses are relatively stable in whole stool samples
and because the studies chosen for comparison of current
data all used comparable enzyme-linked immunosorbent
assays, we think that the methods used by our network
probably had little impact on detection rates. The princi-
pal advantage of the use of the standardized surveillance
protocols remains the ease with which it allows for initia-
tion of surveillance and enables collection of comparable
data from very diverse settings. Finally, the reasons that
data from Hong Kong generally reflected lower rates of
disease than other sites remain unclear and deserve addi-
tional study. These preliminary data highlight the need to
collect data in countries considering rotavirus vaccine
introduction.
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Figure 2. Seasonality of rotavirus (RV) in member countries of the Asian Rotavirus Surveillance Network. A, Hong Kong; B, Malaysia; C,

Myanmar; D, Indonesia.

During this study, surveillance for rotavirus was initiat-
ed and sustained with ease, even in very large hospitals.
The Generic Protocol for Rotavirus Disease Burden
Estimation from WHO provides simple guidelines on
organizing surveillance and interpreting the data. This pro-
tocol formed the basis of this network. Since diagnosis of
rotavirus diarrhea is relatively easy compared with other
vaccine-preventable diseases, ARSN was able to establish
rotavirus testing by using EIA or PAGE at each site. Data
collection was simplified by use of a one-page standard
data-collection form contained in the Generic Protocol as a
template for each site’s form and by creation of a premade
data entry form and analysis program in Epilnfo (CDC,
Atlanta, GA) (available by request from the authors).

The use of regional networks to document rotavirus
strain distribution within a region will add to the global
understanding of prevalent strains and help in making
informed decisions on vaccine composition. Although,
strain characterization data from ARSN members during
the 12 months of surveillance reported here were not yet
complete, knowledge of circulating strains may also help
guide local decisions on vaccine introduction and will be
important in postlicensure assessment of vaccine effective-
ness. Since the leading vaccine candidates employ differ-
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ent strategies, some monovalent human or animal strains
and some polyvalent human-animal reassortants, conduct-
ing field trials of new vaccines in settings that include
diverse, naturally occurring strains will be important.
Surveillance networks, such as the ARSN, facilitate data
collection for vaccine trials and act as a resource for labo-
ratory scientists.

Regional, cooperative surveillance networks create
training and infrastructure, building opportunities for
members and creating a mechanism to introduce new tech-
nologies. While detecting rotavirus is easy and rapid, char-
acterizing strains requires a higher level of technical skill.
ARSN work has been supported by the WHO
Collaborating Center for Rotavirus and Other Viral Agents
of Gastroenteritis to conduct strain typing for sites without
the capacity to do so and to facilitate training and quality
control for laboratories interested in performing these
tests. When ARSN was formed, four member sites
(Thailand National Institute of Health, Chinese University
of Hong Kong, National Institute of Hygiene and
Epidemiology in Vietnam, and China’s Institute of Viral
Disease Control and Prevention) had performed rotavirus
strain typing. By the end of the first year, strains had been
characterized by using RT-PCR by eight of the sites, and
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Table 3. Comparison of results of rotavirus detection in hospitalized children from current and past studies

Past studies

ARSN results Difference

Site Ref. Y of study % rotavirus positive % rotavirus positive % increase (decrease)
Taiwan (11) 1996 27 22
(12) 1991 43 49 6
(13) 1984 15 34
(14) 2002 41 8
China (15) 1996-99 26 18
(16) 1995 41 44 3
(17) 1983-84 13 31
Malaysia (18) 1988-89 28 57 29
Thailand (19) 1977-96 30 14
(20) 1983-84 17 27
(21) 1984-85 55 (11)
(22) 1985-86 33 44 11
(22) 1986-87 25 19
(23) 1987-88 20 24
(24) 1995-96 17 26
Pongsuwanna 1991-94 38 6
Indonesia (25) 1978-79 38 53 15
Myanmar (17) 1982-83 22 53 31
Hong Kong (26) 1994-95 35 (7)
(27) 1984-90 34 o8 (6)
(28) 1983-84 29 (1)
(29) 1987-96 26 2
Vietnam (30) 1981-84 22 59 37

scientists from Myanmar were receiving training in this
method. In addition, ARSN has provided a platform for
professional development for epidemiologists and health-
care personnel involved in the study.

Future Directions

The final product from ARSN will be data that coun-
tries in the region can use to assess their need for a
rotavirus vaccine and, where needed, to facilitate their
introduction into immunization programs. The work of
ARSN can serve as a paradigm of additional regional
activities to promote the understanding and appreciation of
the disease prevalence and costs associated with rotavirus
in the region. Other regional rotavirus surveillance net-
works are also established in Africa and are being estab-
lished in Latin America and will help accelerate decisions
on vaccine introduction in those regions. The next step is
to link these data to advocacy efforts. The value of any sur-
veillance data is in its application or its ability to inform
decisions. The new initiative of GAVI, the Accelerated
Development and Introduction Program for Rotavirus
Vaccines (available from: www.vaccinealliance.org), will
serve as a pathway to transform data from networks like
ARSN into action.
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Ailrborne Infection with Bacillus
anthracis—from Mills to Mail

Kevin P. Fennelly,* Amy L. Davidow,* Shelly L. Miller,t Nancy Connell,* and Jerrold J. Ellner*

The lack of identified exposures in 2 of the 11 cases of
bioterrorism-related inhalation anthrax in 2001 raised
uncertainty about the infectious dose and transmission of
Bacillus anthracis. We used the Wells-Riley mathematical
model of airborne infection to estimate 1) the exposure
concentrations in postal facilities where cases of inhalation
anthrax occurred and 2) the risk for infection in various
hypothetical scenarios of exposure to B. anthracis
aerosolized from contaminated mail in residential settings.
These models suggest that a small nhumber of cases of
inhalation anthrax can be expected when large numbers of
persons are exposed to low concentrations of B. anthracis.
The risk for inhalation anthrax is determined not only by
bacillary virulence factors but also by infectious aerosol
production and removal rates and by host factors.

he intentional release of Bacillus anthracis spores

through the mail in the United States in the fall of 2001
was associated with inhalation anthrax in 11 persons, 5
(45%) of whom died (1,2). Seven cases were associated
with occupational exposures in the postal service, and two
case-patients had documented exposures to contaminated
mail in the business office of a media company. No sources
of exposure were identified for two women who were pre-
sumably exposed to secondarily contaminated mail.

B. anthracis was previously known to have potential as
a weapon on battlefields or for large-scale outdoor dissem-
ination. Its delivery through the mail moved the risk
indoors. We sought to improve our knowledge of indoor
transmission of B. anthracis by applying principles and
methods used in studies of tuberculosis. Although room
ventilation and other environmental factors are known to
be important in the airborne transmission of
Mycobacterium tuberculosis, little attention has been
given to these factors in the transmission of B. anthracis.
We used a mathematical model of airborne infection to
theoretically assess risk for infection with B. anthracis
from indoor exposures; to demonstrate the relative impor-
tance of pathogen, environmental, and host factors in

*New Jersey Medical School-UMDNJ, Newark, New Jersey, USA,
and tUniversity of Colorado, Boulder, Colorado, USA
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transmission; and to estimate a range of infectious doses
on the basis of these models and the epidemiology of the
2001 anthrax cases.

Methods

We reviewed the literature in English on inhalation
anthrax by searching MEDLINE electronically and by
obtaining articles cited in references in these and older arti-
cles. We focused on occupational cases and outbreaks and
on experimental aerosol exposures of nonhuman primates
that included environmental sampling data. We used the
Wells-Riley modification of the Soper and Reed-Frost
models of infection as our mathematical model of airborne
infection (3-5). This equation can be arranged so that the
probability of airborne infection is given by P (infect) =
C/S=1-exp(-1qtp/Q), where C is the number of cases
among S persons susceptible to the infection; I is the num-
ber of sources of infection; g is the number of “quanta,” or
units of bacilli necessary to cause infection produced per
source per unit of time; t is the time of exposure per unit of
time; p is the minute ventilation rate of the exposed sus-
ceptible hosts in volume per unit of time; and Q is the vol-
umetric rate of fresh air ventilation that removes the
infectious aerosol in volume per unit of time. Units used
were cubic feet and minutes. Biologically, a quantum may
be one or more spores in one or more airborne particles,
analogous to a colony-forming unit on a culture plate.
Statistically, a quantum is the amount of infectious materi-
al needed to produce infection in 63% of uniformly
exposed animals, or 1.25 times the median infectious dose,
i.e., q=1.25x IDg, (5). We modeled transmission of infec-
tion from contaminated mail in two general environments:
1) the workplace of mail distribution centers and 2) home
or office exposures.

Using published attack rates of inhalation anthrax of
0.25% (2/750) and 0.66% (4/610) in two U.S. Postal
Service (USPS) processing and distribution centers in New
Jersey (6) and Washington, D.C. (7), respectively, we esti-
mated the quanta produced for a range of available work-
place ventilation rates by using the Wells-Riley equation
above and solving for g. Data on the size and ventilation of
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the processing and distribution center workrooms were
obtained from a USPS ventilation engineering contractor
(C. Hong, pers. comm.). For the exposures in the USPS
postal distribution centers, we assumed an exposure time
of 8 hours to represent a work shift and a pulmonary ven-
tilation rate of 14.6 L/min (0.5156 ft3/min), as might be
expected with moderate work. This rate is comparable to
the rate used to estimate inhaled doses in a study of an
anthrax outbreak that occurred in a goat hair—processing
mill in Manchester, New Hampshire, in 1957 (8).

We also estimated the risks for airborne infection asso-
ciated with hypothetical exposures to B. anthracis that
might have occurred during the handling and opening of
contaminated mail in a home or office. For the first of
these modeling scenarios, we used room dimensions of 12
ft x 18 ft x 8 ft (3.7 m x 5.5 m x 2.4 m), or a volume of
2,160 ft3 (61 m3), which is a reasonable size for an office
or room in a home and allows for comparison to modeling
data on occupational tuberculosis. We then modeled the
risks for exposure in a smaller room of 56 ft2 x 8 ft high
(432 ft3, 12.2 m3) and for exposure as a result of dispersion
throughout a median-sized U.S. house, which has a vol-
ume of 10,947.5 ft3 (310 m3) (9).

We modeled room ventilation rates of 0.5 and 2 air
changes per hour that correspond to 18 ft3 and 72 ft3 (0.5
m3 and 2.0 m3) per minute. This rate approximates a cur-
rent standard for fresh air ventilation of 20 ft3/min (0.57
m3/min) per occupant for office space and 15 ft3/min (0.42
m3/min) per person for residential living areas, if one
assumes that only one person occupied the room (10). We
assumed duration of exposure of 1 hour to simulate an
exposure occurring with the opening of contaminated mail
with gradual dispersion of the aerosol. We included pul-
monary ventilation rates of 4 L/min, 6 L/min, and 10
L/min for exposed persons to span the range of minute-
ventilation reported in the literature for persons at rest
(11-13).

Because our review of the literature did not provide a
conclusive infectious dose for humans, we followed the
approach first suggested by Wells (4,5) of using units of
quanta to represent the unit required to establish infection,
as has been used in studies of tuberculosis and measles
(4,14). Since the infectious dose of inhaled virulent
anthrax spores cannot ethically be determined experimen-
tally in humans, we estimated the 50% infectious dose
(IDgp) based on data from the 8-hour inhaled dose meas-
ured in Manchester in 1957. The inhalation dose for work-
ers in the area where four of the five cases of inhalation
anthrax had occurred was estimated to be 140-690 spores
<5 um in size (and 620-2,200 total spores), based on air
sampling data (8). Sixteen presumably susceptible workers
were in this area (15), so this estimate may be considered
an ID,;, since 25% of the exposed persons were infected.
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On the basis of studies of 1,236 monkeys, Glassman esti-
mated the median lethal dose to be 4,130 spores, and using
the probit model he suggested that the LD,; was associat-
ed with a 10-fold decrease in dose (16). When this princi-
ple is applied, a 10-fold increase of the ID,; for the
Manchester mill outbreak would result in an 1Dg, of 1,400
to 6,900 spores <5 um, or 6,200-22,000 total spores (8).
This number is similar to Glassman’s estimate and to the
lower range of the LDg,, 2,500-55,000, accepted by an
expert panel (17). Since q = 1.25 x 1D, then one quanta
under these assumptions is 1,750-8,625 spores <5 pum
(7,750-27,500 total spores).

The number of persons exposed to B. anthracis spores
through the mail in the fall of 2001 is unknown, so we arbi-
trarily expressed the probability for infection as the num-
ber infected per 10,000 population. Estimates of the
numbers of persons infected can be calculated by using
these estimates. For example, if approximately 5,000 per-
sons were exposed to contaminated letters as might be sug-
gested by the modeling data of Webb and Blaser, these
risks can be divided by two. All data were entered, stored,
and analyzed by using JMP-SAS software (version 4.0.4,
SAS Institute, Cary, NC.)

Results

Inhalation anthrax developed in two of the 750 persons
working in the USPS processing and distribution centers in
Trenton, New Jersey, for an overall attack rate of 0.25%
(6). The workroom is 151,200 ft2, with a height of 15 ft, for
a total volume of 2,268,000 ft® (C. Hong, pers. comm.).
The area is ventilated with 5.29 air changes per hour, with
a minimum of 11.8% and a maximum of 100% of fresh air.
Therefore, the nonrecirculated air-ventilation rate varies
from a minimum of 23,596 ft3min to a maximum of
199,962 ft3/min. Solving for q results in an exposure of
0.238 to 2.08 infectious quanta per minute, or 114 to 998
infectious quanta generated per 8-hour shift. If one
assumes that one quantum is 1,750-8,625 spores <5 um
(7,750-27,500 total spores), then the 8-hour cumulative
production of infectious aerosol is estimated to have
ranged from 199,500 to 8,607,750 spores <5 um
(883,500-27,445,000 total spores).

Similar calculations were performed for the processing
and distribution center in Washington, D.C., where
inhalation anthrax developed in 4 of 610 workers (attack
rate 0.66%). The workroom is 4,605,000 ft3 (C. Hong,
pers. comm.) and is ventilated at 2.88 air changes per
hour, with a minimum of 16.2% outside air. The calculat-
ed ventilation rate is 35,809-221,040 ft3/min, resulting in
a range of q of 0.96-6.0 infectious units per minute, or
461-2,880 quanta per 8-hour shift. When the same
assumptions of the number of bacilli per quantum are
used, the 8-hour cumulative production of infectious
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aerosol is 806,750-24,840,000 spores <5 um (3,572,750—
79,200,000 total spores).

The risks for airborne infection to susceptible occu-
pants in our hypothetical scenarios of exposure in a home
or office are summarized in the Table and plotted in the
Figure. The risks for infection associated with exposure to
one quantum in these models is 6-936 per 10,000 persons.
If the exposure concentration decreases by one log, i.e., to
0.1 quantum, the risk decreases to 0.6-98 per 10,000 per-
sons. At exposure concentrations >0.1 quantum, the risks
are >6 cases per 10,000 and increase to very large magni-
tudes.

If 1 quantum is 1,750-8,625 spores <5 um, then inhaled
doses corresponding to lower exposures can be calculated:
0.1 quantum would be 175-863 bacilli, 0.01 quantum
would be 18-86 bacilli, and 0.001 quantum would be 2-9
bacilli. Exposures estimates <0.001 quantum are biologi-
cally meaningless under these assumptions since fractions
of spores are not viable.

Changes in room size and ventilation rate affect risk
more than changes in pulmonary ventilation in these sce-
narios. The relative risk reduction associated with an
increase of room ventilation from 0.5 to 2 air changes per
hour is highest for low-concentration exposures and
decreases with increasing concentration of the aerosol
exposure. For example, in the scenario of a high-concentra-
tion exposure of 100 quanta and the exposed person’s
breathing 10 L/min in the moderate-size room with 0.5 air
changes per hour, improving ventilation to 2.0 air changes
per hour decreases the risk by 55%. However, if the same
person is exposed to 0.1 quantum in the same room with the
same changes in ventilation, the risk decreases by 75%. As
expected, for a given exposure concentration and pul-
monary ventilation rate, the lowest risk is in the large, well-
ventilated space and the highest risk is in the small, poorly
ventilated room. For example, if exposure is 1 quantum of
infection to a person breathing 6 L/min, the risk in the
small, poorly ventilated room is 58.9 per 10,000 and in the
large, well-ventilated space, the risk is 0.6 per 10,000.

The Figure illustrates that, although the production of
infectious aerosol and the duration of exposure were high-

er for postal workers in the postal distribution center facil-
ities, the greater rate of removal of the infectious aerosol
by dilution ventilation in such facilities results in a lower
risk for infection for a given aerosol production rate (q)
than in the home exposure scenarios.

Discussion

These analyses emphasize that the risks for airborne
infection are determined not only by the virulence of the
agent but also by environmental factors, e.g., room size
and ventilation rates, and host factors, e.g., pulmonary
ventilation rate. Little can be done to change one’s pul-
monary ventilation rate, but these data suggest that risks
for inhalation anthrax are likely to decrease considerably
with fairly modest increases in room ventilation for low-
concentration exposures. These data might be helpful in
educating both the general public and policymakers
regarding strategies to reduce risks from aerosolized
bioweapons.

General dilution ventilation reduces the risk of trans-
mitting airborne pathogens; however, as described for M.
tuberculosis, room ventilation is theoretically limited in
decreasing this risk, especially when the exposure concen-
tration is high (14). UV germicidal irradiation has been
suggested as a potential bioterrorism countermeasure (18).
Although we are not aware of data regarding the use of
irradiation to inactivate B. anthracis, Peng and colleagues
found that UV germicidal irradiation of upper-room air
reduced B. subtilis spore concentrations by 46% to 80%,
depending on the ventilation rate (19). Thus, further
research on the use of UV germicidal irradiation and other
interventions seems warranted.

These modeling data suggest that approximately
0.7-63.4 million total airborne spores and approximately
0.2-20 million spores <5 um may have been produced by
contaminated mail during work shifts at the two USPS pro-
cessing and distribution centers where inhalation anthrax
developed in postal workers. These data are plausible,
given the contamination with B. anthracis documented by
environmental sampling of both the New Jersey and the
Washington, D.C., facilities (6,20). Although the results of

Table. Risk for airborne infection with Bacillus anthracis modeled for various scenarios of exposure to secondarily contaminated mail
for 1 hour in a home or office, expressed as number of cases per 10,000 susceptible persons exposed®

Small room 0.5 ACH Moderate-size room 0.5 ACH Moderate-size room 2 ACH House 2 ACH
Quanta PV 10 L/min PV10L/min PV6L/min PV4L/min PV10L/min PV6LmMin PV4L/min PV4L/min
0.001 1.0 0.2 0.1 0.1 0.05 0.03 0.02 0.006
0.01 9.8 2.0 1.2 0.8 0.5 0.3 0.2 0.1
0.1 97.8 19.6 11.8 7.9 4.9 3.0 2.0 0.6
1 936 195 117 78 49 30 20 6
10 6,256 1,784 1,113 756 479 291 195 61
100 10,000 8,599 6,928 5,443 3,881 2,555 1,784 596
1,000 10,000 10,000 9,999 9,996 9,926 9,477 8,598 4,588

°ACH, air changes per hour; PV, pulmonary ventilation.
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Figure. Risk for airborne infection with Bacillus anthracis in various
scenarios. Home and office exposures are for 1 hour, and postal
facility exposures are for 8 hours; for postal facilities, the models
assume a 14.6 L/min pulmonary ventilation rate with moderate
work, comparable to the rate used to estimate inhaled doses in the
Manchester study. ACH, air changes per hour.

air sampling were negative, dust samples grew 3-9.7 mil-
lion CFU/g (20). A contaminated letter in Washington,
D.C., purportedly contained 2 g powder with 100 billion to
1 trillion spores per gram (21), which suggests that letters
can be a source of infectious material.

These data also suggest that a few cases of inhalation
anthrax can be expected if large numbers of people are
exposed to a virulent strain at low concentrations within
homes or offices. We will probably never know how many
persons were exposed to mail contaminated with B.
anthracis in the fall of 2001. If 10,000 persons were
exposed in a home or office to secondarily contaminated
mail, and two persons were infected, these models suggest
that exposure was probably to 0.1 or 0.01 quantum, or
18-863 airborne spores. Above and below that range of
exposures, the number estimated to be infected is very
large or very small. Even if 1,000 persons were exposed,
this range of exposures appears most reasonable, except
for exposures to 1 quantum in larger or well-ventilated
environments.

Glassman suggested that 100 spores may be sufficient to
cause infection (16), and a more recent analysis suggested
that as few as 1-3 spores may be sufficient to cause infec-
tion (22). Our data are consistent with these conclusions, as
0.001 quantum would be 2 to 9 bacilli in our model.
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We assumed in our analyses that the strain used in the
mailings was at least as virulent as the strain reported in
the outbreak of inhalation anthrax at the Manchester mill
(15). Genomic analysis recently identified the isolate used
in the mailings as the Ames strain, which is used in multi-
ple research laboratories (23). However, the strain was pre-
pared for aerosolization in powder form, and we are not
aware of published data on infectious doses for powdered
preparations. The method of preparing bacilli for
aerosolization may affect retention of aerosolized agents
and their virulence of B. anthracis. For example, the sur-
face-active compound Tergitol was found to increase viru-
lence 10-fold in guinea pigs (24).

The two women with no identified exposures in the
recent bioterrorism-related outbreak may have been
unusually susceptible to inhalation anthrax. Risk factors
for increased susceptibility or resistance to inhalation
anthrax are not known, although age has been suggested
(25). One of these women was 61 years old (2), and the
other was 94 years old (1). Aging is associated with a
decrease in mucociliary clearance as well as alterations in
immune responses, but given the large numbers of elderly
persons who were likely exposed to contaminated mail,
age alone seems inadequate to explain the epidemiology of
this outbreak. We are reluctant to accept that children are
less susceptible than elderly adults without additional data.
Previous reports of cases associated with industrial sources
or with materials contaminated by B. anthracis suggest
that some susceptible persons, including children, were
infected during relatively brief exposures (26-28). We
speculate that the combination of thin body type, age, and
female sex might be a risk factor for inhalation anthrax, as
it is for pulmonary infections with environmental nontu-
berculous mycobacteria, e.g., with M. avium complex (29).
Women with asymptomatic bronchial hyperresponsiveness
have increased deposition of inhaled particles of =1 um
(30), but we are not aware of data that show this to be a
risk factor for respiratory infections.

Modeling studies of transmission of tuberculosis or
measles have usually assumed a single uniform pulmonary
ventilation rate in exposed persons as well as a homoge-
nous concentration of infectious aerosol over time and
space. Riley’s choice of 10 L/min to model human ventila-
tion has been used by other modelers (14), but we have
added a broader range of values to assess the relative
importance of variability in minute ventilation. However,
human ventilation is not uniform, being punctuated by
sighs in which the tidal volume may be three times greater
than the volume at rest (12). If a piece of contaminated
mail were opened, aerosol was likely concentrated imme-
diately afterwards and in the immediate vicinity. Thus, if a
person were to sigh when exposed to the maximum num-
ber of airborne spores, spores would likely deposit in
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greater concentration. However, we are not aware of data
documenting deposition associated with short-term irregu-
larities in ventilation. This is another area for further
research.

