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Brazilian VVaccinia Viruses
and Their Origins

Giliane S. Trindade,** Ginny L. Emerson,* Darin S. Carroll,* Erna G. Kroon,T and Inger K. Damon*

Although the World Health Organization (WHO) de-
clared global smallpox eradicated in 1980, concerns over
emergent poxvirus infections have increased. Most poxvirus
infections are zoonotic; exploring their genetic diversity will
illuminate the genetic and evolutionary aspects of poxvirus
infections, ecology, and epidemiology. In recent decades,
several strains of the orthopoxvirus vaccinia virus (VACV)
have been isolated throughout Brazil, including genetically
distinct isolates within the same outbreak. To further investi-
gate the diversity and origins of these viruses, we analyzed
molecular data from 8 Brazilian VACV isolates and com-
pared several genes involved in virus structure and patho-
genicity. Genetic variation among isolates suggests that an-
cestral Brazilian VACVs existed before the beginning of the
WHO smallpox eradication vaccination campaigns and that
these viruses continue to circulate.

n 1980, the World Health Organization (WHO), after a
massive vaccination program, announced the eradication
of smallpox, the contagious and deadly disease caused by
variola virus (VARV). This program used live vaccinia vi-
rus (VACV), a virus from the same genus, Orthopoxvirus,
which shares a high degree of immunologic cross-reactiv-
ity with VARV. Recent reports of cowpox virus (CPXV)
infections in Europe, monkeypox virus (MPXV) outbreaks
in Africa and the United States, and the surprising emer-
gence of VACV in Brazil highlight the need for continued
research into the ecology, epidemiology, origin, and evolu-
tion of these viruses (1).
The known history of VACV species imported to Bra-
zil dates back to 1804, when human vaccine arrived at a
port in Bahia State on the arms of slaves returning to Bra-
zil from Lisbon, Portugal (2) (Figure 1). From Bahia State
the slaves were sent south to Rio de Janeiro State, possibly
passing the vaccine to local people as they made their way

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA; and fFederal University of Minas Gerais, Belo Horizonte,
Minas Gerais, Brazil
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through the region. Indeed, from 1804 to 1887, the Brazilian
population (including slaves and other people living in the
countryside) was vaccinated in this manner, arm to arm. In
some cities, vaccination was obligatory, beginning in 1832.
In 1887, the first animal vaccine produced in calves was
imported in flasks to the vaccine institute in Rio de Janeiro
(now Oswaldo Cruz Institute) from the Chambon Institute
in Paris, France (2). The vaccine was then distributed to
other states across Brazil, including Minas Gerais, Espirito
Santo, Sao Paulo, Mato Grosso, Rio Grande do Sul, and
Pernambuco (2). During this time, between 1887 and 1895,
vaccine institutes were established in these states (2).

Published accounts of Brazilian vaccinia-like viruses
isolated from sentinel mice and recent outbreaks on dairy
farms affecting cattle and their handlers suggest the once-
emergent disease has now become endemic (4-13). We com-
bined historical information and published data to develop
insights into the possible origin(s) of the Brazilian VACV
(BRZ-VACV) now established in Brazil. Our goal was to
determine whether BRZ-VACYV represents an escaped vac-
cine strain, an autochthonous orthopoxvirus, or both.

Methods

We examined the sequence diversity of 8 geographi-
cally and temporally variable BRZ-VACV isolates. We
compared molecular sequence data from 3 genes and a
variable region of the poxvirus genome (Table 1) among
BRZ-VACYV isolates, available vaccine strains related to
those used during the eradication campaign in Brazil, and
other VACVs isolated from domestic animals (including
endemic buffalopox virus in India [15-17] and horsepox
virus [HSPV] from Asia [18]).

Sequences were collected from GenBank (Tables 1
and 2). Some isolates had limited sequence data for the
4 genes examined. Although all 4 genes are not available
from Lister (BI9R gene is not present in the Lister ge-

These authors contributed equally to this work.
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Figure 1. Timeline of events regarding the introduction and
circulation of orthopoxviruses in Brazil (2,3). Double slashes
indicate a gap in the timeline.

nome), the Lister isolate was included because of its im-
portance in the history of vaccination in Brazil (3,6). Se-
quences from 3 genes were manually aligned and trimmed
to include only the regions available for all isolates (VACV-
COP A56R 161210-162095, E3L 51465-50929, B19R
178242-179173). Nucleotide identities were calculated by
using BioEdit (www.mbio.ncsu.edu/bioedit/bioedit.html)
(online Technical Appendix, available from www.cdc.
gov/EID/content/13/7/965-Techapp.pdf). PAUP* version 4
(Sinauer Associates; Sunderland, MA, USA) and MrBayes
3.1 (http://mrbayes.csit.fsu.edu) were used to analyze a ma-
trix of the 3 concatenated genes (19,20). Parsimony analysis
was performed on 1,000 random addition replicates. Ap-
propriate models of sequence evolution were determined
by Modeltest (21) with the Akaike information criterion
(22,23). The identified model was then applied to maximum
likelihood and Bayesian analyses. In MrBayes, the Markov
chain Monte Carlo searches explored 4 chains for 1 mil-
lion generations, sampling every 100 generations. Sample
points during the first 50,000 generations were discarded as
burn-in, before which the chain reached stationarity (fixed
condition). To account for any considerable rate variation
between genes, a second Bayesian analysis was run wherein
each gene was partitioned and allowed to vary indepen-

dently (MrBayes command: prset ratepr = variable). DNA
sequence data for the fourth coding region, rpol32-ATI-
p4c-A27 (A-type inclusion body gene), were not included
in the phylogenetic analysis; however, published digestion
profiles from relevant strains were compared.

Results

The resultant phylogenetic tree (Figure 2A) depicts
several highly supported clusters including monophyletic
VACV, MPXYV, VARY, and camelpox virus (CMLV) assem-
blages. VARV and CMLYV isolates are depicted as sister taxa
with high support. Brazilian isolates fall into 2 well-sup-
ported monophyletic groups. Group 1 comprises Aragatuba
virus (ARAV), Cantagalo virus (CTGV), Guarani P2 virus
(GP2V), and Passatempo virus (PSTV); group 2 comprises
GP1V, Belo Horizonte virus (VBH), BeAn 58058 virus
(BAV), SPAn232 virus (SAV), and VACV-Western Reserve
(WR). Results of all analyses—parsimony, maximum like-
lihood, and Bayesian analysis (data not shown)—all gener-
ated 2 distinct Brazilian clades and indicated a close rela-
tionship between group 2 and VACV-WR. Neither group
of BRZ-VACV was directly linked with VACV-Oswaldo
Cruz Institute (IOC) or VACV-Lister in any analysis. Both
BRZ-VACV groups are represented by 4 isolates each.
VACV-Acambis3000 and VACV-modified vaccinia Ankara
(MVA) group together with high support (98, Figure 2A),
which reflects their derivation from vaccinia isolate An-
kara (both are virus isolates of MVA). Isolates with known
origins from Dryvax (Wyeth Laboratories, Marietta, PA,
USA) (VACV-3737, -Acambis3, -Acambis2000, -DUKE)
did not group together consistently. This could be a result
of numerous passages, the history of Dryvax as a nonclonal
vaccine strain, or both.

Genetic comparisons of the analyzed VACV strains can
be seen in the online Technical Appendix. For BRZ-VACV
at all 3 loci, the highest identity values occurred within

Table 1. Single gene sequences of Vaccinia viruses included in this study

Gene and GenBank accession no.*

Strain, isolate (abbreviation) A56R B19R E3L Rpol132-ATI-p4c-A27L
BeAn 58058 virus (BAV) DQ206442 AF261890 DQ194388 NA
SpAn232 virus (SAV) AF261890 DQ194384 DQ194387 NA
Belo Horizonte (VBH) DQ206435 DQ194383 DQ194390 AF501620
Guarani P1 virus (GP1V) DQ206436 DQ194380 DQ194385 DQ363383
Guarani P2 virus (GP2V) DQ206437 DQ194381 DQ194386 NA
Aragatuba virus (ARAV) AY523994 DQ194382 DQ194389 NA
Passatempo virus (PSTV) DQO070848 DQ530239 DQ530240 NA
Cantagalo virus (CTGV) AF229247 AY500815 AY771338 NA
Malbran virus (VACV-Malbran) AY146624 NA NA NA
Vaccinia virus-Oswaldo Cruz Institute (VACV-IOC) AF229248 AY500816 DQO070236 NA
BFL-3906 AF375077 NA NA NA
BFL-81 AF375078 NA NA NA
Wyeth 799051 Not included NA NA

*Reference: Vaccinia Copenhagen. A56R, viral hemagglutinin; B19R, soluble alpha/beta interferon [IFN] receptor; E3L, dsRNA-binding protein; rpo132-
ATI-p4c-A27L, a region that codes for the major protein of the A-type inclusion body (14); NA, not available.
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Table 2. Complete virus genome sequences of orthopoxviruses

Brazilian Vaccinia Viruses and Their Origins

Species

Strain, isolate (abbreviation)

GenBank accession no.

Vaccinia virus

Horsepox virus
Rabbitpox virus
Cowpox virus

Variola virus

Monkeypox virus

Ectromelia virus
Camelpox virus

3737 (VACV-3737)
Acambis 3000 (VACV-Acambis 3000)
Acambis 2000 (VACV-Acambis 2000)

Acambis 3 (VACV-Acambis 3)
Vaccinia DUKE (VACV-DUKE)
Lister (VACV-LIS)

Tian Tan (VACV-TianTan)
Western Reserve (VACV-WR)
Modified Vaccinia Ankara (VACV-MVA)
Copenhagen (VACV-COP)
HPXV MNR-76 (HPXV)
Utrecht (RPXV-UTR)
Brighton Red (CPXV-BR)
GRI-90 (CPXV-GRI)
Bangladesh-1975 (VARV-BSH 75)
Garcia-1966 (VARV-GAR)
India-1967 (VARV-IND)
Congo_2003_ (MPX-RCG 2003)
Liberia_1970_184 (MPXV-LIB 1970)
USA_2003_039 (MPXV-USA 2003 039)
WRAIR7-61 (MPXV-61 WR)
Zaire_1979-005 (MPXV-ZAI 1979)
Zaire-96-1-16 (MPXV-ZAI 1996)
Moscow (ECTV-MOS)

CMS (CMLV-CMS)

M-96 (CMLV-M96)

DQ377945
AY603355
AY313847
AY313848
DQ439815
AY678276
AY678275
AY243312
U94848
M35027
DQ792504
AY484669
AF482758
X94355
L22579
X76266
X69198
DQO011154
DQO011156
DQO011157
AY603973
DQO11155
AF380138
AF012825
AY009089

AF438165

each phylogenetic group. The E3L sequence of PSTV is
the only exception. The PSTV E3L sequence is identical to
those of GP1 and WR and showed the next highest identity
level with the VBH sequence. This finding may indicate re-
combination in this portion of the genome between isolates
from these 2 groups. Additional genomic data and analysis
are needed.

The sequence diversity of the orthopoxvirus hemag-
glutinin (HA) gene has made it a potential marker for mo-
lecular diagnostics and phylogenetics (24). In particular,
an 18-nt deletion within the gene has been proposed as an
identifier of BRZ-VACYV strains (8,11,25). A recent article
describes 2 approaches for identifying BRZ-VACV-like
isolates (25), both of which rely on presence of the 18-nt
deletion. Figure 3 shows that while some Brazilian strains
(ARAV, CTGYV, GP2V, PSTV) share this deletion, others
(SAV, BAV, GP1V and VBH) do not and would not be
detected by these methods. Within the variably deleted re-
gion (Figure 3, amino acids 245-255), VACV isolates can
be grouped into 4 types; Brazilian isolates fall into 2 of
these. Rabbitpox virus from Utrecht has a unique deletion
of only 2 residues (254, 255); VACV-3737 and VACV-Mal-
bran share a 5—amino acid deletion (245-249). The VACV-
3737 isolate was “plaque-purified from a vaccinia lesion
following vaccination with Dryvax” (GenBank,accession
no. DQ377945); VACV Malbran was used in vaccination
programs in Argentina between 1937 and 1970 (27). GP1V

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 13, No. 7, July 2007

and VBH share the same amino acid sequence (ADLY-
DTYNDND; 245-255), identical to that of VACV-WR,
VACV-Lister, and several other strains. The remaining
isolates from Brazil share the familiar deletion of 6 amino
acids (250-255) described previously. This deletion is also
present in the VACV-IOC vaccine isolate (absent in Lister
and VACV-WR). The variation in this region demonstrates
that the deletion itself is not representative of all Brazilian
isolates and therefore is not useful as an identifier of Brazil-
ian VACV.

This same deletion has been recognized as a possible
shared derived trait between VAVC-IOC and BRZ-VACV.
Although this scenario is indeed possible for the CTGV-
like BRZ-VACYV of group 1, those isolates of group 2 are
unlikely to be derived from the IOC vaccine strain because
this strain does not carry the insertion. Furthermore, an-
other variable gap occurs in this region of HA among iso-
lates derived from VACV-Lister and Dryvax (New York
City Board of Health [NYCBH]). Some clones present the
deletion; others do not. The sequence can be found directly
adjacent upstream of the variable deletion of the group 1
Brazilian isolates (Figure 3). Perhaps this region is nones-
sential and able to easily withstand such variation without
detrimental effects on the utility of the HA protein or the
fitness of the virus. Regardless, this deletion clearly cannot
be relied upon to identify isolates directly related to Lister
or NYCBH strains. A single shared deletion is only 1 char-
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Figure 2. A) Strict consensus of the 6 most parsimonious trees
derived from Orthopoxvirus species on the basis of B19R, E3L, and
A56R sequences and rooted with ectromelia virus from Moscow
(ECTV-MOS). Bootstrap values based on 100 bootstrap replicates
of 10 random addition replicates each are shown at each node
where the value was >50%. Black rectangles represent the 18-nt
deletion shared by group 1 Brazilian vaccinia virus (BRZ-VACV) and
VACV-Institute Oswaldo Cruz (IOC) and where it maps on the tree.
Open rectangles represent the 3 digestion profiles (P1, P2, and P3)
of the rpo132-ATl-p4c-A27L region assigned at each appropriate
node. Blue, branches of group 1; red, branches of group 2; orange,
isolation of VACV-Guarani P1 (GP1) and VACV-GP2 at adjacent
farms in the same area. Colors correspond to information presented
in panel B. B) Map of Brazil showing states and ecological biomes.
Collection sites are represented by numbers that refer to Brazilian
isolates and their respective years of isolation. Map used with
permission from Instituto Brasileiro de Geografia e Estatistica. GO,
Goias; SP, Sao Paulo; MG, Minas Gerais. See Table 2 for other
definitions.
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acter toward determining phylogenetic relatedness among
strains. If smallpox vaccines are not clones but rather pools
of virions that vary at the molecular level, assuming relat-
edness based on a single molecular variation is even more
difficult. Our phylogenetic analyses of 302 informative
characters, including variation across the HA gene, does
not indicate a close relationship between VACV-IOC and
BRZ-VACV. The consensus tree (Figure 2A) depicts the
IOC vaccine strain in an unresolved basal polytomy within
the vaccinia cluster and is thus inconclusive as to the relat-
edness of VACV-IOC and BRZ-VACV.

Finally, published data indicate a large amount of vari-
ability in the region that includes the A-type inclusion body
gene of the BRZ-VACYV isolates (5,9,11-13). Figure 3B
illustrates the arrangement of open reading frames in this
region (rpol32-ATI-p4c-A27L) for CPXV Brighton Red,
VACV Copenhagen, VACV-WR, and BRZ-VACV. The
formation of A-type inclusion bodies is restricted to cells
infected with CPXV, ectromelia virus, and raccoonpox
virus. The C-terminus of the gene encoding the ATI pro-
tein is highly conserved among orthopoxviruses because
it overlaps with the C-terminus of the RNA polymerase
(132) coding region (9,13). However, the region between
this conserved sequence and the N-terminus of the P4c pre-
cursor shows considerable variation among orthopoxvirus
strains (26). Deletions and nucleotide changes generate
variable coding regions and distinguishable digest patterns
in this portion of the genome. Three profiles of this region
have been discerned among BRZ-VACYV; 2 are differentiat-
ed by distinct digestion patterns (6,7,11,13). The third state
is the near complete absence of the A26L gene except for
the last 112 nt (9,13). According to da Fonseca et al., SAV,
a Brazilian VACV isolate, shows an A26L digestion pro-
file identical to that of the VACV-WR strain (profile 1) (6).
ARAYV, PSTV, and GP2V show a digestion profile compat-
ible with but not identical to that of the SAV, VACV-WR,
and Lister strains (profile 2) (7,11,13). In BAV, VBH, and
GP1V, a major portion of the A26L gene is missing (profile
3)(5,9,13). The open reading frame is small and is probably
not expressed, although this has not been verified by North-
ern or Western blot. Damaso and colleagues demonstrated
that A26L is present in CTGV; however, the digestion pro-
file has not been established. Western blot analysis detected
a 94-kDa protein typical of VACV-WR and VACV-IOC
(8). These 3 profiles correspond to 3 clades recovered in
the phylogenetic tree (Figure 2A). These findings consti-
tute a major distinction between CTGV (also SAV, ARAYV,
PSTV, and GP2V, which exhibit profiles 1 and 2) and the
other Brazilian isolates BAV, VBH, and GP1V (profile 3).
Furthermore, the unusual deletion presented by BAV, VBH,
and GP1V is remarkably different from the corresponding
regions of VACV-IOC, -WR, and -Lister, strains implicated
in the release of VACYV in Brazil.
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Figure 3. A) Partial amino acid alignment of A56R vaccinia virus Copenhagen (VACV-COP). Sequences were retrieved from GenBank
and aligned using the BioEdit program (www.mbio.ncsu.edu/bioedit/bioedit.html). VACV-COP (M35027, 161908-161957) is used as the
reference sequence; International Union of Pure and Applied Chemistry symbols, amino acids; dots, residues identical to the reference
sequence; dashes, gaps created by the alignment; gold box surrounds the 18-nt deletion once proposed as a Brazilian (BRZ)-VACV
molecular identifier. RPXV-UTR, rabbitpox virus-Utrecht; HSPV, horsepox virus; MVA, modified vaccinia Ankara; LIVP, Liverpool; BFL,
buffalopox; BAV, BeAn 58058 virus; SAV, SpAn232 virus; VBH, Belo Horizonte virus; GP, Guarani; ARAV, Aragatuba virus; CTGV, Cantagalo
virus; PSTV, Passatempo virus; 10C, Institute Oswaldo Cruz. B) Depiction of the rpol132-ATI-p4c-A27 region in cowpox virus Brighton
Red (CPXV-BR) and VACYV strains. Positions of primers RNApol, ATI-low, ATl-up, and P4c1 are illustrated. These primers have been used
for the molecular diagnosis of Brazilian (BRZ)-VACV (5,26). The 300-bp fragment amplified by primers RNApol and P4c1 from GP1V and
VBH was sequenced by Trindade et al. (9,13). Sequence outside this region is unknown. ATI-f is used to designate coding regions that
resemble fragments of the wild-type (CPXV-BR) ATl gene. The gap in VACV-COP lies within the A26L gene. *This gene is often referred
to as ATI due to its original description. However, the coding region is actually a fusion of the C-terminus of ATI and the N-terminus of
P4c where the sequence in between has been deleted. The gene is currently identified by the Poxviridae Bioinformatics Resource (http://
athena.bioc.uvic.ca/database.php?db=poxviridae) as belonging to the P4c precursor family. TWestern Reserve is presumed similar in

structure to SpAn232 virus, GP2V, ARAV, and PSTV due to similar restriction fragment length polymorphism results (6,7,11,13).

Discussion

Although eradication had been achieved in Europe by
1953 and in Central and North America by 1951, Brazil
did not conduct a nationwide vaccination campaign during
the 1950s. However, Brazilian people in cities and towns
were vaccinated when outbreaks were reported by local
authorities (2,3). Not until 1962 did Brazil, working with
the Pan American Health Organization, launch a national
campaign against smallpox (3). The intensified global
WHO program prompted a renewed national program in
Brazil in 1966. Fenner et al. (3) present a sample question-
naire that the smallpox eradication unit circulated in 1967
to all vaccine producers in countries accessible to WHO.
In Brazil, this included 4 laboratories in different regions:
the IOC, the Butantan Institute in Sdo Paulo, the Institute
for Biological Research in Porto Alegre, and an institute in
the town of Recife, Pernambuco State (3). Records iden-
tify the seed strains used at these institutes to be “Paris,”
Lister, and “Lederle” (28). “Paris” appears to be a reference
to the original animal vaccine imported from the Chambon
Institute in 1887. The Institute for Biological Research in
Porto Alegre received from London the Lister strain, which
was originally developed at the Lister Institute, England.
Recife and Butantan both indicated use of a strain obtained
from Wyeth’s Lederle Laboratory in the United States. The
NYCBH strain was the source of Lederle and forerunner
of Dryvax, the live vaccine maintained in the United States
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since the 1970s, and the research vaccine strain VACV-WR
(3). These records confirm information that “Paris,” Lister,
and NYCBH were used in Brazil between 1968 and 1971
(2,3). It has been suggested that VACV-WR was used as a
vaccine in Brazil as well; however, such use is now thought
to be unlikely (6,7). The strain was derived by serial pas-
sage in mice infected intracranially and selected for neural
virulence to mimic encephalitis, a rare side effect of the
vaccine in humans (29,30). When available vaccine sup-
plies dropped to critical levels in 1970, Brazil requested
and received reserve vaccine from Argentina at least once
(3). The Malbran strain was used in vaccination programs
in Argentina until 1970, after which the Lister strain was
adopted following WHO recommendations (2,3,27). Vac-
cine production at the Butantan Institute converted to the
Lister strain late in 1970 (3), and Butantan became the of-
ficial distributor for Brazil. Therefore, at least 4 strains of
vaccine might have been distributed within Brazil during
the WHO eradication campaign.

Discovery of Brazilian VACV lIsolates

Since the 1960s, orthopoxviruses have been repeatedly
isolated in Brazil and identified as VACV by classical im-
munologic, virologic, and molecular methods (4-13,26). In
1963, BAV was isolated from the blood of a rice rat (Ory-
zomys sp.) captured near the edge of a deforested area bor-
dered by Amazon rain forest (Figure 2B) (4,5). This virus
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is among the first orthopoxviruses naturally isolated from
a wild rodent in Brazil (4,5). In the 1960s and 1970s, the
Brazilian government and the Institute Adolfo Lutz con-
ducted surveillance of arboviral activity in forested areas
around the city of Sdo Paulo, in the southeastern region of
the country. During that investigation, a poxvirus was re-
peatedly isolated from sentinel mice and called Cotia virus
(31). A sample of Cotia, SAV, was sent to the virus labora-
tory in Minas Gerais State. The specimen was plaque puri-
fied in duplicate, and a vaccinialike virus was isolated (6).
Samples of Cotia have been studied elsewhere, and inde-
pendent characterizations of the virus have been contradic-
tory (32-34). These contradictory findings suggest that the
material provided in the original sample(s) contained >1
virus, leading to conflicting reports of behavior and sero-
logic relationships. We continue to refer to this sample as
SPAn232 with reference to de Souza Lopes et al. (31) and
da Fonseca et al. (6) to distinguish it from other isolates
described previously.

In 1998, VBH was isolated from frozen clinical sam-
ples collected from mice during a mousepox-like outbreak
in the animal facility of the Biological Institute of the
University of Minas Gerais State in 1993 (Figure 2B) (9).
Exanthematous outbreaks affecting dairy cattle and their
handlers were reported in Brazil in 1999. Two new VACV
strains, ARAV and CTGYV, were isolated from sick cows
in distinct geographic locations of the southeast region of
the country (Figure 2C) (7,8). Since then, an increasing
number of similar zoonotic outbreaks have been reported
in different countryside areas of Brazil, particularly the
southeast and southwest (Figure 2A, B) (10,12). In 2001,
GP1V and GP2V were isolated from infected cows from
adjacent farms near the area where CTGV had been found.
Despite their coincident locale, the 2 new isolates constitute
distinctly different VACV isolates (Figure 2A, C) (13). In
2003, PSTV was also isolated from cows in Minas Gerais

State during a subsequent bovine vaccinia outbreak (Figure
2C; Table 3 [11]). Isolates from group 1, similar to CTGV,
have been collected more often than those from group 2
(10,25), which could reflect greater fitness, prevalence, or
virulence associated with group 1; however, any explana-
tion is speculative. The difference might eventually be at-
tributed to an as-yet unidentified sampling bias.

Isolates have been obtained from 3 of 6 Brazilian bi-
ome types (Figure 2B). Most have been collected in the
Atlantic Forest region, where much of the forest has been
cleared for dairy farms and coffee and sugar cane planta-
tions (35). Reported human cases are typically in dairy
workers, but SAV was isolated from a sentinel mouse
placed within the Cotia Forest, Sdo Paulo State (6), and
BAV was obtained from a wild-caught rodent (Oryzomys)
in northern Brazil. These occurrences, combined with the
genetically similar isolates from the southern portion of the
country (2,500 km away), indicate the potential circulation
of viral strains throughout Brazil and perhaps other regions
of South America. Moreover, some of these genetically di-
vergent strains have a sympatric distribution, as illustrated
by the isolation of GP1V (group 2) and GP2V (group 1)
from adjacent farms (13). Sequencing of the more rapidly
evolving inverted terminal repeats of the genome would
help clarify the relationship between BRZ-VACV and its
hosts. The near-terminal regions of the genome contain
most genes involved in host interaction (14) and may il-
luminate ways in which the host may have shaped the virus
evolution. No data are available regarding host variation,
epidemiology, or evidence of clinical manifestations that
can distinguish between the 2 genetic BRZ-VACV groups
depicted in the phylogenetic analyses.

Potential Origins of Brazilian VACV
The possibility that the BRZ-VACYV isolates originated
from the spread of a smallpox vaccine strain, particularly

Table 3. Brazilian Vaccinia viruses and vaccine strains used in Brazil*

Year of
Virus isolation Source Place of isolation and biome Reference
VACV-LIS 1870 Prussian soldier Vaccine Institute, Cologne, Germany 3)
VACV-WR 1876 NYCBH strain New York City Department of Health Laboratory 3)
SAVt 1961 Rodent, sentinel mice S&o Paulo State, Atlantic tropical rainforest, Brazil (6)
BAV 1963 Rodent, Oryzomys sp. Para State, Amazon tropical rainforest, Brazil (4,5)
VBH 1998 Rodent, BALB-c mice Minas Gerais State, Cerrado woodland/savanna, Brazil 9)
ARAV 1999 Cow Sao Paulo State, Cerrado woodland/savanna Brazil ©)
CTGV 1999 Cow Rio de Janeiro State, Atlantic tropical rainforest, Brazil (8)
GP1V 2001 Cow Minas Gerais State, Atlantic tropical rainforest, Brazil (13)
GP2V 2001 Cow Minas Gerais State, Atlantic tropical rainforest (13)
PSTV 2003 Cow Minas Gerais State, Atlantic tropical rainforest, Brazil (11)
VACV-10C NDT Probable Paris strain ND (3,8)

*VACV, vaccinia virus; LIS, Lister; WR, Western Reserve; NYCBH, New York City Board of Health; SAV, SpAn232 virus; BAV, BeAn 58058 virus; VBH,
Belo Horizonte virus; ARAV, Aragatuba virus; CTGV, Cantagalo virus; GP, Guarani virus; PSTV, Passatempo virus; IOC, Oswaldo Cruz Institute; ND, not

determined.

1This virus was studied by the viral laboratory in Minas Gerais State in 1979 and cloned in Vero cells during the 1990s (4). It was originally collected and
referred to as Cotia virus, which was repeatedly isolated throughout the 1960s and 1970s by the Adolfo Lutz Institute in Brazil (33).
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VACV-10C and VACV-Lister, has been proposed (4,6,8).
A deletion in HA supports this hypothesis; but the larger
portion of evidence, the phylogenetic analysis, does not.
Available data offer no solid support for these proposed
sources as the origin of BRZ-VACV. The VACV-IOC vac-
cine should be further examined to determine whether it
contains virions without the 18-nt HA deletion. Historical
records raise the possibility that strains currently circulating
in Brazil were established from the original (first known)
introduction of VACV to the region by the slave trade in
the early part of the 19th century, by the introduction of
the animal-cultivated vaccine in the latter part of the 19th
century, or subsequently by the wave of VACV introduc-
tion brought through the smallpox eradication program in
the mid 20th century. If BRZ-VACV was introduced from
the Old World, multiple introductions from essentially the
same source region (Europe) over ~167 years (from at least
1804 to 1971, when vaccination in Brazil ceased) (2,3,36)
could be responsible for the observed diversity of BRZ-
VACV. Because the source of the naturally occurring iso-
lates of Brazil may well be the same as that of the vaccine
strains, the history of this viral species will be difficult to
tease apart without direct sampling of naturally occurring
isolates from Europe, particularly England, Germany, and
France, where vaccine strains used worldwide are thought
to have originated.

Vaccine escape has been hypothesized to account for
other VACYV isolated from domestic animals, including en-
demic buffalopox in India and HSPV (MNR-76) in Mon-
golia (15-18). A limited comparison between the Brazil-
ian sequences and HSPV did not produce a monophyletic
group, which makes it unlikely that they are derived from
a very recent common ancestor such as one of the com-
mon vaccine strains developed in the past century. HSPV
currently has the only complete genome available for com-
parison from a naturally occurring isolate. As the initial
phylogenetic analysis of this sample suggests, we may find
potential sources, such as group | of the BRZ-VACYV, for
vaccine strains circulating in various parts of the globe.
Better sampling of naturally occurring VACV will be es-
sential for determining the existence of indigenous VACV
in Brazil.

The existence of 2 distinct groups of BRZ-VACV is
clear. Their origins and how they are related remain unde-
termined. When more data become available, the 2 Brazil-
ian groups may be found to be more closely related than
illustrated by the tree in Figure 2. No epidemiologic data or
clinical manifestations that differentiate isolates from the 2
groups have been reported. Epidemiologic data from recent
and current zoonotic outbreaks could help elucidate what
the genomic diversity implies. The data do establish a clear
connection between group 2 (SAV, BAV, GP1V, and VBH)
and NYCBH. VACV-WR is strictly a laboratory strain and
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has never been used as a vaccine (29,30). Complete ge-
nome sequencing of BRZ-VACYV isolates and a sampling of
clones from the original seed sample of NYCBH would be
a dramatic step toward discerning the relationship between
them. What differentiates the 2 lineages—history, ecology
or recognizable phenotype—should be further investigat-
ed. The circulation of multiple variants across overlapping
regions raises the possibility of recombination among vari-
ants, which may complicate the evolutionary history of
BRZ-VACV.

The certification of global eradication of smallpox was
an unprecedented event in human history. However, even
now, the origins of VACV in nature and as a vaccine remain
a mystery (3). During the smallpox eradication campaign,
the dogma held that vaccine strains could not survive in
nature and that wild-type vaccinia virus was extinct, yet
VACY clearly persist today in Brazil and other parts of the
world. If these isolates constitute a recently established
zoonotic disease, they present a unique opportunity for un-
derstanding how molecular changes, such as recombination
or other mutations, allow for the adaptation of poxviruses
to new hosts and ecologic pressures.
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Large Water Management
Projects and Schistosomiasis
Control, Dongting Lake Region, China

Yue-Sheng Li,*t Giovanna Raso, T} Zheng-Yuan Zhao,*§ Yong-Kang He,* Magda K. Ellis,¥
and Donald P. McManusT

Construction of the Three Gorges Dam across the
Yangtze River will substantially change the ecology of the
Dongting Lake in southern China. In addition, the Chinese
Central and Hunan Provinces’ governmental authorities
have instigated a Return Land to Lake Program that will
extend the Dongting Lake surface area from the current
2,681 km? to 4,350 km2.The previous construction of em-
bankments and the large silt deposits made by the Yangtze
River and other connecting rivers have contributed to fre-
qguent disastrous flooding. As a consequence of the 2 water
projects, >2 million persons and their domestic animals are
being resettled. This article provides an overview of the his-
torical background of these 2 large water management proj-
ects, the associated population movement, and their impact
on future transmission and control of schistosomiasis in the
Dongting Lake area. The dam will likely substantially extend
the range of the snail habitats and increase schistosome
transmission and schistosomiasis cases.

ver a period of 2,200 years, until 1911, the Yangtze

River has flooded 214 times, an average of 1 flood
every 10 years. In the past century, 5 such floods have
been severe. With the development of the Yangtze Basin,
the economic cost of such flooding has also increased sub-
stantially. Controlling the flow of the Yangtze through the
Three Gorges area would substantially reduce the danger
of flooding in the lower plains regions and thus amelio-
rate economic losses. The construction of the giant Three
Gorges Dam was first proposed in 1919, but construction
did not begin until 1994. The entire Three Gorges project

*Hunan Institute of Parasitic Diseases, Yueyang, People’s Re-
public of China; tQueensland Institute of Medical Research, Bris-
bane, Queensland, Australia; $University of Queensland, Brisbane,
Queensland, Australia; and §Central South University, Changsha,
People’s Republic of China
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will be completed in 2009, and the dam’s generated power
is expected to supply =10% of the electricity needs of the
People’s Republic of China. After completion, the dam will
be 2,300 m long and 185 m high, and the resulting 600-km-
long reservoir created by the dam will inundate 115,000
acres of cultivated land. Hundreds of villages and countless
historical relics and archeological and cultural sites will be
submerged; ~1.4 million persons will be resettled from this
area (1-3). The construction of the dam will change the
distribution of water and sand downstream from the dam
and thus will have a strong effect on ecologic systems such
as Dongting Lake in Hunan Province (Figure 1).

Dongting Lake is located at 28°30-30°20" N and
111°40'-113°40" E in the northeastern part of Hunan Prov-
ince and covers a water surface area of 2,681 km? (3). The
heavily populated Dongting Lake basin is one of China’s
leading rice-producing regions; it is also known for its
production of cotton and fish. Dongting Lake was China’s
largest lake during the Han dynasty. The rich sediment of
the marshland attracted farmers, and several embankments

SICHUAN
HUBEI

; - S Three Gorges
hree Gorges Reservoir '\ pam
Yichan - Yangtze River _
Chongglin, ;

r_/\,—f"b

GUIZHOU

200 Kilometers

Figure 1. Location of the Three Gorges Dam and Reservoir across
the Yangtze River and Return Land to Lake Program in the Dongting
Lake region, Hunan Province, China.
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were built to keep out the Yangtze River and to gain more
farmland. Unfortunately, silting of mud and sand in the
lake, in addition to the anthropogenic environmental trans-
formations in the lowland areas, reduced the lake area and
its storage capacity and caused rapid deterioration of the
lake’s flood diversion and flood storage functions. This di-
minishing capacity increased the occurrence of flood disas-
ters, mainly because of the rupture of embankments. Until
1998, the lake had 228 embankments and was surrounded
by a farmland area of 0.34 million ha. After a disastrous
flood in 1998 (Figure 2A, B), which led to 3,656 deaths,
made 378,000 persons homeless, and resulted in an eco-
nomic loss of US $737 million, the State Council of the
People’s Republic of China formulated a policy, the Return
Land to Lake Program, to prevent flooding. This program
envisioned returning cultured lands into lake areas and in-
cluded removing embankments and relocating residents
from schistosomiasis-endemic areas to newly established
towns. As a direct result, the Hunan government initiated
a huge 4-year environmental project. The project involves
moving 815,000 inhabitants of the Dongting Lake area in-
land and will result in the loss of >900,000 ha of farmland.
Today, almost 90% of this project is completed (4,5).

As a consequence of these 2 huge water management
projects, >2 million people and their domestic animals are
being resettled. Large population movements are associ-
ated with extreme vulnerability to disease, especially due
to malnutrition and lack of access to clean water and appro-
priate sanitation. Furthermore, officials are concerned that
these water management projects will increase the trans-
mission of schistosomiasis (2,6,7).

Schistosomiasis in Dongting Lake Area

Schistosomiasis japonica is a zoonotic parasitic dis-
ease caused by the trematode blood fluke Schistosoma ja-
ponicum, whose life cycle includes an amphibious fresh-
water snail, Oncomelania hupensis hupensis. The infection
is transmitted by cercariae released by the snails and is con-
tracted percutaneously by humans and other mammalian
hosts, notably water buffaloes, when they are exposed to
infested water. Schistosomiasis is a serious disease, which
may become chronic, and remains a major health risk for
the estimated >50 million persons living in the tropical and
subtropical zones of China (7).

Archaeological studies have shown that schistosomia-
sis japonica has been endemic in the Dongting Lake region
for thousands of years (8,9). In 1956, schistosomiasis was
prevalent in 5 prefectures, 24 counties, and 14 state farms
in the region; a total of 1 million persons and >300,000
domestic animals were infected with S. japonicum, and the
total area of Oncomelania intermediate snail host habitats
in the lake region was 3,795 km?. After nearly half a cen-
tury of control efforts, schistosomiasis is still endemic in 34
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Figure 2. A) Submerged township houses in the Dongting Lake
area due to the flood of 1998. B) An inundated rural area in 1998.

counties, and 6.12 million people are at risk for infection
around Dongting Lake (Figure 3). Nearly 20% buffaloes
were infected, and 200,000 active human cases were re-
ported in 2003 (10). In the Dongting Lake region, schisto-
somiasis japonica particularly affects certain occupational
groups, notably, farmers and fishermen, thus having sub-
stantial effects on the local economy and agricultural de-
velopment of the area (11).

The continued concerted efforts to control schisto-
somiasis in China have reduced the initial peak estimates
of human prevalences by >90%, and the national schis-
tosomiasis control program for China is recognized as
one of the most successful worldwide (6,12,13). Despite
these remarkable achievements, schistosomiasis remains
endemic in major foci in the marsh and lake regions of
southern China, which cover a vast area of 5 provinces (Ji-
angsu, Anhui, Hubei, Jiangxi, and Hunan) and 2 mountain-
ous regions (Sichuan and Yunnan) (7). Current estimates
suggest that 843,007 humans and 74,000 bovines are in-
fected (7,14). High-risk areas occur particularly around
the Dongting and Poyang Lakes in the middle and lower
reaches of the Yangtze River. Infected persons within
these areas account for 86% of the total number of per-
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Figure 3. Hunan Province in 2002, showing that schistosomiasis
is mainly confined to the area surrounding Dongting Lake. Areas
in beige are classified as endemic for schistosomiasis. Areas in
light green have fulfilled the transmission control criteria and are
characterized by schistosomiasis infection rates <1% for humans
and animals and a snail habitat reduction of >98%. Areas in dark
green have fulfilled the criterion of interrupted transmission, which
means that no new human or animal schistosomiasis cases occurred
in successive years, and no snails were found for >1 year.

sons infected in the whole of China (15). Recent data from
Sichuan Province suggest that schistosomiasis is reemerg-
ing in arcas where the disease had been eliminated (16).
With regard to the Dongting and Poyang Lakes, human
reinfection with S. japonicum remains unacceptably high.
Annually, up to 14% of patients who receive treatment are
likely to become reinfected (11,17).

Water Management Projects and
Schistosomiasis Transmission

As illustrated in a recent systematic review by Stein-
mann and colleagues, the development of water resources
and their management can have increase schistosomiasis
transmission (18). The meta-analysis, based on African
studies, showed a risk ratio of 2.4 and 2.6 for urinary schis-
tosomiasis (caused by S. hematobium) and intestinal schis-
tosomiasis (caused by S. mansoni), respectively, among
persons living adjacent to dam reservoirs. The analyses
also showed that persons living near land that had been ir-
rigated for agricultural use had an estimated risk ratio of
1.1 for urinary schistosomiasis and an estimated risk ratio
of 4.7 for intestinal schistosomiasis. Furthermore, the same
group estimated that 8.76 million Chinese persons live in
irrigated, schistosome-endemic areas and that 9.97 million
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Chinese persons live in areas that are at high risk because
of dam construction; however, they were unable to identify
studies that assessed the effect of water resources develop-
ment and management on schistosomiasis and called for
additional screening of the Chinese literature (18).

To our knowledge, no published studies have yet ac-
tually measured the effect of the Three Gorges Dam on
the transmission of schistosomiasis in the Dongting Lake
region or in other water systems that connect with the
600-km-long reservoir resulting from the dam construc-
tion. However, several studies have used observed data on
humans, animals, and snails in the region and knowledge
gained from epidemiologic studies to predict the effect of
ecologic changes on schistosomiasis transmission before
and after construction of the dam. For example, sand and
soil upstream of the dam are predicted to be deposited as silt
in the Three Gorges reservoir (17,19), substantially reduc-
ing sand and soil downstream of the dam. Thus, one of the
beneficial effects of the construction of the Three Gorges
Dam would be an 85% reduction of yearly deposited sand
and soil in Dongting Lake 50 years after closure. However,
owing to less accumulation of silt deposits, a part of the
marshland covered with reeds would degenerate into grass
beaches or reed-grass beaches, which might increase snail
breeding areas and potential for transmission of S. japoni-
cum. In addition, the predictive models show that after 50
years, the sand and soil deposited in the Three Gorges res-
ervoir would slowly discharge downstream, which might
become a challenging problem for Dongting Lake in the
future (20). Thus, the Three Gorges Dam will likely sub-
stantially extend the range of the snail habitats and increase
schistosome transmission and the number of new schisto-
somiasis cases. Models inferred that when the dam is com-
pleted, the water level in Dongting Lake could increase by
0.06—1.5 m from January to May and decrease by 1.6-2.0
m from November to December. In the years soon after
dam construction, the water level would not affect the dis-
tribution of snails. However, human and animal exposure
to infested water can be expected to increase because the
lake water would recede 3—7 days earlier than in previous
years, and 17-25 days earlier than during drought periods
(20). However, schistosomiasis surveillance and control
cannot rely solely on such predictive models because the
accuracy might be questionable; undertaking studies that
measure the effect of the dam on S. japonicum transmission
dynamics and schistosomiasis is thus of vital importance.

In some areas where snails were eliminated through
the construction of embankments, snail habitats have re-
appeared with the implementation of the Return Land to
Lake Program flood prevention policy, which includes the
removal of embankments. In fact, the lake embankments
not only prevent flooding and increase land for cultivation
but also minimize snail habitats inside the embankment.
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Preventing floods would automatically prevent Oncome-
lania snails from spreading throughout the lake region
through breaking embankments. Such a spread of Onco-
melania snails was documented in 5 villages when 1 year
after the flood of 1996, antischistosomiasis workers vis-
ited a damaged embankment located in Huarong County,
eastern Dongting Lake, and found that snails had spread to
farmland areas (21) (Figure 4). The aforementioned con-
cerns are confirmed by a study conducted in 41 villages
distributed across different water systems of the Dongting
Lake region (5). As shown in Figure 5, Cai and colleagues
(5) showed that the Return Land to Lake Program had a
negative effect on the Oncomelania snail distribution in 3
of the 6 investigated water systems. The authors estimated
a >5-fold increase (from 0.2 km? to 1.8 km?) of the snail
areas due to the implementation of the program in the 6 in-
vestigated water systems of the Dongting Lake region (5).
Overall, the area where the flood prevention policy is being
implemented is as large as 6,670 km? and it is estimated
that snails will recolonize #90% of the area from which
they were eliminated in the past. The current snail habitat
areas will likely double in the coming 35 years in the lake
regions of China (22). Notably, marsh restoration is also
under way in southern Iraq (23), with potential for substan-
tial resurgence in S. hematobium transmission.

As a direct result of the Return Land to Lake Program,
thousands of farmers and fishermen and their domestic
animals are being resettled inland from the Dongting Lake
coastal areas. Most of these migrants will be engaged in
daily activities such as agriculture, fishing, and reed cut-
ting and will unavoidably have contact with water infested
with schistosome cercariae. A recent drug-based interven-
tion study showed that water buffaloes are the major host
reservoir for transmission of S. japonicum to humans in the
lake region of China and account for ~80% of transmis-
sion; the highest numbers of eggs were released into the
environment by young buffaloes <1 year of age (24). The
use of domesticated buffaloes as working animals by farm-
ers will continue to provide reservoirs for S. japonicum.
Schistosome infections due to occupational exposure may
therefore reemerge in areas where schistosomiasis was pre-
viously reduced or eliminated, while compliance for diag-
nostic testing and treatment in Dongting Lake communities
can be low (25,26). A recent longitudinal study that looked
at schistosomiasis prevalences over 9 years (1997-2006)
among mobile populations in Jicheng and Qingshanhu
villages in the Dongting Lake region confirms these con-
cerns (Figure 6). Jicheng and Qingshanhu are located in
areas where the Return Land to Lake Program has been
implemented; these 2 locations were occupied over time
by migrants who pursued their economic activities, includ-
ing fishing and animal farming. As a result, the prevalence
of schistosomiasis increased steadily among the migrants
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Figure 4. Influence of flooding in 1996 on the Oncomelania snail
distribution in 5 villages (data from [21]).

and their animals. In Jicheng, persons remained engaged in
fishing and animal farming during the whole study period,
whereas in Qingshanhu, persons switched to industrial fish
cultivation after 2001. Fish cultivation is a protective factor;
thus, schistosomiasis prevalence decreased among these
migrants, whereas in Jicheng, the prevalence of the disease
continued to increase. Another study (Y.-K. He, unpub.
data) on Dongting Lake showed that after persons were re-
located from disease-endemic areas to 27 disease-endemic
or -nonendemic villages, disease prevalence substantially
increased in the former (Figure 7). Schistosomiasis preva-
lence decreased as the distance between the villages and
Dongting Lake increased. Furthermore, schistosomiasis
was again endemic in villages where it had previously
been successfully eliminated. Another study showed that
people who had been relocated from the Dongting Lake
to hilly areas were at a decreased risk for infection with
S. japonicum (28). On the other hand, migrants from dis-
ease-nonendemic areas, or areas where schistosomiasis was
controlled, who are relocated to endemic areas will be at a
high risk for infection because of limited natural immunity
(i.e., persons never exposed to schistosomiasis) or dimin-
ished immunity (i.e., persons formerly exposed). Official

1.2x107
| O Situation before Retum Land to Lake Program

1x 107 B Situation after Return Land to Lake Program
E gx108]
8
£ |
S Bx10%
&= {
]
5 4x10%

2x 108 J

Yangtze Songli  Ouchi River Western  Southern  Provincial Total
River Stream Dongting  Dongting
Lake Lake
Water system

Figure 5. Influence of the Return Land to Lake Program on
Oncomelania snail habitats in 6 different water systems in the
Dongting Lake region (data from [5]).
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statistics indicate that 5 new rural communities have been
built around Dongting Lake for >2,000 migrants relocated
from the schistosomiasis-nonendemic areas upstream of
the Three Gorges Dam area at Chongqing (Figure 1). These
migrants will likely be at high risk for S. japonicum infec-
tion if they contact infested water.

Future Control Strategies and Research Priorities

China’s rapid economic development has resulted in
the decentralization and market orientation of the health
system (29,30). Unfortunately, treatment and prevention of
schistosomiasis, which was receiving policy and program-
matic advantages such as the provision of free medication
and prevention, will undoubtedly be affected in terms of
both efficiency and equity (29,30). Although the Chinese
population has some awareness of schistosomiasis and its
health effects, a considerable proportion of persons have
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Figure 7. Schistosoma japonicum prevalences before and after
migration due to the implementation of the Return Land to Lake
Program in the Dongting Lake region.
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no knowledge of preventive measures or are unwilling to
pay for treatment (31). The health system currently in place
may not satisfactorily meet the distinct needs of the chang-
ing population in the Dongting Lake area; the situation may
be further exacerbated by the large population movements
that are currently taking place. Studies are therefore needed
that assess and quantify demographic, environmental, and
socioeconomic changes on health outcomes in connection
with the relocation of the 2 large migrant populations as-
sociated with the Three Gorges Dam project and the Re-
turn Land to Lake Program. Findings from these studies
would enable the Chinese authorities to estimate and locate
the actual population at risk and thus help with the strate-
gic planning of future control efforts. Furthermore, health
education will have to play a leading role in the control
of schistosomiasis, especially in those communities with
little or no prior knowledge of prevention and control or
of drug treatment and other control strategies. School- and
community-based health education that builds on persons’

A

Figure 8. A) Mollusciciding with niclosamide for the control
of Oncomelania snails in marshland between Dongting Lake
and an embankment. B) Environmental modification to control
Oncomelania breeding sites through canalization of water streams
in Hunan Province.
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preexisting knowledge and perceptions has a strong poten-
tial for raising knowledge and awareness of schistosomia-
sis (32,33).

In conclusion, integrated schistosomiasis control can
be seen as a realistic target in the Dongting Lake region
through strengthening of the schistosomiasis surveillance
system already in place, which includes the monitoring of
potential snail habitats, animal host reservoirs, and human
cases. This monitoring is of central importance because
with the implementation of the Return Land to Lake Pro-
gram, local schistosomiasis endemicity might change (4).
Current tools for controlling schistosomiasis may have to be
combined or strengthened and strategies adapted according
to social and environmental factors. Such strategies could
include the following: improved access to treatment and
preventive measures, health education, focal molluscicid-
ing (Figure 8A), environmental modification (Figure 8B),
and improvement of sanitation and water-supply systems
through the efforts of intersectorial collaboration and local
economic development.
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Thottapalayam Virus, a Prototype
Shrewborne Hantavirus

Jin-Won Song,* Luck Ju Baek,* Connie S. Schmaljohn,t and Richard Yanagiharat

Thottapalayam virus (TPMV) has been placed in the
genus Hantavirus of the family Bunyaviridae by virtue of
its morphologic features and overall genetic similarities to
well-characterized rodentborne hantaviruses. This virus has
been isolated from the Asian house shrew (Suncus muri-
nus); however, whether TPMV is naturally harbored by an
insectivore host or represents spillover from a rodent res-
ervoir host is unknown. Our analysis of published and un-
published data on the experimental host range, genetics,
and molecular phylogeny of TPMV supports coevolution of
TPMV with its nonrodent reservoir host. Future studies on
the epizootiology of TPMV and investigations of new shrew-
borne hantaviruses will provide additional insights into the
evolutionary origin of hantaviruses in their rodent and insec-
tivore reservoir hosts. Such investigations may also provide
clues about determinants of hantavirus pathogenicity and
virulence.

iruses in the genus Hantavirus, similar to other mem-

bers of the family Bunyaviridae, have a negative-
sense, single-stranded RNA genome in 3 segments desig-
nated large (L), medium (M), and small (S), which encode
an RNA-dependent RNA polymerase, envelope glycopro-
teins (Gn, Ge) and nucleocapsid (N) protein, respectively
(1,2). Each viral genomic segment has the identical 3'-ter-
minal sequence of AUCAUCAUCUG, which is unique to
hantaviruses (3). However, unlike the >200 other members
in this virus family, most of which have arthropod vectors,
each genetically distinct hantavirus is harbored by 1 or a
few closely related rodent species with which it appears
to have coevolved (4,5). Hantaan virus (HTNV) shares a
multimillennium relationship with the striped field mouse
(Apodemus agrarius), Dobrava virus (DOBV) with the yel-
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Manoa, Honolulu, Hawaii, USA
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low-necked field mouse (Apodemus flavicollis), Seoul virus
(SEOV) with the Norway rat (Rattus norvegicus), Thailand
virus (THAIV) with the bandicoot rat (Bandicota indica),
Puumala virus (PUUV) with the bank vole (Myodes glareo-
lus, formerly Clethrionomys glareolus), Tula virus (TULV)
with the European common vole (Microtus arvalis), Pros-
pect Hill virus (PHV) with the meadow vole (M. pennsyl-
vanicus), and Sin Nombre virus (SNV) with the deer mouse
(Peromyscus maniculatus).

Many other rodent-hantavirus associations are known,
including the recent discovery of a hantavirus in the Afri-
can wood mouse (Hylomyscus simus) (6). Until recently,
the 1 exception that did not have a confirmed rodent asso-
ciation has been Thottapalayam virus (TPMV), which was
isolated from an Asian house shrew or musk shrew (Sun-
cus murinus) captured in 1964 during a survey for Japa-
nese encephalitis virus in southern India (7). TPMV has
been classified as a hantavirus by virtue of its ultrastruc-
tural features (8) and overall genetic similarities with well-
characterized rodentborne hantaviruses (9,10). Although
isolation of TPMV predates that of all other hantaviruses,
including prototype HTNYV, little is known about its biol-
ogy and genetics. Whether TPMYV is naturally harbored by
the Asian house shrew or represents recent spillover from
a rodent reservoir host is unknown. We present previously
unpublished data on experimental TPMYV infection in small
laboratory animals. We also summarize information on the
antigenic and phylogenetic relationships between TPMV
and rodentborne hantaviruses that may cause hemorrhagic
fever with renal syndrome (HFRS) (11) or hantavirus pul-
monary syndrome (HPS) (12).

TPMYV Infection in Cell Culture

Shortly after TPMV was isolated, in vitro studies in-
volving primary cultures of guinea pig embryonic kidney,
lung, and heart cells supported replication of this virus (13).
Although mild cytopathic effect was observed in these cell
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cultures, the kinetics of TPMV replication was not vigor-
ously studied. Recent adaptation of the VRC-66412 strain
of TPMYV to the E6 clone of Vero cells (CRL 1586) showed
no cytopathic effect. At a multiplicity of infection of 0.1,
intracytoplasmic, virus-specific granular fluorescence ap-
peared somewhat later in Vero E6 cells infected with TPMV
than in those cells infected with HTNV or PUUV. Strains
of HTNV isolated from striped field mice and strains of
SEOV from Norway rats produce large plaques (6 mm
diameter) on Vero-E6 cell monolayers stained 6 days af-
ter infection with neutral red. In contrast, the VRC-66412
strain of TPMV produces much smaller plaques (=1-1.5
mm diameter) by staining with neutral red. These plaques
are easily enumerated by immunohistochemical staining 12
days after infection.

Experimental TPMV Infection in
Laboratory Animals

In their primary rodent reservoir hosts, naturally oc-
curring and experimentally induced hantavirus infections
are subclinical and chronic (14-20). Experimental infec-
tion of striped field mice and bank voles with HTNV and
PUUYV, respectively, is characterized by transient viremia
and short-lived shedding of virus in oropharyngeal se-
cretions; prolonged excretion of virus in urine, feces, or
both; and virus persistence in tissues, particularly lung
(14,15,17-20). PUUV has been serially passaged only in
laboratory-bred bank voles (17,19,20), and strains Héllnds
and K27 of PUUV cause an asymptomatic persistent infec-
tion in Mongolian gerbils (21) and Syrian hamsters (22),
respectively. Horizontal intracage transmission has been
demonstrated for HTNV and PUUYV, but vertical transmis-
sion does not appear to occur (15,17,20,23). In infant mice
and rats experimentally infected with HTNV and SEOV,
respectively, fatal meningoencephalitis develops (24-27).
In contrast, mice and rats >14-21 days of age are gener-
ally resistant to experimental HTNV and SEOV infection
(26,27). Conversely, infant mice are resistant to experimen-
tal infection with PUUV (18,19), PHV (L.J. Baek, unpub.

Thottapalayam Hantavirus

data), and SNV, the prototype sigmodontine rodentborne
hantavirus that causes HPS (28).

To determine the host range of experimental TPMV
infection and to ascertain whether susceptibility of small
laboratory animals to disseminated TPMV infection is age-
dependent, we infected NIH Swiss mice and Mongolian
gerbils of different ages, as well as infant deer mice and
gray short-tailed opossums (Monodelphis domestica), by
the intracerebral route with 6,000 PFU of TPMV (Table 1).
Infant Swiss NIH mice, deer mice, and gerbils were equally
susceptible to fatal TPMV infection. Moreover, susceptibil-
ity to disseminated TPMYV infection in NIH Swiss mice and
gerbils was not age-dependent, as shown by lethal menin-
goencephalitis (characterized by hyperexcitability, ataxia,
limb paralysis, and seizures) in animals infected at 1-21
days of age. TPMV antigen was detected in cryostat-cut
sections of lung, brain, kidney, spleen, and liver of experi-
mentally infected, moribund NIH Swiss mice and gerbils
(Figure 1). Thus, unlike HTNV, SEOV, PUUYV, PHY, and
SNV, TPMV appears to have a much broader experimental
host range in small laboratory animals.

Studies now in progress on experimental TPMV in-
fection in laboratory-reared Asian house shrews should
provide information about virus carriage and shedding. In
addition, experimental demonstration of subclinical and
chronic TPMV infection in Asian house shrews would also
support the nonrodent reservoir host status.

