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SYNOPSIS

Epidemiology of
Haemophilus ducreyi Infections

Camila Gonzalez-Beiras, Michael Marks, Cheng Y. Chen, Sally Roberts, Oriol Mitja
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 Distinguish the clinical presentation of genital ulcer disease with Haemophilus ducreyi
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+ |dentify global areas disproportionately affected by H. ducreyi—related genital ulcer disease
» Assess worldwide trends in the epidemiology of infection with H. ducreyi
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The global epidemiology of Haemophilus ducreyi infections  microbiological diagnoses. We evaluated published data on
is poorly documented because of difficulties in confirming the proportion of genital and nongenital skin ulcers caused
by H. ducreyi before and after introduction of syndromic

Author affiliations: Nova University of Lisbon, Lisbon, Portugal management for genita| ulcer disease (GUD) Before 2000,
(C. Gonzalez-Beiras); Barcelona Institute for Global Health, the proportion of GUD caused by H. ducreyi ranged from
Barcelona, Spain (C. Gonzalez-Beiras, O. Mitja); London School 0.0% to 69.0% (35 studies in 25 countries). After 2000, the
of Hygiene and Tropical Medicine, London, UK (M. Marks); proportion ranged from 0.0% to 15.0% (14 studies in 13
Hospital for Tropical Diseases, London (M. Marks); Centers for countries). In contrast, H. ducreyi has been recently identi-
Disease Control and Prevention, Atlanta, Georgia, USA fied as a causative agent of skin ulcers in children in the
(C.Y. Chen); Auckland District Health Board, Auckland, tropical regions; proportions ranged from 9.0% to 60.0% (6

studies in 4 countries). We conclude that, although there
has been a sustained reduction in the proportion of GUD
caused by H. ducreyi, this bacterium is increasingly recog-
DOI: http://dx.doi.org/10.3201/eid2201.150425 nized as a major cause of nongenital cutaneous ulcers.

New Zealand (S. Roberts); Lihir Medical Centre, Lihir Island,
Papua New Guinea (O. Mitja)
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SYNOPSIS

Haemophilus ducreyi, a fastidious gram-negative bac-
terium, is the causative agent of chancroid, a genital
ulcer disease (GUD). The organism is usually spread dur-
ing sexual intercourse through microabrasions, and the
disease usually manifests as multiple painful superficial
ulcers associated with inguinal lymphadenitis (/). As a
result of the painful nature of the lesions, patients usually
seek immediate treatment, and asymptomatic carriage is
therefore uncommon (2). In addition to causing GUD, H.
ducreyi has been found in several recent studies to be a
major cause of chronic skin ulceration in children from
developing countries (3-3).

The global epidemiology of chancroid is poorly
documented, and it is not included in World Health Or-
ganization estimates of the global incidence of curable
sexually transmitted infections (STIs). There are some
key challenges in interpreting data on the epidemiology
of H. ducreyi as a causative agent of GUD. First, geni-
tal herpes cases are easily misdiagnosed as chancroid on
clinical examination. Thus, reports based only on clinical
diagnosis can be erroneous. Second, laboratory culture is
technically difficult, and the highly sensitive and specific
nucleic acid amplification tests, such as PCR, are rarely
available outside national reference laboratories or spe-
cialized STI research settings, which makes it difficult to
confirm clinical diagnoses.

Determination of the true global incidence of chan-
croid is made more difficult by widespread adoption of
syndromic management for bacterial GUD (i.e., treatment
with antimicrobial drugs effective against syphilis and
chancroid) without microbiological confirmation in many
countries. Therefore, countries often report only the total
number of GUD cases. In addition, identification of GUD
etiology is rarely conducted in resource-poor countries
to validate syndromic management for which chancroid
could also be common.

Earlier studies of tropical skin ulcers did not gener-
ally test for H. ducreyi, with the exception of a small
number of case reports. There are major limitations in
describing the prevalence of causative agents in tropical
skin lesions that typically occur in children in rural areas
where there is no access to laboratory facilities. Patho-
gens such as Fusobacterium fusiforme, Staphylococcus
aureus, and Streptococcus pyogenes have been reported
from Gram staining of exudative material collected from
tropical ulcers (6). However, cultures or PCR testing for
definitive identification of fastidious pathogens involved
has not been traditionally conducted. The purpose of this
study was to improve our understanding of the epidemi-
ology of H. ducreyi infection through a systematic re-
view of published data on the proportion of genital and
skin ulcers caused by this bacterium.

Methods

Search Strategy and Selection Criteria

A systematic review was conducted to identify all relevant
studies that examined the etiology of GUD and nongenital
skin ulcers involving H. ducreyi. We searched the Nation-
al Library of Medicine through PubMed for “H. ducreyi,”
“chancroid,” “genital ulcer,” OR “skin ulceration” AND
“proportion” OR “prevalence.” The search was limited to
studies published during January 1, 1980-December 31,
2014. In addition, we searched references of identified
articles and other databases for other articles, and we re-
viewed abstracts, titles, and selected studies potentially
containing information on chancroid epidemiology. We
contacted researchers who were working with H. ducreyi
to identify unpublished literature for inclusion. No lan-
guage restrictions were set for searches.

The decision tree for inclusion or exclusion of articles
is shown in Figure 1. We included studies if the propor-
tion of etiologic agents in genital ulcers and nongenital skin
ulcers, including H. ducreyi, was confirmed by laboratory
techniques. Clinical diagnosis of chancroid is often based
on the appearance of the ulcer, which is characteristically
painful, purulent, and deep with ragged, undermined edges
(Figure 2). However, because the appearance of these ul-
cers is similar to ulcers caused by other bacteria, clinical di-
agnosis can be nonspecific or insensitive and often requires
laboratory confirmation (/). In addition, microscopy iden-
tification of typical morphologic features and serologic de-
tection lack sensitivity and specificity (7,8). Thus, we only
considered the following diagnostic methods as providing
acceptable evidence of H. ducreyi infection: 1) isolation
and identification by culture; or 2) PCR/real-time PCR.

Data Extraction and Synthesis

For all qualifying studies, extracted data included study
country, year of study, diagnostic test used for confir-
mation, total number of H. ducreyi—positive cases, and
sample size. Descriptive analyses of extracted data were
conducted, and the number of H. ducreyi—confirmed cases
was divided by the total number of cases to calculate the
proportion of cases caused by H. ducreyi. Studies quali-
fying for data extraction were grouped into 2 categories:
studies conducted before 2000 and studies after 2000. This
date separates studies before and after widespread imple-
mentation of syndromic management of GUD. Study sites
were also plotted by geographic region. No quantitative
metaanalysis was undertaken.

Results
We identified 277 records in which we found 46 articles de-
scribing 49 studies on GUD that met our inclusion criteria

2 Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 22, No. 1, January 2016



277 unique articles identified by
database research
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Figure 1. Procedure for
selecting eligible references
on the epidemiology of
Haemophilus ducreyi as a

L

Full text review of 90 articles
of genital lesions plus 10 on
nongenital lesions

45 articles excluded after
review of full text:
6 repeated data from
other papers
39 did not use diagnostic
tools that met our criteria

M

causative agent of genital
ulcers. GUDs, genital ulcer
disease; STI, sexually
transmitted infections.

177 articles excluded after
review of abstract:
5 duplicate
3 repeated data
27 reviews
11 only data on other GUDs
35 on other STls
17 on immunology or genetics
15 metaanalysis
13 on diagnostic tools
31 on treatment and control

2 unpublished studies on skin ulcers

55 articles included in qualitative analyses (describing 60 studies)
46 articles on chancroid (describing 49 studies)
9 articles on skin ulcers (describing 9 studies)

(Tables 1, 2; online Technical Appendix, http://wwwnc.
cdc.gov/ElD/article/21/1/15-0425-Techapp1.pdf). All iden-
tified studies were based on cohorts of patients attending
STI clinics, including 3 studies that enrolled only commer-
cial sex workers. The age group for all cases was adults >18
years of age, except for 3 studies in Zambia, South Africa,

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 22, No. 1, January 2016

and China, which included patients >16 years of age,
and 1 study in Madagascar, which included patients >14
years of age. A total of 9 published studies and 2 un-
published reports that described nongenital skin ulcers
caused by H. ducreyi were also included in our system-
atic review.

Figure 2. Ulcers caused by
infection with Haemophilus
ducreyi. A, B) Genital ulcers

in adult patients from Ghana
(provided by David Mabey).

C, D) Skin ulcers in children from
Papua New Guinea (provided by
Oriol Mitja).



SYNOPSIS

Table 1. Characteristics of 35 studies of genital ulcers caused by Haemophilus ducreyi, 1980-1999*

Year of Diagnostic No. patients No. cases H.
Area, referencet Country study method with GUD ducreyi infection % (95% Cl)
Africa
Paz-Bailey et al. (16) Botswana 1993 Culture 108 27 25.0 (17.7-33.9)
Steen (17) Cote d’lvoire 1996 PCR NA NA 47
Mabey et al. (18) Gambia 1987 Culture 104 54 51.9 (42.4-61.2)
Hawkes et al. (719) Gambia 1995 M-PCR 18 8 44.4 (24.5-66.2)
Nsanze et al. (20) Kenya 1980 Culture 97 60 61.8 (51.9-70.9)
Kaul et al. (21) Kenya 1997 Culture 189 54 28.5 (22.6-35.3)
Morse et al. (22) Lesotho 1994 M-PCR 105 55 53.3 (43.8-62.6)
Harms et al. (23) Madagascar 1992 Culture 12 61 19.6 (11.6-31.3)
Behets et al. (24) Madagascar 1997 M-PCR 196 64 32.6 (26.4-39.5)
Behets et al. (25) Malawi 1995 M-PCR 778 204 26.2 (23.2-29.4)
Hoyo et al. (26) Malawi 1999 M-PCR 137 41 29.0 (22.8-38.0)
Bogaerts et al. (27) Rwanda 1992 Culture 395 115 29.1 (24.8-33.7)
Totten et al. (28) Senegal 1992 PCR 39 22 56.4 (40.9-70.7)
Crewe-Brown et al. (29) South Africa 1981 Culture 100 45 45 (35.5-54.7)
Dangor et al. (30) South Africa 1989 Culture 240 164 68.3 (62.2-73.8)
Chen et al. (37) South Africa 1994 M-PCR 538 171 31.7 (27.9-35.8)
Lai et al. (32) South Africa 1994 M-PCR 160 232 68.9 (62.7-74.5)
South Africa 1998 M-PCR 94 186 50.5 (43.4-57.6)
Meheus et al. (33) Swaziland 1979 Culture 155 68 43.8 (36.3-51.7)
Ahmed et al. (34) Tanzania 1999 PCR 102 12 11.7 (6.8-19.4)
Le Bacq et al. (35) Zimbabwe 1991 Culture 90 22 24.4 (16.7-34.2)
Asia
Wang et al. (36) China 1999 M-PCR 96 0 0.0 (0.0-3.8)
Risbud et al. (37) India 1994 M-PCR 302 84 27.8 (23.0-33.1)
Rajan et al. (38) Singapore 1983 Culture 670 56 8-3 (6-4-10-7)
Beyrer et al. (15) Thailand 1996 M-PCR 38 0 0.0 (0.0-9.1)
North America
Dillon et al. (39) United States 1990 Culture 82 27 32.9 (23.7-43.6)
Mertz et al. (40) United States 1995 M-PCR 143 56 39.1 (231.5-47.3)
Mertz et al. (47) United States 1996 M-PCR 516 16 3.1(1.94.9)
South America
Sanchez et al. (42) Peru 1995 M-PCR 61 3 4.9 (1.6-13.4)
Caribbean
Sanchez et al. (42) Dominican 1996 M-PCR 81 21 25.9 (17.6-36.4)
Republic
Behets et al. (43) Jamaica 1996 M-PCR 304 72 23-6 (19.2-28.7)
Bauwens et al. (44) Bahamas 1992 PCR 47 7 14-8 (7.4-27.6)
Middle East
Madani et al. (45) Saudi Arabia 1999 Culture 3,679 78 2.1 (1.7-2.5)
Europe
Kyriakis et al. (46) Greece 1996 Culture 695 32 4.6 (3.2-6.4)
Bruisten et al. (47) The Netherlands 1996 M-PCR 368 3 0.8 (0.2-2.3)

*GUD, genital ulcer disease; NA, not available; M-PCR, multiplex PCR.

1References 41-47 provided in the online Technical Appendix (http://wwwnc.cdc.gov/EID/article/22/1/15-0425-Techapp1.pdf).

Laboratory confirmation of chancroid by PCR or culture
was reported in 33 (67%) and 16 (32%) of the 49 studies,
respectively. Of 16 studies that used culture, 7 (43%) used
Mueller-Hinton agar with a nutritional supplement (e.g., Iso-
Vitalex; Becton Dickinson, Franklin Lakes, NJ, USA), 1%
used hemoglobin, and 5 (31%) used chocolate agar—based
media; the remaining studies used other culture media. Five
(31%) of 16 studies incubated agar plates at low tempera-
tures (33°C-35°C), and 2 (12%) incubated plates at 36°C.
Remaining articles did not specify incubating temperature.

Different PCR primer targets were used to amplify DNA
sequences, including the 16S rRNA gene, the groEL gene,
and the hemolysin gene. In addition to herpes simplex vi-
rus (HSV) PCR, 23 studies used a multiplex PCR that could

simultaneously detect the 3 major causes of GUD (H. ducreyi,
Treponema pallidum, and HSV types 1 and 2) (9). Studies
encompassed 33 countries: 17 in Africa, 4 in Southeast Asia,
3 in Europe, 2 in the Middle East, 3 in South America, and 2
in the Caribbean, 1 in the United States, and 1 in Australia.

Incidence of Chancroid
Of 49 studies on chancroid analyzed, 35 were published
during 1980-1999 (Table 1) and 14 during 2000-2014
(Table 2). In general, data showed a clear decrease in the
proportion of chancroid during 1980-2014 in all areas ana-
lyzed (Figure 3).

During 1980-1999, the proportion of genital ulcers
caused by H. ducreyi in these studies ranged from 0.0%
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Table 2. Characteristics of 14 studies of genital ulcers caused by Haemophilus ducreyi, 2001-2014*

Year of Diagnostic  No. patients No. cases

Area, referencet Country study method with GUD  H. ducreyi infection % (95% Cl)
Africa

Paz-Bailey et al. (16) Botswana 2002 PCR 137 1 0.7 (0.1-4.0)

Mehta et al. (48) Kenya 2007 M-PCR 59 0 0.0 (0.0-6.1)

Phiri et al. (49) Malawi 2006 M-PCR 398 60 15.0 (11.8-18.9)

Zimba et al. (50) Mozambique 2005 PCR 79 3 3.8 (1.3-10.9)

Tobias et al. (57) Namibia 2007 PCR 199 0 0.0 (0.0-1.8)

O’Farrell et al. (52) South Africa 2004 M-PCR 162 2 1.2 (0.3-4.6)

Lewis et al. (53) South Africa 2006 M-PCR 613 10 1.6 (0.9-2.9)

Nilsen et al. (54) Tanzania 2001 PCR 232 12 5.1 (2.9-8.8)

Suntoke et al. (55) Uganda 2006 M-PCR 100 2 2.0 (0.5-7.0)

Makasa et al. (56) Zambia 2010 PCR 200 0 0(0.0-1.8)
South America

Gomes Naveca et al. (57) Brazil 2009 PCR 434 0 0 (0.0-0.8)
Middle East

Maan et al. (58) Pakistan 2009 Culture 521 20 3.8 (2.5-5.8)
Europe

Hope-Rapp et al. (59) France 2005 Culture 278 8 2.8 (1.4-5.5)
Oceania

Mackay et al. (60) Australia 2002 M-PCR 64 0 0.0 (0.0-5.6)

*GUD, genital ulcer disease; M-PCR, multiplex PCR.

tReferences 48—60 provided in the online Technical Appendix (http://wwwnc.cdc.gov/EID/article/22/1/15-0425-Techapp1.pdf).

in Thailand and China to 68.9% in South Africa (Table 1).
Eleven (31.4%) studies reported high proportions (>40%)
of cases of infection with H. ducreyi. All of these studies
were conducted in countries in Africa (COte d’Ivoire, Gam-
bia, Kenya, Lesotho, Senegal, South Africa, and Swazi-
land). Slightly lower proportions (20%—40% of cases) were
observed in 15 (42%) studies: 10 in countries in Africa, 2 in
the United States during localized outbreaks, 1 in Jamaica,
1 in the Dominican Republic, and 1 in India.

Only a few countries reported low proportions (<10%)
of genital ulcers infected with H. ducreyi, including Sin-
gapore (8.3%), Peru (5%), Greece (4.6%), the Netherlands
(0.9%), United States (3.1%), and Saudi Arabia (2.1%).
The study in Saudi Arabia was conducted during 1995—
1999; a total of 27,490 patients were examined for STIs.
Chancroid was diagnosed by culture and was reported as
the least common STI during this survey. The only stud-
ies that reported no cases of chancroid were conducted in
Thailand in 1996 and China in 1999; both studies used mul-
tiplex PCR for detection of GUD cases.

During 2000-2014, the proportion of H. ducreyi infec-
tions was low (<10%) in all studies analyzed, except for
1 study in Malawi (15%) (Table 2). Studies in 5 countries
(Kenya, Namibia, Zambia, Brazil, and Australia) did not
report any cases of infection with H. ducreyi. Other stud-
ies reporting proportions of infections <10% were con-
ducted in Botswana, Mozambique, South Africa, Uganda,
Pakistan, and France. No reports were found for studies in
North America, Southeast Asia, or the Caribbean.

Nongenital Skin Infections with H. ducreyi
During 1988-2010, several case reports described 4
children and 4 adults with nonsexually transmitted

infections with H. ducreyi that manifested as lower leg
lesions but no genital lesions. The reported case-patients
were travelers who had been to Fiji (reference 55 in online
Technical Appendix), Samoa (reference 56 in online
Technical Appendix), Vanuatu (reference 57 in online
Technical Appendix), or Papua New Guinea (reference
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Figure 3. Trend of proportion of genital ulcers caused by
infections with Haemophilus ducreyi, 1979-2010.
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Table 3. Characteristics of 11 studies on skin ulcers caused by Haemophilus ducreyi, 1988-2014*

Year of  Diagnostic No. patients with No cases H.

Reference Country study method skin ulcers ducreyi infection % (95% Cl)
Marckmann et al. (7) Fiji Islands 1988 Culture 1 man 1 NA
Ussher et al. (8) Samoa 2005 PCR 3 girls <10 y of age 3 NA
McBride et al. (9) Vanuatu 2007 PCR 1 woman 1 NA
Peel et al. (10) Vanuatu and Papua 2010 PCR 2 men 2 NA

New Guinea
Humphrey et al. (117) Sudan 2007 PCR 1 boy 1 NA
Mitja et al. (3) Papua New Guinea 2013 PCR 90 54 60.0 (49.6-69.5)
Mitja et al. (6) Papua New Guinea 2014 PCR 114 60 60.1 (54.3-65.5)
Marks et al. (4) Solomon Islands 2013 PCR 41 13 31.7 (19.5-46.9)
Chen et al.¥ Vanuatu 2013 PCR 176 68 38.6 (31.7-46.0)
Chen et al. ¥ Ghana 2013 PCR 179 49 27.3 (21.3-34.3)
Ghinai et al. (5) Ghana 2014 PCR 90 8 8.8 (4.5-16.5)

*NA, not applicable.
tPers. comm.

58 in online Technical Appendix) (Table 3). Outside the
south Pacific region, a 5-year-old refugee from Sudan
who had lower leg ulceration was also given a diagnosis
of infection with H. ducreyi (reference 59 in online Tech-
nical Appendix).

A cohort study conducted in Papua New Guinea in 2014
showed evidence that H. ducreyi is a major cause of chronic
skin ulceration; H. ducreyi DNA was identified by PCR in
60.0% of skin lesions in children (3). Similar studies in other
areas reported laboratory-confirmed skin ulcers in children
caused by H. ducreyi in Papua New Guinea (reference 60 in
online Technical Appendix), Solomon Islands (4), Vanuatu
(C.Y. Chen, pers. comm.), and Ghana (5) (Table 3).

Discussion

Our review confirmed 2 major findings. First, reduction in
the proportion of genital ulcers caused by H. ducreyi has
been sustained for the past decade and a half. Second, there
is increasing evidence that H. ducreyi is a common and
newly recognized causative agent of chronic skin ulcer-
ation in children from developing countries.

In the 1990s, the global prevalence of chancroid was es-
timated to be 7 million (/7). Chancroid was one of the most
prevalent GUDs, particularly in resource-poor countries in
Africa, Asia, Latin America, and the Caribbean (/; refer-
ence 45 in online Technical Appendix). Recommendations
to introduce syndromic management for treatment of GUD
caused by bacteria were published by the World Health
Organization in 1991 and fully implemented by 2000 (ref-
erence 6/ in online Technical Appendix). Since that time,
global incidence of GUDs, particularly chancroid, has de-
creased substantially, and genital herpes viruses (HSV-1 and
HSV-2) have become the predominant cause of GUD (refer-
ence 47 in online Technical Appendix). Currently in Europe
and the United States, chancroid is restricted to rare sporadic
cases. Transmission of H. ducreyi remains ongoing in only a
few countries that have limited access to health services (2;
reference 60 in online Technical Appendix).

Our data show marked decreases in the proportion of
GUD caused by H. ducreyi in several countries. Spinola et
al. reported similar conclusions obtained from 25 PCR-based
studies (reference 62 in online Technical Appendix). For ex-
ample, in Botswana (/0), Kenya, (/4), and South Africa (23),
the proportion of GUD caused by H. ducreyi decreased from
25%—-69% to negligible (0.0%—1.2%) levels (/0; references
42, 46 in online Technical Appendix). Studies in Zambia
(reference 50 in online Technical Appendix), Namibia (ref-
erence 45 in online Technical Appendix), Brazil (reference
51 in online Technical Appendix), and China (30) did not
report any cases of chancroid during 2000-2009. A study in
Thailand reported elimination of chancroid by introduction
of a condom use program in the 1990s (reference 63 in online
Technical Appendix). Similar decreases have been reported
from Cambodia and Sri Lanka, with rapid elimination of
chancroid and congenital syphilis in most settings (reference
63 in online Technical Appendix). However, these findings
should be interpreted with caution because, given the short
duration of infectivity, even a low prevalence of H. ducreyi
in a population with GUD implies that a reservoir of infected
persons with a high rate of sex partners is present.

Recent research has identified H. ducreyi as a previously
unrecognized cause of nongenital skin ulcers in tropical areas.
In 2013-2015, six studies in Papua New Guinea (3; reference
60 in online Technical Appendix), the Solomon Islands (4),
Vanuatu (C.Y. Chen et al., pers. comm.), and Ghana (5; C.Y.
Chen et al., pers. comm.) showed that a high proportion of
laboratory-confirmed skin ulcers were caused by H. ducreyi.
Nearly half of the 690 enrolled patients with ulcers in these
6 studies had H. ducreyi detectable by PCR, whereas other
bacteria, such as T. pallidum subsp. pertenue, the causative
agent of yaws, were detected in 25% of patients.

These cases of infection with H. ducreyi confirmed by
molecular analysis suggest that clinicians should be more
aware of this newly recognized bacterium in skin ulcers
of persons in tropical areas. In the context of new efforts
to eradicate yaws, mass treatment with azithromycin in
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Papua New Guinea reduced the absolute prevalence of ul-
cers not caused by yaws, which were mainly caused by H.
ducreyi, from 2.7% to 0.6% (prevalence ratio 0.23, 95% CI
0.18-0.29) at 12 months after treatment (6). However, per-
sistence of H. ducreyi at low levels after mass treatment in
Papua New Guinea (3) and Ghana (5) suggest that 1 round
of mass treatment might not be successful in eradicating H.
ducreyi skin ulcers.

Our review has several limitations. First, the increase
in HSV-related GUD as a result of immunosuppression
by HIV infection would result in a decrease in the propor-
tion of chancroid among all GUD case-patients. Second,
the lack of sequential studies performed in similar clini-
cal settings at multiple time points precludes an optimal
interpretation of the apparent decrease. Third, results might
be affected by poor-quality data from many developing
countries and might be inflated by publication bias. Fourth,
PCR is more sensitive than culture. Therefore, increasing
diagnostic yield might have partially masked the scale of
the decrease in H. ducreyi as a cause of GUD.

In summary, we observed a quantitative and sustained
reduction in cases of chancroid as a result of antimicrobial
drug syndromic management and major social changes. In
addition, data from several research groups indicate that
H. ducreyi can cause nongenital skin lesions in persons
residing in different regions. Further studies of this newly
described pathogen skin disease association are required,
and appropriate policies are needed that include the routine
practice of managing tropical skin ulcers.

M.M. is supported by a Wellcome Trust Clinical Research Fel-
lowship (WT102807).

Ms. Gonzalez-Beiras is a predoctoral fellow at Instituto de
Higiene e Medicina Tropical, Lisbon, Portugal. Her primary
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Waterborne
Elizabethkingia meningoseptica
in Adult Critical Care!

Luke S.P. Moore, Daniel S. Owens, Annette Jepson, Jane F. Turton,
Simon Ashworth, Hugo Donaldson, Alison H. Holmes

Elizabethkingia meningoseptica is an infrequent colonizer
of the respiratory tract; its pathogenicity is uncertain. In the
context of a 22-month outbreak of E. meningoseptica ac-
quisition affecting 30 patients in a London, UK, critical care
unit (3% attack rate) we derived a measure of attributable
morbidity and determined whether E. meningoseptica is an
emerging nosocomial pathogen. We found monomicrobial
E. meningoseptica acquisition (n = 13) to have an attribut-
able morbidity rate of 54% (systemic inflammatory response
syndrome >2, rising C-reactive protein, new radiographic
changes), suggesting that E. meningoseptica is a pathogen.
Epidemiologic and molecular evidence showed acquisition
was water-source—associated in critical care but identified
numerous other E. meningoseptica strains, indicating more
widespread distribution than previously considered. Analy-
sis of changes in gram-negative speciation rates across a
wider London hospital network suggests this outbreak, and
possibly other recently reported outbreaks, might reflect
improved diagnostics and that E. meningoseptica thus is a
pseudo-emerging pathogen.

lizabethkingia meningoseptica (formerly Flavobacte-

rium meningosepticum and, during 1994-2005 Chry-
seobacterium meningosepticum) (1) is a gram-negative
nonfermenting obligate aerobe. It is widely distributed in
the environment (2), yet also an acknowledged opportu-
nistic human pathogen. Most frequently associated with
neonatal meningitis (3,4), the organism also has been de-
scribed in osteomyelitis (5) and skin structure infections
(6,7). In addition, E. meningoseptica has been associ-
ated with colonization of the respiratory tract in venti-
lated adult patients, but causation of ventilator-associated
pneumonia in this cohort is less clear; some studies have
attributed pathogenicity (§—/0), but others have found no
attributable disease from colonization (//,/2). Outbreaks
have been linked to hospital water sources in adult critical
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care units (8,/3); these outbreaks have been suggested to
be attributable to the tolerance exhibited by Elizabeth-
kingia species to such environments.

Challenges in the laboratory diagnosis of this organ-
ism complicate a true understanding of its role in disease.
Difficulties in culture, including variable (strain-depen-
dent) growth on MacConkey agar (/) and misidentification
on some automated laboratory platforms (4,7), contribute
to diagnostic challenges. Recent changes to clinical labo-
ratory practice, particularly the widespread adoption of
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry, has improved confi-
dence in identification of nonfermenting gram-negative
organisms (/4) and specifically facilitated rapid identifica-
tion of E. meningoseptica from patient samples (/5). How
this advance confounds the reported epidemiology of this
organism remains unclear and contributes to the lack of
clarity around attributable illness. In the context of recent
increased international reporting of E. meningoseptica out-
breaks among adults, including in the United States (/0),
Brazil (/6), South Asia (/7), and Southeast Asia (8,/8),
establishing whether E. meningoseptica is an emerging
pathogenic organism is essential.