Druett first applied the probit model in early studies of
inhalation anthrax in animal models (31). He acknowl-
edged that this model best fit the data within the range of
the LDZS—LD75 but cautioned about interpreting data out-
side that range. Our concern with estimating the number of
bacilli required to kill roughly 0.1%-1.0% of exposed per-
sons (10-100/10,000) was one of the reasons we chose not
to apply the Druett model. We selected the Wells-Riley
model because of a number of clear and compelling traits.
First, data generated by the Wells-Riley model agree with
observed data in airborne infection with measles and tuber-
culosis (4,5). Neither the Druett model nor other models of
airborne infection with more specified variables and more
complex mathematical forms (32,33) have been validated
against epidemiologic data of any airborne infection.
Second, the Wells-Riley model includes variables for envi-
ronmental conditions and aerosol production rates not
accounted for in the Druett model. Alternative models
might allow for a sigmoidal growth in the probability for
infection, i.e., the probability of infection increases monot-
onically; however, the rate of change first increases to a
maximum and then decreases steadily to zero. While such
a model is biologically plausible, experimental data to jus-
tify such a model are lacking. No models have been vali-
dated for inhalation anthrax in humans, which differs
markedly from pulmonary tuberculosis and measles in its
pathogenesis.

One possible approach to extending the Wells-Riley
model in the future would be adding a susceptibility factor,
y. With the current model formulation, as q increases, air-
borne infection approaches 100% certainty, i.e., the proba-
bility approaches 1. Increases in the other parameters (I, t,
p and 1/Q) have a similar effect on the probability for air-
borne infection. An alternative model might be given by
CIS = y[1-exp(-1qtp/Q)] where 0 <y < 1. With such a
model, as any of the parameters 1, g, t, p, or 1/Q increase,
the probability of airborne infection approaches 1. The fac-
tor y may be conceived as a fixed or random effect, or one
that is conditional on measurable, individual-level suscep-
tibility factors such as age or coexisting conditions.
Additional data on susceptibility are needed, however,
before such a parameter can be included with confidence.

Modeling depends on the assumptions used; the most
critical of our assumptions is that all affected persons were
exposed to similar quanta of B. anthracis from contaminat-
ed mail. More likely, the number of quanta decreased with
“postal distance” from the index letters. Webb and Blaser
allowed for this possibility by modeling the cross-contam-
ination of letters resulting from contact with index letters
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passing through a prototypical postal system (25). Their
model, however, did not allow for the environmental con-
siderations that can mediate between aerosolization and
infection. The Wells-Riley model allows for environmen-
tal considerations, and it can be adapted to variable expo-
sure scenarios by stratifying by persons sharing a common
quantum of exposure. To do that would require further
modeling assumptions in the fashion of those made by
Webb and Blaser. Epidemiologic data will likely never
become available to test the validity of any of these mod-
els, but this modeling exercise demonstrates how the risk
for infection is sensitive not only to the infectious dose but
also to environmental parameters.

Conclusion

The risk for airborne infection with B. anthracis is
determined not only by the virulence of the organism but
also by the balance between infectious aerosol production
and removal, pulmonary ventilation rate, duration of expo-
sure, and host susceptibility factors. Dilution ventilation of
the indoor environment is an important determinant of the
risk for infection. Enhanced room ventilation, UV germi-
cidal irradiation, and other engineering control measures
may be used to decrease the risk for infection. Although
much research focuses on bacillary factors to improve our
understanding of the pathogenesis of inhalation anthrax,
our modeling data emphasize the need to better understand
the complex interactions among host susceptibility factors,
environmental factors, transmission mechanisms, and
dose-response relationships in determining the risk of air-
borne infection with B. anthracis and other agents of
bioterrorism.
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Large jug of Drab Polished ware.
End of the Middle Bronze age (1900-1650 B.C.)

Courtesy of the Pierides Museum, Larnaca, CYPRUS

Ovoid body, rounded base with a mastoid projection, long cylindrical neck, beak-shaped mouth, handle from neck to shoulder with ver-
tical cylindrical projection at the top. Two stags in the round on the shoulder on either side of the handle. Impressed decoration on the
animals' bodies, vertical band in relief along the neck opposite handle. (48 cm height).
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Environmental Sources of Prion
Transmission In Mule Deer

Michael W. Miller,* Elizabeth S. Williams,T N. Thompson Hobbs,f and Lisa L. Wolfe*

Whether transmission of the chronic wasting disease
(CWD) prion among cervids requires direct interaction with
infected animals has been unclear. We report that CWD
can be transmitted to susceptible animals indirectly, from
environments contaminated by excreta or decomposed
carcasses. Under experimental conditions, mule deer
(Odocoileus hemionus) became infected in two of three
paddocks containing naturally infected deer, in two of three
paddocks where infected deer carcasses had decomposed
in situ =1.8 years earlier, and in one of three paddocks
where infected deer had last resided 2.2 years earlier.
Indirect transmission and environmental persistence of
infectious prions will complicate efforts to control CWD and
perhaps other animal prion diseases.

Controlling and possibly eradicating animal prion dis-
eases (1) are goals shared by the international commu-
nity (2,3). However, progress toward eliminating prion
diseases from food-producing animals worldwide has been
hampered by incomplete knowledge about transmission
and environmental persistence of these novel proteina-
ceous pathogens. Two prion diseases, scrapie of sheep and
goats (4-8) and chronic wasting disease (CWD) of deer
(Odocoileus spp.) and elk (Cervus elaphus nelsoni) (9—
14), are particularly difficult to control because both are
contagious among susceptible hosts. In contrast, bovine
spongiform encephalopathy (BSE) does not appear to be
contagious in cattle, but epidemics are sustained artificial-
ly through exposure to feed contaminated with infected
bovine tissues (15); whether BSE in sheep is contagious
remains undetermined (16). Both infected animals and
environments apparently contaminated with the causative
agent contribute to scrapie epidemics (4,6,8), and under
some conditions, scrapie agents may persist in contaminat-
ed environments for years (7). Similarly, CWD is transmit-
ted in the presence of infected mule deer (O. hemionus)
(10), and circumstantial evidence exists for transmission
from environments contaminated with the CWD agent

*Colorado Division of Wildlife, Fort Collins, Colorado, USA;
TUniversity of Wyoming, Laramie, Wyoming, USA; and $Colorado
State University, Fort Collins, Colorado, USA
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(9,11,14). CWD epidemics do not appear to have been per-
petuated by exposure to contaminated feed, but because
ingestion of brain tissue can transmit CWD experimental-
ly to deer (11,17), decomposed carcasses could serve as
sources of infection in the environment.

Environmental sources of CWD infection represent
potential obstacles to control in natural and captive set-
tings. To investigate their role in transmission of this dis-
ease, we compared three potential sources of infection:
infected live deer, decomposed infected deer carcasses,
and an environment contaminated with residual excreta
from infected deer.

Materials and Methods

We conducted a replicated experiment to compare CWD
transmission from three infection sources: naturally infect-
ed captive mule deer (one infected deer/paddock), carcass-
es from naturally infected captive mule deer that had
decomposed in situ =1.8 years earlier (one carcass/pad-
dock), or undisturbed paddock environments where infect-
ed mule deer had last resided 2.2 years earlier. Each
exposure source was replicated in three separate paddocks;
two clean paddocks served as unexposed controls. Control
paddocks and paddocks where live infected deer were
added or where carcasses decomposed were constructed
specifically for this experiment; these paddocks had never
housed captive deer or elk and had been closed to access by
free-ranging cervids for =17 years. Because clinical cours-
es varied in naturally infected deer that served as sources of
direct exposure, actual exposure periods varied from 0.75
year (replicate 3) to 1 year (replicate 1). Excreta-contami-
nated paddocks previously held 19 mule deer that had been
orally inoculated during a 2-year pathogenesis study (11)
that ended 2.2 years before our study began (=3.8 infected
deer x years of excreta/paddock, assuming equal distribu-
tion) but that had not held deer or elk in the interim. All
three carcasses were from mule deer euthanized in end-
stage clinical CWD. They had been left to decompose in
intact form except for the removal of small pieces of brain-
stem used to confirm CWD infection; only the skeletal
remains of carcasses were present at the start of the study.
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Experimental animals included 31 free-ranging mule
deer from two donor populations distant to endemic CWD
foci. Experimental animals were captured from the
grounds of the Rocky Mountain Arsenal National Wildlife
Refuge (n = 17) and the U.S. Air Force Academy (n = 14),
Colorado. We assumed that all experimental animals were
free from CWD when they were introduced into the exper-
iment, and surveillance data provided evidence that deer
obtained from these herds were uninfected before expo-
sure. Surveillance for CWD in the source populations
(10,18) showed 0 positive cases in a sample of 210 adult
deer from the refuge and O positive cases in a sample of 65
adult deer from the academy.

We used these data to estimate the probability that
infection could have been caused by transmission from
animals from the source herds. To do so, we estimated one-
sided, exact 99% binomial confidence intervals (BCI) on
the proportion of each population that could be positive for
CWD (refuge = 0-0.022, academy = 0-0.068). We then
used the upper limit of this interval to estimate the maxi-
mum prevalence, p_, that could be reasonably expected
in each of the source populations, given the inability to
detect infections through surveillance. To assess whether
observed results were likely due to preexisting infections,
we treated each replicate (i.e., paddock) as an independent
binomial experiment because the conditions in one pad-
dock had no opportunity to influence the events in another
paddock. Thus, for each replicate where infection
occurred, we calculated the probability of at least one pos-
itive (i.e., “success”) given the number of animals intro-
duced to that replicate from the source population (i.e.,
“trials”), on the assumption that the probability of drawing
a positive from the source population was f__. When two
replicates within an exposure category showed infections,
we estimated the probability that cases in both replicates
resulted from introducing infected animals (and not from
our experiment) as the product of the individual replicate
probabilities.

We captured deer during March and May 2002 and
transported them to the Colorado Division of Wildlife’s
Foothills Wildlife Research Facility, where they were con-
fined in outdoor paddocks of =800 m2 (three replicate pad-
docks/exposure route, three deer/paddock); four deer were

held in the two clean paddocks as unexposed controls.
Each replicate of exposure paddocks was initially stocked
with three mule deer. Shortly after arrival, one deer was
moved to a different paddock within the same exposure
condition to resolve social strife, and four fawns were born
into three other paddocks; these changes are reflected in
denominators in the Table. The distribution of prion pro-
tein genotype at codon 225 (serine [S]/phenylalanine [F]
[19]) did not differ (Fisher exact test p = 0.6) among the
four groups (three exposure groups + control).

Deer were fed alfalfa hay and a pelleted supplement;
diets contained no animal protein or other animal byprod-
ucts. Individual paddocks and exposure blocks were phys-
ically segregated to prevent cross-transmission within and
among exposure categories; dedicated clothing and equip-
ment were used to minimize potential cross-contamina-
tion, but other potential fomites, like small mammals,
birds, and insects, could not be controlled. However, trans-
mission by routes such as these would be consistent with
hypothesized transmission from environmental sources
rather than direct animal-to-animal contact. After the ani-
mals had undergone =1 year of exposure to respective
sources of infection, we obtained biopsied tonsil speci-
mens from each participant deer and conducted an
immunohistochemical analysis using anti-PrP MADb
99/97.6.1 (20,21). Upon detecting >1 infected deer in a
paddock, we removed all inhabitants of that paddock and
confirmed CWD infection in animals with positive biopsy
results (20). Study protocols were reviewed and approved
by the Colorado Division of Wildlife Animal Care and Use
Committee

Results

Mule deer exposed to contaminated environments or to
infected deer contracted CWD (Table). None of the unex-
posed deer were infected. One or more introduced deer
became infected in two of three paddocks containing a nat-
urally infected deer, in two of three paddocks containing a
decomposed deer carcass, and in one of three paddocks
contaminated with residual deer excreta (Table) within 1
year of exposure. Infected deer included unrelated animals
from both donor herds (2/17, 3/14; Fisher exact test p =
0.64), as well as one of four fawns born during the study.

Table. Chronic wasting disease arising in mule deer exposed to environments contaminated by residual excreta, carcasses, or other

infected deer

Exposure source

Replicate Infected deer Infected carcass Residual excreta Unexposed
1 1/4° 0/3 1/3 0/2
2 0/2 2/4 0/3 0/2
3 1/4 1/5 0/3 NA®
Total 2/10 3/12 1/9 0/4

“Number positive/number exposed (not including infected source deer).
°Not applicable; controls included only two replicate paddocks.
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Males (4/16) and females (2/15) were infected at equiva-
lent rates (Fisher exact test p = 0.65); similarly, deer of all
three codon 225 genotypes (SS = 6/26, SF = 0/7, FF = 0/2)
were infected at equivalent rates (Fisher exact test p =
0.52). Deer with positive biopsy results appeared healthy
and did not show signs of CWD, consistent with early (<1
year in duration) infections (11,17).

On the basis of prior data from surveillance of source
populations, our results were not likely explained by the
null hypothesis of infections introduced from the source
populations (p = 0.036 for academy source deer and p <
0.0001 for refuge source deer). The probability of prior
infection accounting for our results in the pattern observed
(Table) was p < 0.0013 for the infected animal exposure, p
< 0.037 for the carcass exposure, p < 0.064 for the excreta
exposure, and overall p =0.000003 for the observed results
arising from preexisting infections. Because these proba-
bilities were based on one-sided, upper 99% BCls, we can
conservatively reject the null hypothesis of infection aris-
ing from the source populations. The only remaining pos-
sibility is that infections arose from experimental
exposures that included environments harboring the infec-
tious agent from excreta or decomposed carcasses.

Discussion

Prions cannot be directly demonstrated in excreta or
soil. However, CWD infection—specific protease-resistant
prion protein (PrPEWD) accumulates in gut-associated lym-
phoid tissues (e.g., tonsils, Peyer patches, and mesenteric
lymph nodes) of infected mule deer (11,17,22), which
implicates alimentary shedding of the CWD agent in both
feces and saliva (10,11,17). Because PrPCWD hecomes pro-
gressively abundant in nervous system and lymphoid tis-
sues through the disease course (11), carcasses of deer
succumbing to CWD also likely harbor considerable infec-
tivity and thus serve as foci of infection. We could not
determine the precise mechanism for CWD transmission
in excreta-contaminated paddocks, but foraging and soil
consumption seemed most plausible. Deer did not actively
consume decomposed carcass remains, but they did forage
in the immediate vicinity of carcass sites where a likely
nutrient flush (23) produced lush vegetation (Figure).

Our findings show that environmental sources of infec-
tivity may contribute to CWD epidemics and illustrate the
potential complexity of such epidemics in natural popula-
tions. The relative importance of different routes of infec-
tion from the environment cannot be discerned from our
experiment, but each could play a role in sustaining natu-
ral epidemics. Although confinement likely exaggerated
transmission probabilities, conditions simulated by this
experiment do arise in the wild. Mule deer live in estab-
lished home ranges and show strong fidelity to historic
home ranges (24-26). As a result of such behavior,
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Figure. Green forage growing at the site where a deer carcass
infected with chronic wasting disease had decomposed. Such
sites were attractive to deer, as illustrated by the grass blades
recently cropped by deer in the experiment.

encounters with contaminated environments will occur
more frequently than if deer movements were random.
Feces and carcass remains are routinely encountered on
native ranges, thus representing natural opportunities for
exposure. Social behavior of deer, particularly their ten-
dency to concentrate and become sedentary on their winter
range, also may increase the probability of coming into
contact with sources of infection in their environment.

The ability of the CWD agent to persist in contaminat-
ed environments for >2 years may further increase the
probability of transmission and protract epidemic dynam-
ics (8). Because infectivity in contaminated paddocks
could not be measured, neither the initial levels nor degra-
dation rate of the CWD agent in the environment was
estimable. However, the observed persistence of the CWD
agent was comparable to that of the scrapie agent, which
persisted in paddocks for =1 to 3 years after removal of
naturally infected sheep (7). Similarities between the
CWD and scrapie agents suggest that environmental per-
sistence may be a common trait of prions. Whether persist-
ence of the BSE prion in contaminated feed production
facilities or in environments where cattle reside con-
tributed to BSE cases in the United Kingdom after feed
bans were enacted (27) remains uncertain but merits fur-
ther consideration.

Indirect transmission and environmental persistence of
prions will complicate efforts to control CWD and perhaps
other animal prion diseases. Historically, control strategies
for animal prion diseases have focused on infected live
animals as the primary source of infection. Although live
deer and elk represent the most plausible mechanism for
geographic spread of CWD, our data show that environ-
mental sources could contribute to maintaining and pro-
longing local epidemics, even when all infected animals

1005



RESEARCH

are eliminated. Moreover, the efficacy of various culling
strategies as control measures depends in part on the rates
at which the CWD agent is added to and lost from the envi-
ronment. Consequently, these dynamics and their implica-
tions for disease management need to be more completely
understood.
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Sporadic Cryptosporidiosis, North
Cumbria, England, 1996-2000

Stella Goh,* Mark Reacher,t David P. Casemore, Neville Q. Verlander,t Rachel Chalmers,§
Margaret Knowles,{ Joy Williams,* Keith Osborn,# and Sarah Richards**

Risk factors for sporadic cryptosporidiosis were deter-
mined in 152 patients and 466 unmatched controls who
resided in two local government districts in North Cumbria,
North West England, from March 1, 1996, to February 29,
2000. Risk was associated with the usual daily volume of
cold unboiled tap water drunk (odds ratio [OR] 1.40, 95%
confidence intervals [CI] 1.14 to 1.71 per pint consumed
per day [p = 0.001]) and short visits to farms (OR 2.02, 95%
Cl 1.04 to 3.90, p = 0.04). Fifty-six (84%) of 67 fecal spec-
imens from patients obtained from January 1, 1998, and
February 29, 2000, were Cryptosporidium parvum geno-
type 2 (animal and human strain). Livestock fecal pollution
of water sources appears to be the leading cause of human
sporadic cryptosporidiosis in this population and shows the
need for better protection of water catchments from live-
stock and improved drinking water treatment in this area of
England.

he protozoan parasite Cryptosporidium parvum is a

leading cause of infectious diarrhea in humans and
livestock with fecal-oral transmission by ingestion of
oocysts (1,2). Infection is generally self-limiting, followed
by variable protective immunity involving humoral and
cell-mediated responses, except in the immune-sup-
pressed, when infection may be prolonged and fatal (2,3).
Cryptosporidium oocysts remain viable in water and damp
soils for prolonged periods and are resistant to disinfec-
tants at concentrations usually used in water treatment
(4,5). Although sound, conventional water treatment is
believed to substantially reduce the risk of viable oocysts
passing into treated water, the possibility of low-level
intermittent contamination has been recognized; whether
such contamination affects public health is uncertain (4,6).
Outbreak investigations have shown diverse modes of
transmission, including contact with livestock (7,8); per-

*Carlisle and District Primary Care Trust, Rosehill, Carlisle, United
Kingdom; tCommunicable Disease Surveillance Centre, London,
United Kingdom; FUniversity of Wales, Aberystwyth, Ceredigion,
Wales, United Kingdom; §Singleton Hospital, Swansea, Wales,
United Kingdom; fiCumberland Infirmary, Carlisle, United Kingdom;
#United Utilities, Great Sankey, Warrington, United Kingdom; and
**West Cumberland Hospital, Whitehaven, United Kingdom
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son-to-person transmission in households and care settings
(9); consumption of contaminated foods and drinks,
including milk (1,10); water from private supplies (11);
and recreational water exposure (12). Infection may also
be associated with travel to countries with higher incidence
of cryptosporidiosis (13).

In 1992, a community outbreak of cryptosporidiosis
occurred in residents of Allerdale and Copeland local gov-
ernment districts in North Cumbria, North West England,
which compose part of the Lake District National Park;
these areas have a predominantly agricultural and tourism-
based economy and a population of approximately
160,000. The lakes have livestock farms and open grazing
land abutting them. Approximately one third of the popu-
lation received public water supplies from Ennerdale Lake,
one third from Crummock Lake, and one third from a
number of smaller sources. Water from Ennerdale and
Crummock Lakes was disinfected with chlorine but unfil-
tered because the low level of particulate matter in these
sources precluded chemically assisted flocculation. The
smaller sources used for public supplies received a variety
of conventional treatments, including coagulation, filtra-
tion, and chlorination, and chlorination alone. A small
number of households had private supplies. A case-control
study conducted during the outbreak showed a significant
association between cryptosporidiosis and consuming cold
unboiled mains tap water for persons served by water from
Ennerdale Lake but no such association for those served by
water from Crummock Lake and other water sources
(North Cumbria Health Authority, Carlisle, 1992, unpub.
data). After the outbreak, rates of laboratory-confirmed
cryptosporidiosis from 1993 to 1995 were 31.2-44.2 per
100,000 in Allerdale and Copeland compared to 19.8 to
23.9 per 100,000 in the neighboring local government dis-
tricts of Carlisle and Eden. Cases were not obviously clus-
tered in time and could not be linked. A prospective
case-control study was therefore undertaken to test the
hypothesis that no dose-response relationship existed
between consuming unboiled tap water from public water
supplies and risk for sporadic Cryptosporidium infection
in Allerdale and Copeland.
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Medical and diagnostic microbiology services for
Allerdale and Copeland residents were provided free at the
point of use by the United Kingdom National Health
Service and managed by North Cumbria Health Authority
(14). The Authority was also responsible for maintaining
the computer patient register and updating it for births,
deaths, migration, and surveillance and control of infec-
tious disease (14). The register held persons’ name, sex,
date of birth, home address, and postal (zip) code but not
medical information. The postal codes were geographical-
ly referenced but did not share boundaries with public
water supply distribution zones, government boundaries,
or census enumeration districts.

Methods

Local ethical committees approved the protocol, and a
study center was set up at North Cumbria Health
Authority. All fecal specimens were examined for
Cryptosporidium oocysts, regardless of whether this test
was requested by the clinician. Family physicians and hos-
pital clinicians were informed of the study, but not the
main hypothesis, and were reminded to ensure best prac-
tice in investigating cases of diarrhea with the assistance of
the three local microbiology laboratories. Laboratory staff
was requested to immediately report Cryptosporidium-
positive fecal smear results to the study coordinator by
telephone.

Epidemiology

Five workers were trained to conduct the study in a
standard manner by using written protocols and question-
naires. Both methods were pilot tested and their techniques
refined before enrollment (15).

Definitions

Case-patients were defined as residents of Allerdale or
Copeland with 1) diarrhea (three or more loose stools in a
24-hour period), 2) onset from March 1, 1996, to February
29, 2000, and 3) a fecal smear positive for Cryptospori-
dium oocysts but negative for other enteric pathogens.
Patients were excluded if they had, within 14 days of onset
of illness, contact with another household member with
cryptosporidiosis or any diarrhea illness, traveled outside
the United Kingdom, stayed away from home outside the
study area within the United Kingdom for >7 nights, or if
they or a household member had already been enrolled as
a patient or control at any time during the study.