Antigenic, Genetic, and Phylogenetic
Characterization

The antigenic relationship of TPMV with 31 other
hantavirus isolates has been investigated by ELISA and
cross plaque-reduction neutralization tests (PRNTs) by us-
ing antisera from experimentally infected animals (9). An-
tisera prepared against strains of HTNV, SEOV, THAILYV,
PUUYV, and PHV have 16-fold or lower ELISA titers to cell
culture-derived TPMV antigen than to homologous antigen
(9). ELISAs with monoclonal antibodies (MAbs) prepared
against HTNV showed that certain epitopes defined by Ge-

Table 1. Susceptibility of small laboratory animals of various ages to fatal Thottapalayam virus meningoencephalitis*

Host species Age at injection, d

lliness onset, d Mortality rate, %

Mus musculus 1
5
10
14
21
Meriones unguiculatus 1
5
11
16
Peromyscus maniculatus 4
Monodelphis domestica 30

100
100
88
94
67
100
100
80
100
11 100
— 0

N
ENDRo0ooo o~

*Animals of various ages were injected intracerebrally with 6,000 PFU of Thottapalayam virus strain VRC-66412 and examined daily for neurologic signs

and death.
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specific MAbs, but not Gn-specific MAbs, are conserved
among most hantaviruses, including TPMV (9,29). Simi-
larly, cross-immunoprecipitation of radionuclide-labeled
TPMV and HTNV proteins have shown conserved N and
Gc glycoprotein epitopes but not Gn epitopes (9). Of the
32 hantaviruses examined by PRNT, TPMV is the only vi-
rus that shows no cross-neutralization with any other han-
tavirus, i.e., none of the heterologous antisera neutralizes

Figure 1. Intracytoplasmic virus-specific fluorescence in brain
tissues of an 11-day-old Mongolian gerbil (A) and a 10-day-old
NIH Swiss mouse (B) injected intracerebrally with 6,000 PFU of
Thottapalayam virus (TPMV) strain VRC-66412 from serum of an
adult rat injected intramuscularly with TPMV (original magnification,
x400).

982

TPMYV, and the antiserum to TPMYV does not neutralize any
other hantavirus.

Apart from being antigenically distinct, TPMV also
appears to be the most genetically divergent member of the
Hantavirus genus. Full-length S-segment nucleotide and
deduced amino acid sequences have nearly the same calcu-
lated distances from all other hantaviruses, which suggests
an early evolutionary divergence (Table 2). Phylogenetic
analysis based on the N protein—encoding S segment, as
determined by the maximum parsimony and neighbor-join-
ing methods, supports this conclusion, in that TPMV is an
outgroup and all other hantaviruses segregate into clades,
which parallel the evolution of murid, arvicolid, and sig-
modontine rodents (Figure 2). Further elucidation of the
molecular phylogeny of TPMV has been hampered by the
lack of TPMV M- and L-segment sequence information.
After many failed attempts, the M- and L-genomic seg-
ments of TPMV have recently been fully sequenced (J.-W.
Song, R. Yanagihara, unpub. data). Full-genome analysis of
TPMV shows phylogenetic relationships with rodentborne
hantaviruses, which are congruent with those formed only
on the basis of the S segment.

TPMV as a Human Pathogen

Hantaviruses possess strikingly different degrees of
pathogenicity for humans. Many viruses, particularly those
harbored by arvicolid rodents, appear to be avirulent (such
as PHV) or have low pathogenic potential (such as TULV).
Among the HFRS- and HPS-causing pathogenic hantavi-
ruses, differential use of B-3 integrins as cellular receptors
on platelets and endothelial cells may account for vascular
leakage and hemorrhage associated with HFRS and HPS
(30,31). Preliminary studies indicate that TPMYV, like PHYV,
uses B-1 rather than -3 integrin (I.N. Gavrilovskaya, R.
Yanagihara, unpub. data), which suggests that TPMV is
nonpathogenic.

Immmunoglobulin G (IgG) against HTNV has been
detected in sera from persons in southern India (32,33), but
evidence for hantavirus disease in India is lacking. Never-
theless, because several species of Apodemus mice, includ-
ing the wood mouse (A. sylvaticus), are present in India,
the demonstrated seroreactivity to HTNV may represent
cross-reactivity with another Apodemus-borne hantavirus.
Alternatively, seroreactivity may indicate infection with a
nonrodentborne hantavirus, such as TPMV. Because Asian
house shrews are peridomestic, frequently living within or
in close proximity to human dwellings, TPMV infection
may occur in humans.

To begin to address this issue, researchers collected
serum specimens from 363 life-long residents of Mumbai,
India, during 1992 and 1993 as part of a study of retroviral
infections, and tested them for serologic evidence of TPMV
and SEOV infection by using the indirect immunofluores-
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Table 2. Comparison of full-length small-segment nucleotide and
amino acid sequences of hantaviruses with Thottapalayam virus*

Thottapalayam virus

Hantavirus (strain) 1,530 nt 436 aa
Hantaan (76-118) 47.9 47.1
Seoul (HR80-39) 40.8 45.7
Puumala (Sotkamo) 43.7 44.6
Prospect Hill (PH-1) 47.5 44.3
Sin Nombre (NMH10) 41.2 47.9
Andes (Chile 9717869) 44.2 47.2

*Values are percentage similarities. Distances were calculated using
PAUP version 3.1.1 (Sinauer Associates Inc., Sunderland, MA, USA).

cent antibody technique. A total of 12 (3.3%) serum samples
were reactive to TPMV (geometric mean titer 80.6), and 16
(4.4%) samples were reactive to SEOV (geometric mean
titer 103.1). Attempts to verify the specificity of this immu-
noreactivity by PRNT were unsuccessful (J.-W. Song, un-
pub. data). More recently, however, evidence suggestive of
TPMV infection was found in a Laotian immigrant with a
febrile illness by using a Western immunoblot analysis and
anewly developed ELISA. This ELISA used a recombinant
TPMV N antigen that contained an ES/G6 epitope captured
by MAb E5/G6 (29).

Future Research Directions and Perspective

Although the detection of viruses in insectivores has
been largely incidental or accidental, demonstration of
Borna disease virus in brain tissues of the bicolored white-
toothed shrew (Crocidura leucodon) (34) suggests that in-
sectivores may play a greater role in the ecology of zoo-
notic diseases than previously appreciated. The prototype
shrewborne hantavirus, TPMV, must be viewed within this
context. Although limited data do not indicate that TPMV
is a human pathogen, other shrewborne hantaviruses may
be pathogenic for humans. In this regard, no one had the
prescience to predict that hantaviruses harbored by sigmo-
dontine rodents would be etiologically associated with an
acute, rapidly progressive, frequently fatal respiratory ill-
ness in the Americas, now known as HPS. The realization
that rodentborne hantaviruses are capable of causing dis-
eases as clinically disparate as HFRS and HPS increases the
possibility that hantaviruses harbored by nonrodent hosts
may similarly cause a wide spectrum of febrile diseases
or be linked with a syndrome currently of unknown etiol-
ogy. Development of reagents directed toward insectivore
serum proteins would greatly increase the sensitivity and
specificity of serologic assays to ascertain antihantaviral
immunologic responses in shrews and result in improved
screening for new shrewborne hantaviruses.

Even in the absence of such reagents, several insec-
tivore species are already known to be prime candidates
for intensive investigations aimed at identifying new han-
taviruses and exploring their disease associations. As ex-
amples, hantavirus antigens have been previously detected
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in tissues of the Eurasian common shrew (Sorex araneus),
Eurasian water shrew (Neomys fodiens), and common mole
(Talpa europea) in the former Soviet Union (35,36), and
seroreactivity suggestive of hantavirus infection was found
in short-tailed shrew (Blarina brevicauda) in the United
States (37). In addition, hantaviruses isolated more than 2
decades ago from the greater white-toothed shrew (Croc-
idura russula) (38) and Chinese mole shrew (Anourosorex
squamipes) (38) in Sichuan Province, People’s Republic of
China, have been inadequately characterized. The probabil-
ity is high that >1 of these shrewborne hantaviruses may be
phylogenetically distinct.

Another approach to the targeted discovery of new
hantaviruses harbored by shrews relies on molecular phy-
logeny. By constructing phylogenetic trees based on mi-
tochondrial or nuclear gene DNA sequences, existence of
hantaviruses in the Korean field mouse (A. peninsulae) (39)
and the royal vole (Myodes regulus, formerly Eothenomys
regulus) (J.-W. Song, unpub. data) was correctly predicted.
When this predictive paradigm is applied to insectivores,

HTNV/76-118
SEOQOV/SR-11
DOBV/3970
BAYV

BCCV

97 ——————SNV/CC107
100

_:SNWCCM

66 SNV/NMH10

ELMCV/Rm-97
100 PUUV/IK27

96 PUUV/Sotkamo

PHV/PH1

70 TULV/T23
TPMV

100
64<|

100

0.05 nt substitutions/site

Figure 2. Phylogenetic relationship between Thottapalayam virus
(TPMV) and other hantaviruses based on the nucleotide sequences
of the full-length small (S) genomic segment, determined by using
the neighbor-joining method. Numbers at each node are bootstrap
probabilities (expressed as percentages) determined for 1,000
iterations. Branch lengths are proportional to number of nucleotide
substitutions per site. Sequences used for comparison were those
of Hantaan (HTNV/76-118, NC 005218), Seoul (SEOV/SR-11,
M34881), Dobrava (DOBV/3970, L41916), Bayou (BAYV, L36929),
Black Creek Canal (BCCV, L39949), Sin Nombre (SNV/CC107,
L33683; SNV/CC74, L33816; and SNV/NMH10, L25784), El
Moro Canyon (ELMCV/Rm-97, U11427), Puumala (PUUV/K27,
L08804 and PUUV/Sotkamo, NC 005224), Prospect Hill (PHV/
PH1, Z49098), and Tula (TULV/T23, Z30945) viruses. Strain
designations are unavailable for BAYV and BCCV. The full-length
S-segment sequence of TPMV has been deposited into GenBank
(accession no. AY526097).
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species of Crocidura and Sorex genera would be expected
to serve as reservoir hosts of hantaviruses because of their
close phylogenetic proximity to S. murinus (Figure 3). The
recent detection of a novel hantavirus in the Therese shrew
(Crocidura theresae) in Guinea (40) supports this conjec-
ture. In addition, aided by primers based on the complete
genome of TPMV, new hantaviruses have been found in 4
shrew species in the family Soricidae from Eurasia and the
Americas (J.-W. Song, R. Yanagihara, unpub. data, and S.
Arai, R. Yanagihara, unpub. data). These newly identified
shrewborne hantaviruses provide new knowledge about
the genetic diversity of hantaviruses as well as possible in-
sights into their evolutionary origin through host-switching
events.

Fundamental to the discovery and characterization of
new hantaviruses, whether harbored by insectivores or ro-
dents, is their relevance to human health. Because insecti-
vore populations are generally much smaller than rodent
populations, the probability of contact between humans
and most insectivore species (and their excretions) may be
too low for virus transmission. However, this probability is
true for most zoonotic microbes, which only rarely infect
humans. Thus, in the absence of disease outbreaks, zoo-
notic diseases frequently go unrecognized. In this regard,
HPS would have similarly gone undetected had cases not
clustered in time and space and had a closely knit group
of dedicated and astute healthcare workers not recognized

52 Apede agranius Korea

62

Myodas g
54 Myodes nifocanus
99 Myodes reguius
Myodes andersoni
T0 Myodas smithi
Microtus arvalis
Microlus
Microlus fortis
Rattus g
minutus
Crogidura fasiura 97-45 Korea
Crocidura lasiura Korea
Crocidura lasiura Korea
Crocidura lasiura Korea
Crocidura lasiura 04-39 Korea
Crocidura lasiura 05-10 Korea
Crocidura lasivra 04-3 Korea
Crocidura lasiura China
Crocidura lastura Russia
Crocidura kurodai Taiwan
- Crocidura Japan
| Crocidura dsinezumi Korea
Crocidura gansis Korea
Crocidura sibirica China
Crocidura

a7

Austria

100 Suncus murinus
Suncus muninus Japan

Nepal

Suncus

80 Sorex il Japan
——mq;&zmx minutus Russia
Sorex minutissimus Russia
Neomys fodiens Finland

Talpa

= 0.01 substitutions/site

Figure 3. Phylogenetic relationship between Suncus murinus
and other insectivores and rodents in a 401-nt cytochrome b
region of mitochondrial DNA determined by using the neighbor-
joining method. Numbers at each node are bootstrap probabilities
determined for 1,000 iterations. Members of the genus Crocidura
(white-toothed shrews) belong to the subfamily Crocidurinae. They
are distinguished from members of the subfamily Soricinae (red-
toothed shrews) by their unpigmented teeth, 3 upper unicuspids, and
more prominent ears than either the genera Sorex or Neomys.
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that something unusual was happening. The long-awaited
clue of finding IgG against TPMV in a febrile Laotian im-
migrant (29) might indicate cross-reactivity to a pathogenic
shrewborne hantavirus in Southeast Asia.
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Virulence Characteristics of
Klebsiella and Clinical Manifestations
of K. pneumoniae Bloodstream
Infections

Victor L. Yu,* Dennis S. Hansen, T Wen Chien Ko,} Asia Sagnimeni,* Keith P. Klugman,§
Anne von Gottberg,{ Herman Goossens,# Marilyn M. Wagener,* Vicente J. Benedi,**!
and the International Klebsiella Study Group?

We studied 455 consecutive episodes of Klebsiella
pneumoniae bacteremia occurring in 7 countries. Commu-
nity-acquired pneumonia and an invasive syndrome of liver
abscess, meningitis, or endophthalmitis occurred only in
Taiwan and South Africa. Infections by K1 and K2 capsular
serotype, the mucoid phenotype, and aerobactin production
were important determinants of virulence. The mucoid phe-
notype was seen in 94% of isolates in patients with com-
munity-acquired pneumonia and in 100% of isolates that
caused the invasive syndrome in Taiwan and South Africa,
compared with only 2% of isolates elsewhere. Mortality of
mice injected with mucoid strains (69%) was strikingly higher
than that occurring in mice injected with nonmucoid strains
(3%, p<0.001). Differences in clinical features of bacteremic
infection with K. pneumoniae are due to the virulence fac-
tors expressed by the organism.

In the past decade, geographic differences have been rec-
ognized in the spectrum of disease caused by Klebsiella
pneumoniae. These differences include a preponderance of
severe invasive disease in Taiwan and other parts of Asia
(1-8). A characteristic syndrome has emerged in which
liver abscess is accompanied by K. pneumoniae bactere-
mia and sometimes by endophthalmitis or meningitis. This
is typically a community-acquired infection that occurs in

*University of Pittsburgh, Pittsburgh, Pennsylvania, USA; tStatens
Serum Institut, Copenhagen, Denmark; ¥National Cheng Kung Uni-
versity Medical College, Tainan, Taiwan, Republic of China; 8Emory
University, Atlanta, Georgia, USA; South African Institute of Medi-
cal Research, Johannesburg, South Africa; #University Hospital,
Antwerp, Belgium; and **Universidad de las Islas Baleares, Palma
de Mallorca, Spain
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patients with diabetes mellitus. Reports of this syndrome
from North America, Europe, and Australia are uncom-
mon (2).

Additionally, K. pneumoniae has long been recognized
as a possible cause of community-acquired pneumonia.
Over the past 2 decades, K. pneumoniae has been an ex-
ceedingly rare cause of community-acquired pneumonia
in North America, Europe, and Australia (2,9,10). Yet, it
remains an important cause of severe community-acquired
pneumonia in Asia and Africa (11-15). In these regions,
patients also have classic risk factor of alcoholism (2).

We have completed a prospective study of 455 pa-
tients from 7 countries with K. pneumoniae bacteremia
(2). We found that although nosocomial infections with K.
pneumoniae occurred worldwide, some manifestations of
community-acquired infection (namely, liver abscess and
community-acquired pneumonia) were geographically re-
stricted. These manifestations of disease occurred almost
exclusively in Taiwan and South Africa (2). Potential
explanations for these geographic differences in clinical
manifestations include host factors such as rates of diabe-
tes mellitus, alcoholism, access to healthcare, and socio-
economic factors.

Another explanation for these differences is related to
the organism. In this study, we performed capsular sero-
typing, determined the presence of mucoid phenotype and
aerobactin production, and assessed lethality in a murine
model and correlated these in vitro and in vivo results with

Deceased.

2The International Klebsiella Study Group comprises the previously
named authors plus Jose Maria Casellas, Gordon Trenholme,
Joseph McCormack, Sunita Mohapatra, and Lutfiye Mulazimoglu.
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the clinical manifestation of patients with K. pneumoniae
bloodstream infections. Our aim was to determine whether
the different manifestations of infection occurring in differ-
ent geographic regions could be correlated with differences
in organism characteristics.

Methods

Study Design

A prospective, observational study of consecutive, se-
quentially encountered patients with K. pneumoniae bacte-
remia was conducted in 12 hospitals in the United States,
Taiwan, Australia, South Africa, Turkey, Belgium, and
Argentina. No patients were excluded from analysis. The
study period was January 1, 1996, to December 31, 1997.
Patients >16 years of age with positive blood cultures for
K. pneumoniae were enrolled and completed a 188-item
study form. Patients were followed up for 1 month after
the onset of bacteremia to assess clinical outcome, includ-
ing deaths and infectious complications. The study was ob-
servational in that administration of antimicrobial agents
and other therapeutic management were controlled by the
patient’s physician, not the investigators. The study was
approved by institutional review boards as required by lo-
cal hospital policy.

Definitions

Terms were defined a priori (that is, before data analy-
sis). Community-acquired bacteremia was defined as a pos-
itive blood culture taken on admission or within 48 hours
of admission. Site of infection accompanying the bactere-
mia was determined as pneumonia, urinary tract infection,
meningitis, incisional wound infection, other soft tissue in-
fection, intraabdominal infection, and primary bloodstream
infection by using Centers for Disease Control and Preven-
tion definitions (16). “Invasive” infections accompanying
K. pneumoniae bacteremia were further defined as liver
abscess, meningitis, or endophthalmitis. Liver abscess was
defined by the coexistence of blood cultures positive for K.
pneumoniae and evidence of an intrahepatic abscess cavity
by ultrasonography or computed tomography. Meningitis
was defined as culture of K. pneumoniae from the cerebro-
spinal fluid. Endophthalmitis was defined as decreased vi-
sual acuity, pain, hypopyon, or severe anterior uveitis con-
current with K. pneumoniae bacteremia in a patient.

Microbiology

Blood culture isolates of K. pneumoniae were sent
by the participating hospitals on nutrient agar slants to the
Special Pathogens Laboratory in Pittsburgh. There, the
identity of each isolate as K. pneumoniae was confirmed
by using the Vitek GNI system (bioMérieux Vitek, Hazel-
wood, MO, USA).
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The isolates were classified phenotypically as mu-
coid or nonmucoid. Colonies were touched with a loop;
the loop was then lifted vertically from the surface of the
agar plate. Mucoid phenotype was defined as being present
when a stringlike growth was observed to attach to the loop
as it was lifted from the plate (Figure 1). Presence of the
rmpA gene (rmp = regulator of the mucoid phenotype) was
sought by DNA dot blot hybridization by using a 640-bp
probe (position 4781117 of the rmpA gene; accession no.
X17518). The probe was produced by direct digoxigenin
(DIG)-labeled PCR by using the PCR DIG probe synthesis
kit (Roche Diagnostics, Basel, Switzerland) and the prim-
ers Kleb MP F1 (5'-GAG CAA AGT TAC TGT TTC
TAT GGA-3") and Kleb MP-R1 (5-TGA GCC ATC TTT
CAT CAA CC-3') on the K. pneumoniae strain B 5055. Dot
blot hybridization was performed according to the manu-
facturer’s protocol on Hybond N+ nylon membranes (Am-
ersham, Pharmacia Biotech, Piscataway, NJ, USA), and the
hybridized probe was visualized by using the DIG nucleic
acid detection kit (Roche Diagnostics).

Capsular K serotyping was performed at the World
Health Organization International Escherichia and Kleb-
siella Reference Centre (Copenhagen, Denmark) by us-
ing standard methods. In brief, K-typing was conducted
by counter current immunoelectrophoresis (CCIE) with a
modified version of the method described by Palfreyman
(17). An extract was used as antigen instead of a whole cell
suspension; the extract use was a modification because it
was only heated once for 1 h at 100°C before centrifuga-
tion (18). All isolates with negative or doubtful reactions in
CCIE were investigated by the classic Quellung technique,
and K-type nontypeable isolates were investigated for the
presence (K+) or absence (K—) of a visible capsule by wet

E

Figure 1. Mucoid phenotype of Klebsiella pneumoniae. When
colonies were touched with a loop and the loop lifted vertically from
the surface of the agar plate, mucoid isolates adhered to the loop
as it was lifted from the plate. (Figure first presented at the 36th
annual conference of the Infectious Diseases Society of America,
Denver, Colorado, USA, 1998.)
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mount microscopy with India ink. Lipopolysaccharide O
typing was performed by a previously described inhibition
ELISA (19).

Aecrobactin production was demonstrated by a cross-
feeding bioassay that used Escherichia coli strain LG 1522
(20). The clinical isolates were grown overnight in M9
broth containing the iron chelator 2-2" dipyridyl. Strains
were spotted onto hardened dipyridyl minimal agar plates.
After 18 hours’ incubation at 37°C, satellite growth of the
indicator strain LG 1522 around the spots indicated aero-
bactin production.

Lethality in Mice

A standard inoculum of 1-2 x 107 bacteria in the loga-
rithmic phase of growth from blood culture isolates from
each study site was injected intravenously into the tail vein
of C57/BL6J black, female mice, 8—12 weeks old. Two
mice (Jackson Laboratories, Bar Harbor, ME, USA) were
inoculated with each strain. Mortality of the mice was ob-
served at 24 hours postinjection. The animal experiments
were approved by the Institutional Review Board of the
Veterans Affairs Medical Center, Pittsburgh, Pennsylva-
nia, USA.

Pulsed-Field Gel Electrophoresis (PFGE)

The genotypic relationships of K. pneumoniae blood-
stream isolates were determined by using PFGE. PFGE was
performed by means of the CHEF-DR II system (Bio-Rad,
Richmond, CA, USA) with use of the restriction endonu-
clease Xba I (New England Biolabs, Beverly, MA, USA).
DNA was subjected to electrophoresis for 22 hours at 14°C
in a 1% agarose gel at 6 V/cm with a linear gradient pulse
time of 5-35 seconds. The gels were analyzed by using the
Gel Doc 2000 software (Bio-Rad).

Statistics

Patient demographics and laboratory data were entered
into PROPHET Statistics version 6.0 (AbTech Corpora-
tion, Charlottesville, VA, USA). The y* or Fisher test was
used to compare categorical variables. Continuous vari-
ables were compared by using the t test or the Mann-Whit-
ney test. Multivariate analysis was used to determine which
risk factors for mouse lethality by univariate analysis were
independently significant.

Results

Serotypes of K. pneumoniae Bacteremic Strains
During the study period, 455 episodes of K. pneu-
moniae bloodstream infection occurred; 141 community-
acquired bloodstream isolates were available and were
tested for K serotype. Three isolates were not encapsulated,
and 20 were nontypeable. Forty-seven different capsular

988

serotypes were found in the remaining strains; K1 (16%;
23/141), K2 (11%; 16/141), and K54 (9%; 12/141) were
the most common serotypes.

One hundred percent (23/23) of K1 serotype strains,
94% (15/16) of K2 serotype strains, and 100% (12/12)
of K54 serotype strains were from Taiwan or South Af-
rica. Forty-seven percent (23/49) of isolates from patients
with community-acquired pneumonia and 50% (7/14) of
isolates from patients with invasive syndromes possessed
the K1 or K2 serotype. In comparison, 12% (9/78) isolates
from patients with other manifestations of community-ac-
quired K. pneumoniae bacteremia had the K1 or K2 sero-
type (p<0.001).

Seventy-three randomly chosen hospital-acquired
bloodstream isolates from the same multinational study
were tested for K serotype. One isolate was not encapsu-
lated, and 5 isolates were nontypeable. In contrast to the
predominance of K1 serotypes in community-acquired in-
fections, 1% (1/75) of hospital-acquired isolates were K1
(p = 0.0015). The percentage of K2 serotypes in hospital
acquired isolates (9%, 7/75) was similar to that observed
in community-acquired isolates (11%, 16/141) (p = 0.76).
The hospital-acquired K1 isolate was from Taiwan; 4 hos-
pital-acquired K2 isolates were from Africa, 2 were from
the United States, and 1 was from Taiwan. In contrast to
the predominance of K1 and K2 serotypes in community-
acquired pneumonia (47%, 23/49 isolates), these serotypes
were significantly less likely to occur in nosocomial pneu-
monia (11%, 2/18 cases; p = 0.022).

Relationship between Capsular Serotype
and Lethality in Mice

When community-acquired strains only were exam-
ined, highest lethality was observed with strains of K1 se-
rotype (mouse deaths 65%) and K2 serotype (mouse deaths
81%). In contrast, lethality for community-acquired strains
of other serotypes was significantly lower (23% died;
p<0.001). The proportion of deaths in mice injected with
community-acquired strains of serotype K54 was 9%.

When hospital-acquired strains were examined, mouse
mortality was only 8%. The only lethal strains were K1 and
K17 serotypes. None of the 7 hospital-acquired strains of
serotype K2 proved lethal to mice.

When both community- and hospital-acquired strains
were assessed together, lethality was significantly higher
for strains of K1 (mouse deaths 67%) and K2 serotype
(mouse deaths 59%) than for strains of other serotype
(mouse deaths 20%) (p<0.001). The lethality of all strains
of serotype 54 was 12.5%.

Lipopolysaccharide O Typing
Of 195 isolates which underwent O typing, 30%
(58/195) were group Ol1, 17% (34/195) were O2, 8%
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(16/195) were O3, 2% (3/195) were 04, 3% (6/195) were
05, 1% (2/195) were O2ac, 7% (13/195) were O—, and
32% (63/195) were O+ but not typable. No strains of O
group O3, O4, 05, O2ac or O— were lethal to mice. In
contrast, 21% (12/58) of Ol strains, 26% (9/34) of O2
strains, and 37% (23/63) of nontypeable O+ strains were
lethal to mice.

Relationship between Mucoid Phenotype
and Type of Infection

The mucoid phenotype was observed in 93% (13/14) of
strains from patients with invasive disease, in 67% (33/49)
of strains from patients with community-acquired pneumo-
nia, and in 28% (22/78) of strains from patients with other
sites of community-acquired infection (p<0.001). Mucoid
strains of community-acquired bacteremic K. pneumoniae
were exclusively found in Taiwan and South Africa; 56%
(45/80) and 60% (21/35) of Taiwanese and African strains,
respectively, were mucoid, whereas no mucoid strains were
detected in community-acquired bacteremic strains from
other countries (Table 1). In Taiwan and South Africa, mu-
coid strains predominated in community-acquired strains
(57%, 66/115) compared with hospital-acquired strains
(18%, 7/38) (Table 2).

In Taiwan and South Africa, community-acquired
pneumonia was due to mucoid strains of K. pneumoniae in
younger patients with no serious underlying disease, while
nonmucoid strains predominated in older patients and those
with serious underlying disease (Table 3). In both countries
combined, 94% (29/31) strains from community-acquired
pneumonia patients with no serious underlying disease had
the mucoid phenotype compared to 19% (3/16) strains from
patients with serious underlying disease (p<0.001). All iso-
lates (13/13) from patients in Taiwan or South Africa with
the invasive syndrome of liver abscess, meningitis, or en-
dophthalmitis had the mucoid phenotype (Table 4).

The proportion of deaths in mice injected with mucoid
strains (69% of mice died) was strikingly higher than that
occurring in mice injected with nonmucoid strains (3%
mice died) (p<0.001). There was no association between

Klebsiella pneumoniae Infections and Virulence

human deaths and the presence of a mucoid strain (39%
died) or a nonmucoid strain (35% died) (p>0.20). In a mul-
tivariate model, increased severity of illness score when
first evaluated (p = 0.0001), but not infection with a mucoid
strain, country of origin, or history of alcoholism (p>0.20
for all) was associated with human deaths.

Association between Phenotypic Evidence
of Mucoidity and Presence of rmpA Gene

Phenotypic evidence of mucoidity as judged by the
definition in the methods section (“a string-like growth ob-
served to attach to the loop as it was lifted from the plate”)
(Figure 1) was highly correlated with the presence of the
rmpA gene. Of 77 mucoid isolates, 86% (66/77) were rmpA
gene positive, and 14% (11/77) were rmpA gene negative.
Of 137 nonmucoid isolates, 93% (128/137) were negative
for the rmpA gene and 7% (9/137) were rmpA positive.

Relationship between Aerobactin
Production and Type of Infection

The presence of the rmpA gene and phenotypic evi-
dence of aerobactin production were closely correlated.
Ninety-six percent of rmpA gene—positive isolates were
aerobactin producers; aerobactin was produced by 2% of
isolates that were rmpA gene—negative.

Associations between aerobactin production and type
of infection were similar to those between the mucoid phe-
notype and type of infection. Only 6% (4/62) strains from
patients in countries other than Taiwan and South Africa
were aerobactin producers. In Taiwan and South Africa,
66% of patients with community-acquired pneumonia and
85% of patients with the invasive syndrome had aerobac-
tin-producing strains, in comparison with 42% of patients
with other community-acquired infections and 16% of pa-
tients with hospital-acquired strains (Table 2).

Relationship between Mucoid Phenotype,
Capsular Serotype, and Lethality in Mice

When both community-acquired and hospital-acquired
strains were considered together, 77% (36/47) of isolates of

Table 1. Disease type by virulence factor*

K1 or K2

Source of organism and type of infection serotype, %

Mucoid
phenotype, %

Mouse
mortality rate, %7t

Aerobactin
producer, %

Taiwan

Community-acquired 28 (22/80)

Hospital-acquired 17 (2/12)
South Africa

Community-acquired 46 (16/35)

Hospital-acquired 16 (4/25)
Rest of world

Community-acquired 4 (1/26)

Hospital-acquired 5 (2/36)

56 (45/80) 54 (43/80) 46
25 (3/12) 33 (4/12) 29
60 (21/35) 63 (22/35) 52
16 (4/25) 8 (2/25) 0
0 (0/26) 4(1.26) 0
8 (3/36) 8 (3/36) 0

*Note the virtual absence of putative virulence factors in strains from the rest of the world, other than Taiwan and South Africa. See Results for p values.

12 mice were tested for each available strain.
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Table 2. Strain source and virulence factors, Taiwan and South Africa*

K1 or K2 Mucoid Aerobactin Mouse
Infection type serotype, % phenotype, % producer, % mortality rate, %7t
Community-acquired pneumonia 49 (23/47) 68 (32/47) 66 (31/47) 47
Invasive syndrome 54 (7/13) 100 (13/13) 85 (11/13) 82
Other community-acquired 15 (8/55) 38 (21/55) 42 (23/55) 36
Hospital-acquired 16 (6/38) 18 (7/37) 16 (6/38) 7

*Note that strains from patients in Taiwan and South Africa with community-acquired pneumonia or the invasive syndrome (liver abscess,
endophthalmitis, meningitis) were more likely to have the putative virulence factors than hospital-acquired strains. See Results for p values.

T2 mice were tested for each available strain.

serotypes K1 and K2 were found to be mucoid. Of the other
45 serotypes, 24% (40/167) were mucoid (p<0.001).

However, none of the mice inoculated with nonmu-
coid K1 or K2 serotype strains died, compared with 81%
of mice inoculated with mucoid K1 or K2 serotype strains
(p<0.001). Just 4% of mice inoculated with nonmucoid
strains of serotypes other than K1 or K2 died, compared
with 44% mice inoculated with mucoid organisms of sero-
types other than K1 or K2 (p<0.001).

When the parameters of mucoid phenotype, serotypes
K1 and K2, and country of origin were assessed in the
multivariate model of lethality to mice, mucoid phenotype
was strongly associated with the death of mice (p = 0.001).
Presence of serotypes K1 and K2 approached statistical
significance (p = 0.05).

PFGE

PFGE was performed on strains of the same serotype.
Dendrograms of organisms of serotype K1 are shown in
Figure 2 and dendrograms of serotype K2 in Figure 3.

Discussion

We have been able to evaluate geographic differenc-
es in community-acquired K. pneumoniae infections by
studying consecutive patients with community-acquired K.
pneumoniae bacteremia from 7 different countries during
the same period. It could be hypothesized that patient char-
acteristics are primarily responsible for these differences.
For example, genetic predilections (susceptibility of Asians
to liver abscess), underlying diseases (for example, higher
prevalence of chronic hepatitis B virus infection in Tai-
wan), social factors (different foods or cultural practices),
and economic factors (for example, access to healthcare,

antimicrobial drug usage) may be responsible for the dif-
ferent manifestations of serious K. pneumoniae infection
observed in different regions. Despite these other possibili-
ties, our experimental studies suggest that the differences in
clinical features arise from differences in the virulence of
individual microorganisms.

In particular, we found that strains with K1 or K2 sero-
type, strains with a mucoid phenotype, and strains that are
capable of aerobactin production are rarely found to cause
substantial infection in patients from study hospitals out-
side Taiwan and South Africa. Strains with such virulence
characteristics were more likely to cause community-ac-
quired infections than hospital-acquired infections. When
strains with these virulence characteristics were inoculated
into mice, deaths exceeded 80% compared with mortality
rates of <5% in mice inoculated with strains lacking these
characteristics.

Additionally, by PFGE, we found genetically related
strains possessing all 3 virulence characteristics (Figures
2, 3). Taiwanese investigators have debated whether K.
pneumoniae strains that cause liver abscess in Taiwan
are clonally related (1,4,6,7,21). Genetic relatedness in
K. pneumoniae strains that cause community-acquired
pneumonia has not been previously described. However,
we have found that genotypically related organisms were
responsible for bacteremic community-acquired pneumo-
nia due to K. pneumoniae and sometimes both pneumonia
and liver abscess or meningitis. Whether K. pneumoniae is
spread from person to person, whether related strains are
acquired from common sources, or whether virulent strains
arise from a common ancestor remains to be determined.

Much prominence has been placed in the past on the
role of capsule in the pathogenesis of K. pneumoniae infec-

Table 3. Underlying disease and virulence factors in community-acquired K. pneumoniae pneumonia*

K1 or K2 Mucoid Aerobactin Mouse

Country/condition serotype, % phenotype, % production, % mortality rate, %t
South Africa 50 (12/24) 75 (18/24) 67 (16/24) 58

No underlying disease 63 (12/19) 89 (17/19) 79 (15/19) 78

Underlying diseasef 0 (0/5) 20 (1/5) 20 (1/5) 0
Taiwan 48 (11/43) 65 (15/23) 57 (13/23) 35

No underlying disease 75 (9/12) 100 (12/12) 83 (10/12) 50

Underlying diseaset 18 (2/11) 18 (2/11) 27 (3/11) 18

*Note that patients with no underlying disease were more likely to be infected by strains with the putative risk factors than were elderly patients or patients

with serious underlying disease. See Results for p values.
T2 mice were tested for each available strain.

FUnderlying disease was defined as presence of end-stage liver or renal failure, metastatic malignancy, neutropenia, or age >70.
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Table 4. Mucoid strains in patients with liver abscess, endophthalmitis, or meningitis associated with community-acquired Klebsiella

pneumoniae bacteremia*

K1 or K2 Mucoid Aerobactin Mouse
Country serotype, % phenotype, % producer, % mortality rate, %71
Taiwan 50 (6/12) 100 (12/12) 85 (10/12) 81
South Africa 100 (1/1) 100 (1/1) 100 (1/1) 100

*Mucoid strains are highly lethal to mice.
T2 mice were tested for each available strain.

tions. Capsular types K1 and K2 have been regarded as par-
ticularly virulent (22). Taiwanese researchers have found
that serotype K1 is frequently associated with community-
acquired K. pneumoniae bacteremia (3,23). We have also
confirmed that serotypes K1 and K2 occur more frequently
in isolates from community-acquired infections in Taiwan
and South Africa than from hospital-acquired isolates in
these countries or elsewhere (Table 1).

The degree of virulence conferred by a particular K
antigen may be related to the mannose content of the cap-
sular polysaccharide. Capsular types with high virulence
in animal models (for example, K2) lack mannose-a-2/3-
mannose structures found in capsular types of lower viru-
lence (24). The mannose-0-2/3-mannose structures are
recognized by a surface lectin of macrophages, which me-
diate complement and antibody-independent phagocytosis.
Strains that lack these sequences (for example, those with
the K2 antigen) may not be recognized by macrophages,
and hence phagocytosis may not take place. Furthermore,
surfactant protein A (the main protein component of lung
surfactant) enhances the phagocytosis by alveolar macro-
phages of strains that bear mannose-a-2/3-mannose struc-
tures in their capsule, but not strains which lack the man-
nose structure (25).

Some strains belonging to the K2 serotype are not as
virulent as others (26). Thus, factors other than capsule
may also be important for virulence. Although previous
authors did not find any markers for these differences (26),
we found that mucoid strains of K1 or K2 serotype were
more virulent to mice than nonmucoid strains of the same

serotype. No mouse inoculated with nonmucoid K1 or K2
serotype strains died, compared to 81% mice inoculated
with mucoid K1 or K2 serotype strains (p<<0.001). Mul-
tivariate analysis of variables related to mouse mortality
rates showed that mucoidity was more closely associated
with death than was capsular serotype. Contrary to popu-
lar belief, the biochemical nature of the mucoid phenotype
may be unrelated to capsular polysaccharide but rather
related to extracapsular polysaccharide (27). A previous
study has shown that the mucoid phenotype may be due to
a gene designated rmpA (regulator of mucoid phenotype)
(28). In another mouse model, a mutant carrying this gene
was 1,000-fold more virulent than an isolate without the
gene. Extracellular polysaccharides may protect mucoid
strains of K. pneumoniae from phagocytosis by neutrophils
and from serum killing by complements (27).

We found that the mucoid phenotype frequently coex-
ists with aerobactin production. The growth of bacteria in
host tissues is limited not only by host defense mechanisms
but also by its supply of available iron. The supply of free
iron in the host milieu may be extremely low; many bac-
teria attempt to secure their supply of iron in the host by
secreting high-affinity iron chelators called siderophores.
Acrobactin is a hydroxamate-type siderophore occasion-
ally found in Klebsiella strains. K. pneumoniae strains that
produce aerobactin were more virulent in our mouse mod-
el, whereas strains not producing this siderophore were less
likely to be; additionally, patients with severe community-
acquired infection were more likely to be infected by aero-
bactin-producing strains. In another mouse model, transfer
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of a recombinant plasmid harboring the genes for aerobac- References
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Antimicrobial Drugs and
Community-acquired Methicillin-
Resistant Staphylococcus aureus,

United Kingdom

Verena Schneider-Lindner,*t J. A. Delaney,*t Sandra Dial, Tt Andre Dascal,t and Samy Suissa*t

We report results of a case—control study of the associ-
ation between receipt of antimicrobial agents and diagnosis
of community-acquired methicillin-resistant Staphylococcus
aureus (MRSA) in the United Kingdom. Eligible adults, se-
lected from the General Practice Research Database, had
no previous diagnosis of MRSA, no hospitalization in the
past 2 years, and >2 years of follow-up recorded in the da-
tabase. For 2000—-2004, we identified 1,981 MRSA case-pa-
tients and 19,779 matched control-patients. The odds ratios
(ORs) and 95% confidence intervals (Cls) of MRSA diagno-
sis for patients who were prescribed 1, 2-3, or >4 antimicro-
bial drugs were 1.57 (Cl 1.36-1.80), 2.46 (Cl 2.15-2.83),
and 6.24 (Cl 5.43-7.17), respectively. Risk for community-
acquired MRSA increased with number of antimicrobial drug
prescriptions, appeared to vary according to antimicrobial
drug classes prescribed the previous year, and was highest
for quinolones (OR 3.37, ClI 2.80-4.09) and macrolides (OR
2.50, Cl 2.14-2.91).

ethicillin-resistant Staphylococcus aureus (MRSA)

was detected in the United Kingdom in 1961, only
months after methicillin introduction (1-3). Since then,
MRSA has become a common cause of nosocomial infec-
tions worldwide (1-3). In 1993, MRSA infections emerg-
ing in the community were reported (1). MRSA infections
acquired in the community differ from those acquired in the
hospital with respect to their epidemiology and the charac-
teristics of the causative MRSA strains (1,2,4-6).

The prevalence of colonization with MRSA has been
established in various community populations (7-9). How-
ever, patient characteristics and risk factors for clinically
significant MRSA infections acquired in the community

*McGill University Health Center, Montreal, Quebec, Canada; tRoy-
al Victoria Hospital, Montreal, Quebec, Canada; and $Sir Mortimer
B. Davis—Jewish General Hospital, Montreal, Quebec, Canada
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have so far been described for specific outbreaks (10,11) or
case series without an adequate population-based control
group (12,13).

Nosocomial MRSA is associated with antimicrobial
drugs and specific antimicrobial drug classes (14-16). The
role of antimicrobial drugs in community-acquired MRSA
is less clear. A recent study of 34 case-patients with com-
munity-acquired MRSA in Alaska showed that case-pa-
tients were more likely than control-patients to have re-
ceived antimicrobial agents in the year before the outbreak
(10). Whether risk for community-acquired MRSA differs
according to exposure to agents from different antimicrobi-
al drug classes is not clear. We therefore sought to describe
the association between exposure to antimicrobial drugs
and a subsequent diagnosis of MRSA, including exposure
to individual antimicrobial drug classes.

Methods

We conducted our retrospective case—control study
by using the General Practice Research Database (GPRD).
This primary care database contains the diagnostic, labora-
tory test, and prescribing records of 3.2 million patients
from >400 general practices in the United Kingdom. The
GPRD is used extensively for research on drugs (17,18)
and has also been used for research on infectious dis-
eases (19,20).

Case-Patients and Control-Patients

Eligible participants were >18 years of age, had no
previous diagnosis of MRSA, no hospitalization in the past
2 years, and >2 years of follow-up recorded in the GPRD.
We excluded persons who had been recently hospitalized
to ensure that we studied patients with community-acquired
rather than community-onset MRSA.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 13, No. 7, July 2007



We identified as case-patients all persons with a first
clinical diagnosis of MRSA from January 1, 2000, through
December 31, 2004. To include all possible codes that a
general practitioner could use to diagnose MRSA in the
GPRD, we considered the following Read Clinical Clas-
sification codes (now National Health Service Clinical
Terms) to represent a diagnosis of MRSA: 4JP..00 (methi-
cillin-resistant Staphylococcus aureus positive), SP25800
(MRSA infection of postoperative wound), and ZV02A00
([VIMRSA-multiple resistant Staphylococcus aureus in-
fection carrier). Because the most frequently entered code
(4JP..00) does not explicitly differentiate between infection
and colonization, we were unable to determine from the
codes whether most patients in this study were infected or
colonized. The date of the MRSA diagnosis was used as the
index date for each case. Microbiologic test results were
not used to identify case-patients with MRSA because re-
sults for such testing were not systematically available in
the GPRD.

For each case-patient, we randomly selected 10 con-
trol-patients also from the GPRD, matched by general
practice and age (2 years). To control for calendar time,
we assigned all control-patients their corresponding case-
patient’s index date. Control-patients had to fulfill the same
exclusion criteria as case-patients.

Exposure

For patients in each group, we determined exposure to
antimicrobial drugs 30-365 days before the index date. To
avoid the possibility of protopathic bias, we excluded anti-
microbial drug prescriptions made during the 29 days prior
to the index date. We classified the number of antimicrobial
drugs prescribed for each patient during this period into 4
categories: 0 (unexposed), 1, 2-3, and >4 prescriptions. For
the same period, we defined 7 mutually exclusive categories
for classes of antimicrobial drugs according to their British
National Formulary (BNF) code (21): penicillins (5.1.1),
cephalosporins (5.1.2), tetracyclines (5.1.3), macrolides
(5.1.5), sulfonamides (5.1.8), quinolones (5.1.12), and an
additional category of all other antimicrobial drugs. The
“other antimicrobial drugs” category represented BNF an-
timicrobial drug categories that are infrequently prescribed
(such as clindamycin) or for which the antimicrobial drug
is part of a combination prescription listed in a nonantimi-
crobial drug BNF category.

Covariates

We adjusted for age, sex, smoking, and obesity (body
mass index >30) as relevant demographic and life style fac-
tors possibly associated with exposure to antimicrobial drugs
and MRSA infections. We further controlled for a series of
known risk factors and concurrent conditions diagnosed dur-
ing the 2 years before the index date: heart disease (myo-
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cardial infarction, congestive heart failure), stroke, periph-
eral vascular disease, chronic obstructive pulmonary disease,
liver disease, skin diseases (intertrigo, eczema, psoriasis), re-
nal failure, cancer, autoimmune diseases (lupus, rheumatoid
arthritis), previous infection with Clostridium difficile, and
previous infection with S. aureus (susceptible to methicil-
lin). These conditions were defined according to diagnostic
codes. We defined diabetes according to prescribed insulin
or a clinical diagnosis in the 2 years before the index date.
Finally, because of its immunosuppressive effect, we con-
sidered oral prednisone (defined according to prescriptions)
prescribed during the 1 year before the index date to be a
potentially confounding drug.

Data Analysis

For each year of the study period, we calculated the
incidence rate of first MRSA diagnosis. The numerator
consisted of the number of eligible case-patients each year;
the denominator was all members of the GPRD population
who were registered with general practices that met GPRD
quality control standards and who were >18 years of age
during that year.

We used conditional logistic regression to estimate the
odds ratio (OR) of the association between antimicrobial
drug prescriptions and a subsequent diagnosis of MRSA
(22). For a rare outcome like MRSA, the OR is an approxi-
mation of the rate ratio. To obtain adjusted ORs, we repeat-
ed the analyses with covariates included in the regression
model. In a separate analysis for the number of antimicro-
bial prescriptions, we included variables that represented
the 4 categories we defined for the number of prescriptions.
For our analysis of association according to different class
of antimicrobial drug, we used a separate statistical model
that contained variables for all 7 categories that represented
the different classes of antimicrobial drugs.

In a sensitivity analysis of the 3 Read Clinical Classifi-
cation codes of our case definition, we determined the asso-
ciation between antimicrobial drugs and MRSA diagnosis
in 3 different models. In each model, we included only the
subset of case-patients who had the appropriate code and
their corresponding control-patients. We also included the
covariates in each of the 3 models to obtain adjusted ORs.

We used SAS version 9.1.3 (SAS Institute, Cary, NC,
USA) for all analyses. We obtained approval from the Sci-
entific and Ethical Advisory Group of the GPRD and the
McGill University Health Center Research Ethics Board at
the Chest Hospital.

Results

A total of 3,408 patients had a first diagnosis of MRSA
in the GPRD during the study period. After exclusion of
patients who did not fit the other criteria, 1,981 (58.1%)
remained eligible for our study, for which we identified
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19,779 matching control-patients. The MRSA diagnosis
was recorded as medical code 4JP..00 for 85.5%, code
SP25800 for 8.8%, and code ZV02A00 for 5.7% of case-
patients.

During the study period, the annual number of case-
patients with MRSA in the GPRD-based population rose
from 332 to 484 (Figure). Average incidence of MRSA in-
fections during the study period was 15.2 cases per 100,000
persons per year. The median age of case-patients during
the study period was 74 years (interquartile range 59-83
years).

Overall, concurrent conditions were diagnosed more
frequently for case-patients than for control-patients, and
oral prednisone was prescribed more often for case-patients
(Table 1). Smoking status did not differ significantly (ad-
justed OR 1.06, 95% CI 0.95—-1.17), but more case-patients
than control-patients were recorded as obese (OR 1.27,
95% CI 1.10-1.45).

Exposure to any antimicrobial drug in the 30-365 days
before index date, regardless of drug class and number of
prescriptions, was associated with ~3-fold risk of a MRSA
diagnosis when compared with lack of such exposure (OR
2.61, 95% CI 2.36-2.89, Table 2). Among case-patients,
38.9% had not received any antimicrobial drug prescription
during this period.

The association of antimicrobial drugs and MRSA was
stronger for persons who had received more prescriptions
of any class of antimicrobial drug (Table 2). A substantial
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Figure. Annual number of all study participants with methicillin-
resistant Staphylococcus aureus (MRSA) recorded for the first
time in the General Practice Research Database (GPRD) and no
hospitalization in the past 24 months (vertical bars). The annual
incidence rate of MRSA per 100,000 adults in the GPRD is indicated
by the line above the bars. Data from the GPRD, United Kingdom,
2000-2004

proportion of case-patients (25.7%) had received >4 pre-
scriptions. This larger number of prescriptions was associ-
ated with a =6-fold increase in the risk for MRSA compared
with the risk for persons who had not received any antimi-
crobial drug prescriptions (OR 6.24, 95% CI 5.43-7.17).
Individual classes of antimicrobial drugs were differ-
entially associated with a diagnosis of MRSA (Table 3).
The association was strongest for macrolides and quino-
lones; adjusted ORs were 2.50 (95% CI 2.14-2.91) and

Table 1. Characteristics of patients with (case-patients) and without (control-patients) a diagnosis of community-acquired methicillin-

resistant Staphylococcus aureus*

Case-patients Control-patients Adjusted
Characteristic (N =1,981), no. (%) (N =19,779), no. (%) Crude OR ORT 95% CI
Age, y (SD) 69.4 (18.4) 69.2 (18.5) 1.07 1.08 1.07-1.12%
Male 864 (43.6) 8,429 (42.6) 1.05 1.08 0.98-1.20
Concurrent conditions
Diabetes 247 (12.5) 1,195 (6.0) 2.27 1.70 1.44-2.00%
Ml and heart failure 117 (5.9) 563 (2.8) 2.22 1.42 1.13-1.80%
Stroke 95 (4.8) 212 (1.1) 4.64 4.09 3.13-5.35%
Peripheral vascular disease 49 2.5) 92 (0.5) 5.49 3.65 2.49-5.35%
COPD 117 (5.9) 465 (2.4) 2.68 145 1.13-1.85%
Skin diseases (intertrigo, 196 (9.9) 1,332 (6.7) 1.53 1.19 1.01-1.41%
eczema, psoriasis)
Renal failure 65 (3.3) 188 (1.0) 3.64 2.53 1.88-3.50%
Cancer 42 (2.1) 183 (0.9) 2.39 2.01 1.39-2.91%
Liver disease 6 (0.3) 8 (0.04) 7.50 6.69 2.17-20.66%
Autoimmune diseases 17 (0.9) 93 (0.5) 1.84 1.27 0.72-2.25
Clostridium difficile 9 (0.5) 15 (0.1) 6.20 5.33 2.13-13.35%
S. aureus susceptible to 8(0.4) 14 (0.1) 5.71 2.98 1.13-7.83%
methicillin
Oral prednisone use 216 (10.9) 1,163 (5.9) 1.99 1.11 0.93-1.33
Lifestyle factors
Smoking 718 (36.2) 6,365 32.2) 121 1.06 0.95-1.17
Obesity 323 (16.3) 2,253 (11.4) 1.54 1.27 1.10-1.47%

*Data from the General Practice Research Database, United Kingdom, 2000-2004. OR, odds ratio; Cl, confidence interval; MI, myocardial infarction;

COPD, chronic obstructive pulmonary disease.

TAdjusted for all other variables in the table and exposure to antimicrobial drugs in the 30—-365 days period before the index date.

$p<0.05.
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Table 2. Risk for infection with community-acquired methicillin-resistant Staphylococcus aureus (MRSA)*

No. prescriptions of Case-patients Control-patients Adjusted

antimicrobial drugs (N =1,981), no. (%) (N =19,779), no. (%) Crude OR ORT 95% ClI

0 (reference) 770 (38.9) 12,821 (64.8) 1 1

>1 1,211 (61.1) 6,958 (35.2) 2.98 2.61 2.36-2.89
1 328 (16.6) 3,306 (16.7) 1.69 1.57 1.36-1.80
20r3 373 (18.8) 2,389 (12.1) 2.73 2.46 2.15-2.83
>4 510 (25.7) 1,263 (6.4) 7.27 6.24 5.43-7.17

*For persons prescribed <1 antimicrobial drug in the 30-365 days before their index date, relative to risk for MRSA infection in persons with no

prescriptions during the same period. Data from General Practice Research
interval.
tAdjusted for all variables in Table 1.

Database, United Kingdom, 2000-2004. OR, odds ratio; Cl, confidence

3.37 (95% CI 2.80-4.09), respectively. This association
means that risk for an MRSA diagnosis triples for persons
who received >1 prescription of a quinolone, regardless of
how many other antimicrobial drugs were prescribed for
this patient during the 30-365 days before the diagnosis.
We could not establish an association between tetracycline
prescriptions and MRSA in our study.

The results of our sensitivity analysis for diagnostic
codes are presented in Table 4. Despite some variation in
the estimated OR between the different methods of coding
the MRSA diagnosis, we found an association with anti-
microbial drugs, regardless of the code used to record the
MRSA diagnosis.

Discussion

This study provides evidence of an association between
previous antimicrobial drug prescriptions and a diagnosis
of MRSA in the community. This association appears to
be dose-dependent and to vary according to antimicrobial
class; it is particularly strong for previous exposure to fluo-
roquinolones and macrolides. A substantial proportion of
case-patients, however, were not prescribed antimicrobial
drugs in the year before MRSA diagnosis. Persons who had
concurrent conditions and persons who were obese were at
higher risk for MRSA.

The clear dose-response relationship and the differen-
tial associations across antimicrobial drug classes support
an association of antimicrobial drugs and MRSA in the
community. This association is consistent with nosocomial

MRSA, in which the use of specific antimicrobial drugs is
linked to antimicrobial resistance. Previous studies have
found fluoroquinolones, macrolides, and cephalosporins to
be associated with nosocomial MRSA (14-16,23). More-
over, a dose-dependent association exists between expo-
sure to antimicrobial drugs and nosocomial MRSA on the
patient level and on the hospital level (16).

In a US surveillance study, incidence of community-
acquired MRSA was 25.7 case-patients per 100,000 in At-
lanta and 18.0 case-patients per 100,000 in Baltimore, find-
ings that are highly consistent with ours (12). In that study,
a considerable proportion of cases occurred in persons >65
years of age. In our study, compared with previous out-
break reports (10,11), case-patients were older and had
more concurrent conditions. This finding is likely because
we did not include any cases in children and, in contrast to
reports of outbreaks, our cases are sporadic and thus less
prone to be reported.

Similarly, specific occupation-related risk factors (e.g.,
abrasions, crowded housing) are likely to be more preva-
lent in a study based on military beneficiaries compared
with a study based on the general population. This could
explain the higher incidence of MRSA infections found in
such a study (13) than in ours.

Our study population was a representative sample of the
UK general population (17). The use of the GPRD therefore
enables the examination of a large number of MRSA infec-
tions diagnosed by general practitioners in the community.
However, the GPRD has some limitations for the study of

Table 3. Risk for infection with community-acquired methicillin-resistant Staphylococcus aureus (MRSA)*

Case-patients Control-patients Adjusted
Class of antimicrobial drug (N =1,981), no. (%) (N =19,779), no. (%) Crude OR ORT 95% ClI
No prescription (reference 770 (38.9) 12,821 (64.8) 1 1
group)
Cephalosporins 2713.6() 994 (5.0) 2.01 1.85 1.57-2.19
Macrolides 32 (16.2) 1,04 (5.2) 2.70 2.50 2.14-2.91
Penicillins 540 (27.3) 3,104 (15.7) 1.67 1.56 1.39-1.76
Other antimicrobial drugs 204 (10.3) 1,615 (8.1) 2.02 1.90 1.61-2.24
Sulfonamides 260 (13.1) 1,114 (5.8) 1.77 1.74 1.48-2.04
Tetracyclines 77 (3.9) 461 (2.3) 1.14 1.09 0.83-1.43
Quinolones 218 (11.0) 434 (2.2) 3.81 3.37 2.80-4.09

*For persons prescribed different classes of antimicrobial drugs in the 30-365 days before their index date, relative to risk for MRSA infection in persons
with no prescriptions during the same period. Data from General Practice Research Database, United Kingdom, 2000-2004. OR, odds ratio; ClI,

confidence interval.

TAdjusted for prescriptions from other antimicrobial drug classes in the 30-365 days period before the index date and all variables in Table 1.
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Table 4. Sensitivity analysis for the clinical code used to define methicillin-resistant Staphylococcus aureus (MRSA)*

Case-patients

Control-patients

Clinical codet N (%) % Exposed N % Exposed Crude OR Adjusted OR% 95% Cl

Any code 1,981 (100) 61.1 19,779 35.2 2.98 2.61 2.36-2.89
4JP..00 1,735 (85.5) 62.2 17,327 35.7 3.05 2.66 2.39-2.97
SP25800 157 (8.8) 60.5 1,570 32.7 3.34 2.99 2.06-4.33
Z\V02A00 113 (5.7) 47.8 1,122 30.5 2.09 1.98 1.30-3.01

*Risk for MRSA diagnosed in the community for persons with any number of antimicrobial drug prescriptions (exposed) in the 30-365 days before their
index date relative to risk for MRSA for persons with no prescriptions during the same period. Data from 4 different analyses of a matched case-control
study of patients listed in the General Practice Research Database, UK, 2000-2004. OR, odds ratio; Cl, confidence interval.