We report a retrospective observational study detailing
an outbreak of E. meningoseptica acquisition in a London
teaching hospital adult critical care unit in accordance with
the ORION protocol (/9), analyzing the clinico-physiologic
response of patients who acquired E. meningoseptica, and
deriving a measure of attributable illness. We analyzed case
identification in the context of the wider changes to diag-
nostic laboratory practice to determine whether E. meningo-
septica is an emerging, or pseudo-emerging (i.e., previously
present but unidentified or underidentified), organism (20).

Materials and Methods

Setting
The outbreak occurred in a 16-bed critical care unit in a West
London teaching hospital that receives acute medicine, acute

"Preliminary findings of this study were presented, in part, at the
27th European Society for Intensive Care Medicine conference,
Barcelona, Spain, September 27— October 1, 2014.
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surgery, tertiary referral vascular surgery, and major trau-
ma patients from a 400-bed London teaching hospital. The
hospital is part of a wider 5-hospital network across West
London with overarching institutional policies, including for
infection prevention and control and antimicrobial steward-
ship. The critical care unit comprises 8 en suite single rooms
(each with a room sink and a lobby sink) and two 4-bed bays
(with 1 clinical sink per bed). Infrared taps are used in all
clinical sinks. An off-site sterilization facility processes all
endoscopes and procedural equipment. Critical care staffing
levels meet mandatory requirements, and a multidisciplinary
infection control team provides support with daily critical
care antimicrobial rounds. A critical care resistant-organ-
ism screening program is in place, and all patients admitted
for critical care have cross-infection screening comprising
methicillin-resistant Staphylococcus aureus sampling (na-
sal and groin) at admission and then weekly, and resistant
gram-negative organism sampling (rectum and throat) once
per week.

Microbiological Investigation
A centralized microbiology laboratory processes samples
from the 5-hospital network in accordance with standard UK
laboratory operating procedures (27). Specifically, cross-
infection sample processing occurs in line with detection of
extended-spectrum f-lactamase/carbapenem-hydrolyzing
organism protocols (27). Blood cultures are incubated by us-
ing a BACTEC system (Becton Dickinson, Franklin Lakes,
NJ, USA). Since June 2011, organisms have been identified
by Biotyper MALDI-TOF mass spectroscopy (Bruker Dal-
tonik GmbH, Bremen, Germany) with previously described
methods used for identifying nonfermenting gram-negative
organisms (/4,22); previously, identification was by API
(bioMérieux, Marcy I’Etoile, France). Susceptibility testing
is by disk diffusion using British Society of Antimicrobial
Chemotherapy methods and interpretative criteria (23). A
representative of the outbreak strain underwent MIC deter-
mination by using agar dilution for a broad range of antimi-
crobial agents at a national reference laboratory (24).
Water from all clinical taps in the critical care unit was
sampled for bacterial colonization in July 2012, July 2013,
and December 2013. A total of 100 mL of water was col-
lected from each tap, filtered by using a 0.45-p filter mem-
brane, and incubated on MacConkey agar in air at 37°C
for 48 hours. Oxidase-positive non-lactose-fermenting
colonies were subcultured onto nutrient agar and a 10-pg
meropenem disk placed on the inoculum. Organisms dis-
playing meropenem resistance were further identified by
using MALDI-TOF mass spectrometry. Clinical and envi-
ronmental isolates were compared by using pulsed-field gel
electrophoresis (PFGE) of Xbal-digested isolate genomic
DNA as previously described (25), except that switch times
of 1-25 seconds were used.

Cases

The index case was identified on January 12, 2012, in a
patient from whom E. meningoseptica was grown from a
respiratory tract sample. This patient and all those in whom
E. meningoseptica was subsequently isolated from clini-
cal or screening samples were defined as case-patients and
are analyzed here. During January 2012—October 2013, we
identified 30 cases from among 983 new patients admitted
to the critical care unit.

Determination of Attributable lliness

All case-patients had retrospective interrogation of their
electronic critical care records to determine clinico-phys-
iologic parameters (pulse rate, oxygen requirements, tem-
perature, C-reactive protein [CRP], leukocyte count, chest
radiography); primary outcomes (discharge from critical
care, death during admission); and antimicrobial history.
The microbiology information management system was
interrogated to identify all relevant isolates in the 7 days
before or after acquisition, to which any evident clinical
infection could otherwise be attributed. After excluding
patients in whom multiple organisms were identified, we
were able to identify case-patients with monomicrobial E.
meningoseptica acquisition and, in this subgroup, analyze
the trend in clinico-physiologic parameters in the 48 hours
before and after acquisition. Three systemic inflammatory
response syndrome (SIRS) parameters were investigated
(because most patients were ventilated, respiratory rate
as a parameter was excluded): new temperature change to
<36°C or >38°C, new increase in pulse rate to >90 beats
per minute, and new change in leukocyte count to <4 >12 x
10° cells/L. We investigated 3 additional criteria: new rise
in fraction of inspired oxygen requirement >0.1, new CRP
>100 mg/L, and new pulmonary infiltrates on plain chest
radiography.

Outbreak Investigation

We undertook spatiotemporal analysis of cases by cor-
relating bed occupancy of confirmed case-patients against
each other and possible environmental reservoirs to
identify possible routes of cross-transmission or point
sources. This analysis was reviewed against sequential
interventions to determine effectiveness in outbreak cur-
tailment. Data from serial routine 6-monthly antimicro-
bial use point-prevalence studies (conducted across the
hospital network) were analyzed to identify trends in
antimicrobial use. We also analyzed the microbiology
information management system to identify any other E.
meningoseptica in the wider 5-hospital network during
the outbreak period and for the 2 preceding years. This
analysis enabled identification of any possible out-of-co-
hort secondary cases and enabled a wider analysis of the
epidemiology of E. meningoseptica within the hospital
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network. Ethical approval was not required for this study;
outbreak investigation and analysis was classed as service
evaluation by the head of regulatory compliance at the
host institute.

Results

We identified 30 patients as acquiring E. meningoseptica
during the outbreak, yielding an attack rate of 3% for pa-
tients admitted to critical care. The median age of E. menin-
goseptica case-patients was 45 years (range 17-83 years);
73% were male (Table 1), compared with a critical care all-
admission median age of 55 years (range 8§-95 years) and
68% male. Before E. meningoseptica acquisition, the me-
dian time spent in the critical care unit was 17 days (range
4-35 days), and 26 patients had received broad-spectrum
antimicrobial drug regimes (piperacillin/tazobactam or
meropenem) in the week preceding acquisition. Of the 30
patients in whom E. meningoseptica was identified, 24 had

E. meningoseptica in Adult Critical Care

the organism isolated from specimens taken for a clinical
indication; for 6, the organism was isolated only through
routine screening.

Microbiological Investigation

Identification of isolates from patients and water samples
by MALDI-TOF mass spectrometry gave spectra concor-
dant with E. meningoseptica for all isolates with relative
intensity of matched peak scores >2.1. Disk diffusion
susceptibility testing demonstrated in vitro resistance to
amoxicillin, amoxicillin/clavulanic acid, temocillin, cefu-
roxime, cefotaxime, ceftazidime, ertapenem, meropenem,
gentamicin, tobramycin, amikacin, and colistin but sus-
ceptibility to ciprofloxacin, piperacillin/tazobactam, tige-
cycline, and trimethoprim/sulfamethoxazole. The antibio-
grams were consistent for isolates from all 30 patients;
MICs of selected agents for a representative isolate are
shown in Table 2.

Table 1. Clinical and epidemiologic patient characteristics from an Elizabethkingia meningoseptica outbreak in an adult critical care

unit, West London, UK, 2012-2013*

Hospital Antimicrobial therapy E.m.

Patient Age, Admission Date of E. m. day of Sample immediately before  treatment Clinical PFGE
no. y/sex  category acquisition  acquisition typet E. m. acquisition regimen outcome  designation
1 29/M Trauma 2012 Jan 12 35 Respiratory None None Discharged NA
2 45/F Medical 2012 Feb 27 9 Respiratory TZP None Discharged EZ1
3 58/M Medical 2012 Mar 2 22 Respiratory MEM + CAS None Discharged EZ1
4 34/M Trauma 2012 Mar 10 18 Respiratory TZP None Discharged NA
5% 28/M Trauma 2012 Mar 20 15 Screening MEM TGC Discharged EZ2
6 64/M Surgical 2012 Mar 22 4 Respiratory None None Discharged NA
¥ 77/M Medical 2012 Mar 28 10 Screening MEM + MTZ None Discharged EZ1
8 69/M Trauma 2012 Apr 18 11 Screening MEM None Discharged NA
9t 35/F Trauma 2012 May 21 19 Screening TZP + AFG TMP/SXT Discharged EZ2
101§ 35/F Surgical 2012 Jul 16 14 Respiratory MEM TMP/SXT Discharged NA
1118 60/F Medical 2012 Jul 21 22 Respiratory None None Died EZ1
12 55/M Surgical 2012 Jul 27 14 Respiratory TZP + VAN None Died EZ1
13 43/M Trauma 2012 Sep 13 6 Screening MEM + MTZ None Discharged NA
14 40/M Trauma 2012 Dec 27 13 Respiratory MEM + VAN None Discharged NA
15 40/F Medical 2013 Jan 3 31 Blood culture MEM + MTZ TGC Died NA
161 23/M Trauma 2013 Jan 14 13 Respiratory None None Discharged EZ1
17 57/M Trauma 2013 Jan 14 13 Respiratory TZP + FCA None Discharged NA
181§ 19/M Trauma 2013 Mar 26 25 Respiratory TZP + MTZ None Discharged NA
19% 70/M  Vascular 2013 Apr 8 11 Respiratory MEM + FCA TGC Discharged Unique
201§ 61/F Trauma 2013 Apr 27 11 Respiratory MEM TGC Died Unique
211§ 43/M Surgical 2013 May 1 12 Respiratory MEM +AFG None Discharged NA
221 17/M Trauma 2013 May 22 28 Screening MEM + MTZ None Discharged EZ3
23§ 60/M Medical 2013 May 30 13 Respiratory TZP + FCA None Died NA
241§ 75/F Trauma 2013 Jun 21 13 Respiratory TZP TGC Discharged NA
25 75/M Trauma 2013 Jun 22 12 Respiratory MEM + VAN None Discharged NA
26 77/F Medical 2013 Aug 2 22 Respiratory TZP TMP/SXT Discharged EZ1
27 31/M Trauma 2013 Sep 15 26 Respiratory MEM + VAN TGC Discharged NA
281§ 83/M Surgical 2013 Sep 15 28 Respiratory TZP + FCA TMP/SXT Discharged NA
291§ 32/M Trauma 2013 Oct 10 11 Respiratory TZP + VAN TMP/SXT Discharged NA
30 48/M Trauma 2013 Oct 29 34 Respiratory TZP + VAN None Discharged NA
319 34/F Trauma 2014 Apr 12 1 Screening None None Discharged Unique

*AFG, anidulofungin; CAS, caspofungin; Dis, discharged; E. m., E. meningoseptica; FCA, fluconazole; MEM, meropenem; MTZ, metronidazole; NA,
isolate unrecoverable for PFGE analysis; PFGE, pulsed-field gel electrophoresis; TGC, tigecycline; TMP/SXT, trimethoprim/sulfamethoxazole; TZP,
piperacillin/tazobactam; VAN, vancomycin; TGC, tigecycline; AFG, anidulofungin.

TRespiratory sample types included nondirected bronchoalveolar lavage or endotracheal suction. Cross-infection screens comprise throat, rectum, nose,

and groin swab specimens.

FPatients in whom no other pathogen was identified in the 7 days before or after isolation of E. meningoseptica.
§Patients in whom chest radiography demonstrated new-onset signs consistent with a pneumonic process in the 48 hours before and after E.

meningoseptica isolation.
{[Postoutbreak infection.
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Table 2. MICs of selected antimicrobial agents tested against a
representative isolate from an Elizabethkingia meningoseptica
outbreak strain from an adult critical care unit, West London, UK,
2012-2013*

Antimicrobial agent MIC, mg/L Interpretation
Ceftazidime 256 Nonsusceptible
Piperacillin/tazobactam 16 Susceptible
Meropenem >32 Nonsusceptible
Imipenem 64 Nonsusceptible
Aztreonam >64 Nonsusceptible
Gentamicin 16 Nonsusceptible
Tobramycin >32 Nonsusceptible
Amikacin 32 Nonsusceptible
Colistin >32 Nonsusceptible
Ciprofloxacin 1 Intermediate
Minocycline 0.5 Unknown
Trimethoprim/sulfamethoxazole 0.25 Susceptible

*MICs were determined by serial agar dilution by using established
methods (24). Interpretation of MICs used established British Society of
Chemotherapy breakpoints. The intrinsic metallo- and extended-spectrum
B-lactamases exhibited by E. meningoseptica mean the apparent in vitro
susceptibility of the organism to piperacillin/tazobactam should be viewed
with caution.

In addition to the isolates derived from patients, 7 E.
meningoseptica isolates were identified from 5 sinks (1 in
July 2012 when 2 additional taps were identified to have
Pseudomonas spp. colonization; 4 in July 2013 when no
further taps had Pseudomonas spp. colonization; no organ-
isms were identified in December 2013). Routine analysis
of bronchoscope rinse water from decontamination units
during the investigation period showed no growth.

PFGE typing (Figure 1) showed that of the 12 patient
isolates retrievable, 7 shared a common PFGE pattern
(denoted EZ1), 2 shared a different profile (EZ2), 1 had a
further identifiable profile (EZ3), and 2 others had unique
profiles. Comparative PFGE typing of the 7 environmental
isolates demonstrated that 5 were indistinguishable from
the EZ1 outbreak strain; the remaining 2 isolates shared a
PFGE pattern not identified among patient isolates (EZ4).
The 5 EZ1 environmental isolates were isolated from taps
from 3 different sink units in the critical care unit.

Attributable lliness

Eleven of the 30 case-patients received antimicrobial drug
therapy targeted at E. meningoseptica, in all cases for a
clinical diagnosis of hospital-acquired pneumonia. Thir-
teen patients were identified within the outbreak cohort
in whom no discernible microbiological evidence of other
pathogens was found in the 7 days before or after £. me-
ningoseptica acquisition (Figure 2). In the 48 hours be-
fore and after E. meningoseptica acquisition, in terms of
SIRS response, 7 case-patients had new-onset fever, 7 had
new tachycardia, and 8 had new leukocyte count change.
Additionally, 4 had increasing oxygen requirements, 7
had new increase in CRP, and 8 had new infiltrates on
chest radiography. Moreover, targeted E. meningoseptica
antimicrobial therapy was begun on 8 of these patients by

the physicians coordinating care. Therefore, attributable
illness (SIRS >2) from acquisition of E. meningoseptica
in this outbreak was 54%.

Five case-patients died, including 2 of those deemed to
have monomicrobial E. meningoseptica acquisition. How-
ever, the cause of death in those 2 patients was not due to
infection; that is, no deaths were attributed to E. meningo-
septica acquisition in this outbreak.

Outbreak Investigation
Analysis of bed occupancy demonstrated that for most of
the time the critical care unit had contemporaneous case-pa-
tients present. However, 2 notable periods where no cases
were identified (October 2012—December 2013 and Janu-
ary—March 2013) suggested a point source was more likely
than person-to-person transmission in perpetuating the out-
break. Spatial correlation was observed between all colo-
nized patients and environmental isolates in 1 quadrant of
the critical care unit (2 side rooms and 1 bay); environmen-
tal sampling implicated 3 clinical sinks as the point source
in this quadrant. No ongoing building or plumbing work
elsewhere in the contiguous water system was identified.
Analysis of the antimicrobial point-prevalence stud-
ies showed that 63%—79% of all patients in the critical
care unit were receiving antimicrobial drugs at any 1
time, but no directional trend was exhibited. Antimicro-
bial drug use in the outbreak unit demonstrated no major
difference from that in the other critical care units in the
hospital network.

Estimating the Effect of MALDI-TOF Mass
Spectrometry Introduction on Identification

of E. meningoseptica

Interrogation of the microbiology information manage-
ment system identified 8 other E. meningoseptica isolates
throughout the wider hospital network: 1 patient in the
study hospital in March 2013 for whom no connection to
the critical care unit could be established, and 7 patients in
the 4 other hospitals in the network during January 2010—
October 2013. None of these were from critical care units,
and no discernible health care contact was found among
the case-patients. Only 2 of these 8 additional cases were
detected before MALDI-TOF mass spectrometry was in-
troduced into routine laboratory practice in June 2011,
meaning 6 (and all 30 of the outbreak case-patients) were
identified after its introduction. Further analysis of the mi-
crobiology information management system revealed that
throughout the hospital network during January 2010—June
2011, a total of 17% of non—lactose-fermenting gram-neg-
ative organisms were not identified to genus/species level,
after introduction of the MALDI-TOF mass spectrometry,
during July 2011-October 2013, this percentage decreased
to 10.9%.
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Isolate Strain

E6 EZ-4
E7 EZ-4
P9 EZ-2
P5 EZ-2
P22 EZ-3
El EZ-1
P26 EzZ-1
E3 EZ-1
ES EZ-1
P16 EZA1
E4 EZ-1
P12 EZ-1
E2 EZ-1
P2 EZ-1
P11 EZA1
P3 EZ-1
P7 EZ-1

Figure 1. Pulsed-field gel electrophoresis profiles of Xbal-digested genomic DNA from patient (P) and environmental (E) Elizabethkingia
meningoseptica isolates from an outbreak in an adult critical care unit, London, UK, 2012—2013. Two additional isolates from patients
demonstrated unique pulsed-field gel electrophoresis profiles and are not shown. Patient numbers (e.g., P9) match those given in Table 1.

Water Reservoirs and Control

Interventions to attempt containment of the outbreak in-
cluded (sequentially): domestic process review (single
cloth per sink; “clean-to-dirty” cleaning protocol) and de-
cluttering of clinical areas (August 2012); instigation of
daily sink trap chlorination in all clinical sinks (August
2012); exchange of clinical sink traps (September 2012);
and water course remodeling, including removal of flexi-
ble tubing segments (September—December 2012). Use of
alcohol gel after hand washing was advocated throughout
the outbreak. These steps failed to control the outbreak;
however, after initiation of 3 times per day automated
flushing of all clinical tap units in October 2013, water
testing in December 2013 demonstrated an absence of E.
meningoseptica or Pseudomonas species, and no further
isolates were identified from patients in the critical care
unit from November 2013 onward. The exception was 1
isolate from a cross-infection sample in a patient admitted
in April 2014, detected from screening samples taken on
the day of admission; typing of this organism showed a
unique PFGE profile not related to any of the previously
identified isolates.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 22, No. 1, January 2016

Discussion

In the context of a prolonged outbreak of E. meningoseptica
acquisition in an adult critical care unit of a London teach-
ing hospital, we found that acquisition of this organism was
associated with clinically significant attributable illness in
approximately half of patients, evidence against this organ-
ism being a nonpathogenic colonizer. We found clinical and
molecular epidemiologic evidence indicating acquisition is
associated with water sources in the critical care unit; how-
ever, within these water samples we also identified numer-
ous varied strains of E. meningoseptica, suggesting more
widespread dissemination of this organism than previously
thought. From our analysis of microbiology data throughout
the hospital network, we found a marked excess of identi-
fied E. meningoseptica (both outbreak and nonoutbreak) and
a contemporaneous decrease in unspeciated nonfermenting
gram-negative organisms after MALDI-TOF mass spec-
trometry was introduced. We propose that wider introduc-
tion of this technology across clinical laboratories might be
overcoming previous difficulties in identifying E. meningo-
septica, possibly contributing to the recent increase in report-
ed outbreaks of this emerging pathogen (8,70,16—18).
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Figure 2. Clinicophysiologic parameters of patients with monomicrobial acquisition of Elizabethkingia meningoseptica in an outbreak

in an adult critical care unit, London, UK, 2012-2013. Thirteen patients in the outbreak cohort were identified as having monomicrobial
E. meningoseptica acquisition. Of these, 8 patients demonstrated an increase in 5 clinicophysiologic parameters of inflammation during
the 48 hours before and after acquisition of E. meningoseptica: A) body temperature; B) oxygen saturation; C) pulse rate; D) lymphocyte
count; and D) C-reactive protein. Patient numbers match those given in Table 1.

New-onset rise in temperature, tachycardia, and in-
flammatory markers occurred in half of the patients who
acquired E. meningoseptica and culminated in clinical de-
cisions to instigate targeted therapy in the absence of any
other organisms. This finding suggests E. meningoseptica
causes clinical infection and does not just colonize pa-
tients in critical care. Furthermore, the high frequency of
isolation of E. meningoseptica from respiratory samples
across the outbreak cohort, combined with new-onset ra-
diographic changes in half of patients with monomicrobial
E. meningoseptica, suggests that this pathogen is a cause
of hospital-acquired pneumonia. Biological plausibility
exists, with virulence factors including a propensity for
biofilm formation (26,27), intracellular invasion (2§), and
chromosomal (29) and plasmid (30) mediated resistance
to many antimicrobial drugs, including commonly used
B-lactams. This marked antimicrobial drug resistance has
been previously documented to include 3 bla,,, genes
coding for extended-spectrum serine-p-lactamase (Ambler
class D) and 2 unrelated metallo-B-lactamases conferring
carbapenem resistance: bla, (subclass B1) and bla,, (sub-
class B3) (37). Acquisition of further resistance elements,
including bla,,., also has been documented (32). Pheno-
typic susceptibility testing on the isolates from this out-
break supports such a marked resistance phenotype, par-
ticularly to B-lactam antimicrobial drugs. This high level of
antimicrobial resistance may have accounted for the excess
appearance of the organism in patients who had a history of

broad-spectrum antimicrobial drug therapy; 87% of the pa-
tients who acquired E. meningoseptica had a history of pre-
ceding antimicrobial use (predominantly piperacillin/tazo-
bactam and meropenem), compared with a background of
63%—79% among nonoutbreak critical care patients. Drug
resistance also led to a limited armamentarium with which
to treat; whereas our treatment strategies were susceptibil-
ity testing driven (trimethoprim/sulfamethoxazole and tige-
cycline), other agents have been advocated, including some
typically considered to target gram-positive organisms (3).

The noted potential for E. meningoseptica to display
a strong biofilm biotype might also explain the failure of
many of the infection control interventions during this out-
break. The failure of chlorine has been documented (33),
but use of post-hand washing alcohol gel, previously found
effective in terminating outbreaks (/3,34), was not effec-
tive in our experience. The apparent success of regular sink
flushing in terminating our outbreak might be attributed to
the sheer force exerted during this process and is advocated
in recent UK guidance for augmented care areas where
waterborne pseudomonads are of concern (35). The return
of the organism in a single patient in April 2014, seven
months after the proposed outbreak termination, might be
attributable to a failure in the automated flushing protocols
but more likely represents contamination from a sink in
a nearby area of the hospital (i.e., operating rooms) that
does not practice the auto-flushing protocol or from outside
the health care environment. Biofilm formation also might
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account for the observed predilection for respiratory tract
acquisition, and we speculate that, in addition to antimicro-
bial drug therapy, in those with airway adjuncts repeated
device changes might be helpful. Small-molecule disrup-
tion of biofilms might in the future provide an alternative
therapeutic avenue (306).

The identification of numerous strains (albeit with 1
predominating) of E. meningoseptica in patients and in wa-
ter sources suggests a wider issue in the water microbiome.
The historical difficulties in identifying E. meningoseptica
from other nonfermenting gram-negative organisms (in-
cluding Pseudomonas species) in both patient and environ-
mental samples mean that the advent of MALDI-TOF mass
spectrometry might simply be helping to describe E. menin-
goseptica epidemiology, and the recent increase in reported
outbreaks might indicate ascertainment bias. This possible
bias is supported by the wider microbiology data, with few
E. meningoseptica isolates being identified anywhere in the
hospital network before introduction of MALDI-TOF mass
spectrometry, after which not only were many more identi-
fied, but a concomitant fall in the frequency of nonidenti-
fied gram-negative organisms also was observed. Although
MALDI-TOF mass spectrometry might therefore be aid-
ing the early phase of outbreak detection through improved
organism identification, the extent to which this organism
represents an emerging pathogen, as opposed to how much
preexisted and is simply newly identified, is unclear. Fur-
ther work on the utility of MALDI-TOF mass spectrometry
in outbreak detection and investigation is warranted, and an
additional role in typing might be feasible (37—40). Integra-
tion of this platform into clinical practice, as is happening
in many laboratories, must be given due consideration as to
such potential unintended consequences.

A failure to subculture many of the isolates from the
cohort for PFGE typing is a noted limitation of this study.
As described, however, variable growth on commonly used
media is a feature of this organism. Moreover, the typing
that was conducted was hardly circumstantial and was suf-
ficient to demonstrate a link between isolates from water
sources and from patients. A further limitation of this study,
in delineating the attributable illness, was the low number
of patients for whom clinico-physiologic parameters were
analyzed. However, inclusion of cases was purposefully
strict, limiting cases to persons from whom no organisms
other than E. meningoseptica were isolated. This restric-
tion was to enable changes in clinico-pathologic variables
to be specifically associated with E. meningoseptica rather
than any co-cultured organisms; however, the possibility
remains that other organisms were present and not cultured.

Transmission of waterborne E. meningoseptica to
adult critical care patients has an attributable illness rate of
54%. Advances in rapidity and accuracy of microbiology
diagnostics, including through adoption of MALDI-TOF
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mass spectrometry, is leading to increased detection of this
organism providing an improved understanding of critical
care clinical infections and the waterborne hospital micro-
biome. Consequently, the recent international increase in
E. meningoseptica outbreaks in adults, including from the
United States, Brazil, and South and Southeast Asia, might
indicate a pseudo-emerging, rather than an emerging, nos-
ocomial pathogen. Further work is needed, and network
analysis and whole-genome sequencing are likely to facili-
tate greater understanding of the wider transmission poten-
tial of E. meningoseptica. Given the attributable illness, the
organism’s marked antimicrobial resistance profile, and its
endurance against standard infection prevention and con-
trol procedures, development of robust interventions to
combat waterborne outbreaks of this pathogen among criti-
cally ill adults is urgently needed.

Acknowledgments

We thank the clinical and laboratory staff at Imperial College
Healthcare NHS Trust for their laboratory assistance and patient
tracking. We are grateful to Neil Woodford for laboratory
assistance and for comments on the manuscript.

This work was supported by the National Institute for Health
Research Imperial Biomedical Research Centre, and the UK
Clinical Research Collaboration, which fund the Centre for
Infection Prevention and Management (UKCRC G0800777).
L.S.P.M. and A.H.H. are affiliated with the National Institute for
Health Research Health Protection Research Unit in Healthcare
Associated Infection and Antimicrobial Resistance at Imperial
College London in partnership with Public Health England.

L.S.P.M and A.H.H. have consulted for bioMérieux. H.D. has
received a speaker’s honorarium from Astellas.

Dr. Moore is a clinical research fellow at Imperial College
London. His research interests include clinical infectious
diseases and medical microbiology.