Controls were defined as residents of Allerdale or
Copeland with no history of diarrhea (three or more loose
stools in a 24-hour period) in the 14 days before interview.
Potential controls were excluded if they had, within 14
days of interview, traveled outside the United Kingdom,
stayed away from home outside the study area but within
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the United Kingdom for >7 nights, or if they or a house-
hold member had already been enrolled as a patient or con-
trol at any time during the study.

Three controls were randomly selected, by using a
computer algorithm, from subtables of the health authority
patient register with the same age span (0-5, 6-15, and
16+ years) and the same lead characters of the postal code
as the case-patient. The process was repeated when neces-
sary to replace persons who declined, could not be contact-
ed, or met exclusion criteria. The patient register was
compared with population estimates from the 2001 census.

Interviews

Interviews were conducted face-to-face at home.
Participants <18 years of age were interviewed with par-
ents or guardians, who acted as proxies for younger chil-
dren, as appropriate. Informed consent was obtained and
recorded. Case-patients and associated controls were
enrolled as close to each other in time as possible.

For unboiled cold tap water, bottled water, and soft
drinks, we asked about “usual” consumption without a
time restriction. For all remaining exposures, including
consuming pasteurized and unpasteurized milk, ice, and
foods, exposure was sought for the 2 weeks before onset of
illness for patients and before date of interview for con-
trols.

The volume of different fluids drunk by study partici-
pants was determined by showing a standard picture card
of a glass, cup, and mug; the volume was recorded accord-
ing to the calibration on the card. The usual daily volume
of water as cold unboiled tap water drunk at home was
determined as water alone and as a diluent in cold fruit-
squash type drinks. The usual daily volume of cold
unboiled tap water drunk at work, school, or nursery at
locations within Copeland and Allerdale District bound-
aries was determined the same way. The two usual daily
volumes consumed at and away from home were added to
give the total usual daily volume of cold unboiled tap
water consumed within Copeland and Allerdale Districts.
The usual daily volume consumed of bottled drinking
water and soft drinks not diluted with water was deter-
mined separately without distinction between consuming it
at home or away from home. Questions about consumption
of ice in cold drinks were asked separately for ice made at
home and ice consumed at work, school, or nursery.

The following types of contact were recorded: farms,
farmed animals, and handling and feeding farm animals;
slurry; household pets and feeding household pets; chil-
dren’s nurseries; and recreational exposure to water in
swimming pools, rivers, and streams. Information about
consumption and frequency of consumption of uncooked
salad items, uncooked meat, uncooked sausage meat and
sausages, yogurt, cheese, and cream was also elicited.
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The nature of the water supply (public or private) and
sewage services (public or septic tank) to the home were
recorded and corroborated against water company records.
Disruption to tap water or change in tap water color or
taste in the week before onset of illness for patients, and in
the week before date of interview for controls, was record-
ed. Information on sources, water treatment works, and the
water that supplied each address’s postal code was
obtained from water company records and linked to indi-
vidual patient and control records.

Knowledge about Cryptosporidium Infection

A series of television and newspaper articles on
Cryptosporidium occurred in North Cumbria in April and
May 1999. Study participants enrolled from April 28 to
November 30, 1999, were also asked if they had heard of
Cryptosporidium and what they knew about it.

Data Entry and Analysis

Data were double entered and differences edited and
corrected in Epilnfo version 6.0.4.d. (Centers for Disease
Control and Prevention, Atlanta, GA). Fluid intakes were
analyzed as yes/no responses; within categories (<1/4 pint,
1/4-1 pint, >1-2 pints, and >2 pints) with y2 tests for trend
in single variable analysis; and as actual volume consumed
in multivariable analysis (16).

Variables positively associated with infection at the p <
0.2 level in the single variable analysis, age, sex, and water
supply zone were included in the initial multivariable
model. Backward stepwise logistic regression was under-
taken by comparing nested models using Likelihood Ratio
Tests and GLIM software (16,17). Variables with signifi-
cance p > 0.3 in iterations of the multivariable model were
removed in stepwise fashion except for age, sex, and water
supply zones, which were retained in all models regardless
of their significance. Subsidiary analyses modeled usual
daily consumption of tap water at home and usual total
daily tap water consumption; cases and controls served by
mixes of water from more than one source were omitted.

Microscopy of stained fecal smears for Cryptospori-
dium oocysts (18), Giardia, and culture for pathogenic
enteric bacteria were undertaken by using standard meth-
ods at each of the three local microbiology laboratories.
Smears in which Cryptosporidium oocysts were identified
from January 1998 to February 2000 were also analyzed
by polymerase chain reaction and restriction fragment
length polymorphism typing of a region of the
Cryptosporidium oocyst wall protein gene (19,20).

Results

None of the incident cases arising from the study pop-
ulation during the 4 years of the study were linked or clus-
tered in time and space. All were considered sporadic
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infections eligible for inclusion in the study. No changes
occurred in livestock farming, livestock densities, water
sources, or water treatment within the study area during
the study period.

Potential Study Cases and Exclusions

Two hundred seven case-patients were ascertained dur-
ing the study period; 152 (73.4%) were enrolled, and 55
(26.6%) were excluded (Table 1). One refused to partici-
pate, one was unable to complete the interview, and two
did not respond. Thirty-six (17.4%) were secondary to a
laboratory-confirmed case in the household, 8 (3.9%) had
traveled outside the United Kingdom, and 1 (0.5%) had
traveled within the United Kingdom and stayed outside the
study area >7 nights. Further single case-patients were
excluded for having no history of diarrhea, mixed enteric
infection, and being a visitor to, or resident outside, the
study area. Two additional case-patients were excluded
because a member of their household had already been
interviewed as a case-patient or control earlier in the study.

Potential Controls and Exclusions

Seven hundred seventy-eight potential controls were
identified; 466 (59.9%) were enrolled, and 312 (40.1%)
were excluded (Table 1). One hundred eighty-three
(23.5%) refused to participate or were unavailable for
interview. The address of three (0.4%) could not be found.
Forty-six (5.9%) had a history of diarrhea, 8 (1.0%) had
traveled outside the United Kingdom, and 2 (0.3%) had
traveled within the United Kingdom away from the study
area for >7 nights in the 2 weeks before interview. Twenty-
seven (3.5%) had moved from the study area, 2 (0.3%) had
an address outside the study area, and 7 (0.9%) shared a
household with a patient or a control. Nineteen (2.4%)
were not enrolled because 3 controls had already been
recruited in association with the case, 9 (1.2%) were in the
wrong age band, and 3 (0.4%) had no reason recorded.

Study Population

Cases

Of the 152 study case-patients, 86 (56.6%) were <6
years of age; 47 (30.9%) were 6-15; and 19 (12.5%) were
>16 years. Eighty-two (53.9%) were male. More cases
were detected in the first half of each year of the study
(Figure). The average annual incidence rate was similar in
populations served by water from Crummock Lake,
Ennerdale Lake, and the other water sources combined
(Table 2).

In addition to diarrhea, the 152 patients reported
abdominal pain (110 [72.4%]), vomiting (94 [61.8%]),
fever (69 [45.4%]), anorexia (68 [44.7%]), and weight loss
(56 [36.8%]). Thirty-seven patients were ill at interview. In
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Table 1. Recruitment and reasons for exclusion from study, United Kingdom (UK)

Exclusion criteria

No. (%) excluded

Case-patients (n = 207)

Refusal to participate 1(0.5)
Could not complete adequate interview 1(0.5)
Did not respond to letters or phone calls 2(1.0)
Not meeting the study case definition
No history of diarrhea 1(0.5)
Mixed enteric infection 1(0.5)
Secondary case 36 (17.4)
Travel outside the UK in 14 days before onset 8(3.9)
Travel in UK outside study area for >7 nights in the 14 days before onset 1(0.5)
Visitor to study area 1(0.5)
Residence outside study area 1(0.5)
Case-patient or household member previously interviewed as case-patient or control 2(1.0)
Total potential cases excluded 55 (26.6)
Total cases enrolled 152 (73.4)
Controls (n =778)
Refusal to participate in interview 23 (3.0)
Unavailable at requested interview times 125 (16.1)
Said interview times were not convenient 35 (4.5)
Subtotal: refused, unavailable for interview 183 (23.5)
Address not found 3(0.4)
History of diarrhea 46 (5.9)
Travel outside UK in the 14 days before interview 8(1.0)
Travel in UK outside study area for >7 nights in the 14 days before interview 2(0.3)
Not resident in study area in the 14 days before interview 3(0.4)
Moved from study area 27 (3.5)
Resident outside study area 2(0.3)
Control or household member already interviewed as a case-patient or control 7 (0.9)
Subtotal: did not meet study control definition 95 (12.2)
Interview cancelled by study team because three controls already enrolled for associated case 19 (2.4)
Interview cancelled by study team as potential control found to be in wrong age group 9(1.2)
Reason for exclusion not recorded 3(0.4)
Subtotal: not enrolled for administrative reasons or reason not recorded 31 (4.0)
Total potential controls excluded 312 (40.1)
Total controls enrolled 466 (59.9)

115 patients who had recovered when interviewed, the
median duration of illness was 9 days (range 2-21).
Nineteen (22.1%) of the 86 patients <5 years of age and 4
(8.5%) of 47 case-patients ages 6-15 years were admitted
to hospital.

Controls

Three or four controls were recruited in association
with 131 (86.2%) patients and one or two in association
with the remainder. Patient and control groups were com-
parable by sex, local government district of residence,
water sources and water supply zones, disruption and dis-
coloration of tap water, nights spent away from home with-
in the United Kingdom in the 2 weeks before onset or
interview, and sewage services to the home (Table 3).

Time until Study Recruitment

One hundred twenty-eight (84.2%) patients were inter-
viewed within 1 week and 151 (99%) within 2 weeks of
the date of the Cryptosporidium-positive fecal smear test
report. The delay between reporting a case and enrolling
the patient and associated controls was a median of 2.3
weeks (range 1-8).
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Knowledge about Cryptosporidium

Thirty six (75%) of 48 patients and 113 (67.7%) of 167
controls recruited from April 29 to November 30, 1999,
stated that they had not heard of Cryptosporidium before
being contacted for the study. The proportion without
knowledge was similar for patients and controls recruited
before and after July 8, 1999. Of the 66 persons who had
previously heard of Cryptosporidium, 16 had knowledge
of modes of transmission: 4 reported transmission could
occur through water, drinks, or contact with farms and ani-
mals; 6 reported that transmission was by water only; and
6 reported transmission was by farm contact only.

Single Variable Analysis

Significant associations were seen with consuming cold
unboiled tap water (odds ratio [OR] 2.12, 95% confidence
interval [CI] 1.16 to 3.91, p = 0.012) with a significant
dose-response relationship (y2 test for trend p = 0.017). A
significant dose-response relationship was also seen for
the usual volume of cold unboiled tap water consumed at
home (y?2 test for trend p = 0.005), but not for that con-
sumed at the workplace, nursery, or school (y2 test for
trend p = 0.495) (online Appendix available from
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Figure. Case-patients recruited to the study by month of onset and
water supply zone.

http://www.cdc.gov/ncidod/EID/vol10n06/03-0325_
app.htm). No association was found between consuming
bottled water, ice, soft drinks, and pasteurized or unpas-
teurized milk. Consuming lettuce, tomatoes, mixed salad,
and cream was associated with lower risk (p < 0.05).

Any contact with a farm was associated with a twofold
increase in risk (OR 2.11, Cl 1.4 to 3.2, p < 0.001). Risk
was higher for short farm visits (OR 2.56, Cl 1.57 to 4.17)
and increased with the frequency of farm visits ()2 test for
trend p = 0.003) (online Appendix). Risk was also
increased by contact with farm animals (OR 2.23, Cl 1.45
to 3.43), eating food within 2 hours of contact with farm
animals (OR 3.11, CI 1.79 to 5.38), and stroking farm ani-
mals (OR 2.01, Cl 1.17 to 3.42). Walking near slurry
applied to fields was not associated with increased risk, but
contact with slurry showed some evidence of increased
risk (OR 2.0, CI 0.99 to 4.02).

Contact with pets at home or contact with pets with
diarrhea did not increase risk. Risk was increased for feed-
ing pets leftovers (OR 3.79, Cl 1.0 to 14.69), with margin-
al evidence of risk for feeding pets raw vegetables (OR
2.09, Cl 0.95 to 4.56) and biscuits (OR 1.76, ClI 0.95 to
3.21). Contact with animals other than farm animals and
home pets was not associated with infection (OR 0.84, CI
0.54 to 1.30). Risk was increased by having accidentally
touched feces from any animal (OR 3.04, Cl 1.33 to 6.94).
Attendance at a playgroup or nursery and recreational
exposure to water was not associated with infection (online
Appendix).

Multivariable Analysis

The usual volume of cold unboiled tap water consumed
was independently associated with cryptosporidiosis (OR
1.40, CI 1.14 to 1.71 per pint consumed per day) in the
final multivariable model (Table 4). A short visit to farms
(OR 2.02, CI 1.04 to 3.9) was also significant. No differ-
ence in risk was found between the different water supply
zones, irrespective of whether the zones received unfil-
tered water from Crummock and Ennerdale Lakes, other
public supplies with a variety of conventionally filtered
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and unfiltered water, or private water supplies (Tables 3
and 4). Slight evidence was found for increased risk for
feeding pets raw vegetables (OR 2.11, CI 0.98 to 4.56) and
biscuits (OR 1.77, CI 0.94 to 3.35) but not for age, sex,
consuming nonlocally produced cheese, contact with
farms without cattle or sheep, or with cattle (Table 4).
Subsidiary analysis showed that usual volume of cold
unboiled tap water consumed at home was also a signifi-
cant risk factor. A further analysis that excluded persons
whose house was served by a mixed public water supply
found similar results (not shown).

Genotyping Results

Genotyping was undertaken in 67 of 101 cases from
1998 to 2000. All the smears were confirmed positive, and
56 (83.6%) of tested smears were C. parvum genotype 2
(animal and human) strain, 1 (1.5%) was genotype 1
(human strain), and 10 (14.9%) could not be typed.

The primary care patient register was reviewed after
patients were recruited for the study. The register con-
tained 166,376 names of Allerdale and Copeland residents
compared to a population of 162,809 enumerated at the
2001 census (available from www.statistics.gov.uk/cen-
sus2001). The computer algorithm used to randomly select
potential controls generated 125 tables of registered
patients’ names, where registered patients were within the
same age category as study case-patients and had the same
lead characters of the postal code of residence as study
case-patients. The tables contained a median of 496 (range
9-7,800) names.

Discussion

Drinking cold unboiled tap water from public drinking
water supplies was a highly significant risk factor for spo-
radic human cryptosporidiosis, regardless of the water
source. To our knowledge, this study is the first to show
that drinking from public water supplies is an important
risk factor for sporadic human Cryptosporidium infection.
Most cases were in children, consistent with previous
reports from England and Canada (21,22). Many patients
required admission to hospital, showing the seriousness of
ilness. Infection in study patients was also associated with
short visits to farms and predominantly with the C. parvum

Table 2. Estimated average annual incidence of primary
Cryptosporidium cases by water source, 1996—1999°

Incidence
Water source Population (per 100,000 pery)
Crummock 58,295 24
Ennerdale 47,780 22
Crummock and 106,075 23.1
Ennerdale
All other sources 59,699 22.6
*Population denominators from water company records.
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Table 3. Baseline characteristics of study population

Characteristics Cases (%) 152 (100) Controls (%) 466 (100) p value
Sex
M 82 (53.9) 236 (50.6) 0.539
F 70 (46.1) 230 (49.4)
Age, y
0-5 86 (56.6) 273 (58.6) 0.904
6-15 47 (30.9) 136 (29.2)
16+ 19 (12.5) 57 (12.2)
Local government district
Allerdale 83 (54.6) 248 (53.2) 0.838
Copeland 69 (45.4) 218 (46.8)
Source of water/zone
Crummock Lake/ Crummock North 37 (24.3) 103 (22.1) 0.941
Crummock Lake/ Crummock South 19 (12.5) 49 (10.5)
Ennerdale Lake/ Ennerdale North 29 (19.1) 101 (21.7)
Ennerdale Lake/ Ennerdale South 13 (8.6) 43 (9.2)
Millom/Millom 19 (12.5) 54 (11.6)
Quarry Hill/Quarry Hill 16 (10.5) 41 (8.8)
Hausegill/Hausegill 3(2.0) 5(1.1)
Hayknott/Hayknott 2(1.3) 6 (1.3)
Underscar/Underscar 1(0.7) 3(0.6)
Fellside/Fellside 0 1(0.2)
Multiple sources/Mixed from >1 zone 11 (7.2) 51 (10.9)
Different private water supplies 2(1.3) 9(1.9)
Disruption of main supply in week before illness or outbreak?
Y 8 (5.3) 14 (3.0) 0.294
N 143 (94.1) 448 (96.1)
Not recorded 1(0.7) 4(0.9)
Water discolored in the week before illness or outbreak?
Y 14 (9.2) 33(7.1) 0.398
N 130 (85.5) 431 (92.5)
Not recorded 8 (5.3) 2(0.4)
Away from home in the 2 weeks before illness or outbreak?
Y 49 (32.2) 163 (35.0) 0.603
N 103 (67.8) 303 (65.0)
Sewage services to home
Mains 130 (85.5) 411 (88.2)
Septic tank 21 (13.8) 51 (10.9)
Chemical toilet 1(0.7) 0
Not recorded 0 4(0.9)

genotype 2 (animal and human) strain, consistent with
farmed livestock’s being a major source of infection. Risk
was not increased by contact with pets.

Excluding study participants by recent travel ensured
that environmental exposures most likely occurred within
the study area. Excluding household contact with an earli-
er onset case ensured that person-to-person transmission
within the household was unlikely to have occurred in
study case-patients.

The number of patients who sought medical attention
was likely to have been high because the National Health
Service provided free medical care within the study area
at the point of use and because all fecal specimens were
tested for Cryptosporidium by National Health Service
laboratories without charge. Although only half of
patients with cryptosporidiosis may seek medical atten-
tion in the United Kingdom (23), we have no reason to
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suppose that risk factors for patients who do not visit
healthcare facilities would differ substantially from those
that did.

Matching refers to pairing cases with one or more con-
trols on the basis of their similarity in selected variables,
with the objective of eliminating bias (24,25). We under-
took stratified random sampling from a population list to
select potential controls and adjusted by using multiple
regression analysis, which is one of a number of alterna-
tive designs to matching (24,25).

Refusal to participate was low at 4 (1.9%) of 205 cases
and 183 (23.5%) of 778 potential controls. Lower response
rates in controls compared to cases is expected (24). Care
was taken during the design and conduct of the study to
mask interviewers to the tap water hypothesis. Interviewer
training emphasized that all risk factors were plausible and
required equal care in measurement. A survey after media
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Table 4. Final multivariable model*

Sporadic Cryptosporidiosis, England, 1996—2000

Variables Cases Controls Adjusted OR Cl p value
Total 152 466
Sex
M 82 236 1.1 0.73to0 1.67 0.64
F 70 230 1
Age 0.99/y 0.97 to 1.01 0.29
Water supply zones
Crummock North 37 103 1 0.71
Crummock South 19 49 1.28 0.611t02.67
Ennerdale North 29 101 0.95 0.511t01.78
Ennerdale South 13 43 0.9 0.39t0 2.09
Millom 19 54 1.04 0.511t02.13
Quarry Hill 16 41 1.36 0.61 t0 3.05
Hausegill 3 5 1.37 0.26to 7.11
Hayknott 2 6 0.89 0.16t0 4.85
Underscar 1 3 1.83 0.16 t0 20.37
Fellside 0 1 0.002 0to e
Mixed from >1 zone 11 51 0.77 0.34t01.77
Private water supplies 2 9 0.004 0to 203.4
Usual daily volume of cold unboiled tap water drunk” 1.40/pint 1.14t01.71 0.001
Any short visit to a farm
Y 40 57 2.02 1.04 t0 3.9 0.04
N 107 391 1
Fed pet raw vegetables
Y 13 20 2.1 0.98 to 4.56 0.06
N 139 446 1
Fed pet biscuits
Y 21 39 1.77 0.94 10 3.33 0.08
N 131 427 1
Ate nonlocally produced cheese
Y 113 322 1.49 0.91102.43 0.1
N 34 139 1
Contact with farms without cattle or sheep
Y 15 19 1.96 0.79t0 4.88 0.15
N 125 417 1
Contact with a cattle farm
Y 15 29 1.67 0.7310 3.82 0.23
N 125 407 1

*OR, odds ratio; Cl, confidence interval.
°At home and away from home in the Allerdale/Copeland area.

coverage indicated little knowledge about risk factors for
cryptosporidiosis by patients or controls. Patients may
have increased fluid consumption after the onset of illness.
Study participants were therefore asked to report their
“usual consumption” of unboiled tap water, bottled water,
and soft drinks, without a time restriction. Although a bias
towards a patient’s recalling consumption of fluids after
onset of illness could explain some of the association with
tap water that we observed, we do not think it can explain
it entirely. In particular, fluid volumes were measured in
the same way for unboiled tap water, bottled water, and
soft drinks, but the highly significant association and dose-
response relationship were observed only for unboiled tap
water. An interview date bias was avoided because patients
and associated controls were enrolled within a short time
of each other.

Cryptosporidiosis in HIV-infected persons is associated
with consuming unboiled tap water. We do not believe that
undetected HIV infection or other causes of immune sup-
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pression could have been a major confounding factor. Only
two new cases of HIV infection would be expected in
Allerdale and Copeland each year even if rates for the
whole North West of England were applied to the study
population. However, our findings reinforce the need for
immune-compromised persons, including those with HIV
infection, to avoid drinking unboiled tap water (26,27).
Allerdale and Copeland had very similar levels of social
deprivation (28). Moreover, controls resided in approxi-
mately the same locality as patients, as defined by shared
lead characters of the postal code. Therefore, a systematic
difference in social deprivation between patients and con-
trols was unlikely and would not have explained the asso-
ciations we observed.

The spring peak and smaller autumn peak in our cases
are consistent with previous reports from England and
Wales. These peaks are attributed to lambing, calving, and
runoff from spring rains and to summer travel to countries
with higher incidence of cryptosporidiosis (4,13).
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Our findings contrast with a case-control study in
Adelaide and Melbourne, which did not detect increased
risk for sporadic cryptosporidiosis associated with the
public water supplies (29). This difference may reflect the
quality of the source waters, of water treatment, or both in
these cities. Swimming pool exposure was the most signif-
icant risk factor in the Australian study. Regularly consum-
ing raw vegetables was protective in that study. We also
observed a protective association with lettuce, tomatoes,
and mixed salad, and additionally for cream, in single vari-
able analysis. These foods might have conferred a direct
protective nutrient effect, been markers for more favorable
general nutrition, or contained small numbers of oocysts
derived from water used for irrigation and preparation suf-
ficient to induce immune boosting (3,30,31). A recent
study of sporadic cryptosporidiosis in the San Francisco
Bay Area also failed to show an association with tap water,
but the study was small (32).