T4JP..00, MRSA positive; SP25800, MRSA infection of postoperative wound; ZV02A00, [VIMRSA multiple-resistant Staphylococcus aureus infection

carrier.
FAdjusted for all covariates in Table 1.

an infectious disease. We lacked information on severity
and site of MRSA infection and on patient lifestyle char-
acteristics (e.g., incarceration, intravenous drug use). We
also lacked information on molecular characteristics of the
MRSA strains and thus cannot exclude the possibility that
MRSA was diagnosed in cases that did not result from be-
tween-patient spread within the community, but rather from
secondary exposure to the hospital environment through
family members, visitation, or employment. However, the
importance of the lack of microbiologic information on the
causative MRSA strains may be questioned because it no
longer enables a distinction to be made between commu-
nity and nosocomial MRSA strains (24).

The clinical codes that we used for our case definition
are likely to be specific, but they may lack sensitivity; some
MRSA infections that would have met the Centers for Dis-
ease Control and Prevention’s case definition of infection
may not be captured with the clinical codes. This lack of
sensitivity may affect risk factors for MRSA that we ob-
served in this study as well as the strength of the association
between antimicrobial drugs and later MRSA diagnosis.

To our knowledge, MRSA infections in the GPRD
have not been previously studied, although infectious dis-
eases in this database have been, such as acute respiratory
infections (19), urinary tract infections (20), C. difficile
infections (25), pneumonia (26), and sexually transmitted
infections (27). Disease codes for clinically relevant out-
comes in the GPRD have been validated (17); however,
MRSA has not been included in such studies.

In previous UK community studies, ~0.8% of elderly
participants were colonized with MRSA (9,28). In a meta-
analysis, the pooled MRSA colonization rate was 1.3% (8).
In persons without prior health care contacts, the rate was
0.2% (8). We report an incidence rate of MRSA diagnosis
in the community that is too low to be consistent with these
prevalence figures, probably because general practitioners
are unlikely to screen asymptomatic patients for coloniza-
tion with MRSA.

The results of our sensitivity analysis of the 3 diag-
nostic codes we used to define these MRSA cases suggest
that antimicrobial drugs promote both MRSA infection and
colonization. The association between antimicrobial drugs
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and MRSA diagnosis was weaker in case-patients with
a diagnosis of carrier status and stronger in those with a
postoperative wound infection. The association observed
in the patients who had their diagnosis recorded with the
most frequently used code (4JP..00) appeared to be more
similar to those coded as postoperative wound infections
(SP25800) than to those coded as carriers (ZV02A00). This
finding supports the hypothesis that active infections are
more likely than colonization to be recorded in a general
practice database. Therefore, separating risk factors for ac-
quiring MRSA from risk factors for increased severity of
infection with MRSA using the approach of this study may
be difficult.

We did not consider antimicrobial drugs that were pre-
scribed in the 30 days before MRSA diagnosis. With this
exposure definition, we prevent mistaking prescriptions is-
sued for treatment of the infection as causes of the infec-
tion (protopathic bias [29]). This distinction is relevant for
MRSA, for which the diagnosis is likely delayed due to
outstanding microbiologic test results or likely made after
failure of empirical treatment with antimicrobial drugs.
Therefore, we may have wrongly classified as unexposed
some persons whose exposure to antimicrobial drugs in
fact preceded the MRSA infection. Any bias resulting from
this exposure definition will be toward the null hypothesis
and thus will weaken the effect of antimicrobial drugs as
promoters of MRSA infections.

To minimize the chances of overlooking any important
confounders, we adjusted our analyses for age, sex, life-
style factors, and a broad range of concurrent conditions.
That antimicrobial drug prescriptions are a marker for an
important unknown confounder is remotely possible. How-
ever, to substantially bias our results, such a confounder
would need to be strongly related to both the prescription
of antimicrobial drugs and the diagnosis of MRSA but un-
related to our study covariates.

Further support for our results comes from the eco-
logic association between fluoroquinolone use and nos-
ocomial MRSA found in an intervention study (30) and
a quasi-experimental study (31). Similar to nosocomial
MRSA (16,23), the use of specific antimicrobial drugs in
the community may cause selection pressures that favor
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the acquisition of resistance in S. aureus on the commu-
nity level.

In conclusion, the role of antimicrobial drugs in
MRSA diagnosed in the community appears to be similar
to their role in nosocomial MRSA. Therefore, appropriate
use of antimicrobial drugs, in addition to traditional infec-
tion control measures, may be a strategy to not only control
nosocomial MRSA (32), but also to limit the incidence of
community-diagnosed MRSA infections.
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Antiretroviral Therapy during
Tuberculosis Treatment and Marked
Reduction in Death Rate of
HIV-Infected Patients, Thailand?

Somsak Akksilp,* Opart Karnkawinpong,* Wanpen Wattanaamornkiat,* Daranee Viriyakitja,t
Patama Monkongdee,f Walya Sitti,* Dhanida Rienthong,t Taweesap Siraprapasiri,tt
Charles D. Wells,§ Jordan W. Tappero,8%, and Jay K. Varma8gt

Antiretroviral therapy (ART) is lifesaving in patients
with advanced HIV infection, but the magnitude of benefit
in HIV-infected patients receiving tuberculosis (TB) treat-
ment remains uncertain, and population-based data from
developing countries are limited. We prospectively collect-
ed data about HIV-infected TB patients from February 2003
through January 2004 in Ubon-ratchathani, Thailand. Dur-
ing 12 months, HIV was diagnosed in 329 (14%) of 2,342
patients registered for TB treatment. Of patients with known
outcomes, death during TB treatment occurred in 5 (7%)
of 71 who received ART and 94 (43%) of 219 who did not.
Using multivariate analysis, we found a large reduction in
the odds of death for patients receiving ART before or dur-
ing TB treatment (odds ratio, 0.2; 95% confidence interval,
0.1-0.5), adjusting for CD4 count, smear status, co-trimoxa-
zole use, and treatment facility. ART is associated with a
substantial reduction in deaths during TB treatment for HIV-
infected TB patients in Thailand.

Tuberculosis (TB) is one of the most common opportu-
nistic infections and causes of death in HIV-infected
persons (1). In developing countries, many HIV-infected
persons frequently receive the diagnosis of HIV infection or
AIDS after first having TB diagnosed at a health facility (1).
The proportion of HIV-infected TB patients who die during
TB treatment is high: an estimated 6%—-39% die during TB

*Ministry of Public Health, Ubon-ratchathani, Thailand; TMinistry
of Public Health, Nonthaburi, Thailand; and 1Thailand Ministry of
Public Health—Centers for Disease Control and Prevention Col-
laboration, Nonthaburi, Thailand; and §Centers for Disease Control
and Prevention, Atlanta, Georgia, USA
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treatment in sub-Saharan Africa (2,3). Deaths occurring in
the first few months after TB diagnosis are more likely TB
related, whereas deaths occurring later are more likely to be
attributable to other HIV-related illnesses (4—7).

Thailand has experienced a severe TB/HIV syndemic,
i.e., 2 diseases acting synergistically to cause excess illness
and death (8). Almost 600,000 persons are currently HIV
infected, and >90,000 TB cases are estimated to occur an-
nually (2,9). One fourth of persons in whom AIDS was di-
agnosed first have TB, and an estimated 12% of TB cases
in Thailand are HIV associated, although the proportion is
as high as 40% in some provinces (10).

Antitretroviral therapy (ART), which uses highly ac-
tive combinations of drugs, improves survival in HIV-in-
fected persons (11,12). HIV-infected persons in Thailand
now have widespread access to ART, but physicians often
do not prescribe it to HIV-infected TB patients because of
concerns about drug-drug interactions, overlapping tox-
icities, immune reconstitution syndrome, and pill burden.
Expert groups and the World Health Organization (WHO)
also recommend that public health programs make treat-
ment of TB the first priority and ideally begin ART after
TB treatment is tolerated and CD4" T-lymphocyte (CD4)
count is measured (13). Several studies have now docu-
mented that ART reduces the likelihood of death during
TB treatment of HIV-infected TB patients, but these stud-
ies relied on retrospective data collection, occurred outside

!Data from this manuscript have been presented in part at the 36th
UNION World Conference on Lung Health, Paris, October 2005,
and the 15th Annual International AIDS Conference, Bangkok, July
2004.
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routine public health programs, or involved resource-rich
countries without large TB or HIV epidemics (14-18). In
this study, we analyzed data from a prospective, popula-
tion-based surveillance system to estimate the benefit of
ART on reducing mortality during TB treatment in HIV-
infected TB patients living in rural Thailand.

Methods

Setting

Ubon-ratchathani is a large, predominantly rural prov-
ince in northeastern Thailand with a population of 1.7 mil-
lion persons. The rate of reported TB cases is 145/100,000
persons, and HIV prevalence in women attending public
antenatal clinics was 0.6% (in 2004). Treatment of TB or
HIV is offered by 25 health facilities, including 20 Ministry
of Public Health (MOPH) hospitals, 3 private hospitals, 1
military hospital, and 1 MOPH outpatient TB and HIV re-
ferral clinic. Except for those who are seriously ill, TB and
HIV patients are managed in outpatient specialty clinics at
these facilities.

Data Collection

In 2003, the US Centers for Disease Control and Pre-
vention (CDC) began collaborating with the MOPH and
Ubon-ratchathani Province on a special project to enhance
surveillance, monitoring, evaluation, and treatment of TB,
HIV-associated TB, and multidrug-resistant TB (MDR TB)
in a project known as the Thailand TB Active Surveillance
Network. For all patients with a diagnosis of TB in any of
the 25 participating healthcare facilities, public health staff
recorded standardized epidemiologic data, collected spu-
tum specimens for laboratory testing (including staining
for acid-fast bacilli [AFB], mycobacterial culture, species
identification, and drug-susceptibility testing), and offered
HIV counseling and testing.

Sputum specimens were collected for AFB staining
and culture at the beginning of TB treatment. Specimens
were cultured at an MOPH laboratory in the province on
Ogawa (February—March 2003) or Lowenstein-Jensen agar
(April 2003—January 2004) by using standard methods, and
isolates were sent to the MOPH national reference labora-
tory for drug-susceptibility testing. Public health staff from
the TB program collected patient data prospectively from
routine medical and laboratory records, recorded data in a
modified version of the standard national TB register, and
entered data into an electronic database.

Patient Population

All persons registered for TB treatment, regardless of
their final diagnosis, were considered TB patients, consis-
tent with WHO guidelines (19). We restricted our analysis
to TB patients who had laboratory confirmation of HIV in-
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fection and who were registered for TB treatment from Feb-
ruary 2003 through January 2004. Patient outcomes were
only recorded through the end of TB treatment, which was
usually 6 months after treatment initiation; no data about
outcomes were recorded after the end of TB treatment.
For TB treatment, patients received standardized regi-
mens, consistent with WHO guidelines; new (not previous-
ly treated) patients received isoniazid, rifampin, ethambu-
tol, and pyrazinamide (18). HIV-infected TB patients were
referred to HIV-related care and treatment, but individual
physicians used their own clinical judgment about mea-
suring CD4 count, providing opportunistic infection pro-
phylaxis or ART, and managing other clinical conditions.
When measured, CD4 counts were usually checked within
the first month of TB treatment. Thai MOPH guidelines
recommend that HIV-infected patients with CD4 <200
cells/mm?® receive co-trimoxazole and stavudine, lamivu-
dine, and nevirapine (known as “GPO-vir”); in patients
with TB, efavirenz is recommended instead of nevirapine.

Definitions

Standard WHO definitions were used to categorize
patients according to previous TB treatment history, type
of TB (sputum smear—positive, pulmonary; sputum smear—
negative, pulmonary; extrapulmonary), and treatment out-
come. Consistent with WHO guidelines, we classified all
deaths occurring during TB treatment, whether the cause
was known or not, as a TB death (18).

We classified ART use according to whether ART was
begun before TB treatment, begun during TB treatment, or
not taken during TB treatment. We classified co-trimoxa-
zole use as either taken or not taken during TB treatment.
No data on interruptions of ART or co-trimoxazole treat-
ment were collected; for the purposes of surveillance, any
patient already taking or started on ART or co-trimoxazole
was considered to be taking it throughout TB treatment.
We stratified CD4 count (cells/mm?) as <50, 50-99, 100—
199, and >200.

Data Analysis

For descriptive analysis, all patients were included.
For univariate and multivariate analysis of risk factors
for death, we restricted our analysis to TB patients with
an outcome of cured, completed, failed, or died; we ex-
cluded patients who defaulted on treatment or transferred
out, because their final treatment outcome was not known.
Patients with an outcome of failure were combined with
those who were cured or completed treatment, since all 3
groups were known to have survived the first 6 months of
TB treatment. We calculated relative risk (RR) for fac-
tors associated with death in patients with all forms of
TB and in the subset of patients with pulmonary, sputum
smear—positive TB.
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For multivariate analysis, we calculated adjusted odds
ratios (OR) for factors associated with death by using lo-
gistic regression. Variables were chosen based on >1 of
the following: statistical significance (p<0.05) in univariate
analysis, biologic plausibility, or previously published evi-
dence. Because 41% of patients had data missing for CD4
count, we performed several analyses to explore the impact
of missing CD4 count on our final model estimates, includ-
ing the following: 1) classifying patients with unknown CD4
as a separate strata in analysis; 2) recoding patients with
unknown CD4 as having CD4 <50 cells/mm?; 3) recoding
patients with unknown CD4 as CD4 >200 cells/mm?; and
4) excluding all patients with unknown CD4 from the anal-
ysis. Because rates of default were high and cases of default
may actually be deaths, we also recoded cases of default as
death and repeated all multivariate analyses. In analyses for
which there were no outcomes in some CD4 strata, we log-
transformed the CD4 count and modeled it as a continuous
variable (20). The protocol for this project was reviewed by
the Thailand MOPH and CDC and the study was found to
be surveillance and public health program implementation
and not human subjects research requiring oversight by an
institutional review board.

Results

From February 2003 through January 2004, 2,342 pa-
tients were registered for TB treatment in Ubon-ratchathani
Province. Of these, 225 (10%) were known to be HIV in-
fected before their TB diagnosis. Of the remaining 2,117
patients, 1,626 (77%) received HIV pretest counseling,
680/1,626 (42%) agreed to HIV testing, and 104/680 (15%)
were found to be HIV infected. In all, 329 (14%) of the
2,342 total TB patients were either known to be HIV infect-
ed before TB diagnosis (225; 68% of all TB/HIV patients)
or were identified as HIV infected after testing through the
TB program (104; 32% of all TB/HIV patients).

The median age of the 329 HIV-infected TB patients
was 32 years (range 10 months—68 years), 112 (34%) were
female, and 307 (93%) had new TB cases (Table 1). TB
was classified as sputum smear—positive in 120 (36%), spu-
tum smear—negative in 107 (33%), and extrapulmonary in
102 (31%). CD4 count was unavailable or not performed in
134 (41%). Of the 195 patients with CD4 results available,
the median CD4 count was 53 cells/mm® (range 1-873);
93% had CD4 <200 cells/mm?.

Sputum cultures were performed in 145 (64%) of 227
patients with pulmonary TB, including 93 (78%) of 120
with sputum smear—positive TB and 52 (49%) of 107 with
sputum smear—negative TB (Table 2). Of the 93 patients
whose sputum smears were positive and who had a culture
performed, 65 (70%) grew Mycobacterium tuberculosis
(MTB); of these, 4 (6%) isolates were resistant to at least
isoniazid and rifampin, i.e., MDR TB. Of the 52 sputum
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Table 1. Characteristics of HIV-infected patients with tuberculosis
(TB), Ubon-ratchathani, February 2003 through January 2004

Patients

Characteristic (N = 329), no. (%)
Female 112 (34)
Median age, y (range) 32 (0.8-68)
Type, location of TB

Sputum smear-positive, pulmonary 120 (36)

Sputum smear-negative, pulmonary 107 (33)

Extrapulmonary 102 (31)
Category of TB

New 307 (93)

Treatment after interruption, failure, 11 (4)

default, or relapse

Other 11 (3)
HIV status known before TB diagnosis 225 (68)
CD4 count (cells/mm?®)

<50 95 (29)

50-99 39 (12)

100-199 36 (11)

>200 25 (8)

Unknown 134 (41)
Received co-trimoxazole during TB 225 (68)
treatment
Received antiretroviral therapy (ART)

Before TB diagnosis 30 (9)

During TB treatment 45 (14)

Not prescribed ART 254 (77)
Among patients receiving ART, regimen
prescribed (n = 75)

Stavudine/Lamivudine/Nevirapine 38 (51)

Stavudine/Lamivudine/Efavirenz 35 (47)

Other 2(2)
Treatment outcome

Cured 61 (19)

Completed 126 (38)

Failure 4 (1)

Default 31(9)

Transfer 4 (1)

Change of diagnosis 4 (1)

Died 99 (30)

smear—negative patients with a culture performed, only 3
(6%) were culture positive, and none exhibited MDR TB.

Before TB treatment, 30 (9%) patients were receiving
ART; an additional 45 (14%) patients began ART during
TB treatment; and the remaining 254 (77%) patients did not
receive ART before or during TB treatment. In 40 of the 45
patients who began ART during TB treatment and in whom
a date of starting ART was available, the median time be-
tween TB diagnosis and ART initiation was 93 days (range
0-170 days). Among all patients receiving ART, 38 (51%)
received a combination regimen of stavudine, lamivudine,
and nevirapine; 35 (47%) received efavirenz instead of ne-
virapine; and 2 (2%) were on other regimens. During TB
treatment, 225 (68%) received co-trimoxazole.

Of all 329 patients, 187 (57%) were cured or complet-
ed TB treatment; 99 (30%) died during TB treatment. In
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Table 2. Results of culture and susceptibility testing performed on HIV-infected patients with pulmonary TB, stratified by sputum
smear—positive versus —negative results, Ubon-ratchathani, February 2003 through January 2004*

Characteristic

Smear-positive (n = 120), no. (%)

Smear-negative (n = 107), no. (%)

Sputum culture performed

Culture positive for nontuberculous mycobacteria
Contaminated

Culture negative

Culture positive for Mycobacterium tuberculosis
Multidrug-resistant TB

Previously treated

93/120 (78) 52/107 (49)

2/93 (2) 0/52 (0)
5/93 (5) 6/52 (12)
21/93 (23) 43/52 (83)
65/93 (70) 3/52 (6)
4/65 (6) 0/3 (0)
1/4 (25) NA

*TB, tuberculosis; NA, not available.

the remaining 43 patients, treatment failed (for 4 patients)
or the patient defaulted (a WHO term defined as missing
at least 2 continuous months of treatment) (31 patients),
transferred out (4 patients), or received a final diagnosis
other than TB (4 patients). Of the 4 patients with MDR TB,
3 died and 1 was recorded as having failed treatment with
final outcome not recorded.

In univariate analysis restricted to the 290 patients
with an outcome of cured, completed treatment, failed
treatment, or died, we analyzed several factors associated
with death during TB treatment. For all TB patients, hav-
ing an unknown CD4 count was associated with increased
likelihood of death, and receiving co-trimoxazole or ART
was associated with reduced mortality (Table 3). For ART,
5 (7%) of 71 patients who received ART died compared
with 94 (43%) of 219 patients who did not receive ART
(RR 0.2; 95% confidence interval [CI] 0.1-0.4; absolute
risk reduction 36; number-needed-to-treat 2.8). For sputum
smear—positive TB patients, results were similar; addition-
ally, male patients were at higher risk for death than female
patients (RR 2.3, 95% CI 1.1-4.7).

In multivariate analysis adjusted for CD4 count, smear
status, hospital providing treatment, and co-trimoxazole
use, ART remained strongly associated with reduced mor-
tality during TB treatment (Table 4). The adjusted OR
(aOR) for death in patients who received ART before or
during TB treatment was 0.2 (95% CI 0.1-0.5) compared
with that in patients who did not receive ART. Receiving
co-trimoxazole was no longer significantly associated with
reduced mortality. We found virtually identical results
when we did the following: 1) restricted our analysis to
only those patients who received ART during TB treatment
compared with patients who did not receive ART during
TB treatment; 2) restricted our analysis to previously un-
treated, non-MDR patients without nontuberculous myco-
bacteria; 3) coded patients with unknown CD4 as having
CD4 >200 cells/mm?, as having CD4 <50 cells/mm?, or as
missing (i.e., removed from the analysis). All analyses also
produced essentially identical results when we reclassified
cases of default as death.

When we restricted our analysis to sputum smear—
positive patients, we found a similarly strong beneficial
effect for ART. Because no deaths occurred in the group
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of smear-positive patients with CD4 >200 cells/mm’®, we
modeled CD4 as a continuous variable. The aOR was 0.1
(95% CI 0.0-0.9). Results were similar when we recoded
patients with unknown CD4 count as having CD4 equal to
50 cells/mm? (indicative of profound immunosuppression
and imminent risk of death) or 250 cells/mm? (not eligible
for antiretroviral treatment in many country guidelines be-
cause they are relatively immune competent). Because of
small sample size, we were only able to perform univari-
ate, not multivariate, analysis for the 57 culture-positive
patients who had an outcome of cured, completed, failed,
or died. One (8%) of 13 culture-positive patients receiving
ART died compared with 17 (36%) of 47 culture-positive
patients not receiving ART (RR 0.2, 95% CI 0.0-1.5; abso-
lute risk reduction 28; number-needed-to-treat 3.6).

Because patients who died soon after TB diagnosis
were also unlikely to have begun ART, we modeled the
effect of ART after excluding 32 patients who died in the
first month of beginning TB treatment (aOR 0.1, 95% CI
0.0-0.8) and the additional 16 patients who died in the sec-
ond month (aOR 0.1, 95% CI 0.0—1.2). Results were simi-
lar when we recoded patients with unknown CD4 count as
having CD4 equal to 50 cells/mm? or 250 cells/mm?, except
that the effect of ART was now statistically significant for
the analysis excluding deaths within the first and second
months (aOR 0.1, 95% CI 0.0-0.7 for unknown CD4 re-
coded as 50 cells/mm?; aOR 0.1; 95% CI 0.0-0.9 for un-
known CD4 recoded as 250 cells/mm?).

We explored the effect of co-trimoxazole on mortality
for the 218 patients who did not receive ART: 52 (38%) of
137 patients receiving co-trimoxazole died compared with
42 (51%) of 82 patients not receiving co-trimoxazole (RR
0.7, C10.6-1.0; absolute risk reduction 13; number-needed-
to-treat 7.7). The association between co-trimoxazole and
survival was not statistically significant when we excluded
patients who died in the first month (RR 0.9, CI 0.5-1.5)
or in the first 2 months (RR 1.2, CI 0.5-3.0) and when we
limited the analysis to smear-positive patients (RR 0.8, CI
0.5-1.3). In multivariate analysis of patients who did not
receive ART and adjusting for CD4 count, smear status,
and hospital providing treatment, co-trimoxazole was not
associated with survival (aOR 0.9, CI 0.5-1.9).
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Table 3. Univariate analysis of risk factors for death among HIV-infected TB patients with outcomes of cured, completed, failed, or
died, stratified by all patients versus pulmonary, smear-positive patients, Ubon-ratchathani, February 2003 through January 2004*

All TB patients (N = 286)

Smear-positive TB patients (n = 104)

Characteristic Died, no./total (%) RR (95% CI) Died, no./total (%) RR (95% ClI)
Sex

Male 69/193 (36) 1.2 (0.8-1.6) 33/72 (46) 2.3(1.1-4.7)

Female 30/97 (31) Ref 7135 (20) Ref
Age

<18y 4/19 (21) 0.6 (0.2-1.4) 0/1 (0) 0 (0-0)

18-34y 60/168 (36) Ref 26/60 (43) Ref

>35y 35/103 (34) 1.0 (0.7-1.3) 14/46 (30) 0.7 (0.4-1.2)
Type, location of TB

Sputum smear-positive, pulmonary 40/107 (37) Ref NA NA

Sputum smear-negative, pulmonary 38/96 (40) 1.1 (0.8-1.5) NA NA

Extrapulmonary 21/87 (24) 0.7 (0.4-1.0) NA NA
CD4 count (cells/mm?®)

>200 1/22 (5) Ref 0/8 (0) Ref

100-199 5/33 (15) 3.3(0.4-26.6) 2/12 (17) Undefined

50-99 9/35 (26) 5.7 (0.8-41.6) 1/10 (10) Undefined

<50 22/92 (24) 5.3 (0.8-37.0) 9/34 (27) Undefined

Unknown 62/108 (57) 12.6 (1.9-86.3) 28/43 (65) Undefined
Co-trimoxazole during TB treatment

Received 57/208 (27) 0.5(0.4-0.7) 21/71 (30) 0.6 (0.4-0.9)

Did not receive 42/82 (51) Ref 19/36 (53) Ref
Antiretroviral therapy before or during TB treatment

Received 5/71 (7) 0.2 (0.1-0.4) 1/23 (4) 0.1 (0.0-0.7)

Did not receive 94/219 (43) Ref 39/84 (46) Ref
Sputum culturet

Culture positive 18/60 (30) Ref 18/59 (31) Ref

Not culture positive 81/230 (35) 1.2 (0.8-1.8)% 22/48 (46) 1.5 (0.9-2.5)%

Culture negative 21/60 (35) 1.2 (0.7-2.0)% 9/20 (45) 1.5(0.8-2.7)%

*TB, tuberculosis; RR, relative risk; Cl, confidence interval; Ref, referent; NA, not applicable.
t"Culture positive” includes all patients with a sputum culture positive for Mycobacterium tuberculosis (MTB). “Not culture positive” includes any patients
without a culture positive for MTB, regardless of whether they had a specimen sent for culture or not. “Culture negative” includes only patients with a

sputum culture negative for MTB.
FCompared with culture positive.

Discussion

In this prospective, population-based study from a ru-
ral province in northeastern Thailand, we documented a
high rate of death in HIV-infected TB patients and a sub-
stantial reduction in the risk for death during TB treatment
for patients receiving ART. In this population, TB occurred
predominantly in persons with preexisting HIV diagnoses
and low CD4 counts, and, as expected, the CD4 count was
inversely related to death. These findings are more consis-
tent with the epidemiology of TB in high-income countries,
such as the United States, than that in sub-Saharan Africa,
where studies have found that most TB and HIV have not
previously been diagnosed in patients with HIV infection
and that TB occurs across a broad spectrum of immune
suppression (21-26). Although CD4 counts were not re-
corded for many patients in this study, we can infer from
the high mortality in these patients that their CD4 counts
were probably low. Research would be needed to document
whether data from this evaluation are representative of oth-
er settings in Thailand or Southeast Asia. That TB occurred
predominantly in persons with advanced, diagnosed HIV
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infection suggests that interventions targeted specifically at
HIV-infected patients—such as early ART, treatment of la-
tent TB infection, and earlier screening for and treatment of
TB disease in household contacts of TB patients and during
routine HIV care—are also needed to reduce incidence and
mortality of HIV-associated TB.

Given the advanced immune suppression in this popu-
lation, that ART improved survival during TB treatment
is not surprising. The magnitude of benefit, however, was
substantial. Treating 3 HIV-infected TB patients with ART
in this population would translate into 1 life saved during
TB treatment. In fact, co-trimoxazole, which is known
to save lives during TB treatment in Africa (27), was not
significantly associated with survival after adjusting for
ART use. Co-trimoxazole protects AIDS patients against
a wide range of infections that commonly occur in Thai-
land, including Pneumocystis jirovecii and Toxoplasma sp.
(28). We were not able to demonstrate a survival benefit
of co-trimoxazole in patients receiving ART or those not
receiving ART. We do not know whether this is a true phe-
nomenon or attributable to bias, misclassification, or small
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Table 4. Multivariate analysis of risk factors for death among HIV-infected TB patients with outcomes of cured, completed, failed, or
died and adjusted for site of treating facility,* Ubon-ratchathani, February 2003 through January 2004+

Characteristic

Adjusted OR (95% ClI)

Antiretroviral therapy before or during TB treatment
Co-trimoxazole during TB treatment
CD4 count (cells/mm?)
>200
100-199
50-99
<50
Unknown
Type, location of TB
Sputum smear—positive, pulmonary
Sputum smear—negative, pulmonary
Extrapulmonary

0.2 (0.1-0.5)
1.1 (0.6-2.3)

Referent
5.5 (0.6-52.6)
9.3 (1.0-82.9)
9.7 (1.2-78.4)
29.9 (3.8-238.0)

Referent
1.3(0.7-2.6)
0.5 (0.2-1.0)

*Data not shown.
1TB, tuberculosis; OR, odds ratio; CI, confidence interval.

sample size. Further studies are needed to evaluate the sur-
vival benefit of co-trimoxazole in HIV-infected TB patients
in Thailand. Our sample size was too small to compare out-
comes between patients receiving regimens with efavirenz
versus nevirapine or to compare outcomes between patients
who received ART during the first 2 months of TB treat-
ment compared with those who received ART later.

Our evaluation reinforces the importance of provid-
ing TB patients with early access to HIV diagnosis and
treatment, as recommended in WHO’s Interim Policy on
TB/HIV Collaborative Activities (1). In this project, we
found several missed opportunities, including HIV testing
of TB patients, measurement of CD4 count, and initiation
of co-trimoxazole and ART. Educating providers about the
life-saving benefits of ART in HIV-infected TB patients is
a major priority, but more data from observational stud-
ies and clinical trials are needed to provide evidence-based
guidance about the optimum timing of ART and the inci-
dence and management of overlapping toxicities and im-
mune-reconstitution syndrome.

This study has several major limitations. First, we do
not know the reasons why patients did not receive ART.
Many patients who did not receive ART were likely deemed
too ill and, therefore, unlikely to benefit from ART. This
bias would exaggerate the benefit of ART; survival would
determine ART use, not the reverse. To address this issue,
we controlled for 2 factors likely to predict when a patient
would receive ART, such as CD4 count and hospital of
care (a surrogate for physician preference or resources).
Moreover, after excluding persons who died within the first
2 months of TB treatment, i.e., persons likely to receive
minimal benefit from ART and likely to have been deemed
too ill to receive ART, we still identified a substantial ben-
efit for ART.

Another limitation is that not all TB patients under-
went HIV testing, which could skew our population toward
those patients most likely to have advanced immune sup-
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pression and, therefore, most likely to benefit from ART.
Since these data were collected, rates of HIV testing of TB
patients have increased substantially in Ubon-ratchathani,
but the proportion identified as HIV infected remains simi-
lar to what it was in this study, suggesting that the num-
ber of HIV infections missed in this study population was
small. This study was also based on surveillance and moni-
toring data from a public health program, which, though
prospectively collected, necessarily relied on incomplete
data, such as from routine medical records. Core data ele-
ments, such as CD4 count, were missing for many patients,
and data about adverse events and causes of death, which
are critical to assessing the risks of combined ART and TB
treatment, were not collected. Low rates of culture posi-
tivity, particularly in smear-negative patients, leave open
the possibility that some patients did not, in fact, have TB.
Since this study, we have identified several reasons for the
low yield of culture, including delayed transport times for
specimens and inadequate specimen collection; efforts to
improve these procedures have since been implemented.
Even though many patients were not culture confirmed
in this study, sputum smear—positive patients benefited
strongly from ART, which suggests that misdiagnosis of
TB is an unlikely explanation for our findings.

Major strides have been made in enhancing access to
HIV treatment in the developing world. Nevertheless, as
this study shows, deaths of patients with both TB and HIV
remain high, and, even in a country such as Thailand with
high rates of access to ART, few HIV-infected TB patients
receive ART. Globally, measures to save lives of patients
with both diseases have focused on making TB and HIV
programs collaborate more closely. To that end, more data
from these settings are urgently needed to convince poli-
cymakers in countries affected by this syndemic about the
critical importance of rapidly expanding access to ART,
particularly for HIV-infected TB patients.
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Ongoing Genome Reduction In
Mycobacterium ulcerans

Simona Rondini,** Michael Kaser,** Timothy Stinear,1? Michel Tessier, Cyrill Mangold,t
Gregor Dernick,t Martin Naegeli,* Francoise Portaels,8 Ulrich Certa,t and Gerd Pluschke*

Elucidation of the transmission, epidemiology, and
evolution of Mycobacterium ulcerans, the causative agent
of Buruli ulcer, is hampered by the striking lack of genetic di-
versity of this emerging pathogen. However, by using a pro-
totype plasmid-based microarray that covered 10% of the
genome, we found multiple genomic DNA deletions among
30 M. ulcerans clinical isolates of diverse geographic ori-
gins. Many of the changes appear to have been mediated
by insertion sequence (IS) elements 1S2404 and 1S2606,
which have high copy numbers. Classification of the deleted
genes according to their biological functions supports the
hypothesis that M. ulcerans has recently evolved from the
generalist environmental M. marinum to become a niche-
adapted specialist. The substantial genomic diversity, along
with a prototype microarray that covered a small portion of
the genome, suggests that a genome-wide microarray will
make available a genetic fingerprinting method with the high
resolution required for microepidemiologic studies.

he study of genetic diversity within bacterial species

has provided information on aspects such as virulence
(1,2), antimicrobial drug resistance (3), epidemiology, and
microbial evolution (4—7). For mycobacteria such as Myco-
bacterium tuberculosis and M. ulcerans, low intraspecies
diversity limits the use of genetic fingerprinting techniques
that are based on sequence diversity in selected genetic
elements. For M. tuberculosis, M. bovis, and the various
bacillus Calmette-Guérin daughter strains, genome-wide
microarray analyses have identified large sequence poly-
morphisms (4,8-10). However, the complete genome se-
quence of an organism is required for the design of syn-
thetic oligonucleotide or PCR product-based microarrays.
When this information is not available, an alternative is a

*Swiss Tropical Institute, Basel, Switzerland; tInstitut Pasteur, Par-
is, France; fF. Hoffmann-La Roche Ltd., Basel, Switzerland; and
8Institute of Tropical Medicine, Antwerp, Belgium
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PCR product-based shotgun DNA microarray (11), which
we developed further into a plasmid-based microarray. We
used this method for the differential genomic analysis of M.
ulcerans, a human pathogen for which the fully assembled
and annotated genome sequence was not available at the
time of the study.

M. ulcerans is the causative agent of Buruli ulcer, an
infectious disease characterized by chronic necrotizing skin
ulcers (12). Buruli ulcer is an emerging infectious disease
found mostly in West African countries but also in tropical
and subtropical regions of Asia, the Western Pacific, and
Latin America (13). Genetic analyses suggest recent diver-
gence of M. ulcerans from M. marinum, a well-known fish
pathogen that can cause limited granulomatous skin infec-
tions in humans (14). One of the hallmarks of the emergence
of M. ulcerans as a more severe pathogen is the acquisition
of'a 174-kb plasmid that bears a cluster of genes necessary
for the synthesis of the polyketide toxin mycolactone. This
toxin appears largely responsible for the massive tissue de-
struction seen in Buruli ulcer (15). The epidemiology and
mode of transmission of M. ulcerans disease are not fully
understood, partly because no molecular typing method
with sufficiently high resolution for microepidemiologic
analyses is available.

Standard molecular typing methods such as multilo-
cus sequence typing, restriction fragment length polymor-
phism, and fingerprinting using variable number of tandem
repeats have shown an apparent lack of genetic diversity of
M. ulcerans within individual geographic regions, which is
indicative of a clonal population structure. The genotyping
technique that has shown the highest discriminatory power
so far is based on the use of outward-directed primers spe-

1These authors contributed equally to this work.
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Monash University, Melbourne, Victoria,
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cific for the insertion sequence (IS) 1S2404, in combina-
tion with an oligonucleotide that targets a repeated GC-rich
motif (16). Application of this method determined the reso-
lution of 10 different M. ulcerans genotypes, which corre-
spond to the geographic origin of the isolates. However, this
level of resolution is not sufficient for microepidemiologic
analyses. We hypothesized that, as for M. tuberculosis (17),
deletional and insertional events mediated by repetitive se-
quence elements are a major mechanism for genomic varia-
tion in M. ulcerans. To test this hypothesis, we developed
a plasmid-based microarray and analyzed genomic DNA
from 30 M. ulcerans isolates of diverse origins.

Materials and Methods

Plasmid-Based DNA Microarray

From a shotgun clone library of strain Agy99, 352
Escherichia coli plasmids (pCDNAZ2.1, Invitrogen, Basel,
Switzerland) were randomly selected. Each plasmid con-
tained an M. ulcerans DNA fragment of #2.3-2.7 kb. Given
a genome size of 5,806 kb (18), this set of plasmid inserts
represents a theoretical genome coverage of ~10%. Plas-
mid DNA was prepared by using a Biomek 2000 Worksta-
tion (Beckman Coulter, Krefeld, Germany) and dissolved
at a concentration of 150 ng/uL in 3x SSC (20x SSC stock
solution is 3 M sodium chloride, 0.2 M sodium citrate, pH
7.0). The DNA samples were loaded on a piezo-dispens-
ing head that contained 24 channels and spotted onto glass
slides coated with poly-L-lysine (Superfrost Plus, Men-
zel, Braunschweig, Germany) by using a Topspot spotter
(Biofluidix, Freiburg, Germany). Slides were incubated at
4°C overnight and rehydrated under 50%—60% humidity
for 1 h at room temperature. The spots resulting from a
volume of =1 nL had an average diameter of 270 pm and
were 500 pm apart from each other. The microarray layout
displayed 2 identical fields—for hybridization with 2 dif-
ferent probes—that consisted of 2 replicates each, both of
which contained 32 controls and 352 plasmids.

Biotinylation of M. ulcerans Genomic DNA Fragments
M. ulcerans clinical isolates used in this study are listed
in Figure 1. Bacterial pellets of about 60 mg (wet weight)
were heat inactivated for 1 h at 95°C in 500 pL extraction
buffer (50 mmol/L Tris-HCI, 25 mmol/L EDTA, 5% mono-
sodium glutamate) and sequentially treated with lysozyme
(2 h, 37°C, 17 M lysozyme) and proteinase K (overnight,
45°C, 0.3 M proteinase K in proteinase K buffer: 1 mmol/L
Tris-HCI, 5 mmol/L EDTA, 0.05% sodium dodecyl sulfate
[SDS], pH 7.8). After digestion the samples were subjected
to bead beater treatment (Mikro-Dismembrator, Braun Bio-
tech International, Berlin, Germany) with 300 puL of 0.1-
mm zirconia beads (BioSpec Products, Bartlesville, OK,
USA) for 7 min at 3,000 rpm. DNA was extracted from the
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supernatants by phenol-chloroform (Fluka, Buchs, Swit-
zerland) extraction and ethanol precipitation. Seven micro-
grams of M. ulcerans genomic DNA was digested with 3 U
of Sau3A1 (New England Biolabs, Hitchin, UK) for 2 h at
37°C and biotinylated according to Pollack et al. (19) using
a BioPrime kit (Gibco/BRL, Gaithersburg, MD, USA). The
biotinylated DNA was purified by using a Microcone YM-
30 filter (Amicon/Millipore, Bedford, MA, USA), and its
concentration was measured by optical density at 260 nm
(GeneQuant spectrophotometer, Cambridge, UK).

Hybridization of Microarray Slides

Five micrograms of biotinylated DNA was mixed with
30 ug human Cot-1 DNA (Roche Applied Science, India-
napolis, IN, USA) and 100 pg yeast tRNA (Gibco/BRL).
The hybridization mix was concentrated with a Speed Vac
Concentrator System (Eppendorf, Basel, Switzerland), re-
solved in 3x SSC, 0.3% SDS, denatured for 3 min at 95°C,
and incubated for 30 min at 37°C before hybridization. Mi-
croarray slides were cleaned with a nitrogen flow, exposed
to UV light in a Stratalinker 2400 (Stratagene, La Jolla,
CA, USA) at 650x 100 pJ, and heated for 5 min to 95°C
before application of 13 pL of the hybridization mix on
each array field. Hybridization occurred for 20 h at 65°C in
a hydration chamber. Hybridized slides were washed once
with 2x SSC, 0.03% SDS for 5 min at 65°C, twice with 1x
SSC for 5 min at room temperature, and finally with 0.2x
SSC for 5 min at room temperature. The coloration step
was performed with 2 mL staining solution containing 50%
caseine, 1x maleic acid buffer (Roche Applied Science),
and 2 pg Streptavidin Cy3 Fluorolink (Amersham, Piscat-
away, NJ, USA) for 30 min at room temperature, followed
by additional washings for 5 min with 1x TBS (0.15 M
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Figure 1. Distribution of outlier signals among the 30 Mycobacterium
ulcerans isolates tested. M. ulcerans isolates: 1, 8756 Japan; 2,
980912 China; 3, 842 Suriname; 4, 7922 French Guiana; 5, 5147
Australia; 6, 5142 Australia; 7, 9549 Australia; 8, 9550 Australia;
9, 940339 Australia; 10, 8849 Australia; 11, 5151 Democratic
Republic of Congo (DRC); 12, 5150 DRC; 13, 940511 Céte d'Ivoire;
14, 940662 Cote d’lvoire; 15, 940815 Cote d'lvoire; 16, 960658
Angola; 17, 960657 Angola; 18, 970680 Togo; 19, 970321 Ghana;
20, 970483 Ghana; 21, 970359 Ghana; 22, 940111 Benin; 23,
001441 Benin; 24, 940886 Benin; 25, 970104 Benin; 26, 940512
Benin; 27, 5143 Mexico; 28, 5114 Mexico; 29, 941331 Papua New
Guinea (PNG); 30, 9537 PNG.
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sodium chloride, 0.02 M Tris, pH 7.5) as well as 0.1x TBS
and drying with a nitrogen flow. DNA of all 30 M. ulcerans
strains was processed under identical conditions and hy-
bridized at least twice, which yielded 4 sets of data for each
strain. Human Cot-1 DNA and plasmid DNA without in-
sert as well as a hybridization mix without DNA served as
negative controls for hybridization. A 500-bp p-lactamase
gene fragment and Cy3-labeled random oligonucleotides
(Microsynth, Balgach, Switzerland) were used as positive
controls and for estimation of the amount of spotted DNA.

Microarray Scanning and Data Evaluation

Images of the microarrays were acquired by using a
laser microarray scanner (GenePix 4100A, Axon Instru-
ments Inc., Foster City, CA, USA) with an excitation wave
length of 532 nm, an emission wavelength of 570 nm, and
standardized measurement parameters. The resulting image
was analyzed by the software GenePix Pro 4.1 (Axon In-
struments Inc.), which enabled assignments of mean inten-
sity values used for data interpretation. To select spots to be
included in the analysis of genomic diversity of M. ulcer-
ans strains, replicates of 10 hybridizations were performed
by using M. ulcerans Agy99 genomic DNA. All spots that
showed a signal lower than twice that given by the negative
control plasmid without insert were rejected, as were all
spots for which coefficient of variation was >30%. Further
analysis used 232 spots that had an average signal above
the threshold and sufficient signal stability. For each plas-
mid, we calculated the average signal value, standard de-
viation, and coefficient of variation and assessed a signal
ratio in comparison with the reference strain. Outlier spots
with a ratio higher than U2 (U2 = upper quartile + 3% inter-
quartile) were identified through a box-plot analysis.

Characterization of Large Sequence Polymorphisms

Microarray data that indicated the presence of a de-
letion were verified by PCR analysis, which used primer
pairs that spanned the insertion sequences of the respective
plasmids, the flanking regions, or both. The 5’ and 3’ lim-
its of the confirmed genomic deletions with respect to the
genome of strain Agy99 were determined by PCR analy-
sis, which used multiple sets of primers complementary to
flanking genomic regions. PCR analyses that bridged the
genomic breakpoints were performed by using a long-range
PCR polymerase mix (Fermentas, St Leon-Rot, Germany)
according to the manufacturer’s description. PCR products
were cloned into pGEM-T (Catalys AG, Promega, Wal-
lisellen, Switzerland) and sequenced using an ABI PRISM
310 genetic sequence analyzer (Perkin-Elmer, Waltham,
MA, USA).
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Results

Comparative Genomic Hybridization of
M. ulcerans Isolates

We constructed a microarray based on a random se-
lection of 232 Escherichia coli plasmids obtained from a
shotgun sequence library of the M. ulcerans isolate Agy99
from Ghana. Genomic DNA hybridization signal intensi-
ties from 30 M. ulcerans clinical isolates of worldwide
distribution (Figure 2) were compared with those obtained
with strain Agy99. Box-plot analysis (Figure 3) identified
plasmids that yielded outlier signals with respect to strain
Agy99. For 19 of 20 plasmids, PCR analysis confirmed an
association of the outlier signal with a genomic deletion.
Only 1 low hybridization signal represented a false-posi-
tive result (p188 from strain 940511, Cote d’Ivoire; Figure
3). The number of confirmed outlier plasmids per isolate
ranged from zero for most African isolates to 9 for isolates
from Suriname and French Guiana (Figure 1).

Of the 19 plasmid inserts that yielded confirmed out-
lier signals, 3 (p111, p299, and p341) contained sequences
from the virulence plasmid pMUMO01 of M. ulcerans. Of
the 16 plasmids derived from the M. ulcerans chromosome,
some contained fragments that overlapped the same region
(Figure 4). Hybridizing regions were almost identical for
p60 and p61. Both plasmids yielded outlier values with
the isolates from Suriname and French Guiana. A cluster
of overlapping inserts was observed for p88, p153, and
p360; these produced outlier values for both of the Mexi-
can isolates. The same pattern was seen with p124 and
p291, which have inserts that are located in close proxim-
ity to each other in the genome (Figure 3). These results
from related inserts demonstrated the reproducibility of
the differential hybridization analysis. Because the inserts
p60—p61, p88—p153—p360, and p124—p291 were part of the
same deletion in regions of difference (RDs) 4, 5, and 8,
respectively; (Figure 4), altogether 12 chromosomal RDs
were identified.
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Figure 2. Distribution map of Mycobacterium ulcerans patient
isolates used in this study (strain identity as listed in Figure 1).
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Figure 3. Box-plot analysis of the signal ratios obtained with genomic DNA of 30 Mycobacterium ulcerans strains identifying plasmids
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Characterization of Genomic RDs

The 5" and 3’ limits of the genomic deletions with re-
spect to the genome of strain Agy99 were determined by
PCR analysis that used multiple sets of primers comple-
mentary to plasmid inserts and to flanking genomic re-
gions. The size of the deletions ranged from 1.8 kb to 53.1
kb (Table).

In 3 of the 12 RDs (RD3, 9, and 12), 2 distinct types of
overlapping deletions (designated A and B) were observed,
leading to a total of 15 large deletions. The overlapping
deletions shared neither common 5’ nor 3’ end sequences.
The strains from Australia had a 3.5-kb deletion in RD3;
strains from Suriname and French Guiana had a slightly
larger (3.8-kb) deletion. The isolates from Suriname and
French Guiana had a larger (25.4-kb) deletion in RD9 than
the isolates from Japan and China (17.7 kb). The largest de-
letion (53.1 kb) was designated RD12A and was observed
in strains from Japan and China. Isolates from Suriname
and French Guiana had a significantly smaller deletion in
RDI12 (35.2 kb). The 19.7-kb deletion 6 was found in iso-
lates from 2 different regions (Mexico and Japan/China, re-
spectively). All other deletions were observed in 2 isolates
from the same region (Table).

To assess whether polymorphisms undetected by the
microarray analysis would frequently occur in the identi-
fied RDs, we performed a detailed PCR analysis in all 30
M. ulcerans strains included in this study for 2 randomly
selected RDs (RDS5 and 12). We used 4 distinct primer pairs
to span the insert sequence plus 5’ and 3’ flanking sequence
stretches. For RD12, the PCR analysis confirmed the pres-
ence of a deletion in the 4 strains that had outlier signals
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in the microarray analysis, but no evidence for deletional
polymorphism was obtained in the other strains. For RDS,
PCR analysis confirmed the presence of a deletion in the
2 Mexican strains that had outlier signals (not shown). In
addition, this PCR analysis identified the presence of an in-
sertion in strains from Japan, China, Suriname, and French
Guiana. The sequence of this 765-bp DNA insert was iden-
tical for all 4 strains. Its G+C content was 64%, and BLAST
searches showed 98% identity with a sequence stretch of
the M. marinum genome (www.sanger.ac.uk/cgi-bin/blast/
submitblast/m marinum) but no significant homology with
sequences in the National Center for Biotechnology Infor-
mation BLAST databases (www.ncbi.nlm.nih.gov/blast).

p60
RD 4 =——f
p61

p153 5360
I

p88

RD 5

p291 p124
RD8 =—— gl p—

Figure 4. Positions of overlapping or adjacent plasmid inserts in
regions of difference (RDs) 4, 5, and 8. Identical results retrieved
by different plasmids with overlapping sequences or sequences in
closest proximity demonstrate the reproducibility and reliability of
the differential genomic hybridization method.
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Table. Features of the 15 distinct deletions identified in Mycobacterium ulcerans isolates*

RD Deletion no. Plasmid no. Origin Size of deletion, kb No. CDSs and pseudogenes
1 1 p8 SU/IFG 11.1 14
2 2 p34 SU/IFG 6.6-6.8 4
3 3A p58 AU1/AU2 35 5
3B p58 SU/IFG 3.8 6
4 4 p60, p61 SU/IFG 1.8-2.4 2
5 5 p88, p153, p360 ME1/ME2 27.1-27.4 23
6 6 p92 JP/CH/ME1/ME2 19.7 24
7 7 p100 SU/IFG 15.3 13
8 8 p124, p291 ME1/ME2 52.8-53.1 50
9 9A pl44 JP/CH 18.1 15
9B pl44 SU/IFG 25.4 20
10 10 p170 ME1/ME2 8.2-8.7 10
11 11 p305 JP/ICH 4.6 7
12 12A p315 JP/CH 53.1 50
12B p315 SU/FG 35.4-35.5 32

*RD, region of difference; CDSs, coding sequences; SU, Suriname; FG, French Guiana; AU, Australia; ME, Mexico; JP, Japan; CH, China.

Association of Deletions with Insertions

Of the 15 identified genome rearrangement events, 1
(deletion 3A observed in 2 Australian isolates) was found
to be a deletion, with the genomic sequences flanking the
5" and 3’ borders of the 3,451-bp deletion being directly
joined (Figure 5). Analysis of the other 14 deletions
showed that the loss of DNA in a given strain with respect
to the genome of Agy99 was associated with the insertion
of substituting sequences of varying sizes unrelated to the
deleted regions. As an example, the larger (3,784-bp) dele-
tion 3B found in the isolates from Suriname and French
Guiana was associated with the insertion of an unrelated
DNA fragment, which comprised the 1,368 bp of 1S2404
(20) plus an additional DNA stretch of 163 bp (Figure 5).
For most of the other deletions, 1 of the 2 highly abundant
insertion sequence clements (1S2404 or 1S2606) was situ-
ated in either the genomic sequences that flanked the dele-
tion or that were in the deleted parts or in the substituting
sequence stretches (as for deletion 3B).

Analysis of Coding Sequences and Pseudogenes in
the Deleted DNA Sequences

The 15 deletions identified contained 52 pseudogenes
and 185 predicted protein-coding sequences (CDSs), which
represent 5.7% of the annotated 4,143 CDSs in the genome
of the M. ulcerans strain Agy99 (18). The number of de-
leted CDSs and pseudogenes ranged from 2 (RD4) to 50
(RD8 and 12A) and averaged 18.6 per deletion (Table).
CDSs were classified into 11 functional categories (17).
When compared with the gene composition of the entire
Agy99 genome, the following functional categories were
overrepresented among the 185 deleted CDSs: insertion
sequences, unique hypothetical genes, and predicted pro-
teins involved in detoxification (Figure 6). Also overrepre-
sented was the deletion of the 52 pseudogenes that contain
frame shift mutations and premature stop codons or that are
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disrupted by an insertion sequence. In contrast, genes in-
volved in intermediary metabolism, information pathways,
and cell wall/cell processes were underrepresented among
the deleted CDSs (Figure 6). Of the 185 deleted functional
CDSs, 89 had orthologs with >50% amino acid sequence
identity to proteins from the M. tuberculosis H37Rv ge-
nome. A tendency for gene categories to cluster within the
RDs was found. RD2 comprises 2 PPE genes: RDs 1, 12A,
and 12B are predominantly CDSs involved in lipid metabo-
lism, and RDs 9A and 11 include mainly transcriptional
regulators. However, overall M. ulcerans lineages from
distinct geographic origin (Africa, Australia, Asia, South
America, Mexico) did not differ markedly in the catego-
ries of deleted genes. RDS (deleted in the Mexican strains)
is particularly interesting because it contains a cluster of
proteins of the mammalian cell entry mce3 operon and as-
sociated regulators thereof. The transcriptional repressor,
Mce3R, is considered to be an essential gene required for
growth of M. tuberculosis (21). In addition, RD8 com-
prises a collection of CDSs of almost every functional cat-
egory (online Appendix Table, available from www.cdc.
gov/EID/content/13/7/1008-appT.htm). The spectrum of
RD8-associated CDSs involved in detoxification included
the multidrug transport protein mmr, the epoxide hydrolase
EphB, the thiol peroxidase TpX, and the alkyl hydroperox-
ide reductase C protein AhpC.

Although CDSs involved in intermediary metabolism
were underrepresented among the deleted genes, 21 (42%)
of deleted CDSs of this category were dehydrogenases
(such as acyl-CoA short-chain alcohol, saccharopine, and
aldehyde dehydrogenases), which are central enzymes in
anaerobic metabolism (22) and important for survival in
poorly oxygenated environments such as soil (23). In ad-
dition, other genes associated with anaerobic respiration,
such as nitroreductases and electron transfer proteins, were
found among the deleted CDSs.
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Deletion 3A
-2 0 +2 +4

p58
(IRRRRRARRRARRAN

3.45 kb

GCGATCGCTTGATGTGAGAGCTGG) TCGCTGEGECGCCCAGTCCCTGGAR

GCGATCGCTTGATGTGAGAGCTGGTCGCTGGECGCCCAGTCCCTGGAR

Deletion 3B
-2 0 +2 +4

p58
AT

3.78 kb

CGCTGTGCTTGATTGCTCCCGOCC CCGAGGTGCAGCGATCCTCGAGTG

1.53 kb

CGCTGTGCTTGATTGCTCCOGCCC]
152404

COGAGGTGCAGCGATCCTCGAGTS

Figure 5. Two distinct deletions in region of difference 3. Although
deletion 3A represents a mere deletion event, the larger deletion
3B is associated with an insertion event. Neither 5’ nor 3’ ends are
identical in the 2 deletions.

Discussion

We describe the use of a plasmid-based DNA microar-
ray for identifying large deletional and insertional genomic
polymorphisms in a collection of 30 M. ulcerans strains of
geographically diverse origin. A set of plasmids randomly
selected from an E. coli shotgun library of M. ulcerans
genomic DNA was spotted on microarray slides. This is a
newly developed technology, highly suitable for situations
in which the complete genome sequence of a microorgan-
ism is not available. The prototype array used comprised
232 plasmids that yielded a reproducible and stable signal.
Plasmids contained M. ulcerans genomic DNA fragments
of 2.3-2.7 kb, thus reaching a theoretical genome cover-
age of 10%. Despite this incomplete coverage, 12 chromo-
somal and 3 virulence plasmid—associated RDs were iden-
tified. Fifteen distinct deletions of 1.8-53.1 kb were found
and characterized in detail by sequence analysis within the
12 genomic RDs. The deletions identified were found in
>1 M. ulcerans isolate, which demonstrates that they do
not reflect events that occur during in vitro cultivation of
individual isolates. The diversity of deletions within some
genomic regions implies recombination hot spots or a se-
lective advantage for loss of particular sequence stretches.
Recombination events between adjacent copies of 1S6110
in M. tuberculosis and 1S100 in Yersinia pestis have been
shown to promote the deletion of intervening DNA seg-
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ments (9,23-26). Close association of RDs with the high
copy number elements 1S2404 and IS2606 of M. ulcerans
indicates that these are involved in insertional and dele-
tional events.

Although genome coverage with the prototype micro-
array used here was low, several geographic types of M. ul-
cerans could be differentiated. The largest group comprised
all the African isolates (from Ghana, Benin, Céte d’Ivoire,
Democratic Republic of Congo, Angola, and Togo), the
isolates from Papua New Guinea, and some of the Aus-
tralian isolates. A second group comprised the Australian
strains 5142 and 5147, and a third group included the South
American strains (from Suriname and French Guiana). The
Mexican isolates represented a fourth; the Asian isolates
(from Japan and China), a fifth subgroup. An extended
analysis of insertions and deletions is expected to eventu-
ally give insight into the phylogenetic relationship between
M. marinum and different lineages of M. ulcerans. More-
over, the use of a microarray that covers the whole genome
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Figure 6. Functional categories of coding sequences (CDSs)
and pseudogenes and their frequencies in the deletions and the
whole genome. CDSs and pseudogenes in the identified regions of
difference (RDs) and in the entire reference Mycobacterium ulcerans
Agy99 genome were functionally categorized; the frequencies of
individual categories are compared. Statistically overrepresented in
the RDs were pseudogenes; insertion sequences; CDSs encoding
unique hypothetical proteins; and proteins involved in virulence,
detoxification, and adaptation. *Significant differences (p<0.05).
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may lead to the development of a genomic fingerprinting
method, which is urgently needed for microepidemiologic
studies that aim to characterize transmission pathways and
environmental reservoirs of M. ulcerans.