References

1. Kim KK, Kim MK, Lim JH, Park HY, Lee S-T. Transfer of
Chryseobacterium meningosepticum and Chryseobacterium
miricola to Elizabethkingia gen. nov. as Elizabethkingia
meningoseptica comb. nov. and Elizabethkingia miricola comb.
nov. Int J Syst Evol Microbiol. 2005;55:1287-93. http://dx.doi.org/
10.1099/1js.0.63541-0

2. Henriques IS, Aragjo S, Azevedo JSN, Alves MS, Chouchani C,
Pereira A, et al. Prevalence and diversity of carbapenem-
resistant bacteria in untreated drinking water in Portugal.
Microb Drug Resist. 2012;18:531-7. http://dx.doi.org/10.1089/
mdr.2012.0029

3. Jean SS, Lee WS, Chen FL, Ou TY, Hsueh PR. Elizabethkingia
meningoseptica: an important emerging pathogen causing
healthcare-associated infections. J Hosp Infect. 2014;86:244-9.
http://dx.doi.org/10.1016/j.jhin.2014.01.009

4. Chiu CH, Waddingdon M, Greenberg D, Schreckenberger PC,
Carnahan AM. Atypical Chryseobacterium meningosepticum and
meningitis and sepsis in newborns and the immunocompromised,

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 22, No. 1, January 2016 15



RESEARCH

10.

11.

12.

13.

14.

15.

16.

17.

18.

16

Taiwan. Emerg Infect Dis. 2000;6:481-6. http://dx.doi.org/10.3201/
¢id0605.000506

Lee C-H, Lin W-C, Chia J-H, Su L-H, Chien C-C, Mao A-H,

et al. Community-acquired osteomyelitis caused by
Chryseobacterium meningosepticum: case report and

literature review. Diagn Microbiol Infect Dis. 2008;60:89-93.
http://dx.doi.org/10.1016/j.diagmicrobio.2007.07.009

Lee CC, Chen PL, Wang LR, Lee HC, Chang CM, Lee NY,

et al. Fatal case of community-acquired bacteremia and necrotizing
fasciitis caused by Chryseobacterium meningosepticum: case report
and review of the literature. J Clin Microbiol. 2006;44:1181-3.
http://dx.doi.org/10.1128/JCM.44.3.1181-1183.2006

Tuon FF, Campos L, Duboc de Almeida G, Gryschek RC.
Chryseobacterium meningosepticum as a cause of cellulitis

and sepsis in an immunocompetent patient. ] Med Microbiol.
2007;56:1116-7. http://dx.doi.org/10.1099/jmm.0.47111-0

Balm MND, Salmon S, Jureen R, Teo C, Mahdi R, Seetoh T,

et al. Bad design, bad practices, bad bugs: frustrations in
controlling an outbreak of Elizabethkingia meningoseptica

in intensive care units. J Hosp Infect. 2013;85:134—40.
http://dx.doi.org/10.1016/j.jhin.2013.05.012

Bloch KC, Nadarajah R, Jacobs R. Chryseobacterium
meningosepticum: an emerging pathogen among
immunocompromised adults. Medicine (Baltimore). 1997;76:30—
41. http://dx.doi.org/10.1097/00005792-199701000-00003

Weaver KN, Jones RC, Albright R, Thomas Y, Zambrano CH,
Costello M, et al. Acute emergence of Elizabethkingia
meningoseptica infection among mechanically ventilated patients
in a long-term acute care facility. Infect Control Hosp Epidemiol.
2010;31:54-8. http://dx.doi.org/10.1086/649223

Maraki S, Scoulica E, Manoura A, Papageorgiou N,
Giannakopoulou C, Galanakis E. A Chryseobacterium
meningosepticum colonization outbreak in a neonatal intensive care
unit. Eur J Clin Microbiol Infect Dis. 2009;28:1415-9.
http://dx.doi.org/10.1007/s10096-009-0797-2

du Moulin GC. Airway colonization by Flavobacterium in an
intensive care unit. J Clin Microbiol. 1979;10:155-60.

Hoque SN, Graham J, Kaufmann ME, Tabaqchali S.
Chryseobacterium (Flavobacterium) meningosepticum outbreak
associated with colonization of water taps in a neonatal intensive
care unit. J Hosp Infect. 2001;47:188-92. http://dx.doi.org/10.1053/
jhin.2000.0908

Marko DC, Saffert RT, Cunningham SA, Hyman J, Walsh J,
Arbefeville S, et al. Evaluation of the Bruker Biotyper and

Vitek MS matrix-assisted laser desorption ionization-time of flight
mass spectrometry systems for identification of nonfermenting
gram-negative bacilli isolated from cultures from cystic fibrosis
patients. J Clin Microbiol. 2012;50:2034-9. http://dx.doi.org/
10.1128/JCM.00330-12

Hayek S, Thura A, Anderson A, Wang W, Cribbs S. Elizabethkingia
meningoseptica meningitis in an immunocompetent adult: rapid
bacteriologic diagnosis by MALDI-TOF mass spectrometry.

J Hosp Med. 2012;7(Suppl 2):468.

Pereira GH, Garcia DDO, Abboud CS, Barbosa VLDB,

Da Silva PSL. Nosocomial infections caused by Elizabeth-

kingia meningoseptica: an emergent pathogen. Braz J Infect Dis.
2013;17:606-9. http://dx.doi.org/10.1016/j.bjid.2013.02.011
Ghafur A, Vidyalakshmi PR, Priyadarshini K, Easow JM, Raj R,
Raja T. Elizabethkingia meningoseptica bacteremia in
immunocompromised hosts: the first case series from India.

South Asian J Cancer. 2013;2:211-5. http://dx.doi.org/10.4103/
2278-330X.119912

Hsu M-S, Liao C-H, Huang Y-T, Liu C-Y, Yang C-J, Kao K-L,

et al. Clinical features, antimicrobial susceptibilities, and outcomes
of Elizabethkingia meningoseptica (Chryseobacterium meningo-
septicum) bacteremia at a medical center in Taiwan, 1999-2006.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Eur J Clin Microbiol Infect Dis. 2011;30:1271-8. http://dx.doi.org/
10.1007/s10096-011-1223-0

Stone SP, Cooper BS, Kibbler CC, Cookson BD, Roberts JA,
Medley GF, et al. The ORION statement: guidelines for transparent
reporting of outbreak reports and intervention studies of
nosocomial infection. Lancet Infect Dis. 2007;7:282-8.
http://dx.doi.org/10.1016/S1473-3099(07)70082-8

Owens D, Moore L, Johnstone C, Turton J, Donaldson H,
Holmes AH. Prolonged critical care Elizabethkingia meningo-
septica outbreak in a UK teaching hospital. Intensive Care Med.
2014;40(S1):S98-9.

Public Health England. Standards for microbiology investigations
(SMI) [cited 2014 Nov 29]. https://www.gov.uk/government/
collections/standards-for-microbiology-investigations-smi
Mellmann A, Cloud J, Maier T, Keckevoet U, Ramminger I,

Iwen P, et al. Evaluation of matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry in comparison to

16S rRNA gene sequencing for species identification of
nonfermenting bacteria. J Clin Microbiol. 2008;46:1946-54.
http://dx.doi.org/10.1128/JCM.00157-08

British Society of Antimicrobial Chemotherapy. BSAC methods
for antimicrobial susceptibility testing version 12 [cited 2014 Dec
16]. http://bsac.org.uk/wp-content/uploads/2012/02/
Version-12-Apr-2013_final.pdf

Andrews JM. Determination of minimum inhibitory concentrations.
J Antimicrob Chemother. 2001;48(suppl 1):5-16.
http://dx.doi.org/10.1093/jac/48.suppl 1.5

Turton JF, Englender H, Gabriel SN, Turton SE, Kaufmann ME,
Pitt TL. Genetically similar isolates of Klebsiella pneumoniae
serotype K1 causing liver abscesses in three continents.

J Med Microbiol. 2007;56:593—7. http://dx.doi.org/10.1099/
jmm.0.46964-0

Jacobs A, Chenia HY. Biofilm formation and adherence
characteristics of an Elizabethkingia meningoseptica isolate from
Oreochromis mossambicus. Ann Clin Microbiol Antimicrob.
2011;10:16. http://dx.doi.org/10.1186/1476-0711-10-16

Lin P-Y, Chen H-L, Huang C-T, Su L-H, Chiu C-H.

Biofilm production, use of intravascular indwelling catheters and
inappropriate antimicrobial therapy as predictors of fatality in
Chryseobacterium meningosepticum bacteraemia.

Int J Antimicrob Agents. 2010;36:436—40. http://dx.doi.org/
10.1016/j.ijjantimicag.2010.06.033

Lin PY, Chiu CH, Chu C, Tang P, Su LH. Invasion of murine
respiratory tract epithelial cells by Chryseobacterium
meningosepticum and identification of genes present

specifically in an invasive strain. New Microbiol. 2006;29:55-62.
Lin X-H, Xu Y-H, Sun X-H, Huang Y, Li J-B. Genetic diversity
analyses of antimicrobial resistance genes in clinical
Chryseobacterium meningosepticum isolated from Hefei, China.
Int J Antimicrob Agents. 2012;40:186-8. http://dx.doi.org/10.1016/
j-ijantimicag.2012.03.020

Chakroun C, Grimont F, Urdaci MC, Bernardet JF. Fingerprint-
ing of Flavobacterium psychrophilum isolates by ribotyping and
plasmid profiling. Dis Aquat Organ. 1998;33:167-77.
http://dx.doi.org/10.3354/dao033167

Bellais S, Aubert D, Naas T, Nordmann P. Molecular and
biochemical heterogeneity of class B carbapenem-hydrolyzing
B-lactamases in Chryseobacterium meningosepticum molecular
and biochemical heterogeneity of class B carbapenem-hydrolyzing
beta-lactamases in Chryseobacterium meningosepticum.
Antimicrob Agents Chemother. 2000;44:1878-86. http://dx.doi.org/
10.1128/AAC.44.7.1878-1886.2000

Venkatachalam I, Teo J, Balm MND, Fisher DA, Jureen R,

Lin RTP. Klebsiella pneumoniae carbapenemase—producing
enterobacteria in hospital, Singapore. Emerg Infect Dis. 2012;
18:1381-3.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 22, No. 1, January 2016



33.

34.

35.

36.

37.

Kirby JT, Sader HS, Walsh TR, Jones RN. Antimicrobial
susceptibility and epidemiology of a worldwide collection of
Chryseobacterium spp.: report from the SENTRY antimicrobial
surveillance program (1997-2001). J Clin Microbiol. 2004;42:445—
8. http://dx.doi.org/10.1128/JCM.42.1.445-448.2004

Ceyhan M, Celik M. Elizabethkingia meningosepticum
(Chryseobacterium meningosepticum) infections in children. Int J
Pediatr. 2011;2011:215237. http://dx.doi.org/10.1155/2011/215237
Department of Health. Water systems health technical memoran-
dum 04-01: addendum. London; 2013 [cited 2014 Dec 7].
https://www.gov.uk/government/uploads/system/uploads/
attachment_data/file/140105/Health Technical Memorandum
04-01_Addendum.pdf

Bjarnsholt T, Ciofu O, Molin S, Givskov M, Heiby N. Applying
insights from biofilm biology to drug development—can a new
approach be developed? Nat Rev Drug Discov. 2013;12:791-808.
http://dx.doi.org/10.1038/nrd4000

Christner M, Trusch M, Rohde H, Kwiatkowski M, Schliiter H,
Wolters M, et al. Rapid MALDI-TOF mass spectrometry strain
typing during a large outbreak of Shiga-toxigenic Escherichia coli.
PLoS ONE. 2014;9:¢101924. http://dx.doi.org/10.1371/
journal.pone.0101924

Elizabethkingia [e-liz""a-beth-king'e-a]

Named for Elizabeth O. King, a bacteriologist
at the US Centers for Disease Control who
studied meningitis in infants, Elizabethkingia me-
ningoseptica is a gram-negative, obligate aerobic
bacterium in the family Flavobacteriaceae. King |
named the bacterium Flavobacterium (from the
Latin flavus, “yellow”) meningosepticum, and in
1994 it was reclassified in the genus Chryseobacte-
rium (from the Greek chryseos, “golden”). In 2005, \

it was placed in the new genus Elizabethkingia.

Sources

1. Johnson H, Burd EM, Sharp SE. Answer to photo
quiz: Elizabethkingia meningoseptica. J Clin
Microbiol. 2011;49:4421. http://dx.doi.org/10.1128/
JCM.05449-11

2. Kim KK, Kim MK, Lim JH, Park HY, Lee ST.
Transfer of Chryseobacterium meningosepticum and
Chryseobacterium miricola to Elizabethkingia gen

E. meningoseptica in Adult Critical Care

38. Mencacci A, Monari C, Leli C, Merlini L, De Carolis E, Vella A,
et al. Typing of nosocomial outbreaks of Acinetobacter baumannii
by use of matrix-assisted laser desorption ionization-time of flight
mass spectrometry. J Clin Microbiol. 2013;51:603-6.
http://dx.doi.org/10.1128/JCM.01811-12

39. Griffin PM, Price GR, Schooneveldt JM, Schlebusch S, Tilse MH,
Urbanski T, et al. Use of matrix-assisted laser desorption
ionization-time of flight mass spectrometry to identify
vancomycin-resistant enterococci and investigate the epidemiology
of an outbreak. J Clin Microbiol. 2012;50:2918-31.
http://dx.doi.org/10.1128/JCM.01000-12

40. Spinali S, van Belkum A, Goering RV, Girard V, Welker M,
Van Nuenen M, et al. Microbial typing by matrix-assisted laser
desorption ionization—time of flight mass spectrometry: do we need
guidance for data interpretation? J Clin Microbiol. 2015;53:760-5.
http://dx.doi.org/10.1128/JCM.01635-14

Address for correspondence: Luke S.P. Moore, National Institute for
Health Research Health Protection Research Unit in Healthcare Associated

Infections and Antimicrobial Resistance, Imperial College London,
Du Cane Rd, London W12 ONN, UK; email: .moore@imperial.ac.uk

Six-day-old blood agar
growth of Elizabethkingia
meningioseptica with 5
Mg vancomycin (with zone
of clearing) and 10 pg
colistin disks. Source: Dr.
Saptarshi via Wikimedia
Commons (https:/
commons.wikimedia.org/
wiki/File:Elizabethkingia_
meningoseptica_Blood_
agar_plate.JPG).

nov. as Elizabethkingia meningoseptica comb.
nov. and Elizabethkingia miricola comb. nov.
Int J Syst Evol Microbiol. 2005;55:1287-93.
http://dx.doi.org/10.1099/ijs.0.63541-0

3. King EO. Studies on a group of previously
unclassified bacteria associated with meningitis in
infants. Am J Clin Pathol. 1959;31:241-7.

Address for correspondence: Ronnie Henry, Centers for Disease Control and Prevention, 1600 Clifton Rd NE, Mailstop

EO03, Atlanta, GA 30329-4027, USA; email: boq3@cdc.gov

DOI: http://dx.doi.org/10.3201/eid2201.ET2201

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 22, No. 1, January 2016 17



RESEARCH

Human Papillomavirus Vaccination
at a Time of Changing
Sexual Behavior

lacopo Baussano, Fulvio Lazzarato, Marc Brisson, Silvia Franceschi

Human papillomavirus (HPV) prevalence varies widely
worldwide. We used a transmission model to show links be-
tween age-specific sexual patterns and HPV vaccination ef-
fectiveness. We considered rural India and the United States
as examples of 2 heterosexual populations with traditional
age-specific sexual behavior and gender-similar age-specif-
ic sexual behavior, respectively. We simulated these popu-
lations by using age-specific rates of sexual activity and age
differences between sexual partners and found that transi-
tions from traditional to gender-similar sexual behavior in
women <35 years of age can result in increased (2.6-fold in
our study) HPV16 prevalence. Our model shows that reduc-
tions in HPV16 prevalence are larger if vaccination occurs
in populations before transitions in sexual behavior and that
increased risk for HPV infection attributable to transition is
preventable by early vaccination. Our study highlights the
importance of using time-limited opportunities to introduce
HPV vaccination in traditional populations before changes
in age-specific sexual patterns occur.

hanges in sociocultural norms that regulate sexual

behavior have been reshaping the epidemiology of
sexually transmitted infections (STIs) in many areas of the
world. For example, changes in sexual practices have re-
sulted in an epidemic of syphilis and other STIs in China
(1,2). Data from surveys of sexual behavior show consider-
able heterogeneity of age-specific sexual patterns by coun-
try. For example, average age difference between spouses
or cohabiting partners ranged from 15 years in Burkina
Faso to 2 years in Australia (3) (online Technical Appendix
Figure 1, http://wwwnc.cdc.gov/ElD/article/22/1/15-0791-
Techapp.pdf). In addition, marriage at older ages and sexual
debut at earlier ages in women have been observed in high-
income countries over the past few decades (4) and are also
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now reported in many low- and middle-income countries
(3). Furthermore, age differences between sexual partners
at onset of sexual activity (5) and rate of sexual activity in
young persons (2) have been shown to influence the age-
specific distribution of STIs, such as HIV and syphilis, and
have been proposed as determinants of international varia-
tions in overall and age-specific prevalence of human pap-
illomavirus (HPV) infection (6).

We used a transmission-dynamic model to illustrate
how changes in age-specific rates of sexual activity and
age difference between sexual partners potentially af-
fect HPV prevalence in heterosexual populations. The
model also shows how differences in the timing of HPV
vaccination relative to changes in age-specific sexual
behavior may influence the effectiveness of HPV vaccina-
tion programs.

Methods

We adapted a previously described dynamic model of HPV
infection (7) to simulate transmission and clearance of the
infection (online Technical Appendix). We focused on
HPV16 infection because type 16 is the most frequent and
most carcinogenic HPV type in all world regions (8) and is
targeted by HPV vaccines.

Sexual Behavior and Study Populations

We adapted a model that used 1) age- and gender-specific
rates of sexual activity per year and 2) distribution of age
differences between sexual partners to simulate 2 hetero-
sexual populations, one with traditional age-specific sexual
behavior and the other with gender-similar age-specific
sexual behavior. Traditional sexual behavior indicates a
population in which genders have different age-specific
sexual activity rates and a wide gap in ages (e.g., an aver-
age of 5.6 years, as observed in India) of spouses or co-
habitating sexual partners. Gender-similar sexual behavior
indicates a population in which genders have similar age-
specific sexual activity rates and a narrow gap in ages (e.g.,
an average of 2.1 years, as observed in the United States) of
spouses or cohabitating sexual partners. In the population
with traditional sexual behavior, studies suggest that sexual
activity (i.e., having new sexual partners) among women
occurs mostly at young ages (i.e., at marital age), whereas
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sexual activity among men usually reaches a plateau,
typically at postmarital age, and remains consistent
throughout their sexually active life (3,4,9-117). Converse-
ly, in the population with gender-similar sexual behavior,
both men and women concentrate most of their sexual ac-
tivity at young ages and engage in mainly premarital rela-
tionships (7, /2—15). The number of new sexual partners for
this population peaks at ages <25 years.

We then stratified the simulated populations into 2
levels of sexual activity (high or low), according to age-
specific rates of sexual activity. The number of new sexual
partners per year was obtained by calibration and used as a
proxy for sexual activity. To factor in differences in sexual
activity rates for the 2 populations, we assumed and im-
posed on the model a set of age-specific relative rates to
represent observed sexual activity patterns for the 2 groups
(online Technical Appendix Table 1). We varied the aver-
age number of new sexual partners per year from 1 to 2 in
the calibration phase, in agreement with values reported in
studies that modeled HPV or HIV transmission (i.e., 0.29
and 4.0 partners per year) (/6).

To represent age differences between sexual partners
in the 2 populations with age-different and age-similar
sexual patterns, we used age differences between spouses
or cohabiting partners reported in India in 2005 (mean 5.6
years; 95% CI 0-13 years) (/7) and in the United States
in 2008 (mean 2.1 years; 95% CI —7 to 11 years) (/8), re-
spectively. On the basis of available data for age at first
intercourse (3), sexual activity did not start before 14 years
of age for either gender in each simulated population, and
all persons were considered susceptible to HPV16 infection
when they started sexual activity. We kept constant other
demographic, behavioral, and biologic parameters for the
2 populations.

HPV Vaccination and Changing Sexual Behavior

Model Parameterization and Calibration

Using values that we estimated and validated in our previ-
ous work with large sets of high-quality data from high-
income countries (7), we assumed for the model an 80%
probability of transmission per sexual partnership for both
genders and a 20% probability of developing type-specific
immunity after infection clearance (Table). We also as-
sumed that the per-person annual rate of viral clearance
decreased 1.3—0.3 person-years for infections that occurred
<1 year to >2 years earlier (Table 1). The simulated popu-
lations are open stable (i.e., age-specific mortality rates are
balanced by the birth rate) and stratified by single-year age
groups (ages 10-70 years).

With our model-based projections, we reproduced
data from rural India (/9) and the United States (20) as
examples of heterosexual populations with gender-dif-
ferent (i.e., traditional) and gender-similar age-specific
sexual behaviors (online Technical Appendix Figure
2). Age-standardized HPV16 prevalence (3.6%) in rural
India is consistent with prevalence found in traditional
populations (/9) and lower than the corresponding preva-
lence (5.8%) in the United States (20). To obtain adequate
matching of model-based projections with the age-specif-
ic HPV16 prevalences reported from rural India and the
United States, we calibrated the average annual number
of new sexual partners (online Technical Appendix Table
2) and the tendency for persons with similar sexual activ-
ity to form sexual partnerships (i.e., assortative mixing by
sexual activity) (Table) .

Model-Based Analyses

To show the effects of vaccination in populations with
traditional and gender-similar sexual behaviors, we simu-
lated the introduction of vaccination against HPV16 for

Table. Model parameters related to HPV16 infection, sexual behavior, and vaccine efficacy and values assigned or calibrated*

Parameter Value Source
Probability of transmission per sexual partnership, % 80 Assumed
Fraction of immunity after infection clearance, % 20 Assumed
Rate of clearance by duration since infection, person-year Assumed
<1y 1.3
12y 0.8
>2y 0.3
New sexual partners per year, mean
Heterosexual population with traditional sexual behavior 2.0 Calibrated
Heterosexual population with gender-similar sexual behavior 1.5 Calibrated
Heterosexual population with gender-similar sexual behavior with increased number of partners 2.0t SA
Heterosexual population with traditional sexual behavior with decreased number of partners 1.5% SA
Mixing between classes of sexual activity§ 0.7 Calibrated
0.3 SA
Vaccination efficacy 95% Assumed
Duration of vaccine protection Lifelong Assumed

*Values have been assumed on the basis of previous research (7). We calibrated values by fitting model-based projections to data from rural India (79)
and the United States (20). SA indicates that the value was imposed on the model for univariate sensitivity analysis.

1 We increased the average number of partners from 1.5, the calibrated value, to 2.0 in the population with gender-similar sexual behavior.

1 We decreased the average number of partners from 2.0, the calibrated value, to 1.5 in the population with traditional behavior.

§”Mixing between classes of sexual activity” is a measure of the tendency for persons with similar levels of sexual activity to form sexual partnerships. It is
measured on a scale where fully and randomly assortative (i.e., like-with-like) mixing corresponds to values 0 and 1, respectively. For the sensitivity
analysis, we changed the value of assortative mixing by level of sexual activity from 0.7, the calibrated value, to 0.3.

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 22, No. 1, January 2016 19



RESEARCH

11-year-old girls only and for both girls and boys and cal-
culated the percent reduction in HPV16 prevalence attribut-
able to vaccination in the 2 populations with differing age-
specific sexual behavior at the postvaccination equilibrium
(i.e., 70 years after introduction of the vaccination). We
then sought to show how transitioning from traditional to
gender-similar age-specific sexual behavior over a 15-year
period affects HPV16 prevalence in women 20-34 years of
age. The transition from traditional to gender-similar sexual
behavior was simulated by assuming a progressive shift to-
wards gender-similar sexual activity rates and reduction of
age gap between sexual partners. Finally, we simulated the
introduction of HPV vaccination, with and without catch-up
vaccination of girls and women >11 years of age, before and
after an age-specific sexual behavior transition period. On the
basis of previous reports (online Technical Appendix), vac-
cination coverage was set at 70%, vaccine efficacy against
HPV16 was set at 95%, and the duration of protective im-
munity against HPV16 infection was assumed to be lifelong.
To assess the sensitivity of our estimates to the calibrated
parameters (i.e., the average number of new sexual partners
per year and the assortative mixing by sexual activity), we
repeated our analyses and imposed on the model different
values than those obtained through model calibration. In
particular, we decreased the average number of partners by
0.5 in the population with traditional behavior (i.e., from 2.0,
the calibrated value, to 1.5) and increased the average num-
ber of partners from 1.5, the calibrated value, to 2.0 in the
population with gender-similar sexual behavior. Finally we
changed the value of assortative mixing by sexual activity
from 0.7, the calibrated value, to 0.3 (on a scale where fully
and randomly assortative mixing correspond to values of 0
and 1, respectively; online Technical Appendix Figure 3).

>
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Results

We used the simulations to compare the percent reduction
in HPV16 prevalence attributable to vaccination by cover-
age level after introduction of a vaccination program (for
11-year-old girls only and for both girls and boys) in a
traditional sexual-behavior population and in a population
with gender-similar sexual behavior (Figure 1). At the post-
vaccination equilibrium, the estimated percent reduction in
HPV16 prevalence attributable to vaccination is larger in
the traditional population than in the population with gen-
der-similar sexual behavior, and differences persist until
coverage for girls-only vaccination is at 80% and cover-
age for gender-neutral vaccination is at 60%. These levels
of vaccination coverage are sufficient to eliminate HPV16
infection in the population with gender-similar age-specific
sexual behavior. In a girls-only vaccination program, the
largest projected difference in reduced prevalence attribut-
able to vaccination for the 2 populations is at *50% cover-
age, which enables a reduced HPV 16 prevalence in the tra-
ditional sexual-behavior population of 85% compared with
a 64% reduction in the population with gender-similar sex-
ual behavior. For vaccination programs targeting girls and
boys, the largest difference in reduced prevalence attrib-
utable to vaccination is at ~30% coverage: 83% reduction
in HPV16 prevalence for the traditional sexual-behavior
population versus 58% reduction for the population with
gender-similar sexual behavior.

We also simulated changes in HPV16 prevalence
among women 20-34 years of age in relation to the timing
of the transition from traditional to gender-similar sexual
behavior and HPV vaccination introduction (11-year-old
girls only, 70% coverage; Figure 2). Our model showed that
in a no-vaccination scenario, HPV16 prevalence increases

1004

HPV16 prevalence relative reduction, % m

0 10 20 30 40 50 60 70 8 90 4gg
Coverage, %

Figure 1. Relative reduction of prevalence of human papillomavirus type 16 at postvaccination equilibrium (i.e., 70 years after the
introduction of vaccination) attributable to vaccination among women 20-34 years of age after vaccination of 11-year-old girls or
11-year-old girls and boys, by coverage and a population’s age-related sexual behavior. A) 30% vaccine coverage; B) 50% vaccine
coverage. Traditional sexual behavior indicates a population in which genders have different age-specific sexual activity rates and a
wide gap in ages (e.g., an average of 5.6 years, as observed in India) of spouses or cohabitating sexual partners. Gender-similar sexual
behavior indicates a population in which genders have similar age-specific sexual activity rates and a narrow gap in ages (e.g., an
average of 2.1 years, as observed in the United States) of spouses or cohabitating sexual partners.
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from 3% to 8% with transition to gender-similar sexual be-
havior. The introduction of HPV vaccination before transi-
tion to gender-similar sexual behavior halts this increase in
~10 years and induces a decrease in prevalence to ~1.5%
in 20 years. In 30 years, vaccination reduces HPV16 preva-
lence to =1% at equilibrium. In contrast, if vaccination is
introduced after transition to gender-similar sexual behav-
ior, HPV16 prevalence will not reach 1% equilibrium for
40 years after vaccination introduction. Advantages of vac-
cination in populations before age-specific sexual-behavior
transitions occur are reduced potential increases of HPV16
prevalence and earlier effects of vaccination.