Most of our patients were children, which suggests that
older members of our study population were mainly
immune, probably because of long-term immune boosting
from low-level intermittent contamination of water sup-
plies and contact with livestock (31,33). This observation
is consistent with recent seroprevalence studies in blood
donors resident in midwestern American cities and indi-
cates lower seroprevalence of Cryptosporidium antibodies
in populations served by deep borehole water compared to
lake and river water supplies (34,35).

No association was seen for contact with pets at home,
pets with diarrhea, or feeding tinned pet meat, raw meat, or
pellets. However, feeding pets biscuits and raw vegetables
was associated with slightly increased risk in single vari-
able analysis and in the final multivariable model. These
food types may be markers for more intimate contact with
animal secretions; feeding raw vegetables may indicate
contact with contaminated water in preparation. Although
contamination of pet biscuits is possible, these products
are dry and manufactured at high temperature; thus, sur-
vival of oocysts within these foods seems unlikely.
Accidental hand contact with the feces of any type of ani-
mal was significant in single variable analysis but not in
the final multivariable model. These results suggest that
sound hygiene in cleaning animal feeding utensils, avoid-
ing cross-contamination between pet and human food
preparation areas, and good hand hygiene are desirable but
that pets and pet feeding were not major risk factors for
cryptosporidiosis in this population.

The findings of this study are consistent with the
decline in human Cryptosporidium infection throughout
England and Wales, coincident with the foot and mouth
disease epidemic in livestock during 2001 (13). These two
facts strongly suggest that livestock reservoirs of
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Cryptosporidium contribute substantially to sporadic
human cryptosporidiosis in North Cumbria and in England
and Wales as a whole, through low-level intermittent
Cryptosporidium oocyst contamination of public drinking
water supplies. Our results support the need for rigorous
risk assessment of water sources and, where indicated,
improved catchment control. Our results are also in accord
with recent U.K. legislation that requires continuous mon-
itoring of Cryptosporidium oocyst concentrations in treat-
ed water from at-risk supplies (36). Advanced methods of
filtration, disinfection, and UV light treatment may be
required to further decrease the risk for cryptosporidiosis
from public water supplies (5,37,38).

The water company installed membrane filtration dur-
ing 2000 at works served by Crummock and Ennerdale
Lakes, which previously provided chlorination alone. The
impact of this intervention will be presented in a separate
article.
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Environmental Exposure and
Leptospirosis, Peru
Michael A.S. Johnson,*t Hannah Smith,T Priya Joseph,t Robert H. Gilman,*t Christian T. Bautista,*t

Kalina J. Campos,*§ Michelle Cespedes,t Peter Klatsky,t Carlos Vidal,{ Hilja Terry,*t
Maritza M. Calderon,*8 Carlos Coral,t Lilia Cabrera,tf Paminder S. Parmar,t and Joseph M. Vinetz#

Human infection by leptospires has highly variable
clinical manifestations, which range from subclinical infec-
tion to fulminant disease. We conducted a population-
based, cross-sectional seroepidemiologic study in Peru to
determine potential relationships of environmental context
to human exposure to Leptospira and disease associated
with seroconversion. Three areas were studied: a flooded,
urban slum in the Peruvian Amazon city of lquitos; rural,
peri-lquitos villages; and a desert shantytown near Lima.
Seroprevalence in Belen was 28% (182/650); in rural
areas, 17% (52/316); and in a desert shantytown, 0.7%
(1/150). Leptospira-infected peridomestic rats were found
in all locales. In Belen, 20 (12.4%) of 161 patients serocon-
verted between dry and wet seasons (an incidence rate of
288/1,000). Seroconversion was associated with history of
febrile illness; severe leptospirosis was not seen. Human
exposure to Leptospira in the lquitos region is high, likely
related both to the ubiquity of leptospires in the environ-
ment and human behavior conducive to transmission from
infected zoonotic sources.

eptospirosis is a zoonotic disease of global importance

(1-5) that occurs in both urban and rural settings
(2,6-8) and causes both endemic and epidemic illness,
including pulmonary hemorrhage and death (7,9-11).
Transmission of Leptospira and the clinical expression of
leptospirosis seem to vary in different environmental and
socioeconomic contexts. Epidemic leptospirosis associat-
ed with pulmonary hemorrhage, renal failure, and jaundice
seems to predominate in the urban setting, where baseline
clinical immunity in humans is likely to vary (7,8,12-15).
In contrast, a substantial prevalence of seropositivity asso-
ciated with subclinical leptospiral infection has been

*Asociacion Benéfica Prisma, Lima, Peru; tJohns Hopkins
Bloomberg School of Public Health, Baltimore, Maryland, USA;
FU.S. Naval Medical Center Research Detachment, Lima, Peru;
8Universidad Peruana Cayetano Heredia, Lima, Peru; {Ministry of
Health, Iquitos, Peru; and #University of California San Diego
School of Medicine, La Jolla, California, USA
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shown in many rural places throughout the developing
world, including, for example, Nicaragua (16).

The environment of Iquitos, Peru, in the Amazon Basin,
is ideal for the transmission of Leptospira with its hot,
humid tropical conditions and dense human and potential
mammalian reservoir populations (17). We have observed
that =30% of patients in this region seen with acute undif-
ferentiated fever have serologic results suggestive of acute
leptospirosis (microscopic agglutination test with titers
>1/400, seroconversion, or fourfold rise in titer; Vinetz et
al. unpub. data).

Our objective was to determine potential relationships
of environmental context to human exposure to
Leptospira. A cross-sectional, population-based seroepide-
miologic study was conducted in three contrasting epi-
demiologic contexts in Peru, where leptospirosis
transmission would be predicted to be high (Belen, an
urban slum in Iquitos), intermediate (rural peri-lquitos vil-
lages), and low (the Pampas de San Juan de Miraflores, a
desert shantytown outside of Lima). Peridomestic rats, one
potentially important source of leptospiral transmission,
were also surveyed for the leptospiral carrier state to assess
their potential for transmission.

Patients and Methods

Study Sites

Iquitos, Loreto, is located in the Amazon rainforest of
northeastern Peru. Its environment is tropical: rainfall
averages 288 cm/year; temperatures range from 21.8°C to
31.6°C. The region has a population of =400,000. Belen
(Figure 1), an urban slum area of lquitos on the floodplain
of the Itaya and Amazon Rivers, annually floods during
January to May from Andean run-off. Many residences are
built on floats; during flooding, these houses rise with the
river. Belen has a population of 40,000, primarily mestizos
of mixed European and Amerindian ancestry (Direccién
Regional de Salud, lquitos, Peru, pers. comm.). Main
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Figure 1. Typical views of the residential areas of Belen, lquitos,
Peru. A. Houses near the river edge are built on stilts. B. Conditions
abound for the proliferation of peridomestic rats in the same places
where people live and play. This view is adjacent to the major mar-
ket area of Belen, where Rattus spp. are commonly observed, even
during the day in the middle of commercial activities.

occupations include fishing, small-scale commerce, and
informal day labor.

The peri-lquitos rural communities studied were
Moralillo, Villa Buen Pastor, and San Carlos, located 16,
21, and 34 km, respectively, south of the center of lquitos
(Figure 2). Combined, the population of these villages at
the time of sampling was 1,197, mainly mestizo. These vil-
lages are rural, located upriver away from the city. Most
inhabitants live in poor housing with electricity but with-
out household connections to water or sewer systems. The
primary occupation is small-scale agriculture. These vil-
lages do not flood seasonally because they are above the
floodplain. Water is obtained from village pumps or
springs. Residents typically bathe in local rivers or ponds.

Las Pampas de San Juan de Miraflores is a pueblo
joven (shantytown) located in the desert 25 km south of
Lima. The population at the time of sampling was 40,000.
Basic demographic and environmental features of this area
have been previously described (18-20). Residents are pri-
marily mestizo immigrants from the Peruvian Andes who
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earn money through informal day labor. Annual rainfall
averages <1 cm.

Study Design

Belen

A census of 3,704 people from seven communities was
conducted and coded in February 2001. The census was
divided into four age groups before random selection: 1)
1-5 years; 2) 6-11 years; 3) 12-17 years; and 4) 18-65
years. From the last group, 1,210 adults were randomly
selected to participate in a seroprevalence survey from
February to October 2001. Eighty children from each of
groups 1 to 3 were also recruited. Standardized question-
naires were completed, including questions pertaining to
potential household, occupational, and social exposures.
Serum was collected and preserved at —20°C for serologic
analysis. A subgroup of participants tested in February and
March 2001 were retested from July to October 2001 as an
incidence cohort.

Rats were collected from a random selection of houses
within the same communities as well as other areas of
Belen during November 2001 through May 2002 by using
Tomahawk (Tomahawk Live Trap Co., Tomahawk, WI)
and back-break traps. Kidneys were preserved at —20°C in
0.1 mol/L Tris-HCI, pH 8.0 for subsequent testing.

Rural Communities

Data on residents of Villa Buen Pastor, Moralillo, and
San Carlos were coded; a census was conducted, and sam-
ples were obtained from study participants from February
2000 to August 2000. A total of 650 serum samples were
collected from 316 randomly selected participants <65
years of age. Participants were afebrile and apparently
healthy.

San Juan de Miraflores

A population of 38,721 was coded and a census con-
ducted in April 1997. During the same period, serum sam-
ples were collected from 150 randomly selected
participants <65 years of age. Participants were afebrile
and apparently healthy. Rats from a random selection of
houses were trapped live with Tomahawk traps.

Laboratory Assays

A combined immunoglobulin (Ig) M + IgG assay
(INDX IVD Leptospira Microwell ELISA, PanBio INDX,
Inc., Baltimore, MD) was used to obtain evidence of lep-
tospiral exposure from serum samples. The assay uses
Leptospira biflexa serovar patoc | as antigen to detect
genus-specific antibodies. Leptospiral exposure was
defined as positivity on an enzyme-linked immunosorbent
assay (ELISA), according to the manufacturer’s instruc-
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Figure 2. A typical view of a rural village area near Iquitos. Near
Villa Buen Pastor, located 21 km along the major (unfinished) road
that leads from Iquitos to Nauta, substantial secondary growth of
forest is evident after removal of primary forest for human agricul-
tural and living activities. One must walk approximately 1-2 km
from the road to get to the village and a further 1-2 km from Villa
Buen Pastor to Moralillo, another village studied in this report.

tions (optical density at 1/100 dilution of sample greater
than or equal to weak positive control). ELISAs were per-
formed twice with identical results.

DNA was extracted from rat kidneys by using a pub-
lished procedure based on a phenolchloroform-isoamyl
alcohol-extraction method (21). The presence of
Leptospira DNA was assessed by a polymerase chain reac-
tion-based assay (PCR) using G1/G2 primers (22).

The chi-square test was used, or the Fisher exact test,
when mandated by sparse data, to compare groups for cat-
egorical outcomes. For nonparametric data, either the
Student t test or the Mann-Whitney U test was used.
Associations between seropositivity to Leptospira spp. and
study variables were analyzed by both univariate and strat-
ified analysis by using odds ratios (ORs). Because the
study population included sets of persons for each house-
hold, data were presumed to violate the standard logistic
regression assumption of independent response probabili-
ties across observations. To avoid potential underestima-
tion of standard errors (23), we estimated ORs by using the
logistic-binomial random effects model for distinguishable
data from the EGRET software package (Cytel Software
Corporation, Cambridge, MA). This model includes a ran-
dom effects parameter, based on the variability of average

outcome probabilities across households, which measure a
residual household effect on the probability of having lep-
tospirosis. ORs were adjusted for the effect of household.
Confidence intervals (Cl) are 95%; p values <0.05 were
considered significant and two-sided. Other statistical
analysis was performed with Stata v. 7.0 (Stat Corp.,
College Station, TX).

This study was approved by the Direccién de Salud,
Iquitos, Peru; the Ethical Committee of Asociacion
Benéfica Prisma, Lima, Peru; and the Johns Hopkins
Bloomberg School of Public Health Committee on Human
Research, Baltimore, Maryland. Written informed consent
was obtained from each participant. Guidelines for human
experimentation according to institutional, U.S. federal,
and Peruvian standards were followed.

Results

Demographic Description of Study Populations

In Belen, 650 people from 386 households participated
in the study (Table 1); this figure represented 18% of the
population and 60% of the households. The median num-
ber of persons per household was 5.8 (range 1-21). In the
rural communities, 316 participants (26% of local popula-
tion) were enrolled. The median number of persons per
household was 6.4 (range 1-24). In Las Pampas de San
Juan de Miraflores, 150 (0.4% of the local population)
people were sampled. The median number of people per
household in Las Pampas was 5.4 (range 1-14).

Prevalence of Leptospiral Seropositivity

In Belen, 182 (28.0%) of 650 people were positive for
anti-Leptospira antibodies (Table 2). No sex differences in
seropositivity rates were evident. Age groups in Belen did
not differ statistically (children versus adults; p = 0.122),
but a significant trend for seropositivity with age was evi-
dent (Figure 3, p = 0.018).

In the rural peri-lquitos communities, the rate of
seropositivity was lower than in Belen (16.5% vs. 28.0%,
p < 0.001, Table 2). No sex difference in seropositivity

Table 1. Site description and demographic characteristics of the study population

Feature Pampas San Juan Rural communities® Belen
Study period April 1997 Feb—Jun 2000 Feb—Oct 2001
Population 38,721 1,197 3,704
No. households selected (%) 7,744 (20) 132 (56) 386 (60)
No. participants tested (%) 150 (0.4) 316 (26) 650 (18)
Sample population
Female (%) 57 (38) 152 (48) 356 (55)
Age >18y (%) 64 (43) 170 (54) 533 (82)
Mean (SD) age, y 17.5 (14.5) 24.9 (17.9) 30 (15.2)
Median 11 22 29
Mean (SD) no. persons per household 5.7 (2.2) 2.4 (1.6) 1.7 (0.9)
Range 3-14 1-9 1-5

*Combined populations of the villages of San Carlos, Moralillo, and Buen Pastor in the peri-lquitos area.
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Table 2. Leptospirosis seroprevalence among residents by study site

Environmental Exposure and Leptospirosis, Peru

Pampas San Juan Rural communities® Belen Comparison Comeparison of Belen vs.
% (pos/total)® % (posf/total) % (posf/total) among all sites rural community
Overall 0.7 (1/150) 16.5 (52/316) 28.0 (182/650) p < 0.001 p < 0.001
Sex
F 0.0 (0/57) 15.8 (24/152) 29.6 (105/356) p < 0.001 p = 0.001
M 1.1 (1/93) 17.1 (28/164) 26.4 (77/292) p <0.001 p = 0.024
M vs. F comparison p=0.999 p=0.758 p=0.428

“Leptospirosis prevalence (number of positive cas es/total of persons tested).

°San Carlos, Moralillo, and Buen Pastor.
‘Optical density >0.500.

(17.1% vs. 15.8%; p = 0.758) was evident. Although 6- to
11-year-old children had a higher prevalence than 12- to
17-year-old children, overall seroprevalence increased
with age, from 4.0% in those <5 years of age to 21.2% in
persons 18-65 years (Figure 3, p = 0.012). In Las Pampas
de San Juan de Miraflores, 1 of 150 participants was
seropositive (Table 2), a finding that yielded an estimated
prevalence of 0.7%.

Incidence of Leptospiral Seroconversion

In Belen, 195 participants (ages 18—65 years) tested in
the first 2 months of the prevalence study were retested =6
months later; 161 were initially negative. On retesting, 20
(12.4%; 11 women, 9 men) seroconverted from negative to
positive (IgM + 1gG). Median time between sampling was
157 days, the approximate interval between flooding sea-
sons. The estimated incidence rate of seroconversion was
288/1,000 people per year. Of 34 persons who had a posi-
tive first sample and were retested, 18 (53%) seroreverted
to negative, a finding that demonstrates that IgM + 1gG
ELISA—detectable antibodies are short-lived, consistent
with results of previous studies (4,24-26).

Univariate analysis showed that history of fever in the
previous 6 months was associated with seroconversion
(OR =3.29,95% CI 1.19 t0 9.12, p = 0.022), a finding that
remained significant after controlling for age and sex (OR
= 3.32, 95% CI = 1.18 to 9.29, p = 0.023). Severe lep-
tospirosis did not develop in any patient.

Risk Factors for Leptospiral Seropositivity

Univariate analysis demonstrated several potentially
modifiable risk factors (Table 3), including river bathing,
owning a television, living close to the river, and living in
San José, one area of Belen where sanitation is particular-
ly poor. Particular animals present in the home or work-
place were not found to be significant risk factors.
Educational level was associated with protection when a
trend analysis was used (p = 0.032). By multivariate analy-
sis, risk factors were not wearing shoes in the field and liv-
ing in San Jose.

Prevalence of Leptospiral Infection in Rats
Of 234 rats (151 [64.0%] Rattus rattus, 83 [36%] R.
norvegicus) trapped in Belen, 25 (10.6%) were positive for
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Leptospira by PCR (Table 4). R. norvegicus were more
frequently infected than R. rattus (21.7% vs. 4.6%, p <
0.001). While PCR positivity increased with rat age (infan-
tile rats 5.9%, juveniles 8.8%, adults 12.0%), this apparent
trend was not significant (p = 0.328). Of rats in San Juan
de Miraflores (all R. norvegicus), 2 of 41 (4.9%) were
PCR-positive for Leptospira (1/25 males, 1/16 females).
Both infections were confirmed by culture. Isolates were
not further identified.

Discussion

This study produced two major findings. First, human
exposure to Leptospira in sites with contrasting ecologic
features depended more on environmental context than
the prevalence of infection in peridomestic zoonotic
sources. Second, in Belen, a flood-prone urban slum area
of lquitos where exposure to Leptospira was common,
seroconversion was associated with symptomatic, but not
severe, disease.

The evidence for human leptospiral infection in lquitos
is different from what is typically reported from the trop-
ics (9). In areas where Leptospira would be predicted to be
common, epidemics are usually described in the context of
outbreaks caused by events such as the flooding associat-
ed with the Nicaraguan epidemic of 1995 (9), not in the
leptospirosis-endemic setting such as we describe here.
Previously described risk factors elucidated in other tropi-
cal contexts were investigated in Belen (Table 3). Most had

W San Juan de Miraflores
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Figure 3. Prevalence of antileptospiral immunoglobulin (Ig) M/IgG
antibodies by age group. Number above each bar is the sample
size for the specified age group and site. The trend of increasing
prevalence by age is significant for Belen and the rural communi-
ties (p = 0.018 and p = 0.012, respectively).
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Table 3. Risk factors associated with leptospiral seropositivity, Belen *

Prevalence

Incidence (n = 158)

Risk factor

OR (95% Cl) p

RR (95% CI) p

Living in San José 1.90 (1.27 to 2.83) 0.002 1.88 (0.83 to 4.23) 0.191
Bathing in the river 1.75 (1.09 to 2.82) 0.021 2.70 (0.8310 8.78) 0.132
Living near the river 1.58 (1.07 to 2.32) 0.022 1.94 (0.84 to 4.47) 0.149
Owning a television 1.55 (1.01 to 2.38) 0.043 1.56 (0.66 to 3.69) 0.438
Fisherman (male) 1.57 (0.86 t0 2.87) 0.141 1.94 (0.73 t0 5.18) 0.250
Not wearing shoes in the field 1.63 (0.85 t0 3.13) 0.139 2.29 (0.93 to 5.59) 0.135
Drinking primarily river water 1.28 (0.82 t0 2.01) 0.272 0.91 (0.35t0 2.40) 0.999
Rats in the workplace 1.14 (0.52 to 2.48) 0.740 0.79 (0.12t0 5.18) 0.999
Rats in the home 1.36 (0.00 to 3.61) 0.538 NA NA
Dogs in the workplace 1.12 (0.66 to 1.90) 0.684 1.72 (0.69 to 4.31) 0.317
Dogs in the home 0.67 (0.43t0 1.02) 0.063 1.06 (0.46 to 2.44) 0.891
Pigs in the home 0.77 (0.38 to 1.53) 0.452 0.44 (0.06 to 3.06) 0.699
Education (minimal vs. secondary) 1.37 (0.90 to 2.05) 0.139 1.59 (0.56 to 4.51) 0.368
Education (secondary vs. superior) 2.63 (0.58 to 11.96) 0.207 NA NA
Education (minimal vs. superior) 3.60 (0.81 to 15.99) 0.092 NA NA
Positive household member 1.18 (0.75 to 1.85) 0.468
Multivariate logistic regression for independent risk factors

Living in San José 2.17 (1.39 t0 3.37) 0.001

Not wearing shoes in the field 2.17 (1.1 to 4.05) 0.015

°OR, odds ratios; RR, relative risk; Cl, confidence interval. Cls and ORs were calculated for adults only (>18 years of age). NA, not applicable.

no pertinence in Belen because of their ubiquity in this
tropical, urban slum. Only two factors were significant in
multivariate analysis: not wearing shoes when working in
the field and living in the San José area of Belen.

Two risk factors for leptospiral seropositivity of partic-
ular interest were education and living close to the river,
specifically in San José. Prevalence of antileptospiral anti-
bodies decreased with increased education, most likely
associated with a greater degree of personal hygiene.
Living in San José was a significant positive risk factor in
the prevalence study by both univariate and multivariate
analysis and was a risk factor in the incidence cohort as
well. Rats also had higher rates of infection in San José
than elsewhere in Belen, a finding that suggests that, with-
in the overall highly disease-endemic area of Belen, small-

er microhabitats may have even higher rates of leptospiro-
sis transmission.

The overall high prevalence and incidence of lep-
tospirosis transmission found in the absence of a disease
outbreak, as well as similar rates of seropositivity in both
sexes, indicate the high level of risk for infection in this
area. In most epidemiologic studies of leptospirosis, infec-
tion rates differ for men and women, related to gender-spe-
cific activities (16,27-31) and associated leptospiral
serovars (32). In the Iquitos study populations, the preva-
lence and incidence were very similar between the sexes,
although the occupations of men and women were very
different. Furthermore, the relationship between seroposi-
tivity and age shows the same trend as found in studies of
other, largely native, inhabitants of Leptospira-endemic

Table 4. Characteristics of rats in Belen and Las Pampas de San Juan de Miraflores *

Pampas San Juan

Belen Comparison of sites

Risk factor % (pos/total)® % (PCR positive/total)® p value
No. rats tested 4.9 (2/41) 10.6 (25/235) p =0.392
Sex’
F 6.3 (1/16) 11.6 (15/129) p =0.999
M 4.0 (1/25) 8.5 (8/94) p =0.683
M vs. F comparison p=0.999 p=0.594
Age groups
Adult 3.9 (2/41) 12.0 (18/150) p =0.255
Young (prepubescent) 0 8.8 (6/68) p=NA
Infant 0 5.9 (1/17) p =NA
Trend p=NA p =0.328
Species
Rattus norvegicus 4.9 (2/41) 21.7 (18/83) p=0.019
R. rattus 0 4.6 (7/151) p =NA
Comparison of rat species p = NA p <0.001

°PCR, polymerase chain reaction; NA, not applicable .
*Leptospirosis prevalence (number of positive rats/total of rats tested).
‘Sex was not known for 12 infants.
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regions (33,34). These data support the hypothesis that
continuous exposure throughout life may result in an age-
dependent increase in leptospiral seropositivity.