The 15 distinct genomic deletions that we identified
affected 6.2% of the M. ulcerans Agy99 genome, or 5.7%
of the annotated CDSs and pseudogenes. When a whole-
genome microarray was used to compare genomic DNA of
100 M. tuberculosis isolates, 5.5% of the genes were found
to be affected (27). When one considers the limited genome
coverage of the M. ulcerans prototype array used here, find-
ings demonstrate a remarkably high degree of insertional
and deletional diversity in M. ulcerans. In contrast, single
nucleotide polymorphisms are rare (14).

Comparative genomic studies have shown that M. ul-
cerans recently evolved from the ubiquitous, fast-grow-
ing environmental bacterium M. marinum (www.sanger.
ac.uk/projects/m_marinum) by lateral gene transfer and re-
ductive evolution (18). Our comparative genomic hybrid-
ization analysis of a worldwide collection of M. ulcerans
strains indicates that the downsizing of the genome from
6.6 Mb (M. marinum) to 5.8 Mb (M. ulcerans Agy99) is
an ongoing process. Further genome reduction appears to
be driving genetic diversification of M. ulcerans. Studies
of other groups of microorganisms indicate that genome
reduction is usually associated with adaptation to a more
stable environment. An example is M. leprae, which has
eliminated >2,000 genes upon adaptation to its human host
(28). To which ecologic niche(s) in the environment or in
host organisms M. ulcerans is adapting remains to be
investigated.

Among the deleted CDSs are 11 members of the mam-
malian cell entry mce3 operon, which are regarded as viru-
lence determinants in other mycobacteria. In M. tubercu-
losis the mce operons have been shown to code for genes
important for entry and survival of the pathogen in mam-
malian cells (29,30). The 4 mce operons of M. tuberculosis
have homologs among other mycobacteria. In particular,
the mce3 operon has been found in M. avium and M. smeg-
matis; its deletion in M. bovis has been also documented
(31). The 12.7-kb region that codes for the mce3 operon is
located near the 3’ end of the RD2 element (32) that is pres-
ent in M. bovis but absent in some strains of M. bovis BCG,
which suggests the potential instability of this region. A
mouse model of intradermal infection has recently shown
that M. ulcerans is initially captured by phagocytes (33).
In vitro studies suggest that the M. ulcerans intracellular
stage is transient because phagocytic cells enter apoptosis-
mediated cell death within 1 day. It will be interesting to
investigate whether the mce3 operon plays a role during the
transient invasion of host cells by M. ulcerans.

Overrepresentation of proteins involved in detoxifica-
tion processes among the deleted CDSs indicates adapta-
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tion to a more stable environment. Deletion of many dehy-
drogenases thought to be involved in anaerobic respiration
and of anaerobic respiratory enzymes and tranporters may
give a hint that this niche is not anaerobic. At least in highly
disease-endemic areas, M. ulcerans’ long-term persistence
in chronic wounds and shedding into the environment may
be relevant for the propagation of this species. Whether M.
ulcerans is primarily adapting to persist in a specialized en-
vironmental habitat, in arthropod hosts (34), or in chronic
wounds of mammalian hosts remains to be determined.
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Rift Valley Fever Outbreak with
East-Central African Virus Lineage
In Mauritania, 2003

Ousmane Faye,* Mawlouth Diallo,* Djibril Diop,t O. EImamy Bezeid,¥ Hampathé Ba,t
Mbayame Niang,* Ibrahima Dia,* Sid Ahmed Ould Mohamed, Kader Ndiaye,* Diawo Diallo,*
Peinda Ogo Ly,* Boubacar Diallo,f Pierre Nabeth,* Francois Simon,* Baidy L6,t
and Ousmane Madiagne Diop*

In October 2003, 9 human cases of hemorrhagic
fever were reported in 3 provinces of Mauritania, West Afri-
ca. Test results showed acute Rift Valley fever virus (RVFV)
infection, and a field investigation found recent circulation of
RVFV with a prevalence rate of 25.5% (25/98) and 4 deaths
among the 25 laboratory-confirmed case-patients. Immuno-
globulin M against RVFV was found in 46% (25/54) of do-
mestic animals. RVFV was also isolated from the mosquito
species Culex poicilipes. Genetic comparison of virion seg-
ments indicated little variation among the strains isolated.
However, phylogenetic studies clearly demonstrated that
these strains belonged to the East-Central African lineage
for all segments. To our knowledge, this is the first time vi-
ruses of this lineage have been observed in an outbreak in
West Africa. Whether these strains were introduced or are
endemic in West Africa remains to be determined.

Rift Valley fever (RVF) is an acute febrile viral disease
that affects small domestic ruminants (1) and humans.
The disease in animals is characterized by high rates of
abortion and death of young ruminants (2). In humans, the
symptoms are usually mild, but in severe cases, hemor-
rhages, meningoencephalitis, retinopathy, and sometimes
death can occur (3). The disease is widespread in Africa,
mainly in the sub-Saharan region but also in Egypt. In
2000, outbreaks were recorded for the first time outside of
the African continent, in Saudi Arabia and Yemen (4). RVF
virus (RVFV) belongs to the family Bunyaviridae, genus
Phlebovirus genus, and its genome consists of 3 negative

*Institut Pasteur de Dakar, Dakar, Sénégal; finstitut National de
Recherche en Santé Publique, Nouakchott, Mauritania; and $Cen-
tre National d’Elevage et de Recherche Vétérinaire, Nouakchott,
Mauritania
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single-stranded RNA segments referred to as L (large), M
(medium), and S (small) (5).

In West Africa, the first extensive RVF outbreak record-
ed to date occurred in Mauritania in 1987 and resulted in 220
human deaths (6). After this outbreak, an active surveillance
system led to the detection of several animal cases in Mau-
ritania, Senegal, and other West African countries (7-9).
Furthermore, during interepizootic periods, RVFV has been
repeatedly isolated from different mosquito species in Sen-
egal, Burkina Faso, and Nigeria (10-12,). During 1998, an
outbreak of RVF occurred in southeastern Mauritania, re-
sulting in 300 to 400 human cases and 6 deaths (13).

In Mauritania in 2000, health authorities established
a National Disease Surveillance System (NDSS) by using
sentinel herds in 5 geographic regions and a notification
system of hemorrhagic fever in medical healthcare centers.
This NDSS was implemented in collaboration with the
Centre National d’Hygiéne, the “Centre National d’Elevage
et de Recherche Vétérinaire” in Mauritania, and the Insti-
tut Pasteur de Dakar in Senegal. The value of the NDSS
was further reinforced after an outbreak of Crimean-Congo
hemorrhagic fever in Mauritania in February 2003 (14) for
which RVFV was identified in animal and human serum
specimens collected in September and October 2003. We
describe the results of a multidisciplinary investigation to
determine extent of the outbreak and the key factors re-
sponsible for RVFV reemergence in Mauritania.

Materials and Methods
Case Definitions

A suspected human RVFV case-patient was defined as
a person with fever associated or not with hemorrhagic,
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jaundice, or neurologic symptoms or any person who died
who had had overt hemorrhagic fever symptoms from
September through December 2003. A confirmed human
RVFV case-patient was defined as a person for whom labo-
ratory tests confirmed an acute or recent RVFV infection,
e.g., by >1 of these results: immunoglobulin M (IgM), re-
verse transcription—PCR (RT-PCR) or virus isolation posi-
tive results. A human contact was defined as any person or
relative who had been directly in contact with a confirmed
human or animal case-patient, or with a person who died
who had had overt hemorrhagic fever symptoms from Sep-
tember through December 2003.

Field Investigations

Study Sites

Nine localities belonging to 3 administrative provinces
were visited (Figure 1): Keur Macéne and Rkiz (Trarza
Province), Makhtar Lahjar, Guimi, Taiba, and Sagle Moure
(Brakna Province), Legrane, Kélébélé, and Hseytine (As-
saba Province). These localities were chosen because they
had confirmed human or animal cases.

Human Investigations

In affected areas, the investigation was conducted
under the supervision of the chief of the sanitary district.
For each case, venous or capillary blood samples were col-
lected into dry tubes or onto filter papers, respectively. A
thick blood smear was also taken from all suspected case-
patients for differential diagnosis of malaria. An interview
in which information was gathered about sex, age, date of
fever onset, and hemorrhagic signs was conducted for all
case-patients and their contacts.

Animal Investigations

All domestic animals living in the close vicinity of
suspected or confirmed case-patients were included in the
study. Every blood sample was accompanied by an investi-
gation form specifying the species, age, and localization of
the animal during the month before the investigation and,
for female animals, a history of pregnancies.

Entomologic Investigations

Adult mosquitoes were collected in CDC light-traps
(15), with or without CO,, which were placed close to
water points or in sheepfolds, respectively; animal-baited
traps were placed in the houses of persons with suspected
or confirmed cases. Mosquitoes were frozen and subse-
quently identified on a chilled table by using morphologic
keys (16,17). They were classified into monospecific pools,
stored in liquid nitrogen, and transported to the laboratory,
where they were kept at —80°C until virus isolation was
attempted.
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Figure 1. Locations of the study sites.

Laboratory Tests

Serologic Studies

All human and animal samples were tested for evidence
of IgG and IgM by using an ELISA technique (18,19). Se-
rum specimens were considered positive for antibodies if
the difference between the sample and control optical den-
sities was >3 standard deviations above the mean of the
negative controls.

Molecular Studies

Viral RNA was extracted from serum of suspected
case-patients by using the QIAamp RNA kit (QIAGEN,
Inc. Chatsworth, CA, USA) and RT-PCR was done by us-
ing the Titan One-Step RT-PCR System (Roche Diagnos-
tics, Mannheim, Germany), according to the recommenda-
tions of the manufacturers. The primers NS3a (nt 710-729;
5'-ATGCTGGGAAGTGATGAGCG-3") and NS2g (nt
61-80; 5'-TGATTTGCAGAGTGGTCGTC-3") were used
to amplify a 669-nt region of the virus S segment region
encoding the NSs protein. The primers MRV1a (nt 772—
790; 5'-CAAATGACTACCAGTCAGC-3") and MRV2g
(nt 1563-1580; 5'-GGTGGAAGGACTCTGCGA-3") were
used to amplify a 809-nt region of the virus M segment re-
gion encoding the G2 protein. Primers Wag (nt 4440-4457,
5'-ATTCTTATTCCCGAATAT-3")and Xg (nt 4634-4651;
5'-TTGTTTTGCCTATCCTAC-3") were used to amplify a
212-nt region of the L segment (20-22). The PCR products
were purified on agarose gel and directly sequenced by us-
ing the Sanger method with an ABI 377 sequencer (Ap-
plied Biosystems, Foster City, CA, USA). Phylogenetic
trees on the partial sequences of the S (601 nt), M (726 nt),
and L (121 nt) RNA segments were constructed by using
the maximum likelihood method (PAUP* 4.0, Sinauer As-
sociates Inc., Sunderland, MA, USA).

Virologic Studies

Virus isolation was performed at the World Health
Organization (WHO) Collaborating Center for Arbovi-
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ruses (www.pasteur.fr/recherche/banques/crora), Insti-
tut Pasteur de Dakar on mosquitoes and serum collected
from humans by inoculating the virus into suckling mice
and a mosquito cell line (AP61). Virus identification was
performed by an indirect immunofluorescence assay that
used polyclonal and monoclonal antibodies. The identi-
fication of virus isolates was confirmed by complement
fixation (23).

Parasitologic Test

To rule out malaria infection, thick blood smears from
patients with suspected cases were Giemsa-stained. The ra-
tio of parasite (Plasmodium falciparum) to leukocytes was
estimated in 200 fields based on a mean leukocyte count of
8,000/uL of blood.

Results

Human Cases

The different cases recorded and the linkages between
them are represented in Figure 2. The 9 confirmed case-
patients, identified before the investigation, were from the
Assaba, Brakna, Trarza, and Tagant provinces. Subsequent
discussions with the head of the sanitary district enabled
the localization of the residences and the relatives for 2 of
them (index case-patients 1 and 2). Several confirmed cas-
es-patients (index case-patients 3 to 9) and their relatives
were not found due to the great distances between locali-
ties or nomadic behaviors of populations. However, for all
suspected case-patients (S), further investigation was con-
ducted in the provinces where the confirmed case-patients
lived.

In total, 98 persons (66 contacts, 23 with suspected
cases, and 9 with confirmed cases) were included in this
study. Of these persons, 25.5% (25/98) had evidence of re-
cent RVFV infection (i.e., presence of IgM, viral RNA or
virus, or >1 of these results), and 10% had evidence of past
infection (i.e., presence of IgG alone). Seven viral strains
were isolated. For the 25 patients who were recently in-
fected (9 with confirmed cases before the investigation, 6
contacts, and 10 with suspected cases at the time of investi-
gation), the median age was 21 years (range 7-50 years), 4
died, and 16 had hemorrhagic signs (hematemesis, vaginal
bleeding, severe hemoptysis, bleeding from the gums and
venipuncture sites, petechial rashes, and ecchymoses of the
skin). Among the 23 suspected case-patients from whom
blood samples were collected, 10 were infected by RVFV;
only 2 patients were positive for malaria parasites.

In Assaba Province, 2 confirmed case-patients were re-
corded before the investigation (index case-patients 1 and
2), and 1 suspected case-patient (S1) was found during the
investigation. The index case-patient 1 was dead at the time
of the investigation; however, RVFV (strain SHM169867)
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Figure 2. Investigation of human and animal contact around index
and suspected case-patients (S) from Mauritania in 2003. For each
case-patient (represented as a box), PCR, immunoglobulin M
(IgM), or isolation (Isol)-positive test results are indicated below the
sample number (e.g., 169867). (a/b), no. IgM positive/no. tested; S*,
suspected case-patient before field investigation and subsequently
confirmed positive by laboratory tests.

was isolated from a blood sample taken during his illness.
No RVFV infection was noticed in contact persons associ-
ated with this patient. However, IgM against RVFV was
detected in animals living in and near the residence of in-
dex case-patient 1. For index case-patient 2 (infected with
the strain SHM169872), a second blood sample was taken,
and presence of IgM antibodies against RVFV was con-
firmed. No evidence of RVFV infection was detected in
contact persons or in animals living in or near the residence
of this patient. The suspected case-patient 1 was identified
in Kiffa Hospital, where he was admitted on November 3,
2003. This 50-year-old patient had onset of fever on Octo-
ber 24,2003, with asthenia, jaundice, nausea, hematemesis,
epistaxis, and gingival hemorrhage. Serologic tests showed
IgM against RVFV. No evidence of virus infection was
detected in those who had accompanied this patient to the
hospital.

In Brakna Province, where 3 cases were confirmed
before the investigation (index case-patients 3—5), 6 sus-
pected case-patients (S2—S7) were found during the inves-
tigation. Laboratory testing of samples from the 3 index
case-patients showed IgM against RVFV by ELISA and
RVF viral RNA by RT-PCR. A virus strain (SHM169898)
was isolated from index case-patient 4. Among the sus-
pected case-patients from this province, 3 deaths (S2-S4)
were recorded, but no samples were available from those
patients. Nevertheless, animals in the vicinity of S1, S2,
and S3, were found to be infected (5/7, 5/8, and 3/10 ani-
mals, respectively). In addition, infection was detected in 4
of 6 persons who had been in contact with suspected case-
patient 3. In contrast, no evidence of infection by RVFV
was detected in contacts of S2 and S4. The suspected case-
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patient 5 was a student living in Makhtar Lahjar, who had
fever onset on October 20, 2003, was admitted to the Na-
tional Hospital Center (NHC) of Nouakchott on November
6, and from whose blood RVFV (strain SHM172776) was
subsequently isolated. During the investigation, 2 suspected
case-patients (S6 and S7) were discovered in the Healthcare
Center of Makhtar Lahjar. Suspected case-patient 6 was a
17-year-old female patient who had onset of fever on Oc-
tober 10 and who was admitted to the center on November
1 with headache, abdominal pain, vomiting, hemorrhages,
and epistaxis; virus was isolated from this patient (strain
SHM172805). The contacts associated with suspected
case-patient 6 were also found to be infected with RVFV.
Suspected case-patient 7 was a 35-year-old man. He had a
fever on October 15 and was admitted to the Health Center
of Makhtar Lahjar on November 1 with headache, nausea,
vomiting, and epistaxis. The RVF IgM test result for this
patient was positive for RVFV.

In Trarza Province, 2 confirmed case-patients were
observed during the period of surveillance (index case-
patients 6 and 7) and 4 suspected case-patients (S8-S11)
were identified during the investigation. Viral isolation was
positive for the index case-patient 7 (strain SHM169885).
Among the suspected case-patients, 2 (S8 and S9) died
before blood samples could be obtained. However, blood
testing of samples from 2 animals living in the vicinity of
S8 and from 2 human contacts of S9 found recent RVFV
infection. Suspected case-patient 10 was 28-year-old man,
with onset of fever on October 22, who came for consulta-
tion to Keur Macene Healthcare Center. He had a prolonged
cough without hemorrhagic symptoms, and an IgM ELISA
result for RVFV was positive. The suspected case-patient
11 is a 26 year-old woman, with onset of fever on October
22, who was admitted to the healthcare center of Rkiz with
headaches, asthenia and anorexia without hemorrhagic

Rift Valley Fever Outbreak

signs. The RVF IgM test result of this patient was positive.
In Tagant Province, index case-patient 8, whose condition
was diagnosed before the investigation, was a man who
came for consultation at the provincial hospital on Septem-
ber 24, exhibiting fever and hematemesis. RVFV (strain
SHM169868) was isolated from a blood sample taken on
September 29.

In Gorgol Province, 2 suspected case-patients (S12 and
S13) were evacuated to the NHC of Nouakchott. The onset
of their symptoms dated to October 23 and October 25, re-
spectively. Samples from each were positive for [gM against
RVFV by October 30, and RVFV (strain SHM172768) was
isolated from S13, who died on October 30.

In Dakar, Senegal, an “imported” case (index case-pa-
tient 9) in a person from Rosso, Mauritania, was diagnosed
by positive results by ELISA IgM and RT-PCR. This pa-
tient was first admitted to the NHC of Nouakchott, Mauri-
tania, before being transferred to the Hopital Principal de
Dakar.

Animal Cases

Serum samples were obtained and tested from 54 do-
mestic animals (48 goats and 6 sheep) living in the visited
localities (Table 1). The median age was 4 years (range
1-15), and the abortion rate was 70% during the last gesta-
tion period. IgM against RVFV was detected by ELISA in
25 of 54 animals; no IgG against RVFV was found in any
of the 54. Among the animals with a positive test result, the
abortion rate was 92%.

Mosquitoes

A total of 22,201 mosquitoes, belonging to 4 genera
and 17 species, were collected. Culex poicilipes was the
most frequent species (43.8%), followed by Cx. antenna-
tus (23%) and Mansonia uniformis (9%). A total of 544

Table 1. Prevalence rate of immunoglobulin M against Rift Valley fever virus in livestock from Mauritania, 2003

Livestock species (no. positive/no. tested)

No. abortions/

District/Locality Month sampled Sheep Goats Total no. tested
Brakna
Taiba Oct 0/1 3/9 3/10 6/10
Guimi Oct 1/1 a7 5/8 8/8
Sagle Moure Nov 0/0 5/7 5/7 5/7
13/25 (42%) 19/25 (76%)
Trarza
Boynayé Oct 0/3 0/6 0/9 0/9
Rkiz Oct 0/0 2/2 2/2 2/2
2/11 (18%) 2/11 (18%)
Assaba
Legrane Nov 0/1 2/5 2/6 5/6
Kélébélé Nov 0/0 1/2 1/2 2/2
Tézékré Nov 0/0 1/2 1/2 2/2
Hseytine Nov 0/0 6/8 6/8 8/8
10/18 (55%) 17/18 (94%)
Total 1/6 (16%) 24/48 (50%) 25/54 (39%) 38/54 (70%)
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monospecific pools were constituted and submitted for vi-
ral isolation. Only Cx. poicilipes was found to be associated
with RVFV. Three strains (ArD 174367, ArD 174303, and
ArD 174347) were isolated from the 146 pools constituted
in Guimi Province, giving rise to a minimum infection rate
of 0.04% for this locality and 0.01% for the whole study
site (Table 2).

Genetic Analysis

RNA was extracted from the 8 viral strains isolated
from humans, and fragments of the S, M, and L segments
were amplified and sequenced. No amino acid (aa) dif-
ferences were found between the fragments of the S or L
segments analyzed (198 and 51 aa, respectively). A single
amino acid difference was found between the M fragment
(255 aa) of the 5 viral strains analyzed. Results of phylo-
genetic analyses of the nucleotide sequences of amplified
fragments from 3 segments belonging to 2 representa-
tive strains (HIMAUO3 [SHM169867] and H2ZMAUO03
[SHM169868]) isolated during this epidemic and previ-
ously described nucleotide sequences of RVFV are shown
in Figure 3. The strains identified in Mauritania 2003 are
consistently located within the East/Central lineage for all
trees. This lineage contains viral strains that circulated in
Madagascar (1991), Kenya (1997), Chad (2001), and Saudi
Arabia (2001).

Discussion

The combination of ELISA, RT-PCR, and isolation
assays has permitted the rapid and efficient identification
of RVFV as the cause of the extended hemorrhagic fever
outbreak reported in Mauritania during the last quarter of
2003. Of the 24 RVF cases diagnosed in the laboratory, 13
were diagnosed by IgM only; 8 were diagnosed by IgM,
RT-PCR, isolation, or >1 method; and 3 were diagnosed by
RT-PCR, isolation, or both. These data and those obtained

during the epidemics of RVF in Kenya (25), as well as in
Saudi Arabia and Yemen (4), demonstrate the importance
of combining diagnostic assays for accurate and compre-
hensive detection of RVFV infection.

Regarding differential diagnosis, only 2 suspected
case-patients with fever had confirmed malaria due to in-
fection by P. falciparum. This low malaria infection rate
suggests that the RVF outbreak was the major cause of the
febrile cases notified during this period.

Although WHO estimates that the human mortality
rate due to RVFV is #1%-2% of infected patients, the num-
ber of recorded deaths during this outbreak was 4 among 25
infected patients when the laboratory data were considered
exclusively. Epidemiologic investigations have found 5 ad-
ditional deaths that could be due to RVFV infection. We
cannot be absolutely certain about the causes of death in
our suspected case-patients from whom no blood sample
was taken. However, when the clinical symptoms and the
rate of infection in domestic animals are considered, that
these cases were the result of RVFV infection is highly
probable. In those cases in which the contacts had negative
test results and only domestic animals had positive results,
we hypothesize that the infection of those with lethal cases
was related to socioeconomic/professional activity. Indeed,
those at highest risk include butchers and others who come
in contact with animals (e.g., slaughterhouse workers, tan-
ners, and herdsmen), who represent a large part of the pop-
ulation living in these areas.

During this investigation, a high infection rate was
found in sheep and goats that lived in close proximity to
the patients (46.3% of IgM positive compared with 25%
during the 1998 outbreak) (13). Also, according to inter-
views with herdsmen, a high abortion rate (92%) was ob-
served in infected animals during their most recent preg-
nancy. Previous studies showed abortion rates ranging
from 80% to 100% (26). Nevertheless, the discrepancies

Table 2. Mosquitoes collected during the Rift Valley fever outbreak, Mauritania, 2003

Culex Cx. Mansomia
antennatus Cx. poicilipes tritaeniorhynchus uniformis Others* Total
Locality C P C P C P C P C P C P
K. Macene 273 8 420 12 195 5 1,755 67 365 18 3,008 110
Boynayé 46 1 137 4 766 17 159 5 667 14 1,775 41
Techtayatt 696 14 290 7 451 9 30 1 627 15 2,094 46
Aleg 1,694 35 1437 30 155 3 69 2 435 12 3,790 82
Taiba 2,243 45 255 7 38 2 540 17 3,076 71
Boghe 16 3 16 3
Guimi 159 3 7163 1461 943 21 8,265 170
Legrane 6 1 14 2 20 3
Kélébélé 11 2 23 4 34 6
Hseytine 8 3 8 3
Sarandougu 8 1 18 1 3 1 86 6 115 9
Total 5,119 107 9,737 210 1,608 37 2,013 75 3,724 87 22,201 544

*Aedes. vexans, Ae. ochraceus, Anopheles funestus, An. gambiae, An. pharoensis, An. rufipes, An. wellcomei, An. ziemanni, An. squamosus,

Cx. ethiopicus,Cx. neavei and Ma. African. C, collected; P, pools.

TRift Valley fever virus strains (ArD 174367, ArD 174303, and ArD 174347) isolated in 3 pools.

1020

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 13, No. 7, July 2007



HaMALUET

Rift Valley Fever Outbreak

7 ANSENKEZ T I ArBUFB4 =
H3MAUBT ArSENS4 ArSENS3
H2ZMALBT " ArSENS4
AnSENS3 est HIMAUET West H2MAUE?
Africa H2ZMALIET Wi
ABUFB4 Africa HAMAUST :iSl
AnGUIB4 ] ArBUFB4 HIMAUYT Africa
HEGYT7 HIMAUS7 H3MAUET
HEGY93 ASENS3 HEGYS3 q
BEGYS
MP12 North AnGUIB4 BEGYE3
o - HEGYT7
AeSENS Africa MP12 _ North
ME12 Africa
AMMADTS a HEGYTT x;a_rth ATMADTS B
ARMADS1 = HEgy03 nea HiMAUO3 7
ArSALIDY BEgyd3 | HZMAUTS
HECHAN HIMALGE— | ArMADE1
HICHAO1 1 - ArALY
- ArSALIDY HKENGT East/Central
L
RIAMBENEL East/Central Clone13 Africa
HiMALST Africa HKENST East/Central AICARSO
Africa
ArSENS3 AnMAD91 Ancuise
ATGARES AICARGS ARSENKS3
SNS NS .
tunre - Lunyo Lunyo

000 sibatinmions/sie

01 substiumbens'sine

[T p—— -

S M

L

Figure 3. Phylogenetic relationships of the S (small), M (medium), and L (large) RNA segments of Rift Valley fever viruses. Strains isolated
in Mauritania (gray shading) are designated HIMAUO3 and H2MAUO3, according to previous abbreviation guidelines (24). Nucleotide
sequences of these segments (S, M, and L) have been submitted to GenBank with the following accession nos., respectively: EF160113,
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observed between the overall abortion rate in animals and
the prevalence of anti-RVF IgM (70% vs 46.3%) support
the hypothesis of the existence of other cocirculating dis-
eases that also cause abortion. The lack of anti-RVF IgG in
domestic animals is surprising considering the long-stand-
ing virus endemicity in Mauritania. This observation could
be ascribed to different factors: 1) the small number of do-
mestic animals analyzed, 2) a recent introduction of the vi-
rus in these localities, or 3) a renewal of animal populations
(27). The latter hypothesis is supported by the observation
of the relatively young median age of the animals tested
(4 years old), reflecting a new animal population since the
1998 RVF epidemic in Mauritania.

Among the mosquitoes collected, several species
known as RVFV vectors (Cx. poicilipes, Cx. tritaenio-
rhynchus, Cx. antennatus, An. pharoensis, Ae. vexans,
Ae. ochraceus, and Ma. africana) (10,28) were recorded,
but only Cx. poicilipes was found to carry RVFV dur-
ing the outbreak. Spatial analyses of the results show that
Cx. poicilipes was in fact predominant only in the village
of Guimi, where the RVFV was isolated. This observa-
tion indicates that the levels of the different species vary
according to the local environment. Mosquitoes from the
Aedes genus, known for their role in RVFV maintenance
and transmission, were scarce, likely due to their early
appearance at the onset of the rainy season, whereas our
investigation took place at the end of the rainy season.
Indeed, in 2003, the last rainfall event was recorded at the
beginning of October.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 13, No. 7, July 2007

Genetic analyses of the 3 segments of RVFV isolated
during this epidemic showed a low level of variation be-
tween isolates from the different provinces. This finding
supports the hypothesis that the same strain was circulating
in the different affected areas. The nucleotide sequences
of the strains isolated during this epidemic compared
with those isolated elsewhere in Africa and Saudi Arabia
showed that they belong to the East/Central African cluster
for the 3 segments. Previous reports have shown that some
strains isolated in West Africa share 1 or 2 segments with
strains belonging to the East/Central African cluster (2,29).
However, to our knowledge, this is the first evidence of the
circulation in West Africa of strains harboring 3 segments
that all belong to the East/Central African cluster.

This finding confirms the existence of RVFV strain
exchanges between geographic areas. In fact, the spread of
RVFV from East Africa to other regions has already been
observed during the RVF outbreak in Saudi Arabia and Ye-
men in 2000-2001 (4) and in Chad in 2001 (30). RVFV
was also found to be the cause of the epidemic/epizootic
in Egypt in 1977 and in Madagascar in 1979 (31). Such
a mechanism of RVFV spread likely depends on human
and animal population movements for which animal migra-
tion routes between West and East/Central Africa need to
be identified. Furthermore, previous studies have demon-
strated that reassortant viruses can emerge when 2 RVFV
lineages coexist (24). Favorable environmental conditions
(mainly the rainfall pattern), which led to the emergence
of already introduced East/Central African strains, seem to
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be the cause of this outbreak. Indeed, RVFV emergence
in East Africa is undoubtedly the consequence of rainfall
surplus (32,33). In contrast, in West Africa, the few studies
carried out in the past indicate that rainfall surplus is not a
key factor for RVFV emergence. In fact, RVF outbreaks
were often observed during years of rainfall deficit (10,34).
Therefore, this outbreak in Mauritania, caused by RVFV
strains of the East/Central African lineage, is likely linked
to the heavy rainfall recorded during 2003 in the affected
areas (315 mm in 2003 versus 161 mm in 2002). These ar-
guments support the hypothesis that episodes of heavy rain-
falls are directly or indirectly more favorable to the emer-
gence of virus strains belonging to the East/Central African
cluster. However, such a hypothesis presumes the existence
of ecologic or biologic differences between strains of the 2
lineages, and further investigations are needed with special
emphasis on the interactions with the strains’ respective
vectors and reservoirs.
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Response to Emerging Infection
Leading to Outbreak of Linezolid-
Resistant Enterococci

Marion A. Kainer,* Rose A. Devasia,*t Timothy F. Jones,* Bryan P. Simmons,} Kelley Melton,*
Susan Chow,t Joyce Broyles,t Kelly L. Moore,* Allen S. Craig,* and William Schaffner§

Linezolid was approved in 2000 for treatment of gram-
positive coccal infections. We performed a case—control
study during a hospital outbreak of linezolid-resistant en-
terococci (LRE) infections, comparing cases of LRE infec-
tion (cases) with linezolid-sensitive enterococci infections
(controls). Nasal and perirectal swab samples were ob-
tained from all patients in a 1-day point-prevalence survey.
We examined antimicrobial drug use and calculated the
defined daily dose of linezolid per 1,000 patient-days. Fif-
teen LRE cases were identified (13 Enterococcus faecalis
and 2 E. faecium); 7 were vancomycin-resistant. Compared
with controls, case-patients had increased in-hospital mor-
tality rates and lengths of stay. Multivariate analysis identi-
fied independent predictors of LRE infection: prior cultures
positive for methicillin-resistant Staphylococcus aureus (ad-
justed odds ratio [AOR] 27), hospitalization duration before
index culture (AOR 1.1 per day), and duration of preceding
linezolid therapy (AOR 1.1 per day). Linezolid exposure and
patient-to-patient transmission appear to be responsible for
LRE infections, an important emerging hospital problem.

Enterococci are common inhabitants of the human gas-
trointestinal tract. Although >40 enterococcus species
exist, nosocomial infections are primarily caused by En-
terococcus faecalis and E. faecium (1). Enterococcal in-
fections are the third most common cause of nosocomial
infection in intensive care units (ICUs), and multidrug-re-
sistant enterococcal infections have been associated with
higher hospitalization costs and a higher number of related
deaths (2,3).

*Tennessee Department of Health, Nashville, Tennessee, USA,
tCenters for Disease Control and Prevention, Atlanta, Georgia,
USA; $Methodist University Hospital, Memphis, Tennessee, USA;
and §Vanderbilt University School of Medicine, Nashville, Tennes-
see, USA
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Linezolid, 1 of the oxazolidinone class of antimicro-
bial drugs, inhibits bacterial protein synthesis by binding to
the 50S subunit of 23S rRNA. In April 2000, linezolid was
approved in the United States and has been heavily mar-
keted to treat methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci (VRE) in-
fections (4,5). Although more expensive than vancomycin,
linezolid does not require testing for adequate serum drug
concentrations or dosing adjustment for renal or hepatic
insufficiency (6), and it has been regarded by some health-
care providers as more effective than vancomycin in treat-
ing nosocomial pneumonia and MRSA skin and soft tissue
infections (7—9). Most reports of linezolid-resistant entero-
cocci (LRE) have been individual cases or small case series
(10-20) or have specifically described linezolid-resistant
and vancomycin-resistant E. faecium (LRVRE) (17-22).
We describe a large hospital outbreak of LRE infections.

Hospital A is an urban, 500-bed, adult inpatient, teach-
ing facility with surgical, transplant, and medical ICUs in
a city of #850,000 persons. Community-associated MRSA
is an important emerging pathogen in that city (23,24). At
hospital A in 2004, 154 MRSA and 29 VRE blood cul-
ture isolates were identified; compared with results for
1997, these are increases of 428% and 725%, respectively
(Figure 1). Linezolid became available in hospital A
in April 2000, but it was restricted for use by infectious
disease and critical care physicians only, some of whom
believed it provided an advantage over vancomycin for
treatment of MRSA, especially pulmonary MRSA (8,9). In
February 2005, hospital A’s infection-control staff contact-
ed the Tennessee Department of Health after isolating LRE
in the blood culture of a ventilated patient. Within a week,
surveillance cultures identified a second patient with LRE
in the same unit. We undertook an investigation to charac-
terize the epidemiology of LRE, to determine risk factors

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 13, No. 7, July 2007
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Figure 1. No. nonduplicate blood-culture isolates of methicillin-
resistant Staphylococcus aureus (MRSA), methicillin-sensitive S.
aureus (MSSA), and vancomycin-resistant Enterococcus faecalis
and E. faecium (VRE) per year, hospital A, Tennessee, 1990—
2004.

for emergence of linezolid resistance in enterococci among
patients previously infected or colonized with linezolid-
sensitive enterococci (LSE), and to determine outcomes
associated with LRE infection. This investigation was ap-
proved by the institutional review board of hospital A.

Methods

Epidemiology

Cases were identified by manually reviewing hospital
A’s microbiology susceptibility testing reports related to
all E. faecium and E. faecalis isolates for January 2004
through February 2005. Patients for whom a clinical iso-
late of LRE had been identified during the study period
were selected for the study. For each case, 4 randomly se-
lected hospitalized control subjects with LSE were identi-
fied by using hospital microbiology reports; no matching
was performed. The index hospitalization was defined
as the hospital admission during which LRE or LSE had
been identified. Trained staff performed chart reviews by
using standard questionnaires to determine demographics,
hospital course, immunocompromising conditions, instru-
mentation during the index hospitalization, and history of
hospitalization and inpatient antimicrobial drug exposure
during the 12 months preceding the index isolate. Instru-
mentation was defined as receipt of Foley catheteriza-
tion, chest tube, Swan-Ganz catheterization, mechanical
ventilation, dialysis catheter, central line, arterial line,
peripherally inserted central catheter, permanent central
venous catheter, balloon pump, or intraabdominal or other
surgery. Immunocompromising conditions were defined
as the presence of leukemia or nonskin cancer, chronic
renal failure, requiring dialysis, diabetes, HIV infection,
pancreatitis, steroid use of >10 mg for >5 days, or solid
organ or stem cell transplantation. Mortality was defined
as patient death during the index hospitalization. Critical
care areas were defined as the ICUs, extended postopera-
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tive holding area (overflow ICU), coronary care unit, and
ventilator rehabilitation unit.

Specimen information for clinical isolates of E. fae-
cium, E. faecalis, S. aureus, and S. epidermidis was ob-
tained for the index hospitalization and for the preceding
12 months. Isolates from surveillance cultures (not illness-
associated) were not included. Invasive clinical isolates
were defined as isolates from any of the following sources:
blood; bone; cerebrospinal, joint, pericardial, peritoneal, or
pleural fluid; surgical specimen or aspirate; or any other
normally sterile site. Noninvasive isolates included isolates
from sputum, urine, or wounds. We performed a subset
analysis comparing linezolid-sensitive and vancomycin-
resistant enterococci (LSVRE) and LRVRE infections
(case—control study II). After the initial random selection of
controls with LSE infections, we selected additional con-
trols with LSVRE to obtain a 1:4 ratio of LRVRE-infected
case-patients to LSVRE controls.

Point-Prevalence Survey

A 1-day point-prevalence culture survey for E. faeca-
lis, E. faecium, and S. aureus was performed in hospital
A. On March 28, 2005, all patients hospitalized in hospital
A were asked if they would give informed consent for the
collection and culture of nasal and perirectal swab speci-
mens; specimens were obtained from all patients who gave
consent. Identification and antimicrobial drug susceptibili-
ties of nasal and perirectal swab specimen cultures were
performed in hospital A’s microbiology laboratory.

Laboratory Studies

Hospital A used the Dade Microscan Walkaway 96
(Diamond Diagnostics, Holliston, MA, USA) SI Pos Com-
bo 21 for all species identification and susceptibility testing
of gram-positive clinical isolates (25). Linezolid resistance
was confirmed at the Centers for Disease Control and Pre-
vention (CDC, Atlanta, GA, USA) by use of the broth-dilu-
tion method; the MIC was >16 pg/mL for all isolates tested.
For the point-prevalence survey, hospital A microbiology
staff plated nasal swabs specimens onto mannitol-salt agar
plates; linezolid (30 pg) and oxacillin (1 pg) disks were
placed in the first quadrant to screen for LRSA and MRSA,
respectively. Perirectal swabs samples were plated directly
onto 2 bile-esculin plates, 1 of which contained 6 pg vanco-
mycin/mL to screen for VRE. A linezolid disk was placed
on the heavy inoculum on the plate without vancomycin to
screen for LRE.

Pulsed-field gel electrophoresis (PFGE) subtyping was
performed at the Tennessee Department of Health labora-
tory on available LRE isolates (clinical [3], surveillance
[3], and environmental [3]) from hospital A. The PulseNet
(CDC) standardized protocol for Listeria monocytogenes
(26) was used for DNA preparation. Specific conditions
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adapted for this application included separate 5-h digestions
with 100 U Smal and 100 U Apal restriction endonucleases
and 18-h electrophoresis, using a CHEF Mapper (Bio-Rad
Laboratories, Hercules, CA, USA) programmed for a mo-
lecular weight range of 25-350 kb, an initial switch time of
2.0 s, and a final switch time of 20.0 s. The PulseNet size
standard, S. Braenderup strain H9812 (ATCC BAA-664)
(27), was used as a size marker. PFGE fingerprint types
were assigned by using the criteria of Tenover et al. (28).

By using laboratory information system data, we de-
termined the number of MRS A, methicillin-sensitive S. au-
reus, and VRE isolates cultured from hospital A inpatient
blood samples from January 1990 through December 2004.
Repeat isolates from the same patient within 30 days were
excluded.

Antimicrobial Drug Usage

The defined daily dose (DDD) of linezolid was identi-
fied as 1.2 g/day. We reviewed hospital A’s pharmacy pur-
chase data for linezolid for October 2001 through February
2005 and calculated DDD/1,000 patient-days; intravenous
linezolid usage was analyzed by patient location (ICU or
non-ICU). Oral linezolid use was not tracked by patient lo-
cation. Hospital A’s antimicrobial drug—prescribing restric-
tions were reviewed. Hospital A pharmacy staff conducted
a drug-usage evaluation of linezolid for January through
April 2005. The drug-usage evaluation included prescriber
information, duration, and indication for linezolid; patients
with active linezolid orders were identified by concurrent
computer printouts.

Statistical Analyses

Statistical analyses were performed by using Epi Info
3.2.2 (CDC) and SAS v. 9.1 software (SAS Institute, Cary,
NC, USA). Fisher exact test was used to compare categori-
cal variables; the Kruskal-Wallis test was used to compare
continuous variables. For univariate analysis, exact meth-
ods were used for 95% confidence intervals (CIs); for mul-
tivariate analysis, 95% Wald Cls were used. All p values
were 2-sided.

Results

For January 2004 through February 2005, a total of
15 LRE cases were identified (Figure 2): 2 (13%) were E.
faecium and 13 were E. faecalis infections. Of the 15 case-
patients, 12 (80%) were black and 8 (53%) were female;
the median age was 54 years (range 38—74 years) (online
Appendix Table, available from www.cdc.gov/EID/con-
tent/13/1024-appT.htm). Two of the case-patients had been
admitted to the hospital from a nursing home. For 8 of the
15 patients, diabetes was a previous medical condition; 2
patients had previously required dialysis, and no patients
had been transplant recipients. Eight patients had required
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Figure 2. Occurrence of linezolid-resistant Enterococcus faecalis
and E. faecium in hospital A, Tennessee, January 2004—February
2005 (N = 15).

care in a critical-care area before acquiring an LRE infec-
tion. Six (40%) case-patients died.

Case—Control Study |

Sixty control patients with LSE clinical isolates were
identified. Case-patients and LSE patients did not differ
significantly by age, race, sex, immunocompromising con-
ditions, or place of origin (e.g., nursing home) (Appendix
Table). Of the enterococcal isolates from case-patients and
controls, 13 (87%) and 53 (88%), respectively, were E. fae-
calis. LRE isolates were more likely to have been invasive
than LSE isolates (8 [53%] vs. 12 [20%]; odds ratio [OR]
4.6;95% C11.2-17.9).

Patients with LRE infection were more likely to die
during their hospitalization than those with LSE infection
(OR 9.3; 95% CI 1.8-51.2). Case-patients were hospital-
ized significantly longer than controls (median 35 days
[range 1-127] for case-patients vs. 11 days [range 1-140]
for controls; p<0.001). Case-patients were hospitalized for
longer periods than control patients before the index cul-
ture (20 vs. 4 days; p<0.001) and after the index culture (19
vs. 9 days; p = 0.002).

During the preceding 12 months, LRE case-patients
had received more cumulative days of antimicrobial drug
treatment than LSE patients (median 58 vs. 18 days; p =
0.003). Compared with patients with LSE infection, patients
with LRE infection had more frequently received linezolid
therapy during the prior 14 days (27% vs. 5%; OR 9.7; 95%
CI 1.3-76.8). This association remained valid for receipt of
linezolid in the prior 2, 3, and 12 months. Patients with LRE
infection, compared with patients with LSE infection, also
had more cumulative days of linezolid therapy (median 15
vs. 0 days; p = 0.009); among those who had received line-
zolid, the median was 17.5 days versus 8 days (p = 0.06).
Case-patients were less likely than control patients to have
received vancomycin during the previous year. Apart from
carbapenems, no other antimicrobial drugs were associated
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with LRE infection; carbapenems were usually prescribed
together with linezolid.

Case-patients with LRE were also more likely than
controls to have had a prior clinical isolation of MRSA
(OR 13; 95% CI 3.0-60.4): 10 (67%) case-patients and 8
(13%) control patients had an MRSA infection during the
12 months before the index hospitalization. Of the 10 case-
patients with a previous MRSA infection, 5 had received
linezolid therapy (4 after isolation of MRSA) before their
LRE infection.

Next, we stratified prior infection with MRSA by li-
nezolid exposure. Among patients who had no linezolid
exposure, prior MRSA infection remained strongly asso-
ciated with subsequent LRE infection (OR 23.0; 95% CI
2.6-272.0). Conversely, when we stratified linezolid expo-
sure by prior MRSA infection, the exposure was associated
with LRE infection among those with no previous MRSA
infection (OR 11.5; 95% CI 1.0-152.8). The association
between prior MRSA infection and hospital stay before the
index culture did not reach statistical significance (median
10 vs. 5 days; p=0.2).

Case-patients with LRE infection were more likely
than control patients to have spent time in 4 locations in
hospital A before the index culture occurred. These loca-
tions were 3 specific critical care areas (a medical-surgical
ICU, extended postoperative holding area, and ventilator
rehabilitation unit; OR 11.0; 95% CI 2.1-61.4) and 1 ortho-
pedic/neurosurgical ward (OR undefined). By multivariate
analysis, using forward logistic regression, we identified
the following as statistically significant predictors of LRE
infection: prior isolation of MRSA (adjusted OR [AOR]
27; 95% CI 4.3—174), duration of hospitalization before in-
dex culture (AOR 1.1 per day; 95% CI 1.0-1.2), and dura-
tion of preceding linezolid therapy (AOR 1.1 per day; 95%
CI 1.0-1.2).

Case—Control Study I

To compare patients with LRVRE and LSVRE infec-
tions, we identified 7 case-patients and 28 controls. Case-
patients and controls did not differ significantly by age,
race, sex, immunocompromising conditions, instrumenta-
tion, or proportion of deaths. The length of hospitalization
for case-patients compared with that for controls did not
reach statistical significance (42 vs. 22 days; p = 0.15).
During the previous 12 months, the cumulative days of to-
tal antimicrobial drug therapy, and of linezolid therapy spe-
cifically, did not differ significantly between case-patients
with LRVRE and controls with LSVRE (median 19 vs. 6
days; p=0.17).

Prevalence Study
Nasal swab samples were obtained from 393 (93%) of
the 424 hospitalized patients, and perirectal swab samples
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were obtained from 388 (92%). MRSA was isolated from
25 (6%) of the 393 nasal swab specimen cultures; linezolid-
resistant S. aureus was not identified in the cultures. VRE
was isolated from 51 (13%) of the 388 perirectal swab
specimens, and LRE was isolated from 4 (1%); the 4 LRE
isolates also were resistant to vancomycin. Of the 4 patients
with LRE, 3 were located on 2 medical-surgical wards and
1 was located in a critical care area.

Laboratory Studies

LRE isolates from 4 case-patients (patients A—D) and 3
environmental isolates from patient B’s room (sleep chair,
blood-pressure cuff, and hospital bed on/off button) after
routine cleaning were available for PFGE (Figure 3). The
isolates from cultures of blood and rectal swab specimens
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Figure 3. Pulsed-field gel electrophoresis of linezolid-resistant
enterococci (LRE) isolates, hospital A, Tennessee. A) Digestion
with Apal. B) Digestion with Smal. Isolates labeled A, B, C, and
D refer to patients mentioned in the text. Blood, isolate from blood
specimen culture; Rect, isolate from perirectal/rectal swab specimen
culture; Env, environmental isolate; H9812, S. Braenderup H9812
strain (ATCC BAA-664) (27) used as size marker.
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from patient A (E. faecalis) were related but distinguish-
able (1 and 2 bands different for Apal and Smal, respec-
tively). The environmental isolates (E. faecium) were indis-
tinguishable from patient B’s blood culture isolate. A third
pattern was shared between patients C and D; the isolates
of E. faecium from blood and rectal swab specimens from
patient D were identical.

Antimicrobial Drug Use

Hospital A started using linezolid in April 2000; how-
ever, pharmacy purchase data were available only from
October 2001 onward. DDD increased from 13/1,000
patient-days in 2001 to 35/1,000 patient-days in 2004
(Figure 4). Most linezolid doses were used outside criti-
cal care areas. The drug-usage evaluation identified 177
patients who received linezolid therapy (range of treatment
duration 2-30 days). A total of 164 (93%) patients were
prescribed linezolid by either infectious disease (118 [67%
of 177 total patients receiving linezolid]) or critical care (46
[26% of 177 total patients receiving linezolid]) physicians.
Four prescribers (3 infectious disease and 1 critical care)
accounted for 144 (81%) patients; 1 prescriber accounted
for 64 (36%) patients. Apart from restricting prescription of
certain antimicrobial drugs to particular specialty groups,
no antimicrobial drug stewardship program was in place.

Infection-Control Policy Review

Patients with known VRE infection were placed on
contact precautions. Patients with MRSA infection were
placed on contact precautions while in critical care areas.
Critical care—area staff performed surveillance cultures of
urine and sputum on a weekly basis.

Discussion

We describe risk factors and outcomes associated with
a large hospital outbreak of LRE, an emerging pathogen.
The licensing-to-resistance time interval for linezolid was
brief. Linezolid use increased in response to increases in
MRSA and VRE infection in this hospital community and
probably because of the drug’s convenience compared with
vancomycin (e.g., good bioavailability and no requirement
for blood-level or renal-dose adjustment). Despite being re-
stricted to use by infectious disease and critical care physi-
cians, the linezolid DDD prescribed by hospital A increased
nearly 3-fold in 3 years; most use was outside ICUs. In
this investigation, we found that exposure to linezolid any
time in the preceding 12 months and the increased cumula-
tive days of linezolid use among case-patients suggest that
antimicrobial drug pressure contributed to the emergence
of multiple clones of LRE at hospital A. De novo resis-
tance has been documented in several instances in which
PFGE comparisons have been made between LSE and
LRE isolates in the same patient after exposure to linezolid
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Figure 4. Linezolid (LZD) usage during 2001-2005 at hospital A,
Tennessee. Use of oral and intravenous (1) formulations is shown
in defined daily doses (DDD)/1,000 patient days. Data for 2001
and 2005 do not include all 12 months (2001 includes data from
October through December; 2005 includes data from January
through February). ICU, intensive care unit.

(10,13,16). Our controls consisted of patients with clinical
LSE isolates; use of these controls can introduce selection
bias, potentially overestimating the OR associated with
prior exposure to linezolid (29,30). One could hypothesize
that linezolid protects patients against having subsequent
culture results positive for LSE and, thus prevents patients
from becoming members of the antimicrobial drug (line-
zolid)—susceptible control group. The duration of any such
potential protection is unknown. However, 4 (50%) LRE
case-patients with linezolid exposure had a nonimmediate
exposure (>30 days before index culture) to linezolid, com-
pared with 2 (22%) LSE controls.

At hospital A, 8 (53%) of 15 patients with LRE infec-
tion had been exposed to linezolid; however, 7 (47%) had
not been. This finding has been documented previously
with nosocomial transmission of LRVRE in a transplan-
tation unit among 7 patients, of whom 6 were linezolid-
naive, and isolated from all had the same pattern on Smal
PFGE (17). In another study, 2 patients without linezolid
exposure acquired LRVRE with identical PFGE patterns
(31). A clonal outbreak was described by Dobbs et al.
(21); only 6 (15%) of the patients had received linezolid
before contracting LRVRE, and 17 (42.5%) were in a
particular ICU before acquiring LRVRE. In our investi-
gation, patient C was linezolid-naive and located in the
same critical care unit as patient D (linezolid-exposed);
their isolates were identical on PFGE. Isolates recovered
from patient B (linezolid-exposed) and from multiple en-
vironmental samples from patient B’s hospital room after
routine cleaning were indistinguishable with 2 enzymes
by PFGE, indicating possible patient-to-patient transmis-
sion through contaminated fomites or healthcare workers’
hands. This pattern was distinguishable from both the
patient A pattern and patient C/D pattern. Patient-to-pa-
tient transmission is further supported by the clustering
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of exposures in time (January—February 2005) and space
(3 specific critical care units and an orthopedic/neurosur-
gical ward).

A strong risk factor for LRE was prior MRSA infec-
tion. In 4 (27%) case-patients, linezolid was used to treat
prior MRSA infection. However, the relationship between
prior MRSA and LRE goes beyond this expected associa-
tion of prior MRSA and linezolid exposure. Even among
those with no linezolid exposure, MRSA was strongly
associated with linezolid resistance (OR 23; 95% CI 2.6—
272.0). This was confirmed on multivariate analysis (AOR
27). Prior MRSA infection therefore might also be a sur-
rogate marker for patient-to-patient transmission of LRE or
increased susceptibility to nosocomial infection.

In this outbreak, patients with LRE infection expe-
rienced more illness, were hospitalized longer, and were
more likely to die than patients with LSE infection. We
cannot determine whether the higher number of deaths
were attributable to LRE; additional studies are required,
including matching of controls to case-patients on severity-
of-illness measures. In addition, our sample size and sta-
tistical power were limited by the number of cases of LRE
and, in particular, LRVRE.

Infection-control efforts should focus on preventing
infections and interrupting patient-to-patient transmission
of multidrug-resistant organisms (MDROs) (32,33). Wide-
spread rise in MDROs (e.g., MRSA) likely contributes to
increases in linezolid prescription and LRE. Tracking or re-
stricting linezolid use (e.g., for treatment of invasive VRE
or MRSA) might reduce antimicrobial drug pressure and
slow down emergence of LRE, which is critical because
only a limited number of antimicrobial drugs are available
to treat resistant gram-positive infections. Recently pub-
lished guidelines (34) recommend use of additional inter-
ventions, such as active surveillance cultures and contact
precautions, if either of the following 2 conditions is met:
“1) the incidence or prevalence of MDROs are not decreas-
ing despite the use of routine control measures; or 2) the first
case or outbreak of an epidemiologically important MDRO
(e.g., VRE, MRSA) is identified within a healthcare facility
or unit. Facilities should continue to monitor the incidence
of target MDRO infection and colonization; if rates do not
decrease, implement additional interventions as needed to
reduce MDRO transmission.” However, some hospitals
might not implement active surveillance cultures because
of concerns about potential delays in discharging colonized
patients to nursing homes. Other obstacles are logistic (e.g.,
ensuring compliance rates >90% for surveillance cultures)
and financial (e.g., patients cannot be charged for surveil-
lance cultures, or insufficient infection-control resources
might exist). These concerns and obstacles should be ad-
dressed; otherwise, the response to 1 emerging resistant
infection will breed another emerging infection.
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Person-to-Person Transmission
of Nipah Virus in a Bangladeshi
Community

Emily S. Gurley,* Joel M. Montgomery,t M. Jahangir Hossain,* Michael Bell,T Abul Kalam Azad,*
Mohammed Rafiqul Islam,¥ Mohammed Abdur Rahim Molla,f Darin S. Carroll,t Thomas G. Ksiazek,t
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An encephalitis outbreak was investigated in Faridpur
District, Bangladesh, in April-May 2004 to determine the
cause of the outbreak and risk factors for disease. Biologic
specimens were tested for Nipah virus. Surfaces were eval-
uated for Nipah virus contamination by using reverse tran-
scription—PCR (RT-PCR). Thirty-six cases of Nipah virus
illness were identified; 75% of case-patients died. Multiple
peaks of illness occurred, and 33 case-patients had close
contact with another Nipah virus patient before their illness.
Results from a case-control study showed that contact with
1 patient carried the highest risk for infection (odds ratio
6.7, 95% confidence interval 2.9-16.8, p<0.001). RT-PCR
testing of environmental samples confirmed Nipah virus
contamination of hospital surfaces. This investigation pro-
vides evidence for person-to-person transmission of Nipah
virus. Capacity for person-to-person transmission increases
the potential for wider spread of this highly lethal pathogen
and highlights the need for infection control strategies for
resource-poor settings.

Nipah virus was first identified as the pathogen respon-
sible for outbreaks of encephalitis in Malaysia and
Singapore from October 1998 to June 1999 (1-6). Fever
(97%), headache (61%), and reduced consciousness (55%)
were the most common symptoms in Malaysia; case-fatal-
ity rate was 40% (7). Most case-patients lived on pig farms

*|CDDR,B, Dhaka, Bangladesh; tCenters for Disease Control and
Prevention, Atlanta, Georgia, USA; fMinistry of Health and Family
Welfare, Dhaka, Bangladesh; §Public Health Agency of Canada,
Winnipeg, Manitoba, Canada; fUniversity of Manitoba, Winnipeg,
Manitoba, Canada; and #University of Texas School of Public
Health, Houston, Texas, USA
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(95% in Malaysia) (1) or worked in abattoirs (100% in
Singapore) (4,8). Serologic and reverse transcription—PCR
(RT-PCR) testing of blood and urine from pteropid fruit
bats in Malaysia and Cambodia showed Nipah virus infec-
tion, which suggested that these animals were reservoir
hosts (9-11). During this outbreak, Nipah viruses were
also isolated from human respiratory secretions and urine
(2); however, 2 studies did not find evidence of nosocomial
transmission (12,13).

Subsequent investigations in India and Bangladesh
have suggested that Nipah virus may have been transmitted
from person to person. During an outbreak in Siliguri, In-
dia, in 2001, 45 (75%) of 60 patients, many of them health-
care workers, had a history of hospital exposure to patients
infected with Nipah virus (14). A case-control study con-
ducted during an outbreak in Meherpur District, Bangla-
desh, in 2001 showed that persons who lived with or cared
for patients during the patient’s illness were more likely
to become infected with Nipah virus, and patients were
more likely to have reported touching secretions of other
patients; however, this finding could not be differentiated
from common environmental exposures (15). During an
outbreak in Rajbari District, Bangladesh, in January 2004,
case-patients were more likely than controls to have had
contact with another patient with Nipah virus illness (16).
Pteropid bats were also suspected to be the reservoir for the
virus in Bangladesh (9-11,15).