To assess the sensitivity of our estimates to the as-
sumed average number of new sexual partners per year,
we repeated our simulations by imposing the same average
number (1.5 and 2.0) of partners on the population with
age-similar sexual partners and on the traditional popula-
tion with age-different sexual partners (Table; online Tech-
nical Appendix Figure 4, panels A, B). Decreasing the
average number of partners by 0.5 in the population with
traditional sexual behavior (i.e., from 2.0 to 1.5) and in-
creasing the average number of partners from 1.5 to 2.0 in
the population with gender-similar sexual behavior modi-
fied the HPV16 prevalence among women 20-34 years of
age by similar magnitudes in both populations: 2.4% (from
3.1% to 0.7%) for the population with traditional sexual
behavior and 2.8% (from 8.2% to 11.0%) in the population
with gender-similar sexual behavior. Despite the sensitivity
of HPV16 prevalence to the average number of new sexual
partners per year, the benefit of introducing HPV vacci-
nation before transition was confirmed (online Technical
Appendix Figure 4). In addition, our findings were robust
to the assumption of a more assortative mixing between
classes of sexual activity, with prevalence increasing from
3.4% to 7.0% with transition in age-specific sexual behav-
ior (online Technical Appendix Figure 3).

Discussion
We show that the effects of a vaccination program are in-
fluenced by a population’s age-specific sexual behavior
(i.e., traditional or gender-similar). We also highlight the
benefits of implementing HPV vaccination in traditional
populations before transition to gender-similar sexual be-
havior occurs. The earlier that vaccination is established
in a population undergoing sexual-behavior transition, the
more likely it is that vaccination will be highly effective,
even if initial coverage is suboptimal. Sensitivity analyses
show that our findings are robust to uncertainties about av-
erage number of partners and assortative mixing by sexual
activity in the 2 types of sexual behavior patterns.

In our simulated traditional population, the transi-
tion to gender-similar sexual behavior entails a 2.6-fold
increase, from 3% to 8%, in HPV 16 prevalence in women

HPV Vaccination and Changing Sexual Behavior

20-34 years of age. In populations with gender-similar
sexual behavior, sexual activity of both men and women
peaks at young ages (<30 years of age), and age differ-
ence between partners is narrow. As a result, the corre-
sponding peaking sexual activity of young women and
men is more likely to enable an efficient and rapid spread
of HPV infection among susceptible young persons with
multiple new sexual partners per year. Nonoverlapping
age-specific peaks of sexual activity and larger age differ-
ences between sexual partners, as observed in traditional
populations, can decrease the basic viral reproductive
number and the spread of HPV infection and increase
the herd immunity effect of vaccination programs (217).
Consequently, vaccination has stronger effects in popu-
lations with traditional rather than gender-similar sexual
behavior. According to our model, the largest difference
in percent reduction in HPV16 prevalence attributable to
vaccination is seen if coverage is 50% (for girls-only vac-
cination) or 30% (for girls-and-boys vaccination). With
this level of coverage, the reduction in HPV 16 prevalence
achievable in women 20-34 years of age is estimated to
be =80%, compared with =60% if vaccination is intro-
duced after a transition to gender-similar sexual behavior.
Similarly, according to our projections (online Technical
Appendix Table 3), a 1-time catch-up campaign is more
efficient in a population with traditional sexual behavior
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Figure 2. Changes in prevalence of human papillomavirus type
16 among women 20-34 years of age in relation to the number
of years since the beginning of a population’s transition from
traditional to gender-similar age-related sexual behavior and

the introduction of vaccination among 11-year-old girls (with
assumption of 70% coverage) before and after transition. Shaded
area shows an assumption of a 15-year transition period. Arrows
show approximate timing of vaccination occurring before or after
a transition has occurred. Traditional sexual behavior indicates

a population in which genders have different age-specific

sexual activity rates and a wide gap in ages (e.g., an average of
5.6 years, as observed in India) of spouses or cohabitating sexual
partners. Gender-similar sexual behavior indicates a population in
which genders have similar age-specific sexual activity rates and
a narrow gap in ages (e.g., an average of 2.1 years, as observed
in the United States) of spouses or cohabitating sexual partners.
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than in a population that has transitioned to gender-sim-
ilar sexual behavior. Ambitious catch-up (i.e., up to age
18 or 25 years) would confer protection on women for
whom high-quality cervical cancer screening may not be
available (22).

Our model shows that early implementation of HPV
vaccination attenuates increased risk of HPV infection
that accompanies transition to gender-similar sexual be-
havior. This finding affects the interpretation of studies on
the surveillance of HPV vaccination. For example, in the
absence of reliable data regarding the sexual behavior of
a population and on vaccination coverage, increased HPV
prevalence might be erroneously interpreted as a lack of
vaccine effectiveness.

Our study has strengths and limitations. One strength
is the use of a validated transmission model to represent
changes in HPV16 prevalence. Transmission models can
capture the dynamics of infection circulation (23) in a pop-
ulation and have the distinct advantage of including the ef-
fect of herd-immunity attributable to vaccination (24,25).
We derived estimates for the parameters governing the
natural history of HPV16 infections from a large cervical
cancer screening study conducted in Italy (26) and validat-
ed the estimates by comparing them with data from a large
dataset from Sweden (27).

Although cervical cancer reduction is the ultimate
aim of vaccination, we chose a viral endpoint rather than
cervical disease endpoints to avoid the inclusion of ad-
ditional uncertainties that would be introduced by other
parameters that regulate the progression or regression of
HPV infection into precancerous cervical lesions and can-
cer. Viral endpoints are also the earliest to manifest and
offer the opportunity to monitor vaccination programs
and the adequacy of our model. We also chose to focus
on HPV16 only because information about the natural
history of types other than HPV16 and about vaccine ef-
ficacy against these types is limited, but data are generally
consistent for HPV16. However, use of viral endpoints
does not eliminate uncertainties related to the acquisi-
tion and clearance of HPV16 and subsequent immunity to
the virus (21).

To keep our model simple, we accounted for hetero-
geneity in sexual behavior by stratifying the simulated het-
erosexual populations into 2 classes of sexual activity and
did not account for same-sex or concurrent sexual partner-
ships (23). Ideally, an exhaustive description of exposure
to HPV infections should consider the representation of the
entire sexual network in which HPV infections are trans-
mitted, but such information is rarely available (28,29).
The method we adopted to represent sexual activity has
been extensively used to investigate the epidemiology of
STI other than HPV (23), and the sexual activity rates we
used to account for country- and age-specific HPV curves

are consistent with those observed in high- and low-income
countries (7,9-14,16,30).

To calibrate our HPV transmission model, we chose
to use data from rural India and the United States as ex-
amples of populations with traditional and gender-similar
sexual behavior, respectively. Obviously, the classifica-
tion of sexual behavior into traditional or gender-similar
behaviors is an oversimplification, as is our assumption
that the age-specific profile of HPV16 prevalence could be
sufficiently explained by differences in the number of new
sexual partners and age difference between heterosexual
partners. Other authors have evoked HPV reactivation as
a cause of high HPV prevalence in older women (37). In
the absence of specific information, we assumed that the
increase in premarital sex that characterizes the transition
to gender-similar sexual behavior (3,4) can be accounted
for by modulating the number of new sexual partners as a
function of age. Likewise, we have assumed that recorded
age differences between cohabiting partners or spouses in
India and in the United States are representative of age dif-
ferences between sexual partners in general.

On the basis of results of our model, we find that tra-
ditional or gender-similar age-specific sexual behavior
can shape age-specific HPV prevalence curves and that
a particularly favorable, time-limited window currently
exists for the introduction of HPV vaccination in tradi-
tional populations in low- and middle-income countries.
National and international agencies should seize this op-
portunity with adequate political commitment, planning,
and funding.
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Multiorgan WU Polyomavirus
Infection in Bone Marrow
Transplant Recipient

Erica A. Siebrasse, Nang L. Nguyen, Melisa J. Willby, Dean D. Erdman,
Marilyn A. Menegus, David Wang

WU polyomavirus (WUPyV) was detected in a bone marrow
transplant recipient with severe acute respiratory distress syn-
drome who died in 2001. Crystalline lattices of polyomavirus-
like particles were observed in the patient’s lung by electron
microscopy. WUPYV was detected in the lung and other tis-
sues by real-time quantitative PCR and identified in the lung
and trachea by immunohistochemistry. A subset of WUPyV-
positive cells in the lung had morphologic features of macro-
phages. Although the role of WUPYV as a human pathogen
remains unclear, these results clearly demonstrate evidence
for infection of respiratory tract tissues in this patient.

olyomaviruses are small, circular, double-stranded

DNA viruses. Infection with BK polyomavirus
(BKPyV) or JC polyomavirus causes substantial illness
and death in immunocompromised populations, including
transplant recipients and HIV patients (/). Infection with
either virus is typically asymptomatic unless the host is im-
munocompromised. Since 2007, a total of 11 additional hu-
man polyomaviruses have been discovered. Two of these
viruses (Merkel cell carcinoma polyomavirus and tricho-
dysplasia spinulosa—associated polyomavirus) have also
been implicated as human pathogens in the context of im-
munosuppression (2,3); the former causes Merkel cell car-
cinoma, a rare but aggressive skin cancer (3), and the latter
is associated with trichodysplasia spinulosa, a rare skin dis-
ease seen in transplant recipients (2). Several of the other
new human polyomaviruses (e.g., human polyomavirus 9
and New Jersey polyomavirus) were also initially identified
in immunocompromised patients (4,5).

In 2007, WU polyomavirus (WUPyV) was discovered
in a child in Australia with pneumonia (6). Although the vi-
rus has yet to be implicated in human disease, epidemiologic
studies have shown that 69%—-80% of persons (7-9) are se-
ropositive for this virus; infection probably occurs during
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early childhood. In addition, viral DNA has been detected in
blood, feces, respiratory tract secretions, tonsils, and cere-
brospinal fluid (/0). Although these studies have contribut-
ed to a better understanding of WUPyV, only 1 has explored
the in vivo tropism of the virus or described the detection
of viral antigen in tissue (/7). That study determined that
WUPyV was present in epithelial cells from a bronchoal-
veolar lavage from a lung transplant recipient with Job syn-
drome. A complete understanding of the types of cells and
tissues in which the virus replicates is critical for identifying
potential diseases with which it may be associated. Howev-
er, the propensity for viruses of the family Polyomaviridae
to cause disease only within the context of immunosuppres-
sion makes disease association particularly challenging. We
describe molecular characterization and immunohistologic
and microscopic localization of WUPyYV in tissues from a
deceased patient who had had viral pneumonitis.

Materials and Methods

The Case
In January 2001, a 27-month-old girl was admitted to an
upstate New York area hospital for a 5/6 human leukocyte
antigen—matched cord blood transplant from an unrelated
donor. The patient had been born by normal vaginal deliv-
ery after 40 weeks of gestation. Her medical history includ-
ed leukocytosis at 3 months and splenomegaly at 6 months
of age. Refractory juvenile myelomonocytic leukemia was
diagnosed when she was 16 months of age, and she un-
derwent splenectomy in September 2000. She had multiple
infections before 2 years of age, including otitis media, a
central vein catheter infection, and a urinary tract infection.
She also demonstrated failure to thrive, developmental de-
lay, mild pulmonic stenosis, and gastroesophageal reflux.
Three weeks after the bone marrow transplant, the child
experienced fever; diarrhea; hepatomegaly; and erythema
on her face, palms, and soles. She was evaluated for graft
versus host disease, viral exanthema, and drug eruption. The
results of skin biopsies performed at 4 weeks after transplan-
tation ruled out graft versus host disease and drug eruption.
A rectosigmoid biopsy performed at the same time as the
skin biopsies showed mild stromal edema but was negative
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for adenovirus and cytomegalovirus by immunohistochem-
istry (IHC) staining. Throughout the course of the patient’s
hospitalization, adenovirus was intermittently isolated from
her feces and urine and influenza B virus was detected in her
nose and throat. PCR testing of the blood for cytomegalovi-
rus was consistently negative. Treatment included cyclospo-
rine; Solu-medrol (Pharmacia & Upjohn LLC, New York,
NY, USA); intravenous immunoglobulin; ribavirin; Zosyn
(Pfizer Inc., New York, NY, USA); Flagyl (Pfizer Inc.);
Flutamine (Schering-Plough, Kenilworth, NJ, USA); Tami-
flu (Roche Pharmaceuticals, Nutley, NJ, USA); Demerol
(Sanofi-Aventis U.S. LLC, Bridgewater, NJ, USA); Zofran
(GlaxoSmithKline, Philadelphia, PA, USA); Phenergan
(Wyeth, Madison, NJ, USA); Tylenol (Johnson & Johnson,
New Brunswick, NJ, USA); albuterol; isradipine; Spirono-
lactone (Mylan Pharmaceuticals, Morgantown, WV, USA);
hemotransfusion; and platelet transfusion. Despite this ag-
gressive therapy, the patient’s condition continued to dete-
riorate. On March 1, 2001, the patient was transferred to the
pediatric intensive care unit because of respiratory failure.
Chest radiographs revealed pulmonary edema. Her condition
was stabilized 2 days later, but severe acute respiratory dis-
tress syndrome and distended abdomen developed on April
1. Treatment was continued and mechanical ventilation was
added. A radiograph taken on April 15 (=11 weeks after
transplantation) revealed free air in the abdominal cavity,
but the source was not identified. The patient died later that
day; the probable cause of death was viral pneumonitis. An
autopsy was performed.

Electron Microscopy

Lung tissues were fixed in formalin and then postfixed in
2.5% glutaraldehyde/0.1 mol/L Millonig phosphate buffer
before processing into epoxy resin for sectioning and film
photography. Microscopic examination was performed
with a Hitachi 7100 transmission electron microscope (Hit-
achi High-Technologies Science America Inc., Northridge,
CA, USA).

IHC

IHC was performed as described previously (/7). In brief,
formalin-fixed paraffin-embedded blocks of tissue were
deparaffinized, rehydrated, and treated with 3% hydro-
gen peroxide. Antigen was retrieved, and samples were
blocked in 1.5% normal horse serum. A mouse monoclonal
antibody against viral protein (VP) 1 from WUPyV (WU-
VP1) (NN-AbO06) or an isotype-matched control antibody
(mouse IgG2b; BD Biosciences, San Jose, CA, USA; no.
557351) was incubated overnight. After incubation with
the biotinylated antimouse IgG secondary antibody (Vec-
tor BA-2000; Vector Laboratories, Inc., Burlingame, CA,
USA), slides were developed by using the Vectastain ABC
kit (Vector Laboratories, Inc.; no. PK-6100) and DAB

WU Polyomavirus Infection in Transplant Recipient

(Vector Laboratories, Inc.; no. SK-4100), counterstained
with hematoxylin, dehydrated, cleared, and mounted.

Double IHC

The double IHC (dIHC) staining protocol was similar
to the regular IHC protocol with the addition of several
steps. After the blocking step, slides were incubated with
NN-ADbO06 and then the secondary antibody. Development
was accomplished by using the ABC kit and ImmPACT
SG (Vector Laboratories, Inc.; no. SK-4705). Tissues were
blocked with avidin and biotin (Vector Laboratories, Inc.;
no. SP-2001) then with 1.5% normal horse serum. Slides
were incubated in the second primary antibody against
CD68 (Dako, Glostrup, Denmark; no. M081401) and then
in biotinylated antimouse IgG secondary antibody. The
second set of staining was developed by using the ABC kit
and 3,3'-diaminobenzidine, followed by dehydration. For
the MUCSAC dIHC assay, staining was first performed
with the monoclonal antibody against MUCSAC (Thermo
Fischer, Rockford, IL, USA; no. MA1-38223), which
was developed with 3,3'-diaminobenzidine. Staining with
NN-Ab06 and development with SG substrate (Vector
Laboratories, Inc.) followed the blocking steps. Tissues
stained by using the dIHC protocol were not counter-
stained. Control staining with an IgG2b isotype antibody
(for NN-ADb06) and an isotype antibody against 1gG1 (for
the CD68 and MUCSAC antibodies) was also performed.

Nucleic Acid Extraction and PCR

DNA was extracted from formalin-fixed paraffin-
embedded samples by using the QIAGEN BioRobot M48
workstation and MagAttract DNA Mini Kit (QIAGEN,
Valencia, CA, USA). A quantitative real-time PCR (qPCR)
assay for detection and viral load estimation of WUPyV/
KIPyV was developed and used to screen the extracted
DNA. Primer and probe sequences for the qPCR assay
were forward 5-GTAGCTGGAGGAGCAGAGGC-3';
5'-CACCAAGRGCAGCTAARCCTTC-3'; and probe
5'-CTGGWTCTGGAGCTGCMATAGCWACTGGT-3".
qPCRs were performed by using iQ Supermix reagents
(Bio-Rad, Hercules, CA, USA); each 25-uL reaction
mixture contained 0.6 pmol/L forward primer, 0.3 pmol/L
reverse primer, 0.1 pmol/L probe, and 5 mL nucleic acid
extract. Amplification was conducted on an iCycler iQ
Real-time Detection System (Bio-Rad). Thermocycling
conditions consisted of 3 min at 95°C for activation of the
iTaq DNA polymerase and 45 cycles of 15 s at 95°C and 1
min at 60°C. Extracts were also tested for human bocavirus
(HBoV) by using a previously described qPCR assay (12).
For distinguishing between WUPyV and KIPyV, conven-
tional PCR and sequencing was performed by using prim-
ers forward 5'-GGAGCTGTAYAGAATGGAAAC-3' and
reverse 5'-TTCATCCAAYAGTGGAATTG-3".
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Complete Genome Sequencing

Multiple segments of the WUPyV genome were ampli-
fied and sequenced by using overlapping primer sets
(Table 1) designed from reference strain WU/Wuerz-
burg/02/07 (GenBank accession no. EU711057.1). Am-
plicons were directly sequenced by using the ABI Prism
BigDye Terminator Cycle Sequencing Ready Reaction
Kit, version 3.1, on an ABI 3130 XL DNA Sequencer
(both from Applied Biosystems, Carlsbad, CA, USA).
The complete genome sequence for isolate Roches-
ter-7029 is available through GenBank under accession
no. FJ794068.

Results

The most remarkable gross autopsy findings were bilat-
eral pulmonary consolidation, acute tracheobronchitis,
hepatomegaly with cholestasis, deep mucosal ulcerations
throughout the small bowel, and prominent generalized
lymphadenopathy. The most notable pathologic finding
was heavy hemorrhagic foci in the lungs. Microscopic
examination of the lungs confirmed the presence of in-
terstitial emphysema with profound hemorrhage in the
right upper, right middle, left upper, and left lower lobes.
Multiple smudge cells and cells with Cowdry type A nu-
clear inclusions were identified inside reactive bronchial
epithelium from both lungs. Similar inclusions were seen
in epithelium of the trachea, bile duct, renal tubules, and
urinary bladder. Small bowel mucosa revealed multifo-
cal ulcerations and scattered inclusion-bearing cells in
the epithelium. Findings after immunoperoxidase staining
were negative for cytomegalovirus, adenovirus, influenza
virus, human papillomavirus, respiratory syncytial virus,
and simian virus 40, and in situ hybridization was nega-
tive for Epstein-Barr virus. Attempts to culture virus from
the lung, liver, gastrointestinal tract, and lymph node tis-
sues were unsuccessful. Gram-stained sections of lung,
liver, and lymph node showed >25 neutrophils per low-
power field without presence of organisms. Coagulase-
negative Staphylococcus spp. grew from a blood culture
(<30 CFU/mL) and culture of the gastrointestinal tract.
No strictly anaerobic growth was observed.

Electron micrographs of the lungs showed viral par-
ticles in the nuclei, many in para-crystalline arrays (Fig-
ure 1). The particles were 30.4-34.7 nm (mean 32.1 nm)
in diameter. The diameter was less than the conventional
diameter for polyomaviruses (45 nm), but the size of viral
particles can vary according to the method of fixation and
embedding (/4). In addition, previously published electron
microscopy findings for BKPyV particles indicated mea-
surements of 30—50 nm (/5). Despite the presence of viral
particles indicative of polyomavirus, IHC on lung tissue
with a primary antibody against simian virus 40, which
is known to cross-react with BK and JC polyomaviruses,

was negative. IHC for adenovirus and respiratory syncy-
tial virus was also negative. Although electron microscopy
indicated a probable viral infection in the patient’s lungs,
because of the negative IHC results, no further testing was

performed at that time.

Table 1. Primers used to sequence WU polyomavirus in lung
tissue from a child with acute respiratory illness

Oligonucleotide

Sequence, 5' — 3’ (reference, if applicable)

WUPYV-F1 GTAGCTGGAGGAGCAGAGGC
WUPYV-R1 CACCAAGAGCAGCTAAACCTTC
WUPYV-F2 CCACGCCCCCTACCCAG
WUPYV-R2 AATATGATGTCCAGATTCCATAGGC
WUPYV-F3 CCAAGGAGGTGGACTTAATATCCA
WUPYV-R3 ACCTGCCAGTGCCATTCC
WUPYV-F4 CGTTGGATATAAAGGGTCACCA
WUPYV-R4 GCCTCTGCTCCTCCAGCTA

WU seq F1 AGCTAAGCATGATTGACAGTGTG
WU seq R1 CAGACTCAACGGAGATGTCACA
WU seq F2 TCACTGTTATGTGCAGGAATGT
WU seq R2 ACAGCAAGCAATATGCCCATC
WU seq F3 TATTGGTGCTACCGTCTCGAAC
WU seq R3 GTGGATGGACTGGATATTAAGTC
WU seq F4 ATATATACAGCTTTAGCAGCAGATC
WU seq R4 CTTACTTGTTCAACTATAGCATTTACTG
WU seq F5 CAGTAGTTAATAGAGCAGTTAGTGAAGA
WU seq R5 TAGAAATGTCACTGTTTAGCTCTTC
WU seq F6 GATGGCTTTAATGCACTTAGTGATG
WU seq R6 GTAGCACACAGTAGTATCAGCATCAG
WU seq F7 ATTAGTAGCCCACTTAAAACTGCTG
WU seq R7 TCTGCCACCCATGATTCAATG
WU seq F8 GTTTATTCCAGTTCTGAAACACC
WU seq R8 GCAAATGAGACAAATTACTGGTTG
WU seq F9 CTTTATAAGCAGGTGTTTAATAAGC
WU seq R9 TAAAAGAAAGTCTGGATAAAACTCC
WU seq F10 TTCTTTCCAATACACAACTTTAGC
WU seq R10 GGTAAAACAACTGTTGCTGCT
WU seq F11 CTCCTACTTGACCTTTTACATCTTC
WU seq R11 CAACTCATAATAGACTTCATATGGAAC
WU seq F12 TCTTCTAGCTAATAAATCTTCTCTGG
WU seq R12 GTAATACATACCACCAAAGAAAAGG
WU seq F14 CAGCACTAACTCTATGTCTAAAAGG
WU seq R14 GGTGCTATAGAGAGTGGTTTGG
WU seq F15 CTCATTACATCTTAGTTCTTCTTCC
WU seq R15 AAGAATTTCATCCTGACAAAGG
WU seq F16 TCTACCTGTGAAGAGCTCCACAC
WU seq R16 CACATTCCTGCACATAACAGTG
WU seq F17 CTAAGCATGATTGACAGTGTGG
WU seq R17 TGATAGTGCCTCTGCTCCTC
AG0058 GCTCCACCTTGTGGCTGCTA (6)
AG0036 GCATTTACTGGGTCAGATTCC (6)
AG0035 TGCATTCTACCTGTGAAGAGC (6)
WU seq F6.5 GTACCACTGTCAGAAGAAACAGAG
WU seq F7.5 GATGTGCTAGGACTTGCTCC
WU seq R9.5 CCTCCAGGTATTGTAACAATGAATG
WU-C-4824-F GGCACGGCGCCAACT (13)
WU-C-4898-R CCTGTTGTAGGCCTTACTTACCTGTA (13)
WU 4422R GAAATGCCTAAATCTCCTGGAG
WU 4341F GTGTTGCCTGTGAACATTGTG
WU 4810R AGACTGGGACATATGCTTAAAGG
WU 4571F GCTTACCTGGTTAAGCCAAC

WU 4945R GTGAAGTAGAAGAAGAAGTAAATCA
WU 5225R AAAGCCTCAACTTTCTGAACTA
WU 783R AAGCTCAGGTACTTTTGTTAGTACAG
PyVseq 844F GGAGCTGTAYAGAATGGAAAC
PyVseq 2419R TTCATCCAAYAGTGGAATTG
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Table 2. Summary of virus findings in tissue samples from child with acute respiratory illness*

Study Lung Liver Kidney Gastrointestinal
Intranuclear inclusions Positive Positive Positive Positive
Electron microscopy Positive Not performed Not performed Not performed
WUPYV/KIPyV gPCR Positive (16.6) Positive (30.8) Positive (30.4) Positive (30.2)
WUPyV PCR and sequencing Positive Positive Positive Positive
KIPyV PCR and sequencing Negative Negative Negative Negative
WUPyV IHC Positive Negative Negative Negative
HBoV gPCR Negative Negative Negative Negative

*Numbers in parentheses indicate cycle thresholds from gPCR. HBoV, human bocavirus; IHC, immunohistochemistry; KIPyV, Kl polyomavirus; gPCR,

real-time quantitative PCR; WUPyV, WU polyomavirus.

WUPYyV in the Lungs

The recent discoveries of HBoV, another small, cir-
cular DNA virus, in 2005 and 2 new polyomavi-
ruses, WU and KI (KIPyV), in 2007, in the respira-
tory tracts of children with acute respiratory illness
prompted us to investigate the involvement of these
viruses in this case. DNA extracted from formalin-
fixed paraffin-embedded lung, liver, kidney, and gas-
trointestinal tissues was tested by qPCR for WUPyV,
KIPyV, and HBoV. All 4 tissues were positive for
WUPyV, whereas KIPyV and HBoV were not detected
in any of the tissues. Virus loads estimated by qPCR
were substantially higher in samples from the lung
(cycle threshold 16.6) than in samples from the liver,
kidney, and gastrointestinal tract (cycle threshold 30.2—
30.8; Table 2). The entire WUPyV genome (designated
Rochester-7029, GenBank accession no. FJ794068) was
subsequently sequenced from lung tissue to 4x coverage
(each base sequenced independently 4 times) by using
multiple primer sets and found to be 5,306 bp. Compared
with 79 complete WUPyV genome sequences avail-
able in GenBank, nucleotide identity scores for Roch-
ester-7029 ranged from 0.970 to 0.985. Compared with
the reference sequence, Rochester-7029 had 8 single-nu-
cleotide polymorphisms, 5 of which were in coding re-
gions. Two of these 5 were synonymous mutations. We
predicted an amino acid change in VP2 and VP3 from
glutamic acid to glutamine at positions 250 and 107,

respectively. We also predicted amino acid changes in
large T-antigen: glutamine to glutamic acid at position
134 and isoleucine to leucine at position 594. Of note,
the Rochester-7029 genome contained a 77-bp termi-
nal duplication in the large T-antigen as compared with
the reference WUPyV genome, which was not predicted
to have any effect on the size or sequence of the trans-
lated protein because it was located 3’ to the T-antigen
stop codon.