Limitations of this study must be considered. First, the
different components of the study took place during differ-
ent periods, rather than concurrently. Since the study sites
in the Iquitos region are climatologically different from
those in Lima and no disease outbreaks were observed in
either location, our results likely reflect a reasonable esti-
mate of endemic leptospiral transmission. Second, the high
seropositivity rate in the absence of observed disease in
Iquitos could relate to potential cross-reactivity of current-
ly used ELISA antigens rather than true differences.
However, the reproducible finding of 0.7% seroprevalence
in a desert community where very little leptospiral infec-
tion might be predicted (San Juan de Miraflores), com-
pared to 28.0% in Belen, suggests that the ELISA we used
was specific, consistent with previous studies that used
similar testing procedures (9,16,24,35,36). In addition, we
found that 53% of persons with positive ELISA results
seroreverted to negative within 6 months. This finding is
consistent with known short-lived serologic responses to
leptospiral lipopolysaccharide antigens (4). Third, several
hypotheses might explain the observed differences
between study sites. For example, the intrinsic pathogenic-
ity of Leptospira in the study region may differ. Whether
the immunogenetics of the human immune response to
Leptospira differs between populations is unknown. The
prevalence in rats may also have been underestimated. The
G1/G2 primer set used to detect this genus in rat kidneys
detects most, but not all, leptospires. Our overall findings
are also consistent with previous studies (33,34), in which
high prevalence rates of antileptospiral antibodies have
been found despite the absence of observed severe disease.
Thus, protective immunity against severe disease from
repeated infection may develop in persons in areas with
ubiquitous leptospirosis transmission.

The high rate of exposure to Leptospira in Iquitos, and
the likely ubiquity of these organisms in the environment,
suggests that implementing control measures to prevent
leptospirosis in this setting might be difficult. The seeming
absence (or at least very low rates) of severe leptospirosis
in this region suggests the possibility that protective immu-
nity may develop in this population. Larger prospective,
population-based studies will be necessary to test these
possibilities.
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Swab Materials and Bacillus

anthracis Spore Recovery

from

Nonporous Surfaces

Laura Rose,* Bette Jensen,* Alicia Peterson,* Shailen N. Banerjee,* and Matthew J. Arduino*

Four swab materials were evaluated for their efficiency
in recovery of Bacillus anthracis spores from steel coupons.
Cotton, macrofoam, polyester, and rayon swabs were used
to sample coupons inoculated with a spore suspension of
known concentration. Three methods of processing for the
removal of spores from the swabs (vortexing, sonication, or
minimal agitation) and two swab preparations (premoist-
ened and dry) were evaluated. Results indicated that pre-
moistened swabs were more efficient at recovering spores
than dry swabs (14.3% vs. 4.4%). Vortexing swabs for 2
min during processing resulted in superior extraction of
spores when compared to sonicating them for 12 min or
subjecting them to minimal agitation. Premoistened macro-
foam and cotton swabs that were vortexed during process-
ing recovered the greatest proportions of spores with a
mean recovery of 43.6% (standard deviation [SD] 11.1%)
and 41.7% (SD 14.6%), respectively. Premoistened and
vortexed polyester and rayon swabs were less efficient, at
9.9% (SD 3.8%) and 11.5% (SD 7.9%), respectively.

he Centers for Disease Control and Prevention (CDC),

along with its partners in public health, law enforce-
ment, environmental protection, defense, and the U.S.
Postal Service, has been investigating a series of bioterror-
ism-related anthrax deaths and illnesses that occurred from
October to December 2001. As of January 2002, 22 cases
of confirmed or suspected cutaneous or inhalation anthrax
were identified (1). Twenty of these cases were associated,
or were likely to have been associated with, materials con-
taining Bacillus anthracis spores that were delivered
through the U.S. Postal Service. The source of the infec-
tion remains unknown for the other two cases. During the
investigation, thousands of swabs, wipes, and high-effi-
ciency particulate air (HEPA) filter sock samples were col-
lected. A review of the sampling data in one publication
suggests that HEPA socks and wipes were superior to
swabs for recovery of B. anthracis spores (2). The above-

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA
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mentioned study was conducted within the contaminated
Brentwood Mail Processing and Distribution Center in
Washington D.C. The comparisons were considered semi-
quantitative in that sampling sites were chosen to be direct-
ly adjacent and the distributions of spores were assumed to
be similar, but the initial inoculum was unknown.

Originally, the swab-rinse method was developed to
assess bacterial contamination of food utensils (3-7). This
method was modified by the National Aeronautics and
Space Agency (NASA) for environmental sampling of
spacecraft and equipment (8-11). Historically, the number
of organisms recovered from swabs used for environmen-
tal sampling has shown a poor correlation with the number
of microbial contamination on surfaces (3,12-14). Several
factors can contribute to this poor correlation, including
differences in materials used (e.g., cotton, polyester, rayon,
calcium alginate) (3,13,15-17), the organisms targeted for
culture (3,16,17), variations in surface (10), and differ-
ences in the personnel who are collecting and processing
samples (3,13,18,19).

In this study, the recovery efficiencies of four swab
materials, both dry and premoistened, were compared, and
different methods for swab processing were assessed for
the recovery of known quantities of B. anthracis spores
from a nonporous stainless steel surface.

Materials and Methods

Spore Preparation

The veterinary vaccine strain of B. anthracis Sterne
34F2 (Colorado Serum, Denver, CO) was grown in
Leighton—Doi liquid medium (20) for 7 days at 36°C. The
cells were checked for sporulation by microscopic exami-
nation of a slide preparation stained with malachite green
(Fisher Scientific, Springfield, NJ), then harvested by cen-
trifugation at 5,000 x g for 15 min and washed 3 times in
sterile, ultrapure reverse osmosis (RO) water. The spores
were purified by centrifugation through 58% Hypaque 76
(NYCOMED, Inc., Princeton, NJ) at 7000 x g, followed by

1023



RESEARCH

three additional washes in sterile RO water. The spores
were pelleted by centrifugation one final time, then resus-
pended in 50% ethanol. This stock spore suspension was
stored at 4°C.

Swab Description

Four types of swabs were evaluated in this study: cot-
ton (Baxter Healthcare Corp., Deerfield, IL cat #A5002-5),
polyester (Falcon, Becton Dickinson Microbiology
Systems, Sparks, MD, cat #220690), rayon (Cole Parmer,
Vernon Hills, IL, cat #14001-55), and macrofoam (VWR,
Suwanee, GA, cat #10812-046). Surface characteristics
were visualized by environmental scanning electron
microscopy (SEM).

Direct Inoculation

The stock spore suspension was added to Butterfield
Buffer (BB) (3 mmol/L KH,PO,, pH 7.2; Becton
Dickinson Microbiology Systems) to attain 0.5 McFarland
standard containing 106 CFU of spores/mL with a
Microscan turbidity meter (Dade Behring, West
Sacramento, CA). This suspension was diluted 1:10 in BB,
and the swabs were inoculated directly with 100 uL of this
dilution to compare the ability of each material to retain
spores. Swabs were placed immediately into tubes contain-
ing 5 mL phosphate-buffered saline (pH 7.2) containing
0.04% Tween 80 (PBST) and vortexed at high speed for 2
min in 10-s bursts. Serial dilutions were performed
(10-2-10-5) in BB, and 100 uL from each tube was spread
onto each of three plates of Trypticase soy agar containing
5% sheep blood (TSAB, Becton Dickinson Microbiology
Systems). Plates were incubated at 36°C overnight, and
colonies were counted the next day.

Preparation of Coupons

Stainless steel coupons (2 x 2 inches) were cut from a
sheet of S-180 grade, T-304 stainless steel (Stewart
Stainless Supply, Inc., Suwanee, GA) and were used as test
surfaces. This grade of stainless steel is commonly used in
food service settings (J. Willingham, Stewart Stainless
Supply, Inc., pers. comm.). The stainless steel was previ-
ously characterized for roughness by using a profilometer
(Tencor AS500 profilometer, KAL-Tencor, San Jose, CA)
and for contact angle (hydrophobicity) with a goniometer
(Ramé-Hart, model number 100-00, Ramé-Hart, Inc,
Mountain Lakes, NJ) (21). Surface characteristics had
been visualized previously by environmental SEM
(Phillips SL30 ESEM, FEI Co., Hillshoro, OR) (21).

Each coupon was washed with nonbactericidal deter-
gent (Versa-Clean, Fisher Scientific, Pittsburgh, PA);
rinsed with ultrapure, RO water, air dried, placed into
10x100-mm glass petri dishes, and sterilized in an auto-
clave. A spore preparation was adjusted to a 0.5 McFarland
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standard with a Microscan turbidity meter, resulting ina 1
x 108 CFU spores/mL suspension. This suspension was
diluted 1:10 in 95% ethanol and vortexed at high speed for
1 min. A 0.5-mL aliquot was placed on the coupon with a
repeat pipettor, then evenly spread over the surfaces of
each of the stainless steel coupons with the side of a ster-
ile disposable pipette tip. The lids of the petri dishes were
closed, and the dishes with test coupons were placed in a
biological safety cabinet and allowed to dry overnight. The
coupons were then sampled with swabs.

Sampling

For each material, 70 spore-laden coupons were used:
10 controls, 30 sampled with dry swabs, and 30 sampled
with swabs premoistened with PBST. If premoistened,
swabs were dipped in a tube containing PBST, then
pressed against the side of the tube to express excess lig-
uid. Swabs were swiped across each coupon methodically
in a horizontal, then vertical, and then diagonal direction
several times. During sampling, care was taken to sample
up to, but not over, the edge of the coupon. The swabs were
rolled to expose unused sides as they were moved across
the surface of the coupon.

After sampling, swabs were placed into tubes contain-
ing 5 mL of PBST. From the 60 swabs of each material that
were used for sampling, 10 premoistened and 10 dry swabs
were subjected to minimal agitation, 10 premoistened and
10 dry swabs were vortexed for 2 min in 10-s bursts, and
10 premoistened and 10 dry swabs were placed into a
Branson 42 kHz (100 W) ultrasonic bath (Branson
Instruments, Danbury, CT) and sonicated for 12 min.
Serial dilutions were performed (10-1-10-%) in BB, and 100
uL from each dilution tube was spread on TSAB plates in
duplicate. Plates were incubated at 36°C overnight, and
colonies were counted the next day.

Ten control coupons were processed as follows: each
coupon was aseptically transferred to a 600-mL beaker and
covered with 20 mL of PBST, sonicated for 12 min, and
then scraped with a sterile cell scraper (Fisher Scientific,
cat # 07-200-365) for 1 min to remove the spores. Two mL
from the 600-mL beaker was plated directly onto TSAB
plates (500 uL to each of four plates). Serial dilutions were
performed (10-2-10-3) in BB, and 100 uL from each dilu-
tion tube was spread on TSAB plates in duplicate. Plates
were incubated at 36°C overnight, colonies were counted
the next day, and the number of CFUs recorded.

Analysis and Statistics

Ten coupons were used for each swab material, swab
preparation, and processing protocol to be evaluated. This
procedure allowed us to identify significant differences in
the sample means (CFUs) of >12% with 80% power. Mean
CFUs were determined for each dilution, and the total
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number of organisms per coupon was calculated by multi-
plying by the dilution factors. Percent recovery efficien-
cies (%RE) were calculated by using the following
equation: %RE = (3 [Ngy/Nol/n) x 100, where N, is the
number of CFUs from the control surfaces, Ng,, is the
number of CFUs from the swab material, and n is the sam-
ple size. Effects of swab preparation and processing proto-
col (combined as recovery method) and swab materials
and their interactions were analyzed with general linear
model procedure for analysis of variance of unbalanced
data. Pairwise comparison of appropriate treatment means
was done by Student t test and also by Bonferroni adjust-
ment for multiple comparisons (22).

Results

Directly Inoculated Swabs versus
Surface-Sampled Swabs

Scanning electron micrographs of the swab materials
used in this study are shown in the Figure. At the scale pro-
vided by micrographs, three materials (polyester, rayon,
and cotton) appear to have fibers similar in size and densi-
ty, though the polyester has more spaces closed by irregu-
larly shaped fibers. The macrofoam appears to have a more
open structure than the other three materials. When swabs
were inoculated directly with the spore suspension, then
processed with vortexing, all swab materials tested
released significantly higher percentages of spores than
were recovered by swabs that sampled spores from the
stainless steel surfaces (Table 1). No significant differ-
ences were observed between cotton, macrofoam, and
rayon in their abilities to release spores (p > 0.05) when
directly inoculated. Cotton, macrofoam, and rayon
released 93.9%, 93.4%, and 91.7% of spores inoculated
onto them, respectively. The polyester swab released a sig-
nificantly lower percentage than the other three materials
(83.8%, p < 0.01).

Dry versus Moist Swabs

For each material tested, premoistened swabs were
more efficient than dry swabs at recovering spores from
the stainless steel coupons. Results of unadjusted t tests
show that recovery of spores from all compared materials
(Table 2) is significantly improved by premoistening the

Bacillus anthracis Recovery from Nonporous Surfaces

U IO
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material: cotton (A), macrofoam (B), rayon (C), polyester (D).

swabs, regardless of which processing protocol is used
(p < 0.05). However, when the multiple comparison adjust-
ment was applied, the efficiency of polyester and rayon
swabs do not appear to be significantly improved by pre-
moistening (p = 1.0), regardless of processing method.
When no extraction was performed during laboratory pro-
cessing of the swabs, no significant differences were found
between spore recovery with dry and premoistened swabs
of any material (p = 1.0) (Table 2). When sonication was
used as the extraction method during laboratory processing
of swabs, no differences were seen between spore recovery
with dry and premoistened swabs of any material (p = 1.0)
(Table 2). Spore recovery with vortexed cotton and macro-
foam swabs improved significantly (p < 0.01) when swabs
were premoistened. This combination of materials and
processing method provided the highest percentage of
spores recovered.

Extraction versus No Extraction

When premoistened swabs were considered, an extrac-
tion method enhanced recovery for all materials when
compared to processing the same materials with minimal
agitation (no extraction) (Table 3). These improved recov-
ery efficiencies were significant for all materials (p < 0.01)
when an unadjusted t test was used for comparison, but
not for polyester or rayon when the multiple comparison

Table 1. Percentage of spores recovered from premoistened, directly inoculated, and vortexed swabs *

Swab material Mean Median SD Range® 95% CI°
Cotton 93.9 93.1 10.1 72.5-112.9 87.7-100.2
Macrofoam 93.4 96.6 10.8 73.4-107.7 86.6—-100.1
Polyester 83.8 81.9 7.2 73.3-98.2 79.4-88.3
Rayon 91.7 92.6 6.3 79.8-100.7 87.8-95.5
°N =10.

°Percentages calculated relative to mean of control tests, allowing maximum to be >100%.

°Cl, confidence interval.
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Table 2. Comparison of spore recovery efficiencies by swab preparation, material, and recovery methods

Mean percentage recovery from 2x2-inch steel coupon (SD), N = 10

Recovery method All swabs Cotton Macrofoam Polyester Rayon
All

Dry 4.4(4.7) 5.1 (3.9) 8.4 (6.2) 1.2 (1.0) 3.0(2.2)

Premoistened 14.3 (14.9) 20.0 (18.1) 22.5(17.5) 7.7 (5.3) 7.0 (6.8)

p° <0.01 <0.01 <0.01 1.0 1.0
Extraction®

Dry 6.5 (4.4) 75(2.3) 12.3 (3.2) 1.7 (0.8) 4.4(1.0)

Premoistened 19.7 (15.5) 27.7 (17.7) 30.7 (15.9) 10.6 (4.1) 10.0 (6.4)

p° <0.01 <0.01 <0.01 1.0 1.0
No extraction

Dry 0.4 (0.7) 0.5(0.4) 0.7 (1.1) 0.1(0.2) 0.1(0.2)

Premoistened 3.5 (3.1) 4.7 (2.2) 6.3 (3.9) 2.0(1.0) 1.0 (0.8)

p’ 1.0 1.0 1.0 1.0 1.0
Vortex

Dry 6.6 (4.2) 8.0 (1.4) 11.9 (3.1) 2.1(0.9) 4.4(1.0)

Premoistened 26.7 (18.9) 41.7 (14.6) 43.6 (11.1) 9.9 (3.8) 11.5(7.9)

p° <0.01 <0.01 <0.01 1.0 1.0
Sonication

Dry 6.4 (4.8) 6.9 (3.0) 12.7 (3.4) 1.4 (0.5) 4.5(1.0)

Premoistened 12.7 (5.6) 13.6 (3.2) 17.7 (5.9) 11.2 (4.4) 8.5 (4.4)

p° 1.0 1.0 1.0 1.0 1.0

“Adjusted for multiple comparisons by Bonferroni correction.
°Vortex and sonication combined.

correction was applied (p = 1.0). When only premoistened
swabs were considered, the macrofoam yield increased
from 6.3% to 30.7% with extraction, and the cotton yield
increased from 4.7% to 27.7% with extraction (Table 3).

Comparison of Premoistened, Extracted Materials

If we consider only premoistened, extracted swabs, the
macrofoam and cotton were the most efficient of the four
materials with percentages of recovered spores of 30.7%
and 27.7%, respectively, with no significant difference
between them (p = 1.0). Polyester and rayon swabs (10.6%
and 10.0%, respectively, Table 3) were significantly less
efficient than the cotton and macrofoam swabs (cotton and
macrofoam vs. polyester and rayon, unadjusted p < 0.01).
However, no significant difference was found between the
recovery efficiencies of rayon and polyester swabs if
swabs were premoistened and extracted (p = 1.0).

Vortex versus Sonication

Of the two extraction methods (Table 3), vortexing pre-
moistened macrofoam and cotton swabs (43.7% and
41.7% recovery, respectively) resulted in a significantly
greater recovery than did sonication of each material
(17.7% and 13.6%, respectively) (p < 0.01). The differ-
ences between the two methods were not significant for
polyester or rayon (p = 1.0).

Discussion

The swab-rinse method was originally developed by
Mannheimer and Ybanez in 1917 to assess the bacterial
contamination of eating utensils (5). In 1944, the American
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Public Health Association included it in its recommended
methods for food utensil sanitation monitoring (23). It is
still recommended for various applications in the food
industry (18). NASA adapted this method for spacecraft
applications and developed other methods, such as a wipe-
rinse and vacuum probe method, to assess organisms in
outgoing spacecraft (8-11,24). NASA recommended that
the swab not sample more than a 4-in2 area and that a 2-
min sonication step be included during swab extraction.
The American Society for Microbiology’s Clinical
Microbiology Procedures Handbook also recommends that
a 2x2-in area be used in environmental and medical device
sampling (16).

The results of this study suggest the superiority of
macrofoam swabs that are moistened before sampling and
vortexed during processing. The findings of this study are
consistent with previous work showing the overall low
efficiency of using swabs for surface sampling and the low
precision of the method as reflected in the wide range in
recovery of spores from steel coupons. Angelotti et al. (3)
found that cotton swabs recovered 30.4%-69.9% of
Micrococcus pyogenes and 30.1%-43.2% of B. globigii
(currently B. atrophaeus) (25) spores. They suggested that
the variations in a controlled laboratory setting were mini-
mal when compared to those in field applications, where
factors such as variations in sampling area, sampling tech-
nique (pressure applied, speed of sampling), distribution of
spores on the surface, presence of dust or soil, or physical
or chemical properties of the surface could further reduce
recovery. They proposed that the low precision of swabs
is not only inherent in sampling, but that each step in
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extraction can also introduce error that contributes to the
low precision (3). Suggested examples of processing vari-
ables include inconsistent release of spores from swabs
due to variations in vortexing or sonication, pipetting
errors, and colony-counting errors. Some have suggested
that alginate swabs would be better for recovery of spores,
since they dissolve completely in sodium hexametaphos-
phate and the potential for spores to be retained in the swab
would be eliminated. Angelotti et al. (3) and Strong et al.
(26), however, found that calcium alginate swabs were less
efficient at removing spores from a surface than were cot-
ton swabs, and may inhibit some organisms, including B.
globigii spores.

Work by Barnes (13) showed that the percentage of
Bacterium (currently Escherichia) coli and Staphylococcus
albus recovered from a smooth drinking glass by a cotton
swab varies with inoculum level. For E. coli, the percent-
age recovered was lower when the inoculum was higher
(56% at 104/glass and 40% at 105glass), but S. albus
demonstrated a higher percentage recovered with a higher
inoculum (38% at 104glass, and 71% at 10%/glass).
Inherent differences likely exist in each organism’s ability
to adhere to smooth glass. B. anthracis spore adherence

Bacillus anthracis Recovery from Nonporous Surfaces

properties were not explored in this study. Hucker et al.
(27) demonstrated that recovery of microorganisms from
surfaces by cotton swabs is directly proportional to the
ease of wetting the surface. This work reinforces the idea
that swabs should be premoistened with a solution contain-
ing a surfactant, such as Tween 80, for maximum retrieval
of spores.

Sampling efficiency of cotton swabs was investigated
by Buttner et al. (28), in which glass petri dishes were
inoculated with 106 B. subtilis subsp. niger (currently B.
atrophaeus) (25) spores suspended in buffer with 0.05%
Tween 20, distributed within a 5-cm? area and sampled
with cotton swabs. The higher mean recovery (68.6%) in
this study may be attributed to the higher spore inoculum
contained in a smaller surface area, reduced spore adher-
ence to the more hydrophilic glass surface, or the spores
being suspended in the buffer with a surfactant that would
also reduce adhesion to the surface.

Our study found that recovery was most efficient when
macrofoam or cotton swabs were moistened before sam-
pling and subjected to vortex extraction. Puleo et al. (24)
reported that sonication provided a better recovery of B.
subtilis subsp. niger (currently B. atrophaeus) (25) spores

Table 3. Percentage recovery of premoistened swabs

Recovery method Mean Median SD Range 95% CI* p°
All swabs

All 14.3 9.4 14.9 0.4-63.9 11.2t017.4

Extraction® 19.7 14.4 15.5 4.8-63.9 16.3 to 23.1

No extraction 3.5 2.7 3.1 0.4-13.5 25t04.4 b <00

Vortex 26.7 23.7 18.9 1.4-29.0 20.8t0 32.6

Sonication 12.7 13.0 5.6 4.8-63.9 11.0to 14.5 b <001
Cotton swabs

All 20.0 13.3 18.1 2.6-62.5 13.5t026.5

Extraction 27.7 20.0 17.7 7.3-62.5 16.7 to 38.7

No extraction 4.7 4.0 2.2 2.6-9.7 3.3t06.1 b <00

Vortex 41.7 43.7 14.6 23.9-62.5 33.71t051.8

Sonication 13.6 13.3 3.2 7.3-19.5 1310153 | <001
Macrofoam swabs

All 22.5 16.7 17.5 1.8-63.9 16.3t0 28.8

Extraction 30.7 29.7 15.9 7.0-63.9 20.8t0 40.5

No Extraction 6.3 6.5 3.9 1.8-13.5 3.9t08.7 b <001

Vortex 43.6 44.9 11.1 30.4-64.0 36.8 to 50.5

Sonication 17.7 16.7 5.9 7.0-29.0 14.0t0 21.3 b <00
Polyester swabs

All 7.7 6.4 5.3 0.5-16.5 5.8109.6

Extraction 10.6 111 41 4.8-16.5 8.1to0 13.1 } 10

No Extraction 2.0 2.0 1.0 0.5-3.4 141025 ’

Vortex 9.9 10.0 3.8 4.8-14.4 7.5t012.3 } 10

Sonication 11.2 12.3 4.4 4.8-16.5 8.5t013.9 ’
Rayon swabs

All 7.0 6.0 6.8 0.4-24.0 46t09.4

Extraction 10.0 8.1 6.4 1.4-241 6.0to 14.0 } 10

No extraction 1.0 0.9 0.7 0.4-2.9 0.5t01.4 ’

Vortex 11.5 1.5 7.9 1.4-241 6.6to11.2 } 10

Sonication 8.5 7.5 4.4 2.5-18.9 5.7t011.3 )

*Cl, confidence interval.
°Adjusted for multiple comparisons by Bonferroni correction.
“Vortex and sonication methods combined.
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than mechanical agitation from stainless steel coupons.
Their study differed in that the mechanical agitation in
Puleo’s study consisted of placement on a platform shaker
at 270 oscillations per min for 10 min, rather than agitation
by vortexing, which provides a more vigorous motion, as
was done in this study. Since Puleo’s experimental meth-
ods and equipment differed from those used in this study,
a comparison of results may not be valid. His study, how-
ever, does illustrate the wide variability of recovery inher-
ent in sampling with swabs. Puleo et al. (29), in a separate
study, also established that sonication does not affect spore
viability.