On April 5, 2004, the ICDDR,B and the Institute for
Epidemiology and Disease Control Research were alerted
to a cluster of 5 persons with fever, headache, confusion,
and loss of consciousness in Faridpur District, in western
Bangladesh. Nipah virus was the suspected cause of the
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outbreak and an investigation began on April 6, 2004. In-
vestigation goals were to identify a reservoir host(s), define
the magnitude of the epidemic, and determine the princi-
pal modes of transmission. This report addresses the last
2 goals.

Methods

Finding and Defining Cases

We defined suspected case-patients with Nipah virus
illness as persons with fever and altered mental status (se-
rious illness) residing or working in the outbreak area or
persons who had fever and cough or headache (mild ill-
ness) and who were contacts of patients with Nipah virus
infection or resided in the outbreak area. Suspected case-
patients were identified by visiting area hospitals, conduct-
ing door-to-door visits to all homes in the affected area,
and tracing contacts of patients with Nipah virus illness. A
history of illness and general information about exposures
were obtained for each suspected case-patient. Friends and
relatives of deceased case-patients served as proxy infor-
mants for interviews, and guardians were included in in-
terviews of children <13 years of age. All those who died
in the outbreak areas during this time were considered sus-
pected case-patients.

A probable case-patient was defined as a patient with
fever and mental status changes who lived or worked in the
same village as a confirmed case-patient and from whom
either serum or cerebrospinal fluid (CSF) was not available
(i.e., because the patient died before specimen could be col-
lected) or from whom a negative result was obtained from a
sample collected <10 days after illness onset but collection
of subsequent specimens was impossible (17). A labora-
tory-confirmed case of Nipah virus infection was defined
by evidence of acute infection shown by immunoglobulin
M (IgM) to Nipah virus in serum or CSF. To evaluate the
possibility of asymptomatic infections, we asked persons
with a history of close contact with a patient with Nipah
virus—like illness to provide a blood specimen for serologic
testing (7,13).

Specimen Collection and Laboratory Testing
Acute-phase blood specimens, throat swabs, saliva,
and urine were collected from persons with suspected cas-
es. When possible, hospitalized patients underwent lumbar
puncture and chest radiography. Convalescent-phase blood
specimens were collected from all persons with suspected
cases >10 days after illness onset. Acute- and convalescent-
phase serum and CSF were tested with an IgM capture en-
zyme immunoassay (EIA) for IgM and an indirect EIA for
IgG by using Nipah virus (Malaysian prototype) antigen
S (18) at the Centers for Disease Control and Prevention
in Atlanta, Georgia, USA. Acute-phase serum, CSF, throat
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swabs, saliva, and urine were also tested by RT-PCR for
viral RNA. RNA was extracted from specimens by using
the acid guanidinium—phenol method (19). RT-PCR was
performed by using a primer set to detect the nucleocap-
sid gene as described (20), the Superscript One Step RT-
PCR Kit (Invitrogen, Carlsbad, CA, USA), and standard
reaction conditions (21). Primers used were NVNF-4: 5'-
GGA GTT ATC AAT CTA AGT TAG-3' and NVNBR4:
5'-CAT AGA GAT GAG TGT AAA AGC-3'. PCR prod-
ucts were subjected to electrophoresis on 2% agarose gels
and visualized by staining with ethidium bromide. Positive
PCR results were confirmed by sequence analysis of PCR
products.

Case—Control Study

We conducted a case—control study to identify risk
factors for transmission of Nipah virus infection. Persons
meeting either the probable or confirmed case definition
were enrolled as case-patients. All healthy persons includ-
ing household members and neighbors (residing within 150
m of a case household), were eligible for participation as
control participants. Controls were randomly selected from
a list of names generated by a census of all households in the
affected community and matched to a case-patient (6:1) by
sex and age (£ 2 years; all case-patients and controls were
>4 years of age). They were given a 2-part questionnaire in
Bengali. The first part focused on environmental exposures
and established whether the participant had had contact
with a specific probable or confirmed case-patient(s). The
second part focused on types of contact with specific case-
patients to elucidate possible modes of transmission from
person to person. Proxy interviews were conducted with
guardians and companions for case-patients who had died
or who were unable to respond and for all case-patients and
controls <13 years of age.

We calculated odds ratios (ORs) and 95% confidence
intervals (Cls) by using conditional univariate logistic re-
gression that accounted for matched enrollment of case-
patients and controls (22). To evaluate independent risk
factors, we tested all variables with a p value <0.1 from
univariate analyses in conditional stepwise forward mul-
tivariate logistic regression. Associations were considered
statistically significant if p value was <0.05. All statistical
analyses were performed with SAS version 9.0 (SAS Insti-
tute Inc., Cary, NC, USA).

Environmental Study

In early May 2004, 5 weeks after the outbreak was first
recognized, environmental surfaces believed to have a high
risk for contamination with Nipah virus were selected for
sampling. These included surfaces within hospitals where
Nipah virus patients received care, surfaces within homes
of confirmed case-patients, trees where bats foraged, date
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palm sap collection pots, and fruits that may have been in
contact with fruit bats. Surfaces were rolled with sterile,
cotton-tipped applicators, which were stored in 500 pL
Dulbecco modified Eagle medium supplemented with an
antibiotic-antimycotic solution. Viral RNA was extracted
from 140 pL of the resulting suspension by using a Viral
RNA Minikit (QIAGEN, Mississauga, Ontario, Canada)
and eluted in a volume of 50 uL. Nipah virus RNA was
detected by using the LightCycler RNA Amplification Kit
SYBR Green I (Roche, Laval, Quebec, Canada) with prim-
ers for the nucleoprotein gene (NPF: 5'-ATCAATCGTG-
GTTATCTTGAAC-3" and NPR: 5'CCTCTTCGTCGA-
CATCTTGATC-3') and with thermocycling and real-time
detection performed on a SmartCycler II reaction block
(Cepheid, Sunnyvale, CA, USA). Positive results were
later confirmed by direct sequencing of amplified products,
and sequences were compared with those obtained from
patient samples (23).

Participants and Ethical Considerations

Because this was an outbreak investigation, protocols
did not undergo formal institutional review. The Bangla-
desh Ministry of Health and Family Welfare requested
this investigation and reviewed and approved all proto-
cols. Participation in these studies was strictly voluntary
and informed consent was obtained from all participants;
for those <18 years of age, individual and parental consent
were obtained.

Results

Defining Cases

We identified and collected specimens from 210 sus-
pected case-patients, of whom 32 had fever and altered
mental status. Thirty-six case-patients were identified, in-
cluding 4 who had a febrile illness without altered mental
status. Twenty-three (64%) were laboratory confirmed and
13 (36%) were classified as probable; 27 (75%) died. Se-
rum specimens were available from 27 of 36 case-patients,
4 of which had no detectable antibodies to Nipah virus.
These specimens were collected <6 days after illness on-
set. All 4 patients died before a second specimen could be
obtained; therefore, they were classified as probable case-
patients. Nine patients who had encephalitis-like illnesses
and who resided in the outbreak area died before diagnostic
specimens could be collected; they were also classified as
probable case-patients. No asymptomatic cases of Nipah
virus infection were documented in contacts of Nipah virus
patients who consented to provide a blood specimen (n =
20). Results of sequencing RT-PCR products from throat
swab, saliva, and urine samples of 9 patients were consis-
tent with serologic data, which indicated that Nipah virus
was the etiologic agent of this outbreak (23).

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 13, No. 7, July 2007

Person-to-Person Transmission of Nipah Virus

Contact Tracing

Probable and confirmed case-patients were identified
in 7 villages in Faridpur District; dates of onset of illness
ranged from February 19 to April 17,2004 (Figure 1). Thir-
ty-three (92%) of the 36 case-patients had had close contact
with another ill person before they became ill (Figure 2).
Five cases (patients A, B, F, G, and EE) appeared to be
associated with secondary and tertiary person-to-person
transmission of Nipah virus. We present some examples
of close contact.

Four of Patient A’s caregivers who resided in his vil-
lage became ill after their contact with him; they were his
mother (patient D), his son (patient E), his aunt (patient B),
and a neighbor (patient C). They became ill 15-27 days
after patient A became ill. Patient B received care from her
brother (patient F), who lived in a village 30 minutes from
her village and who became ill 13 days after patient B.

Patient F became ill after he had returned to his village.
As shown in Figure 2, 22 (61%) of 36 cases in this outbreak
had contact with patient F before they became ill. Patient
F was a local religious leader. Many persons in his fam-
ily and his followers had close contact with him during his
illness. Eight (80%) members of his 10-person household
became infected with Nipah virus 613 days after his ill-
ness onset. Two of patient F’s brothers (patients T and U),
both of whom lived =2 hours away, visited him for 6 hours
on the day he died. They developed serious illness 7 (pa-
tient T) and 11 days (patient U) days later, and both died.
Patients Y (patient F’s daughter) and Z (patient F’s son-in-
law), who lived 1 hour away from patient F, became ill ~1
week after 1 multiple-hour visit with patient F late during
his illness; this was their only reported contact with a Nipah
virus patient. In 11 other close contacts of patient F, includ-
ing family and religious followers, Nipah virus infection
developed 6-14 days after his illness onset.

Patient G, a follower of patient F, moved to his fam-
ily’s house in an adjacent village to receive care after be-
coming ill. Patient H became ill =9 days after physically
supporting patient G while walking to patient G’s fami-
ly’s house. A rickshaw driver, patient I, who helped carry
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Figure 1. Dates of illness onset during a Nipah virus outbreak in
Faridpur District, Bangladesh, 2004.
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Figure 2. Chain of person-to-person transmission with dates of
onset of illness during a Nipah virus outbreak, Faridpur District,
Bangladesh, 2004. Letters identify individual patients. Patients KK
and Il had no known contact with any ill patient before their illness.

and transport patient G to the hospital as his condition
deteriorated, became sick 10 days after this exposure and
later died. Patient G’s father (patient J) and sister-in law
(patient K) cared for him during his illness; both became
severely ill 2 weeks after patient G’s illness onset; only
patient K survived.

Patient GG visited his wife and daughter, both hos-
pitalized as suspected Nipah virus patients, at the local
healthcare facility. Patient GG spent the night in the hos-
pital and shared a bed with patient EE (a common practice
in Bangladesh), who was a male friend, and a suspected
Nipah virus case-patient. Although tests on patient GG’s
wife and daughter did not detect Nipah virus infection, pa-
tient EE’s infection was laboratory confirmed. Patient GG
became ill 10 days after this contact and died.

Patients II and KK had no known contact with any
ill patient before their illness and were distinct from other
case-patients in that they were not friends, relatives, or fol-
lowers of patient F and lived outside the affected villages.
No cases of Nipah virus illness among healthcare workers
were reported to authorities during this outbreak.

Case—Control Study

Thirty-four of the 36 case-patients were enrolled in the
study and matched to 6 controls each (n = 204) by age and
sex (Table). Two case-patients (patients JJ and KK; Fig-
ure 2) were not included in the study because of logistic
constraints. Patient JJ was away from her home when the
questionnaire was administered. Patient KK was a police-
man who had 2 residences and traveled frequently while
on duty; we were therefore unable to identify appropriate
proxies for his interview.
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Ten variables were significantly associated with Nipah
virus infection in univariate analysis (online Appendix Ta-
ble 1, available from www.cdc.gov/EID/content/13/7/1031-
appT1.htm). Having had close contact (touching or receiv-
ing a cough or sneeze in the face) with patient F placed a
person at greatest risk of acquiring Nipah virus infection
(OR 6.7, 95% CI 2.9-16.8, p<0.001). Having had any con-
tact with someone who later died, had a fever, was uncon-
scious, or had respiratory difficulties was also associated
with illness. Having avoided any contact with someone
who later died was negatively associated with illness. Hav-
ing had a household member harvest date palm sap was the
only environmental exposure associated with an increased
risk for infection. Having visited the home village of the
index case-patient was also associated with illness. Howev-
er, the only exposure variable that remained significant in
multivariate analysis was having had contact with patient F
(OR 5.6, 95% CI 1.79-17.24, p = 0.003).

Univariate analysis of risk factors specifically associ-
ated with types of contact with patient F was conducted.
Fourteen of 42 exposure variables were associated with ill-
ness (online Appendix Table 2, available from www.cdc.
gov/EID/content/13/7/1031-appT2.htm). Having had close
body contact and having spent longer periods of time with
patient F were associated with illness. Having kept a cer-
tain distance from patient F and having washed hands after
contact with him were negatively associated with illness
(online Appendix Table 2). Despite multivariate analysis
of risk factors associated with type of contact with patient
F, insufficient sample size (n = 50) resulted in overfitting of
the model and spurious results.

Environmental Study

A total of 468 environmental specimens were collected
by swabbing; 137 from walls, bed frames, mattresses, and
floors of 2 Faridpur hospitals; 57 from surfaces and uten-
sils of case-patient residences; 150 from trees where bats
forage and from fruits; 98 from bat excreta; and 26 from
other sites. Eleven positive specimens were collected from

Table. Characteristics of 34 case-patients infected with Nipah
virus in case—control study, Bangladesh, April-May 2004

Characteristic No. (%) case-patients
Sex
Male 20 (58.8)
Female 14 (41.2)
Age group, y
1-15 4(11.8)
16-24 1(2.9)
25-40 19 (55.9)
41-60 9 (26.5)
>60 1(2.9)
Adults vs. children
<15y of age (children) 4 (11.8)
>15y of age (adults) 30 (88.2)
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the surrounding wall and bed frame where a confirmed
case-patient (patient Z) had been hospitalized on April 6,
~5 weeks before environmental samples were collected.
No other patients with encephalitis were known to have
used that bed after patient Z’s hospitalization. The wall and
bed frame were visibly soiled, and hospital staff reported
that they had not been cleaned since the outbreak. Samples
from these areas showed evidence of Nipah virus RNA.
Sequences of PCR products were identical to sequences of
Nipah viruses isolated from patient HH during the outbreak
(18). No samples from case-patient residences, bat-feeding
sites, or fruits were positive.

Discussion

This investigation provides compelling evidence for
person-to-person transmission of Nipah virus. Exposure
histories of infected patients and the epidemiologic curve,
which demonstrates multiple peaks of illness onset dur-
ing this outbreak, suggest that Nipah virus was transmitted
by person-to-person contact. Contact tracing documented
Nipah virus illness after brief, yet close contact, with oth-
er persons infected with Nipah virus. Findings from the
case-control study, which showed a 6-fold increased risk
for infection for those who reported contact with patient
F, a negative association with illness after handwashing,
and specific exposures to ill persons linked to transmission,
confirm that exposure to ill persons spread the outbreak.

Person-to-person transmission of Nipah virus is bio-
logically plausible. Other paramyxoviruses that infect hu-
mans, including human parainfluenza viruses 1-4, measles
virus, and mumps virus, are also transmitted from person to
person. Nipah virus has been isolated from human respira-
tory secretions, including those of cases from this outbreak
(2,23). Furthermore, we identified that direct exposure to
respiratory secretions of patients with Nipah virus illness
was associated with infection during this outbreak.

The number of villages affected by the outbreak in-
creased as persons traveled in and out of the affected ar-
eas to visit family members. This movement led to new
infections in caregivers from other villages and increased
the number of villages affected. Similar to transmission of
severe acute respiratory syndrome (24), transmission of
Nipah virus infection was not associated with all case-pa-
tients; however, 1 case-patient, patient F, was associated
with 22 subsequent Nipah virus infections. Although host
biologic factors may have resulted in increased viral shed-
ding, leading to higher attack rates, the social status of pa-
tient F in the community enabled closer contact with more
persons during his illness and more opportunity to transmit
infection.

During the outbreak in Siliguri, India, 33 healthcare
workers and hospital visitors became ill after exposure to
hospitalized patients with Nipah virus illness, suggesting
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nosocomial infection (14). In Malaysia and Singapore,
contact with pigs was associated with infection; healthcare
worker studies showed that the risk for nosocomial trans-
mission was low (6,8,12,13,25). Absence of person-to-per-
son transmission in Malaysia and Singapore could be due
to differences in patient care practices, host susceptibility
factors, or strain variation (23).

Detection of Nipah virus RNA on hospital surfaces
demonstrates that infected patients shed virus into the en-
vironment, which could provide an opportunity to transmit
Nipah virus to others. However, how long the virus will
remain infectious in the environment is not known, and no
evidence from this investigation indicates that type of trans-
mission occurred. Despite the absence of healthcare worker
infection during this outbreak, enhanced infection control
practices, such as patient isolation and use of gloves and
masks, likely had little protective effect because they were
not implemented until late in the outbreak. This outbreak
provides evidence that 1 person (patient GG) was infected
during a hospital visit while sharing a bed with a confirmed
case-patient. Nosocomial transmission of Nipah virus was
reported during the outbreak in Siliguri, India (14). Efforts
are needed to develop and disseminate reasonable guide-
lines for infection control and prevention for healthcare
facilities and communities in resource-poor settings, es-
pecially when one considers our finding that handwashing
prevents disease transmission.

Transmission of Nipah viruses to humans during this
outbreak appears to have been bimodal. Fruit bats contin-
ue to be the only identified primary reservoir for the virus
(9-11,15). In contrast with the Malaysia and Singapore
experience, no intermediate hosts have been identified in
Bangladesh (15). During this outbreak, the introduction
of virus into human(s) from an unknown initial source ap-
pears to have been followed by person-to-person transmis-
sion. Three case-patients had no known contact with a sick
patient before onset of illness; these case-patients may have
been infected through exposure to virus-contaminated bat
saliva, urine, or feces or through contact with some un-
known intermediate host. These cases provide further evi-
dence that sporadic cases of Nipah virus infection continue
to occur in Bangladesh (26).

Selection of probable case-patients in this study could
have been biased toward finding person-to-person transmis-
sion because probable case-patients by definition lived in
the same area as confirmed case-patients, which increased
the likelihood that they had had contact with one another.
To rule out the possibility that this had an effect on our
case-control study findings, we analyzed our data by using
only confirmed cases; there were no major differences in
findings compared with analysis that used confirmed and
probable cases. Our findings are also limited by recall bias.
Family and friends were often asked to provide information
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about a deceased patient weeks after their illness (data for 5
patients were collected >1 month after illness onset). When
possible, medical records were used to supplement patient
reports of illness history, but often these records were in-
complete or nonexistent. However, the investigation began
just days after onset of illness in most patients, which pro-
vided for optimal recall of events. In addition, case-patients
or their proxies might have more carefully considered their
exposures than controls. However, all community mem-
bers were aware of, and concerned by, the outbreak, and
we believe it is unlikely that any control did not remember
their exposure to case-patients in their community.

Capacity for person-to-person transmission increases
the risk for wider spread of this highly lethal pathogen.
In an impoverished, densely populated country such as
Bangladesh, a lethal virus could rapidly spread before ef-
fective interventions are implemented. This spread would
provide the seed for a substantial regional or global public
health problem and highlights the need for local surveil-
lance, outbreak detection and response, and rapid labora-
tory diagnostics. Sustained, long-term research is needed to
characterize the reservoir of the virus and mechanisms for
animal-to-animal, animal-to-human, and human-to-human
transmission; clarify climatologic and other environmen-
tal factors linked to transmission; and define viral epitopes
potentially linked to virulence and transmission. Effective
infection control practices appropriate for resource-con-
strained healthcare systems and communities are urgently
needed.
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Effects of Internal Border Control on
Spread of Pandemic Influenza

James G. Wood,*T Nasim Zamani,t C. Raina MaclIntyre,*t and Niels G. Beckert

We investigated the capacity of internal border control
to limit influenza spread in an emergent pandemic in the
context of Australia, a country with a low-population density
and geopolitical boundaries that may facilitate restrictions.
Mathematical models were used to study the time delay be-
tween epidemics in 2 population centers when travel restric-
tions were imposed. The models demonstrated that popula-
tion size, travel rates, and places where travelers reside can
strongly influence delay. The model simulations suggested
that moderate delays in geographic spread may be possible
with stringent restrictions and a low reproduction number,
but results will be sensitive to the reproduction number and
timing of restrictions. Model limitations include the absence
of further importations and additional control measures. In-
ternal border control may have a role in protecting domestic
centers early in a pandemic, when importations are sparse.
Our results may be useful for policymakers.

Commercial air travel has increased dramatically since
the last pandemic of influenza (1). The number of in-
ternational tourist arrivals recorded worldwide in 2004 was
763.2 million; 43% of these arrivals were by air (2). This
increase in international travel has heightened the risk for
the global spread of infectious diseases (1).

Long-distance domestic routes also carry high vol-
umes of travelers: an estimated 40.4 million passengers
traveled on Australian domestic airlines in the year end-
ing June 30, 2005 (3), and 660 million traveled on US
domestic airlines during 2005 (4). Rapid and accessible
long-distance transportation facilitates the geographic
spread of diseases, even those, such as influenza, that
have a short incubation period (5).

*National Centre for Immunisation Research and Surveillance of
Vaccine Preventable Diseases, Sydney, New South Wales, Aus-
tralia; TThe University of Sydney, Sydney, New South Wales, Aus-
tralia; and FAustralian National University, Canberra, Australian
Capital Territory, Australia
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If an influenza pandemic emerges, the first attempts to
control its spread are likely to be made at its source, as
suggested in recent modeling papers (6,7). However, if
these strategies fail, individual governments will need to
implement strategies to manage the pandemic when it ar-
rives on their borders. In addition to well-publicized op-
tions for control, including antiviral prophylaxis and quar-
antine (6,7), travel restrictions, both external and internal,
may play a role in reducing the geographic spread of the
virus (8-11)

Restrictions on travel can have a sizeable economic and
social impact, as seen in affected nations during the crisis
with severe acute respiratory syndrome (SARS). In many
countries, stringent travel restrictions will not be feasible
because of high population densities and highly connected
networks of transportation, infrastructure, and trade. These
caveats do not apply to Australia, an island comparable in
size to the United States but with a population of only 20
million. This population is concentrated in 5 large cities,
along with smaller centers, primarily along its eastern and
southern coastlines. These centers are widely separated;
travel between them is primarily by air. During the 1918
pandemic, Australia delayed the onset of the pandemic by
1 year by imposing external border control (12).

We used mathematical models to make predictions
about the effectiveness of travel restrictions and to explore
the sensitivity of these predictions to disease and demo-
graphic factors. Typically, modeling studies of influenza
spread are focused on predicting international or national
spread between major hubs on the global air-transporta-
tion network (8,9,13), which is certainly important. In
contrast, we examine the effects of travel restrictions on
2-city routes with differing characteristics. This simpler
setting allows a more detailed exploration of how the de-
lay between epidemics in 2 connected locations depends on
travel restrictions, population sizes, travel rates, residence
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of travelers, and the transmissibility of the influenza virus,
with relevance to large and small centers. The analysis as-
sumes case-patients arriving from overseas have a negli-
gible effect, so the results apply primarily during the early
stage of a pandemic. Simulating the effect of internal travel
restrictions in Australia is relevant to countries with similar
demographic characteristics, such as Russia, Canada, and
New Zealand. The aims of our analysis were to explore the
role of travel restrictions in slowing the geographic spread
of an influenza pandemic and to simulate the effects of such
restrictions in the context of Australia.

Methods

Two simple scenarios (Figure 1A) were used to as-
sess the likely impact of travel restrictions on the spread
of a pandemic in Australia. In the first, it was assumed
that the initial cases occurred in Sydney. The growth of
this epidemic and its resultant spread to Melbourne in
the presence of travel restrictions were simulated. This
scenario is indicative of the spread to other large centers
with similar travel volumes. In the second scenario, the
initial case was assumed to occur in Darwin, a smaller
Australian city in close proximity to Southeast Asia, and
the growth of this epidemic and spread to Sydney were
simulated. The Darwin-to-Sydney scenario, with a com-
paratively low travel volume, represents the situation of
containing the epidemic within a smaller town through
the use of travel restrictions. Key parameters and assump-
tions are summarized in Table 1.

Data
Average daily volumes of domestic air travel between
Sydney, Melbourne, and Darwin were obtained from the
Australian Domestic Airline Activity report (17). Only
direct flights were considered. Seasonal variations in the
volume of air traffic were not taken into account. Approxi-
mately 78% of the traffic from Sydney to Melbourne and
Darwin

[s M/ HE)
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70% of the traffic from the Northern Territory to the eastern
Australian states is by air (18).

As a separate indicator of travel volumes that incorpo-
rates the average length of stay and information on the ori-
gin of travelers, we used survey estimates of nights stayed
by domestic visitors to the 3 study destinations (Melbourne,
Sydney, and Darwin). The data were obtained from the
state government tourism websites for Victoria (20), New
South Wales (NSW) (19), and the Northern Territory (21).
Because details on visitor origin were only obtained at the
state level, we assumed that each person in that state would
make an equal contribution to visitor nights in the desti-
nation city. These values were then used to estimate the
proportions of the travel volume due to each of the 2 cities
on a route and to modify force of infection calculations by
incorporating the average length of stay. The travel rates
(weighted by length of stay) used in the simulations are
provided in Table 1. Demographic data on cities and states
were acquired from the Australian Bureau of Statistics pop-
ulation estimates for 2004 (16).

Model Structure

Simulations of influenza epidemics were computed by
using a stochastic SIR model, in which the population is
separated into 3 mutually exclusive classes: susceptible (S),
infectious (1), and recovered (R). A stochastic model can
capture random variation near the beginning of an epidem-
ic, when the number of infectious persons is small. Homo-
geneous mixing is assumed, i.e., all susceptible members of
the population in a city are equally likely to be infected by
a given infectious person.

A schematic of the model is given in Figure 1B, and
the defining equations are presented in the online Appendix,
part A (available from www.cdc.gov/EID/content/13/7/
1038-app.htm). The model evolves in discrete time, with
the step length equal to 1 day. This time frame accords with
real-life epidemics, for which incidence and other epide-
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Figure 1. Schematic of travel locations and model. A) Model schematic showing the SIR (susceptible, infectious, and recovered) classes
and travel connecting the cities; B) locations of the cities and routes used in the model; C) the form of the 2 infectivity functions used to

simulate the infectivity of persons over the course of their infection.
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Table 1. Summary of parameter values, assumptions, and sources used in models of the effect of travel restrictions on pandemic

influenza in Australia*

Variable/concept

Value (range)/assumption

Source/interpretation

Reproduction no. (Ro)
Infectivity function (p)
Latent period

Infectious period 5d

Mixing Homogenous (within city)
Propensity to travel Everyone equal
Populations Sydney (4.2 million), Melbourne

1.5-35
Flat or peakedt
1 (1-2 in sensitivity analysis) d(s)

Mills (14)
Longini, Ferguson (7,8)
Ferguson (6)

Literature suggests 4-7 d in adults (6,7)
Modeling literature (15)
Assumption
ABS figures (16)

(3.6 million), Darwin (110,000)

Travel rate Sydney <> Melbourne
(weighted by stay length)

Travel ratet Sydney <> Darwin
(weighted by stay length)

Travel restrictions

Time between 20 current cases
in city 1 and city 2 (Tz)

(4.7 x 10°, 8.9 x 10°%)
(9.2 x 10*, 4.4 x 10°%)
20%,10%, or 1% of current levels

Random variable (T5), different for
each simulation. Median value over

BTRE figures (17,18), NSW, and
Victoria Tourism reports (19,20)
BTRE figures (17,18), NSW, and
NT Tourism reports (19,21)
Assumption

Output variables used to measure
effect of travel restrictions

all simulations is given by my.

*ABS, Australian Bureau of Statistics; BTRE, Bureau of Transport and Regional Economics; NSW, New South Wales; NT, Northern Territory.

TSee Figure 1, panel C, for shapes used.

FThis assumes a constant travel rate over the year with no seasonal variation in travel volumes.

miologic data are usually recorded daily. The discrete time
structure simplifies the introduction of a variable infectivity
profile, incorporating a latent, noninfectious period and a
changing degree of infectivity for each person during the
course of his or her illness. This feature of the model is
supported by virus-shedding studies (22) and enables us
to contrast the effect of a highly peaked infectivity profile,
similar to that used by Ferguson et al. (6), with the effect of
a constant infectivity profile (7), as depicted in Figure 1C.
A key factor governing the effectiveness of our travel
restrictions is the average doubling time of the attack rate
during the early stages of the epidemic, when growth is ex-
ponential. The doubling time is determined by the basic re-
production number (R ), defined as the average number of
secondary infections due to a single primary infected per-
son in a completely susceptible population, and the form
of the infectivity profile. The infectivity profile primarily
influences the growth rate through the mean time (or serial
interval) between cases: ~2.8 days for the peaked infectiv-
ity function and 4 days for the flat infectivity function used
here. The doubling time depends linearly on the serial in-
terval so that epidemics that use the peaked infectivity pro-
file double in size almost 1.5x as quickly as epidemics that
use the flat infectivity profile, for the same value of R . The
infectivity profile and R, depend on properties of the patho-
gen and on social, environmental, and genetic factors.
Although influenza appears to be a highly infectious
disease, with regular winter epidemics, this is largely due to
its short incubation period and genetic drift, which nullifies
preexisting immunity. Thus, literature estimates of the ef-
fective reproduction number for influenza are typically <4
(14) (whereas for measles R is 20 [15]), although in local-
ized outbreaks it can be considerably higher (23). We take
R, to be in the range 1.5-3.5, which corresponds to attack
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rates of 58%—97% (including subclinical infections) in a
population without prior immunity or behavioral changes
in response to the pandemic.

The total period of infection, including latent period,
was assumed to be 6 days (7). For each infectivity profile,
the latent period was ~1 day, which is at the low end of
literature estimates (other researchers have used values of
1-4 days [8,9,24]). Spread from city to city is incorporated
by assuming that each person is equally likely to travel;
the daily travel rates were estimated from the data sources
described above. This assumption was pessimistic, since
symptomatic infected persons may not travel, but it did not
greatly influence the results (online Appendix, part A).

Travel restrictions were implemented as a reduction of
the rate of all forms of travel. For this analysis, reductions
of 80%, 90%, and 99% were compared with the base case
of unrestricted travel. The values of 80% and 90% might be
realistic reduction targets, whereas the value of 99% indi-
cates what near-perfect compliance might achieve. Travel
restrictions were switched on in the model at some time
(measured in weeks) after the initial case occurred and re-
mained on for the rest of the simulations.

The principal measure used in this analysis for gauging
the effect of travel restrictions is T, , the delay between the
epidemic’s becoming established in city 1 and taking off
in city 2. We considered the outbreak to have taken off in
a city once there were 20 current infectious cases—hence,
the notation T, for the delay between the epidemics. This
choice conveniently limited comparisons to simulated epi-
demics that do take off. Since the model is stochastic, T,
is random, and the results shown in the graphs are for m,,
the median value for outbreaks that take off. Ranges, when
given, cover 90% of outbreak simulations.
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The simulations were run with MATLAB version 7.04
(The MathWorks, Natick, MA, USA) with Poisson random
variables simulated by the poissrnd function in version
5.02 of the Statistics Toolbox (MathWorks). Our results
are based on 10,000 runs of the model.

Motivated by the results of the simulation study, we
then analyzed the effects of city size and travel rates by us-
ing a deterministic approximation of the above model (de-
tails given in the online Appendix, part B). This approxi-
mation has the advantage of being much simpler to use in
analyzing sensitivity to these factors, while reproducing the
average behavior of the stochastic model.

Results

Scenario 1 (Sydney to Melbourne)

The median and mean numbers of days until there are
20 infectious persons in Sydney for an epidemic that began
with 1 infectious person in Sydney on day 0 are presented
in Table 2. Figure 2 illustrates how m,_, the median time
between the day when the number of infected persons first
reached 20 in Sydney and the day when the number of in-
fected persons first reached 20 in Melbourne, depends on
R,, the form of the infectivity profile, and the timing and
severity of travel restrictions.

Each of the graphs covers 1 of the 6 combinations of
the 3 values of R and 2 infectivity profiles. The 4 curves
shown on each graph describe the median values for each
of the 4 levels of travel restrictions (none, 80%, 90%, and
99%), applied at delays from importation of the first case
from 0 to 6 weeks (8 weeks for R, = 1.5). The gray panes
highlight the time during which the epidemic grows from
20 to 1,000 cases in Sydney.

The travel restrictions are most effective for the opti-
mistic assumption R = 1.5 and constant infectivity (Fig-
ure 2A). Figure 2B and C more closely resemble the epi-
demic growth rates used in recent modeling papers (6,7).
In Figure 2B (R, = 1.5, peaked infectivity), an increase in
m,, from 22 to 32 days is seen for 80% restrictions, with
a further increase to 52 days for 99% restrictions, if ap-
plied immediately. These improvements appear robust for
delays of up to 4 weeks, but in fact a sizeable proportion
of the simulations have spread to Melbourne by this point.
This effect is illustrated in Figure 3A and B, in which we
compare the full distribution of T, in the presence of 99%

Internal Border Control and Spread of Pandemic Influenza

travel restrictions applied at the 2- and 4-week marks, re-
spectively. Both distributions are bimodal, but in Figure
3B, the first mode is substantial. This difference arises
because a large proportion of simulated outbreaks spread
to Melbourne between the 2- and 4-week marks for this
combination of disease parameters, a finding that empha-
sizes that timing can be critical for the success of travel
restrictions. Under the pessimistic assumption of R = 3.5
and peaked infectivity, the impact of travel restrictions is
muted, and a delay of just 2 weeks renders the restrictions
ineffective.

Scenario 2 (Darwin to Sydney)

For an epidemic originating in Darwin, the median
times until there are 20 infectious persons in Darwin are
almost identical to those for scenario 1 (Table 2), although
the 90% ranges are a little wider. In this scenario, m, is the
median time between the first day on which there are 20
infected persons in Darwin and the first day on which there
are 20 currently infected persons in Sydney. The effects of
R, the infectivity function, and the delay in and severity of
travel restrictions are captured in Figure 4.

These results, presented in the same format as Figure
2, show 2 key differences from those in scenario 1. The
median delay, m,, is shorter in scenario 2, given the same
combination of disease parameters, as is the time interval
over which restrictions can be applied effectively. This
finding appears counterintuitive because the volume of
travelers on the Darwin-to-Sydney route is much smaller
than that on the Sydney-to-Melbourne route.

By using the simpler model described in the online
Appendix, part B, we performed a sensitivity analysis (on-
line Appendix Figure, available from www.cdc.gov/EID/
content/13/7/1038-appG.htm) on the effect of city size and
travel rates on epidemic spread. This analysis implies that
in scenario 2, in which there is a large difference in popula-
tion size (Darwin:Sydney ~1:40), infection of susceptible
travelers from Sydney is the primary reason for the rapid
intercity spread, despite the lower rate of travel for Sydney
residents on this route. The online Appendix Figure, panel
B, shows that this effect would be reduced if the rate at
which Sydney residents travel to Darwin were much lower
than that for Darwin residents traveling to Sydney. Such a
reduction could be achieved by applying tighter restrictions
on Sydney-based travelers.

Table 2. No. days for an influenza epidemic beginning in Sydney to total 20 currently infectious cases*

Constant infectivity profilet

Peaked infectivity profilet

Ro Median, d 90% range, d Mean, d Median, d 90% range, d Mean, d
15 24 13-46 25.9 15 8-31 16.4
25 12 8-21 13.0 8 5-14 8.4
3.5 9 6-14 9.5 6 4-10 6.2

*R,, reproduction number.

tThe constant infectivity profile assumes that a person is equally infectious throughout their infectious period; the peaked infectivity profile assumes that
they are most infectious early in the infectious period (see Figure 1, panel C, for the profiles used).
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Figure 2. For an epidemic beginning in Sydney, the value of the median time delay, m

,o» IN the presence of travel restrictions applied at a

delay of 0-6 weeks (10 and 8 weeks in [A] and [B], respectively). Assumptions are A) reproduction number (R ) = 1.5, constant infectivity
profile; B) R, = 1.5, peaked infectivity profile; C) R = 2.5, constant infectivity profile; D) R, = 2.5, peaked infectivity profile; E) R, = 3.5,
constant infectivity profile; F) R = 3.5, peaked infectivity profile. The gray panes cover the periods when the epidemic grows from 20 to
1,000 infected people in Sydney; dotted, dashed, dash-dotted, and solid lines correspond to 99%, 90%, 80% and no travel restrictions,

respectively.

The ratio of city populations also influences the time
interval when restrictions can be applied effectively. Travel
restrictions were less effective if applied after the time at
which there were 20 current cases in Darwin (Figure 4).
This feature was illustrated by Figure 3C and D which
show the full distributions of T, for 2- and 4-week delays
in restrictions, respectively. For a 2-week delay (Figure
4C), most outbreaks were delayed but a sizeable minority
were not. A 4-week delay (Figure 4D) nullified any impact
of the restrictions for this scenario. If, however, travel re-
strictions were applied immediately after the first case was
detected, the increase in T, due to restrictions was almost
identical to the increases described in scenario 1.

Now consider a situation in which a small isolated
center (town A, population 1,000) attempts to remain pan-
demic free. Let us assume that on any given day, N visitors
stay in the town, and N town members visit pandemic-af-

400 A 200, B
w 300 « 150
H s
5 g
g 200 2 100f
\f.! “
o o
< 100 = 50|
0 s ; ol . g
100 -50 0 50 100 -100 .50 0 50 100

Days Days

Figure 3. Distributions, based on 10,000 simulations, of the time delay, T

function, with 99% travel restrictions imposed in scenario 1 (A) an
beginning in Sydney and spreading to Melbourne. In scenario 2, the

fected regions. A simple stochastic model of disease spread
(online Appendix, part D) can predict the probability that
the outbreak can be kept out of town A in terms of N and
R, (online Appendix, part D). Predictions from this model
agree well with simulations, as shown in the online Ap-
pendix Figure, panel C. These results indicate that travel
restrictions are likely to prevent an outbreak if N is reduced
to ~1/10 per day.

Sensitivity to Other Factors

The sensitivity of the results to the duration of infec-
tion and form of the infectivity function were entirely a re-
sult of the change in the epidemic growth rate. If, for exam-
ple, an additional day of latent infection were added, then
the delays in spread, when the flat and peaked infectivity
functions were used, were ~25% and ~37% longer, respec-
tively, which is a considerable effect. However, epidemic

250 400 D
H s
F 150 =
E E 200
w100 a
2 e
50 100
[ R — — [V — -
-100 -50 0 50 100 -100 -50 0 50 100

Days

Lo diven reproduction number (R ) = 1.5 and the peaked infectivity
d (B) and scenario 2 (C) and (D). Scenario 1 simulates an epidemic
epidemic begins in Darwin and spreads to Sydney. In (A) and (C), the

restrictions are imposed after 2 weeks; in (B) and (D), they are imposed after 4 weeks.
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Figure 4. For an epidemic beginning in Darwin, the value of the median time delay, m

L iN the presence of travel restrictions applied at

a delay of 0-6 weeks (8 weeks in [A] and [B], respectively). Assumptions are (A) reproduction number (R,) = 1.5, constant infectivity
profile; (B) R,= 1.5, peaked infectivity profile; (C) R,= 2.5, constant infectivity profile; (D) R = 2.5, peaked infectivity profile; (E) R,= 3.5,
constant infectivity profile; (F) R,= 3.5, peaked infectivity profile. The gray panes cover the periods when the epidemic grows from 20 to

1,000 infected people in Darwin. Dotted, dashed, dash-dotted, and
respectively.

solid lines correspond to 99%, 90%, 80%, and no travel restrictions,

growth rates in past pandemics are typically not consistent
with longer latent periods and low values of R, so these
additional delays should be viewed with caution.

The sensitivity to the estimated travel volumes was rela-
tively weak: increasing or reducing travel by a factor of 2 in
each direction increases or reduces the delay by 1.5-7 days,
and 4.5 or 2.5 days as compared to data in Figures 2 and 4,
respectively. These results are consistent for both scenarios.

Discussion

The simulations we describe showed that although
travel restrictions might delay the spread of an influenza
epidemic between 2 cities by several weeks, this delay is
highly sensitive to assumptions about the transmissibility
of the influenza virus. A more surprising result is that the
delay is also sensitive to the ratio of city sizes, differences
in travel rates, and the originating city. In particular, the
modeling suggests that if the epidemic begins in a smaller
town, restricting visitors from entering or leaving that town
is important.

Moderate delays in the pandemic could be achievable
when the epidemic growth rate is low. The growth rate can
be estimated from case counts during an epidemic and used
in a simple formula to predict the delay due to travel restric-
tions (online Appendix, part D). These predictions could
provide practical estimates of the benefits of longer term
travel restrictions based on the first clusters of cases dur-
ing an outbreak. For smaller communities with low travel
rates, the probability of preventing an outbreak can also
be estimated (online Appendix, part D), with good agree-
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ment with the results of our simulations (online Appendix
Figure, panel C). If the estimated growth rate is high (e.g.,
assumptions used in Figures 2 and 4 with R = 3.5, peaked
infectivity), the additional median delay between 20 cases
occurring in city 1 and 20 cases occurring in city 2 might be
just 3 days, providing little benefit from longer term imple-
mentation of travel restrictions

Our results do not account for additional importations.
Thus, they are most applicable to the arrival of a pandemic
in Australia, while the pandemic outside Australia remains
contained or border control is effective. Our simulated de-
lays will be overestimates if additional importations are
substantial. Another concern is that stringent travel restric-
tions may be required for several weeks to maximize de-
lays in spread. Inevitably, such restrictions would cause
economic and social disruption, which must be balanced
against any benefits from delaying the domestic spread of
an epidemic.

If combined with restrictions on overseas travel, re-
strictions on internal travel may have a role in pandemic
control, even for major centers. However, the economic
impact of restrictions in major centers could be enormous,
with severe consequences for service and travel industries,
as seen in the SARS crisis (25), and the potential to affect
trade and other sections of the economy. Some of the ben-
efits and costs of reduced travel may also accrue without
restrictions, with persons avoiding travel because of per-
ceived risks. Our modeling suggests that travel restrictions
could have a greater effect in more isolated communities
that lack international ports.
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The travel restrictions we discussed have been exam-
ined in isolation, without consideration of other disease
control measures. Other measures could lower the effective
value of the reproduction number, or even curtail the epi-
demic; in these circumstances, reducing all travel by only
80% might be beneficial. Alternatively, if the R,, is much
higher than used here (23), internal travel restrictions would
be ineffective. Limitations of our modeling approach are
summarized in Table 3.

The key points in our study are that delays induced by
internal border control are strongly influenced by epidemic
growth rates and demographic factors such as the relative
sizes of cities, travel rates, and the origin of travelers. When
used without other control measures, stopping at least 99%
of travel would be required to significantly increase time
available for vaccine production and distribution. Although
any delay in spread might be attractive for logistical pur-
poses, the economic impact of such restrictions may be
prohibitive if sustained for more than a few days. In view
of these points, the situation in which they might be most
applicable for extended use is in the protection of small,
relatively isolated centers.
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Emergency Use Authorization (EUA)
to Enable Use of Needed Products
In Civilian and Military Emergencies,

United

States

Stuart L. Nightingale,** Joanna M. Prasher,* and Stewart Simonson*?

The US Emergency Use Authorization (EUA) is a criti-
cal new tool for medical and public health communities and
is applicable for both civilian and military use. It fills the need
for timely and practical medical treatment under emergency
conditions and authorizes use of the best product available
for treatment or prevention when the relevant product has
not already been approved or approved for this specific use
by the US Food and Drug Administration. The need for and
genesis of the EUA, its requirements, its broad application
to civilian and military populations, and its features of par-
ticular importance to physicians and public health officials
are detailed.

he Project BioShield Act of 2004 (Public Law 108-276;

“the Act”), among other provisions, established the com-
prehensive Emergency Use Authorization (EUA) program.
EUA permits the US Food and Drug Administration (FDA)
to approve the emergency use of drugs, devices, and medi-
cal products (including diagnostics) that were not previously
approved, cleared, or licensed by FDA (hereafter, “unap-
proved”) or the off-label use of approved products in certain
well-defined emergency situations. EUA provides physicians
and public health officials with an important new tool with
wide-reaching implications for medical care under emergen-
cy conditions. More detailed information on FDA’s policies
for authorizing the use of an unapproved medical product or
an unapproved use of an approved medical product during a
declared emergency can be found in the draft FDA guidance
document made available on July 5, 2005 (1).

Government Need for EUA Authority
After the events of September 11, 2001, and the an-
thrax postal attacks <1 month later, the US Department of

*US Department of Health and Human Services, Washington, DC,
USA
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Health and Human Services (HHS) began developing plans
for large-scale off-label use of FDA-approved pharmaceu-
tical products, and in some cases of unapproved products,
during a national emergency. This undertaking was espe-
cially important at the time because critical components of
the biodefense armamentarium were, for various reasons,
either unapproved products or approved products whose
use as countermeasures was not approved by FDA. At the
time, the sole mechanism for making unapproved products
available in an emergency was through an Investigational
New Drug (IND) protocol or an Investigational Device Ex-
emption.

The medical and public health communities have long
recognized that, regardless of how swiftly FDA approves
drugs and other medical products, there will always be
promising drugs, biologic products (e.g., vaccines, blood
products, and biologic therapeutics), and devices (e.g., in
vitro diagnostics) that do not have FDA approval (unap-
proved products) as well as promising off-label uses of
drugs, biologic products, and devices that are approved by
FDA for other indications. These unapproved or off-label
products may be the very best preventive, diagnostic, or
therapeutic options available. A physician in practice can
prescribe an approved drug for an off-label use or an un-
approved drug (subject to state practice of medicine stat-
utes and regulations and FDA policy and legislation) on
a patient-by-patient basis. However, large-scale use of un-
approved drugs or off-label use of approved drugs, before
passage of the Act, could only be carried out under an IND
protocol.

IND requirements include Institutional Review Board
(IRB) approval of the investigational protocol, documented

1Current affiliation:
Maryland, USA

2Current affiliation: Constella Group LLC, Washington, DC, USA

National Institutes of Health, Bethesda,
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informed consent from all patients describing, among other
things, the research purposes of the protocol, substantial re-
cord keeping, and patient follow-up requirements. Although
an IND mechanism is well-suited for a clinical study and
can be used in an emergency situation for an individual pa-
tient, the mechanism is ill-suited for situations such as a
universal vaccination campaign against a life-threatening
infectious disease taking place in the context of a national
emergency.

In 1987, FDA issued regulations to establish the Treat-
ment IND as a new regulatory category of INDs (2). The
purposes, requirements, and implications for physicians of
the Treatment IND are described in the medical literature
(3,4). The Treatment IND allows the more extensive use
of an investigational product for treatment of life-threaten-
ing or serious diseases; however, it did not eliminate the
clinical study nature of an IND or the practical aspects that
could prove problematic in a national emergency situation.
Public health officials would most likely be unable, for ex-
ample, to comply with the requirements of an IND protocol
if smallpox vaccine needed to be administered quickly to
a large population during a smallpox epidemic or if an ap-
proaching influenza pandemic required widespread distri-
bution and unapproved or off-label use of critical antiviral
medications. Experience with attempts to use an IND to
offer the licensed anthrax vaccine off-label in a postexpo-
sure setting to postal workers possibly exposed to anthrax
in the 2001 anthrax postal attack highlighted substantial
shortcomings with this approach. While important steps
would be taken in good faith to make the IND mechanism
work in a national emergency, an alternative was needed:
something short of licensure that included specific safety,
efficacy, and quality requirements in a manner less ad-
ministratively burdensome than the IND mechanism. The
country needed an emergency mechanism built not on a
clinical research model, but on a public health model.

Previous Approaches to Large-Scale
Treatment Use of Unapproved
Products and Approved Products Off-label

The first widespread use of an IND protocol was in 1971
for admitting narcotics addicts into methadone treatment
programs authorized by the US government. Methadone
had already long been marketed as a narcotic analgesic and
as a cough suppressant, and it was subsequently approved
for narcotic maintenance treatment in 1972 (5). More than
80,000 patients are estimated to have entered the IND pro-
gram. This closed distribution system for both the IND and
the newly approved use was strictly controlled by FDA and
the Drug Enforcement Administration because methadone
for narcotic maintenance treatment was only available in
programs licensed for this purpose by the government.
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During the 1980s, FDA developed several new pro-
grams to accommodate the need to make the newest drugs
to combat HIV/AIDS and cancer available as quickly as
possible (3). All of these large programs required IRB re-
view, written informed consent, and reporting that are man-
dated for other INDs and that could be fulfilled in the con-
text of an ongoing public health situation that, while grave,
did not rise to the level of an immediate national security
emergency. These programs included the Treatment IND
and a new regulatory approach permitting accelerated ap-
proval of new drugs.

During the preparations for the Persian Gulf War, the
Department of Defense (DoD) determined that several im-
portant medical countermeasures would be needed to pro-
tect troops in the Gulf. Two of these products were under
INDs for these uses at the time: botulinum toxoid to prevent
botulism, and pyridostigmine bromide to protect against
a chemical nerve agent. Pyridostigmine bromide was al-
ready approved by FDA, but the approved indication and
dosage formulation were different from those sought for
use by DoD. DoD determined that the INDs were needed
for force protection in response to specific threats and, on
DoD’s request, FDA issued an interim final regulation that
established a special IND process that included the waiver
of informed consent (6). This policy evolved on the basis of
the danger that individual refusal to take these medications
would threaten the well-being of not only that soldier but
also others in the unit, thus compromising force protection
and the success of the military mission (7). This regula-
tion was later rescinded (8) and replaced with new legisla-
tion for DoD that requires specific presidential approval for
waiving informed consent in each military emergency (9).
The EUA, with its provisions for both military and civilian
uses, would later provide an alternative to this special IND
process.

For civilian defense, HHS has developed over the past
decade a national stockpile of medical countermeasures
that could be used in the event of a biological, chemical,
radiologic, or nuclear attack. More recently, the national
stockpile has been acquiring antiviral drugs, investigational
and approved influenza vaccines based on highly pathogen-
ic avian influenza (H5N1) strains, respirators, masks, and
other items to prepare the United States to respond to pan-
demic influenza. Since many of the drugs and other medical
products in the national stockpile were either unapproved
or were not approved for the countermeasure indication,
the Centers for Disease Control and Prevention (CDC) de-
veloped protocols for their use under the IND mechanism.
As discussed above, however, these protocols would most
likely fall short in providing the flexibility needed for effec-
tive use in national emergency situations.
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Requirements for Granting and
Implementing an EUA

The Project BioShield Act of 2004 included new lan-
guage for section 564 of the Food, Drug and Cosmetic
(FD&C) Act that created the EUA in a provision entitled
Authorization for Medical Products for Use in Emergen-
cies (10). The EUA provides an effective solution to the
challenges posed by emergencies involving both civilian
and military populations. It addresses the off-label use of
FDA-approved products and the use of unapproved prod-
ucts for prevention, treatment, or diagnosis under emer-
gency circumstances. The steps required by the Act before
issuance of an EUA are shown in the Table.

Issuance of an EUA is predicated on a Declaration
of Emergency that justifies the authorization of the EUA
by the secretary of HHS. The secretary may declare such
an emergency on the basis of any of the following: 1) the
secretary of Homeland Security determines there is a “do-
mestic emergency, or a significant potential for a domestic
emergency, involving a heightened risk of attack with a
specified biological, chemical, radiologic, or nuclear agent
or agents”; 2) the secretary of defense determines that there
is a similar emergency or potential emergency threatening
military forces; or 3) the secretary of HHS determines that
there is a “public health emergency under section 319 of
the Public Health Service Act that affects, or has a signifi-
cant potential to affect, national security, and that involves
a specified biological, chemical, radiological, or nuclear
agent or agents, or a specified disease or condition that
may be attributable to such agent or agents” (10). The Act
has no requirement that the emergency be the result of a
deliberate attack with a CBRN agent to permit use of the
EUA. For example, the secretary of HHS could find that an
emerging infectious disease or pandemic (such as pandem-
ic influenza) is so serious that it could rise to the level of
affecting national security and thus declare a public health
emergency under the terms of the Act.

Following the HHS secretary’s Declaration of Emer-
gency justifying issuance of the EUA, the FDA commis-
sioner, under delegated authority from the secretary of
HHS, may issue an EUA after consultation, to the extent
feasible and appropriate given the circumstances of the
emergency, with the directors of the National Institutes

of Health (NIH) and CDC, if he or she concludes that 1)
the agent listed in the emergency declaration can cause a
serious or life-threatening disease or condition; 2) on the
basis of the totality of scientific evidence available, includ-
ing data from adequate and well-controlled clinical trials, if
available, it is reasonable to believe that the medical prod-
uct may be effective in diagnosing, treating or preventing
this disease or condition or a serious or life-threatening dis-
ease or condition caused by another EUA-authorized prod-
uct or an otherwise approved or licensed product; 3) the
known and potential benefits of the medical product, when
used to diagnose, prevent, or treat the disease or condition,
outweigh the risks, both known and potential; and 4) no ad-
equate, approved, alternative medical product is available.

In addition to these statutory requirements, HHS,
through its Office of the Assistant Secretary for Preparedness
and Response (formerly the Office of Public Health Emer-
gency Preparedness), has established the Secretary’s Emer-
gency Use Authorization Working Group (EUA WG). This
is an interagency committee consisting of federal officials
with expertise in public health, medicine, law, ethics, and
risk communication. It provides recommendations to both
the secretary and the FDA commissioner on use of the EUA,
as well as facilitating education and communication about
the EUA with healthcare professionals and the public.

Although an EUA may not be issued until after an
emergency has been declared by the secretary, FDA rec-
ognizes that during such exigent circumstances, the time
available for the submission and review of an EUA request
may be severely limited. Therefore, FDA strongly encour-
ages an entity with a possible candidate product, particu-
larly one at an advanced stage of development, to contact
the FDA center responsible for the candidate product even
before a determination of an actual or potential emergency
is made. The types of information FDA believes are impor-
tant to allow an assessment of safety and effectiveness of a
product and to make an adequate risk-benefit determination
to support issuance of an EUA are provided in the FDA
draft EUA guidance previously mentioned (1). If, before
the Declaration of Emergency, FDA believes that a candi-
date product may meet the criteria for an EUA, the agency
may share appropriate information on such product with
the secretary’s EUA WG.

Table. Actions required before issuance of an EUA*

Step Required action Responsible authority

1 Determination of an emergency justifying Secretary of Homeland Security OR Secretary of Defense OR Secretary of
issuance of an EUA Health and Human Services

2 Declaration of emergency Secretary of Health and Human Services

3 Consultation (to the extent feasible) FDA commissioner, NIH director, CDC director
between the FDA, NIH, and CDC

4 Issuance of an EUA FDA commissioner (under delegated authority from Secretary of Health and

Human Services)

*EUA, Emergency Use Authorization; FDA, US Food and Drug Administration; NIH, National Institutes of Health; CDC, Centers for Disease Control and

Prevention.
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If the decision is made to issue an EUA, to the extent
practicable given the circumstances of the emergency, the
FDA commissioner must prescribe certain conditions of
use aimed at protecting public health and may prescribe ad-
ditional conditions for protecting public health. These con-
ditions, and which ones are mandatory, differ depending on
whether the EUA authorizes use of an unapproved product
or authorizes an off-label use of an FDA-approved product.
However, certain basic provisions must be met under all
cases, examples of which are described below (a more de-
tailed description of conditions of use that may be applied
can be found in the draft FDA guidance [1]).

For example, to the extent practicable given the cir-
cumstances of the emergency, both healthcare providers and
their patients must be made aware that the product has been
authorized for emergency use, must know the “significant
known and potential benefits and risks” of emergency use
of the product and extent to which such benefits and risks
are unknown, and must be informed of any alternatives that
may be available and their benefits and risks. Additionally,
as a general rule, persons must be made aware of their right
to refuse the product (or to refuse it for their children or
others without the capacity to consent) and of the potential
consequences, if any, of this choice. An exception to this
rule is that the president, as commander in chief, can waive
military personnel’s right to refuse this product. If the right
is not specifically waived by the president for a particu-
lar product given under EUA, military personnel have the
same right to refuse as civilians. FDA expects that such
information will be disseminated to healthcare providers
and the general public in the most effective and expeditious
way possible, including use of informational leaflets, the
media, Internet, videos, and direct communications from
public health officials.

During administration of an EUA product, a system
would be developed to collect and analyze safety and ef-
ficacy information on unapproved products, and such a
system may also be developed for unapproved uses of ap-
proved products. Adverse events arising from use of the
product would be carefully monitored and reported. The
FDA commissioner would periodically review the safety
and efficacy data collected on EUA products and could re-
voke the EUA at any time if the criteria for the EUA are
no longer met or to protect public health and safety. For
unapproved products, the commissioner may choose to
designate the persons or entities that may distribute and ad-
minister the product for emergency use. For example, the
commissioner may choose either to route products under
an EUA to central dispensing sites or, in cases where the
transportation and congregation of large populations are
either dangerous or impractical, allow for distribution of
required medications and appropriate product information
by postal workers or others. Unless previously revoked or
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renewed, an EUA will expire 1 year after the Declaration
of Emergency.