After detection of WUPyYV in the patient’s tissues by
real-time qPCR, WUPyV-specific IHC with a previously
described assay (//) was performed on available tissues
(lung, liver, kidney, and gastrointestinal tract) to deter-
mine whether WU-VPI1 antigen was also present (Fig-
ure 2). Liver, kidney, and gastrointestinal tissues were
all negative (Table 2). Staining was observed in the lung
(Figure 2, panels A, C) and the trachea (Figure 2, panel
E), but no staining was observed in serial sections stained
with an isotype control antibody (Figure 2, panels B, D,
F). Serial sections stained with no primary or secondary
antibodies were also negative (not shown). Overall, we
saw 3 patterns of staining in the lung. In some cells, WU-
VPI staining was primarily in the nucleus. In others, the
perimeter of the nucleus was strongly positive. And in
others, the staining was diffuse, making it difficult to dis-
cern its position within cells. Of note, the tracheal staining
was within a submucosal gland, where WUPyYV tropism
has not been previously described.

0 s

Figure 1. Electron micrographs of polyomavirus-like particles in lung from a child with fatal acute respiratory illness. A) Low-power view
of a nucleus displaying multiple electron dense crystalline arrays. Scale bar indicates 0.5 um; original magnification x10,000.

B) Higher-power magnification of nucleus in panel A. Scale bar indicates 100 nm; original magnification x30,000. C) Large cluster of
putative polyomavirus virions. Scale bar indicates 250 nm; original magnification x20,000.
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* Figure 2. Immunohistochemical
. "1 detection of WU polyomavirus
viral protein 1 in respiratory
tract of a child with fatal acute
respiratory illness. Human lung
: tissue at original magnification
., of x200, stained with a
monoclonal antibody against
WU polyomavirus viral protein
_ 1 (designated NN-Ab0B) (A, C)
‘£ or an isotype control antibody
~ (B, D). Human tracheal tissue
| at original magnification of
%200, stained with NN-Ab06 (E)
¢ or an isotype control antibody
(F). The middle panels show
insets from panels A, C, and E
| (dotted boxes) at higher original
magnifications (x600).

WU-VP1 in CD68-Positive Cells

A recent article described detection of WU-VP1 in epi-
thelial cells obtained from a bronchoalveolar lavage of a
lung transplant recipient with Job syndrome (/7). We an-
ticipated that some WUPyV-positive cells in lung tissues
of the patient reported here were also epithelial cells, but
we did not explicitly confirm this suspicion because of the
limited amount of lung tissue available. Instead we chose to
explore additional hypotheses regarding potential tropisms
of WUPyV because of our recent detection of KIPyV in
CD68-positive cells (16). CD68 is a glycoprotein present
on monocytes and macrophages. We performed dIHC test-
ing by using the monoclonal antibody against WU-VP1
(NN-Ab06) and a monoclonal antibody against CD6S,
which primarily labels macrophages and monocytes. Cells
positive for both WU-VP1 and CD68 were detected within
the patient’s lung tissue (Figure 3). In addition, the cell
shown in Figure 3, panel B (arrow) is morphologically con-
sistent with a foamy macrophage, a specific morphotype of
macrophage that is laden with lipid droplets in the cyto-
plasm (/7). A serial section stained with isotype-matched
antibodies (IgG2b for NN-Ab06 and IgG1 for the anti-CD68

antibody) was negative (not shown). In a recent study,
KIPyV was also detected in a foamy macrophage (/6).

WU-VP1 Antigen in Association with

Mucin-Producing Cells

The initial IHC staining of tracheal tissue revealed posi-
tive cells within a submucosal gland. MUCS5AC is the
principal mucin produced by goblet cells, and MUC5B
is produced by submucosal glands (/8). We developed
2 dIHC assays: NN-Ab06 and a monoclonal antibody
against MUC5AC and NN-Ab06 and a polyclonal an-
tibody against MUCS5B. Each assay was performed on
control cell pellets (not shown). The MUCS5AC dIHC as-
say yielded clearer staining, so we chose to apply this as-
say to the tracheal tissue from the patient. We detected
WU-VPI1—positive cells in association with a cluster of
cells showing MUCS-AC positivity (Figure 4). It is un-
clear whether the 2 antigens colocalize to the same cell.
WU-VP1—positive cells were also seen separate from
MUCSAC-positive cells, suggesting that a subset of vi-
rus-positive cells do not produce mucin. We found 2 such
areas in the tracheal tissue.
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Figure 3. Detection of WU
polyomavirus viral protein 1

in CD68-positive cells from a
child with fatal acute respiratory
illness. Lung tissue stained
with NN-Ab06 (blue) and a
monoclonal antibody against
CD68 (brown). A) Tissue

at original magnification of
x400. B) Closer view of cell
from panel A consistent with

a foamy macrophage (arrow).
Original magnification x1,000.
C) Closer view of cells from
panel A. Original magnification
x1,000. D) Different field of
the tissue section with another
double-positive cell. Original
magnification x1,000.
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Discussion

We describe a case of viral pneumonitis in a bone marrow
transplant recipient who died in 2001. Before her death, in-
fluenza and adenovirus were identified from the patient.
Although samples from the patient were initially tested for
several viruses by IHC and culture, no agent was identified.
Subsequent work since 2007 showed that multiple tissues
from this patient were positive for WUPyYV by real-time PCR
and IHC, but the same tissues were negative for KIPyV and
HBoV by PCR. To date, WUPyV has been the only virus de-
tected in tissue samples from this patient. Crystalline lattices
of polyomavirus-like particles were seen in the lung, which
substantiated the high virus titers measured by gPCR. Collec-
tively, these observations suggest a potential pathogenic role
for WUPyV infection in this case. However, we cannot rule
out the possibility that WUPyYV infection was simply opportu-
nistic in this severely immunocompromised patient.

Analysis of samples from this patient provided novel
insights into fundamental properties of WUPyV infection
in vivo. In the lungs, we detected WUPYV antigen in CD68-
positive cells (probably of the macrophage/monocyte lin-
eage) by immunohistochemistry. WUPyYV is most closely

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 22, No. 1, January 2016

related to KIPyV, and the viruses share many similarities,
including an apparent tropism for CD68-positive cells (/6).
Other polyomaviruses have also been detected in cells of
the monocytic lineage (/6). We do not believe that this de-
tection represents phagocytosis of other WUPyV-infected
cell types because WU-VP1, a late-expressed protein, was
detected in the nucleus of CD68-positive cells, suggesting
an infection in this patient. Granted, we did not prove that
infectious particles were produced.

WU-VPI was also detected in close proximity to
MUCSAC-positive cells in tracheal tissue. The detec-
tion of WUPyYV in tracheal tissue was unexpected and
expands the known tissue tropism of the virus. As previ-
ously mentioned, MUCS5AC is a mucin primarily produced
by goblet cells in the airway. Several viruses in glandular
cells in the trachea have been described: adenovirus has
grown in primary cultured peribronchial submucosal gland
cells (/9); rhinovirus has grown in human respiratory sub-
mucosal gland cells (20); severe acute respiratory syndrome
coronavirus antigen and RNA have been detected in tra-
cheal/bronchial serous gland epithelium (27); and BKPyV
has been shown to replicate in salivary gland cells (22,23).
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A B = - Figure 4. Detection of WU
iy -y polyomavirus viral protein 1 in
& 1 h - close proximity to MUC5AC-
b R g { & positive cells in the trachea of a
Al L . q“’- £ ’ g b, child with fatal acute respiratory
! A 1 '.‘. . % '—‘ L - “* " iliness. Tracheal tissue stained
: . ' [ T " ; & with NN-AbO6 (blue) and a
-7 b " “'-'1,,‘"' o monoclonal antibody against
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. K el s "L‘?%. ' . Jﬂ,i
- -:: Ll E - I / I
..‘ : ., 1 ‘-r-" - ".
" v %

In conclusion, WUPyYV was detected by multiple
methods in the lung of a bone marrow transplant recipient

who had viral pneumonitis at the time of death. Tracheal

tissue from this patient was also positive for WU-VP1.
Viral antigen was specifically detected in CD68-positive

cells and in close association with MUCSAC-positive 3

cells within a tracheal submucosal gland. The role of

WUPyV as a human pathogen remains unclear, although 4.

the evidence for an infection of the respiratory tract in
patient is strong. This study expands our understandin

this
gof

WUPyV biology and tropism beyond detection of virus in

body fluids.
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Multifacility Outbreak of Middle
East Respiratory Syndrome
in Taif, Saudi Arabia
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Middle East respiratory syndrome (MERS) coronavirus
(MERS-CoV) is a novel respiratory pathogen first reported
in 2012. During September 2014—January 2015, an out-
break of 38 cases of MERS was reported from 4 healthcare
facilities in Taif, Saudi Arabia; 21 of the 38 case-patients
died. Clinical and public health records showed that 13 pa-
tients were healthcare personnel (HCP). Fifteen patients,
including 4 HCP, were associated with 1 dialysis unit. Three
additional HCP in this dialysis unit had serologic evidence
of MERS-CoV infection. Viral RNA was amplified from
acute-phase serum specimens of 15 patients, and full spike
gene-coding sequencing was obtained from 10 patients
who formed a discrete cluster; sequences from specimens
of 9 patients were closely related. Similar gene sequences
among patients unlinked by time or location suggest unrec-
ognized viral transmission. Circulation persisted in multiple
healthcare settings over an extended period, underscoring
the importance of strengthening MERS-CoV surveillance
and infection-control practices.

Middle East respiratory syndrome (MERS) coronavi-
rus (MERS-CoV) is a novel betacoronavirus associ-
ated with a broad spectrum of respiratory illness; infection
results in death in =35%—40% of cases (/). Since the virus
was first identified 2012, more than 85% of cases have oc-
curred in Saudi Arabia (7). Although risk factors for trans-
mission have not been well described, camels (Camelus
dromedarius) are suspected reservoirs, as suggested by
case investigations (2,3), serologic studies (4,5), and isola-
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tion of live infectious MERS-CoV (2,3,6). Limited human-
to-human transmission has been documented in households
(7) and healthcare facilities (§—10), but no sustained com-
munity transmission has been documented (7). In Jeddah in
2014, secondary transmission (i.e., from infected to nonin-
fected persons) accounted for 97% of assessed cases (9).
Although detection of MERS-CoV RNA from per-
sons with mild symptoms, typically in healthcare person-
nel (HCP), is well-documented (//), the potential role that
mild cases play in transmission is not well defined (/2). In
healthcare facilities, extensive transmission of MERS-CoV
in dialysis units has been documented (8, 9); in those events,
strengthening infection-control precautions preceded de-
creased numbers of reported cases. Currently, the surveil-
lance case definition for MERS in Saudi Arabia requires
the presence of symptoms (/3), and testing is reserved pri-
marily for symptomatic patients, often with severe illness.
MERS cases were first reported from Taif Governor-
ate (population 1.1 million) in the Makkah Region of Saudi
Arabia in June 2013, and 15 cases were reported during
June 2013—June 2014. Beginning in September 2014, addi-
tional cases of MERS were reported from multiple health-
care facilities in Taif, including a cluster associated with a
dialysis unit. The Saudi Arabia Ministry of Health (MoH),
assisted by the US Centers for Disease Control and Preven-
tion (CDC), began an investigation to determine the cause
and scope of the outbreak, epidemiologic links between pa-
tients, and epidemiologic and clinical features of patients.

Methods

Setting

Hospital A is a 368-bed tertiary acute-care facility and
serves military staff and their families. Hospital B is a 500-
bed tertiary MoH hospital with an associated but physically
separate outpatient renal dialysis unit. Hospital C is a 250-
bed MoH facility and is the MERS-CoV designated referral
hospital for Taif. Hospital D is a private hospital.
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Epidemiologic Investigation

We defined a case-patient as any patient from Taif Gov-
ernorate who was reported with laboratory-confirmed
MERS-CoV infection during August 1, 2014—February
1, 2015. In Saudi Arabia, reporting is required for all pa-
tients with clinical or radiologic evidence compatible with
MERS-CoV disease and with a positive real-time reverse
transcription PCR (rRT-PCR) on 2 specific gene targets:
the region upstream of the E gene and open reading frame
la (13). We reviewed available medical and public health
records for all reported case-patients during the study pe-
riod and conducted interviews with available hospital staff.
We collected available demographic information, medical
history, symptoms at onset, clinical course, preillness expo-
sures, and evaluation and treatment locations. We grouped
together case-patients whose illness onset occurred within
2-14 days of exposure (work- or treatment-related) to the
same facility. Available residual patient specimens were
analyzed at CDC.

Laboratory Investigation

Molecular Detection and Gene Sequencing

At the MoH Regional Laboratory at Makkah, rRT-PCR
testing for MERS-CoV RNA was performed on nasopha-
ryngeal (NP) specimens. Serum specimens collected from
laboratory-confirmed case patients were sent to CDC for
MERS-CoV serology and were tested for viremia by rRT-
PCR (74). Positive respiratory specimens were not retained
and thus unavailable for confirmatory rRT-PCR testing or
sequencing at CDC.

Sequencing of the coding region of the spike protein
gene (4,062 nt) was performed by using a 3130x1 Genetic
Analyzer (Applied Biosystems, Grand Island, NY, USA);
analysis was performed by using Sequencher 4.8 (Gene
Codes, Ann Arbor, MI, USA) for sequence assembly and
editing. Sequence alignments were prepared by using
ClustalX 1.83 (http://www.clustal.org/) and implement-
ed in BioEdit 7.2.5 (http://www.mbio.ncsu.edu/BioEdit/
page2.html). Phylogenetic analyses were performed by
using MEGA 6.06 (http://www.megasoftware.net). The
neighbor-joining method (tree algorithm inferred with the
Kimura 2-parameter substitution model of sequence evolu-
tion) was used to construct phylogenetic trees, and boot-
strap resampling analysis was performed (1,000 replicates)
to test tree-branching significance.

Serologic Assessment

MERS-CoV antibody positivity was defined as a posi-
tive result from screenings of MERS-CoV nucleocapsid
ELISA and confirmatory positive results by immunoflu-
ourescence and microneutralization assays, as described
(15). A serosurvey of HCP who were exposed to confirmed

Multifacility Outbreak of MERS

MERS-CoV patients in the dialysis unit of hospital B was
conducted 3 weeks after the period of suspected transmis-
sion (online Technical Appendix, http://wwwnc.cdc.gov/
EID/article/22/1/15-1370-Techapp.pdf).

Statistical Analysis

For reported demographic and clinical characteristics, differ-
ences were assessed for significance (p = 0.05) by using ¥’
test, Fisher exact test, and #-test, as appropriate. All data were
analyzed by using SAS 9.3 (SAS Institute, Cary, NC, USA).

Results

Epidemiologic Investigation

During August 1, 2014-February 1, 2015, the MoH re-
ceived reports of 38 patients with laboratory-confirmed
MERS-CoV (Figure 1). Twenty-eight (74%) were men,
22 (58%) were of Saudi nationality, and median age was
51 (range 17-84) years (Table 1). Thirteen (34%) patients
were HCP: 7 nurses, 2 physicians, 2 cleaning personnel,
1 administrative professional, and 1 clerk. The most com-
mon underlying medical conditions were diabetes, reported
by 16 (47%), and renal failure requiring dialysis, reported
by 12 (33%). At illness onset, 35 (92%) patients reported
>1 respiratory symptom. Two patients, both HCP identified
through routine testing of contacts of previously identified
patients, reported no symptoms (Table 1).

Twenty-one (55%) of the 38 patients died, all in the
hospital. Deceased patients were significantly older than
survivors (median age 60.4 vs. 39.4 years; p = 0.001) and
were more likely to be men (90% vs. 53%; p = 0.023) and
Saudi nationals (76% vs. 35%; p = 0.020). Median time
from onset to death or discharge was 17 (range 1.0-84.0)
days. HCP patients were more likely than non-HCP patients
to be women (54% vs. 12%, p =0.016), non-Saudi (92% vs.
16%, p<0.001), and younger (median age 37 vs. 65 years;
p<0.001); they were also more likely to survive (85% vs.
24%, p<0.001). Two of the 13 HCP patients died. Both
were non-Saudi men: a 40-year-old physician with no un-
derlying medical conditions and a 46-year-old information
technologist with a history of smoking and hypertension.

Of the 38 MERS-CoV patients reported and investi-
gated during the outbreak period, 33 were associated with
4 facilities (Figure 1). We were unable to link 5 patients
epidemiologically to other patients (Table 2).

Hospital A

The first patients in this outbreak were reported from hos-
pital A. Of 10 patients associated with this hospital, 6 had
illness onset during September 5—-October 2, and 4 had
onset during November 20-December 10; patients were
tightly clustered in time during these 2 periods (Table 2).
The initial patient reported was a 45-year-old male military
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Figure 1. Middle East respiratory syndrome coronavirus case-patients reported in Taif, Saudi Arabia, during September 2014—January
2015. Cases are indicated on the baseline on the basis of time of symptom onset or first positive laboratory testing. Healthcare setting
where transmission likely occurred is indicated. Circles indicate healthcare personnel (HCP), squares non-HCP; heavy black outlines

indicate that patient died. Asterisks (*) indicate that sequencing was performed on the patient’'s serum sample.

employee with an unspecified exposure to an outlying
farm. Onset of cough, shortness of breath, and fever began
on September 5, 2014; he was admitted with respiratory
compromise to hospital A on September 10. During Sep-
tember 13—October 2, five additional patients were report-
ed, including 2 HCP employed by the hospital and 2 long-
term care inpatients with no community exposures. During
November 20-December 10, four additional patients were
reported; 3 were HCP. One long-term care patient was
admitted to the hospital on June 30, had MERS symptom
onset on October 3, and died on December 15, 2014; his
hospital course spanned both periods of clustered patients
at this facility. Five HCP were among this hospital’s clus-
ters: a 37-year-old male clerk who was married to an in-
tensive-care nurse; a 40-year-old male cleaner; a 29-year-
old female nurse; and a 40-year-old male physician and a
46-year-old male working in information technology, both
of whom died. Of this hospital’s 10 reported patients, only
the 29-year-old nurse had recognized contact with a known
MERS-CoV patient before her illness onset. Six (60%) of
the 10 patients died during their hospital course: 5 (83%) of
6 patients during the first transmission period and 1 (25%)
of 4 patients during the second period.

34

Hospital B Dialysis Unit

Hospital B reported 15 patients from its outpatient renal
dialysis unit, which was located in a building separate
from the acute-care facility. When the outbreak occurred,
the dialysis unit had 58 dialysis machines in 8 common
rooms, 71 nursing staff, and 377 registered patients re-
ceiving periodic hemodialysis. For the 15 patients report-
ed in this cluster, onsets occurred during October 427,
2014. Eleven were dialysis patients, and 4 were dialysis
unit HCP. The first recognized patient associated with this
setting was a 53-year-old man with onset of MERS-relat-
ed symptoms on October 4, 2015. He underwent dialysis
on October 4, 6, 8, and 9 in a 9-bed common room while
he was symptomatic. During October 13-28, ten dialysis
patients and 3 HCP became ill, and their NP specimens
tested positive for MERS-CoV. A fourth HCP reported
no symptoms, but his NP specimen was confirmed by
rRT-PCR to be MERS-CoV positive on October 25, af-
ter RT-PCR screening of NP specimens from identified
HCP contacts. Of the 4 MERS-CoV—confirmed HCP, 2
reported working in the dialysis unit while symptomatic
on October 18, 20, and 27, just before their MERS-CoV
confirmatory testing.
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Table 1. Demographic and clinical characteristics of patients with laboratory-confirmed Middle East respiratory syndrome coronavirus

infection, Taif, Saudi Arabia, August 2014—February 2015*

Characteristic Patients, n = 38 Survived, n = 17 Died, n = 21 p value
Male sex 28/38 (74) 9/17 (53) 19/21 (90) 0.023
Nationality
Saudi 22/38 (58) 6/17 (35) 16/21 (76) 0.020
Non-Saudi 16/38 (42) 11/17 (65) 5/21 (24)
Occupation
Healthcare personnel 13/38 (34) 11/17 (65) 2/21 (10) <0.001
Non-healthcare personnel 25/38 (66) 6/17 (35) 19/21 (90)
Underlying medical conditions or behaviors
Renal failure requiring dialysis, n = 36 12/36 (33) 3/16 (19) 9/20 (45) 0.157
Diabetes, n = 34 16/34 (47) 5/16 (31) 11/18 (61) 0.082
Heart disease, n = 30 9/30 (30) 114 (7) 8/16 (50) 0.017
Smoker, n =27 6/27 (22) 1/16 (6) 5/11 (45) 0.027
Any above underlying conditions or behaviors, n = 38 26/38 (72) 7/15 (47) 19/21 (90) 0.007
Symptoms at onset
Cough, n =35 27135 (77) 14/16 (89) 13/19 (68) 0.244
Fever, n = 38 35/38 (92) 15/17 (88) 20/21 (95) 0.577
Shortness of breath, n = 36 21/36 (58) 8/15 (53) 13/21 (62) 0.607
Any respiratory symptoms at onset, n = 38 35/38 (92) 15/17 (88) 21/21 (100) 0.194
Diarrhea, n = 32 2/32 (6) 1/15 (7) 1/17 (6) 1.000
Clinical course
Pneumonia, n = 36 30/36 (83) 11/17 (65) 19/19 (100) 0.006
Intubation, n = 32 18/32 (56) 3/15 (20) 15/17 (88) <0.001
Intensive care, n = 35 23/35 (66) 5/17 (29) 18/18 (100) <0.001
Age, y 51 (17-84) 39 (17-75) 60 (22-84) 0.001
Onset to hospitalization, d 3(0-10) 4 (0-10) 2 (0-7) 0.060
Onset to death or discharge, d 17 (1-75) 18 (12-42) 14 (1-75) 0.762

*Values are no./total (%) or median (range). Denominators (total number of patients and total numbers of patients who survived and died) vary by
characteristic because information was sometimes unavailable in medical charts.

On October 22, infection-control practices were
changed on the basis of an onsite assessment by MoH
Infection Prevention and Control staff. The changes includ-
ed screening patients for fever and respiratory symptoms
before admission to the dialysis unit; eliminating waiting
and prayer areas; discouraging early arrival for dialysis; en-
forcing a no-visitation policy; increasing distance between
patients undergoing dialysis (by reducing number of beds
from up to 9 to 6 per room); establishing isolation of di-
alysis patients with respiratory symptoms; and providing
additional infection-control training for staff.

The 15th patient reported from this cluster had illness
onset on October 27, after changes were implemented. Of
patients in this cluster, 8 (72.7%) of 11 non-HCP died; the
4 HCP survived. Besides the 15 patients reported from this
facility, a 17-year-old man who underwent dialysis at this
facility on October 4, 6, 8, 11, and 13 reported symptom
onset on October 14; his NP specimen was confirmed posi-
tive on October 18, after he traveled to Riyadh and was
admitted to a hospital there.

Hospital C

On October 3, a 60-year-old man was transferred to hos-
pital C from an outlying hospital in Taif Governorate after
respiratory symptoms developed on October 1 and labora-
tory testing of his NP specimen confirmed MERS-CoV on
October 3. He was transferred to a hospital in Jeddah on
October 5 and died there on December 25. On October 11,

15, and 17, three HCP (2 nurses and 1 physician) became
ill and were hospitalized at hospital C. Each eventually
recovered and was discharged, and no further cases were
reported from hospital C.

Hospital D

On November 1, a 75-year-old woman was transferred to
hospital D and admitted to the intensive care unit. She had
been evaluated at hospital C on October 22 and November
1 for respiratory complaints and fever. Laboratory testing at
hospital D confirmed her NP specimen as MERS-CoV posi-
tive on November 3; she was transferred back to Hospital C
on November 4 for MERS-CoV treatment and died there on
November 9. During HCP contact screening on November 4,
an NP specimen from the cleaner of her room at hospital D
on November 1-4 was confirmed as positive for MERS-CoV
by RT-PCR. He denied symptoms consistent with MERS.
On November 8, respiratory symptoms developed in the pa-
tient’s 22-year-old grandson; his NP specimen tested positive
for MERS-COV on November 11, and he died on December
14. On November 11, an 81-year-old inpatient staying on the
same floor where the initial patient received care had onset of
respiratory symptoms, and her NP specimen tested positive
for MERS-CoV. She died on November 20.

Additional Cases
Five cases were unlinked to cases reported from the 4 hos-
pitals. The first case-patient was a 65-year-old male retiree
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with a history of diabetes, heart disease, smoking, and hy-
pertension. After shortness of breath and fever developed on
September 13, he sought care at a private hospital on Sep-
tember 17. His NP specimen tested positive for MERS-CoV,
and he was referred to hospital C the same day. He was dis-
charged on October 8.

The second case-patient was a 72-year-old male taxi
driver with a history of smoking. On November 15, fever
developed, followed by sore throat, vomiting, and respira-
tory failure 2 days later. On November 19, he was admit-
ted to hospital C, where pneumonia was diagnosed, and his
NP specimen tested positive for MERS-CoV. He died on
December 8.

The third case-patient was a 76-year-old male farmer
with a history of diabetes, heart disease, and hypertension.
Fever and respiratory symptoms developed on December
27, and he was admitted to hospital C on December 31.

MERS-CoV was confirmed by laboratory testing on Janu-
ary 1, and he died on March 3, 2015.

The fourth case-patient was a 33-year-old man who
had a history of diabetes and worked as a security guard for
a private home. Cough, fever, and headache developed on
December 28; on January 7, 2015, he was admitted to hos-
pital C, where pneumonia was diagnosed and his laboratory
specimen was MERS-CoV positive. He was discharged on
January 19.

The fifth case was a 73-year-old male retiree with dia-
betes and hypertension. Fever, shortness of breath, nausea,
vomiting, and gum bleeding developed on January 4, 2015,
and he was admitted to hospital D on January 9 and trans-
ferred to hospital C on January 13, 2015. NP specimens
collected on January 11 and 19 were positive for MERS-
CoV. He died on January 20.