When swabs were inoculated directly, approximately
84%-94% of spores were recovered, yet surface sampling
in the current study yielded <50% of spore inoculum. If the
swabs retain only 6.1%-16.2% of the spores, the differ-
ences in recovery efficiencies of spores from directly inoc-
ulated swabs and those used to sample spore-inoculated
surfaces can be explained only by assuming a substantial
number of spores remain on the stainless steel coupon.
Unlike powder preparations, spores, when applied with
alcohol may become fixed to the surface after evaporation
of the alcohol, which may represent a challenge to their
recovery; however, the method provides a standard appli-
cation to enable comparison of the swab materials and pro-
cessing protocols. In this evaluation, no attempt was made
to measure the amount of spores remaining fixed to the
coupon surface. Since a perception exists (though no sup-
porting data could be found by the authors) that poly-
merase chain reaction—based methods for detecting B.
anthracis in processed samples are hindered by the pres-
ence of cotton fibers or impurities associated with cotton
swabs, it was important to find that comparable results can
be obtained by using macrofoam swabs.

Though no significant differences were seen between
premoistened and dry rayon or polyester swabs, regardless
of the processing method (Table 2), all of these recovery
efficiencies were <11.5%, and in many cases, standard
deviations were high. Similarly, no significant differences
were seen between extracted and nonextracted premoist-
ened rayon and polyester swabs (Table 3). The percentage
recovery efficiencies of each of these groups were small,
and the standard deviations were large.

All currently available environmental sampling tech-
niques (i.e., wipes, HEPA sock) have inherent advantages
and disadvantages. Each method should be evaluated to
determine the overall recovery efficiencies of the materials
together with the processing protocols. With this informa-
tion, incident response personnel will be better able to
choose the best sampling methods needed for each surface
within the contaminated area. Swabbing environmental
surfaces may not be the most efficient means of recovering
bacterial contamination if quantitation (i.e., estimate of
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magnitude) is the objective of the sampling; however, in
some situations a swab sample may be the best available
sampling method. We hope that this brief study will help in
the choice of the best material for environmental sampling
and aid in interpreting results.
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Epidemiologic Clues to SARS
Origin in China
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An epidemic of severe acute respiratory syndrome
(SARS) began in Foshan municipality, Guangdong
Province, China, in November 2002. We studied SARS
case reports through April 30, 2003, including data from
case investigations and a case series analysis of index
cases. A total of 1,454 clinically confirmed cases (and 55
deaths) occurred; the epidemic peak was in the first week
of February 2003. Healthcare workers accounted for 24%
of cases. Clinical signs and symptoms differed between
children (<18 years) and older persons (>65 years).
Several observations support the hypothesis of a wild ani-
mal origin for SARS. Cases apparently occurred independ-
ently in at least five different municipalities; early
case-patients were more likely than later patients to report
living near a produce market (odds ratio undefined; lower
95% confidence interval 2.39) but not near a farm; and 9
(39%) of 23 early patients, including 6 who lived or worked
in Foshan, were food handlers with probable animal con-
tact.

n March 12, 2003, the World Health Organization

(WHO) issued a global alert about cases of atypical
pneumonia in Guangdong Province and Hong Kong
Special Administrative Region, China, and in Vietnam (1).
The disease, now known as severe acute respiratory syn-
drome (SARS), is caused by coronavirus infection (2,3)
and subsequently spread rapidly worldwide. The earliest
identified cases of the disease occurred in Guangdong
Province in late 2002 (4).

On January 2, 2003, two cases of atypical pneumonia in
the city of Heyuan, Guangdong Province, were associated
with transmission of infection to several healthcare work-
ers at the hospital (5). Investigation by the Guangdong
Provincial Center for Disease Control and Prevention led
to the identification of clusters of cases in six other munic-

*Guangdong Province Center for Disease Control and Prevention,
Guangzhou, China; tUniversity of Wales College of Medicine,
Cardiff, United Kingdom; *National Public Health Service for
Wales, Cardiff, United Kingdom; 8Animal Research Institute,
Brisbane, Australia; fAustralian National University, Canberra,
Australia; and #World Health Organization, Beijing, China
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ipalities (Foshan, Jiangmen, Zhongshan, Guangzhou,
Shenzhen, Zhaoging) from November 2002 to mid-
January 2003. On February 3, 2003, province-wide
mandatory case reporting of atypical pneumonia that used
a standard case definition and reporting form was institut-
ed. The provincial health department also introduced a
range of public health control measures, including guide-
lines on epidemiologic investigation of cases and contacts
(February 3) and on hospital admission, clinical manage-
ment, and infection control arrangements for patients
(February 9). Subsequently, the department issued guide-
lines on community prevention and control, including
mandatory home quarantine of contacts (March 27); com-
menced public service announcements about personal pro-
tection and seeking prompt medical attention (March 27);
and introduced free hospital treatment for patients with
SARS (April 30). Border control measures were intro-
duced at all points of entry into the province during mid-
April according to WHO recommendation (6). We
describe the epidemiology of the SARS epidemic in
Guangdong through April 30, 2003, focusing on the
observed pattern of spread of disease, the signs and symp-
toms, and the investigation of early cases.

Methods

Study Population

Guangdong Province has a population of 85.2 million,
including 9.9 million in Guangzhou city (7). All public
health and most hospital services are under the direction of
the Health Bureau of Guangdong Provincial People’s
Government. The public health function is performed by
one provincial Center for Disease Control and several
municipal centers, together with a network of district and
county centers, each responsible for a population of
500,000-1 million. Nearly all hospitals are operated by
the public sector, but patients are charged for medical

1Drs. Evans, Field, and Lee were consultants for the World Health
Organization; they assisted in its Beijing office.
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treatment. Primary health care in the province is rudimen-
tary, and most patients report directly to hospital emer-
gency rooms.

Data Sources

We analyzed data from two sources: the Guangdong sur-
veillance database and a case investigations database. We
also interviewed staff from the Guangdong Provincial
Centers for Disease Control, and Foshan Municipal Center
for Disease Control to obtain supplementary information on
early-onset cases. Information on early cases in the neigh-
boring Guangxi Province was obtained from local investi-
gators by a visiting WHO team, led by one of the authors
(CKL). Early cases were defined as those with a date of
onset from November 1, 2002, to January 31, 2003, and late
cases as those with a date of onset from February 1 to April
30, 2003. Population denominators were obtained from the
Guangdong provincial census for 2000 (7).

Surveillance Database

Guangdong Provincial Center for Disease Control coor-
dinated the surveillance database. Early cases were identi-
fied during the course of case investigations or after
voluntary reporting by clinicians. Such cases were only
included in the database if they conformed to the case def-
inition subsequently adopted for surveillance. Since early
February 2003, hospitals at all levels in the health system
were required to report cases of atypical pneumonia (prob-
able SARS) immediately by telephone to the local center
for disease control, which then forwarded reports electron-
ically to the provincial center on the same day. The diag-
nostic criteria for reporting were: 1) having close contact
with a patient or having infected other people, 2) fever
(>38°C) and symptoms of respiratory illness, 3) leukocyte
count <10.0 x 109/L, 4) radiographic evidence of infiltrates
consistent with pneumonia or respiratory distress syndrome
on chest x-ray, and 5) no response to antimicrobial drug
treatment (within 72 hours). Patients were considered to be
probable SARS patients if they meet criteria 1-4 or 2-5 but
were excluded if an alternative diagnosis could fully
explain their illness. The dataset contains patient demo-
graphics, including occupation; dates of onset, admission
and report; criteria required for the case definition; and
details of laboratory specimens that were collected.

Case Investigation Database

Contact tracing staff at the district center level adminis-
tered a standard questionnaire to all case-patients within 24
hours of reporting. These data form the basis of the case
investigation database and comprise patient demographics;
clinical features on admission to hospital; contact history
(living with, working with, caring for, or visiting the home
of a patient) and name, age, and address details of contacts;
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and exposure risk factors for community cases (non-
healthcare workers), including travel history, hospital vis-
its, animal contact, and living conditions. Patients not
employed as healthcare workers were classified as com-
munity case-patients. Comparisons were made between
features of early-onset and late-onset community cases,
and primary (no contact history) and secondary communi-
ty cases. Extra information was collected on early patients
by means of informal interviews with center staff, which
focused on index patients in each of the seven municipali-
ties initially affected. Data were particularly sought on
occupational history and contact networks, and a detailed
case series was compiled.

Data Analysis

Data were entered into Excel databases (Microsoft,
Redmond, WA). Descriptive analyses were carried out
using Epilnfo version 6 (Centers for Disease Control,
Atlanta, GA) and SPSS version 10.0 (SPSS Inc., Chicago,
IL). The surveillance database was used for analysis by age,
sex, occupation, and clinical signs and symptoms. The case
investigation database was used for comparing early- and
late-onset cases and cases with or without a contact history.
Incidence rates were calculated for November 2002 to April
2003. For comparisons of signs and symptoms by age,
younger adults were used as the reference group for both
children and older persons. Chi-square test or, when appro-
priate, Fisher exact test was used for comparison of propor-
tions, Mann-Whitney test for comparison of continuous
variables, and chi-square test for linear trend for analysis of
time trends. We report maximum likelihood estimates for
odds ratios (OR) with exact 95% mid-p confidence inter-
vals (Cl) and consider p < 0.05 to be significant.

Results

Surveillance Database

A total of 1,454 SARS cases were reported in
Guangdong Province from November 16, 2002, through
April 30, 2003, including 55 deaths, a crude case-fatality
rate of 3.8% for all ages, and 12.7% in people >65 years.
Two children died: a 4-year-old, previously healthy girl
with lobar pneumonia of unknown cause and a 10-year-old
boy with recent acute hepatitis B.

The initial phase of the epidemic, November—late
January, was characterized by sporadic cases followed by a
sharp rise in late January and a sharp decline in the first half
of February, and thereafter a gradual decline (Figure 1). The
epidemic peak occurred at the end of the first week of
February with approximately 55 new cases each day. Cases
occurred in 15 municipalities in the province but were con-
centrated in the Pearl River delta area (Figure 2A), and con-
fined almost exclusively to urban areas, particularly the
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Figure 1. Epidemic curve of cases of severe acute respiratory syn-
drome by date of onset, November 1, 2002—April 30, 2003, in
Guangdong Province, China, showing cases in the community and
in healthcare workers.

seven municipalities of Foshan, Guangzhou, Heyuan,
Jiangmen, Shenzhen, Zhongshan, and Zhaoging (located
20-130 km from Guangzhou). The highest incidence
occurred in Guangzhou city (12.5 cases per 100,000 peo-
ple) (Figure 2B), and outbreaks appear to have occurred in
different municipalities at varying stages of the epidemic
(Figure 3).

Median age of patients was 35.0 years (range 0-92
years), and the highest age-specific incidence was in per-
sons 65-69 years (3.2 per 100,000 people) (Figure 4);
53.2% of cases were female. Five deaths occurred among
343 cases in healthcare workers (24% of 1,429 cases for
whom occupation is known); 75.1% of healthcare worker
cases were in women. The proportion of healthcare work-
er patients was highest in the early phase of the epidemic
(32% with date of onset in January 2003) and declined as
the epidemic progressed (27% in February, 18% in March,
and 17% in April) (Table 1). Throughout the epidemic, a
high proportion of community case-patients did not report
contact history, ranging from 58% in February to 74% in
April. This proportion was even higher in children (91% in
those <5 years, 81% in those 5-14 years) and in persons
>65 years (82%).

Analysis of occupation status, excluding healthcare
workers and case-patients with known exposure, shows
that the proportion of cases in students (0% in January
2003 or before; 7% in February; 14% in March; 18% in
April, p < 0.001) and housewives (0% in January 2003 or
before; 5% in February; 14% in March; 15% in April, p <
0.001) increased as the epidemic progressed (Table 2). A
high proportion (9/23, 39%) of early cases were food han-
dlers (this category includes persons who handle, kill, and
sell food animals, as well as those who prepare and serve
food), but none were farmers handling livestock or poultry.
Of the nine early cases in food handlers, seven were
restaurant chefs working in township restaurants (where a
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variety of animals were slaughtered on the premises), one
was a market produce buyer for a restaurant, and one was
a snake seller in a produce market (where a variety of live
animals were offered for sale). Six of the food handlers
lived or worked in Shunde (1.7 million population), an
urban district of Foshan municipality, though none could
be directly linked to each other through contact history.

Case Investigation Database

Detailed data from case investigation interviews were
available for 662 (45%) of 1,454 patients. Median age was
31.0 years (range 0-86 years), 56% were female, and 44%
were male. The signs and symptoms in adults (18-64
years) were compared with those in children (<18 years)
and older persons (>65 years) (Tables 3 and 4). Children
were more likely to have a runny nose and dry cough on
physical examination but less likely to have chills, malaise,
headache, muscle aches, or difficulty breathing. Older per-
sons were more likely to report having sputum and to have
a dry or productive cough on physical examination but less
likely to complain of chills, malaise, or sore throat. Nearly
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Figure 2. Geographic distribution of population in: (A) urban dis-
tricts of Guangzhou city, (B) Guangdong Province and district-spe-
cific incidence of severe acute respiratory syndrome (per 100,000
population).
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Figure 3. Timeline of cases of severe
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all patients had a high body temperature (median 39.0°C,
range 36.8-42.0°C) lasting in most patients for 1 to 4 days
(median 4.0 days; range 1-9 days). Median leukocyte
count was 5.8 x 109/L (range 1.0-63.4 x 109/L), and 13.9%
of patients had leukopenia (<3.5 x 10%L). Older persons
had a higher median leukocyte count than younger adults
(6.6 x 109/L for those >65 years, 5.6 x 109L for those
18-64 years, p = 0.056), and fewer had leukopenia.

Comparison of case categories indicate that community
case-patients with a contact history were more likely to
have visited a hospital in the previous 2 weeks than
patients without a contact history (OR 6.83, 95% CI 2.89
to 16.73) (Table 5). Patients without a contact history were
no more likely to report a history of travel or animal con-
tact. Early-onset patients were more likely to live within
walking distance of a produce market (an agricultural mar-
ket where live animals are sold, killed, and butchered in
situ, also known as a “wet market”) than late-onset patients
(OR undefined, lower 95% CI 2.39). Living near a poultry
or livestock farm or having other types of animal contact,
including domestic pets or livestock, poultry, or specific
wild animals or birds, was not associated with a high risk
for SARS.

Case Series of Index Patients

The index patients in each of the seven earliest affected
municipalities all had a date of onset before January 31,
2003 (Table 6). In five municipalities (Foshan, Jiangmen,
Zhongshan, Guangzhou, Shenzhen), outbreaks appear to
have occurred independently, but the outbreak in Heyuan
may be linked to that in Shenzhen and the outbreak in
Zhaoqing to that in Guangzhou. Index patients from the
eight other municipalities involved in the epidemic had a
date of onset after March 1, 2003, and a travel history to an
affected area, so these were excluded from the analysis.

Patient 1 had the earliest case, identified by retrospec-
tive case searching. He lived with his wife and four chil-
dren in Foshan city and became ill on November 16, 2002.
He had not traveled outside Foshan in the 2 weeks before

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 10, No. 6, June 2004

his illness and had no contact history, but he had prepared
food including chicken, domestic cat, and snake. He was
part of a cluster of five patients, including his wife (42
years old, onset December 1), a 50-year-old aunt who vis-
ited him in the hospital on November 20 (onset November
27), and the aunt’s 50-year-old husband (onset November
30) and 22-year-old daughter (onset December 4) (online
Appendix, Cluster A; available from: http://www.cdc.gov/
ncidod/EID/vol10n06/03-0852_app.htm). None of patient
I’s four children were ill. Subsequent clusters in Foshan
included a food handler who infected a family member and
two healthcare workers (online Appendix, Cluster B) and a
food handler who infected several healthcare workers
(online Appendix, Cluster C).

Patient 2 lived in Heyuan but worked as a restaurant
chef in Shenzhen. His work was mainly stir-frying and did
not involve Killing animals. His animal contact history is
unknown. He returned to Heyuan after becoming ill, was
admitted to the local hospital and transferred to
Guangzhou 2 days later. He infected a work colleague (41-
year-old man, onset December 16), six healthcare workers
in Heyuan (onset December 24-28), and a physician who
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Figure 4. Number of patients with severe acute respiratory syn-
drome by age, and age-specific incidence (per 10,000 population),
November 1, 2002—April 30, 2003, Guangdong Province, China.
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Table 1. Month of onset of SARS in community case -patients and in healthcare workers, Guangdong, China, November 2002 —April 2003

Community case-patients contact history

Month of onset Yes (%) No (%) Healthcare worker (%) Total’
Nov 2002 0(0) 3 (100) 0(0) 3 (100)
Dec 2002 2(11) 12 (63) 5 (26) 19 (100)
Jan 2003 31 (18) 87 (50) 55 (32) 173 (100)
Feb 2003 104 (14) 419 (58) 195 (27) 718 (100)
Mar 2003 63 (20) 197 (62) 59 (18) 319 (100)
Apr 2003 16 (9) 129 (74) 29 (17) 174 (100)
Total 216 (15) 847 (60) 343 (24) 1,406 (100)

*SARS, severe acute respiratory syndrome.
*Information was not available on contact history for 48 cases.

accompanied him in the ambulance from Heyuan to
Guangzhou (28-year-old man, onset December 25). Patient
3, from Jiangmen, had no contact history, no history of ani-
mal contact, and no known forward transmission. Patient 4
worked as a chef in a Zhongshan township restaurant,
where he prepared steamed dishes and had contact with
snakes, civet cats, foxes, and rats. He infected his 30-year-
old wife (onset January 3), a 39-year-old male friend who
visited him in the hospital (onset January 5), and a physi-
cian (35-year-old man, onset January 4). Patient 4 was one
of two patients responsible for infecting at least three
healthcare workers (onset January 4-7). Patient 5, from
Guangzhou, had no history of animal contact other than
with a pet guinea pig that died a month before his symp-
toms began. He infected a hospital intern (onset January
14) and six other healthcare workers (onset January 14-22)
at Guangdong Traditional Chinese Medicine Hospital.
Patient 6, from Shenzhen, had visited Hong Kong on
January 14, the day before symptom onset. However, he
had no contact history or contact with animals. He infect-
ed a work colleague (43-year-old man, onset January 29)
and died 14 days after becoming ill. Patient 7, from
Zhaoging, was the only female index case. She traveled to
Guangzhou 2 weeks before becoming ill, although she
could not recollect contact with anyone with symptoms of
SARS. She worked at a market but did not sell animals.
She infected her 16-year-old son (onset February 3) and a
physician (25-year-old woman, onset January 31).

The index patient in the neighboring province of
Guangxi was a 26-year-old man, who infected several
family members. He worked as a driver for a wild animal
dealer and returned home to Guangxi after becoming ill on
January 8, 2003. The dealer supplied Guangdong markets
with wild animals from Guangxi, other Chinese provinces,
and Vietnam.

Discussion

The epidemic of atypical pneumonia in Guangdong
Province that we describe bears all the hallmarks of SARS
(8-11). It demonstrates the typical time course of the epi-
demic, the preponderance of cases in urban areas, and the
epidemiologic and clinical features of the disease. Since
the SARS epidemic began in Guangdong, we have sought
epidemiologic clues about the origin of the disease.
Approximately 75% of emerging infectious diseases are
zoonotic (12), and evidence is accumulating that an animal
origin for SARS is probable. However, phylogenetic
analysis and sequence comparisons of the coronavirus that
causes SARS (SARS-CoV) indicate that the virus is not
closely related to any of the previously characterized
human or animal coronaviruses (13). The reservoir is still
unknown, but SARS-CoV has been isolated from
Himalayan palm civets (Paguma larvata), and evidence of
infection has been found in a raccoon dog (Nyctereutes
procyonoides), a Chinese ferret-badger (Melogale moscha-
ta), and humans working at a live animal market in

Table 2. SARS cases (%) by month of onset and occupational status, Guangdong, China, November 2002—April 2003°

Occupational status® Jan 2003 or before no. (%) Feb 2003 (%) Mar 2003 (%) Apr 2003 (%) Total (%)
Retired 2(9) 44 (10) 46 (23) 32 (16) 124 (15)
Worker 2(9) 40 (9) 28 (14) 22 (11) 92 (11)
Student 0(0) 29 (7) 28 (14) 34 (18) 91 (11)
Civil servant 3(13) 43 (10) 26 (13) 19 (10) 91 (11)
Housewife 0 (0) 20 (5) 28 (14) 30 (15) 78 (9)
Food industry worker 9 (39) 20 (5) 4 (2) 19 (10) 52 (6)
Farmer 1(4) 10 (2) 4(2) 4(2) 19 (2)
Teacher 1(4) 7 (2) 6 (3) 4(2) 18 (2)
Child 0 (0) 9(2) 4(2) 4(2) 17 (2)
Other 2(9) 49 (11) 14 (7) 18 (9) 83 (10)
Unknown 3(13) 157 (37) 14 (7) 8 (4) 182 (21)
Total 23 (100) 428 (100) 202 (100) 194 (100) 847 (100)

°SARS, severe acute respiratory syndrome.
°Excluding healthcare workers or case-patients with known exposure.
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Table 3. Prevalence (%) of symptoms on admission to hospital, SARS patients, Guangdong, China, November 2002—April 2003*

All Adults (18-64 y) Children Older persons

Symptoms (n = 662) (n=534) (<18y) (n=51)  OR (95% CI) p (>65y) (n=66) OR (95% ClI) p
Fever 97.4 97.4 98.0 1.4 (0.2 t0 29.3) 98.5 1.8 (0.3 t0 37.9)

Chills 51.8 56.0 31.4 0.4(0.2t00.7) 0.002 37.9 0.5(0.3t0 0.8) 0.008
Malaise 42.3 45.7 235 0.4(0.2t00.7) 0.004 31.8 0.5 (0.3t0 1.0)
Headache 40.0 42.1 255 0.5(0.2t00.9) 0.03 43.1 0.7 (0.4t0 1.3)

Muscle ache 30.8 35.0 5.9 0.1(0.0t0 0.3) <0.001 16.7 0.4(0.2t00.7) 0.004
Cough 69.8 60.0 82.4 22(1.1t04.9) 0.05 80.3 1.9(1.1t03.8) 0.05
Sputum 38.2 36.9 39.2 1.7 (0.9 to 3.3) 51.5 1.8(1.1t03.1) 0.03
Sore throat 16.3 16.7 25.5 1.1 (0.6 t0 2.0) 6.1 0.3(0.1t00.8) 0.04
Runny nose 7.4 6.7 15.7 2.6(1.1t05.7) 0.04 7.6 1.1 (0.4 t0 2.8)
Breathing 26.7 27.0 11.8 0.4(0.1t00.8) 0.03 43.3 1.8 (110 3.0) 0.05

difficulty

Nausea 8.8 9.4 5.9 0.6 (0.1t0 1.8) 7.6 0.8 (0.3t0 2.0)
Vomiting 6.2 6.0 7.8 1.3 (0.4 t0 3.7) 7.6 1.3 (0.4 to 3.3)
Diarrhea 8.6 9.0 7.8 0.9 (0.3t0 2.3) 7.6 0.8 (0.3t02.2)

“SARS, severe acute respiratory syndrome; OR, odds ratio, using adults as the reference group; Cl, confidence interval.