Implications of the EUA for Physicians

Although similarities exist, use of a product under an
EUA is substantially different from use of a product under
an IND protocol. For example, EUA products do not re-
quire the detailed, formal, informed-consent process used
for human research study participants. However, to the ex-
tent practicable given the circumstances of the emergency,
prospective patients will always be informed about the op-
portunity to accept or refuse an EUA product (except for
those cases noted above in which the president has spe-
cifically waived this right for military personnel) and be
given all the information necessary to make this informed
choice, as they would for any product offered to them by
their healthcare provider. Other unique features of medi-
cal product distribution under an EUA include the fact that
requirements for the distribution and administration of
a EUA product will be determined by the FDA commis-
sioner, in consultation with the directors of CDC and NIH,
on a case-by-case basis for each EUA requested. In addi-
tion, EUAs do not have to be reviewed by an IRB when
they are used for public health purposes. Also, there is no
requirement that would prevent EUA products from being
dispensed without a physician’s prescription; thus, in a na-
tional emergency, prescription products could be provided
by a nonlicensed provider or any distribution method or
location approved by the FDA commissioner in issuing
the EUA.

Concerns have been raised about the liability and
compensation protections associated with potential use of
a medical product under an EUA. The Public Readiness
and Emergency Preparedness Act of 2005 (Pubic Law
109-148), provides immunity from liability claims arising
from administration and use of covered countermeasures
to involved manufacturers, distributors, program planners,
and qualified persons (with the exception of claims aris-
ing from willful misconduct). Covered countermeasures
are those that address a disease or condition that the HHS
secretary has determined poses a public health emergency
or a credible risk of causing a public health emergency in
the future. The first such declaration supporting liability
protection was made by the secretary in February 2007 re-
garding vaccines to address pandemic influenza (11). This
same coverage could be used for other medical counter-
measures in the future, including those that would be used
under an EUA.

Although we describe recent legislation in the Unit-
ed States that enables emergency use of products not yet
approved by the FDA, or approved only for uses or ad-
ministration not suitable for emergency situations, we are
aware that some other countries have developed procedures
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to permit such use. We are also aware that various other
countries’ national legislation would not restrict such off-
label use, or even use of unapproved products, in emer-
gency situations. We believe that sharing general informa-
tion on potential mechanisms for addressing these issues
can help all countries better prepare for, and respond to,
emergencies of all types. Most importantly, sharing experi-
ences in the authorization and use of particular products
to address emergency needs will be especially helpful to
other countries as they identify countermeasures for their
own stockpiles.

EUA for Anthrax Vaccine Adsorbed (AVA)

The first use of the EUA authority was in 2005. It oc-
curred in response to a unique set of circumstances, but
nonetheless stands as an example of an effective public
health response to a need for large-scale use of a medical
countermeasure to a biologic agent. Since 1998, to protect
against the threat of anthrax attack, the armed forces have
vaccinated a substantial number of their members with
AVA, avaccine licensed since 1970 but not originally con-
templated as a biowarfare or bioterrorism countermeasure.
The program has had detractors and has been the subject
of litigation. In late 2004, a federal court issued an injunc-
tion against the DoD program on the grounds that the FDA
should have obtained public comments before issuing a de-
termination confirming that the AVA license included use
for prevention of inhalation anthrax. The court decision ef-
fectively deemed use of AVA to prevent inhalation anthrax
an unapproved use of an approved drug.

While awaiting the conclusion of the public comment
process, DoD, to address what it considered to be the ad-
verse effect of the injunction on military readiness, asked
for an EUA to allow a continuation of military vaccina-
tions against anthrax. Then Deputy Defense Secretary Paul
Wolfowitz (with assigned authority from the secretary of
defense) determined on December 22, 2004, pursuant to
the Act, that there was a significant potential for a mili-
tary emergency involving anthrax and requested that an
EUA be issued for AVA. Then—-HHS Secretary Tommy G.
Thompson issued a Declaration of Emergency on January
14, 2005 (12). On the basis of this declaration and having
concluded that the criteria for issuance of an EUA were
met, then—Acting FDA Commissioner Lester Crawford, in
consultation with the directors of NIH and CDC, issued an
EUA for AVA on January 27, 2005 (13). In this instance,
therefore, the time from request for an EUA to issuance of
the EUA was 5 weeks. The timelines for FDA review and
action on a request for consideration for an EUA will de-
pend on the product profile; the existence, if any, of pend-
ing pre-EUA applications for the product; the nature of the
emergency; and other relevant factors. Although the time
required for FDA action will vary, FDA recognizes that it
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is likely that, in an emergency situation that is occurring or
believed imminent, a request for consideration for an EUA
will be acted upon within a matter of hours or days.

Importantly, the EUA issued by Dr. Crawford required
DoD to inform military members that they had an option
to refuse the vaccine and that no adverse action would be
taken against those who declined the vaccine under the
EUA. The issuance of this EUA cleared the way for DoD
to resume anthrax vaccinations to protect military person-
nel assigned to certain higher threat areas. This first use of
the EUA authority illustrates its important statutory pur-
pose: FDA determined that anthrax vaccine was the best
available medical countermeasure to the potential military
emergency posed by the risk for attack with anthrax and
allowed DoD to use it.

The EUA for AVA was originally issued for 6 months
on the request of DoD. Under the Act, an EUA can be ex-
tended within the duration of the Declaration of Emergency
if the criteria under Section 564(c) of the FD&C Act for
issuance of such authorization are still met. On July 22,
2005, the then—-FDA commissioner extended the EUA for
the duration of the Declaration of Emergency, which termi-
nated on January 14, 2006. During the period of the EUA,
more than 100,000 anthrax vaccinations were given. The
EUA was allowed to expire on January 14 because FDA,
on December 19, 2005, issued a final order concluding that
AVA is safe and effective for its labeled indication, to pro-
tect persons at high risk for anthrax disease. This action
permitted DoD to resume vaccination with AVA for its li-
censed indication, and an EUA was no longer required.

Conclusions

EUA is a critical new tool for the medical and pub-
lic health communities and is applicable for both civilian
and military use. It fills the need for timely and practical
medical treatment when the relevant product has not al-
ready been approved or approved for this specific use by
the FDA. An understanding of this new product category
and its implementation is important to those who will be on
the frontlines providing direct care, as well as to those who
will be managing mass care situations.
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Influenza Pandemics in Singapore,
a Tropical, Globally Connected City

Vernon J. Lee,*tt Mark |. Chen,* Siew Pang Chan,* Chia Siong Wong,* Jeffery Cutter,§ Kee Tai Goh,8§
and Paul Anath Tambyah{#

Tropical cities such as Singapore do not have well-de-
fined influenza seasons but have not been spared from in-
fluenza pandemics. The 1918 epidemic in Singapore, which
was then already a major global trading hub, occurred in 2
waves, June—July, and October—November, and resulted in
>2,870 deaths. The excess mortality rate was higher than
that for industrialized nations in the Northern Hemisphere
but lower than that for less industrialized countries in Asia
and Africa. The 1957 epidemic occurred in May and re-
sulted in widespread illness. The 1968 epidemic occurred
in August and lasted a few weeks, again with widespread
illness. Tropical cities may be affected early in a pandemic
and have higher mortality rates. With the increase in travel
and trade, a future pandemic may reach a globally connect-
ed city early and spread worldwide. Preparedness and sur-
veillance plans must be developed to include the megacities
of the tropical world.

nfluenza has had a substantial effect worldwide. The 3 in-
fluenza pandemics of the 20th century (1918-9, Spanish
Flu; 1957-8, Asian Flu; and 1968, Hong Kong Flu) resulted
in 40 million, 2 million, and 1 million deaths, respectively
(1,2). Their social, cultural, and economic effect has been
best described in North America and Western Europe (3).
Although tropical countries such as Singapore do not
have as well-defined influenza seasons as temperate re-
gions, they are not spared from the effects of influenza (4).
Each year, 20% of Singapore’s population is estimated to
be clinically infected from seasonal influenza (5). Deaths
caused by influenza in Singapore over the past decade were
~14.8 per 100,000 person-years, which is comparable to

*Tan Tock Seng Hospital, Singapore; TNational Healthcare Group,
Singapore; ¥Ministry of Defence, Singapore; 8Ministry of Health,
Singapore; {National University of Singapore, Singapore; and #Na-
tional University Hospital, Singapore
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deaths caused by this disease in the temperate United States
and subtropical Hong Kong Special Administrative Re-
gion, People’s Republic of China (6). However, the effect
of pandemic influenza in tropical cities has not been well
described. This study aims to describe the effect of these
pandemics on Singapore, a global trading city throughout
the 20th century. The lessons learned from the effect and
management of previous pandemics may have implications
for pandemic planning in tropical global trading cities.

Methods

To determine the effect of influenza on mortality rates
during the pandemic years, we obtained monthly mortality
rate data from various official sources in Singapore. For
the years surrounding the 1918 pandemic, data were ob-
tained from the Annual Departmental Reports of the Straits
Settlements (the British colonies that included Singapore,
Penang, Malacca, and Labuan; the last 3 are now part of
Malaysia), and from the Registry of Births and Deaths,
Singapore. For the years surrounding the 1957 and 1968
pandemics, data were obtained from the Registry of Births
and Deaths, Singapore. These were the only official gov-
ernment departments responsible in the respective years for
the collection and verification of these statistics.

Because tropical countries do not have well-defined
influenza seasons, methods for the analysis of excess
deaths in temperate countries such as that used by Serfling
et al. (7) may not be appropriate because the assumption
of influenza seasons in distinct, regular waves may not be
valid. We have thus elected to use direct statistical analysis
of data for the 2 years before and after the pandemic year
to form a regression line with 95% confidence intervals.
Deaths for each month were then compared with the regres-
sion line. Months for which the mortality rate exceeded the
95% confidence intervals were considered as those with ex-
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cess deaths, with the excess represented as the actual mor-
tality rate minus the predicted mortality rate.

To provide another perspective of possible excess
deaths for comparison, we used another method described
by Murray et al. for 1918, with a simpler equation to es-
timate excess deaths (8). For 1918, death rates during the
3-year pandemic window were compared with those in
surrounding years, i.e., the average mortality rate for the 3
years before and after were subtracted from the mortality
rate during the 3-year pandemic window.

In addition to statistical analyses, we conducted a
detailed search of peer-reviewed journal articles, gov-
ernment reports, and press articles for the 3 pandemics.
Search results provided comparisons of the mortality rates
in other countries and an overview of the public health
issues and interventions conducted in Singapore and how
they compared with those of other countries and current
recommendations.

Results

The 1918 Pandemic in Singapore

The 1918 Straits Settlements Annual Report described
an influenza epidemic in June and July that was relatively
mild, with a high illness rate but a low mortality rate, that
peaked during the week ending July 6 (9). A second in-
tense wave occurred in October and November, leading to
frequent pneumonia and a high mortality rate. It peaked
during the week ending October 26, with 97.6 deaths per
million population (10).

The 1918 Annual Report indicated 844 recorded influ-
enza deaths. However, the Straits Settlements’ overall an-
nual mortality rate was “43.85 per thousand in 1918 when
the influenza epidemic struck the country” (10). This is in
contrast to the immediate prepandemic and postpandemic
years from 1915 to 1921, when mortality rates ranged from
29/1,000 to 37/1,000 population. The excess mortality
rate within the Straits Settlements in 1918 was therefore
11.3/1,000 (9,435/827,719).

Figure 1 shows that the excess mortality rate of the
epidemic in Singapore alone, as calculated by our method,
was 7.76 per 1,000 (2,870/369,800) during May—June and
October—November 1918. Using the formula of Murray et
al. (8), we calculated the excess mortality rate for Singa-
pore during the pandemic years of 1918-20 to be 1.80%
(18/1,000, or 6,656 deaths).

The excess mortality rate for Singapore during the
1918 pandemic years was higher than rates for most indus-
trialized countries such as the United States and those for
western Europe (Table), but lower than rates for African
and Asian countries such Kenya, South Africa, India, and
the Philippines. The excess mortality rate of 1.80% for Sin-
gapore was higher than the global average rate of 1.06%
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Figure 1. All-cause monthly mortality rates, Singapore, 1917-1919.

and higher than the rate for other Asian countries such as
Taiwan (1.44%) (8).

To reduce the effect of the pandemic, the government
used available evidence to institute a series of preventive
measures. The government and physicians advised infected
persons to isolate themselves and seek treatment, to dis-
infect the floors of public premises daily, and, during the
second wave of the outbreak, to avoid crowded places (16).
Suggestions were also made to restrict or prohibit visit-
ing of hospitalized patients, and schools were closed for a
week at the peak of the second wave (16). Recommended
prophylactic measures included reducing the amount of fa-
tigue and maximizing ventilation.

By the end of November 1918, the epidemic was over
in Singapore, although the media still reported the dis-
ease in Indonesia, New Zealand, South Africa, Japan, and
other regions. There were no local reports or evidence of
a third wave similar to that in temperate countries in early
1919 (17).

The 1957 Pandemic in Singapore

The media declared the 1957 pandemic as the “worst
ever in colony [Singapore] history” (18). The outbreak
was first recognized at the end of April and early May and
was purported to have spread through Hong Kong from its
origins in northern Asia (19). By May 5, the outbreak had
become an epidemic, reaching its peak in mid-May and ta-
pering off by the end of the month (20). In May, 77,211
(47.6%) of 162,093 patients who came to government and
city council clinics were treated for influenza; 326 required
hospital admission, and 28 deaths from influenza were re-
corded (22 from pneumonia and 6 from cardiac complica-
tions) (20). On the basis of monthly mortality rate reports
(Figure 2), an excess mortality rate of 0.47/1,000 occurred
in May 1957. This represented 680 deaths in a population of
1,445,900. There was another small peak of excess deaths
in October 1958, although this was only slightly above the
baseline value.
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Table. Estimated deaths and mortality rates due to influenza during the 1918-1920 influenza pandemic

Country No. deaths (in 1,000s) Mortality rate (per 1,000), % References
United States 402-675 3.9-6.5 (8,11-13)
Canada 50.0-51.0 6.1-6.3 (8,12)
Denmark 6.02-12.4 2.0-4.1 (8,12)
England 116-200 3.4-5.8 (8,12)
Spain 257-311 12.3-14.9 (8,12)
Portugal 59.0-159 9.8-26.4 (8,12)
India 185 6.1-43.9 (8,12)
Japan 368-517 6.7-9.4 (8,12)
Ceylon (Sri Lanka) 51.0-91.6 10.0-17.9 (8,12,14)
Taiwan 25.4-52.8 6.9-14.4 (8,12)
The Philippines 81.0-288 8.0-28.4 (8,12)
Argentina 10.2-46.0 1.2-5.4 (8,12)
Australia 14.5-15.4 2.7-2.9 (8,12)
Kenya 104-150 40-57.8 8)
South Africa 300 44.3 8)
British Honduras (Belize) 1.01-2.00 2.3-4.6 (15)
Trinidad and Tobago 0.30-1.00 0.1-0.2 (15)
Singapore 2.87-6.66 7.8-18.0 This report

During the 1957 epidemic, the government focused
on public health measures, including closure of schools for
almost 2 weeks because of illness and absenteeism. The
public was advised to keep away from crowded places (20),
and the slogan “no movement of persons — no spread of in-
fluenza” was professed (21). At healthcare facilities, elec-
tive surgery was minimized to release staff to manage the
epidemic. School health clinics, maternal and child health
clinics, and voluntary clinics were set up as influenza treat-
ment centers (20). Although no port quarantine measures
were required by law, the airport health officer checked
outward-bound passengers for airlines upon request. Simi-
larly, 1 shipping line screened all passengers boarding their
ships, and those who failed screening were denied embar-
kation (20).

The 1968 Pandemic in Singapore

The 1968 pandemic was the mildest of the 3 pandem-
ics; the epidemic in Singapore occurred in early August
and lasted for a few weeks. The virus was believed to have
spread from a major outbreak in Hong Kong (22).

The outbreak in Singapore peaked August 16-25. At-
tendance at outpatient dispensaries increased over a 2-week
period, and at the peak daily attendance increased 65%
from 6,052 to 9,966 (23). On the basis of monthly mortality
rates (Figure 3), the excess mortality rate was 0.27/1,000
(543/2,012,000) during August and September 1968. Ex-
cess deaths peaked again in May and June 1970, which
mirrored a possible second pandemic wave, as reported
worldwide in 1969-70, although the lower second wave ex-
cess mortality rate was similar to rates in the Americas and
different from rates in Europe and Asia (24). The excess
mortality rate for 1970 was 0.15/1,000 (309/2,074,500).
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The 1968 epidemic caused substantial illness and ab-
senteeism from work. However, because of the relatively
mild and short epidemic, no substantial measures were ad-
opted. The Ministries of Education and Health considered
the closure of schools but decided against it because of the
waning of the epidemic (25).

Discussion

Excess mortality rates vary according to the method
used for calculation and sources of data, facts that reiter-
ate the difficulty of conducting historical estimates. Never-
theless, the estimated number of influenza deaths (2,870—
6,656) in Singapore in 1918 exceeded the official report
of 844 influenza deaths. The 1918 Annual Report admit-
ted that the latter number poorly represented actual deaths,
which it estimated more accurately at 3,500 (9). The 1921
Annual Report added that many deaths reported as pneu-
monia were due primarily to influenza (10). This showed
that tropical Singapore had mortality rates comparable to
or exceeding those of temperate regions (Table). Similarly,
the calculated excess deaths of 680 in 1957 exceeded the 28
recorded influenza deaths.

The excess mortality rate for Singapore (Table) sup-
ports the hypothesis that income levels and development
were negatively correlated with influenza mortality rates
(8,26) because Singapore was less industrialized than
many industrialized Western cities and nations in the early
20th century. However, Singapore, as a main trading city,
was relatively more industrialized with a proportionately
smaller rural population, and thus had lower mortality rates
than did neighboring countries such as India and the Philip-
pines (Table). Even in Singapore, attack rates were lower
for Europeans and Asians with higher socioeconomic sta-
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Figure 2. All-cause monthly mortality rates, Singapore, 1956-1958.

tus (6.0%—20.4%) than for persons with a lower socioeco-
nomic status (29.0%-29.8%), which suggested that socio-
economic status had a possible role in disease transmission
(19,27). Another possible explanation is that those who
were more educated were also more receptive to public
health messages, which reduced disease transmission.

Using the formula of Murray et al. for the 1918-20
pandemic, we determined that the excess mortality rate
for Singapore was higher than the global average rate. Be-
cause the Singapore epidemic occurred early in the global
pandemic, this finding corroborates the suggestion that
early epidemic centers experienced higher mortality rates
(8). This is also evident when one compares the mortality
rates for tropical countries such as Ceylon (present day Sri
Lanka) and Singapore with rates for tropical Caribbean is-
lands (Table). During the second wave of the pandemic in
Spain in October 1918, Asian nations such as Ceylon and
Singapore also reported similar epidemic recrudescence in
early October (28). By the end of the second wave of the
pandemic in Singapore, there were still reports of influenza
in Malaysia, Indonesia, New Zealand, and Japan (9,29).
This finding also suggests that nations are at high risk of
acquiring early infection and could act as sentinels for the
next pandemic.

The effect of all 3 pandemics was felt across Singapore.
However, reported overall mortality rates of 43.85/1,000 in
1918 were comparable to “46.46 per thousand in 1911, a
very malarious year” (10). Deaths during the first epidemic
wave were initially attributed to malaria (30). The 1918
pandemic also had a variable effect in US possessions in
tropical regions (3). The early effect from the 1918 Sin-
gapore epidemic may not have been noticeable because
of the nonseasonal nature of influenza in the tropics (4) or
because of the high background mortality rates from in-
fectious diseases and other causes in Singapore. Although
excess deaths in 1918 were substantially higher than excess
deaths in 1957, the relative change in mortality rates was
similar; peak monthly mortality rates were twice baseline
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mortality rates for both periods (Figures 1, 2). The 1918
baseline mortality rate was 4% higher than the 1957 rate,
and the decrease in the baseline mortality rate was largely
due to improved socioeconomic conditions and control of
infectious diseases such as malaria. With the low baseline
mortality rate for modern cities, the effect of a pandemic,
however mild, may be noticed (the Singapore media de-
clared the 1957 pandemic as the worst). Although studies
suggest that pandemic mortality rates will be higher for in-
dustrialized countries (8,26), if a pandemic were to first ap-
pear in less industrialized regions with high baseline mor-
tality rates, the pandemic might be missed or dismissed as
yet another spike of endemic infectious diseases during the
initial epidemic phase until deaths increased.

Apart from illness and death, subpopulations were also
severely affected by the pandemics. In 1957, the closure of
670 schools affected 262,000 students who required alter-
native care and education. Commercial firms reported staff
absenteeism of 10%-30% (31). Clinics were frequently
overwhelmed, and available healthcare workers were re-
called to cope with the increase in influenza patients. How-
ever, healthcare workers were at high risk for infection
(14,31). In 1918, 12 (63%) of 19 nurses at the Singapore
General Hospital were concurrently ill (32); in 1957, 25%
of the nursing staff in Taiping (a Malaysian town) were ill
(33). Healthcare workers were stressed as they coped with
personal illness and increased numbers of patients.

Although more is now known about influenza pathol-
ogy and epidemiology, in 1918, influenza was correctly
reported as being highly infectious and spread by breath-
ing, coughing, and spitting, and having an incubation pe-
riod “from a few hours to three days” (34). Even with the
knowledge gap, measures such as respiratory hygiene, so-
cial distancing, and disinfection were promoted (16,19). In
the recent World Health Organization recommendations
for pandemic influenza, respiratory hygiene has been en-
couraged as a routine preventive measure (35). Social dis-
tancing and disinfection may also be considered to reduce
its effect, depending on severity and transmission of dis-
ease, to reduce its effect, although definitive evidence is
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Figure 3. All-cause monthly mortality rates, Singapore, 1967-1970.
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lacking (35). The effect of school closures remains unclear.
Ferguson et al. suggested that closure of schools does not
substantially reduce overall attack rates but does reduce
peak attack rates (36). Germann et al. suggested that school
closures may be effective if conducted early in pandemics
with low reproductive numbers (low R values) (37). How-
ever, interventions such as travel restrictions and border
controls have been shown to be not feasible (36). Although
some of these measures may reduce illness and death, they
have to be weighed against productivity losses and socio-
economic effects of the interventions.

With the increase in travel and trade, a future pandem-
ic may reach a globally connected city before preparedness
plans can be fully activated. The 1918 pandemic is thought
to have originated early in the year and had spread to Singa-
pore by June. Another globally connected city, New York
City, also showed an early wave in February—April 1918
(38). The 1957 and 1968 epidemics arrived weeks after
their suspected origins in northern Asia because of travel
from Hong Kong, another globally connected city (21,23).
These type of cities are also the focal point of spread, as
shown by the spread of influenza from Singapore to India
in 1957 (39).

Mortality rates suggest that the 1918 epidemic in Sin-
gapore may have occurred in May, which is earlier than in
official reports (Figure 1). This finding suggests the possi-
bility of late recognition. Delayed recognition must be con-
sidered even in this modern age. In 2003, the severe acute
respiratory syndrome (SARS) epidemic reached Singapore
within weeks of its appearance in the southern part of the
People’s Republic of China but remained undetected. Two
of the 20th-century influenza pandemics and the SARS epi-
demic are believed to have originated from farms in eastern
Asia. SARS was first detected in Foshan, quickly spread to
Guangzhou City (a major regional trading hub), to Hong
Kong, and then to the rest of the world. A global surveil-
lance effort is therefore critical to enable prompt activation
of pandemic plans. This effort should include frontline sur-
veillance of farms in eastern Asia and secondary surveil-
lance of major Asian cities.

Trading hubs may be affected early in the course of
a pandemic and show higher mortality rates. The megaci-
ties of Asia, Africa, and Latin America are now extensively
involved in global trade and travel networks and are more
likely to be affected by a pandemic. However, influenza is
a difficult surveillance target, with an accuracy of clinical
diagnosis in 1968 of only =66% (40). A good laboratory
surveillance network in major cities is therefore critical to
enable accurate diagnosis and virus identification.

This study has some limitations. Mortality rate data in
Singapore, although of good quality because of the small
size of the country, were available only from limited sourc-
es. We have attempted to use estimates from other govern-
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ment agencies such as the health department and ministry
of health. Weekly data would have provided better infor-
mation, but quality data were available in the press only for
certain weeks, which we have presented.

Globally connected cities will be especially vulnerable
to a future pandemic, and preparedness plans must be de-
veloped to include the megacities of the tropical world. The
20th-century pandemics swept through Singapore within 4
weeks; future plans must include such a possibility over
a similarly short duration. Public health measures such as
surveillance and preparedness plans must be formulated to
slow the spread of a pandemic and mitigate its effects.
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DISPATCHES

Rocky Mountain
Spotted Fever,
Colombia

Marylin Hidalgo,* Leonora Orejuela,t
Patricia Fuya,* Pilar Carrillo,¥ Jorge Hernandez,§
Edgar Parra,* Colette Keng,{ Melissa Small,q
Juan P. Olano,{ Donald Bouyer,{
Elizabeth Castaneda,* David Walker,{
and Gustavo Valbuenatq

We investigated 2 fatal cases of Rocky Mountain spot-
ted fever that occurred in 2003 and 2004 near the same
locality in Colombia where the disease was first reported
in the 1930s. A retrospective serosurvey of febrile patients
showed that >21% of the serum samples had antibodies
against spotted fever group rickettsiae.

Between July 1934 and August 1936, sixty-five cases
of Rocky Mountain spotted fever (RMSF), 62 of them
fatal, were reported from Tobia, Colombia (/). No reports
of this disease (known locally as Fiebre de Tobia) have
been produced from Colombia since, and currently RMSF
is generally not included in the differential diagnoses of
febrile syndromes.

We recently confirmed RMSF as the cause of death
for 2 patients by PCR (2,3), sequencing, immunohisto-
chemical tests (4), and culture (5) (Table 1). The first pa-
tient was a 32-year-old pregnant woman (26 weeks), who
had abdominal pain, headache, and fever in December
2003; pharyngitis was diagnosed, and she received amox-
icillin with no improvement. A cutaneous macular rash,
hepatomegaly, hyperbilirubinemia, leukocytosis, and
thrombocytopenia (50,000/uL) subsequently developed.
She then experienced respiratory failure and died. One of
her relatives, as well as 2 dogs, had died a few days earlier
with similar symptoms. Another sick dog rapidly recov-
ered after receiving doxycycline.

The second patient was a 31-year-old previously healthy
man who went to the local hospital in May 2004 with fe-
ver and severe headache; dengue was diagnosed clinically.
Three days later, he became stuporous and was admitted to
the hospital. Within a short period, seizures developed and
he became comatose. He died a few hours later.

The 2 patients lived near the towns of Villeta and To-
bia, Cundinamarca, Colombia. The histopathologic findings

*Instituto Nacional de Salud, Bogota, Colombia; 1School of Medi-
cine at Universidad de Los Andes, Bogota, Colombia; $Secretaria
de Salud de Cundinamarca, Colombia; §Hospital Salazar, Vil-
leta, Cundinamarca, Colombia; and f[University of Texas Medical
Branch, Galveston, Texas, USA
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of both patients were similar and consisted of vascular con-
gestion; interstitial edema; frequent nonoccluding thrombi
(mainly in the lungs); and multiple foci of perivascular lym-
phocytic and monocytic infiltration in all viscera, includ-
ing the brain. The lungs showed marked interstitial inflam-
matory infiltrates. Immunohistochemical analysis showed
rickettsiae in the microvascular endothelium of all studied
organs, including brain, liver, spleen, and lungs of both
patients (Figure).

Several weeks after these events, we collected and
identified adult male and female ticks from the farms and
surroundings where the patients had lived (Table 1). We
found ticks of the species Amblyomma cajennense, a known
vector of spotted fever group rickettsioses in Latin America
(6-9), and Rhipicephalus sanguineus, recently documented
as a vector for Rickettsia rickettsii (10).

To begin to clarify the magnitude of spotted fever
group rickettsioses as a public health problem in Colombia,
we tested the following samples for spotted fever group
rickettsiae by immunofluorescence assay (IFA) (/7): 1)
64 serum samples from a national Colombian surveillance
system (2001-2004) that studies malaria, dengue, and yel-
low fever (Instituto Nacional de Salud, Colombia); and 2)
96 serum samples from a regional (the state where the re-
ported patients lived) surveillance system (2000-2001) for
dengue (Secretaria de Salud de Cundinamarca, Colombia).
Serum samples showing distinctly fluorescent rickettsiae at
a >1:64 dilution were considered positive. We found im-
munoglobulin G (IgG) and IgM antibodies against spotted
fever group rickettsiae (R. rickettsii was used as antigen)
but not against typhus group rickettsiae (R. typhi was used
as antigen) (Table 2). These data suggest that spotted fever
group rickettsioses may be a frequent cause of febrile ill-
nesses, not only in the state where the reported patients lived
but also in various other regions of Colombia. Since there is
strong cross-reactivity among rickettsial species when IFA
is used as an antibody-detection technique, other spotted
fever group rickettsiae, including those recently described

- \ 3 . R - &

Figure. Immunohistochemical analysis shows the presence of
spotted fever group rickettsiae (brown) in vessels of brain of a patient
with fatal Rocky Mountain spotted fever (magnification 400).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 13, No. 7, July 2007



Rocky Mountain Spotted Fever, Colombia

Table 1. Rocky Mountain spotted fever patients and findings, Colombia, 2003—-2004

Confirmatory methods

Adult ticks collected in

Animal area where patients
Patient PCR Sequence IHA* inoculation Culture lived
1 Homology with Positive with Not done Not done 15 Amblyomma
Genes Primers Rickettsia rickettsii rabbit anti— cajennense, 184
17-kDa 17kD1/2 100% (Sheila Smith) ~ spotted fever Rhipicephalus
group sanguineus, 7
rickettsial Anocentor nitens, and
antibody 8 Amblyomma spp.
2 Homology with Positive with 24 hand 48 h Verocells 36 A. cajennense, 13
Genes Primers R. rickettsii rabbit anti— after fever with R. sanguineus, and 38
gltA CS78/323 99% (Bitterroot and ~ spotted fever  onset, 2 guinea  cytopathic ~ Boophilus microplus
others) group pigs were changes
o/ (Ri rickettsial euthanized for  after 1 week
gltA CS5/6 94% (B.|tterroot) antibody culture and PCR
OmpA 190.70/701 98% (strain 1995HO2 analysis of
and others) spleens

OmpB rOmpB.20-2788 98% (GenBank
accession no.

X16353.1)

*Immunohistochemical analysis.

in Latin America (R. parkeri and R. felis) could explain the
assay results (/2,13). Furthermore, most of these patients
received a clinical diagnosis of dengue, an endemic disease
in Colombia that appears to have become an umbrella di-
agnosis under which other diseases are assigned. A similar
situation was recently described in Mexico (/4).

RMSF in Colombia is seldom considered in the dif-
ferential diagnosis for febrile disease; possible causes in-
clude the lack of an adequate diagnostic infrastructure and
the invisibility of tick- and fleaborne infectious diseases in
most medical curricula. The problem is further compound-
ed by the presence of numerous agents (many transmitted
by arthropod vectors) that produce nonspecific febrile syn-
dromes during the early stages of the disease. Most of those
agents are viruses that, unlike rickettsiae, have no specific
treatment; thus, physicians might not feel compelled to use
antimicrobial agents. Given the lack of appropriate and in-
expensive diagnostic tests that are useful in the acute stage
and that can be implemented in small rural hospitals, the
best diagnostic tool available to healthcare personnel is
clinical suspicion based on knowledge of the clinical mani-
festations (15), ecology, and epidemiology of rickettsio-

ses. Physicians in areas where RMSF is endemic should
consider prescribing a course of empirical treatment with
doxycycline in patients who have high fever, severe head-
ache, and myalgia, even in the absence of rash or history
of tick bite, as both are frequently absent in RMSF. Such a
treatment will not harm a patient with dengue or other viral
infections and is likely to save the life of a patient infected
with R. rickettsii.
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Table 2.Titers of antibodies to spotted fever group rickettsiae (antigen: Rickettsia rickettsii) by indirect immunofluorescence antibody

assay”*
1gG IgM
Surveillance No. No. (%) No. (%) No. also positive
programt tested positive Titer n positive Titer n for IgG States of origin
National 64 3(4.7) 128 1 1(1.5) 512 1 0 Santander,
256 2 Guaviare, Caldas
Regional 96 21 (21.9) 64 3 20 (20.8) 64 3 Cundinamarca
128 10 128 4
256 4 256 9 10
512 3 512 3
1,024 1 1,024 1

*lg, immunoglobulin.
TAcute Febrile Disease Surveillance Programs.
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Human Influenza A
(H5N1) Cases,
Urban Areas of
People’s Republic
of China, 2005-2006
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We investigated potential sources of infection for 6
confirmed influenza A (H5N1) patients who resided in urban
areas of People’s Republic of China. None had known ex-
posure to sick poultry or poultry that died from iliness, but all
had visited wet poultry markets before illness.

Ithough >280 confirmed human cases of avian influ-

enza A (H5N1) virus infection from 12 countries have
been reported (/), detailed data on sources of infection for
most patients are limited (2). In Vietnam, 8 of 9 patients
with influenza A (H5N1) reported close contact with sick or
dead poultry (3). In Thailand, 9 of 12 such patients lived in
households where backyard chickens died, and 8 reported
direct contact with dead chickens (4). Case-control studies
in Thailand and Vietnam found that the most statistically
significant risk factor was recent exposure to sick or dead
poultry, especially directly touching dead poultry (5,6).
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Avian influenza (H5N1) poultry outbreaks have been
reported in mainland People’s Republic of China since
2004 (7); since late 2005, human cases have also been re-
ported (8). Most Chinese patients had exposure to backyard
poultry, although some had no apparent direct exposure to
poultry that were sick or died. We describe findings of in-
vestigations of urban patients with influenza A (H5N1),
who had no known direct contact with sick poultry or poul-
try that died of illness in China.

The Study

Enhanced surveillance for influenza-like illness and
pneumonia of unknown origin was established in China
after the outbreak of severe acute respiratory syndrome
(SARS) (9). All suspected cases of influenza A (H5N1)
are reported through a national surveillance system to the
Chinese Center for Disease Control and Prevention (China
CDC). Laboratory testing is performed by the National
Influenza Center of China CDC. A confirmed case of in-
fluenza (HSN1) was defined according to World Health
Organization case definitions (/0). This study was part of
an ongoing public health outbreak investigation and deter-
mined by the ministry of health to be exempt from institu-
tional review board assessment.

China CDC conducted epidemiologic investigations by
interviewing confirmed influenza (H5SN1) patients and their
relatives, reviewing medical records, and visiting patient
households and places visited by patients within 2 weeks of
illness onset. A standardized questionnaire was used to col-
lect demographic, clinical, and exposure history data. For 3
severely ill patients, only relatives and contacts were inter-
viewed to assess possible influenza (H5N1) subtype expo-
sures. Particular attention was paid to potential exposures
such as contact with well-appearing, sick, or dead poultry;
visits to poultry markets; or contact with persons with fe-
brile respiratory symptoms in the 2 weeks before onset. A
rural case was 1 that occurred in a village resident; an urban
case was 1 that occurred in a city resident.

From October 2005 through October 2006, 20 con-
firmed cases were reported from 12 provinces. Six cases
were identified in 6 cities of 5 provinces; each city had an
average population of 8.3 million and was at least 112 km
away from cities with another case (Figure 1). More urban
cases were reported in 2006 (5 [42%] of 12) than in 2005 (1
[13%] of 8), but this difference was not statistically signifi-

'"These authors contributed equally to this work.

2Members of the Chinese Center for Disease Control and
Prevention Avian Influenza H5N1 Study Group are Shuyun Xie,
Zhitao Liu, Xuefeng Tang, and Jun Li. Members of the Provincial
Center for Disease Control and Prevention Avian Influenza H5N1
Study Group are Gongping Liu, Jianming Ou, Shaojian Cai, Ting
Huang, Tie Song, De Wu, and Xiaodong Sun.
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Figure 1. Map showing distribution of 6 human influenza (H5N1)
cases from urban areas of People’s Republic of China, compared
with 14 cases from rural areas. The 6 urban cases were distributed
sporadically in 6 large cities of 5 provinces, and none was
associated with confirmed H5N1 subtype poultry outbreaks or sick
and dead poultry.

cant (p = 0.325) (Figure 2). Demographic and clinical char-
acteristics of the 6 urban patients with influenza (H5SN1)
cases are presented in Table 1. All 6 urban patients were
adults, median age 30 years (range 21 to 41); 5 died.

Five of the 6 urban case-patients had no direct con-
tact with poultry. One patient prepared freshly slaughtered
chicken that she purchased for cooking at a live (wet)
poultry market. No patients kept poultry or other animals
at home, and no poultry or poultry outbreaks were identi-
fied in their neighborhoods. Five patients had visited wet
poultry markets within a week of illness onset, and all had
visited a wet market during the 2 weeks before their ill-
ness. Three patients visited wet markets at least once a day
before illness onset. Only 1 patient (case-patient 5) had any
travel history in the 2 weeks before illness onset. That pa-
tient had visited his parents’ home in a rural area, where
healthy backyard poultry were kept outside the house, and
he had visited a wet market in the same area 2 weeks before
illness onset (Table 2).

All 6 patients had no known contact with other con-
firmed influenza A (H5N1) patients or with anyone with
febrile respiratory symptoms. A total of 640 persons were
followed up for medical observation for 2 weeks, including
136 close contacts of the 6 patients, 389 healthcare workers
who provided care for them, and 115 persons who worked
in the poultry markets visited by the patients. Febrile re-
spiratory illness developed in 5 contacts: case-patient 1’s
mother, case-patient 3’s girlfriend, case-patient 6’s daugh-
ter, a nurse who cared for case-patient 6, and a patient
hospitalized on the same ward as case-patient 6. All 5 ill
contacts recovered, and all respiratory specimens collected
from them tested negative for influenza A (H5N1) by re-
verse-transcriptase—PCR. Paired acute- and convalescent-
phase serum samples collected from these 5 ill contacts
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tested negative for subtype (HSN1) neutralizing antibodies
by microneutralization assay.

Conclusions

Our study suggests that exposure to wet poultry mar-
kets may be an important influenza A (H5N1) risk factor
for persons in urban areas of China. None of the 6 case-pa-
tients had known direct contact with poultry that were sick
or died of illness. Two patients (case-patients 1 and 3) had
no identified potential exposures except for visiting a wet
poultry market during the week before illness onset. Four
other case-patients visited wet markets, although other ex-
posures could have potentially led to virus transmission.
Case-patient 2 was an egg seller and could have also been
infected by contact with fecally contaminated eggs. In 2005,
influenza A (H5N1) virus was isolated from eggs brought
to China by travelers from Vietnam (/7). Case-patient 4
could potentially have been exposed to the virus through
preparation of freshly slaughtered chickens purchased at
a wet market. Case-patient 5 could have been exposed to
the virus by visiting his parents’ home, which had healthy
backyard poultry outside, or by transporting eggs. Case-pa-
tient 6 could have been exposed to the virus at home when
his wife prepared a freshly slaughtered chicken purchased
from a wet market. No epidemiologic evidence suggested
human-to-human transmission of influenza A (H5N1) as-
sociated with the urban patients.

These observations are consistent with results of a
case-control study conducted during the 1997 influenza A
(H5N1) outbreak in Hong Kong Special Administrative
Region, which found the most statistically significant influ-
enza (HS5N1) risk factor was visiting a live poultry market
the week before illness onset (/2). During that outbreak,
widespread subtype (H5N1) poultry dieoffs occurred in
wet markets, but these dieoffs have not been observed in
urban China. The role of poultry vaccination in decreas-
ing poultry outbreaks in wet markets in China is unknown.
A recent simulation study showed that silent spread of the
virus can occur in poultry because of incomplete protection

6

D Rural cases
W Uban cases

MNo. cases

Jan Mar May Jul Sep Jul Sep
2005 2006

Figure 2. Number of human influenza (H5N1) cases in urban and
rural areas, by month of onset, People’s Republic of China, October
2005—-September 2006.
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Table 1. Characteristics of 6 human influenza A (H5N1) case-patients from urban areas of China

Human Influenza A (H5N1) Cases, China

Case-patient no.

Characteristic 1 2 3 4 5 6

Location Sanming, Chengdu, Guangzhou, Shanghai, Wuhan, Hubei Shenzhen,

(city, province) Fujian Sichuan Guangdong Shanghai Guangdong

Residence Apartment Apartment Apartment Temporary, at Dormitory Apartment
construction site

lliness onset date Dec 6, 2005 Jan 10, 2006 Feb 22, 2006 Mar 13, 2006 Apr 1, 2006 Jun 3, 2006

Days from onset to 6 7 6 8 10 8

investigation

Contact with ill No No No No No No

persons before onset

Days from onset to 2 4 3 2 5 4

first medical visit

Days from onset to 3 7 5 9 11 7

hospital admission

Primary signs and Fever, Fever, cough, Fever, chills, Fever, chills, Fever, Fever, chills,

symptoms at headache, diarrhea, cough, shortness cough headache, sore productive

admission cough myalgia of breath throat, cough,  cough, back pain

Complications*

Outcome

Days from onset to
death

Respiratory
failure, ARDS,
cardiac failure,

septicemia

Died
16

Respiratory
failure, ARDS,
cardiac failure,

septicemia

Died
14

Respiratory
failure, ARDS

Died
9

Respiratory
failure, ARDS,
cardiac failure

Died
9

myalgia
Respiratory
failure, ARDS,
cardiac failure,
septicemia
Died
19

Respiratory

failure, ARDS

Survived
Discharged

61 d from onset

*Respiratory failure was defined as the need for ventilator support; ARDS, acute respiratory distress syndrome, is a life-threatening condition in which
inflammation of the lungs and accumulation of fluid in the air sacs (alveoli) lead to low blood oxygen levels; cardiac failure was defined as the requirement

of isotropic agents.

at the flock level, even if a poultry vaccine is effective in
individual birds (/3).

In China, wet markets are sustained by demand for
freshly slaughtered poultry. Wet markets are considered
a reservoir and amplifier of avian influenza A viruses be-

cause they bring together avian host species in a high-den-

sity setting that can facilitate viral persistence, cross-spe-

cies infection, and genetic reassortment (/4). Our findings
suggest that wet markets pose a risk that is likely to be low
for avian-to-human transmission of subtype (H5SN1) in ur-

Table 2. Exposure history of 6 influenza A (H5N1) case-patients from urban areas of China

Case-patient no.

Epidemiologic information

1 41-y-old female factory worker, previously healthy, with a history of thymectomy for benign thymoma 6 wk before
illness onset, had recovered fully, did not require any medications, and resumed working. She visited a wet market
nearly every day the week before illness onset but did not purchase poultry or poultry products. No poultry were
kept in her home or neighborhood.

2 29-y-old woman, previously healthy, worked at a stall that she owned at a wet market, selling groceries and eggs.
Her stall was 20 m away from stalls selling and slaughtering live poultry. No poultry were kept in her home or
neighborhood.

3 32-y-old man, previously healthy, quit his job 1 mo before illness onset and was planning to start his own food

business. He visited up to 9 wet markets for 10—40 min every day during the week before illness onset. At 1 wet
market, he spent most of his time in a sauce store that was ~5 m away from stalls where poultry were slaughtered

and sold. No poultry were kept in his home or neighborhood.

4 29-y-old woman, previously healthy, moved from Guangdong to Shanghai 2 mo before iliness onset. She worked as
a cook for 14 people at a construction site, where she lived temporarily, and visited a wet market every day to buy
fresh food, including freshly slaughtered chickens, 1 wk before illness onset. No poultry were kept in her home or
neighborhood.

5 21-y-old man, previously healthy, was a security guard for an aircraft-repairing factory in Wuhan. Two wk before
illness onset, he traveled to his hometown in the rural area of Enshi to attend the funeral of his uncle, who died of
esophageal cancer. The man stayed there for 6 d, visited his parents’ home, where healthy backyard poultry were
kept (none became sick or died), and visited a wet market. One wk before onset, he traveled back to his workplace
in Wuhan, bringing 200 eggs from his hometown. In Wuhan, he had no direct contact with poultry, and he did not
visit any wet markets. No poultry were kept in his home or neighborhood.

6 31-y-old man, previously healthy, worked as a truck driver for shoe factories in Shenzhen city. Two d before illness
onset, he visited a wet market once, but he did not purchase any poultry or poultry products. One wk before onset,
his wife visited the same market and brought a live chicken that was slaughtered at the market. No abnormal dieoffs
of poultry were reported. No poultry were kept in his home or neighborhood.
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ban settings. Viral RNA for subtype (HSN1) was detected
in a specimen collected from a goose cage at an urban wet
market visited by case-patient 3 (/5), which suggests the
potential for influenza (H5N1) transmission through envi-
ronmental contamination.

We were limited by inability to elicit complete expo-
sure histories from all case-patients because of their severe
illness or death. However, we interviewed household and
family members, friends, and co-workers, and investigated
places that patients had visited in the 2 weeks before illness
onset. We were unable to ascertain how human infection
with the virus occurred through the patients’ visits to wet
poultry markets. Possibilities include self-inoculation of
the respiratory tract after touching subtype (H5N1)—con-
taminated surfaces, or inhalation of acrosolized debris with
influenza (HS5N1) virus.

We did not perform testing on poultry or environ-
mental specimens and can only speculate about potential
exposures and sources of influenza A subtype (H5N1) in-
fection in wet markets, homes, and neighborhoods. Future
studies should test tracheal, cloacal, and blood specimens
from poultry; swabs of fecal material, cages, and other po-
tentially contaminated surfaces; and air specimens in wet
markets, for evidence of influenza (HSN1). More research
studies, including case-control studies, are needed to better
clarify the risk for subtype (H5SN1) transmission that occurs
from visiting wet poultry markets. Close collaborations are
needed between animal health and public health agencies
to reduce the public health risk for this virus in wet poultry
markets and to understand the impact of poultry vaccina-
tion on the risk for transmission.
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Since 1997, the largest epidemic of highly pathogenic
avian influenza (H5N1) ever recorded has caused 172 hu-
man and several billion bird deaths. Recently administered
questionnaires determined that live poultry exposures have
declined by ~63% in Hong Kong since 2004 and that, in
Vietnam, domestic backyard exposures to poultry are likely
more important than retail exposures.

Most human cases of highly pathogenic avian influ-
enza HSN1 (HPAI) arise from exposure to infected
poultry (/-3; Figure). Mapping poultry exposure and its
determinants can enhance HPAI surveillance (4). We com-
pared live poultry exposures in both Hong Kong Special
Administrative Region and Vietnam in 2006 and examined
changes in levels of exposure in Hong Kong since 2004,
when a similar survey was performed in Hong Kong (4).

The Study

In Hong Kong, random household telephone inter-
viewing of 1 adult >17 years of age selected by Kisch grid
(which randomizes selection of persons within households)
was conducted from December 2005 through 2006 from a
list of 5,000 numbers. Simultaneously in Vietnam, strati-
fied cluster sampling was carried out throughout 2 districts
in each of 5 northern provinces. Within 3 of these prov-
inces, 1 district with and 1 without an HPAI epidemic his-
tory were selected. Within each district, 1 urban and 1 rural
commune each provided 100 households randomly selected
from electoral rolls. Kisch grid selected 1 adult from each
household for face-to-face interviews.

Respondents estimated their live poultry purchase fre-
quency and touching at purchase (4). We attributed stan-
dard values to respondents’ reports (e.g., monthly = 12;
weekly = 52) (4) to give standardized household purchases
of live poultry. Multiplying standard purchases by reported

*University of Hong Kong, Hong Kong Special Administrative Re-
gion, People’s Republic of China; THanoi School of Public Health,
Ha Noi, Vietnam; and $Chinese University of Hong Kong, Shatin,
New Territories, Hong Kong Special Administrative Region, Peo-
ple’s Republic of China
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buying frequencies standardized buying patterns (4). Self-
reported buyer touching of birds during purchase was stan-
dardized by adjustment for reporting differences by gender
proportion weighting (4) and reported touching frequency
to calculate adjusted buying exposures. Vietnam also sur-
veyed backyard poultry practices. Households raising poul-
try reported the number, type, changes in husbandry prac-
tices, and poultry deaths for the past 12 months.

Conclusions

In Hong Kong, 2,784 contacts yielded 1,760 interviews
(return rate 63%); 64% of respondents were women and
36% were men; their median age, 44 years (Table 1). Viet-
nam’s census-derived sample frame comprised 2,412,000 of
18,264,000 national households; 1,988 (0.01% of all Viet-
namese households) formed the sample. Of 1,196 (60%) fe-
male and 792 (40%) male participants, the median age was
39 years, 50% lived in urban and 50% in rural communes,
and >11% had primary education only (Table 1).

In Hong Kong in 2006, 18,586 standardized purchases
averaged 10.56 chickens/household/year (for men, 9.4, for
women, 11.2). This is a territory-wide gender-adjusted rate
of 11.05 chickens/household/year, which indicated that
22,673,000 live chickens were purchased during the pre-
ceding year, 41% fewer than in 2004. Households buying
poultry bought an average of 15.6 chickens/household/year.
Among respondents personally buying, 7.5% touched the
poultry during purchasing (compared with 11% in 2004),
giving =1,700,500 exposures/year. Adjustment for touch-
ing frequency and gender differences in reported touch-
ing (males 6.7%, females 4.7%) gave =1,110,900 contacts
(4.9%, 95% confidence limit [CL] 3.8-6) for Hong Kong
in 2006, or 0.76 exposures/buying houschold/year (0.23/
person/year, if one assumes 3.36 persons/household). Ap-
plied retrospectively to Hong Kong 2004 data, this gave
an adjusted exposure rate of 8.6% (95% CL 6.8-10.3),
~3,311,300 contacts, and exposure frequency of 2.07 ex-

Original influenza A sublype H5SN1 cases
(A/Hong Keng/156/97 [HEN1/97]; 18
cases, § deaths, 3.5 million poultry culled
2 wet market rest d per mo; steam
cleaning of cages daily, flock surveillance;
flock vaccination. All poultry except
chickens centrally siaughlered,

Dead wild birds subtype HSN1 positive.
Import quota of 30,000 bérds daily only from
wvaccinated flocks in People's Republic of
China. Government proposes central
slaughtering of all chickens.

February: Dead nonmigratory
birds subtype HSN1 positive: 1
itinerant, 1 smuggled chicken
subtype HSN1 positive, Ban
on backyard poultry

Subtype HSN1 Z-strain precursar
appears: 2 human cases, 1 death
Hang Kong

1997 ‘= 2002 2003 2004 2005 2006 -

28 cases, 20 deaths.

61 cases, 19 deaths.
Culling, containmeant,
and vaccination of
flocks., Wet market
sales banned

Vietnam August: Ducks.

and storks
subtype HSN1
positive, 1
suspected
human case.

First sublype HSN1
cases: 3 human
deaths. First duck
culls implemented

Figure. Chronology of influenza A (HSN1) outbreaks and responses,
Hong Kong and Vietnam. Double slashes represent a break in the
timeline.
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Table 1. Sample characteristics and population censuses, Hong Kong and Vietnamese samples

Census
Vietnam*; Hong Kongt, %

Effect sizet
Vietnam; Hong Kong

Survey
Vietnam; Hong Kong, %

Sex

Male 39.8; 35.9

Female 60.2; 64.1
Age, y

15-24 14.2;10.5

25-34 22.5;14.4

35-44 25.3; 27.0

45-54 22.4;27.0

55-64 13.2; 10

>65 2; 11
Residence
Urban 50
Rural 50
Education
None or kindergarten 3.9
Primary 14.7
Secondary 49.5
Matriculation 6.3
Tertiary/above 25.3

46.1;47.8
50.9; 52.2

0.19; 0.24

28.1; 111
21.7; 181
20.4; 22.7
13.7;21.2
6.9;11.9
9.3;14.9

0.50; 0.21

0.54
26.3
73.7
0.32
8.4
20.5
45.2
9.4
16.4

*Reference (5).

tReference on education (6). On sex and age, mid-2006, available from www.censtatd.gov.hk/hong_kong_statistics/statistical_tables/index.jsp

FThree levels of effect size: 0.1 small, 0.3 medium, 0.5 large.

posures/buying household/year (0.62/person/year) in 2004.
These adjusted estimates indicate an absolute exposure de-
cline 0f 3.7% (95% CL 2.25%—4.91%), a relative decline of
43% between 2004 and 2006. Less purchasing and touch-
ing reduced annualized buying exposures by 63% overall.
In Vietnam, respondents reported 10,659 standardized
purchases, averaging 5.36 chickens/household/year, giv-
ing a gender-adjusted (male 5.5, female 5.3) rate of 5.43
chickens/houschold/year. Estimated number of live birds
purchased in the sampled provinces (5.43 x 2,412,000
households) was 13,097,000 chickens per year. Buying
households (820,080, 34%) buy on average 15.97 chickens
per year, comparable to the Hong Kong 2006 purchase rate.
Touching frequency during purchasing (overall 68%, 64%—
71%; women 70% [67%—73%], men 54% [51%—57%];
v = 45.57, df = 4, p<0.001), after adjustment for gender
proportion and reported touching, was 63% (62%—64%).
Estimated exposures in the surveyed provinces from buy-
ing were ~13,097,000 x 0.63 = ~8,251,000 exposures/year.
When these rates were used, national per capita exposure
estimates (assuming 4.49 persons/household) from touch-
ing when buying are ~62,479,000 exposures/year, 2.24 ex-

posures/person/year in buying households, 0.76 exposures/
person/year overall.

In the 1,150/1,988 houscholds (58%) that raised poul-
try, 92 (5%) ceased keeping poultry from February 2005
through February 2006 (Table 2). Households kept a me-
dian of 9 chickens. Overall, 22% of those keeping backyard
poultry reportedly had birds die in the previous year. Of
these, 12% of households threw the dead bird away without
informing authorities, 9% informed the authorities, and 5%
sold or ate the dead bird. Of those reporting bird deaths,
214 (84%) had been ordered by officials to destroy some or
all of their birds. Incidence of bird deaths was greater in ru-
ral areas (52% vs. 48%, Fisher p<0.001), but rural residents
threw them away (68% vs. 32%, Fisher p = 0.031) or sold
or ate them (87% vs. 13%, Fisher p = 0.006) more often
than did urban residents.

While 34% (32%-36%) of houscholds buy live
chickens, 53% (52%—54%) (1,278,360) raise live poultry
at home, and 12% (10%—13%) do both. Assume a 53%
national average and, conservatively, that all persons within
households rearing backyard poultry have at least weekly
physical contact with their birds, bird eggs, or feces. House-

Table 2. Numbers of households rearing domestic poultry, Vietnam, 2006 (proportions)

Poultry No. households

No. birds raised 1-5 6-10 11-20 >21 (range)

Type
Fighting cocks 40 5 1 2 (21-50)
Chickens 284 283 257 155 (21-800)
Ducks 52 14 5 14 (21-500)
Geese/swans 42 22 11 8 (21-70)
Ornamental 32 10 4 1(21-30)
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hold size in the surveyed districts averages 3.38 persons
(General Statistics Office, Hanoi). Thus, 224,685,500 expo-
sures/year would occur from backyard poultry in surveyed
districts, an average exposure within backyard poultry
raising households of =175 exposures/person/year. House-
holds buying live poultry have 8,251,000 /820,080 = 10.1
exposures/household/year (2.99 exposures/person/year)
from these purchases. Total purchase-related plus backyard
exposure events then equal (10.1 x 820,080) + 224,685,500
= 232,968,300 exposures/year. Average household expo-
sure is therefore 96 exposures/household/year (28 expo-
sures/person/year) in sampled districts. If daily backyard
exposure occurs, then there are ~1,581,081,300 total ex-
posures, =655 exposures/household/year (194 exposures/
person/year). Nationally, average household size is 4.49
persons. Hence, between ~2,322,546,000 (weekly con-
tact) and ~15,882,953,000 (daily contact) exposures/year,
~127-869 exposures/household/year occur nationally. If
multiple contacts occur daily, these figures would be much
higher.

Epidemic and nonepidemic district-buying frequency
CL overlapped (exposure 3.4 [1.9—4.8] chickens/house-
hold/year vs. nonexposure 5.8 [4.5-7.0] chickens/house-
hold/year). Dual adjusted touching frequencies were 69%
(62%—76%) in epidemic and 60% (57%—63%) in nonepi-
demic districts, respectively. Backyard poultry were more
common in epidemic districts (71% [67%—75%] vs. 45%
[42%—-48%]), where keeping poultry declined 17% (14%—
20%) compared with 8% (6%—10%) in nonepidemic dis-
tricts. Epidemic and nonepidemic districts had comparable
average incomes (t = 0.832, df 1,283.9, p = 0.400).

In Hong Kong, government import restrictions have
reduced poultry availability by 41% from 2004 to 2006.
Purchase and touching declines prompted by health educa-
tion messages have together reduced exposure by ~60%.