Table 2. Selected characteristics of patients with laboratory-confirmed Middle East respiratory syndrome coronavirus infection, Taif,

Saudi Arabia, August 2014—February 2015

Patient Healthcare Date of symptom Date of hospital Date of first positive Date of death or

no. Cluster personnel onset admission specimen discharge Qutcome
1 Hospital A No 2014 Sep 5 2014 Sep 10 2014 Sep 10 2014 Sep 29 Died

2 Hospital A No 2014 Sep 13 2008 Jan 1 2014 Sep 13 2014 Sep 20 Died

3 Unlinked No 2014 Sep 13 2014 Sep 17 2014 Sep 17 2014 Oct 8 Discharged
4 Hospital A Yes 2014 Sep 15 2014 Sep 21 2014 Sep 21 2014 Oct 27 Discharged
5 Hospital A No 2014 Sep 17 2014 Sep 24 2014 Oct 5 2014 Oct 17 Died

6 Hospital A Yes 2014 Sep 23 2014 Sep 23 2014 Sep 23 2014 Oct 3 Died

7 Hospital C No 2014 Oct 1 2014 Oct 2 2014 Oct 3 2014 Dec 25 Died

8* Hospital A No 2014 Oct 3 2014 Jun 30 2014 Oct 6 2014 Dec 15 Died

9 Hospital B No 2014 Oct 4 2014 Oct 9 2014 Oct 10 2014 Oct 28 Died

10 Hospital C Yes 2014 Oct 11 2014 Oct 14 2014 Oct 15 2014 Nov 6 Discharged
11t Hospital B No 2014 Oct 13 Unknown 2014 Oct 15 2014 Nov 11 Discharged
12 Hospital B No 2014 Oct 13 2014 Oct 16 2014 Oct 16 2014 Oct 19 Died

13 Hospital B No 2014 Oct 14 2014 Oct 14 2014 Oct 14 2014 Oct 15 Died

14 Hospital C Yes 2014 Oct 15 2014 Oct 18 2014 Oct 18 2014 Oct 23 Discharged
15 Hospital B No 2014 Oct 16 2014 Oct 17 2014 Oct 18 2014 Oct 22 Died

16 Hospital B No 2014 Oct 16 2014 Oct 23 2014 Oct 23 2014 Oct 30 Discharged
17% Hospital B Yes - 2014 Oct 25 2014 Oct 25 2014 Oct 30 Discharged
18 Hospital B No 2014 Oct 16 2014 Oct 18 2014 Oct 27 2014 Oct 27 Died

19 Hospital B Yes 2014 Oct 17 2014 Oct 27 2014 Oct 27 2014 Nov 2 Discharged
20 Hospital B Yes 2014 Oct 17 2014 Oct 17 2014 Oct 26 2014 Nov 2 Discharged
21 Hospital C Yes 2014 Oct 17 2014 Oct 21 2014 Oct 27 2014 Nov 3 Discharged
22 Hospital B No 2014 Oct 18 2014 Oct 20 2014 Oct 19 2014 Oct 25 Died

23 Hospital B No 2014 Oct 22 2014 Oct 22 2014 Oct 23 2014 Nov 4 Died

24 Hospital B Yes 2014 Oct 22 2014 Oct 26 2014 Oct 26 2014 Nov 9 Discharged
25 Hospital B No 2014 Oct 27 2014 Oct 27 2014 Oct 29 2014 Nov 12 Discharged
26 Hospital B No 2014 Oct 27 2014 Oct 28 2014 Oct 28 2014 Nov 10 Died

27 Hospital D No 2014 Nov 3 2014 Nov 1 2014 Nov 3 2014 Nov 10 Died
28% Hospital D Yes - 2014 Nov 5 2014 Nov 4 2014 Nov 11 Discharged
29 Hospital D No 2014 Nov 8 2014 Nov 10 2014 Nov 11 2014 Dec 14 Died

30 Hospital D No 2014 Nov 11 2014 Oct 21 2014 Nov 11 2014 Nov 20 Died

31 Unlinked No 2014 Nov 15 2014 Nov 19 2014 Nov 20 2014 Dec 8 Died

32 Hospital A Yes 2014 Nov 20 2014 Nov 20 2014 Nov 22 2014 Nov 27 Died

33 Hospital A Yes 2014 Nov 24 2014 Nov 27 2014 Nov 27 2014 Dec 11 Discharged
34 Hospital A No 2014 Nov 27 2014 Dec 2 2014 Dec 4 2014 Dec 25 Discharged
35 Hospital A Yes 2014 Dec 10 2014 Dec 15 2014 Dec 15 2014 Dec 22 Discharged
36 Unlinked No 2014 Dec 27 2014 Dec 31 2015 Jan 1 2015 Mar 3 Died

37 Unlinked No 2014 Dec 28 2015 Jan 7 2015 Jan 6 2015 Jan 19 Discharged
38 Unlinked No 2015Jan 4 2015Jan 9 2015 Jan 11 2015 Jan 20 Died

*Long-term care patient.
tTHospitalized only in Riyadh Governorate.

fPatients had no reported symptoms so no date of onset; they were identified through routine testing of contacts of known patients.
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Laboratory Investigation

Molecular Detection and Spike Gene Sequencing
CDC performed laboratory confirmation of MERS-CoV by
rRT-PCR on acute-phase serum samples from 17 patients
whose NP specimens had been previously confirmed posi-
tive for MERS-CoV by RT-PCR (online Technical Appen-
dix Table). Median number of days from symptom onset to
serum collection was 3.5 (range 018 for 16 patients). Serum
samples from 15 (88.2%) patients, including 4 samples col-
lected 9—18 days after symptom onset, were confirmed to be
positive by rRT-PCR by at least 2 independent assays. The
mean rRT-PCR cycle threshold (C) value for a region up-
stream of the E gene from 9 respiratory specimens was 26.4
(range 17.5-37.9), compared with 34.8 (range 31.1-38.1) for
acute serum samples collected on the same day. In general,
patients with low C, values (proxies for virus load) in respi-
ratory specimens also had low C, values in serum samples.
Because of limited available serum volume and gen-
erally low virus loads, we focused sequencing efforts on
the MERS-CoV spike gene, which has been shown to be
a reliable proxy for virus genotyping (/6) and encodes the
receptor-binding domain responsible for attachment to host
cells. Sequencing of the spike gene coding region was at-
tempted on all rRT-PCR—positive specimens; complete se-
quences were obtained from serum samples of 10 patients.
The mean N2 rRT-PCR C, value of serum samples that
were successfully sequenced was 32.8 (range 31.1-35.6),
compared with 37.8 (range 35.6-40.6) for samples with
failed sequencing. Phylogenetic analysis of the 10 Taif
spike sequences showed that the viruses formed a single,
discrete cluster located within the Hafr-Al-Batin clade (/7)
and were most closely related to MERS-CoV viruses cir-
culating in Riyadh during 2013 and 2014 (Figure 2). Se-
quences from 6 patients (1 from hospital A, 4 from hospital
B’s dialysis unit, and 1 from hospital D) were identical, and
all 10 sequences possessed 2 defining base substitutions at
positions 3,670 (G>A) and 3,840 (C>T) (online Techni-
cal Appendix Table). Sequences from 2 epidemiologically
linked cases (patients 27 and 30 in the online Technical Ap-
pendix Table) associated with hospital D formed a subclus-
ter among the Taif viruses on the basis of 2 defining base
substitutions at positions 1,679 (C>T) and 3,496 (G>A).
Five unique nucleotide substitutions conferring pre-
dicted amino acid changes were identified among the 10
sequences, of which 3 (E536K, D537E, T560I) were lo-
cated in the spike protein receptor-binding subdomain that
directly interacts with the dipeptidyl peptidase 4 receptor
(18) (online Technical Appendix Table). Random coding
changes in the MERS-CoV spike protein may be function-
ally inconsequential or may confer selective advantage by
enabling greater adaptation to the host and possibly en-
hanced virus transmission (/8).

Multifacility Outbreak of MERS

Serologic Testing

In addition to conducting rRT-PCR on serum samples of
17 patients, CDC performed MERS-CoV serologic assays
on these specimens. Specimens from 4 (23.5%) of the 17
patients were considered positive by serologic testing for
MERS-CoV antibodies (online Technical Appendix Ta-
ble); 3 of the 4 were positive by ELISA (titers of 6,400),
immunofluourescence, and microneutralization (titers of
320). The fourth patient was positive by ELISA (titer of
1,600) and was confirmed positive by microneutralization
(titer of 20). Four of 62 HCP exposed to MERS-CoV pa-
tients in hospital B’s dialysis unit were positive for anti-
bodies to MERS-CoV, including 1 patient whose specimen
was previously confirmed positive by rRT-PCR (online
Technical Appendix).

Discussion

Although initial epidemiologic investigation indicated
separate transmission events within hospitals A, B, C, and
D in Taif Governorate, Saudi Arabia, during September
5-December 15, 2014, sequencing the spike gene coding
regions from samples of residual serum from 10 patients in-
dicated a single, discrete cluster. Of the 10 spike sequences
from samples collected during September 5—November 9
from patients at 3 facilities, 6 were identical: 1 collected
from hospital A, 4 from hospital B’s dialysis unit, and 1
from hospital D. This finding suggests linked transmission
among these facilities during this 2-month period. Howev-
er, the presence of sequences that were not identical to the
others may indicate >1 initiating event, even in the same
hospital (e.g., patients 1 and 33 in hospital A; Table 2). De-
spite an exhaustive review of medical charts and interviews
with HCP, we could establish no clear epidemiologic links
among these facilities, suggesting that unrecognized cases
of MERS-CoV infection might not have been captured by
the existing surveillance system.

Results from serologic testing of 17 patients showed
that 4 were seropositive, despite the relatively short inter-
val between reported onset of illness and collection of se-
rum samples (range 5—7 days). These patients could not be
interviewed to confirm exact symptom onset, which may be
nonspecific in early MERS-CoV illness. Also, 1 of the 4 se-
ropositive specimens could not be confirmed by rRT-PCR at
CDC but was found to be rRT-PCR positive in Saudi Arabia.

These findings highlight the challenges and limitations
of epidemiologic investigations of MERS and show the
value of molecular techniques. In addition to standardized
data collection, viral sequencing should be attempted when
possible to enable better understanding of transmission
events. Our investigation shows the highly infectious nature
of MERS-CoV, including high rates of illness and death
from within dialysis settings, as previously noted (8,9).
In hospital B’s dialysis unit, 15 persons had MERS-CoV
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Figure 2. Midpoint-rooted phylogenetic tree inferred from multiple-sequence alignment of 10 new cases of Middle East respiratory
syndrome coronavirus spike open reading frame sequences (4,062 nt) from Taif, Saudi Arabia (brackets). Patient numbers and
healthcare facilities match those in Figure 1. Taif sequences are shown in context with the closest related sequences that comprise the
Hafr-Al-Batin_1 clade, as originally defined by Cotton et al. (77), and with sequences related to the 2015 outbreak event in South Korea.
For clarity, the remaining published sequences are collapsed into triangles. Published sequences are designated by GenBank accession
number, strain name, and month and year of sample collection. The estimated neighbor-joining tree was constructed from nucleotide
alignments by using MEGA version 6.06 (http://www.megasoftware.net). Bootstrap support values (1,000 replicates) 270% are plotted

at the indicated internal branch nodes. Scale bar shows the genetic distance as the number of nucleotide substitutions per site. KSA,
Kingdom of Saudi Arabia.
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infections confirmed by rRT-PCR during a 3-week pe-
riod. Eleven of the 15 were non-HCP patients who were
regularly undergoing dialysis, and 8 (73%) died. The other
4 were HCP, 3 of whom were symptomatic. Our subse-
quent serologic investigation of HCP in the dialysis unit
identified 3 additional and previously unrecognized HCP
who were seropositive but denied symptoms at interview
(online Technical Appendix). A total of 18 persons were
involved in the dialysis unit transmission event. Although
this investigation did not firmly establish modes of trans-
mission, risk for respiratory droplet transmission in this
setting might have been increased because of close spacing
(<2 meters between beds) of patients who also were likely
to be immunocompromised by end-stage renal disease and
other underlying conditions such as diabetes. After imple-
mentation of recommended changes in infection-control
practices, the number of cases reported in association with
this dialysis unit quickly declined.

Our investigation is subject to several limitations. Our
team had limited access to hospital A, although we were
able to assess case reporting and investigation forms, dis-
cuss patients with providers, and receive patient speci-
mens for further laboratory testing. This outbreak occurred
among at least 4 facilities, and contact investigations were
conducted by those facilities. Although the contact investi-
gations were critical for detecting mildly ill patients in this
outbreak, contact tracing and testing might not have been
uniformly conducted in all facilities, potentially limiting the
scope of our investigation. Although we were able to obtain
partial MERS-CoV genome sequences from acute-phase
serum samples from 10 of 12 patients, specimens were not
available for all patients. Additional viral sequences from
the unlinked cases would have been particularly useful in
understanding whether these cases were possibly linked
to the identified facility transmission events. The limited
availability of specimens restricted our ability to obtain
full-genome sequences that would likely provide greater
epidemiologic power in resolving transmission events. Al-
though we attempted to link the results of our epidemiolog-
ic investigation with the spike gene sequences from inves-
tigated cases, we cannot be certain whether the virus was
introduced into the healthcare environment in Taif on one
or multiple occasions. Circulation of MERS-CoV among
camels in Taif has been documented (/9), and the detection
of phylogenetically common or closely related viruses in
the human cases in this investigation might reflect multiple
introductions of the same or similar viruses circulating in
camels in Taif during this outbreak period. Notably, the 6
patients with identical spike gene sequences were in 3 clus-
ters and had onset dates that spanned 64 days.

A comparison of the sensitivities of the MERS nucleo-
capsid ELISA and the MERS spike ELISA has not been
published. Additional evaluation to better characterize the

Multifacility Outbreak of MERS

clinical sensitivity and specificity of the MERS-CoV sero-
logic assays used in this study is necessary, and systematic
cross-validation will be needed in the future.

Repeated introduction of MERS-CoV into healthcare
facilities, resulting in transmission among patients, visi-
tors, and HCP, has been a defining feature of MERS-CoV
epidemiology since its emergence in 2012. Our investiga-
tion shows the persistence of MERS-CoV circulation in
multiple healthcare settings over an extended period, de-
spite lack of clearly defined epidemiologic links, and un-
derscores the importance of identifying and monitoring
exposed HCP, patients, and visitors. MERS-CoV transmis-
sion in any healthcare facility should trigger increased vigi-
lance among all healthcare facilities that could potentially
share patients and staff. Increased understanding of epide-
miologic links among identified patients during transmis-
sion events is needed to inform surveillance strategies and
infection prevention and control.
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Deaths from Plasmodium knowlesi malaria have been
linked to delayed parenteral treatment. In Malaysia, early
intravenous artesunate is now recommended for all severe
malaria cases. We describe P. knowlesi fatalities in Sabah,
Malaysia, during 2012-2014 and report species-specific
fatality rates based on 2010-2014 case notifications. Six-
teen malaria-associated deaths (caused by PCR-confirmed
P. knowlesi [7], P. falciparum [7], and P. vivax [1] and mi-
croscopy-diagnosed “P. malariae” [1]) were reported during
2012-2014. Six patients with severe P. knowlesi malaria
received intravenous artesunate at hospital admission. For
persons >15 years of age, overall fatality rates during 2010—
2014 were 3.4, 4.2, and 1.0 deaths/1,000 P. knowlesi, P. fal-
ciparum, and P. vivax notifications, respectively; P. knowle-
si—associated fatality rates fell from 9.2 to1.6 deaths/1,000
notifications. No P. knowlesi-associated deaths occurred
among children, despite 373 notified cases. Although P.
knowlesi malaria incidence is rising, the notification-fatality
rate has decreased, likely due to improved use of intrave-
nous artesunate.

lasmodium knowlesi is the most common cause of ma-

laria in East Malaysia, and the incidence of disease
is increasing despite intensive control efforts that have
substantially reduced the incidence of P. falciparum and
P. vivax malaria in Malaysia (/-3). Although the greatest
number of P. knowlesi cases has been reported in East Ma-
laysia, the infection is also the predominant cause of malar-
ia in Peninsular Malaysia (4) and is increasingly reported
in other Southeast Asia countries and in travelers returning
from these countries (3).

P. knowlesi infection can be associated with high para-
sitemia and is at least as likely as P. falciparum to cause
severe malaria in adults (6). Age is strongly associated with
parasitemia and, thus, a key risk factor for severe and fatal
disease (6,7), neither of which has been reported in chil-
dren with PCR-confirmed P. knowlesi malaria (5,8,9). In
a tertiary referral hospital in Sabah, northeastern Malay-
sia, the rate of P. knowlesi malaria—associated deaths was
low among persons >12 years of age who were promptly
treated (including before hospital referral) with artesunate
(6); however, P. knowlesi continues to cause fatal malar-
ia among adults in Sabah (/0,/1). During 2010-2011, P.
knowlesi was responsible for 6 of 14 fatal malaria cases in
Sabah. Microscopy-based misdiagnosis of P. knowlesi ma-
laria as the nearly identical, but more benign, P. malariae
malaria was common, and fatal outcome was associated
with delayed or lack of parenteral therapy: 2 of 6 patients
with fatal P. knowlesi malaria received parenteral therapy
(1 each with quinine and artesunate); the other 4 received
chloroquine or sulfadoxine/pyrimethamine (/0).

In the time since that study was conducted, recog-
nition of P. knowlesi and its ability to cause severe dis-
ease has increased. The 2013 Management Guidelines of

Malaria in Malaysia recommend that results for blood films
with parasites resembling P. malariae be reported as P.
knowlesi/P. malariae (12). The guidelines emphasize that
PCR-confirmed P. malariae is rare in Sabah and that pa-
tients with a microscopy-based diagnosis of P. malariae
infection should be assumed to have P. knowlesi malaria.
Moreover, like recent World Health Organization (WHO)
global guidelines (/3—15), Malaysian guidelines now rec-
ommend intravenous artesunate for all patients with se-
vere malaria caused by any Plasmodium spp. (12), and in
western Sabah, the drug is being used earlier and more fre-
quently for all malarial infections (6). In addition, oral ar-
temisinin combination treatment is now recommended for
uncomplicated P. knowlesi malaria (12).

We assessed clinical features and management of fatal
P. knowlesi malaria cases in Sabah during 2012-2014. We
also determined age-stratified death rates among patients
with Plasmodium spp. malaria and assessed trends in fatal-
ity rates for P. knowlesi malaria during 2010-2014.

Methods

In Sabah, which has an area of 73,600 km? and population
of 3.7 million (/6), reporting of all malaria cases and as-
sociated deaths to the Sabah Department of Health (DoH)
is mandatory; species are reported according to microscopy
results. We obtained details of reported malaria-associated
deaths during 2012-2014 from the Sabah DoH and reviewed
district hospital case notes for clinical details. The study was
approved by the ethics committees of the Malaysian Minis-
try of Health and Menzies School of Health Research.

We reviewed the Sabah DoH malaria notification
database for the total number of microscopy-based P.
knowlesi/P. malariae, P. falciparum, and P. vivax malar-
ia case notifications during 2010-2014. These data were
used to determine case-fatality rates (CFRs) among noti-
fied cases for each species (hereafter referred to as notified
CFRs, defined as number of PCR-confirmed P. knowlesi,
P. falciparum, and P. vivax malaria—associated deaths per
1,000 microscopy-based P. malariae/P. knowlesi, P. fal-
ciparum, and P. vivax malaria notifications). PCR-con-
firmed P. malariae infection is rare in Sabah, accounting
for <1% of clinical samples diagnosed by microscopy as
P. malariae or P. knowlesi (I); thus, most notifications of
P. malariae/P. knowlesi can be assumed to be P. knowlesi.
During 2010-2014 in Sabah, only 1 fatal malaria case, a
microscopy-diagnosed P. malariae infection, lacked PCR
confirmation; an adjusted CFR was calculated following
inclusion of this case.

Results

Sixteen malaria-associated deaths were reported in Sabah
during 20122014, of which 15 were confirmed by PCR
to be caused by P. knowlesi (7 cases; cases 1-7, online
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Technical Appendix, http://wwwnc.cdc.gov/EID/article/
22/1/15-1305-Techappl.pdf); P. falciparum (7 cases); or
P. vivax (1 case). Details of 1 P. knowlesi case (case 2)
were previously reported (/7). The remaining fatal case
was microscopy diagnosed (without PCR confirmation) as
P. malariae infection (online Technical Appendix).

Fatal PCR-Confirmed P. knowlesi Malaria

All 7 fatal P. knowlesi malaria cases occurred in adults (me-
dian age 61 [range 31-73] years); 4 were women. Six of these
cases had been misdiagnosed by microscopy as P. malariae
(4), P. falciparum (1), or P. vivax (1) infections. Severe ma-
laria was recognized in 5 patients when they sought medical
care; all received intravenous artesunate within 90 (median
30) minutes of diagnosis. Severity criteria at admission for
these patients were jaundice (4 patients), acute kidney injury
(3), metabolic acidosis (4), hyperparasitemia (2), respira-
tory distress (2), and coma (1) (online Technical Appendix
Tables 1, 2). Shock and respiratory distress developed in all
patients before death. All patients were intubated and venti-
lated; 2 received hemodialysis. Death occurred within 5-117
(median 41) hours of admission.

Two patients with fatal P. knowlesi malaria were not
recognized to have severe malaria at admission; they re-
ceived oral antimalarial treatment. One of these patients
(case-patient 7, online Technical Appendix Table 1) had a
blood film result reported as 22,666 P. malariae parasites/
mL and was given oral artesunate/mefloquine for apparent
uncomplicated malaria. Her creatinine level was 124 (ref-
erence 63—133) umol/L; bilirubin, lactate, and bicarbonate
results were not available. Within 12 hours, she became
hypotensive and tachypneic; chest radiographs showed dif-
fuse opacities in both lung fields. She was intubated and
started on intravenous artesunate but died within 23 hours
of admission. Subsequent reexamination of her initial blood
slide showed 263,772 parasites/mL. The other patient (case
5, online Technical Appendix Table 1) was also thought
to have uncomplicated malaria; her blood film result was
reported as 9,866 P. vivax parasites/mL, her bilirubin level
was 46 (reference <17) umol/L, and her creatinine level
was 143 pmol/L. She was treated with 1 dose of intrave-
nous artesunate followed by chloroquine and primaquine.
Blood film results the next day indicated P. knowlesi infec-
tion with 20,000 parasites/mL. Acute respiratory distress
syndrome (ARDS) and metabolic acidosis developed, and
the patient died on day 3, despite recommencement of in-
travenous artesunate. Postmortem reexamination of her ini-
tial blood slide showed 55,111 P. knowlesi parasites/mL.

One patient, a 56-year-old man, was comatose, a con-
dition not previously reported in P. knowlesi malaria. He
was unresponsive when brought into a health clinic by
relatives, who reported a 1-day history of weakness and
drowsiness and a 3-day history of fever, chills, arthralgia,

P. knowlesi Death Rate, Sabah, Malaysia

and myalgia. At hospital referral, his blood pressure was
85/60 mm Hg, pulse rate 150 beats/min, and oxygen satu-
ration 81% on room air. He had a Glasgow Coma Scale
score of 6/15. Pupils were reactive but asymmetric (right
2 mm, left 4 mm). Meningism was not present, and neu-
rologic examination showed normal tone, symmetrically
reduced reflexes, and downgoing plantar reflexes. Blood
investigations showed 6,471 P. knowlesi parasites/mL and
metabolic acidosis. Computed tomography brain scan and
lumbar puncture were not performed. The patient was intu-
bated and begun on intravenous artesunate and ceftriaxone
but died 41 hours after admission. Blood cultures for bacte-
rial infections were negative.

Fatal PCR-Confirmed P. vivax Malaria

One person, a 53-year-old man, died from P. vivax malaria.
At admission, he had a 7-day history of fever, rigors, my-
algia, nonproductive cough, and abdominal pain. Physical
examination results were unremarkable. Thrombocytope-
nia was present, and his bilirubin level was 21.5 pmol/L;
creatinine and hemoglobin levels were normal. A blood
film result was reported as 2,090 P. vivax parasites/mL;
oral chloroquine and primaquine treatment were begun.
The next day, the parasite count was 890 parasites/mL of
blood, but the patient became hypotensive, and ARDS de-
veloped; a postintubation chest radiograph showed bilat-
eral opacities. Intravenous artesunate and antibiotic drugs
were initiated, and hemodialysis was performed for acute
kidney injury (creatinine level 316 pmol/L), but the patient
died 4 days after admission. Blood cultures for bacterial
infections were negative.

Fatal PCR-Confirmed P. falciparum Malaria

Of the 7 P. falciparum malaria—associated deaths, 2 (29%)
occurred in children (a boy and a girl 2-3 years of age,
both Filipino) and 5 (71%) occurred in adults (3 men and
2 women 31-80 years of age; 2 Filipino, 2 Malaysian, and
1 Indonesian). At the initial examination, all patients met
WHO criteria for severe malaria: jaundice (5 patients), ce-
rebral malaria (4 patients), renal failure (3 patients), respi-
ratory distress (3 patients), and anemia (2 patients). Within
2 hours of malaria diagnosis, 1 patient was given oral arte-
sunate/mefloquine and all others were given intravenous
artesunate. All patients were intubated and ventilated, 6 re-
ceived inotropes, and dialysis was performed on 3. All pa-
tients died within 2-9 days of admission. Blood cultures for
1 child and 1 adult were positive for Klebsiella pneumoniae
and coagulase-negative staphylococci, respectively; the lat-
ter was thought to represent contamination.

Review of 2010-2014 Malaria Notification Data
The overall notified CFR for P. knowlesi malaria was
3.08 deaths/1,000 cases, compared with 4.83 and 0.87
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deaths/1,000 cases of P. falciparum and P. vivax malaria,
respectively (Table). Among adults (persons >15 years of
age), notified CFRs were 3.37, 4.17, and 1.02 deaths/1,000
cases for P. knowlesi, P. falciparum, and P. vivax malar-
ia, respectively. Despite 373 notifications of P. knowlesi
malaria and 611 notifications of P. vivax malaria among
children (persons <15 years of age) during 2010-2014, no
deaths from either species were reported. However, chil-
dren with P. falciparum malaria had a notified CFR of 6.7
deaths/1,000 cases. Notified CFRs among adults with P.
knowlesi malaria declined from 9.2 to 1.6 deaths/1,000 no-
tifications in 2010 and 2014, respectively (y? test for trend,
p=0.11).

During 2010-2014, female patients accounted for only
783 (19%) of the 4,217 P. malariae/P. knowlesi notifications,
but they accounted for 6 (46%) of the 13 fatal P. knowlesi
malaria cases. Thus, the notified CFR for P. knowlesi malar-
ia was 7.66 deaths/1,000 cases for female patients, compared
with 2.04 deaths/1,000 cases for male patients (Fisher exact
test, p = 0.021). However, this difference was not significant
in a multivariate logistic regression model adjusting for age
(odds ratio 2.60, p = 0.095). For P. falciparum and P. vivax
malaria, no difference was seen in the number of notified
CFRs for male and female patients.

Discussion

Despite ongoing microscopy-based misdiagnoses of P.
knowlesi infections, management of severe malaria in Sa-
bah appears to have improved; all patients recognized to
have severe P. knowlesi malaria on admission received in-
travenous artesunate as initial therapy. Although our find-
ings clearly demonstrate the ability of P. knowlesi to cause

fatal malaria despite optimal therapy, P. knowlesi notified
CFRs in Sabah have fallen over the past 5 years in associa-
tion with the increased early use of artesunate documented
in this and other reports (6). Death from P. knowlesi ma-
laria remains unreported in children, and all but 1 of the P.
knowlesi—associated deaths in this series occurred in adults
>50 years of age.

The absence of P. knowlesi—associated deaths among
children, despite 373 P. malariae/P. knowlesi notified
cases in this age group during 2010-2014, contrasts with
the well-recognized risk for childhood deaths from P. fal-
ciparum malaria (/7) and extends the lack of previous re-
ports of either severe or fatal outcomes in children with P.
knowlesi malaria (5,8,9). Furthermore, the large number of
notified cases in children in this series suggests that the lack
of P. knowlesi—associated deaths among children may not
be due solely to the relative underrepresentation of chil-
dren in previous series of P. knowlesi malaria (6,7,18,19).
A lower risk for severe and fatal P. knowlesi malaria in
children may be due to the previously documented strong
association between age and parasitemia (6); the level of
parasitemia in children is generally insufficient to cause se-
vere and fatal disease (20). In addition, younger age may
be associated with physiologic protection from severe and
fatal P. knowlesi malaria, as suggested by previous findings
of a lower risk of severe malaria after primary exposure to
P. falciparum in nonimmune children compared with non-
immune adults (21).

Clinical and demographic characteristics for adult P.
knowlesi malaria patients in this study were consistent with
those in previous reports (/,6,7,18). Patients had a median
age of 61 years. Because of the strong correlation between

Table. CFRs among persons with notified cases of Plasmodium spp. malaria, Sabah, Malaysia, 2010-2014*

P. knowlesit P. falciparum P. vivax
No. No. Notified No. No. Notified No. No. Notified

Age group, year notifications deaths CFR%t notifications  deaths CFR notifications  deaths CFR
Persons >15 y of age

2010 327 3 9.17 736 2 2.72 720 0 0.00

2011 608 3 493 467 2 4.28 479 1 2.09

2012 744 48 5.38 543 2 3.68 390 0

2013 927 1 1.08 239 1 4.18 211 1 4.74

2014 1,246 2 1.61 173 2 11.56 165 0

Total 3,852 13 3.37 2,158 9 417 1,965 2 1.02
Persons <15 y of age

2010 57 0 - 355 2 5.63 262 0 -

2011 95 0 - 138 1 7.25 149 0 -

2012 73 0 - 171 2 11.70 88 0 -

2013 69 0 - 58 0 - 52 0 -

2014 79 0 - 21 0 - 60 0 -

Total 373 0 - 743 5 6.73 611 0 -

*Notified CFR, case-fatality rate determined on the basis of the no. of PCR-confirmed malaria-associated deaths/1,000 notifications of microscopy-based

malaria cases.

tIncludes all cases notified as P. knowlesi or P. malariae. PCR-confirmed P. malariae infection is rare in Sabah, accounting for <1% of clinical samples
diagnosed by microscopy as P. malariae or P. knowlesi (1); thus, most notifications of P. malariae/P. knowlesi can be assumed to be P. knowlesi.