Shenzen municipality (14). Seroprevalence of
immunoglobulin (1g) G antibody to SARS-CaV is substan-
tially higher among traders of live animals (13.0%) in
Guangzhou municipality than among healthy controls
(1.2%), and the highest prevalence of antibody is among
those who traded primarily masked palm civets (72.7%)
(15). The pattern of the Guangdong epidemic is consistent
with the classical process of emergence from an animal
reservoir: the initial introduction of the virus into a nonim-
mune human population followed by the establishment
and rapid dissemination of infection (16). The traditional
practice of using wildlife for food and medicine, still
observed by some persons in southern China, offers an
effective bridge from a natural animal host to humans.
Several observations support this hypothesis. Two of the
seven index patients were restaurant chefs; food handlers
(who handle, kill, or butcher animals) were overrepresent-
ed among early-onset cases with no contact history
(including the first reported death, in a snake seller); and
patients with early onset were more likely than patients
with late onset to live near an agricultural produce market

(where live wild animals are generally offered for sale).
However, none of the early patients were commercial
farmers nor was living near a farm associated with
increased risk, findings that suggest a wild animal rather
than a livestock or poultry source. Although trade in
wildlife is now illegal in China, a range of mammalian,
avian, and reptile species can still be found in some pro-
duce markets, and a black market in these species probably
exists. Many such animals come from outside Guangdong
Province, often through Guangxi Province to the west, and
may originate in Vietnam or other parts of Southeast Asia.
The observation that the index patient in Guangxi Province
was a wild animal trader who supplied Guangdong mar-
kets offers some circumstantial evidence for such a link.
Our data have several limitations. First, surveillance for
SARS was only established in February 2003; thus, infor-
mation on earlier cases was collected retrospectively
and will be influenced by reporting bias. Second, our
analysis is based on cases that are not laboratory con-
firmed. Thus, the diagnosis relies on a clinical case defini-
tion and the sensitivity and specificity are unknown. Third,

Table 4. Prevalence (%) of physical signs, chest x-ray findings, and blood count abnormalities on admission to hospital, SARS patients,

Guangdong, China, November 2002—April 2003°

Adults Children Older persons
All (18-64y) (<18Yy) (>65y)
Variable (n = 662) (n =534) (n=51) OR® (95% ClI) p (n =66) OR’ (95% ClI) p
Physical signs
Temperature (>38°C) 91.3 90.9 97.8 0.9 (0.3t0 3.9) 89.7 0.5(0.1t01.2)
Rigors 15.9 16.9 10.9 0.5(0.2101.3) 10.6 0.6 (0.2t01.2)
Lethargy 10.3 11.8 2.0 0.2 (0.0t0 0.8) 45 0.4 (0.1t0 1.1)
Myalgia 6.6 8.1 2.0 0.2 (0.0to0 1.2) 0.0 0.0(0.0t00.6)  0.009
Cough 50.0 46.6 64.7 21(19t03.9) 0.02 68.2 2.5(1.41t04.3) 0.002
Sputum 10.4 8.6 13.7 1.7 (0.7 to 3.8) 24.2 3.4(1.8t06.4) <0.001
Dyspnea 6.0 5.8 2.0 0.3(0.0t0 1.8) 12.1 2.2(0.9t0 4.5)
Clinical test results
Abnormal chest x-ray 87.2 87.5 84.3 0.8 (0.41t01.8) 86.4 0.9 (0.4 t0 2.0)
Leukopenia 13.9 14.2 16.3 1.2(0.5t02.7) 8.3 0.6 (0.2t0 1.5)
(<3.5x10°/L)

*OR, odds ratio; Cl, confidence interval.
°Using adults as the reference group.
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Table 5. Case-case comparisons of community SARS patients, Guangdong, China, November 2002 —April 2003, according to contact

history and onset date”

No contact Contact

history history Early onset”  Late onset’
Exposure (n = 406) (n=103) (n=19)° (n=387)°
(in previous 2 weeks) Yes No Yes No OR (95% Cl) Yes No Yes No OR (95% Cl)
Visited hospital 17 70 22 13 6.83 (2.89 t0 6.73) 0 10 45 169 0.00 (0.00 to 1.36)
Visited by a friend 4 71 1 17 1.04 (0.04 to 8.93) 0 4 70 0.00 (0.00 to 337)
Regular hand washing 122 15 44 3 1.80 (0.53 to 8.10) 4 118 14 0.48 (0.06 to 12.55)
Travel history 45 179 13 62 0.83 (0.41 to 1.63) 0 10 45 169 0.00 (0.00 to 1.36)
Animal contact 37 262 13 56 1.64 (0.80 to 3.25) 1 3 36 259  2.39(0.09 to 23.02)
Visited produce market 9 79 1 19 0.41 (0.02 to 2.75) 0 1 9 69 0.00 (0.00 to 148)
Lives near produce 89 169 19 43 0.84 (0.45t0 1.52) 5 0 84 169 Undef.

market (2.39 to Undef.)

Lives near poultry or 6 252 3 59 2.13 (0.42 to0 8.81) 0 19 6 247 0.00 (0.00 to 40.15)

livestock farm

°SARS, severe acute respiratory syndrome; Cl, confidence interval; OR, odds ratio.
*Defined as November 1, 2002 —January 31, 2003 for early onset; February 1, 2003 —April 30, 2003 for late onset.
‘Cases with no contact history and for whom case investigation data are available.

case investigation data were only available on approxi-
mately half of all cases because of poor transfer of data
(regardless, all categories of cases and all reporting dis-
tricts were similarly affected). Finally, information on sev-
eral earlier cases was incomplete or may be unreliable
(because of fear of prosecution associated with the trade in
wild animals), and some persons are no longer traceable.
The data also highlight several unanswered questions.
The SARS epidemic started in Guangdong, but how it
began, why it peaked so suddenly, why Guangzhou was so
badly affected and other cities spared, and what caused the
gradual decline are all unclear. The decline in the epidem-
ic is probably a result of hospital and community infection
control measures introduced in early February, including
strict isolation of patients, use of protective equipment by
healthcare workers, prohibition of hospital visitors, and
guidelines on epidemiologic investigation. Such measures
may also explain why later cases did not trigger such exten-
sive chains of transmission. The concentration of cases in
urban areas may be due to factors associated with access to
healthcare or to incomplete or poor surveillance in rural
areas. However, in Guangdong Province, emphasis was
placed on reporting from less developed prefectures and
rural areas, including supervisory visits and review of hos-
pital records. Many larger cities in Guangdong, as well as
rural areas, were also apparently spared by the epidemic.

Although the possibility that SARS may pre-date the
earliest known case cannot be excluded, the temporal and
spatial clustering of index cases described in the case series
suggests that the initial source of the Guangdong epidemic
was either a single point source (with the links between
cities not identified) or several point sources in the Pearl
River basin. Outbreaks in cities affected later in the epi-
demic can all be traced to an imported case. These later
cases are probably due to horizontal transmission rather
than to further contact with the initial source. The reason
for the sudden rise in the incidence of cases at the beginning
of February is unclear, although the rise coincides with the
admission of a highly infectious index patient who trans-
mitted SARS to healthcare workers at three different hospi-
tals in Guangzhou city and to a large number of family
members (5,17). The absence of such a trigger may explain
the much smaller outbreaks in other cities in the province.
The case-fatality rate in Guangdong was also lower than
documented elsewhere (11,18). The most likely explana-
tion for this lower rate is the younger age structure of the
population in mainland China compared to that of Hong
Kong, Taiwan, or Canada. Children have slightly different
initial signs and symptoms than adults perhaps because
symptoms are milder (19), children are less able to describe
their symptoms, or the case definition is less specific in
this age group. Older persons are more likely to have a

Table 6. Case series of index cases by municipality in SARS epidemic, Guangdong, China, November 2002 —April 2003"

Secondary
Case no. City Sex Age Occupation Date of onset Animal contact transmission
Case 1 Foshan M 45 Administrator and Nov 16, 2002 Yes Yes

village leader

Case 2 Heyuan M 34 Restaurant chef Dec 10, 2002 Unknown Yes
Case 3 Jiangmen M 26 Factory worker Dec 21, 2002 No No
Case 4 Zhongshan M 30 Restaurant chef Dec 26, 2002 Yes Yes
Case 5 Guangzhou M 49 Office worker Jan 2, 2003 No Yes
Case 6 Shenzhen M 46 Office worker Jan 15, 2003 No Yes
Case 7 Zhaoqing F 39 Market vendor Jan 17, 2003 Probably Yes

“SARS, severe acute respiratory syndrome; M, male; F, female.
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productive cough and difficulty breathing than younger
adults, which suggests either a misdiagnosis or an underly-
ing chest disease.

The high proportion of community case-patients with
no apparent contact history, especially in Guangzhou city,
may be due to inadequate tracing, poor reporting of the
results of contact investigation, asymptomatic transmis-
sion, or the nonspecificity of the clinical case definition.
Similar findings have been observed in Beijing (20). Little
evidence as yet exists for asymptomatic infection with
SARS, but seroprevalence studies will help determine
whether this occurs. Laboratory testing of stored clinical
specimens may also clarify the specificity of the case def-
inition, particularly if positivity rates vary during different
stages of the epidemic or in cases with no contact history.
An alternative explanation for the absence of a contact his-
tory is the continuing existence of an environmental
source; however, this explanation is not borne out by case
investigation data. Clarifying this factor is important not
only to help understand the transmission dynamics of
SARS but also to allay concerns about the risk for epidem-
ic spread in the community if SARS is reintroduced.
Resolving this issue will be vital to prospects for prevent-
ing the spread of SARS beyond China (21).
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Mycobacterium ulcerans
Treatment Costs, Australia

Christina Drummond* and James R.G. Butlert

Mycobacterium ulcerans gives rise to severe skin
ulceration that can be associated with considerable illness.
The cost of diagnosis, treatment, and lost income has
never been assessed in Australia. A survey of 26 confirmed
cases of the disease in Victoria was undertaken. Data were
collected on demographic details, diagnostic tests, treat-
ment, time off work, and travel to obtain treatment. All costs
are reported in Australian dollars in 1997-98 prices. The
cost varies considerably with disease severity. For mild
cases, the average direct cost is $6,803, and for severe
cases $27,681. Hospitalization accounts for 61% to 90% of
costs, and indirect costs amount to 24% of the total per
case. M. ulcerans can be an expensive disease to diag-
nose and treat. Costs can be reduced by early diagnosis
and definitive treatment. Research is needed to find cost-
effective therapies for this disease.

ycobacterium ulcerans causes disfiguring ulcers

with substantial illness (1). These distinctive ulcers
were first described in Australia in 1948 and given the
name Bairnsdale ulcer because of their focal distribution.
In Australia, in addition to the Bairnsdale area in
Gippsland, Victoria, cases have been reported from foci in
Queensland and the Northern Territory (1,2).

Until 1982 to 1983, when three cases were detected
near Western Port Bay, cases in Victoria were confined to
the Bairnsdale area. Since 1983, over 50 cases have been
recorded in Victoria outside this area, and the disease
appears to be spreading progressively westward. An out-
break on Phillip Island in 1993 and 1994 resulted in 27
reported cases (3,4). From 1990 to 1997, 22 cases within
approximately 70 km of Melbourne were reported, 19 of
these on the Mornington Peninsula with 12 in the
Frankston/Langwarrin area (Figure). For the first time,
cases were detected west of Melbourne in 1998, and the
number occurring in that area is increasing (Victorian
Mycobacterium Reference Laboratory and Department of
Human Services).

*Monash Medical Centre, Melbourne, Victoria, Australia; and
tAustralian National University, Canberrra, Australian Capital
Territory, Australia
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Treatment involves hospitalization for debridement and
often skin grafting, which frequently has to be repeated
(5-7). Patients are frequently absent from work for long
periods, which results in considerable cost to the commu-
nity. In Australia, the cost of the diagnosis, treatment, and
lost income has never been accurately assessed. The objec-
tive of this study was to assess the direct and indirect cost
of M. ulcerans infection occurring outside previously
known disease-endemic areas of Victoria, Australia.

Methods

A survey of 26 cases of the disease in Victoria was
undertaken. A case-patient was defined as a person with a
clinical lesion with histologic, culture, or polymerase chain
reaction evidence of M. ulcerans infection. Eligible patients
with M. ulcerans were contacted and sent a questionnaire
requesting demographic data, treatment information, time
off work, and distance traveled to obtain treatment. One or
more phone calls were made by the primary investigator to
clarify and expand the data and seek evidence. Calls often
lasted for 1 hour. Pathology reports, patient diaries, and
information from physician files were used, where possible,
to confirm information. The eligibility criteria were based
on age (6 months of age to 100 years) and date of onset of
the disease (January 1, 1991-August 31, 1998). Cases
occurring in the disease-endemic areas of Gippsland and
Phillip Island were excluded.

Two sources were used to find cases. The first source
was the Victorian Mycobacterium Reference Laboratory. It
receives specimens either directly, when mycobacteria cul-
tures are requested, or as cultures from other laboratories
to confirm mycobacterium and determine the species. The
second source included records kept by a well-known
Victoria pathologist with a longstanding interest in the dis-
ease; other pathologists frequently refer specimens from
patients with suspected cases to this physician.

Treating physicians were contacted and approval
sought from them before attempts were made to contact
their patients. All known case-patients were contacted, and
the questionnaire was completed by telephone interview.
When a telephone number was incorrect, all leads were
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199092 W Figure. Cases of Mycobacterium
ulcerans occurring in areas of
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followed as far as possible to locate the patient. Private and
public hospitals might have served as a third source for
case finding, but they are not obligated to report cases of
M. ulcerans, and their record-keeping systems are such
that abstracting cases would be very difficult.

In total, 32 persons with M. ulcerans who met the case
definition during the study period were located. Of these,
26 (81%) could be contacted. All agreed to complete the
questionnaire (100% response rate).

Patients were divided into three categories on the basis
of their clinical history. Patients with a mild disease had a
biopsy and excision only. Patients with moderate disease
had one lesion only, which was treated with biopsy and
excision, with only one skin graft required. Patients with
severe disease had multiple lesions, multiple debride-
ments, or multiple skin grafts.

Medical, hospital, and other services used to diagnose
and treat each patient, the time lost from his or her usual
occupation, along with the cost of transportation to care
facilities for patients traveling over 50 km each way were
recorded. Physicians who treated the patients, hospital
records, old prescriptions, and the like were used to verify
cases.

Cost Data

All cost data are expressed in Australian dollars using
Australian financial year 1997-1998 prices. The unit cost
of a visit to a local physician (general practitioner) and to
a specialist (apart from inpatient care) was estimated by
using the average fee charged across a range of relevant
Medicare Benefits Schedule (MBS) item numbers for the
year 1997-98 (Table 1). For specialists, the average was
calculated across both first and subsequent visits. Patients
treated as outpatients had a biopsy of the lesion with
microscopy and culture for mycobacteria. MBS fees for
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the biopsy (MBS item no. 30071) and for the microscopy
and culture (MBS item no. 69207) were taken as the unit
costs of these tests.

The cost of blood tests required for monitoring a patient
who was receiving special medications was estimated by
using the MBS fee for liver function tests (MBS item no.
66211). Most patients receiving special medications would
have these tests at least monthly.

Hospital costs were calculated according to whether the
patient was treated in a public or a private hospital. For
both hospital types, the per diem cost for the first 4 days of
hospitalization was based on the national average cost per
day for DRG 505 (other skin graft £ debridement) in
1996-97. The per diem cost for any days of hospitalization
in excess of 4 was then taken as the overall average cost
per day. This per diem cost is the same for both public and
private hospitals (8).

The cost of antimicrobial agents was estimated by using
the cost paid by the patient (if known) or the costs paid by
a hospital pharmacy to purchase the drug. These costs were
for bulk purchases of the various medications. When the
name of the antimicrobial agent was unknown, the cost of
a course of antimicrobial agents was estimated at $5 per
course. Medications specific for mycobacteria included
clarithromycin 500 mg twice daily, rifampicin 600 mg
daily, and ethambutol 400 mg three times/day. Hospitals’
costs for these drugs were used to estimate the cost of each
patient’s course of treatment.

A visiting nurse attended the homes of some patients.
The Royal District Nursing Service estimates that the aver-
age cost of a home visit was $44.10/hour (The Service, pers.
comm.). When this figure is used, an average visit (includ-
ing travel time) for dressing changes was estimated at 40
minutes. Thus, a rate of $29/visit was used as the estimated
cost of a visit. A number of patients had heat treatment with
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Table 1. Cost of diagnosing and treating Mycobacterium ulcerans cases (Australian dollars, 1997-98 prices)®

Item Unit Cost
General practitioner visits Visit $24.68
Specialist visits Visit $57.98
Hospitalization Cost per day for DRG 505 (other skin graft + debridement): public hospital $776
Cost per day for DRG 505 (other skin graft + debridement): private hospital $935
Hospitalization over 4 days $598/day
Dressings Bandages® $18/week
Dressings” $20/week
Medications Agent unknown $5/course
Clarithromycin 500 mg twice daily $3.89/dose
Rifampicin 600mg daily $0.36/dose
Ethambutol 400 mg three times/day $0.71/dose
Home nursing Visits $29/visit
Laboratory costs Biopsy (MBS item no. 30071) $38.80
Microscopy and culture (MBS item no. 69207) $28.00
Liver function tests (MBS item no. 66211) $16.80
Heat treatment Day’ $3.00/day

Lost income Day’ Average weekly earnings of
$766.80
Transport Kilometer® $0.50/km

°DRG, diagnosis-related group; MBS, Medicare Benefits Schedule.

°If known, the actual cost was used; otherwise, it was estimated from the unit cost.

various devices at variable costs. If known, the actual cost
was included. Some patients used electrical devices such as
electric blankets continuously and for prolonged periods. If
costs were not known, a standard rate was used.

Dressings and bandages used by patients were priced at
a commercial pharmacy, and the likely cost to the patients
was calculated on the basis of their reported use. When
details of the amount used were not obtainable, a standard
rate for bandages and dressings was used. The cost of treat-
ment not routinely incurred was estimated, where possible,
for individual patients. These items included aids such as
crutches, extra investigations such as ultrasound, occupa-
tional therapy, and physiotherapy.

The value of time lost from work because of illness was
calculated by using an estimate of average weekly earnings

(9). No cost was included for travel time per se or the time
lost by children from school or kindergarten. The time lost
from work by parents as a result of a child’s illness or hos-
pitalization was also not included. No cost was included
for the time lost from normal duties by retired persons or
those engaged in home duties at the time of their illness.
An estimate for travel expenses was included only for
patients whose treatment required substantial travel (>50
km each way).

Results
Direct Costs

The average direct cost of treating patients with this
disease was $14,608 (Table 2). This cost differed most

Table 2. Average direct cost for diagnosing and treating a patient with Mycobacterium ulcerans

Cost in Australian dollars, 1997-1998 prices (% of column total)®

Mild case Moderate case Severe case All cases

No. of cases 12 8 6 26
Medical practitioner costs

General practitioner visits 274 253 82 223

Specialist visits 377 739 628 546

Total visits 651 (10) 992 (6) 710 (3) 769 (5)
Other costs

Hospitalization 4,139 (61) 12,607 (76) 24,840 (90) 11,522 (79)

Dressings 1,134 (17) 1,206 (7) 1,230 (4) 1,178 (8)

Medications 357 (5) 959 (6) 449 (2) 561 (4)

Home nursing 458 (7) 680 (4) 211 (1) 468 (3)

Laboratory costs 49 (0.7) 57 (0.3) 31 (0.1) 47 (0.3)

Heat treatment 15 (0.2) 24 (0.1) 210 (0.8) 63 (0.4)
Total direct costs 6,803 (100) 16,525 (100) 27,681 (100) 14,608 (100)

“Any differences between totals and sums of components are due to rounding.
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noticeably between patients who required, or did not
require, skin grafting. The average cost increased from
$6,803 for patients not requiring a skin graft to $27,681 for
those requiring multiple procedures.

Hospitalization was by far the most expensive compo-
nent of the direct costs. This cost ranged from an average
of $4,139 (61% of total direct cost) for mild cases to an
average of $24,840 (90%) for severe cases. The second
greatest expense in all categories of the disease was for
dressings, approximately $1,200 for all categories of dis-
ease severity. This cost was much less than the cost of hos-
pitalization in all categories but it was equivalent to
approximately 5% of the cost of hospitalization in the
severe disease category. In this category, the cost of dress-
ings was more than double that of medications.

The third greatest expense in all categories was medical
care. As the disease severity increased, the cost of medical
care shifted from general practitioners to specialist care.
The average cost of specialist visits ranged from $377 for
mild cases to $739 for patients who received one skin graft,
while average general practitioner costs fell from $274 for
mild cases to $82 for severe cases. For patients with mild
cases, the cost of outpatient specialist visits accounted for
58% of the cost of medical practitioner care. For patients
with severe disease, this cost increased to 88%.

For the moderate and severe categories, medications
were the next greatest expense, which included regular
antimicrobial agents and drugs targeted for mycobacteria.
These latter medications accounted for most of the cost of
medications. Although approximately 50% of patients in
each category were treated with these expensive drugs,
those in the moderate category incurred the greatest
expense as they had the longest courses of these medica-
tions. The cost per case in the moderate category was twice
that in the severe category.

Only nine patients received home nursing care. One of
these received 108 visits and another 96 visits. More cases
in the moderate disease category received home nursing
care than those in the other categories (five of the eight
cases compared to two of the six in the severe category).
Home nursing service in the moderate category cost an
average of $680.