Fewer Vietnamese households bought live chickens,
but those that did so bought at comparable frequencies to
Hong Kong 2006 households. Chickens are relatively more
expensive in Vietnam. Adjusted for purchasing power par-
ity (www.worldbank.org/data/quickreference/quickref.
html), live chickens costs $16.6-$18.0 and $21.8-$31.0
(international dollars; www.worldbank.org/data/quickref-
erence/quickref.html) each in Hong Kong and in Vietnam,
respectively. Hence, temptation to use sick, dying, or dead
poultry is high, increasing the risk for human influenza
(H5N1) infection (7). Average Vietnamese exposure range
from backyard sources (28—194 exposures/person/year) is
100-700% higher than Hong Kong 2006 exposures from
purchasing (0.23 exposures/household/year). If 53% of

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 13, No. 7, July 2007
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Vietnamese households average 9 birds each and if 22%
of these households (2,129,582) had only 1 bird die, a 5%
consumption rate of the dead birds means that 106,500
sick or dying birds are consumed annually, posing a major
health threat (7). This is a risk that governments must ur-
gently target.

Limitations include generalizing from 5 northern Viet-
namese provinces to the country as a whole and using arbi-
trary estimates for backyard exposure frequency. Nonethe-
less, valuable data are presented on differential exposure
patterns.

This project was funded by grant no. 02040172 from the
Hong Kong Government Research Fund for the Control of Infec-
tious Diseases (RFCID) awarded to the authors and forms part of
the pan-Asian collaboration for behavioral surveillance on infec-
tious disease risk.

Dr Fielding is professor of medical psychology and head of
the Behavioral Sciences Unit at the Department of Community
Medicine and School of Public Health, University of Hong Kong,
People’s Republic of China.
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Cutaneous
Leishmaniasis,
Sri Lanka
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Chandana J. Wijekoon,T Manel Dissanayake,
and Kosala Rajapaksha$§

Cutaneous leishmaniasis (CL) is an emerging disease
in Sri Lanka. Of 116 patients with clinical symptoms sug-
gestive of CL, 86 were confirmed positive for Leishmania
donovani. Most patients had single dry lesions, usually on
the face. Patients were from 5 of the 7 agroclimatic zones
in Sri Lanka.

Leishmaniasis is a complex of diseases that has 3 main
clinical forms, visceral, mucocutaneous, and cutaneous.
For decades in Sri Lanka, leishmaniasis was considered
an exotic disease. This changed in 1992 with the detection
of locally acquired cases of cutaneous leishmaniasis (CL)
(1,2). In 2003, Karunaweera et al. (3) reported that CL in
Sri Lanka is caused by the parasite Leishmania donovani
zymodeme MON-37; however, information on other as-
pects of the disease in Sri Lanka was scant. We present
preliminary findings on the clinical manifestations and the
distribution of CL in Sri Lanka.

The Study

The study group consisted of patients referred by their
dermatologists from June 2001 through June 2005 for skin
lesions clinically suggestive of CL. The patients were ex-
amined for confirmatory diagnosis. Ethical clearance for
the study was granted by the Research and Higher Degrees
Committee of the Faculty of Medicine, University of Per-
adeniya, Sri Lanka.

Laboratory diagnosis was made by examination of Gi-
emsa-stained touch or impression smears, in vitro culture,
and/or by PCR. Tissue samples for cultures and molecular
testing were obtained by use of a hypodermic needle. Ev-
ans modified Tobie medium was used for in vitro culture
(4). PCR for diagnosis was performed on DNA extracted
from tissue samples, by using a set of primers specific for
all Old World Leishmania spp. (5).

Leishmania DNA from 27 patients positive for CL and
from 5 in vitro cultures (promastigotes) was sent to Labo-
ratoire de Parasitologie, Besangon, France, for speciation.
Characterization was performed by use of microsatellite

*University of Peradeniya, Peradeniya, Sri Lanka; tTeaching Hos-
pital, Kurunegala, Sri Lanka; $Teaching Hospital, Kandy, Sri Lanka;
and §Veterinary Research Institute, Peradeniya, Sri Lanka
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analysis (also known as short tandem repeats), which used
primers to amplify microsatellites in the internal transcribed
spacer region of the Leishmania genomic DNA (6).

Of 120 patients examined, 4 had a history of travel
overseas and were not included in the analysis. Of the re-
maining 116 patients, 86 (74.14%) were determined to be
positive for CL. All but 2 of the 32 samples that were sent
for speciation were identified as L. donovani; the 2 that were
not identified did not have sufficient DNA for testing.

At the time of study, patients had CL-related lesions
ranging in duration from 2 weeks to 4 years. Both male and
female patients were infected (ages range 3—70 years).

All infected patients had cutaneous lesions only; none
showed hepatosplenomegaly or enlargement of lymph
nodes. Single lesions were seen in 70 of the 86 patients, and
multiple lesions (range 2—5) were observed in the other 16
patients. Satellite lesions were seen in 11 of the 86 patients.
Lesions appeared on the face of most patients (54.7%), but
they also occurred in ears and on upper and lower limbs
and the trunk (Table 1). No lesions were found from the
waist to the knee.

The lesions on most patients were dry and scaly
(69/86), but on some, they were wet (17/86). A few patients
showed a hypopigmented halo around the lesions. Patients’
lesions were categorized according to their appearance: of
the 86 patients, 25 had papulonodular lesions, 25 had nodu-
loulcerative lesions, and 36 had ulcerative lesions. Some
ulcers had the typical volcanic appearance.

The CL-infected patients came from 12 administrative
districts (Figure), representing 8 of the country’s 9 provinces.
The areas in which the patients lived were representative of 5
of the 7 agroclimatic zones within Sri Lanka (Table 2).

Conclusions
This study supports the earlier identification (3) of L.
donovani as the causative agent of CL in Sri Lanka. The

Table 1. Distribution of cutaneous leishmaniasis lesions on
infected patients, Sri Lanka, June 2001-June 2005

Location No. patients* %
Face 47 54.7
Scalp 1 1.2
Ear 5 5.8
Neck 3 3.5
Trunk 7 8.1
Upper limb

Upper arm 4 4.7
Elbow 1 1.2
Forearm 22 25.6
Hand 2 2.3
Lower limb

Above knee 0 0
Below knee 7 8.1
Foot 1 1.2

*Some had multiple lesions at different sites.
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Figure. Geographic distribution of persons with cutaneous
leishmaniasis in Sri Lanka during June 2001 through June 2005.

27 isolates used in our study were from patients from 7
districts (Kandy, Matale, Kurunegala, Anuradhapura,
Vauniya, Trincomalee, and Jaffna) in 5 Sri Lankan prov-
inces (Central, North Central, North Western, Northern,
and Eastern Provinces), representing different agroclimatic
zones of the country. Thus, L. donovani appears to be the
only species causing CL in Sri Lanka.

L. donovani usually causes visceral leishmaniasis, but
there are other reports of it being associated with CL (7,8). A

Cutaneous Leishmaniasis, Sri Lanka

single parasite strain can cause different clinical symptoms
(e.g., strains normally causing dermatotrophic symptoms in-
stead causing visceral symptoms and vice versa) (9,10).

In our study, 68% of the infected persons were 11-40
years of age and frequently engaged in outdoor activities;
similar findings have been reported from Guatemala (/7).
In addition, for patients in our study, lesions most often ap-
peared on the face. Reports of CL from other countries and
caused by different species have indicated similar findings
(8,12). Lesions also frequently occurred on the forearms of
our study population, which suggests that uncovered areas
of the body are more prone to clinical manifestation of CL
infection. Sharma et al. (8) also reported that lesions most
commonly appeared on the face and then the upper limbs;
an earlier report from Sri Lanka showed extensor surfaces
of the limbs to be the most common site for lesions (2).
We also found skin lesions on the chest and back of some
adult males; however, lesions did not occur in these sites
on females. This finding is a direct reflection of the cul-
tural habits related to clothing in Sri Lankan society. Also
of interest, none of the patients had lesions in the area from
below the waist to above the knees. This finding again is
due to clothing habits. Dedet et al. (/3), in their study on
CL in French Guiana, found the distribution of lesions on
the body to depend on the form of dress. One patient in our
study group had a lesion on the scalp. This appears to be
an unusual site, as hairy parts of the body were otherwise
unaffected.

The lesions in our patients were slow-progressing, and
58% appeared as papulonodular and noduloulcerative type
lesions. A similar clinical picture was reported by Sharma
et al. (8) in a study in which the researchers encountered
noduloulcerative plaques with or without crusting. The
morphologic appearance of lesions is known to vary de-

Table 2. Distribution of persons infected with cutaneous leishmaniasis in Sri Lanka, by agroclimatic zone, June 2001-June 2005

Agricultural zone (elevation), climatic zone (rainfall/year)

Patient’s district* No. patients (N = 86)

Up country (>900 m)
Wet (1,400 to >3,175 mm)
Intermediate (1,150 to >2,160 mm)
Mid country (300—900 m)
Wet (1,270 to >3,175 mm)
Intermediate (900 to >1400 mm)
Low country (<300 m)
Wet (1,525 to >2,540 mm)

Intermediate (900 to >1,150 mm)
Dry (<900 mm)

— 0
— 0
Kandy 4
Kandy 2
Kegalle 2
Colombo 1
Galle 1
Kurunegala 26
Puttalam 2
Jaffna 3
Anuradhapura 7
Polonnaruwa 3
Vauniya 3
Trincomalee 11
Matale 7

*The districts of Kandy and Matale fall into 2 agroclimatic zones.
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pending on the species or strain of the causative organism
(13) and the immune status of the patient (/4).

Cutaneous nodules surrounded by areas of depigmen-
tation have been described in atypical CL due to L. chagasi
(15). This feature was also found in 12 of our 86 patients.
Thus, the clinical manifestations of CL vary; there is not a
characteristic clinical picture for disease caused by a par-
ticular species.

Most of the CL patients in our study were from the
dry and intermediate zones of the low-altitude areas of Sri
Lanka. No cases of CL were diagnosed in persons from
high-altitude areas. This could be due to the abundance of
sandflies (insect vectors for Leishmania) and their breeding
sites in the low-altitude areas.

Since the first detection of CL in Sri Lanka in 1992, the
number of cases detected annually has increased (2,3). A
substantial number of persons in our study had a diagnosis
of CL, but the prevalence of infection in Sri Lanka could
not be determined because the study did not involve active
case detection. To understand the atypical behavior of L.
donovani in Sri Lanka, studies need to be directed toward
understanding the vector bionomics and reservoir hosts for
this parasite.
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African lions (Panthera leo) are susceptible to viral
diseases of domestic carnivores, including feline calici-
virus infection. We report the identification of a novel en-
teric calicivirus, genetically related to human noroviruses of
genogroup |V, in a lion cub that died of severe hemorrhagic
enteritis.

ions (Panthera leo) are susceptible to viral diseases of

domestic carnivores, including infections with canine
distemper virus, feline parvovirus, feline retroviruses, fe-
line herpesvirus, and feline calicivirus (FCV) (/—4). Anti-
bodies to FCV have been detected in captive lions (2), and
calicivirus-like particles have been detected in oral vesicu-
lar lesions of captive immature lions (3). Despite the pres-
ence of FCV-specific antibodies and the observation that
cub survival may be reduced during calicivirus outbreaks,
clear signs of FCV-induced illness have not been described
in free-ranging lions (4). We detected a novel calicivirus
in a 4-week-old lion cub that died of severe hemorrhagic
enteritis.

The Study

In autumn 2004, the Zoo of Pistoia, Italy, adopted 2
adult lions that had been born in captivity. In October 2005
and May 2006, the female gave birth to 2 cubs each deliv-
ery, which 3—4 weeks later showed signs of enteritis and
died. In October 2006, she gave birth to a single cub, which
died of severe hemorrhagic enteritis at 4 weeks of age. The
cub exhibited anorexia, depression, and mild dehydration,
but it was not moved away from the mother for ethologic
and management reasons. In the subsequent days, the cub’s
general condition appeared to worsen; anorexia and more
marked depression were reported by the animal caretakers.

*University of Bari, Valenzano, Bari, ltaly; tGiardino Zoologico di
Pistoia, Pistoia, Italy; $University of Palermo, Palermo, Italy; §Ba-
ranya County Institute of State Public Health Service, Pécs, Hun-
gary; and f[National Institute of Public Health and the Environment,
Bilthoven, the Netherlands
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Therefore, on day 3 after illness onset, the cub was taken to
the zoo’s animal hospital. Examination showed a tempera-
ture of 38.6°C, hemorrhagic enteritis, tenesmus, and deep
sensorial depression. Hydration and antimicrobial therapy
were immediately started, but after 24 hours the animal was
agonal and hypothermic and was therefore euthanized. At
necropsy, severe hemorrhagic enteritis, hemorrhage in the
intestinal lymph nodes, and marked dehydration were ob-
served. Histologic examination showed marked alteration
of the intestinal mucosa: erosions, villi depletion, and hem-
orrhagic infiltration.

The tissues and intestinal contents were screened for
common feline and canine viral pathogens by using either
conventional or quantitative PCR and reverse transcrip-
tion-PCR (RT-PCR). Results were negative for known
feline (parvovirus, coronaviruses, herpesvirus, retrovirus-
es) and canine (distemper virus, parvovirus, adenoviruses
type-1 and type-2) pathogens. Calicivirus was identified in
the intestinal content by using a broadly reactive primer
pair, p289-p290, targeted to highly conserved motives of
the RdRp region of the polymerase complex (5), but unex-
pectedly, the strain could not be characterized as FCV by
using multiple sets of primers specific for the FCV capsid
gene. In addition, the sample was positive for the norovirus
(NoV)-specific primer pair JV12Y-JVI13I (6).

Bacteriologic investigations detected an Esherichia
coli 086, enteropathogenic E. coli (EPEC) group. Clos-
tridium sordelli and C. perfringens were also isolated. By
screening of the cpb, cpb2, etx, and cpe genes, the C. per-
[fringens isolate was characterized as toxin-type A.

Sequence analysis of the 315-bp fragment of the
RdRp region (strain 387/06) by using BLAST (www.ncbi.
nlm.nih.gov/blast) and FASTA (www.ebi.ac.uk/fasta33)
showed that the virus was distantly related to FCV (<35%
amino acid [aa] identity) but closely related to human and
animal NoVs (£ 75% aa identity). To determine the se-
quence and genome organization of the novel calicivirus,
a 3.4-kb region at the 3’ end of the genome was amplified
by RT-PCR as described by Wang et al. (7). The sequence
of the 3’ end of open reading frame (ORF)1, the full-length
ORF2, ORF3, and the noncoding region through the poly-
A tail was determined (GenBank accession no. EF450827).
A 14-nt overlap was present in the ORF1-ORF2 junction
region, as it is in most human and animal NoVs. The ORF2
was 1,737 nt long and contained an ORF encoding a capsid
protein with a predicted size of 578 aa. By BLAST and
FASTA analysis, the highest sequence match was found to
genogroup IV NoVs (69.3-70.1% aa identity), and identity
to non-GIV NoVs was <52.6% aa. A total of 23 aa inser-
tions, scattered throughout the P2 domain, were present in
the capsid protein of the lion NoV when compared with
human genogroup IV NoVs. A 1-nt overlap was found be-
tween ORF2 and ORF3, and a 106-nt long nontranslated
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region was found between ORF3 and the poly-A tail. ORF3
was 765 nt long and encoded for a 254-aa polypeptide. The
nucleotide identity plot of the genome of the lion NoV (from
the 3’ end of ORF1 to the poly-A tail) was compared with
the human genogroup IV.1 NoV, Fort Lauderdale/560/98/
US (AF414426) (Figure 1). A phylogenic tree was con-
structed by using the capsid protein of a selection of human
and animal NoVs of the various NoV genogroups (I to V)
(7,8). In the tree (Figure 2), the lion calicivirus strain was
grouped with genogroup IV human NoVs.

Conclusions

NoVs in humans were first discovered by use of elec-
tron microscopy in 1972 (10). As a consequence of the de-
velopment and large-scale application of new and sensitive
molecular diagnostic techniques, NoVs are now regarded
as the major cause of epidemic, nonbacterial gastroen-
teritis worldwide in humans of all age groups (9). Human
NoVs are classified into genogroups I, II, and IV. In addi-
tion, NoVs classified in genogroups II and III have been
detected in pigs and cows (7,/1,12), and NoVs proposed
as genogroup V have been detected in mice (/3) (Table).
However, to our knowledge, NoVs have not been detected
in other animal species and our report is the first description
of NoVs in felids.

Because of the possibility of genetic recombination, a
consistent and reliable classification of NoV is necessar-
ily based on analysis of the complete capsid gene, and a
comprehensive classification scheme has been established
by analysis of 164 NoV strains (§). Strains within the same
genotype (or cluster) share >85% aa identity; strains of dif-
ferent genotypes within the same genogroup share 55%—
85% aa identity (8). The lion NoV 387/06 appeared to be
more related genetically to human genogroup IV NoVs
(69.3%—-70.1% aa identity in the capsid protein). Accord-
ingly, the virus may be considered as a distinct genotype
(IV.2) within genogroup IV; human genogroup IV NoVs
are genotype IV.1.

The close genetic relationship observed between the
lion NoV strain and human genogroup IV NoVs reinforces
the notion that the evolution of human NoVs is intermin-
gled with that of animal NoVs. The mechanisms driving
the evolution of NoVs are accumulation of punctuated
mutations and recombination (/4). In addition, NoVs can
infect heterologous species, resulting in mild or unappar-
ent infections (/5). To assess whether animal NoVs have
emerged over time in humans by direct interspecies trans-
mission or by exchange of genetic material through recom-
bination with human NoVs, the genetic diversity of animal
NoVs must be explored.

To acquire epidemiologic information, either single
or pooled fecal samples of overtly healthy animals from
the zoo were screened by RT-PCR with broadly reactive or
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Figure 1. Genome organization of the lion norovirus (NoV) 387/06.
A nucleotide identity plot of the genome of the lion NoV (from the 3’
end of open reading frame [ORF] 1 to the poly-A tail) was compared
with the human genogroup IV.1 NoV, Fort Lauderdale/560/98/US
(AF414426). The sequences were analyzed with Simplot software
(http://sray.med.som.jhmi.edu/scroftware/simplot) by wusing a
window size of 200 and step size of 20 with gap strip off and J-C
correction on. The ORF1-ORF2 junction region is shown with the
starting and stopping codons ATG and TGA underlined. The highly
conserved domain S and the highly variable domains P1 and P2 of
the capsid protein are also indicated.
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Figure 2. Phylogenetic tree constructed on the full-length amino
acid (aa) sequence of the capsid protein. The tree was constructed
by using a selection of norovirus (NoV) strains representative of
genogroups (GG) | to V. Phylogenetic reconstruction was carried
out with the p-distance correction and the neighbor-joining method,
supported with bootstrapping >1,000 replications. Distance analysis
and phylogenetic inference were carried out using the Mega 3.0
software package (www.megasoftware.net). Strain classification
follows the outlines of Wang et al. (7) and Zheng et al. (8); strain
designation follows the outlines of Green et al. (9). Bo, bovine; DE,
Germany; UK, United Kingdom; Hu, human; JP, Japan; US, United
States; Mu, murine; NLD, the Netherlands; Po, porcine.
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Table. Distribution of norovirus genogroups and genotypes
Genogroup and genotypes*

Host | I 1 \Y \Y
Human 1-8 1-10, 1

12-17
Pig 11,18, 19
Cattle 1,2
Lion 2t
Mouse 1
*Noro(vi;us classification follows the outlines of Wang et al. (7) and Zheng
etal. (8).

tDetermined in this study.

specific primer sets. Samples of adult and immature lions,
tigers (P. tigris), jaguars (P. onca), manul cats (Otocolo-
bus manul), siberian lynxes (Lynx lynx wrangeli), fennecs
(Vulpes zerda), polar bears (Ursus maritimus), and wolves
(Canis lupus) were screened; calicivirus RNA was not de-
tected.

Whether the novel lion calicivirus is a newly identi-
fied felid viral pathogen or a NoV strain of heterologous
origin detected incidentally in the intestinal content of the
cub remains to be proven. Bacterial coinfections were also
detected and likely enhanced the severity of the enteritis
disease by triggering synergistic effects. Accordingly, the
pathogenic potential and the origin of the novel calicivirus
strain remain to be elucidated.
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Little Evidence

for Genetic
Susceptibility

to Influenza A
(H5N1) from Family
Clustering Data

Virginia E. Pitzer,* Sonja J. Olsen, T
Carl T. Bergstrom, ¥ Scott F. Dowell, T
and Marc Lipsitch*

The apparent clustering of human cases of influenza A
(H5N1) among blood relatives has been considered as evi-
dence of genetic variation in susceptibility. We show that, by
chance alone, a high proportion of clusters are expected to
be limited to blood relatives when infection is a rare event.

Since December 2003, 36 family clusters among 261
confirmed human cases of influenza A (HSN1) have
been documented (/,2). These clusters range in size from
2 to 8 infected persons; in only 4 clusters were 2 unrelated
family members (e.g., husband and wife) infected. This pat-
tern has been considered by the World Health Organization
as evidence of genetic variation in susceptibility (3—5), but
we show this observation provides little grounds for this in-
ference. We describe a null model in which nuclear families
experience a common exposure to an avian influenza virus.
The observed degree of clustering in blood relatives is con-
sistent with that expected by chance alone in the absence of
genetic variation in susceptibility; other features of the data
are also consistent with the null model.

Our model assumes all persons are equally susceptible,
such that they have the same probability of infection, t, and
ignores possible human-to-human transmission (see online
Technical Appendix, available from www.cdc.gov/EID/
content/13/7/1074-Techapp.htm). The number of infected
family members follows a binomial distribution with mean
nt, where 7 is the number of exposed persons in each fam-
ily. A cluster is defined as a family in which >1 person is
infected; clusters are limited to blood relatives unless both
parents are infected.

We compare our model to the observation that 32 of
36 clusters that occurred from December 2003 to Decem-
ber 2006 consisted only of blood relatives (p, = 0.89, 95%

*Harvard School of Public Health, Boston, Massachusetts, USA;
TCenters for Disease Control and Prevention, Atlanta, Georgia,
USA; and tUniversity of Washington, Seattle, Washington, USA
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confidence interval 0.74-0.97; Table in online Techni-
cal Appendix). When the probability of infection is low,
most clusters consist of 2 infected family members, and by
simple combinatorics, these 2 are usually blood relatives,
which is consistent with the observed date (Figure 1).

For a given a nuclear family size, the null model also
predicts the proportion of all cases that are part of a clus-
ter and the average number of cases per cluster. Neither of
these measures follows a simple distribution; we therefore
use simulated data to determine what ranges of our param-
eters (t and n) are consistent with the observed degree of
clustering both in families and among blood relatives. We
estimate the mean and 95% prediction intervals for the pro-
portion of cases occurring in clusters when there are 261
cases, and for the average number of cases per cluster when
there are 36 clusters. The expected proportion of cases oc-
curring in clusters is similar to the observed data when the
probability of infection is low (t<0.15) (Figure 2). The
observed average number of cases per cluster, however,
is consistent with slightly higher probabilities of infection,
larger family sizes, or both (Figure 2).

The discrepancy between the number of cases per clus-
ter and the proportion of cases in clusters may be due to be-
tween-family variation in t. If the probability of infection
is low for members of most exposed families and higher
for members of a few exposed families, then most cases
may come from families in which 7 is low, but most of the
clusters will occur among families for which t was higher.
This will lead to a lower proportion of cases occurring in
clusters and a higher average number of cases per cluster,
as is observed. Although it is possible that such variation
may be genetic, it could also result from between-house-
hold heterogeneity in intensity of exposure to infected birds
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Figure 1. Proportion of clusters limited to blood relatives versus the
probability of infection (t) under the null hypothesis (no variation in
susceptibility). Point estimate of the observed data is represented

by the solid black line; the shaded region represents the 95%
confidence interval.
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(or intensity of shedding in birds to which different house-
holds are exposed), household hygiene, living conditions,
and the like. Human-to-human transmission of the virus
could also lead to larger than expected cluster sizes because
having >1 case(s) within a family would increase the risk of
subsequent cases occurring, and it could not be ruled out in
several clusters (6,7).

Qualitatively, the data suggest the existence of nonge-
netic, between-household variation in risk. If such nonge-
netic variation were absent, then in any given village, nearly
all pairs of cases occurring among unrelated persons in the
same village would be in different households. Roughly,
the chance that a pair of cases in unrelated persons in a vil-
lage would be from the same household as opposed to dif-
ferent households would be 1/H, where H is the number of
households in a village. With 4 pairs of cases in unrelated
persons in the same household, 4 H pairs of cases would be
expected within a village, mostly in different households. If
the average village size of ~138 households estimated for
an area of Thailand (8) is typical, then if members of all
houscholds in a village were at equal risk, we would expect
to see far more pairs of unrelated cases within a village
than have actually been observed (4H ~550 pairs of cases
in unrelated persons, which greatly exceeds the observed
261 total cases). Clearly, this argument is only heuristic,
but when this argument is combined with the likelihood of
biologic and behavioral differences between households, it
seems likely that T would vary considerably from 1 house-
hold to another.

Furthermore, the model does not account for addition-
al individual variability in susceptibility possibly related
to age, level of exposure, or other risk factors. If younger
persons have a higher risk for infection or likelihood of
exposure, clustering would be promoted, primarily with-
in blood relatives, because siblings would be more likely
than either parent to become infected. Approximately half
of all cases have occurred in those <20 years of age (9).
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Similarly, if female persons (for example) were at higher
risk for exposure, infection, or both, then clusters including
non-blood relatives (e.g., spouses) would tend to include
the low-risk sex and thus be less probable. Female persons
of ages 1029 years were slightly overrepresented among
laboratory-confirmed case-patients, but the difference was
not statistically significant (9).

The null model presented here is not designed to cap-
ture all of the heterogeneities in exposure and complexity
of real families exposed to influenza subtype HSN1. Rather,
it simply illustrates that a large proportion of family clus-
ters limited to blood relatives may occur by chance in the
absence of genetic variation in susceptibility, particularly
when the probability of infection is low and family sizes
are large. Although genetic heterogeneity may possibly
contribute to the clustering of avian influenza cases within
blood relatives, it is neither a necessary nor the most likely
explanation for the data currently available.
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Point-of-Use Water
Treatment and Use
among Mothers in
Malawi

Lauren J. Stockman,*t Thea K. Fischer,*
Michael Deming,* Bagrey Ngwira,t
Cameron Bowie,f Nigel Cunliffe,§

Joseph Bresee,* and Robert E. Quick*

A national household survey was conducted in Malawi
to determine awareness and use of a socially marketed wa-
ter treatment product. In all, 64% of mothers were aware
of the product, and 7% were using it. Both poor and rural
mothers had lower awareness and use rates. Targeting
promotion to rural populations could enhance program ef-
fectiveness.

iarrhea is a leading cause of childhood deaths in the

developing world (/), where many people rely on
drinking water that is contaminated with pathogens. To
address this problem, the Centers for Disease Control and
Prevention (CDC) and the Pan American Health Organiza-
tion/World Health Organization developed the Safe Water
System (SWS), which consists of water treatment at the
point of use with a locally produced, dilute sodium hypo-
chlorite solution, safe water storage, and behavior change
techniques such as social marketing (2). The SWS has been
shown to decrease diarrhea risk by 25%—85% (3—7) and has
been implemented in >25 countries.

In November 2002, an SWS social marketing pro-
gram was initiated in Malawi to prevent diarrheal illness
among children <5 years of age, who were found to have
a prevalence of diarrhea of 18% during a 2-week period in
the 2000 Malawi Demographic and Health Survey (8). The
SWS was promoted through radio announcements, flyers,
signs on walls and minibuses, and billboards. The disin-
fectant solution, which was branded as WaterGuard, cost
10 kwacha (approximately $US 0.08) for sufficient solu-
tion to treat stored water for 1 month and was sold in small
plastic bottles at supermarkets, pharmacies, and by street
vendors.

In April 2005, CDC and the University of Malawi
conducted a national household survey on healthcare,
utilization patterns, and costs of childhood diarrhea and
pneumonia in Malawi. We took the opportunity to mea-

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA; tAtlanta Research and Education Foundation, Decatur,
Georgia, USA; tUniversity of Malawi College of Medicine, Blantyre,
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sure mothers’ awareness, perception, and reported use of
WaterGuard.

The Study

This survey used the “modified segment” design de-
scribed in the United Nation Children’s Fund’s End-Decade
Multiple-Indicator Survey Handbook (9), which resulted in
an equal-probability sample of 3,000 households in 30 enu-
meration areas throughout the country. All mothers of chil-
dren <5 years of age were interviewed. Data were analyzed
with SAS-callable SUDAAN 9.0.1 PROC RLOGIST (SAS
Institute, Inc., Cary, NC, USA). Multivariate regression
models were used to determine predictors of WaterGuard
awareness and use. Colinearity and interactions between
variables were assessed. To create an indicator of socioeco-
nomic status, household asset factor scores, generated from
a principal components analysis from the Malawi 1992 De-
mographic and Health Survey, were calculated by using the
method described by Gwatkin et al. (10).

Among 3,000 households included in the survey, 1,787
mothers (or maternal caretakers) were identified, of whom
1,669 (93%) were eligible, having at least 1 child <5 years;
all completed the survey. This sample was representative
of the population distribution for Malawi, according to the
Malawi 2004 Demographic and Health Survey (Table 1).

Among 1,669 mothers, 1,075 (64%; 95% confidence
interval [CI] 58-71) had heard of WaterGuard; of these
726 (68%) believed the product was “to make water safe,”
230 (21%) believed the product was “to prevent diarrhea,”
and 108 (10%) either did not know or gave another answer.
Among the mothers who had heard of WaterGuard, 556
(52%) said they had used it “at some point in the past,”
and 124 (12%) reported that they were currently using it.
Current users represented 7% (95% CI 4-11) of the total
population. Among these, 77 (62%) said that WaterGuard
caused “less diarrhea,” or “less illness in the family.” Rates
of awareness and use of the product were higher among
those living in an urban area than a rural area. Among 432
mothers who had used WaterGuard in the past, but were
not using it at the time of the survey, 168 (39%) indicated
that they “cannot afford it,” 145 (34%) that it was “cur-
rently unavailable,” 12 (3%) that they “don’t like the taste,”
and 1 said she didn’t “think it makes water safer.” In all,
106 (25%) gave no reason for no longer using WaterGuard.
In a multivariate model, WaterGuard awareness was inde-
pendently associated with living in an urban area (adjusted
odds ratio [aOR] 3.92 p<0.001), being a mother who had
attended school (aOR 2.84, p<0.001), having a husband
who had attended school (aOR 1.90, p<0.001), and higher
wealth quintile (aOR 1.97 p = 0.0003) (Table 2). Current
use of WaterGuard was independently associated with liv-
ing in an urban residence compared to a rural residence
(aOR = 2.01, p = 0.0342) (Table 2). The program budget
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Table 1. Household description of mothers/caretakers interviewed and 2004 Malawi Demographic and Health Survey (DHS) data for

comparison
2005 Household survey
Variable No. (%) 95% CI* 2004 Malawi DHS, %
Region
North 211 (13) 4-34 13
Central 725 (44) 26-63 41
South 716 (43) 26-63 46
Population
Urban 156 (9) 3-27 18
Rural 1,489 (91) 73-97 82
Latrine
Traditional pit toilet 1,290 (79) 75-87 79
No facility 289 (18) 13-25 16
Drinking water
Improved source 1,117 (67) 53-79 64
Unimproved source 539 (32) 21-47 36

*Cl, confidence interval.

and national WaterGuard sales in Malawi were substantial-
ly lower than comparable data from a similar SWS program
in Zambia (Figure).

Conclusions

This national survey of Malawian mothers found
awareness of WaterGuard to be high in a very poor country
with limited commercial penetration into rural areas. In ad-
dition, over half of mothers who had heard of WaterGuard
had tried it, and 12% of these mothers reported currently
using the product at the time of the survey. Figures for
awareness and past use in the present survey were con-
sistent with an SWS survey conducted in Zambia (//), a

country that borders Malawi and has a similar poverty and
development ranking (/2). However, reported current use
of SWS in Zambia was, at 42%, substantially higher than
in Malawi, reflecting substantially higher product sales in
Zambia. Unlike the program in Malawi, which has had in-
consistent and relatively low levels of funding, the SWS
program in Zambia has had stable funding at a higher level
and substantially greater sales. If the Malawi SWS program
were able to obtain stable funding at higher levels, similar
utilization rates to those in Zambia might be attainable.

A substantial gap exists between the percentage of
mothers aware of WaterGuard who had tried it and those
who were current users at the time of the survey (52% vs.

Table 2. Univariate and multivariate odds ratios and p value for awareness and current use of WaterGuard*

Predictor variable Total No. (%) Crude OR (95% CI)tt Adjusted OR (95% CI)§ p valuef
Have heard of WaterGuard
Urban population 156 147 (94.2) 9.87 (5.46-17.85) 3.92 (2.26-6.78) <0.001
Mother attended school 909 713 (78.4) 3.75 (2.59-5.42) 2.84 (2.00-4.05) <0.001
Husband attended school 1,072 776 (72.4) 2.89 (2.22-3.78) 1.90 (1.45-2.49) <0.001
Higher wealth quintile 608 471 (77.5) 2.54 (1.69-3.80) 1.97 (1.41-2.74) 0.0003
Region
Central 723 461 (63.8) 1.15 (0.47-2.80) NS
South 708 484 (68.4) 1.41 (0.63-3.14) NS
Mother employed 74 59 (79.7) 2.15(1.03-4.50) NS
Improved drinking water 1,106 718 (64.9) 0.95 (0.61-1.47) NS
Currently using WaterGuard
Urban population 144 34 (23.6) 2.86 (1.55-5.28) 2.01 (1.06-3.82) 0.0342
Region
Central 456 67 (14.7) 3.36 (1.60-7.05) 1.88 (0.93-3.78) 0.1981
South 481 50 (10.4) 2.26 (0.96-5.31) 1.49 (0.60-3.70) 0.1981
Mother employed 58 13 (22.4) 2.22 (1.06-4.67) 1.67 (0.83-3.39) 0.1465
Higher wealth quintile 465 72 (15.5) 1.87 (1.08-3.23) 1.42 (0.84-2.42) 0.1866
Mother attended school 709 91 (12.8) 1.45 (0.69-3.01) NS
Husband attended school 771 93 (12.1) 1.22 (0.67-2.21) NS
Improved drinking water 712 87 (12.2) 1.22 (0.46-3.21) NS

*OR, odds ratio; Cl, confidence interval; NS, variable did not meet criterion for remaining in the multivariate model.
TOR >1 for region central or region south indicates a higher probability than the north region.
FOR >1 for higher quintile (4 and 5) indicates a higher probability than those in the lower quintile (1, 2, and 3).

§Predictor variables with a p = 0.10 in univariate analysis were included in the multivariate model to adjust for these simultaneously.

{Ip value for Wald F statistic for the adjusted OR.
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Figure. Annual program budget and product sales of Safe Water
System programs in Malawi and Zambia, 2002-2005. Year 2005
total population: Zambia, 11,502,010; Malawi, 13,013,926 (www.cia.
gov/cia/publications/factbook/geos/za.html). Budget and sales data
provided by Population Services International. USD, US dollars.

12%, respectively), which can be considered a dropout
rate of 78%. The goal of SWS in Malawi is to increase
water quality in an area with limited access to clean wa-
ter; therefore, sustained use among mothers is as important
for long-term health effects as is increasing the initial use
of the intervention. The reasons given by mothers who
stopped using WaterGuard suggest that cost was a prima-
ry barrier to sustained use, especially among rural moth-
ers. More research is needed to better define these and
other reasons for discontinuation of water treatment to
better inform efforts to increase WaterGuard availability
and affordability. The positive perception of WaterGuard
among those currently using it, together with the product’s
proven ability to disinfect water and prevent diarrhea, jus-
tifies continued efforts to market and evaluate the cost ef-
fectiveness of WaterGuard in Malawi (/3).

Overall, findings of this survey support a need to in-
crease WaterGuard promotion and distribution among
poorer, less educated, and rural populations. Social mar-
keting programs typically have difficulty reaching rural
populations because of inadequate rural commercial in-
frastructure (/7). If commercial mechanisms are not suf-
ficient to promote rural use, then alternative, nontraditional
approaches should be considered. For example, a program
that used trained nurses in a maternal and child health clinic
to promote SWS was associated with an increased rate of
SWS use in rural Kenya (/4), and use of motivational inter-
viewing has resulted in higher purchase and usage rates of
water disinfectant in Zambia (/5). Using women’s groups
to market and sell products as income-generating activities,
may also be efficacious (www.who.int/household water/
resources/freeman.pdf). We recommend that such market-
ing efforts be targeted to mothers who are least aware of the
product and who could benefit the most from safe drinking
water, including those who have not attended school, live
in a rural area, or are have a lower socioeconomic status.
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Blood Screening
for Influenza

Michael Kai Hourfar,* Anna Themann,*
Markus Eickmann,t Pilaipan Puthavathana,t
Thomas Laue,§ Erhard Seifried,*
and Michael Schmidt*

Influenza viruses, including highly pathogenic avian
influenza virus (H5N1), could threaten blood safety. We
analyzed 10,272 blood donor samples with a minipool
nucleic acid amplication technique. Analytical sensitivity of
the method was 804 geg/mL and 444 geq/mL for generic
influenza primers and influenza (H5N1) subtype—specific
primers. This study demonstrates that such screening for
influenza viruses is feasible.

In the 20th century, 3 influenza-related pandemics oc-
curred (1918 Spanish influenza, 1957 Asian influenza,
and 1968 Hong Kong influenza) (1), which are now known
to represent 3 different antigenic subtypes of the influenza
A virus: HIN1, H2N2, and H3N2. Major influenza epidem-
ics show neither periodicity nor a predictable pattern, and
all differ from one another. Evidence suggests that true
pandemics involving changes in hemagglutinin subtypes
are caused by genetic reassortment in animal influenza A
viruses. Since 2003, the World Health Organization has
reported the infection of =218 persons and 124 deaths
(56.9%; as of May 23, 2006) caused by the (HSN1) sub-
type in 10 different countries; a probable person-to-person
transmission of the avian influenza virus was suggested (2).
Most countries predicted death rates of 14—1,685 persons
per 100,000 population in the event of a pandemic and es-
timated that up to 2,707 persons per 100,000 population
would become infected (3).

Our study demonstrates that screening donor blood
for influenza A (HSN1) subtype or for influenza viruses in
general by minipool nucleic acid amplification technique
(NAT) is feasible. To ensure the safety of blood prod-
ucts, this screening technique could be introduced into the
blood-screening procedure without delay in the case of a
pandemic.

The Study

To increase blood safety, we introduced minipool NAT
screening in our blood donor service in 1997 for hepatitis
B virus (HBV), hepatitis C virus (HCV), and HIV-1 and
in 2000 for hepatitis A virus (HAV) and parvovirus B19

*German Red Cross, Frankfurt, Germany; tPhillips University,
Marburg, Germany; ¥Mahidol University, Bangkok, Thailand; and
§QIAGEN, Hamburg, Germany
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(4). For these purposes, 100-uL aliquots of up to 96 blood
samples were pooled. The complete pool of up to 9.6 mL
was centrifuged at 58,000% g for 60 min at 4°C. Viruses
were extracted by using spin columns, and nucleic acid was
eluted in a total volume of 75 pL. Only 60 pL of extract is
needed for routine NAT screening. A residual volume of
15 pL can then be used for additional NAT testing (5) for
influenza viruses.

The real-time quantitative amplification of influenza/
HS5 was performed according to the manufacturer’s in-
structions (Artus Influenza/H5 LC RT-PCR Kit, QIAGEN,
Hamburg, Germany) by using a thermocycler (LightCycler;
Roche Applied Science, Mannheim, Germany). The test
consists of 2 individual amplification reactions. In the first
step, a generic influenza PCR is performed. The specificity
of this reaction was demonstrated for all subtypes of influ-
enza A (HI-H15, N1-N9) and all subtypes of influenza B.
Samples with a positive test result in the first PCR were
analyzed in a second PCR with influenza (HSN1)-specific
primers and probes. Therefore, the assay allows differentia-
tion between avian influenza (HSN1) and other influenza
virus strains.

To mimic a situation like an H5-positive donation, a
purified culture supernatant of Vero cells infected with in-
fluenza (HSN1) (strain A/Thailand/1 (KAN-1)/2004) (6)
was used as an external quantification standard. Virion in-
tegrity in this preparation was confirmed by electron mi-
croscopy. The viral RNA concentration was determined in
an external laboratory by multiple quantitative real-time
PCR determinations (7). Different dilutions of the external
influenza (HSN1) subtype quantification standard (0.0, 0.91,
1.96,3.91, 7.81, 15.63, 31.25, 62.5, 125, and 250 PFU/mL)
were prepared, and 100 puL of each dilution was spiked into
9.5-mL negative plasma pools. Each dilution was repeat-
edly spiked and tested in 8 minipools. Five microliters of
the extract was analyzed with the generic influenza NAT
as well as with the specific influenza (HSN1) NAT. Results
are shown in Tables 1 and 2. Probit analysis of these data
yielded a detection probability of >95% in parallel tests
when an average of at least 13.4 PFU/mL (95% confidence
interval [CI] 8.3—184 PFU/mL) and 7.4 PFU/mL (95% CI
5.2-14.7 PFU/mL) for influenza generic assay and for the
influenza (HSN1)-specific test, respectively, were present
in individual plasma samples before pooling.

A total of 117 routine minipools, representing 10,272
blood donor samples, containing an average of 88 + 8 sam-
ples per pool, had previously been tested for HIV-1, HBV,
HCV, HAV, and parvovirus B19. All pools were negative
for influenza virus when tested with the generic influenza
PCR and the influenza (H5N1)-specific PCR. One pool
had invalid results (failed amplification of internal control
RNA, representing 0.01% of all analyzed runs).
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Table 1. Analytical sensitivity for influenza virus in plasma
samples*

PFU (H5N1) spiked No. positive/

in minipools no. tested % Positive
250.0 8/8 100
125.0 8/8 100
62.5 8/8 100
313 8/8 100
15.6 7/8 87.5
7.8 8/8 100
3.9 4/8 50
0.0 0/8 0

*Influenza (H5N1) standard was extracted from 9.6 mL of 96 pooled donor
samples after centrifugation. Five microliters of 75-uL nucleic acid extract
was analyzed. The 95% detection limit was 13.4 PFU/mL; the 50%
detection limit was 4.8 PFU/mL.

Conclusions

As reported by AuBuchon et al. (8), NAT significantly
increased the safety of blood products. At the German Red
Cross, look-back examinations showed only 1 transfusion
had transmitted HIV-1 (1998) after the introduction of NAT
testing. Blood donor screening by NAT was made techni-
cally and financially feasible by creating minipools of up
to 96 individual samples per pool. Roth et al. demonstrat-
ed an efficient enrichment for all tested viruses in plasma
samples (9). In the absence of an infective donor, different
concentrations of the new influenza genotype HSN1 were
spiked into minipools of 95 samples. As shown in Table 2,
the influenza (H5N1) subtype was detected by the generic
influenza primers as well as by the influenza (H5N1)—spe-
cific primers when our routine minipool screening proce-
dure was used. Sensitivity was expressed as PFU/mL and
can be converted into viral genome copy number according
the calculation of Yoshikawa et al. (7). Therefore, the ana-
lytical sensitivity was =804 geq/mL and 444 geq/mL for
a generic influenza and for the influenza (H5N1) subtype,
respectively.

After screening 10,272 samples by minipool NAT,
none of the samples were found to be infected by influenza,
which corresponds with the low EISS Index (European

Table 2. Analytical sensitivity for avian influenza (H5N1) virus
subtype for plasma samples*

PFU (H5N1) spiked No. positive/

in minipools no. tested % Positive
125.0 8/8 100
62.5 8/8 100
313 8/8 100
15.6 8/8 100
7.8 7/8 87.5
3.9 7/8 87.5
1.9 4/8 50
0.9 3/8 37.5
0.0 0/8 0

*Influenza (H5N 1) standard was extracted from 9.6 mL of 96 pooled donor
samples after centrifugation. Five microliters of 75-uL nucleic acid extract
was analyzed. The 95% detection limit was 7.4 PFU/mL; the 50%
detection limit was 2.5 PFU/mL.
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Influenza Surveillance Scheme index) of <20 during the
study period (February—April, 2006) (/0). An EISS index
>80 is expected during an influenza epidemic, as was seen
in 2005. Therefore, blood screening should be repeated
during the next acute influenza season.

Accepted incubation periods for influenza range from
2 to 10 days (/1,12). As with other viruses, a viremic phase
of infection can be assumed to precede clinical symptoms
such as fever (/3,/4). Recently Chutinimitkul et al. (/5)
detected influenza (H5N1) virus (3,080 copies/mL) in
the plasma of a 5-year-old boy, which indicates a viremic
phase of influenza (H5N1) infection. Those donors may be
infective, especially to immunosuppressed patients. In ad-
dition to quarantine of infected patients, treatment with an-
tiviral drugs, and development of avian influenza vaccines,
blood donors should be tested during a pandemic to avoid
transfusion-transmitted infections. Our study demonstrates
that NAT screening could be incorporated into blood test-
ing without delay and that the influenza virus could be
sufficiently enriched by centrifugation. Sensitivity of our
influenza-screening method would have been sufficient to
detect recently reported virus concentrations in plasma of
infected persons (/5). However, as with all minipool meth-
ods, infections can be transmitted to transfusion recipients
on rare occasions because the viremia level in the donor is
below the analytical sensitivity of the screening assay.

To reduce this risk, a selective infectious dose NAT
strategy (e.g., triggering of infectious dose NAT testing
when at least 1 viremic donation is collected per week with
the standard minipool screening algorithm), as performed
for West Nile virus (WNV) screening in the United States
might be necessary. Implementation of WNV-NAT in the
United States in 2003 interdicted well over 1,000 donations
from persons infected with WNV and is a good example of
successful implementation of NAT screening for emerging
viruses.

The collective fight against new viruses such as se-
vere acute respiratory syndrome virus, WNV, or influenza
(H5NT1) presents an immense challenge for the whole com-
munity, but new molecular-biologic methods offer oppor-
tunities to overcome this challenge. NAT screening tests
are now available soon after the sequencing of new viruses.
In the absence of a general pathogen inactivation method
for all blood products (erythrocytes, platelets, and plasma),
the NAT screening procedure allows testing for new vi-
ruses to ensure blood safety.
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Fatal
Coxsackievirus
A-16 Pneumonitis
in Adult

Francois Legay,** Nicolas Lévéque,t
Arnaud Gacouin,* Pierre Tattevin,* Julien Bouet,*
Rémi Thomas,* and Jean-Jacques Chomelt

Coxsackievirus A-16 (CVA-16) is the agent of hand,
foot, and mouth disease in children. We report a case of
fatal pneumonitis in an adult due to a CVA-16 strain with a
low (78.6%) rate of sequence homology with the reference
strain. A modified, more virulent, strain of CVA-16 could be
emerging.

Hand, foot, and mouth disease (HFMD) is a benign
condition caused by coxsackievirus A type 16 (CVA-
16), which affects young children and usually resolves un-
eventfully. Rarely, it may be associated with complications
such as meningitis, encephalitis, myelitis, and respiratory
failure. During outbreaks of enterovirus infection, respira-
tory failure has been associated with cardiac failure in chil-
dren infected with enterovirus 71 (EV 71) but not in those
infected with CVA-16 (/,2). We report a case of CVA-16
pneumonitis that was fatal for an adult.

The Case

In April 2006, a 76-year-old man was admitted to the
emergency department of Pontchaillou University Hospital,
Rennes, France, with acute onset of fever, lumbar pain, and
dyspnea. Examination found a temperature of 37.9°C and
bilateral pulmonary crackles. Laboratory results were the
following: leukocytes 9,600 cells x10%L (90.6% neutro-
phils), C-reactive protein 216 mg/L (normal value <5 mg/
L), and arterial oxygen partial pressure 67 mm Hg (room
air). Chest radiograph was unremarkable, and Legionella
pneumophila urinary antigen was not found. The patient
was treated with amoxicillin-clavulanate and ofloxacin.
On day 3, acute respiratory distress syndrome developed,
and the patient required mechanical ventilation. Computed
tomographic scan of the thorax showed bilateral alveolo-
interstitial infiltrates (Figure). Transthoracic echocardio-
graph and pulmonary artery catheterization showed normal
left ventricular function. Serum troponin levels were within
normal limits.

A bronchoalveolar lavage (BAL) was performed; no
pyogenic bacteria, L. pneumophila, Mycobacterium tu-
berculosis, Pneumocystis jiroveci, or Aspergillus sp. were
isolated despite appropriate staining for direct examination
and cultures on appropriate media. Negative results were
obtained in M. tuberculosis PCR and immunofluorescence
assays (IFAs) for P. jiroveci and L. pneumophila. The re-
sult of a PCR for human herpesviruses, which used herpes
consensus identification, was negative. Results of testing
for respiratory syncytial virus, influenza virus, parainflu-
enza virus, and adenovirus by IFA and ELISA, which used
specific monoclonal antibody, were all negative. In addi-
tion, serologic test results for L. pneumophila, Mycoplasma
pneumoniae, Chlamydophila pneumoniae, C. psittaci, Cox-
iella burnetti, and HIV were negative. Three sets of blood
cultures taken at the time of hospital admission remained
sterile. Test results for antinuclear factors, antiglomerular
basement-membrane antibodies, and antineutrophil cyto-
plasmic antibodies were negative.

BAL was positive in 2 enteroviral PCR assays that
used EV1 primer from Rotbart et al. (3) and real-time PCR
with primers and probe adapted from Verstrepen et al. (4).
In addition, on day 3, MRC-5 cell culture showed a specific
cytopathic effect, which was confirmed as enterovirus by
indirect IFA that used enterovirus mouse monoclonal anti-
body (Novocastra, Newcastle, UK) and fluorescein isothio-
cyanate—conjugated AffiniPure Goat Anti-Mouse (Jackson
Immuno-Research, West Grove, PA, USA). Enterovirus
was also detected in serum and pharyngeal samples by
real-time PCR. Results of real-time PCR and cell culture
(MRC-5 and LLC-MK?2) were also positive for enterovirus
on BAL performed on days 8 and 14. Kinetics analysis in
real-time PCR showed a 100-fold decrease in viral load by
comparison of cycle thresholds between day 8 and day 14
BAL. Serologic testing for enterovirus showed an 8-fold
increase in enterovirus antibody titration by complement
fixation between days 3 and 11. Immunoglobulin M to
echovirus/coxsackievirus was detected by ELISA in serum
on day 11 (Genzyme, Virotech, Chilly Mazarin, France).

No drug is currently approved for the treatment of en-
terovirus infection. Pleconaril may be of value in severe
enteroviral infections (5) but is no longer available because
licensure was not pursued. The patient did not improve
and died on day 28 of intractable hypoxemia. Histologic
examination of postmortem pulmonary biopsy specimen
showed diffuse alveolar damage and fibrosis, real-time
PCR detected enterovirus, and viral cultures were negative.
The enterovirus isolated on the day-3 BAL was identified
as CVA-16 by partial sequencing of the VPI region that
encompasses the BC loop. This region was amplified with
primers 292 as sense primer and 222 as antisense primer

*Centre Hospitalier Universitaire Pontchaillou, Rennes, France; and
TCentre Hospitalier Universitaire Edouard Herriot, Lyon, France
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(6). The sequences obtained (reference no. bankit 845096-
DQ993173 until definitive number assigned) were aligned
with the corresponding region in GenBank. Comparison of
a 338-nt sequence with that of the CVA-16 reference strain
(prototype BrCr) and the EV 71 reference strain (proto-
type G-10) showed nucleotide identity rates of 78.6% and
64.6%, respectively.

On subsequent questioning, the patient’s wife reported
that he had had close contact with his granddaughter, who
had active HFMD, while in the United Kingdom during
the week before he was admitted. Although a large HFMD
outbreak occurred in the United Kingdom in 1994 (7), no
enterovirus outbreaks had been reported at the time of the
patient’s admission. During the 1994 UK outbreak, CVA
was isolated in 28 of 40 patients (type CVA-16 in 21 pa-
tients and CVA-10 in 7 patients), but secondary cases in
family members were rare and no case of pneumonitis or
death was reported.

Conclusions

Fatal CVA-16 infection has been described infrequent-
ly in children who had HFMD associated with myocarditis
(8). We report a fatal CVA-16 infection associated with
pneumonitis in an adult; to our knowledge, this is the first
such report. Our patient had neither myocarditis nor left
ventricular dysfunction, as demonstrated by pulmonary
artery catheterization results, echocardiograph results, and
serum troponin levels. In 2003, 7 fatal cases of HFMD in
children were reported in Singapore (9). These children
had interstitial pneumonitis, either alone or associated with
myocarditis or encephalitis. EV 71 was isolated in 4 cases
and echovirus 16 in 1. The CVA-16 strain isolated from
our patient had a low percentage of nucleotide identity
with the reference strain (78.6%); a threshold of 90% is
usually required to define strain homology. This may be a
sign that this virus is evolving. A strain similar to that from
our patient was circulating in China from 1999 through
2004 (98% nucleotide identity; GenBank accession no.

Figure. Thoracic computed tomographic scan on day 3, showing
bilateral alveolo-interstitial infiltrates.
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AY821798) and was isolated from fecal samples of chil-
dren with HFMD or suspected enterovirus infection (/0).
This strain was associated with local yearly outbreaks in
which only a few cases of neurologic disease and no deaths
were reported. According to phylogenetic analysis based
on VP4 207-bp nucleotide sequence, the authors concluded
that 3 genetic lineages were circulating in Asia at that time
and suggested that the same tendency may apply in other
continents (/0).

We report what we believe to be the first case of CVA-
16 pneumonitis in an adult, with fatal outcome. Preliminary
sequence analysis revealed a low rate of homology between
the CVA-16 strain we isolated and those previously pub-
lished, which suggests that a new, more virulent, strain of
CVA-16 could be emerging. To compare the sequences to
those published in GenBank, we are sequencing the com-
plete part of the genome encoding the VP1 capsid protein.
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Estimating Severe
Coccidioidomycosis
In California

Valerie J. Flaherman,* Richard Hector,*t
and George W. Rutherford*f

We used hospital discharge data to estimate incidence
and distribution of coccidioidomycosis-associated hospital-
izations in California. For 1997-2002, the average annual
rate of hospitalization was 3.67 per 100,000 population.
County of residence, older age, black race, male sex, HIV
infection, and pregnancy were strongly associated with in-
creased risk for hospitalization.

Coccidioidomycosis is caused by the fungi Coccidi-
oides immitis and C. posadasii, which are present in
soil in disease-endemic areas. Data are sparse on frequency
and incidence of severe coccidioidomycosis that requires
hospitalization. In California, population increase, chang-
ing racial composition, and increasing numbers of immu-
nocompromised persons may have affected the incidence
and severity of disease in recent years. We used hospital
discharge data to estimate frequency and incidence of hos-
pitalization with coccidioidomycosis for California, includ-
ing its counties and its demographic subgroups.

The Study

We examined the Inpatient Hospital Discharge Data
Set from the California Office of Statewide Health Plan-
ning and Development for 1997-2002 (/), which contains
inpatient discharge diagnoses from all nonfederal hospitals
in California. We abstracted all records with any Interna-
tional Classification of Diseases, 9th edition (ICD-9), code
for coccidioidomycosis (114-114.5 and 114.9, with 114.2
representing coccidioidal meningitis) and defined each re-
cord as a discrete hospitalization.

From each record, we extracted year of admission, coun-
ty of residence, age, race, ethnicity, sex, presence of HIV
infection (ICD-9 codes 042 or V08), pregnancy status (ICD9
codes V22-V23.9 or 630-676.9), vital status at discharge,
and record locator number (RLN) (available for 1997-2000
only). We obtained population estimates from California
Department of Finance by county of residence, age, racial-
ethnic group, and sex (2,3). Numbers of AIDS cases and es-
timates of the population with HIV were obtained from the
California Department of Health Services (4).

All statistical analysis was conducted by using Stata
8.2 (Stata Corp., College Station, TX, USA). We calculat-

*University of California, San Francisco, California, USA; and tCal-
ifornia State University, Bakersfield, California, USA
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ed the frequency of hospitalization by county, age group,
racial-ethnic group, sex, pregnancy status, and immune
status. Incidence of initial hospitalization for severe coc-
cidioidomycosis was estimated by using each earliest hos-
pitalization with a given RLN during the years 1997-2000
for which RLN was available, and rates of repeat hospital-
ization were calculated on the basis of subsequent hospital-
izations with the same RLN. Mortality rate was calculated
as crude incidence rate for death among those hospitalized
for coccidioidomycosis with unique RLNs.

Bivariate relative risks (RRs) were calculated for the
effect of pregnancy status and immune status on the fre-
quency of hospitalization. Multivariate Poisson regression
was used to estimate RR of year, county, age, racial-eth-
nic category, and sex on the frequency of hospitalization
for coccidioidomeyosis. Among those hospitalized, multi-
variate logistic regression was used to evaluate odds ratios
(ORs) for race, ethnicity, and sex on rehospitalization and
meningitis.