1p = 0.110 () test for trend) for reduction in P. knowlesi fatality rate among adults during 2010-2014.

§Excludes 1 fatal case of microscopy-diagnosed P. malariae. The notified CFR in 2012 with this case included as a P. knowlesi—associated death was
6.72 deaths/1,000 notifications, and the overall notified CFR for P. malariae/P. knowlesi in adults was 3.63 deaths/1,000 notifications. The p value for the

test for trend is unchanged at 0.11
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age and parasitemia, older patients are known to be at in-
creased risk for severe P. knowlesi malaria (6). Of the 7
patients who died, 4 were female; thus the notified CFR
was significantly higher among female than male patients.
Although this discrepancy appears to be primarily due to
the older age of female patients with P. knowlesi malaria
(1), a trend toward increased notified CFRs for female P.
knowlesi patients remained even after adjusting for age.
This finding is consistent with the increased risk for se-
vere P. knowlesi malaria found for female patients in some
(7,18), but not all (6), previous studies. Larger studies are
needed to clarify the association between sex and risk for
severe P. knowlesi malaria.

The complications experienced by the P. knowlesi
malaria patients in this study were generally consistent
with those in other reports; hyperparasitemia, respiratory
distress, shock, jaundice, and acute kidney injury were
common in this and previous reports (6,7,18,22—24). Met-
abolic acidosis occurred in 5 patients in this series. This
complication of severe P. knowlesi malaria was uncom-
mon in a previous tertiary referral hospital study that in-
volved early, including prereferral, use of artesunate and
in which no deaths occurred (6). However, metabolic aci-
dosis has been reported in most fatal P. knowlesi malaria
cases (7,10,11,18,25), and, as with P. falciparum malaria,
is likely a late complication signifying poor outcome.
Acute lung injury was present at admission in 2 patients
and developed after treatment initiation in all remain-
ing P. knowlesi patients; this finding is consistent with a
posttreatment inflammatory response, as previously
postulated (6).

Coma has not previously been reported in P. knowlesi
malaria. Although decreased conscious state occurred in 1
patient in this study, blood cultures, lumber puncture, and
computed tomography brain scan were not performed, and
pupillary asymmetry, reported in this patient, is unusual in
coma due to P. falciparum malaria. Therefore, while de-
creased consciousness directly associated with P. knowlesi
remains possible, alternative causes are plausible.

Microscopy-based misdiagnosis of P. knowlesi infec-
tion occurred in 6 of 7 cases. Four of the 6 case-patients had
misdiagnoses of P. malariae infection; all had high para-
sitemia (2 had >100,000 parasites/uL of blood), which is
inconsistent with a diagnosis of P. malariae infection but
highly suggestive of P. knowlesi infection. Malaysia’s ma-
laria guidelines recommend that blood films with parasites
resembling P. malariae be reported as P. knowlesi/P. ma-
lariae (12); however, high parasitemia, particularly in the
context of a very low statewide prevalence of P. malariae
(1), makes P. malariae infection unlikely. The frequent
microscopy-based misdiagnosis of P. knowlesi malaria in
this and other reports (26) in Sabah highlights the need for
alternative rapid diagnostic methods.

P. knowlesi Death Rate, Sabah, Malaysia

Despite the frequent misdiagnoses in this series, all pa-
tients with fatal P. knowlesi infection who were recognized
as having severe malaria at admission were appropriately
treated with early intravenous artesunate. In contrast, in our
2010-2011 review of malaria deaths (/0), only 2 of 5 pa-
tients with severe P. knowlesi malaria received parenteral
treatment; the other 3, who had misdiagnoses of P. malariae
or P. vivax malaria, received oral chloroquine or sulfadox-
ine/pyramethamine. In the current study, 2 patients were
thought to have uncomplicated malaria and received oral
therapy (case-patient 5 was given chloroquine after 1 dose
of intravenous artesunate; case-patient 7 was given artesu-
nate/mefloquine). Postmortem reexamination of these pa-
tients’ initial blood films showed a parasite count substan-
tially higher than initially reported (55,111 parasites/uL vs.
9,866 parasites/uL for case-patient 5; 263,772 parasites/uL
vs. 22,666 parasites/uL for case-patient 7). Parasitemia has
been shown to be a major risk factor for severe P. knowle-
si malaria: in a recent prospective study, severity criteria
were present in >50% of patients with >20,000 parasites/
pL of blood and >80% of patients with >100,000 para-
sites/uL. of blood (6). WHO guidelines now recommend
that intravenous artesunate be used for all patients with P.
knowlesi malaria and >100,000 parasites/uL of blood or,
if testing for laboratory criteria for severe malaria is not
available, >20,000 parasites/uL blood (/4,15). The failure
of oral therapy in case-patient 7 (initial blood slide reported
as 22,666 parasites/uL; bilirubin not available) highlights
the value of this recommendation. Moreover, these 2 cases
demonstrate that parasitemia must be accurately quantified
in patients with P. knowlesi malaria.

The use of chloroquine in case-patient 5 may have con-
tributed to the poor outcome. Compared with artesunate/
mefloquine, chloroquine has been associated with reduced
parasite clearance time in P. knowlesi malaria (27,28) and
is no longer recommended as first-line treatment for P.
knowlesi malaria in Malaysia (/2). In Sabah, parasite clear-
ance time for P. vivax malaria treated with chloroquine is
reduced compared with that for cases treated with artesu-
nate/mefloquine, and treatment failures are common (29).
Moreover, P. knowlesi and P. vivax are frequently confused
in microscopy examination (26); hence, a unified treatment
approach should be considered in Sabah, using artemisinin
for all malaria cases.

Although this case series highlights the ability of P.
knowlesi malaria to cause fatal disease in adults even af-
ter prompt administration of intravenous artesunate, it
must be noted that the number of deaths has not increased
over recent years, despite a rise in P. knowlesi malaria no-
tifications from 384 in 2010 to 1,325 in 2014. Thus, the
adult notified CFR has declined from 9.2 deaths/1,000
notifications in 2010 to 1.6 deaths/1,000 notifications in
2014. This improvement likely resulted from increased
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recognition of the ability of P. knowlesi to cause severe
disease and to increased use of intravenous artesunate.
Although intravenous artesunate has been recommended
in Sabah since December 2008, intravenous quinine was
still in use until at least 2010 (/0). In a retrospective study
of severe P. knowlesi malaria at a tertiary referral hospital
in Sabah during 2007-2009, a total of 5 (31%) of 16 pa-
tients treated with intravenous quinine died. In contrast, at
the same hospital during 2010-2011, none of the severe
P. knowlesi malaria patients treated with early intravenous
artesunate died (6). In addition, in Sabah, the increasing
use of artemisinin combination treatment instead of chloro-
quine for uncomplicated P. knowlesi malaria (6) may also
have contributed to the decline in notified CFRs, particu-
larly for cases in which severe disease is unrecognized.

We also reported a case of fatal P. vivax malaria with
ARDS, an increasingly well-recognized complication of
P. vivax malaria that has resulted in fatalities (30—-34). The
pathophysiologic mechanism likely involves soluble me-
diators and endothelial damage, exacerbated by shock and
leading to diffuse damage to alveolar membranes (30). As
with the case in our study, most ARDS cases occur af-
ter treatment initiation (32,35), possibly resulting from
an exacerbated inflammatory response to parasite killing.
Most of the initial cases of P. vivax—associated ARDS
were in returned travelers with single organ dysfunction
and nonfatal outcome; however, more recent series from
countries where P. vivax is endemic have reported ARDS
cases with multiorgan dysfunction and considerable mor-
tality (35,36).

This study had several limitations. First, the retrospec-
tive design of the case series resulted in unavoidably in-
complete laboratory and clinical data. In particular, alterna-
tive diagnoses cannot be excluded in the case of possible P.
knowlesi—associated coma. Second, our calculation of the
microscopy-based notified CFR represents only an estimate
of the true P. knowlesi—associated CFR. The accuracy of
this estimate will depend on the accuracy of microscopy-
based identification of all Plasmodium species, the notifi-
cation rate of malaria cases, and the proportion of persons
with malaria who seek care at a health clinic. We do not
have data on the proportion of malaria cases in Sabah that
are notified; it is probable, however, that some are not noti-
fied, so the notified CFR likely overestimates the true CFR.
In addition, we cannot exclude the possibility that the re-
duction in the P. knowlesi—associated notified CFRs during
2010-2014 is due to an increase in the proportion of malar-
ia cases that are notified. However, notification of malaria
cases in Sabah has been mandatory since 1992, and there is
no reason to suspect that the notification rate would have
changed substantially since 2010. It is similarly unlikely
that the proportion of P. knowlesi malaria cases diagnosed as
P. falciparum malaria, and vice versa, changed sufficiently

over the 5-year period to account for the observed decline
in notified CFRs (/). Nonetheless, larger prospective stud-
ies involving molecular diagnostic methods are needed to
obtain a more accurate assessment of the true P. knowlesi
malaria CFR, including changes over time. Although we
report notified CFRs for P. knowlesi, P. falciparum, and P.
vivax malaria, these data may not reflect the relative viru-
lence of each species. In this series, non-Malaysian citizens
accounted for a higher proportion (5/7) of patients with fatal
P. falciparum malaria than fatal P. knowlesi malaria, and it
is possible that a delay in seeking care at a healthcare fa-
cility may be a confounding factor in comparing CFRs for
malaria caused by these Plasmodium spp.

In conclusion, our findings show that despite increas-
ing notifications of P. knowlesi malaria cases in Sabah, the
number of fatal cases has not increased. The reduction in
notified CFRs may be associated with the increased recog-
nition of the ability of P. knowlesi to cause severe and fa-
tal malaria and improved use of intravenous artesunate for
severe malaria caused by any Plasmodium spp, as per re-
cent policy changes (6,/2). Nonetheless, this study demon-
strates the ability of P. knowlesi to cause fatal malarial dis-
ease in adults, despite optimal therapy, and that P. knowlesi
remains the most common cause of fatal malaria in adults
in Sabah. In contrast, the study shows a notable absence of
deaths among children with P. knowlesi malaria.
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Risk Factors for Primary Middle
East Respiratory Syndrome
Coronavirus Illness in Humans,
Saudi Arabia, 2014

Basem M. Alraddadi, John T. Watson, Abdulatif Almarashi, Glen R. Abedi, Amal Turkistani,
Musallam Sadran, Abeer Housa, Mohammad A. Almazroa, Naif Alraihan, Ayman Banjar,
Eman Albalawi, Hanan Alhindi, Abdul Jamil Choudhry, Jonathan G. Meiman,
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Risk factors for primary Middle East respiratory syndrome
coronavirus (MERS-CoV) iliness in humans are incomplete-
ly understood. We identified all primary MERS-CoV cases
reported in Saudi Arabia during March—-November 2014 by
excluding those with history of exposure to other cases of
MERS-CoV or acute respiratory illness of unknown cause
or exposure to healthcare settings within 14 days before
illness onset. Using a case—control design, we assessed
differences in underlying medical conditions and environ-
mental exposures among primary case-patients and 2—4
controls matched by age, sex, and neighborhood. Using
multivariable analysis, we found that direct exposure to
dromedary camels during the 2 weeks before illness onset,
as well as diabetes mellitus, heart disease, and smoking,
were each independently associated with MERS-CoV ill-
ness. Further investigation is needed to better understand
animal-to-human transmission of MERS-CoV.

iddle East respiratory syndrome coronavirus (MERS-
CoV) is a newly recognized respiratory pathogen
first identified in a patient from Saudi Arabia in June 2012
(7). MERS-CoV causes acute respiratory disease that has
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a high case-fatality rate (2). All cases have been linked to
countries in or near the Arabian Peninsula; >85% of cases
have been reported from Saudi Arabia (2). Outbreaks of
MERS-CoV have been associated primarily with trans-
mission in healthcare settings (3—5). Transmission among
household contacts of case-patients has been documented
(6), but sustained human-to-human transmission has not
(7). Low-level infections with MERS-CoV have been re-
ported, but seroprevalence of MERS-CoV antibodies in the
general population in Saudi Arabia is low (8). Strategies
to prevent and control infection are recommended to limit
secondary transmission in healthcare settings and among
household contacts (9,/0). MERS-CoV cases continue to
be reported in Saudi Arabia in healthcare settings and in the
community (2).

Animals have been suspected as a source of primary
infection since early in the emergence of MERS-CoV, par-
ticularly given the similarities to severe acute respiratory
syndrome coronavirus, a zoonosis known to cause human
respiratory disease, often severe, with sustained human-to-
human transmission and amplification in healthcare settings
(11). Persons with early cases of MERS-CoV infection
were observed to have had exposure to dromedary camels
(henceforth dromedaries), and subsequent serologic studies
from the Arabian Peninsula confirmed high seroprevalence
of MERS-CoV neutralizing antibodies in dromedaries (/2—
14). Other studies have detected partial genome sequences
of MERS-CoV from dromedary specimens (/5—17), and
more recently infectious MERS-CoV has been isolated
from dromedaries (16,/8—21). Additionally, a recent report
provided virologic and serologic evidence of transmission
of MERS-CoV from a sick dromedary to a human in Saudi
Arabia (19).

Despite these reports, risk factors for primary illness
with MERS-CoV (i.e., cases in persons without apparent
exposure to other infected persons) are not well understood.
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No risk factors for primary transmission of MERS-CoV to
humans have been confirmed by epidemiologic studies, in-
cluding a link with exposure to dromedaries or any other
animal species. We conducted a case—control study to as-
sess exposures in primary cases and to identify risk factors
associated with primary MERS-CoV illness in humans.

Methods

Study Design

In Saudi Arabia, all laboratory-confirmed MERS-CoV
cases are reported to the Ministry of Health (MoH) and
routinely investigated to assess preillness exposures. All
cases reported during March 16-November 13,2014, were
screened for inclusion. For cases reported before May 13,
2014, a confirmed case was defined as illness in any person
hospitalized with bilateral pneumonia and laboratory con-
firmation of MERS-CoV infection on the basis of a positive
real-time reverse transcription PCR targeting 2 genes: the
upstream of E gene and the open reading frame 1a gene (22).
The case definition was revised on May 13, after which a
confirmed case was defined as laboratory confirmation and
any 1 of the following 4 clinical definitions: 1) fever and
community-acquired pneumonia or acute respiratory dis-
tress syndrome based on clinical or radiologic evidence; 2)
healthcare-associated pneumonia based on clinical and ra-
diologic evidence in a hospitalized person; 3a) acute febrile
(>38°C) illness, b) body aches, headache, diarrhea, or nau-
sea/vomiting, with or without respiratory symptoms, and c)
unexplained leucopenia (leukocytes <3.5 x 10° cells/L) and
thrombocytopenia (platelets <150 x 10°/L); 4) protected or
unprotected exposure of a person (including a healthcare
worker) to a confirmed or probable MERS-CoV infection
and upper or lower respiratory illness within 2 weeks after
exposure (23—25). For this study, case-patients were select-
ed from among symptomatic patients whose illness met the
case definition in place at the time of report and who met
the study inclusion criteria described below.

Case and Control Selection

Primary MERS-CoV cases were defined as cases in persons
without known exposure to other MERS-CoV cases or re-
cent (within 14 days) exposure to healthcare settings (3,5).
MERS-CoV case-patients meeting this definition were
presumed to have acquired infection through nonhuman
contact. A trained MoH interviewer contacted the case-
patient or proxy by phone or in person to conduct an initial
screening. Case-patients were excluded if, within 14 days
before onset of their MERS-CoV illness, they had been ad-
mitted to or visited any healthcare facility; had worked in
a healthcare facility in any capacity; had a recognized epi-
demiologic link with another person either with confirmed
MERS-CoV infection or with an acute respiratory illness

(as perceived by the participant) of unknown cause; were
<18 years of age; or did not provide consent for interview
either personally or by proxy (i.e., a family member or
close friend familiar with the preillness activities and usual
habits of the case-patient) for case-patients who had died or
were too ill to give consent personally.

For each case-patient, we randomly selected up to 4
neighborhood controls matched by age and sex. For case-
patients 18 to <25 years old, controls were matched within
5 years of age, and for those >25 years old, controls were
matched within 10 years of age. First, starting at the case-
patient’s household, a random direction was selected by
flipping a coin. Second, the distance in number of houses
from the case-patient’s residence was randomly deter-
mined from 1 to 10 by choosing from a random number list.
For multifamily structures, the starting floor and apartment
were randomly chosen. Once a household was identified, 1
control was selected on the basis of the matching criteria;
the exclusion criteria used for case-patients were also ap-
plied for all controls. If >1 person in the household met
matching criteria, | was randomly chosen. If no matching
control was found in the selected household, the next house
in the same direction was visited, and so on, until an eli-
gible control was enrolled.

Interview Process

A case—control protocol developed by the World Health
Organization was adapted to create a standardized ques-
tionnaire for assessing risk factors associated with MERS-
CoV illness. This questionnaire was used by MoH staff to
conduct in-person interviews with case-patients (or their
proxies) and controls (26). The 14-day period before illness
onset was defined as the exposure period both for case-pa-
tients and their corresponding controls.

Data Collection

The questionnaire addressed demographic information;
medical history; travel history; and information about hu-
man, food, and animal exposures. Human exposure ques-
tions addressed preillness exposures to healthcare settings
or persons with acute respiratory illness. Food exposure
questions assessed consumption of fruit, vegetables, un-
pasteurized milk, meats, urine, or chewing of siwak (a
twig from the Salvadora persica tree, traditionally used
for teeth cleaning). Animal exposure questions addressed
multiple species (dromedaries, goats, sheep, horses, cattle)
and whether any direct or indirect exposure to animals oc-
curred. Direct animal exposure in the 14-days before ill-
ness onset was defined as physical contact with animals or
animal products (carcasses, body fluids, secretions, urine,
excrement, or raw meat) in any setting (farm, livestock
market, slaughterhouse, racetrack, stable, or other ani-
mal-related venue) or engaging in certain animal-related
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activities (feeding animals, cleaning housing, slaughtering,
assisting with birth, milking, kissing or hugging, or oth-
er related tasks). Indirect animal exposure in the 14 days
before illness onset was defined as having visited settings
where animals were kept but without having direct con-
tact; or exposure to household members who themselves
had direct animal exposure. When assessing animal expo-
sure during the previous 6 months, participants self-defined
direct physical contact. Interviews with case-patients and
controls were conducted in Arabic or English.

Because this investigation was part of a public health
response, MoH and the US Centers for Disease Control and
Prevention (CDC; Atlanta, GA, USA) determined it to be
nonresearch and therefore not subject to institutional re-
view board review. We obtained written informed consent
from all participants or their proxies.

Statistical Analysis

We used Epi Info 7 (CDC, Atlanta GA, USA) for data
entry and SAS version 9.3 (SAS Institute Inc., Cary, NC,
USA) for data analysis. Characteristics that were not
part of the matching process for case-patients and con-
trols were compared using x* tests, Fisher exact tests, or
t tests. We used exact conditional logistic regression to
estimate odds ratios (ORs), 95% mid-p ClIs, and exact p
values for potential risk factors for MERS-CoV illness.
Factors found to be significant (p<<0.05) in the univariate
analysis were further evaluated in multivariable analyses.

Risk Factors for Primary MERS-CoV lliness

We created a final multivariable model through stepwise
elimination of nonsignificant variables until all remain-
ing variables in the multivariate model were significant at
p<0.05. Interactions between risk factors were also evalu-
ated in the multivariable analyses.

Results

During March 16—-November 13, 2014, a total of 535 pa-
tients with laboratory-confirmed MERS-CoV infection
were reported to the MoH. After screening based on the ex-
clusion criteria, 34 patients were identified as possible pri-
mary case-patients. Two persons refused to participate, and
2 did not meet the age criteria for inclusion. The remaining
30 case-patients, representing 8 of 13 regions in Saudi Ara-
bia, were enrolled in the study (Figure). Symptom onset
dates for enrolled case-patients ranged from February 25
through November 2, 2014.

We identified and included 116 controls: 4 age-,
sex- and neighborhood-matched controls for each of 28
case-patients and 2 controls for each of the 2 remaining
case-patients. Of the 116 controls, ages for 6 exceeded the
age-matching criteria by 1-5 years. One case-patient did
not have a formal residence; after his interview, 4 controls
were selected from the vicinity of the area where he spent
his nights.

Case-patients and controls were interviewed during
June 8—November 29, 2014. Interviews with case-patients
and controls were conducted on the same day, a median of
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27 days (range 0—192 days, interquartile range 12—70 days)
after case-patients’ illness onsets.

Median age of case-patients was 49 years; 97% were
male (Table 1). Rate of ownership of a barn or farm with
animals was similar between case-patients and controls, but
income was higher for case-patients than for controls (53%
vs. 34%, respectively, had a monthly income of >6,000
SAR [US $1,600]; 2013 gross national income per capita
is $2,188/month in Saudi Arabia [27]). Other demographic
features between the groups were similar. At the time of
interview, 7 (23%) case-patients were deceased, and 10
(33%) were too ill to be interviewed. For these 17 (57%)
case-patients and for 1 (1%) control, a family member
served as proxy. Case-patients interviewed by proxy were
more likely than those interviewed directly to have under-
lying medical conditions but were similar in age, other de-
mographic characteristics, and animal-related exposures.

Several exposures were associated with MERS-CoV
by univariate analysis (Table 2). During the 14 days be-
fore illness onset, case-patients were more likely than con-
trols to have had direct dromedary exposure (33% vs. 15%,
OR 3.73, 95% CI 1.24-11.80); to keep dromedaries in or
around the home (30% vs. 15%, OR 3.34, 95% CI 1.04—
10.98); or to have visited a farm where dromedaries were
present (90% vs. 53%, OR 11.57, 95% CI 2.67—x); Among
those who visited a farm where livestock were kept during
the exposure period, case-patients were more likely than
controls to have milked dromedaries (50% vs. 23%, OR
10.36, 95% CI 2.47—0). Case-patients also were more like-
ly than controls to live in the same household as someone
who had visited a farm with dromedaries during the previ-
ous 14 days (30% vs. 12%, OR 3.95, 95% CI 1.23-13.72)

and to have had direct contact with a dromedary while
there (40% vs. 15%, OR 5.03, 95% CI 1.66—16.88). Case-
patients also were more likely than controls to have had
direct physical contact with dromedaries in the previous
6 months (37% vs. 13%, OR 7.67, 95% CI 2.10-36.08).
Case-patients were no more likely than controls to report
exposure to bats, goats, horses, sheep, or the products of
these animals; however, direct cattle exposure was signifi-
cantly associated with illness (13% vs. 3%, OR 6.00, 95%
CI 1.02-48.44). No differences were noted in consump-
tion of fruits; vegetables; or animal products, including
uncooked meat, unpasteurized animal milk, or dromedary
urine (online Technical Appendix Table 1, http://wwwnc.
cdc.gov/ElD/article/22/01/15-1340-Techappl.pdf).  We
observed no significant differences in dromedary expo-
sures between case-patients interviewed directly and those
interviewed by proxy.

Case-patients were more likely than controls to have
>1 underlying medical condition (70% vs. 42%, OR 5.11,
95% CI 1.70-18.67). Diabetes mellitus (55% vs. 28%, OR
3.72,95% CI 1.45-10.25); heart disease (37% vs. 12%, OR
5.11, 95% CI 1.81-15.46); and chronic lung disease (13%
vs. 1%, OR 17.68, 95% CI 4.22—x) were each reported sig-
nificantly more frequently among case-patients than among
controls. No significant differences were identified in other
reported health conditions (asthma, kidney failure, chronic
liver disease, cancer, blood disorders, or conditions requir-
ing corticosteroid use). Case-patients also were more likely
than controls to currently smoke tobacco (37% vs. 19%,
OR 3.14, 95% CI 1.10-9.24). Using siwak during the ex-
posure period was associated with a lower risk for MERS-
CoV illness (25% vs. 49%, OR 0.24, 95% CI, 0.06-0.77).

Table 1. Demographic characteristics of Middle East respiratory syndrome coronavirus case-patients compared with age- and sex-
matched neighborhood controls. Saudi Arabia, March 16—November 13, 2014

Variable* Total, no. (%), n = 146 Case-patients, no. (%), n =30 Controls, no. (%), n=116  p value

Sex 1.0001
F 5(3) 1(3) 4 (3)
M 141 (97) 29 (97) 112 (97)

Interview respondentt <0.001t
Self 128 (88) 13 (43) 115 (99)
Proxy (relative) 18 (12) 17 (57) 1(1)

Nationality 0.620§
Saudi 98 (67) 19 (63) 79 (68)
Non-Saudi 48 (33) 11 (37) 37 (32)

Education 0.8508§
Primary school or less 65 (45) 14 (47) 51 (44)
More than primary school 81 (55) 16 (53) 65 (56)

Household income (monthly)f 0.047§
<6,000 SAR 91 (62) 14 (47) 77 (66)
>6,000 SAR 55 (38) 16 (53) 39 (34)

Marital status 0.475§
Never married 8 (5) 3 (10) 5(4)
Married 133 (91) 26 (87) 107 (92)
Widowed 5(3) 1(3) 4 (3)

*Median ages (ranges) in years are as follows: case-patients, 49 (20—-72); controls, 50 (19-74); all, 50 (19-74). p<0.846, pooled t test.

tFisher exact test.
tStatistically significant (p<0.05).
§y2 test.
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Table 2. Animal-related exposures, underlying health conditions, current tobacco use, and siwak use for Middle East respiratory
syndrome coronavirus case-patients compared with matched controls. Saudi Arabia, March 16—November 13, 2014

No. (%) with exposure*

Case-patients,  Controls,
Variable n=230 n=116 Odds ratio (95% CI) p value
Animal-related exposures

Household members frequently visit farms with dromedariestf 12/30 (40) 14/115 (12) 7.06 (2.23-26.46)  <0.001

Household members visited a farm with dromedaries during 9/30 (30) 14/115 (12) 3.95 (1.23-13.72) 0.018

exposure periodf

Household members had direct contact with dromedaries during 12/30 (40) 17/114 (15) 5.03 (1.66-16.88) 0.004

exposure periodf§

Spouse 4/30 (13) 4/116 (3) 4.26 (0.86-23.41) 0.065
Other relativest 7/30 (23) 7/116 (6) 4.59 (1.36-16.27) 0.012
Domestic helpt 5/30 (17) 3/116 (3) 15.04 (1.96-369.59) 0.006

Dromedaries kept infaround home during exposure period}§ 9/30 (30) 17/115 (15) 3.34 (1.04-10.98) 0.047

Goats kept in/around home during exposure periodt§ 1/30 (3) 22/115 (19) 0.08 (0.003-0.58) 0.011

Horses kept in/around home during exposure period§ 1/29 (3) 0/115 (0) 4.00 (0.44—x) 0.200

Bats in/around house during exposure period§ 3/28 (11) 11/112 (10) 1.60 (0.24-9.23) 0.646

Sheep kept infaround home during exposure period§ 10/30 (33) 22/115 (19) 3.34 (0.97-12.19) 0.057

Sheep present at a slaughterhouse visited during exposure 1/30 (3) 18/116 (16)  0.15(<0.001-0.56)  0.040

periodt§

Visited farm where livestock were kept during exposure period§ 10/29 (34) 32/116 (28) 1.67 (0.52-5.42) 0.393
Dromedary present on farmi 9/10 (90) 17/32 (53) 11.57 (2.67—0) 0.013
Milked dromedaries while on farm 5/10 (50) 7/31 (23) 10.36 (2.47—0) 0.013

Visited other livestock venue (i.e., not farm, market, 7/29 (24) 12/111 (11)  3.33 (1.001-11.05)  0.040

slaughterhouse, racetrack, or stable) during exposure period+§

Direct physical contact with dromedary during last 6 mot 11/30 (37) 15/116 (13) 7.67 (2.10-36.08) 0.001

Any direct contact with a dromedary during exposure period1§{ 10/30 (33) 17/116 (15) 3.73 (1.24-11.80) 0.020

Any direct contact with a goat during exposure period§ 4/30 (13) 22/116 (19) 0.64 (0.17-2.02) 0.584

Any direct contact with a§ sheep during exposure period§ 10/30 (33) 38/116 (33) 1.03 (0.37-2.77) 1.000

Any direct contact with a horse during exposure period§| 1/30 (3) 0/116 (0) 4.00 (0.44—x) 0.200

Any direct contact with cattle during exposure period§q 4/30 (13) 4/116 (3) 6.00 (1.02—48.44) 0.043

Underlying health conditions and behaviors

Diabetest 16/29 (55) 32/116 (28) 3.72 (1.45-10.25) 0.005

Emphysema, chronic bronchitis, or other chronic lung diseaset 4/30 (13) 1113 (1) 17.68 (4.22-) 0.003

Heart diseaset 11/30 (37) 14/114 (12) 5.11 (1.81-15.46) 0.002

Current smokerf 11/30 (37) 22/116 (19) 3.14 (1.10-9.24) 0.030

Any underlying conditioni# 21/30 (70) 49/116 (42) 5.11 (1.70-18.67) 0.004

Any underlying condition, including current smokingt 27/30 (90) 64/116 (55) 7.55 (2.32-33.45)  <0.001

Using siwak during exposure period}§ 7/28 (25) 56/114 (49) 0.24 (0.06-0.77) 0.023

*Denominators vary on the basis of completeness of responses or reflect subsets.

tDromedaries, dromedary camels.
IStatistically significant (p<0.05).