Heat treatment and laboratory costs were the least
expensive components of the treatment costs. Heat treat-
ment was mainly confined to the severe disease category.
Laboratory costs were similar across all categories.

Mycobacterium ulcerans, Australia

Indirect Costs and Transport Costs

Time missed from regular occupation and income loss-
es were estimated for nine patients who had regular jobs at
the onset of the disease (six mild, one moderate and two
severe cases) (Table 3). Of the 17 for whom income losses
were not estimated, 9 were children and 5 were retired per-
sons. Three were housewives who had difficulty estimating
the amount of lost performance. A monetary value is diffi-
cult to determine for this occupation, and thus no estimate
was included for their time or financial loss (Table 3). The
average income loss for the nine patients increased as the
severity of the disease increased, from $12,451 for those
with mild cases to $16,431 and $19,170 for those with
moderate and severe cases, respectively. Income losses for
these nine patients were 0-$40,000. Average income losses
(including for unemployed patients) are seen in Table 4.

A small number of case-patients (n = 3) incurred major
costs as a result of transportation from the country to city
centers for treatment. The greatest cost estimate for this
transport was $2,900 for one patient with severe disease. A
patient with a mild case incurred transport costs of $1,000
and a patient with a moderate case, $46. Averaged across
all patients within each severity grouping, the average
transport cost per patient was $83, $6, and $483 for the
mild, moderate and severe groups, respectively (Table 4).

Discussion

M. ulcerans is costly to treat. This study found that the
average cost of diagnosing and treating a case was
$14,608. This figure is approximately seven times the
average health expenditure per person in Australia in
1997-98 of $2,557 (10). Hospitalization costs form most
of the overall costs, accounting for 90% of the total cost for
severe cases and 79% for all cases. Indirect costs account-
ed for 25% of the overall (direct, indirect, and transporta-
tion) cost but considerably more for individual patients.
For those with mild disease, income losses accounted for
47% of the overall cost.

These cost assessments are conservative for several rea-
sons. First, most patients were treated in public hospitals as
public patients; in Australia, such treatment is usually less
costly than treating a private patient. Thus these costs
could have been substantially higher if more cases were
treated privately in Australia and could vary substantially
in other populations. Second, income losses would have
been much greater if more patients had been in the income-

Table 3.Time missed from work or school as a result of Mycobacterium ulcerans infection, January 1, 1991-August 31,1998

Categorization of case (n = 23)

Days missed Mild (n = 11) Moderate (n = 8) Severe (n =4) All
Days missed from work or school (median)® 2 21 159 28
Range 0-365 0-150 0-548 0-548

*Some patients were retired, and some illness occurred during school holidays.
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Table 4. Average aggregated cost per case of Mycobacterium ulcerans cases, January 1991—-August 1998 (26 cases)

Cost in Australian dollars, 1997-98 prices (percentage of column total)®

Costs Mild cases Moderate case Severe case All cases
Total direct costs 6,803 (52) 16,525 (89) 27,681 (80) 14,608 (74)
Lost income 6,226 (47) 2,054 (11) 6,390 (18) 4,980 (25)
Transport 83 (0.6) 6 (0.0) 483 (1.4) 152 (0.8)
Total costs 13,112 (100) 18,585 (100) 34,554 (100) 19,740 (100)

°Any differences between totals and sums of components are due to rounding.

generating age group. Third, the cost of impaired produc-
tivity of parents caring for their children and accompany-
ing them for appointments and hospitalizations was not
included in this study, but this cost is likely to have been
considerable.

The patients who had one skin graft incurred the high-
est cost for medications because they were treated with
longer courses of drugs specific for mycobacteria. Three of
these patients were treated for >6 months. These patients
were given a trial of medication in an attempt to avert the
need for surgery or as an adjunct to surgery in an attempt
to prevent recurrence of the disease.

The marked decrease in general practitioner costs in
severe cases reflects the referral pattern for this disease.
Some patients with severe disease had previous contact
with a specialist (usually a surgeon) as a result of treatment
for a previous lesion, or they required more extensive sur-
gery and skin grafting, which general practitioners would
not normally perform. As patients with severe cases
received more treatment as inpatients, and the cost of sur-
geon visits while in the hospital were included in the hos-
pital charges, the cost of specialist treatment incurred by
the patient does not clearly reflect the amount of care they
received.

Variation around the mean cost within each category of
disease severity was marked. Some of this variation was
due to the lack of standardized, accepted treatment
regimes. In addition, delays until definitive treatment var-
ied greatly between patients, sometimes because of diffi-
culties in making the correct diagnosis. This wide range
probably accounted for the failure of indirect costs to
increase in direct proportion to disease severity.

A limitation of this study was its reliance upon a patient
questionnaire to collect data on diagnosis, treatment serv-
ices received, and time off work. Because of the consider-
able amount of time that had lapsed since their illness,
some patients had difficulty accurately recalling details of
the events in their disease history. The number of visits to
physicians and the duration of particular events such as
hospitalization or time missed from work were most diffi-
cult to recall precisely. Some patients provided very accu-
rate information because of diaries or prescriptions that
they had kept during their illness or because of records
from hospitals and the physicians who treated them.
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Validating some information provided by patients was
difficult. The date of onset, time before seeking medical
help, and date of cure were frequently not documented and
may be difficult to determine accurately. Where possible,
attempts were made to validate dates and number of physi-
cian visits or duration of hospitalization, but insufficient
resources were available to validate all data provided by
patients. A prospective study, performed at the time of an
outbreak of this disease, would be useful to more accurate-
ly determine the cost of treatment.

The early diagnosis and implementation of effective,
definitive treatment would greatly reduce both the illness
and economic impact from M. ulcerans infection. Education
of medical practitioners and the public is required. If com-
munity awareness of this disease is increased, patients will
seek treatment earlier. Educating medical practitioners
about the clinical features of this disease and its recent geo-
graphic spread are essential for early diagnosis and appro-
priate treatment to be promptly implemented. Since this
disease is very appropriate for nursing assistance at home,
hospitalization costs can be drastically reduced by imple-
menting this method of treatment after surgery. Early and
definitive treatment would also substantially reduce the time
missed from work and the associated cost.

The role of medication directed against mycobacteria,
heat therapy, and other therapies reported as helpful by
individual patients requires investigation. An alternative to
the extensive surgery currently required by most patients
would greatly reduce the illness and cost of this disease.
Recently, much progress has been made in detecting these
bacteria in the environment and in rapidly diagnosing
lesions (11,12).

M. ulcerans is of increasing public health concern
worldwide. In African countries, treatment costs for one
case far exceed the governmental health spending per capi-
ta (13). The increasing numbers of cases in many countries,
the increasing number of countries affected, and the sub-
stantial disability and loss of income that result from this
disease underscore the need for continuing research into
rapid diagnostic methods and cost-effective treatments.
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Distribution of Bovine Spongiform
Encephalopathy in Greater Kudu
(Tragelaphus strepsiceros)

Andrew A. Cunningham,* James K. Kirkwood,*! Michael Dawson,t2 Yvonne |. Spencer,T
Robert B. Green,T and Gerald A.H. Wellst

Of all the species exposed naturally to the bovine
spongiform encephalopathy (BSE) agent, the greater kudu
(Tragelaphus strepsiceros), a nondomesticated bovine
from Africa, appears to be the most susceptible to the dis-
ease. We present the results of mouse bioassay studies to
show that, contrary to findings in cattle with BSE in which
the tissue distribution of infectivity is the most limited
recorded for any of the transmissible spongiform
encephalopathies (TSE), infectivity in greater kudu with
BSE is distributed in as wide a range of tissues as occurs
in any TSE. BSE agent was also detected in skin, conjunc-
tiva, and salivary gland, tissues in which infectivity has not
previously been reported in any naturally occurring TSE.
The distribution of infectivity in greater kudu with BSE sug-
gests possible routes for transmission of the disease and
highlights the need for further research into the distribution
of TSE infectious agents in other host species.

To date, 13 species of zoo animal have been confirmed
as having died with a novel scrapie-like spongiform
encephalopathy (SE) concurrent with the bovine spongi-
form encephalopathy (BSE) epidemic (Table 1). The dis-
ease is thought, in some, if not all, of these species, to be
caused by infection with the BSE agent. In addition, natu-
ral infection with BSE has been reported in five species of
primate in French zoos (11), but these results are consid-
ered equivocal for the confirmation of a spongiform
encephalopathy (12, G.A.H. Wells, unpub. data). BSE was
diagnosed in six of eight greater kudu (Tragelaphus strep-
siceros), a member of the family Bovidae, subfamily
Bovinae, that died at the London Zoo from 1989 through
1992 (2,13,14). The epidemiology of this disease in greater
kudu is consistent with either a particularly high suscepti-
bility to infection, the occurrence of direct animal-to-ani-
mal transmission of the disease, or with a combination of

*Institute of Zoology, Regent’s Park, London, United Kingdom; and
TVeterinary Laboratories Agency, Addlestone, Surrey, United
Kingdom
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these factors (2,14,15). To investigate further the biology
of BSE in greater kudu, the distribution of the infectious
agent in greater kudu with BSE was determined by using
the mouse bioassay method.

Materials and Methods

Tissues

Tissues from four greater kudu that died with spongi-
form encephalopathy were tested for infectivity by bioas-
say in C57BI-J6 mice (Table 2). The epidemiologic,
clinical, and pathologic findings of the disease in the kudu
have been described in detail previously (2,14-16), and a
summary of the relevant details is given in Table 3. Tissues
for bioassay were collected principally from kudu A1212;
each sample was collected in a sterile container by using
new disposable instruments and gloves to prevent cross
contamination between tissues. As TSE infectivity has
been demonstrated previously by bioassay in tissues pre-
served in formalin and paraffin wax (13,17,18), tissue
samples obtained opportunistically after routine post-
mortem examinations of three additional kudu (A664,
A666, and A1221) were also tested for infectivity by using
mouse bioassay. Samples collected from kudu AG666,
A1212, and A1221 were stored in separate, sterile contain-
ers and were either frozen at —20°C or fixed in neutral
buffered 10% formalin. Non-neural tissues from kudu
A664 were fixed in neutral buffered 10% formalin in a
common container. The brain from this animal was the last
organ removed at necropsy and was fixed in 10% formol
saline in a separate container.

Previously, infectivity had been detected in formalin-
fixed brain tissue from kudu A664 by bioassay using five

1Present affiliation is Universities Federation for Animal Welfare,
Wheathampstead, Hertfordshire, UK.

2Present affiliation is National Scrapie Plan Administration Centre,
Worcester, UK.
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Table 1. Species of zoo animal with confirmed novel spongiform
encephalopathy acquired contemporaneously with epidemic of
bovine spongiform encephalopathy in domestic cattle®

Species No. of cases  Reference
Bovidae
Nyala, Tragelaphus angasi 1 1
Greater kudu, Tragelaphus 6 2
strepsiceros
Gemsbok, Oryx gazella 1 1
Arabian oryx, Oryx leucoryx 1 3
Scimitar-horned oryx, Oryx 1 2
dammah
Eland, Taurotragus oryx 6 2,4
American bison, Bison bison 1 5
Felidae
Cheetah, Acinonyx jubatus 10° 2,5-8
Puma, Felis concolor 3 2,9
Ocelot, Felis pardalis 3 4,5
Tiger, Panthera tigris 3 5
Lion, Panthera leo 4 4,5
Asian golden cat, Catopuma 1° 10

temminckii

°Animals were bom and cases occurred in Great Britain unless stated otherwise.

® The initial case of transmissible spongiform encephalopathy in a cheetah
occurred in Australia, one case in the Republic of Ireland, and three cases
in France; all animals were born in Britain except the most recently reported
case in France.

‘Reported from Australia, born in Germany, and kept for a period in the
Netherlands (10).

inbred mouse strains, with similar incubation periods and
lesion profiles to those demonstrated for the BSE agent
from domestic cattle with BSE (13). Bioassay of brain
from kudu A664 was not repeated in the current study, but
a positive control sample of fresh brain tissue from clini-
cally affected kudu A1212 was tested.

Bioassay

The tissues injected into mice for BSE-bioassay are list-
ed in Table 2. Most of the tissue homogenates were pre-
pared from thawed samples of fresh tissues frozen at
—20°C. Tissue homogenates prepared from formalin-fixed
tissues were rinsed overnight in running water to leach out
the fixative, while formalin-fixed, paraffin-embedded tis-
sues were dewaxed in chloroform (two changes) and
washed in several changes of absolute alcohol before being
rehydrated by immersion in a series of aqueous solutions
of descending concentrations of alcohol, through to 100%
water. Material for each tissue homogenate was dissected
from the center of each tissue sample by using single-use
disposable instruments and rigorous sterile procedures.
Each sample was homogenized in 10% physiologic saline
to make a 10% wt/vol suspension, which was then passed
through a gauze filter. To tissue homogenates containing
distal ileum or feces, ampicillin was added at the rate of
1.25 mg/mL.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 10, No. 6, June 2004
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For each tissue homogenate, 20 C57BI-J6 mice (4-7
weeks old) were each injected by the intracranial route
(0.02 mL) and by the intraperitoneal route (0.10 mL).
Single tissue or pooled tissue samples were prepared and
injected into C57BI-J6 mice for a standard qualitative
assay of infectivity (13,19).

Mice injected with different tissue or tissue-pool
homogenates were housed in separate cages. Injected mice
were coded, and detailed clinical monitoring of the mice
was carried out by using a standard protocol. The clinical
endpoint was determined when mice either showed clear
signs of neurologic disease (20) or other deterioration of
health. Surviving mice were killed 950 days after injection.
Postmortem confirmation of disease in mice was routinely
carried out by histopathologic examination of the brain for
morphologic changes of spongiform encephalopathy.

After the histopathologic assessment of mice, immuno-
histochemical examination (IHC) for evidence of spongi-
form encephalopathy disease-specific PrP (PrPsc) was
performed on the brains of all mice in selected tissue
groups. The groups were mice in which either a low num-
ber were positive, testing was inconclusive on histopatho-
logic assessment, or the results indicated a novel or
anomalous distribution of the agent in kudu compared to
that in other TSE. Additional groups of interest (skeletal
muscle, endometrium, and mammary gland), which were
negative on the histopathologic examination of mouse
brains, were also examined by IHC. Immunohistochemical
detection of PrPSc was introduced to the standard protocol
to improve specificity and sensitivity of detecting BSE
transmission to mice (21,22) and interpret inconclusive
histopathologic results (23). For control purposes, the
brains from mice that had been injected with pathological-
ly affected cranial thoracic spinal cord from kudu A1212
were also immunostained. Brains from normal mice that
were not injected with infected tissues were similarly
examined to provide negative controls.

The immunohistochemical method used was essential-
ly that applied previously to cattle central nervous system
tissues (24) and adapted for use in mouse brain tissue.
Anti-bovine PrPSc serum (971) was used at 1/8,000 and
1/16,000 dilutions in an avidin-biotin-peroxidase (ABC)
complex technique. Transmission was defined by
histopathologic evidence of spongiform encephalopathy,
or, where applied, immunohistochemical presence of
disease-specific PrP (PrPsc) in the brains of the mice.

Results

The results of the bioassay of tissues are given in Table 2.
Based on the histopathologic examination of mouse brains,
15 of the 32 tissue homogenates were positive. The nine
histopathologically positive groups examined immunohis-
tochemically were confirmed positive by this method with
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Table 2. Bioassay results for greater kudu tissues injected into C57BI-J6 mice

Positive Mean survival period post ~ Survival period
Kudu identification no. Tissue® injected mice/total’ injection (days) + SD° range (d)°
A1212 Rostral cerebrum 13/20 595+84 428-745
Cranial thoracic spinal cord 19/20° 557+121 413-821
Lumbar spinal cord 15/19 521+69 432-634
Spleen 3/11° 819+41 773-851
Retropharyngeal lymph node 6/11° 78477 691-921
Popliteal lymph node 0/20° N/A° N/A
Visceral lymph nodes (pool) 14/18 622+114 448-860
Submandibular lymph node 0/20° N/A N/A
Distal ileum 11/20 547+98 426-718
Lung 1/14° N/A 746
Kidney 0/18 N/A N/A
Caruncular endometrium 0/20° N/A N/A
Ovary 0/20 N/A N/A
Mammary gland 0/20° N/A N/A
Submandibular salivary gland 117 N/A 599
Conjunctiva 1/16° N/A 659
Nasal mucosa 0/20 N/A N/A
Skeletal muscle 0/19° N/A N/A
(biceps brachii + vastus lateralis)
Skin (flank) 2/18° 713+22 697-728
Feces 0/11 N/A N/A
Serum 0/19 N/A N/A
A664 Spleen (P) 1/8° N/A 929
Visceral lymph nodes (pool) (P) 6/15° 843+113 649-952
Lung (P) 0/20 N/A N/A
Kidney (P) 0/20 N/A N/A
Skeletal muscle (P) 0/19 N/A N/A
A1221 Brainstem 10/18 634+62 541-762
Kidney 0/20 N/A N/A
Skeletal muscle (vastus lateralis) (F) 0/19 N/A N/A
A1221 + A666 (pool) Spleen (pool) 0/20 N/A N/A
Visceral lymph nodes (pool) 10/18 700+108 455-851
Lung (pool) (F) 0/19 N/A N/A

“Tissues not prepared fresh are suffixed: (F), fixed, (P), paraffin wax embedded.

°"Number of mice positive/number of mice surviving when the first mouse was confirmed positive by histopathologic or immunochemical examination. The

denominator for negative groups is the number of mice examined.

‘Survival periods of positive mice determined positive either by histopathologic or immunohistochemical examination results.

Mice examined by PrP* immunohistochemical examinations.
‘N/A, not applicable.

marginal improved sensitivity of detection (2—3 more mice
positive) in only three groups. For nine of the positive tis-
sue homogenates, prepared from fresh central nervous,
lymphoreticular, or distal ileum tissue, the proportion of
positive mice (>40%) indicated moderate or high levels of
spongiform encephalopathy infectivity. The remaining six
positive groups (Table 2) had low proportions of positive
mice (6%—27%), indicative of relatively low titres or only
traces of infectivity. Low numbers (1-2) of histopatholog-
ically inconclusive mice in five tissue homogenate groups,
which included two groups (A1212, popliteal and sub-
mandibular lymph nodes) that contained no histopatholog-
ically positive mice, were resolved almost exclusively as
negative when examined using immunohistochemistry.
The one exception was an inconclusive mouse in A1212
retropharyngeal lymph node group, which proved
immunohistochemically positive.

Discussion

Fifteen of the 32 kudu tissue homogenates transmitted
BSE to mice. The positive result for brain tissue from kudu
A1221 confirms the diagnosis of subclinical spongiform
encephalopathy in this animal (15) and is the first to
demonstrate transmission from a subclinical natural case
of spongiform encephalopathy in a bovine species. Also,
this report is the first of infectivity in the ileum from a field
case of spongiform encephalopathy other than scrapie in
sheep.

Apparently low titers or only traces of infectivity were
detected in spleen, lung, submandibular salivary gland,
conjunctiva, and skin. In bioassays of TSE infectivity, the
possibility that trace levels of infectivity in tissues may
represent postmortem or laboratory contamination of unin-
fected tissues with infected material has to be considered.
Such an explanation is unlikely in the present study for the
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Table 3. Details of spongiform encephalopathy—positive greater kudu used for mouse inoculation studies

Age at

Kudu ref no. death (mo)  Sex Brief history Basis of diagnosis

A664 30 F Born at London Zoo. Died after progressive Histopathologic examination of brain and
neurologic disease of approximately 72 hours. experimental transmission to mice
Examined postmortem on the same day.

AB66 37 M Born at London Zoo. Killed after progressive Histopathologic, SAF, and PrP*
neurologic disease of approximately 24 hours. immunocytochemical examinations of the
Examined postmortem on the same day. brain and spinal cord®

A1221 18 M Born at London Zoo. Killed for management Histopathologic, SAF, and PrP*
reasons as a clinically healthy animal and immunocytochemical examinations of the
immediately examined postmortem. brain and spinal cord

A1212 39 F Born in Britain, moved to London Zoo at 12 months Histopathologic and SAF examinations of

of age. Killed following progressive neurologic

the brain

disease lasting approximately 1 month and
immediately examined postmortem.

“SAF. scrapie-associated fibrils; PrP*, transmissible spongiform encephalopathy disease-specific form of the PrP protein.

following reasons. Many of the tissues which contained
only traces of infectivity were taken from kudu A1212, an
animal from which tissues were collected by using rigor-
ous sterile procedures to prevent cross-contamination, and
no pattern between the order of tissue sampling and the
bioassay results from this animal suggests a sequence of
tissue contamination. A low incidence of disease in the
mice or failure to detect infectivity from tissues previous-
ly fixed or processed to paraffin wax may be attributable to
a reduced titer of infectivity, which can occur as a result of
such treatments. The wide range of survival periods for
positive mice in these assays (Table 2) is similar to those
seen when brain tissue from confirmed cases of BSE in
domestic cattle was injected into C57BI-J6 mice of the
same source as used in the current study (G.A.H. Wells and
M. Dawson, unpub. data). These results contrast with those
from a previous study (13) in which 20 of 21 C57BI mice
were positive for spongiform encephalopathy after injec-
tion of formalin-fixed brain from the index case of TSE in
greater kudu (kudu A664), with a mean incubation period
of 465+14 days (M. Bruce, pers. comm.). We conclude that
the low incidence of positive mice in certain tissue groups
is due to a lower titer of infectious agent within these tis-
sues when compared with the CNS or ileum.

The distribution of BSE infectivity in tissues of greater
kudu contrasts with that in tissues of BSE-infected cattle
(24,25) but is more like the distribution found in genetical-
ly susceptible sheep infected with scrapie or experimental
BSE (26-28). In field cases of cattle with BSE, infectivity
has been found only in the CNS (25), but in cattle experi-
mentally challenged orally with the agent of BSE, ileum
and bone marrow have also been shown to contain infec-
tivity (21,24,29). In classical studies of scrapie in sheep
and goats, infectivity was detected in the nervous and lym-
phoreticular systems, placenta, adrenal gland, nasal
mucosa, lung, pancreas, liver, bone marrow, thymus, and
alimentary tract, although most of the non-neural, non-
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lymphoreticular peripheral tissues contained only low
titers of agent (30,31).

The finding of infectivity in kudu skin, conjunctiva, and
submandibular salivary gland was unexpected as these tis-
sues have not been previously shown to be infective in
scrapie, BSE, or any naturally occurring TSE. Nonetheless,
infectivity has been found previously in salivary glands of
mice after injection of infected tissues with a high titer of
scrapie agent (32) and of mink injected with the transmissi-
ble mink encephalopathy agent (33). In experimentally-
induced transmissible mink encephalopathy, low
concentrations of agent occurred in liver, kidney, intestine,
and salivary gland only after replication in the CNS and in
some lymphoreticular tissues (33). The inconsistent obser-
vation of low levels or traces of infection in certain non-
neural and non-lymphoreticular tissues is in general a
feature of both natural and experimental TSE. Given the
relative paucity of data on the tissue distribution of infectiv-
ity in TSEs, the finding of infection in any given tissue
should probably not be regarded as surprising. The infectiv-
ity of