Records for which data were missing for age, sex,
race/ethnicity, or county were not included in multivariate
analysis. Records that lacked data for county were not in-
cluded in crude incidence calculations by county. For crude
incidence calculations by age, race/ethnicity, and sex, cases
for which category was unknown were redistributed among
known categories in the same proportion as they occurred
among those with known category. This study was ap-
proved by the Committee on Human Research, University
of California, San Francisco.

From 1997 through 2002, of 7,457 inpatient hospital-
izations associated with coccidioidomycosis in nonfederal
institutions in California, 3,707 (50%) had a principal di-
agnosis of coccidioidomycosis, 1,605 (22%) had a first ad-
ditional diagnosis of coccidioidomycosis, and 896 (12%)
had a second additional diagnosis of coccidioidomycosis.
Frequency of hospitalization for coccidioidomycosis was
3.7 per 100,000 residents per year (Table 1). Kern, Los An-
geles, and San Diego counties had highest total number of
hospitalizations and together accounted for 47% of all hos-
pitalizations. There were 417 deaths, resulting in a mortal-
ity rate of 2.1 per 1 million California residents annually.

For years for which an RLN was available (1997—
2000), 63% of hospitalizations were initial and 37% were
repeat. The incidence of initial hospitalization for severe
coccidioidomycosis was 2.4 per 100,000 residents, and
8.9% of persons initially hospitalized with coccidioidomy-
cosis died in the initial or a subsequent hospitalization.

Pregnant women were more likely than nonpregnant
women to be hospitalized with a code for coccidioidomy-
cosis (RR 2.5, 95% confidence interval [CI] 2.03-3.08).
Compared with all Californians, RR for hospitalization for
persons with AIDS was 34.5 (CI 31.0-38.4) and for per-
sons with HIV was 13.9 (CI 12.5-15.5). When only records
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Table 1. Hospitalizations for coccidioidomycosis, California, 1997-2002

Frequency of Frequency of hospitalization

Category Total hospitalizations Total person-years (x 10°) hospitalization* for coccidioidal meningitis*
Total 7,457 203.0 3.67 0.657
Year
1997 1,269 325 3.90 0.706
1998 1,144 329 3.50 0.706
1999 1,167 33.4 3.5 0.61
2000 1,100 34.0 3.23 0.62
2001 1,291 347 3.7 0.58
2002 1,486 35.3 4.2 0.71
Highest incidence counties
Kern 1,700 3.97 42.8
Tulare 479 2.21 21.7
Kings 133 0.77 17.4
San Luis Obispo 170 1.48 11.5

*Per 100,000 residents per year.

with RLNs were examined, 24% of persons admitted with
coccidioidomycosis who had HIV coinfection died during
hospitalization, compared with 8.2% of persons admitted
with coccidioidomycosis who did not have HIV coinfec-
tion (p<0.005 by ¥’ analysis).

In multivariate Poisson regression that used Califor-
nia Department of Finance population estimates, older age,
black race/ethnicity, and male sex were associated with in-
creased risk for hospitalization. Native American and His-
panic race/ethnicity was protective for this outcome (see
reference groups in Table 2). Asian-Pacific Islander race/
ethnicity was protective on a statewide level but was a risk
factor in the 4 counties with the highest incidence.

Logistic regression showed that black persons hos-
pitalized with a diagnosis of coccidioidomycosis had in-
creased risk for rehospitalization (OR 2.08, CI 1.59-2.73)
compared with white persons, controlling for year, county,
age, and sex. Controlling for the same confounders, Asian-
Pacific Islanders hospitalized with coccidioidomycosis had
increased risk for meningitis (OR 1.63, CI 1.02-2.63); His-
panic race/ethnicity was protective against meningitis (OR
0.63, C10.48-0.84).

Conclusions

Hospitalizations for coccidioidomycosis are common
in California, especially in disease-endemic areas. Deaths
from coccidioidomycosis average ~70 per year statewide.
Persons with AIDS have both a very high frequency of hos-
pitalization for coccidioidomycosis and a very high propor-
tion of deaths from the disease. Persons with AIDS in the
4 counties with the highest frequency of coccidioidomy-
cosis (Kern, Tulare, Kings, and San Luis Obispo) have a
frequency of hospitalization for coccidioidomycosis that
approaches 1% per year. This study confirms several well-
known risk factors for coccidioidomycosis, including black
race, middle age and older age, and pregnancy (7). We did
not find evidence supporting previous reports of Hispanic
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and Asian racial/ethnic background as a risk factor for coc-
cidioidomycosis hospitalization statewide (8,9).

This study has several limitations. First, we included all
hospitalizations that contained any discharge diagnosis of
coccidioidomycosis; 73% of our included hospitalizations
coded coccidioidomycosis as principal or first additional di-
agnosis. Among those hospitalizations for which coccidioi-
domycosis was not principal or first additional diagnosis, it
is unclear whether other principal diagnoses (such as AIDS)
would have caused hospitalization in the absence of coc-
cidioidomycosis. In this respect, our findings may overesti-
mate the incidence of disease. Second, we have no informa-
tion about persons hospitalized in federal hospitals, which
could lead to an underestimation of effects of disease or bias
of results regarding disease distribution. However, because
only 19 of 570 hospitals licensed in California in 1999 were
federal, the bias of omitting federal hospitals is likely to be
small (/0). Third, we had information on duplicate hospital-
izations for 1997-2000 only, and some persons either may
have had a repeat hospitalization subsequently or may have
been hospitalized for coccidioidomycosis before this period.
Fourth, we have no data on the subcategory of persons with
Asian ancestry. The increased risk we found for Asian-Pa-
cific Islanders in the 4 counties with highest incidence is not
consistent with risk statewide, and this might be partly ex-
plained by differential risk by subcategory of race/ethnicity.
However, differential exposure patterns based on employ-
ment or recreation might also contribute to the discrepancy.
Further research in this area is needed.

The risk for severe disease and death attributable to
coccidioidomycosis in California is of a magnitude similar
to the risk from varicella in the state before the varicella
vaccine (/1,12). Furthermore, a substantially higher risk
exists for many subgroups, including residents of high-in-
cidence counties, middle-aged and older persons, pregnant
women, black residents, and those with HIV infection.
Recent progress in vaccine development has raised the
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Severe Coccidioidomycosis in California

Table 2. Frequency and relative risk for hospitalization for coccidioidomycosis in California and its 4 highest-incidence counties, 1997—
2002*

RR for discharge Frequency of RR for discharge diagnosis of
Frequency of diagnosis of hospitalization in highest  coccidioidomycosis in highest

Population hospitalizationt coccidioidomycosis incidence countiest incidence counties
Racet

White 3.6 Ref 26.6 Ref

Hispanic 3.4 0.73 (0.68-0.78) 241 0.71 (0.63-0.79)

Black 8 2.68 (2.48-2.91) 80.8 2.43 (2.10-2.82)

Native American 1.4 0.32 (0.21-0.51) 12.7 0.37 (0.20-0.70)

Asian-Pacific Islander 2 0.78 (0.70-0.87) 51 1.62 (1.34-1.97)
Sext

Female 2.3 Ref 36.6 Ref

Male 5 2.14 (2.03-2.27) 21.9 1.67 (1.53-1.85)
Age, yt

<14 0.5 0.12 (0.10-0.14) 3.9 0.12 (0.09-0.15)

1549 3.5 Ref 31.3 Ref

50-69 7.1 2.13 (2.01-2.26) 57.2 1.83 (1.66-2.03)

>70 7.3 2.74 (2.54-2.97) 47.0 1.83 (1.58, 2.12)
Special conditions§

Pregnancyq 3.8 2.5(2.03-3.08) 51.9

AIDS 127 34.5(31.0-38.4) 912 31.0 (23.8-40.4)

All HIV 51 13.9 (12.5-15.5) 319 10.8 (8.3—-14.1)

*Multivariate results reported for 6,465 cases with no missing data (87%). RR, relative risk; Ref, referent. Values in parentheses are 95% confidence
intervals.

tCrude incidence per 100,000 residents in Kern, Tulare, Kings, and San Luis Opispo counties.

1RR by multivariate Poisson model controlling for year, county, age, race, and sex. For the years 1997—-1999, racial-ethnic categories were White,
Hispanic, Black, Native American, and Asian-Pacific Islander. For the years 2000-2002, racial-ethnic categories were White, Hispanic, Black, Native
American, Asian, Pacific Islander, and multirace. The population of multirace represented ~1% of populations relevant to the study and was not included
in the analysis. California Department of Finance population estimates from 2000—-2002 for Asians and Pacific Islanders were combined into a single
category, Asian-Pacific Islander, to match coding of the Office of Statewide Health Planning and Development database. All Hispanics in the Department
of Finance data were assumed to be of white race.

§Bivariate relative risk.

{[To estimate a denominator for the pregnant population, we estimated the total person-years of pregnancy for each county in California in the following
manner. The total number of live births was multiplied by 0.75 (to approximate 9 mo of pregnancy) and added to the total number of fetal deaths,
multiplied by 0.56 (to estimate a gestation of 30 weeks). This sum was finally added to the total number of abortions, multiplied by 0.19 (to estimate a
gestation of 10 weeks). Estimates of live births and fetal deaths were obtained from the Center for Health Statistics Birth Rate Tables (5). Annual number
of abortions was estimated from federal abortion surveillance data from 1997 (6).

possibility of a way to better control this disease (/3). The 2. Race/ethnic population With.age .and sex detail, 1999—1999. Sac-
development of new therapeutic and preventive modalities ramento (CA): State of California, Department of Finance; May

. . 2004.
could do much for the p opulatlon atrisk and should be con- 3. Race/ethnic population with age and sex detail, 2000-2050. Sacra-

sidered a priority for healthcare research. Our data offer a mento (CA): State of California, Department of Finance; 2004
good overall estimate of the incidence of severe disease for 4. HIV prevalence estimates by county for California, 1997-2002. Sac-
the state, but to assess the success of a new vaccine, further ramento (CA): State of California, Department of Health Services,

di ill need to d ine initial hospitalizati d Office of AIDS.
studies will need to determine initial hospitalization an 5. State of California, Department of Health Services, Office of Health

primary cause of hospitalization with greater specificity. Information and Records. Population, live births, deaths, maternal
deaths, fetal deaths, and infant deaths, California 1970-2003. [cited

2005 Aug 31]. Available from http://www.dhs.ca.gov/hisp/chs/ohir/
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Canine-Origin
G3P[3] Rotavirus
Strain in Child
with Acute
Gastroenteritis

Simona De Grazia,* Vito Martella, T
Giovanni M. Giammanco,*
Miren Iturriza Gomara,t Stefania Ramirez,*
Antonio Cascio,8 Claudia Colomba,*
and Serenella Arista*

Infection by an animal-like strain of rotavirus (PA260/97)
was diagnosed in a child with gastroenteritis in Palermo,
Italy, in 1997. Sequence analysis of VP7, VP4, VP6, and
NSP4 genes showed resemblance to a G3P[3] canine
strain identified in Italy in 1996. Dogs are a potential source
of human viral pathogens.

Group A rotaviruses are enteric pathogens of humans
and animals. Rotaviruses usually exhibit host species
restriction, although interspecies transmission or reassort-
ment between animals and humans viruses can occur (/).
Sequence analysis of the genes that code for the 2 outer
capsid proteins VP7 and VP4, for the inner capsid protein
VP6, and for the nonstructural protein NSP4 is useful for
gathering epidemiologic information and tracing the origin
of unusual rotavirus strains. To date, 15 VP7 genotypes (G
types 1-15), 27 VP4 genotypes (P types [1]-[27]), 4 VP6
subgroup specificities (SGs I, 11, I+II, and nonl/nonlI), and
5 NSP4 genotypes (A—E) have been established in human
and animal group A rotaviruses (/,2). Human rotaviruses
usually exhibit G1, G3, G4, and G9 types in association
with P[8] type, SGII specificity, and NSP4 B type; G2 rota-
viruses are more often associated with P[4] type, SGI spec-
ificity, and NSP4 A type (/). By polyacrylamide gel elec-
trophoresis (PAGE), most animal SGI and SGII and human
SGII rotavirus strains display a “long” pattern of migration
(e-type) of the 11 dsRNA genomic segments; almost all
SGI human rotavirus strains possess a “short” e-type (/).
A number of strains with unusual VP7 and VP4 genes,
regarded as animal-like, have been sporadically identified
in humans and have acquired epidemiologic relevance in
some geographic areas (3). Dogs are regarded as vectors
of viral, bacterial, or parasitic zoonoses for persons of
all ages, but risks for transmission of enteric viruses are

*University of Palermo, Palermo, Italy; TUniversity of Bari, Valenz-
ano, Bari, ltaly; $Health Protection Agency, London, UK; and §Uni-
versity of Messina, Messina, Italy
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almost ignored. However, early in the study of rotavirus
epidemiology, symptomatic and asymptomatic infections
by canine/feline-like rotavirus strains (HCR3A, HCR3B,
Ro1845), characterized as G3P5A[3], long e-type and SGI,
were identified in young children (4,5).

The Study

In February 1997, rotavirus infection was diagnosed
(by PAGE analysis) in a 2-year-old child hospitalized with
severe acute diarrhea at the “G. Di Cristina” Children’s
Hospital of Palermo. The virus, PA260/97, exhibited a
long e-type and was recognized by an SG-specific mono-
clonal antibody (MAb) and by a VP7-specific MAb as SGI
and G3 (6). Accordingly, strain PA260/97 displayed a ge-
netic/antigenic constellation that is usually observed in an-
imal-like viruses. For confirmation of the initial antigenic
characterization and information about the VP4 (P) geno-
type, strain PA260/97 was characterized at the molecular
level. By PCR genotyping of the VP7 and VP4 genes with
panels of primers specific for various human G and P types
(3,7,8), the VP7 was characterized as G3 and the VP4 was
untypeable. To characterize strain PA260/97 in more de-
tail, we determined the sequence of the VP7, VP4 (VP8%*),
VP6, and NSP4 genes. We also determined the VP7,
NSP4, and VP6 sequences of human strain PAH101/97
(G3P[8], SGII, long e-type), detected in Palermo in the
same year, as well as the sequences of the VP8*, VPo,
and NSP4 genes of 2 G3P[3], SGI, long e-type strains, RV
198/95, and RV 52/96, isolated from dogs in Italy in 1995
and 1996, respectively (9).

The sequences of human strains PA260/97 and
PAH101/97 and of canine strains RV198/95 and RV52/96
have been deposited in GenBank. The accession num-
bers are as follows: EF442738 (VP6), EF442733 (VP7),
EF442735 (VP8*), and EF442741 (NSP4) for strain
PA260/97; EF534715 (VP6), EF442734 (VP7), and
EF534716 (NSP4) for strain PAH101/97; EF442737
(VP6), EF442736 (VP8*), and EF442739 (NSP4) for
strain RV198/95; EF442742 (VP6), EF442740 (VP8*),
and EF442743 (NSP4) for strain RV52/96.

The VP8* of strain PA260/97 displayed the high-
est amino acid (aa) identity (98%) to the canine strain
RV52/96, G3P[3], isolated in Italy in 1996 (Figure 1).
Similar, the VP7 of strain PA260/97 displayed the high-
est identity to G3 rotaviruses, with the best match (99% nt
and aa) to the canine strain RV52/96; identity to reference
human G3 strains (YO, AU-1, Ma09004, TK28) and to the
human G3 strain PAH101/97, isolated in Palermo in 1997,
ranged from 77% to 78% nt and from 88% to 90% aa. In the
phylogenetic VP7-based analysis (Figure 2), human strain
PA260/97 clustered with animal G3 strains. Species-specif-
ic patterns have been demonstrated in the VP7 gene of G3
human and animal rotaviruses (9). These patterns are sug-
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Figure 1. Phylogenetic analysis of the deduced amino acid
sequence derived from VP4 gene of the PA260/97 human rotavirus
strain and other P[3] rotavirus strains. The tree was generated by
the neighbor-joining method using the ClustalW program (http://
dambe.bio.uottawa.ca/dambe.asp). Scale bar indicates nucleotide
substitutions (x100).

gestive of mechanisms of host-species restriction and are
useful for tracing the origin of unusual rotavirus strains.

A close genetic relationship between human strain
PA260/97 and canine strain RV52/96 was also observed
by comparing the genes that encode VP6 and NSP4. On
the basis of MAb reactivity, strain PA260/97 was charac-
terized as SGI and strain PAH101/97 was characterized as
SGII. Sequencing of an informative fragment of the VP6
gene (10) showed a close genetic relationship (97% aa) be-
tween strain PA260/97 and canine strain RV52/96 and only
86% aa identity with strain PAH101/97. Sequence analy-
ses of NSP4 enabled characterization of strains PA260/97,
RV198/95, and RV52/96 into the NSP4 genotype C; strain
PAH101/97 (G3P[8]) was characterized as NSP4 B geno-
type. The highest identity was observed between strains
PA260/97 and RV52/96 (98% nt and 99% aa).

Conclusions

Rotavirus strains with a G3P[3] combination are usu-
ally detected in cats and dogs. Despite only a few reports of
rotavirus isolation from dogs with gastroenteritis, all canine
strains identified thus far in the United States, Japan, and
Europe (CU-1, A79-10, LSU79C-36, RS15, RV198/95,
and RV52/96) display G3 and P[3] specificities (9). More
recently, G3P[3] rotaviruses have also been identified in
monkeys and goats (/,/1). In contrast, detection of G3P[3]
in humans is uncommon; only 4 G3P[3] strains—HCR3A,
HCR3B (4,12), Rol1845 (5), and CMH222 (/3)—have
been reported. By sequence analysis and by RNA-RNA
hybridization, strains HCR3A and Ro1845 were found to
be related to canine and feline rotaviruses rather than to hu-
man G3 rotaviruses; strain CMH222 appeared to be geneti-
cally related to both simian and caprine G3P[3] rotaviruses
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(13). Genetic reassortment between human and canine ro-
taviruses may also have occurred. The Mexican rotavirus
strain 7177-1042 bears a common human VP4 gene, P[8],
in conjunction with a canine-like VP7 gene, closely related
to the VP7 of canine strain RV198/95 (/4).

Canine rotavirus infection is considered a minor dis-
ease in young dogs (pups) because it is usually mild or
unapparent; however, serologic investigations have shown
a high prevalence of antibodies to rotavirus in adult dogs
(15). Previous documented examples of infections in hu-
mans by canine-like rotavirus strains have been associated
with either asymptomatic (strains HCR3A and HCR3B)
or symptomatic (strain Ro1845) clinical forms of disease
(4,5,12). Strain PA260/97 in the 2-year-old child was as-
sociated with enteritis severe enough to require hospital-
ization. Therefore, the results of this study reinforce the
hypothesis that canine-like rotaviruses may be able to not
only cross the species barriers but also to induce severe dis-
ease forms in children. The lack of systematic surveillance
of rotavirus infection in small animals (e.g., dogs and cats)
and the fact that most rotavirus infections in such animals
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Figure 2. Phylogenetic analysis of deduced amino acid sequence
derived from VP7 gene of the PA260/97 human rotavirus strain
and other G3 rotavirus genotypes. The tree was generated by
the neighbor-joining method using the ClustalW program (http://
dambe.bio.uottawa.ca/dambe.asp). Scale bar indicates nucleotide
substitutions (x100).
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may go undetected hinder the ability to establish firm epi-
demiologic connections. In conclusion, complementing the
human rotavirus surveillance programs with surveillance in
animals is paramount to understanding the global ecology
of rotaviruses and to identifying and characterizing inter-
species transmission events and virus evolution.

This study was supported by the Ministero dell’Istruzione,
dell’Universita e della Ricerca (Italian Ministry of Education,
University and Research) (Fondi di Ateneo ex 60%).

Dr De Grazia is a microbiology specialist and research as-
sistant at the University of Palermo, Dipartimento di Igiene e Mi-
crobiologia “G. D’Alessandro.” Her primary research interests are
microbial typing, viral enteric pathogens, and viral epidemiology.

References

1. Kapikian AZ, Hoshino Y, Chanock RM. Rotaviruses. In: Knipe DM,
Howley PM, Griffin DE, Martin MA, Lamb RA, Roizman B, et al.,
editors. Fields virology. 4th ed. Vol. 2. Philadelphia: Lippincott Wil-
liams and Wilkins; 2001. p. 1787-833.

2. Khamrin P, Maneekarn N, Peerakome S, Chan-it W, Yagyu F, Ok-
itsu S, et al. Novel porcine rotavirus of genotype P[27] shares new
phylogenetic lineage with G2 porcine rotavirus strain. Virology.
2007;361:243-52.

3. Iturriza-Gomara M, Kang G, Gray J. Rotavirus genotyping: keeping
up with an evolving population of human rotaviruses. J Clin Virol.
2004;31:259-65.

4. Santos N, Clark HF, Hoshino Y, Gouvea V. Relationship among se-
rotype G3P5A rotavirus strains isolated from different host species.
Mol Cell Probes. 1998;12:379-86.

5. Aboudy Y, Shif I, Zilberstein I, Gotlieb-Stematsky T. Use of poly-
clonal and monoclonal antibodies and analysis of viral RNA in
the detection of unusual group A human rotaviruses. J Med Virol.
1988;25:351-9.

Canine-Origin G3P[3] Rotavirus in Child

6. Cascio A, Vizzi E, Alaimo C, Arista S. Rotavirus gastroenteritis in
Italian children: can severity of symptoms be related to the infecting
virus? Clin Infect Dis. 2001;32:1126-32.

7. Gentsch JR, Glass RI, Woods P, Gouvea V, Gorziglia M, Flores J, et
al. Identification of group A rotavirus gene 4 types by polymerase
chain reaction. J Clin Microbiol. 1992;30:1365-73.

8. GouveaV, Glass RI, Woods P, Taniguchi K, Clark HF, Forrester B, et
al. Polymerase chain reaction amplification and typing of rotavirus
nucleic acid from stool specimens. J Clin Microbiol. 1990;28:276—
82.

9. Martella V, Pratelli A, Elia G, Decaro N, Tempesta M, Buonavoglia
C. Isolation and genetic characterization of two G3P5A[3] canine
rotavirus strains in Italy. J Virol Methods. 2001;96:43-9.

10. Tturriza Gomara M, Wong C, Blome S, Desselberger U, Gray J. Mo-
lecular characterization of VP6 genes of human rotavirus isolates:
correlation of genogroups with subgroups and evidence of indepen-
dent segregation. J Virol. 2002;76:6596-601.

11. Lee JB, Youn SJ, Nakagomi T, Park SY, Kim TJ, Song CS, et al.
Isolation, serologic and molecular characterization of the first G3
caprine rotavirus. Arch Virol. 2003;148:643-57.

12. Li B, Clark HF, Gouvea V. Nucleotide sequence of the VP4-en-
coding gene of an unusual human rotavirus (HCR3). Virology.
1993;196:825-30.

13.  Khamrin P, Maneekarn N, Peerakome S, Yagyu F, Okitsu S, Ushi-
jima H. Molecular characterization of a rare G3P[3] human rotavirus
reassortant strain reveals evidence for multiple human-animal inter-
species transmissions. J Med Virol. 2006;78:986-94.

14. Laird AR, Ibarra V, Ruiz-Palacios G, Guerrero ML, Glass RI,
Gentsch JR. Unexpected detection of animal VP7 genes among
common rotavirus strains isolated from children in Mexico. J Clin
Microbiol. 2003;41:4400-3.

15.  Mochizuki M, Minami K, Sakamoto H. Seroepizootiologic studies
on rotavirus infections of dogs and cats. Nippon Juigaku Zasshi.
1986;48:957-64.

Address for correspondence: Serenella Arista, Dipartimento di Igiene e
Microbiologia, Universita di Palermo, via del Vespro 133,90127, Palermo,
Italy; email: arista@unipa.it

EMERGING INFECTIOUS DISE ‘ !Ezz E EZQ

To receive tables of contents of new issues send an email fo listserve @cdc.gov with subscribe eid-toc in the body of your message.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 13, No. 7, July 2007

1093



DISPATCHES

Possible Zoonotic
Transmission of
Hepatitis E from

Pet Pig to Its
Oowner

Christophe Renou,* Jean-Francois Cadranel,
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Hepatitis E is transmitted mainly by water or food, but in
industrialized countries, all routes of transmission have not
been identified. We describe possible zoonotic transmission
of hepatitis E virus that involved direct contact between a
pet pig and its owner.

Hepatitis E virus (HEV) infections occur sporadically
in industrialized countries, where this virus is not
endemic, although these infections were initially reported
only in persons who had traveled to countries where the
virus is endemic. An increasing number of autochthonous
cases of HEV have been recently reported in industrialized
countries such as Japan, Greece, Spain, Italy, the United
States, and France (/).

Several lines of evidence suggest that swine, which are
also sensitive to HEV infection, may act as a reservoir of
the virus and that HEV infections in humans in industrial-
ized countries might be zoonotic. Antibodies to HEV have
been detected in domestic pigs in regions where HEV is
not endemic (2). These antibodies have been detected more
frequently in humans occupationally exposed to swine
than in those not exposed to swine (3). Human and swine
HEV strains are closely related genetically (4—7), and ex-
perimental infections of swine with strains from humans
and nonhuman primates have been reported (§). Moreover,
sporadic human cases of acute HEV infection linked with

*Centre Hospitalier d’'Hyéres, Hyeres, France; tCentre Hospitalier,
Creil, France; tHopital Saint-Joseph, Marseille, France; §Hbpital
Ambroise Paré, Marseille, France; {lInstitut Arnaud Tzanck, Saint-
Laurent du Var, France; #Centre Hospitalier, Ajaccio, Corsica,
France; **Agence Frangaise de sécurité Sanitaire des Aliments,
Ecole Nationale Vétérinaire d’Alfort, Institut National de la recherche
Agronomique, Maisons-Alfort, France; and 11Direction Départemen-
tale des Affaires Sanitaires et Sociales du Var, Toulon, France
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consumption of raw or insufficiently cooked meat (boar or
deer) have been reported in Japan (9). Therefore, HEV is
likely a zoonotic virus that can be directly transmitted by
some types of meat or possibly by direct contact with in-
fected animals.

As in other industrialized countries, sporadic autoch-
thonous HEV infections have recently occurred in France
(1,10). However, the routes of transmission for such infec-
tions have not been clearly identified, and this information is
needed to characterize the clinical epidemiology of HEV.

The Patient

We report a 41-year-old patient in France with isolated
episodes of ~1-month duration of fatigue since the end of
September 2005. Analysis of a serum sample obtained from
the patient on day 1 of consultation (October 21, 2005)
showed markedly increased liver enzyme levels (aspartate
aminotransferase 393 IU/L, alanine aminotranferase 1,211
IU/L), although no associated cholestatic biochemical
symptoms were present. The patient lived alone in an urban
area, had not traveled abroad for at least 1 year, drank alco-
holic beverages only occasionally, and had not recently re-
ceived any intravenous injections or taken any drugs. Test
results were negative for serologic markers of hepatitis A,
B, and C, and tests for Epstein-Barr virus and cytomegalo-
virus detected immunoglobulin G (IgG) for previous infec-
tions. Antibodies to HEV were detected in his serum sample
by using an enzyme immunoassay (HEV ELISA; Genelabs
Diagnostics, St Ingbert, Germany). A positive result (opti-
cal density/cutoff value >1) was obtained for HEV-specific
IgM (absorbance 8.9); HEV-specific IgG was not detected
(optical density/cutoff value <1).

HEV RNA was detected in the serum sample by using
a nested reverse transcription—PCR for open reading frame
(ORF)1 or ORF2 genes (/1,12). The amplified fragments
were sequenced directly and aligned with those of other
HEV strains. A genotype 3 isolate was identified by using
MEGA 3.1 software (www.megasoftware.net). This geno-
type was similar to those of other European isolates but
was specific to this case, which suggested autochthonous
local transmission (GenBank accession nos. EF514587 and
EF050798) (Figures 1, 2).

Detection of HEV-specific IgM and viral RNA in the
patient resulted in a diagnosis of hepatitis E. Gradual clini-
cal and biochemical improvement occurred spontaneously
in this patient. Eight weeks before the onset of fatigue, the
patient had been given a 3-month-old Vietnamese pig that
had been born in France. The pig urinated and defecated
outside, and the patient regularly changed the litter. The
animal often entered the house and was frequently handled
by its owner. In early November 2005, serum samples were
collected from the pig and tested for HEV. HEV-specific
IgG was not detected, but HEV RNA was detected. As
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Figure 1. Phylogenetic tree (neighbor-joining method) of hepatitis
E virus (HEV) genotype 3 isolates for a 210-nt sequence within the
open reading frame (ORF) 1 gene (corresponding to nt 167-376
of the prototype swine genotype 3 pSHEV-3 AY575859). Patient
(EF514587) and pet pig (EF514588) sequences are in boldface
and were compared with French isolates or known isolates from
regions where HEV is not endemic. GenBank accession no.
and country of origin are indicated. Reliability of the different
phylogenetic groupings was evaluated by using a bootstrap
test (1,000 replications); scores >70% are indicated. Scale bar
indicates no. of nucleotide substitutions per site. JP, Japan; USA,
United States; NL, the Netherlands; NZ, New Zealand; IT, Italy; FR,
France; AR, Argentina; UK, United Kingdom; SP, Spain.

with the patient, a genotype 3 strain of HEV was identified
in serum from the pig by phylogenetic analysis (GenBank
accession nos. EF514588 and EF050797) (Figures 1, 2).
Isolates obtained from the patient and the pet pig showed
homology of 92% at the nucleotide level and 98% at the
amino acid level in the ORF2 gene, which has a similar
degree of variability as that of the entire HEV genome.
Phylogenetic analyses of HEV genotype 3 sequences for
isolates from France and other countries where the virus is
not endemic showed a similarity to sequences for the ORF1
and ORF?2 genes in isolates from the French patient and his
pig. These patient and pet sequences were different from se-
quences for isolates from patients in the same area of France
(EF514591-ORF1, EF050799-ORF2) and from contempo-
rary sequences detected in isolates from French swine herds
(EF514589-, EF514590-ORF1; EF494700-, EF494701-,
EF494702-, EF494703, EF494704-ORF2) (Figures 1, 2).

Conclusions
The divergence (8%) observed between sequences
from the patient and his pet pig is consistent with a variable
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degree of homology (90%-94%) within 10 HEV subtypes
of genotype 3. Furthermore, similar to other RNA viruses,
such as hepatitis A and C, HEV is a quasispecies (/3). In
cases of acute hepatitis E contracted by consumption of
infected meat, 100% homology between isolates from hu-
mans and infected animals was observed, which indicates
that during ingestion, all quasispecies are transmitted. In
the present case, the route of transmission was different
and might have involved selection of variants with a great-
er zoonotic infection potential by the fecal-oral route. We
did not investigate quasispecies variability in this study be-
cause of low residual viremia (not detected by single PCR).
The unusually prolonged viremia in the pet pig might have
resulted in accumulation of mutations over time.
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Figure 2. Phylogenetic tree (neighbor-joining method) of hepatitis
E virus (HEV) genotype 3 isolates for a 273-nt sequence within
the open reading frame 2 gene (corresponding to nt 6078-6350
of the prototype swine genotype 3 pSHEV-3 AY 575859). Patient
(EF050798) and pet pig (EF050797) sequences are in boldface and
were compared with French isolates or known isolates from regions
where HEV is not endemic. GenBank accession no. and country of
origin are indicated. Reliability of the different phylogenetic grouping
was evaluated by using a bootstrap test (1,000 replications);
scores >70% are indicated. Scale bar indicates no. of nucleotide
substitutions per site. SP, Spain; FR, France; NL, the Netherlands;
JP, Japan; USA, United States; UK, United Kingdom.
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Evidence suggests that direct zoonotic transmission
was involved in this case. The possible incubation time of
8 weeks corresponds to the time between acquisition of the
pig and onset of the symptoms. Excretion of HEV by the
pet pig probably occurred soon after the patient received it,
when the animal was =3 months of age. This is consistent
with what is observed in natural infections, in which high
viral titers are observed at =12—15 weeks of age. Although
viremia usually lasts >3 weeks in a swine experimental
model of HEV (/4), persistence of residual viremia might
be explained by the lack of seroconversion observed and
the absence of HEV-specific IgG in the pig. Consistent
with the genetic variability of HEV and quasispecies, se-
quences amplified from virus isolates from the patient and
the pig were phylogenetically related (ORF1 and ORF2
genes). The difference observed between the 2 sequences
suggests that accumulation of mutations occurred during
the unusual prolonged viremia observed in the pet pig.
There was frequent contact between the pet pig and its
owner, including changing the litter, and such contact is
presumably responsible for animal-to-human transmission
in persons with occupational exposure to swine (3). Other
possible sources of infection were unlikely. These sources
include contaminated water (the pig owner used only the
local urban water supply and had no domestic wells) and
consumption of undercooked or raw pork (the patient re-
ported that he did not eat pork).

Isolation of virus with related HEV sequences from the
patient and his pet pig suggests that the most likely route
of transmission was from pig to human. This case therefore
supports the current assumption that HEV may be a zoo-
notic virus and that domestic pet swine are 1 of the natural
hosts of HEV. However, the source of HEV infection for
such animals is not known and still being investigated.

Dr Renou is a clinician in the department of hepato-gastro-
enterology at Hyeres Hospital in Hyéres, France. His research in-
terests include viral hepatitis E and specific routes of transmission
in areas not endemic for this disease.

References

1. Mansuy JM, Peron JM, Abravanel F, Poirson H, Dubois M, Mie-
douge M, et al. Hepatitis E in the south west of France in individu-
als who have never visited an endemic area. J Med Virol. 2004;74:
419-24.

2. Meng XJ, Dea S, Engle RE, Friendship R, Lyoo Y, Sirinarumitr T,
et al. Prevalence of antibodies to the hepatitis E virus in pigs from
countries where hepatitis E is common or is rare in the human popu-
lation. J Med Virol. 1999;59:297-302.

3. Meng XJ, Wiseman B, Elvinger F, Guenette DK, Toth TE, Engle RE,
et al. Prevalence of antibodies to hepatitis E virus in veterinarians
working with swine and in normal blood donors in the United States
and other countries. J Clin Microbiol. 2002;40:117-22.

4. Meng XJ, Purcell RH, Halbur PG, Lehman JR, Webb DM, Tsareva
TS, et al. A novel virus in swine is closely related to the human
hepatitis E virus. Proc Natl Acad Sci U S A. 1997;94:9860-5.

5. Pina S, Buti M, Cotrina M, Piella J, Girones R. HEV identified in
serum from humans with acute hepatitis and in sewage of animal
origin in Spain. J Hepatol. 2000;33:826-33.

6. Yazaki Y, Mizuo H, Takahashi M, Nishizawa T, Sasaki N, Gotanda
Y, et al. Sporadic acute or fulminant hepatitis E in Hokkaido, Japan,
may be food-borne, as suggested by the presence of hepatitis E virus
in pig liver as food. J Gen Virol. 2003;84:2351-7.

7. TamadaY, Yano K, Yatsuhashi H, Inoue O, Mawatari F, Ishibashi H.
Consumption of wild boar linked to cases of hepatitis E. J Hepatol.
2004;40:869-70.

8. Meng XJ, Halbur PG, Shapiro MS, Govindarajan S, Bruna JD,
Mushahwar IK, et al. Genetic and experimental evidence for cross-
species infection by swine hepatitis E virus. J Virol. 1998;72:
9714-21.

9. Tei S, Kitajima N, Takahashi K, Mishiro S. Zoonotic transmission
of hepatitis E virus from deer to human beings. Lancet. 2003;362:
371-3.

10.  Peron JM, Mansuy JM, Poirson H, Bureau C, Dupuis E, Alric L, et
al. Hepatitis E is an autochthonous disease in industrialized coun-
tries. Analysis of 23 patients in South-West France over a 13-month
period and comparison with hepatitis A. Gastroenterol Clin Biol.
2006;30:757-62.

11.  Cooper K, Huang FF, Batista L, Rayo CD, Bezanilla JC, Toth TE, et
al. Identification of genotype 3 hepatitis E virus (HEV) in serum and
fecal samples from pigs in Thailand and Mexico, where genotype
1 and 2 HEV strains are prevalent in the respective human popula-
tions. J Clin Microbiol. 2005;43:1684-8.

12.  Erker JC, Desai SM, Mushahwar IK. Rapid detection of hepatitis E
virus RNA by reverse transcription-polymerase chain reaction us-
ing universal oligonucleotide primers. J Virol Methods. 1999;81:
109-13.

13. Grandadam M, Tebbal S, Caron M, Siriwardana M, Larouze B,
Koeck JL, et al. Evidence for hepatitis E virus quasispecies. J Gen
Virol. 2004;85:3189-94.

14, Wu JC, Chen CM, Chiang TY, Tsai WH, Jeng WJ, Sheen LJ, et al.
Spread of hepatitis E virus among different-aged pigs: two-year sur-
vey in Taiwan. J Med Virol. 2002;66:488-92.

Address for correspondence: Nicole Pavio, Unité de Mixte de Recherche
1161 Virology, Agence Frangaise de Sécurité Sanitaire des Aliments,
Ecole Nationale Vétérinaire d’Alfort, Institut National de la Recherche
Agronomique, 7 Ave du General de Gaulle, 94704 Maisons-Alfort
CEDEX, France; email: npavio@vet-alfort.fr

Search past issues of EID at www.cdc.gov/eid

1096

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 13, No. 7, July 2007



Virus Detection
and Monitoring

of Viral Load In
Crimean-Congo
Hemorrhagic Fever
Virus Patients

Roman Wolfel,*t Janusz T. Paweska,
Nadine Petersen,t Antoinette A. Grobbelaar,+
Patricia A. Leman,t Roger Hewson,§
Marie-Claude Georges-Courbot, Anna Papa,#
Stephan Gunther,t and Christian Drostent

We developed a real-time reverse transcription—
PCR that detected 1,164 copies/mL of Crimean-Congo
hemorrhagic fever virus per milliliter of serum at 95% prob-
ability (probit analysis) and was 100% concordant with nest-
ed PCR on 63 samples from 31 patients with confirmed in-
fection. Infected patients who died appeared to have higher
viral loads; low viral loads correlated with IgG detection.

rimean-Congo hemorrhagic fever (CCHF) is a tick-

borne viral zoonosis that occurs widely in Aftrica, Asia,
and Eastern Europe. It is caused by CCHF virus (CCHFV),
a segmented, negative-stranded RNA virus belonging to
the family Bunyaviridae, genus Nairovirus. CCHF has a
fatality rate of ®30% and a potential for nosocomial spread
(1). Early diagnosis of CCHF is important for case manage-
ment and protection of medical staff.

Diagnostic assays for CCHF include virus culture, an-
tigen-detection enzyme immunoassay (EIA), antibody-de-
tection EIA, and reverse transcription-PCR (RT-PCR) (2).
Virus detection is the main diagnostic method in the acute
stage of disease, and RT-PCR is most sensitive method of
detection. However, because of the remarkable genetic vari-
ability among CCHFYV strains, all current RT-PCRs either
lack sensitivity or focus on the detection of local CCHFV
variants only (3—-6).

We describe the first real-time RT-PCR that rapidly
and reliably detects the global spectrum of clinically rel-
evant virus strains. An extended strategy of probe design

*Bundeswehr Institute of Microbiology, Munich, Germany; tBer-
nhard Nocht Institute for Tropical Medicine, Hamburg, Germany;
INational Institute for Communicable Diseases, Sandringham,
South Africa; §Health Protection Agency, Porton Down, Salisbury,
United Kingdom; flinstitute Pasteur, Lyon, France; and #Aristotle
University of Thessaloniki, Thessaloniki, Greece
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was implemented to cover such high variability. Sensitivity
was demonstrated by testing virus strain collections from
several different Biosafety Level 4 laboratories, essential-
ly covering the full range of global diversity of CCHFV
(Figure 1). A comprehensive panel of original clinical
samples from persons with confirmed cases of CCHF was
used for clinical evaluation; the samples were collected by
World Health Organization reference facilities.

The Study

Primers and probes were selected on the basis of an
alignment of S segment sequences of 61 CCHFV isolates
from all known CCHF-endemic regions worldwide (7)
(representative sequences shown in expanded online ver-
sion of Figure 2, available from www.cdc.gov/EID/content/
13/7/1097-G2.htm). Oligonucleotide melting points, fold-
ing characteristics, and cross-hybridization properties were
determined by using the Primer Express software package
(Applied Biosystems; Foster City, CA, USA). Primers
were selected to amplify a 181-bp region near the 5'-end of
the S segment. The capability of these primers to amplify
12 representative CCHFV strains from distinct CCHF-en-
demic regions was confirmed initially by gel detection RT-
PCR (data not shown) (Figure 2, expanded online version,
panel B).

For real-time PCR, identifying a simple detection
probe compatible with all known CCHFV strains was not
possible. Therefore, a broad-range probe was formulated
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Figure 1. Global distribution and phylogenetic relationships of
Crimean-Congo hemorrhagic fever virus (CCHFV) strains selected
for design and validation of the assay. All strains except those
marked with asterisks were tested. Phylogenetic analysis was
based on available 450-bp sequences (from the National Center
for Biotechnology Information) of CCHFV small (S-) segment
and generated by the neighbor-joining method with TreeCon for
Windows (version 1.3b; Yves van de Peer, University Konstanz,
Germany). Nomenclature of CCHFV clades is based on (7). Note
that group VII can be resolved only when analyzing the M-segment,
not the S-segment as shown here. *These CCHFV strains are
shown for reference, but they were not available for testing. **This
strain was not available; however, strain Kosovo, which is almost
identical, was tested instead. ***Strain AP92 has also not been
available for testing. It was isolated from a Rhipicephalus bursa tick
and has never been associated with human disease.
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on the basis of the observation that the non—Watson/Crick
base pair G:T is almost as thermodynamically stable as
regular Watson/Crick base pairs, whereas A:C is very un-
stable (8). Thus, the probe was placed on the DNA strand
that provided more G:T mismatches than complementary
A:C mismatches, and the resulting G:T mismatches were
not compensated for. As shown in the left panel of Figure
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Figure 2. Clinical evaluation. Upper panel: plasma viral load over
time in 44 samples from 17 patients. Samples from patients who
died are marked with a filled square. Lower panel: plasma viral load
in relation to antibody status in 16 samples with and 27 samples
without detectable immunoglobulin G (IgG) antibodies. Only IgG
status was taken as reference because only 2 patients had IgM
without 1gG. The difference of means between the 2 groups was
highly significant (t test, p = 0.00005). Boxes indicate 25th through
75th percentiles; error bars indicate 5th and 95th percentiles.. An
expanded online version of this figure is available from www.cdc.
gov/ElD/content/13/7/1097-G2.htm.
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2B (see expanded online version), this probe, designated
SE01, detected all 12 representative strains. Because signal
intensity varied according to the strain detected, a strain
that provided low signal (BT956, Figure 2B expanded on-
line version, left panel) was chosen for evaluation of sensi-
tivity. Its full S segment RNA was cloned and transcribed
in vitro to obtain a quantitative RNA standard (9). Cloning,
in vitro transcription, purification, and quantification were
performed as previously described (/0). End-point dilution
showed that single copies of RNA could be detected de-
spite low overall fluorescence (data not shown). Neverthe-
less, variation in signal intensity between strains was ad-
justed by the following 2 modifications. First, an additional
oligonucleotide (SE03) was introduced at the same binding
site as SEO1. This probe had 2 effects: first, a pyrimidine
base (IUB-code “Y,” 50% C and 50% T) was generated
at 2 positions of balanced C/T polymorphisms. Second, a
“keto” base (IUB-code “K,” 50% G and 50% T) resulted at
1 position of total variability (A, C, G, T). RNA from the 12
representative strains was tested, and those strains that still
provided low signal were realigned separately. On the basis
of the second alignment, an additional probe was selected
at an alternative binding site to prevent interference with
probes at the first binding site. It was placed on the minus
strand to obtain more G:T mismatches than complementary
A:C mismatches (see above). The improvement obtained
by the additional probes on the set of representative strains
is shown in Figure 2B, middle panel (expanded online ver-
sion). The final assay protocol is summarized in the Table.

For precise evaluation of analytical sensitivity, a se-
ries of human plasma samples was spiked with the RNA
standard from strain BT-958 in concentrations ranging
from 100,000 to 10 copies per mL. Testing was done on
5 replicate reactions per concentration, and probit analysis
was conducted as shown in the expanded online version
of Figure 2, panel B, right graph (/7). The calculated limit
of detection, defined as the concentration down to which
>95% of conducted tests can be expected to be positive,
was 13.6 copies per reaction (p = 0.05). This corresponded
to 1,164 copies per mL of plasma (95% confidence interval,
780-2990 copies/mL).

Cross-reactivity was excluded by testing DNA or
RNA from cultures or high-titered clinical samples con-
taining Dugbe virus, Rift Valley fever virus, Sudan Ebola-
virus Gulu, Lassa virus AV, yellow fever virus, dengue vi-
rus types 1-4, Japanese encephalitis virus, West Nile virus
Uganda, Venezuelan equine encephalitis virus, Sindbis vi-
rus, Ross River virus, Epstein-Barr virus, hepatitis C virus,
human cytomegalovirus, monkeypox virus, poliomyelitis
virus types 1-3, rabies virus RSDD, Bacillus anthracis,
Leptospira interrogans, Listeria monocytogenes, Neisse-
ria meningitidis, Coxiella burnetii, Rickettsia prowazekii,
R. rickettsii, and Plasmodium falciparum. An additional
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Table. Protocol for real-time reverse transcription-PCR

Crimean-Congo Hemorrhagic Fever Virus Patients

Purpose, Position
Oligonucleotide* concentration in nM Sequence and label (5'—3’) (U88410)t
RWCF Forward primer, 600 CAAGGGGTACCAAGAAAATGAAGAAGGC 1068—-1095
RWCR Reverse primer, 600 GCCACAGGGATTGTTCCAAAGCAGAC 1248-1223
SEO1 Broad-range probe, 100 FAM-ATCTACATGCACCCTGCTGTGTTGACA-TAMRA 1172-1198
SE03 Additional probe, 100 FAM-ATTTACATGCACCCTGCCGTGCTTACA-TAMRA 1172-1198
SEOA Additional probe, 100 FAM-AGCTTCTTCCCCCACTTCATTGGAGT -TAMRA 1131-1106

*All oligonucleotides were used in an assay with the following protocol: 25-pL reaction volume, 5-pL plasma RNA (QlAamp Viral RNA mini kit; QIAGEN,
Valencia, CA, USA), 1x concentration of buffer and enzymes from the OneStep RT-PCR kit (QIAGEN), and 400 pmol dNTP, 800-ng nonacetylated bovine
serum albumin (Sigma-Aldrich, Munich, Germany). The cycling parameters followed in a Roche LightCycler 1.2 (Roche, Penzberg, Germany) were as
follows: 30 min at 50°C, 15 min at 95°C, 46x 15 s at 94°C and 30 s at 59°C. Fluorescence acquisition occurred at the 59°C step, wavelength filter F1/F2

mode.
tGenBank accession no.

128 blood specimens collected during the course of the
study from 128 patients with conditions other than CCHF
all tested negative for CCHF virus.

The real-time RT-PCR was used to test and quantify
63 serum samples from 31 patients with laboratory-con-
firmed CCHFYV infection; the samples were obtained 1-18
days after symptom onset. All samples had nested RT-PCR
results positive for CCHFV (3), and all were also positive
by the new real-time RT-PCR. For 21 patients with con-
firmed CCHF (17 from South Africa, 3 from Iran, and 1
from Pakistan), viral load was quantified and compared
with other standard diagnostic methods for CCHFV de-
tection (online Appendix Table, available from www.cdc.
gov/EID/content/13/7/1097-appT.htm). Again, sensitivity
of the new assay was at least as high as that of nested PCR.
As shown in Figure 2, there was a clear correlation between
viral load and duration of symptoms in these patients. Clin-
ical outcome could not be correlated clearly with viral load,
although patients who died of the disease seemed, in gen-
eral, to have higher viral loads (Figure 2, filled squares).
The appearance of antibodies correlated clearly with lower
viral loads (Figure 2).

Conclusions

To our knowledge, this is the first PCR validated with
representative CCHFV strains from nearly all regions
worldwide where the virus is endemic. High sensitivity en-
ables reliable detection of virus in early stages of the infec-
tion, when antibody detection is unreliable or impossible.
By eliminating the need for postamplification product pro-
cessing, real-time RT-PCR enables shortened turnaround
times for reporting results, which is critical for deciding
on isolation and contact-tracing for suspected case-pa-
tients. Quantification of viral load may assist in estimating
the patient’s infectivity. It may also assist in predicting the
clinical outcome and could be used to monitor viral load
in patients receiving ribavirin treatment (/2). Our study
provides baseline data on CCHF viral load throughout the
acute stage of the illness. High viral load tended to indicate
fatal outcome, and lower viral load was generally associat-
ed with detectable antibodies. Because detectable antibody

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 13, No. 7, July 2007

response correlates with good outcome (/3), viral load will
probably be a useful predictor of clinical progress. These
preliminary data are highly encouraging for further studies
on larger patient cohorts.
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Zinc Cream and
Reliability of
Tuberculosis
Skin Testing
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In 50 healthy Peruvian shantytown residents, zinc
cream applied to tuberculosis skin-test sites caused a 32%
increase in induration compared with placebo cream. Per-
sons with lower plasma zinc had smaller skin-test reactions
and greater augmentation with zinc cream. Zinc deficiency
caused false-negative skin-test results, and topical zinc
supplementation augmented antimycobacterial immune re-
sponses enough to improve diagnosis.

Tuberculosis (TB) kills >1.7 million people each year,
and control is hampered by diagnostic difficulties. The
TB (Mantoux) skin test measures the immune response to
an intradermal injection of tuberculin (purified protein de-
rivative [PPD]) and is important for diagnosing adult and
particularly pediatric TB (/). However, reliability of this
skin test is limited by false-negative results (2—4), espe-
cially in poorly nourished people in the resource-limited
settings where most cases of TB occur (2). Zinc is impli-
cated in false-negative skin tests because it modulates cu-
taneous reactions (2,3), because zinc deficiency is common
in people with TB (5), and because this deficiency also
suppresses antimycobacterial immunity (4,5). We there-
fore studied whether topical application of zinc to TB skin
test sites would augment test results in Lima, Peru, a TB-
endemic area in which false-negative skin-test results are
frequent (/).

The Study

After ethical approval and informed written con-
sent were obtained, venous blood was collected from 50
healthy, randomly selected, adult shantytown resident vol-
unteers. Plasma zinc concentrations were analyzed blindly
by atomic absorption spectroscopy; precautions were taken

*Imperial College London, London, UK; TLondon School of Hygiene
and Tropical Medicine, London, UK; $Asociacion Benéfica Prisma,
Lima, Peru; §Universidad Peruana Cayetano Heredia, Lima, Peru;
and f[Johns Hopkins Bloomberg School of Public Health, Baltimore,
Maryland, USA
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against trace-metal contamination. In each study partici-
pant, the volar surface of both forearms was injected proxi-
mally with tuberculin (5§ U in 0.1 mL; Aventis-Pasteur, To-
ronto, Canada) and distally with Candida albicans antigen
(5 U; Hollister Stier Laboratories, Spokane, WA, USA) (1),
totaling 4 simultaneous skin tests per person. Candida skin
tests were conducted because, when positive, they confirm
that the person can mount a cutaneous hypersensitivity
reaction, which clarifies that a simultaneous negative TB
skin-test result is likely to be a true negative.

In a randomized double-blind manner, skin-test sites
on | arm were covered with I mL of placebo cream (Aque-
ous cream BP, Sandoz, Bordon, Hants, UK) and the skin-
test sites on the contralateral arm were covered with zinc
sulfate (2) dissolved in aqueous cream to a concentration
of 1% elemental zinc. Each skin test site was immediately
covered with an occlusive dressing (Tegaderm, 3M, Lon-
don, UK). After 24, 48, and 72 h, the dressing and cream
were removed, and the “ball-point-pen” test was used to
measure induration. The appropriate cream was reapplied
and covered after each measurement.

SPSS version 11.5 (SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. Except where otherwise stated,
the results of skin tests are those read after 48 h. Continuous
data were all normally distributed (except for food frequen-
cies) and were therefore summarized as means (and stan-
dard errors of the mean [SEM]). Groups were compared by
using ¢ tests, and associations were tested by using univari-
ate linear regression (p value and standardized coefficient
shown) and in a backward multiple linear regression model
with the least significant variables sequentially removed,
according to the log-likelihood test.

Conclusions

Control TB skin-test areas to which placebo cream had
been applied yielded significantly smaller reactions in per-
sons with lower concentrations of plasma zinc (p = 0.03,
Table). For example, the quarter of the population with the
lowest concentrations had, on average, control TB skin-test
reactions that were 14 mm in diameter compared with 27
mm for the quarter of the population with the highest plas-
ma zinc concentrations (p = 0.03). This immunologically
significant zinc deficiency was frequent even though only
10% of the study population was underweight (body mass
index <20 m%/kg).

The TB skin-test results were read in a blinded manner,
and reactions to tests with zinc cream applications were an
average of 32% larger than the contralateral control skin test
reactions with placebo cream applied (Figure 1; p<0.001).
TB skin-test results were considered positive if the average
diameter of induration was >10 mm 48 h after injection,
according to national policy. Skin tests with zinc applica-
tions were significantly more likely to have positive results
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Table. Population characteristics for the participants who had simultaneous skin tests with and without zinc and associations with size

of tuberculosis (TB) skin-test reaction

Mean (SEM)T or %

Association with size of control TB skin-test reaction (mm)
Univariate analysis Multiple regression

Characteristic* (n=50) Coefficient p Coefficient p
Nutritional assessment}§
Body mass index (kg/mz) 24 (0.52) 0.2 0.3
10% underweight (<20)
Anthropometric protein status 36 (1.4) 0.2 0.09
(corrected arm muscle area; cm?)
Anthropometric fat status 14 (1.1) 0.0008 1
(arm fat area; cm?)
Plasma zinc (mg/L; n = 49) 0.66 (0.17) 0.3 0.04 0.3 0.03
31% deficient (<0.6)
Minor incidental health symptoms 38% 0.06 0.7
TB risk factors
Age, y 32 (1.3) 0.2 0.2 0.3 0.02
Male 38% 0.3 0.03 0.4 0.01
Past close contact with a TB patient or 42% 0.1 0.4
past proven diagnosis of TB
Presence of Baccilus Calmette-Guérin 86% 0.2 0.3
vaccine scar(s)
Overcrowding (persons/room) 1.3 (0.08) -0.2 0.9 0.2 0.09
Poor household ventilation (subjective 24% —-0.002 1
assessment)
Socioeconomic status
Food spending/person/d ($US) 0.75 (0.05) 0.1 0.5
Dirt floor throughout the home 38% —-0.06 0.7
Home built from temporary materials 72% 0.1 0.5
No in-house sanitation 84% 0.05 0.7
No piped water to home 84% —-0.07 0.6

*Variables that may influence TB skin-test reaction size are shown together with their associations with the size of the control TB skin-test reactions

associated with only zinc cream application.
1SEM, standard error of the mean.

tFood frequencies: in the previous week, alcohol had been consumed a median of 1 time (median 1 U), dairy produce 3 times, fruit/vegetables 5 times,

meat/fish 6 times, and rice/bread/cereals daily.

§Persons with infrequent meat/fish consumption had lower protein stores on muscle anthropometry (p = 0.02), and this tended to be associated with

smaller skin-test reactions, as previously reported (1,2).

than the simultaneous contralateral control skin tests with
placebo cream applications (94% zinc vs. 76% placebo, p
=0.01). Topical zinc caused greater TB skin-test augmen-
tation in persons with lower plasma zinc concentrations
(correlation coefficient [R] = 0.3, p = 0.05), and persons
with absolute plasma zinc deficiency (<0.6 mg/L) had sig-
nificantly greater zinc-mediated augmentation (Figure 2, p
= 0.02). Zinc cream had no effect in persons with normal
plasma zinc concentrations. Thus, zinc cream significantly
augmented TB skin-test reactions only in persons deficient
in zinc (Figure 2).

TB skin tests are usually read 48 h after PPD injection;
however, in this study, additional readings were done at
24 and 72 h, at which time results, similar to those at 48
h, demonstrated that zinc cream caused larger TB skin-test
reactions (both p<0.02) and more positive test results (both
p<0.006). Furthermore, at 72 and 48 h, this zinc-mediated
augmentation was greater in zinc-deficient persons (p =
0.006), although the similar trend at 24 h was not statisti-
cally significant. The magnitude of skin-test augmentation
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with zinc cream, the plasma zinc concentration, and the an-
thropometric measures had no significant associations with
other studied factors except as noted in the Table.

The effect of zinc on the Candida skin-test results
was similar to the effect on the TB skin-test results. Spe-
cifically, the Candida skin-test reactions with zinc cream
were an average of 23% larger than the contralateral skin-
test reactions associated with placebo cream applied in a
double-blind manner (p<0.001). Candida skin-test results
were considered positive if the average diameter of indura-
tion was >5 mm (/), and 78% of Candida skin-test results
associated with zinc application were positive, compared
with 64% with placebo c