§The exposure period of cases is defined as the 14 days before the date of the first symptom onset. For controls, the exposure period is the same as for

the case to which they are matched.

{IDirect animal contact includes any of the following specific exposures: physical contact with animals or animal products (i.e., carcasses, body fluids,
secretions, urine, excrement, or raw meat) in any setting (i.e., farm, livestock market, slaughterhouse, racetrack or stable, or other animal-related venues)
or engaging in certain animal-related activities (i.e., feeding animals, cleaning their housing, slaughtering them, assisting with their birth, milking them,

kissing or hugging them, or other related tasks).

#Diabetes, asthma, emphysema, chronic bronchitis, other chronic lung disease, kidney failure, chronic liver disease, heart disease, history of cancer

treatment, blood disorder.

Multivariable analysis yielded a final model in which
direct dromedary exposure in the 2 weeks before illness
onset was associated with MERS-CoV illness (adjusted
OR 7.45, 95% CI 1.57-35.28), along with having diabe-
tes (adjusted OR 6.99, 95% CI 1.89-25.86) or heart dis-
ease (adjusted OR 6.87, 95% CI 1.81-25.99) or currently
smoking tobacco (adjusted OR 6.84, 95% CI 1.68-27.94)
(online Technical Appendix Table 2). When substituting
direct physical contact with dromedaries in the previ-
ous 6 months for direct dromedary exposure in the past 2
weeks, we found this exposure to be significantly associ-
ated with MERS-CoV illness (adjusted OR 14.59, 95% CI
2.38-89.55) along with previously identified risk factors:

having diabetes (adjusted OR 6.95, 95% CI 1.85-26.12)
or heart disease (adjusted OR 6.09, 95% CI 1.61-22.94)
or currently smoking tobacco (adjusted OR 7.36, 95% CI
1.75-30.94). We identified no significant interactions for
direct dromedary exposure, having diabetes, having heart
disease, or currently smoking tobacco and other exposures,
underlying conditions, or behaviors.

Discussion

By carefully identifying persons with primary MERS-CoV
infections and systematically comparing their characteris-
tics to age- and sex-matched neighborhood controls, our
study supports a link between exposure to dromedaries and
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human MERS-CoV illness, as well as host risk factors (i.e.,
diabetes, heart disease, and smoking). Exposure to bats,
goats, horses, sheep, or the products of these animals were
not associated with MERS CoV illness in our study. The
role of an animal reservoir in the transmission of MERS-
CoV to humans has been actively considered since the first
reported cases in 2012. Our investigation was designed to
broadly assess the possible routes and modes of transmis-
sion of MERS-CoV and to determine the risk associated
with exposure to different animal species and general envi-
ronmental factors.

In our study, direct contact with dromedaries in the 2
weeks before illness onset was associated with MERS-CoV
illness. The proportions reporting direct contact with drom-
edaries was limited among both case-patients and controls
(33% vs. 15%). Among specific direct exposures that we
investigated, only milking dromedaries was significantly as-
sociated with illness. However, we noted a significant as-
sociation when considering together all reported activities
that involve direct dromedary exposure. When we controlled
for underlying conditions, direct exposure to dromedar-
ies (whether in the previous 2 weeks or in the previous 6
months) remained an independent risk factor for MERS-
CoV illness. Additionally, living in the same household with
persons who reported working on or visiting a farm where
dromedaries were kept was a risk factor for illness; although
the numbers were small, the highest risks were associated
with other relatives and domestic helpers. Indirect contact
with dromedaries might explain primary MERS-CoV illness
in case-patients without direct dromedary contact and should
be further explored. Other potential explanations of MERS-
CoV illness in primary case-patients who did not have direct
contact with dromedaries include unrecognized community
exposure to patients with mild or subclinical MERS-CoV in-
fection or exposure to other sources of primary MERS-CoV
infection not ascertained in our study. A recent nationwide
serosurvey from Saudi Arabia estimated that >44,000 per-
sons might be seropositive for MERS-CoV and might be
the source of infection to patients with confirmed primary
MERS-CoV illness but with no dromedary exposure (§).
Although we found that direct and indirect dromedary expo-
sure were significantly associated with MERS-CoV illness,
our study had limited power to detect specific behaviors or
practices associated with illness. Future studies should be de-
signed to further explore this association.

Case-patients in our study were significantly more
likely than controls to report diabetes; this finding provides
epidemiologic evidence of diabetes as a risk factor for
MERS-CoV illness. Smoking and heart disease were also
significantly associated with MERS-CoV illness. Of note
was the overwhelming male preponderance in our study;
only 1 of the 30 case-patients with primary infection was
female. The fact that men in Saudi Arabia are much more

likely than women to have contact with dromedaries might
explain this observation. Previous studies have reported
some male preponderance, but those findings were not as
striking as our results, probably because MERS-CoV in-
fections in most patients in other studies were healthcare
associated and transmitted from human to human (2,4)

Our study is subject to several limitations. First, the
delay between illness and interview might have affected re-
call among study participants. Second, our study was a na-
tionwide investigation that covered a large area, and inter-
views were conducted by different teams at different times.
However, all interviewers received training designed to
limit interview variability. Third, MERS-CoV is a highly
lethal disease, and 17 of the 30 case-patients in our study
were interviewed by proxy (i.e., information was collected
from a family member), which might have affected the
reliability of the exposure information collected. Fourth,
choosing neighborhood controls could have resulted in an
underestimation of certain risk factors because of possible
similarities between case-patients and controls. However,
the study still identified an association with dromedary ex-
posure. Fifth, the occurrence of primary MERS-CoV cases
is a relatively rare event, limiting the number of cases avail-
able for inclusion in our study and the power to detect dif-
ferences from controls. We applied stringent criteria for en-
rollment and attempted to exclude persons who might have
acquired infection through human-to-human transmission,
but the possibility of misclassification remains. However,
inadvertent inclusion of secondary cases is likely to mean
that the true risk associated with dromedary exposure was
higher than we estimated. Sixth, we did not investigate
dromedary husbandry practices or ascertain whether drom-
edaries were infected with MERS-CoV. Additionally, the
surveillance system in place in Saudi Arabia might be more
likely to detect persons severely affected by MERS-CoV,
who also might be more likely to have underlying condi-
tions. This fact might have overstated the role of underly-
ing conditions as a risk factor for disease. Finally, as in
any study where a large number of parameters are tested,
the expected type 1 error rate is 5%; therefore, one could
anticipate that 1 in 20 significant results would incorrectly
reject the null hypothesis.

In conclusion, our findings represent an important
initial step in understanding the risk factors for MERS-
CoV infection, including zoonotic transmission. Control
of MERS-CoV ultimately depends on the interruption of
transmission to prevent primary MERS-CoV cases. Future
longitudinal studies to assess specific human—dromedary
interactions are needed to inform preventive measures.
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Human Papillomavirus Prevalence
and Herd Immunity after
Introduction of Vaccination
Program, Scotland, 2009-2013
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In 2008, a national human papillomavirus (HPV) immu-
nization program using a bivalent vaccine against HPV
types 16 and 18 was implemented in Scotland along with
a national surveillance program designed to determine the
longitudinal effects of vaccination on HPV infection at the
population level. Each year during 2009-2013, the surveil-
lance program conducted HPV testing on a proportion of
liquid-based cytology samples from women undergoing
their first cervical screening test for precancerous cervi-
cal disease. By linking vaccination, cervical screening, and
HPV testing data, over the study period we found a de-
cline in HPV types 16 and 18, significant decreases in HPV
types 31, 33, and 45 (suggesting cross-protection), and
a nonsignificant increase in HPV 51. In addition, among
nonvaccinated women, HPV types 16 and 18 infections
were significantly lower in 2013 than in 2009. Our results
preliminarily indicate herd immunity and sustained effec-
tiveness of the bivalent vaccine on virologic outcomes at
the population level.

Human papillomavirus (HPV) vaccination programs
are established in several countries worldwide (/-3).
The national vaccination program in Scotland began in
2008; a bivalent vaccine that conferred protection against
HPV types 16 and 18 was offered at school to girls 12—13
years of age (routine cohort). In addition, girls 13—17 years
of age (3-year catch-up cohort) were offered the vaccine
from September 2008 through August 2011. Starting in
September 2012, the licensed quadrivalent vaccine re-
placed the bivalent vaccine in the program. Consequently,
data in this article reflect the effects of the bivalent vac-
cine only. Since the 2008—09 school year, receipt of all 3
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doses was >90% for girls in the routine cohort, and during
2008-2011, it was lower (65%) for girls in the catch-up
cohort (4).

Previously, we reported that sustained high uptake of
HPV vaccination was associated with reduced prevalence
of HPV types 16 and 18 and evidence of cross-protection
against nonvaccine types HPV 31, 33, and 45 among wom-
en who had undergone their first cervical screening test for
precancerous disease from 2009 through 2012 (5). These
data reconcile with studies undertaken in other settings. In
England, an ecologic study showed that 19.1% and 6.5%
of vaginal swab samples were positive for HPV 16 and 18
in the pre- and postvaccination periods, respectively (6).
Markowitz et al. also demonstrated that despite low vac-
cine coverage, HPV 16 and 18 prevalence among girls
who had received the quadrivalent vaccine in the routine
and catch-up programs was reduced by 56% (7). Evidence
is also emerging with regard to the effectiveness of HPV
vaccination for reducing the incidence and prevalence of
low- and high-grade precancerous cervical lesions (8—/1).
In Australia, recent studies designed to assess the extent of
herd immunity to vaccine-type HPV have shown evidence
for potential development of herd immunity in the nonvac-
cinated population (/2,/3). However, few studies of the
extent of herd immunity have been published, particularly
studies in which vaccination status can be directly linked to
viral outcomes.

The ability to directly link large datasets (including
cervical screening, vaccination, and disease registers) in
Scotland through a unique personal identifier, the Com-
munity Health Index (CHI), enables us to comprehensive-
ly assess the effects of vaccination, including the extent
of potential herd immunity. By including samples from
women undergoing their first cervical smear testing in
2013, we further assessed the effects of HPV vaccination
among young women in Scotland by comparing prevalence
of HPV 16 and 18; HPV 31, 33, and 45; and other high-
risk HPV types among women who were fully vaccinat-
ed as part of the catch-up cohort with prevalence among
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nonvaccinated women in the same birth cohorts. Addition-
ally, we investigated whether the prevalence of any nonvac-
cine HPV types was greater among vaccinated women. Us-
ing these updated data, we determined whether high uptake
of the vaccine protects nonvaccinated women by assessing
the trend, over birth cohort, for the proportion of nonvacci-
nated women with positive results for each HPV outcome.

Materials and Methods

Surveillance Program and Sample Population

The Scottish Cervical Screening Programme is an orga-
nized, national, call-recall program that invites women
20-60 years of age to visit their general practitioner for a
cervical smear test (/4). The program is facilitated through
the electronic Scottish Cytology Call-Recall System,
which records which women are eligible for screening and
contains information about cytology, histology, vaccina-
tion status, recall, and management.

During 2009-2013, the National Health Service cyto-
pathology laboratories that serve the Screening Programme
collected =~1,000 liquid-based cytology samples per year
from women 20-21 years of age who were undergoing
their first cervical smear testing. All samples collected dur-
ing 2009-2013 were subjected to HPV genotyping, and the
results from the 2009—2010 samples constituted a prevac-
cination baseline. The sampling methods used in this study
are described elsewhere (5).

Data and Linkage

Liquid-based cytology samples collected by the cytol-
ogy laboratories were labeled with an anonymous study
identification number and underwent HPV genotyping at
the Scottish HPV Reference Laboratory. The study iden-
tification numbers and the CHI number were sent to the
Information Services Division of the Scottish National
Health Service, where CHI numbers were used to link
data from the Scottish Cytology Call-Recall System, the
Scottish Immunisation Call-Recall System, and the Child
Health Schools Program-System. The postal code of the
patient’s residence was used to rank the geographic data
zone for each sample according to the Scottish Index of
Multiple Deprivation (1 = most deprived and 5 = least
deprived; http://www.gov.scot/Topics/Statistics/SIMD/
BackgroundMethodology).

HPV Testing

A detailed account of the testing procedures has been de-
scribed elsewhere (5). In brief, HPV genotyping was per-
formed by using the Multimetrix HPV Genotyping Kit
(Diamex, Heidelberg, Germany), which can detect 24 HPV
types, including all established high-risk carcinogenic
types (HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and
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59); probable carcinogenic types (HPV 68); and some pos-
sibly carcinogenic types (HPV 26, 53, 66, 70, 73, and 82),
according to the latest International Agency for Research
on Cancer groupings (/5). This assay can also detect 5 low-
risk HPV types (HPV 6, 11, 42, 43, and 44). International
Agency for Research on Cancer guidelines also include
HPV 67 as possibly carcinogenic, but this type is currently
undetectable by use of the Multimetrix HPV kit (6).

Statistical Analyses

Power calculations for the liquid-based cytology samples
are described elsewhere (5). The prevalence of each detect-
able HPV type, along with 95% ClIs, was calculated. A z-
test of 2 proportions was used to assess differences in HPV
type—specific prevalence among women who received all
3 doses of the vaccine and those who received none. The
Bonferroni correction (significance level a = 0.05/22) was
used because of the multiple statistical testing conducted
for the 22 nonvaccine HPV types detected by the assay.
Significance was assessed at a = 0.05 for HPV types 16
and 18. Association between the number of doses of vac-
cine received and HPV outcome was measured by using
logistic regression adjusted for deprivation score, birth co-
hort year, and age at vaccination. A linear trend test was
used to assess evidence for a linear change in positivity
over the range of the previously mentioned variables. HPV
outcomes were positivity for HPV types 16 or 18; HPV 31,
33 or 45; other nonvaccine high-risk types (HPV 35, 39,
51, 52, 56, 58, 59, and 68) in the carcinogenic and prob-
ably carcinogenic categories; or any HPV type detected by
the Multimetrix HPV assay. Potential herd immunity was
evaluated by using logistic regression and testing for a lin-
ear trend over time in the prevalence of HPV 16 and 18, the
cross-protective types, other nonvaccine high-risk types,
and any HPV among women who were not vaccinated dur-
ing 2009-2013.

Results

Sample Characteristics

We analyzed 5,765 liquid-based cytology samples from
women 20-21 years of age who underwent their first cer-
vical smear testing during 2009-2013. The number of
samples received each year was distributed evenly between
the quintiles of the Scottish Index of Multiple Deprivation
(=20% samples/quintile) (Table 1). Overall, valid HPV test
results were available for 5,715 samples, of which 57.1%
(95% CI 55.8%-58.3%) were positive for any HPV type
and 46.9% (95% CI 45.6%—48.2%) were positive for any
high-risk HPV type (HPV 16, 18, 31, 33, 35, 39, 45, 51,
52, 56, 58, 59, 66, or 68). As expected, because of eligi-
bility criteria, vaccination status differed greatly by collec-
tion year; 38% of women received 3 doses in 2011, 67%
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Table 1. Yearly distribution of 5,765 liquid-based cytology samples collected from women 20-21 years of age undergoing their first

cervical smear collection, Scotland, 2009-2013*

No. (%) samples

No. (%) samples

No. vaccine doses received SIMD score with valid HPV

Year Total 0 1 2 3 1 2 3 4 5 results

2009 1,673 1,652 5 1 15 386 389 335 271 292 1,652 (98.74)
(98.74) (0.30) (0.06) (0.90) (23.07) (23.25) (20.02) (16.20) (17.45)

2010 1,074 1,012 7 7 48 260 208 219 193 194 1,053 (98.04)
(94.23) (0.65) (0.65) (4.47) (24.21) (19.37) (20.39) (17.97) (18.06)

2011 1,005 557 18 48 382 235 190 185 201 194 1,001 (99.60)
(55.42) (1.79) (4.78) (38.01) (23.38) (18.91) (18.41) (20.00) (19.30)

2012 997 245 26 52 674 216 201 172 191 217 993 (99.60)
(24.57) (2.61) (5.22) (67.60) (21.66) (20.16) (17.25) (19.16) (21.77)

2013 1,016 198 33 46 739 251 211 191 141 222 1,018 (100.00)
(19.49) (3.25) (4.53) (72.74) (24.70) (20.77) (18.80) (13.88) (21.85)

*HPV, human papillomavirus; SIMD, Scottish Index of Multiple Deprivation (1 = most deprived; 5 =

least deprived).

in 2012, and 72% in 2013. The samples received in 2009
and 2010 were from women who were not eligible for the
catch-up campaign; therefore, 98% and 94% of the samples
from these years, respectively, came from nonvaccinated
women (Figure).

Effect on Vaccine-Type Infections

We observed a statistically significant decrease in HPV
16 and 18 among vaccinated compared with nonvaccinat-
ed women (p<0.0001) (Figure). Positivity for HPV 16 and
18 in the samples was 11% (95% CI 9.7%—12.5%) among
fully vaccinated women and 29.4% (95% CI 27.9%-—

30.9%) among nonvaccinated women (Table 2). Overall,
annual prevalence of HPV 16 and 18 decreased over time;
10.1% (95% CI 8.4%—12.2%) of the samples collected in
2013 were positive for HPV 16 and 18, whereas 28.8%
(95% CI 26.7%-31%) of the samples collected in 2009
were positive (3).

Unadjusted analysis showed a significant linear trend
for birth cohort and number of doses a woman received;
prevalence of HPV 16 and 18 was lower among women
from later birth cohorts and women who had received more
doses (both p<0.0001) (Table 2). The linear trend remained
significant for both variables in the adjusted analysis (both
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Figure. Analyses for 5,715 liquid-based cytology cervical samples from vaccinated and nonvaccinated women, for which valid human
papillomavirus (HPV) testing results were available, Scotland, 2009-2013. A) Proportion and 95% Cls for samples with positive results for
each HPV type. B) Difference in the proportion positive and associated 95% Cls for the difference between vaccinated and nonvaccinated
women, by HPV type. Other than HPV types 16 and 18, the 95% Cls of the difference were corrected for multiple testing using by using the

Bonferroni correction. *Significant change.
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Table 2. Prevalence and unadjusted odds of positivity for HPV types 16 or 18 and cross-protective types stratified by year of sample
collection, number of doses received, birth year, and age at vaccination, Scotland, 2009-2013 (N = 5,765)*

HPV 16 or 18

Cross-protective HPV typest

Unadjusted OR

Unadjusted OR

Variable No. No. pos % Pos (95% CI) (95% CI) No. pos % Pos (95% CI) (95% CI)
Collection year
2009 1,652 476 28.8 (26.7-31.0) 1 (reference) 215 13.0 (11.5-14.7) 1 (reference)
2010 1,053 333 31.6 (28.9-34.5) 1.14 (0.97-1.35) 143 13.6 (11.6-15.8) 1.05(0.84-1.32)
2011 1,001 233 23.3 (20.7-26.0) 0.75 (0.63-0.90) 104 10.4 (8.7-12.4)  0.78 (0.60-0.99)
2012 993 169 17.0 (14.8-19.5) 0.51 (0.42-0.62) 83 8.4 (6.8-10.2) 0.61 (0.47-0.79)
2013 1,016 103 10.1 (8.40-12.2) 0.28 (0.22-0.35) 64 6.3 (5.0-8.0) 0.45 (0.33-0.60)
No. doses vaccine received
0 3,619 1062 29.4 (27.9-30.9) 1 (reference) 468 12.9 (11.9-14.1) 1 (reference)
1 89 20 22.5(15.0-32.2) 0.70 (0.41-1.13) 15 16.9 (10.5-26.0) 1.37 (0.75-2.33)
2 154 28 18.2 (12.9-25.0) 0.54 (0.35-0.80) 11 7.1(4.0-12.3) 0.52 (0.26-0.92)
3 1,853 204 11.0 (9.70-12.5) 0.30 (0.25-0.35) 115 6.2 (5.2-7.4) 0.45 (0.36-0.55)
Birth year
1988 844 251 29.7 (26.8-32.9) 1 (reference) 119 14.1 (11.9-16.6) 1 (reference)
1989 1,196 343 28.7 (26.2-31.3) 0.96 (0.79-1.17) 140 11.7 (10-13.7)  0.82 (0.63-1.06)
1990 1,204 349 29.0 (26.5-31.6) 0.97 (0.80-1.18) 155 12.9 (11.1-14.9) 0.91 (0.70-1.17)
1991 867 175 20.2 (17.6-23.0) 0.60 (0.48-0.74) 80 9.2 (7.5-11.3) 0.62 (0.46-0.83)
1992 1,261 169 13.4 (11.6-15.4) 0.36 (0.29-0.45) 90 7.1(5.8-8.7) 0.47 (0.35-0.62)
1993 393 27 6.90 (4.8-9.8) 0.17 (0.11-0.26) 25 6.4 (4.3-9.2) 0.41 (0.26-0.63)
Age at vaccination, yt
15-16 970 75 7.7 (6.2-9.6) 1 (reference) 52 5.4 (4.1-7.0) 1 (reference)
17 631 79 12.5(10.2-15.3) 1.70 (1.22-2.38) 47 7.4 (5.6-9.8) 1.42 (0.94-2.13)
18 391 65 16.6 (13.3-20.6)  2.38 (1.67-3.40) 30 7.7 (5.4-10.7) 1.47 (0.91-2.32)
>18 109 33 30.3 (22.4-39.5) 5.31 (3.28-8.48) 12 11 (6.4-18.3) 2.23 (1.1-4.18)

*HPV, human papillomavirus; OR, odds ratio; pos, positive.
THPV types 31, 33, or 45.
tFor those vaccinated.

p<0.0001); however, the adjusted odds of positivity were
tempered for birth cohort (Table 3). The adjusted odds ratio
(OR) of being infected with HPV 16 or 18 decreased with
every dose. For 1 dose, OR was 0.45 (95% CI 0.24-0.84);
2 doses, OR 0.39 (95% CI 0.23-0.67); and 3 doses, OR
0.27 (95% CI 0.19-0.37). Women from least deprived ar-
eas were significantly less likely to have positive results
for HPV 16 and 18 than were those from more deprived
areas (p = 0.0322). The linear trend for age at vaccination
was significant; odds of infection with HPV 16 and 18 were
greater for women vaccinated at older ages than for those
vaccinated at 15-16 years of age (p<0.0001) (Table 3).

Evidence for Cross-Protection

Prevalence of HPV types 31, 33, and 45 decreased
among vaccinated compared with nonvaccinated women
(p<0.0001, p = 0.0012, and p<0.0001, respectively) (Fig-
ure). The positivity for cross-protective HPV types was
12.9% (95% CI 11.9%—-14.1%) among nonvaccinated
women and 6.2% (95% CI 5.2%—7.4%) among fully vacci-
nated women (Table 2). During 2009-2013, overall cross-
protective type prevalence also declined, from 13% (95%
CI 11.5%-14.7%) in 2009 to 6.3% (95% CI 5%—8%) in
2013 (9).

According to unadjusted analyses, the odds of being
infected with cross-protective types decreased significantly
according to birth cohort year (p = 0.0001), but adjusted
analyses showed no such significant effect (p = 0.2413)

because of confounding of the effect with vaccination
status (Tables 2, 3). A strong significant linear trend was
observed according to the number of doses received; the
adjusted odds of positivity decreased with the number of
doses received (1-dose OR 1.15 [95% CI 0.54-2.33] vs.
3-dose OR 0.45 [95% CI 0.29-0.68]; p<0.0001). Odds of
positivity for cross-protective types were significantly re-
duced among women from the least deprived backgrounds
(p = 0.0028); however, no significant difference was ob-
served according to age at vaccination (p = 0.3736).

Positivity for High-Risk HPV Types other than
16, 18, 31, 33, and 45
The overall prevalence of nonvaccine, non—cross-protec-
tive high-risk HPV types (HPV 35, 39, 51, 52, 56, 58,
59 and 68) significantly increased, from 29.1% (95% CI
26.9%-31.3%) in 2009 to 33.9% (95% CI 31.0%-36.8%)
in 2013 (p = 0.0128) (5). Prevalence of nonvaccine,
non—cross-protective high-risk HPV types did not differ
significantly (p = 0.959) between nonvaccinated women
(32.5% [95% CI 31%—34%]) and fully vaccinated women
(32.9% ([95% CI 30.8%-35%]) (Table 4). Prevalence of
HPV 51 was marginally and nonsignificantly increased
among vaccinated women compared with nonvaccinated
women (p = 0.0059).

Odds of nonvaccine or cross-protective high-risk HPV
type infection were significantly higher for women in lat-
er birth cohorts than for those in earlier birth cohorts (p
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Table 3. Adjusted odds of positivity for HPV 16 or 18 and cross-protective HPV types by birth year, number of doses of vaccine
received, SIMD score, and age at vaccination, Scotland, 2009-2013*

HPV type 16 or 18

Cross-protective HPV typest

Variable Adjusted OR (95% CI)f Linear trend p value Adjusted OR (95% CI Linear trend p value
Birth year 0.0005 0.2413
1988 1 (reference) 1 (reference)
1989 0.96 (0.79-1.17) 0.82 (0.63-1.06)
1990 1.02 (0.84-1.24) 0.97 (0.75-1.27)
1991 0.97 (0.75-1.25) 0.86 (0.60-1.21)
1992 0.84 (0.63-1.11) 0.77 (0.53-1.12)
1993 0.43 (0.26-0.67) 0.72 (0.42-1.20)
No. doses vaccine received <0.0001 <0.0001
0 1 (reference) 1 (reference)
1 0.45 (0.24-0.84) 1.15 (0.54-2.33)
2 0.39 (0.23-0.67) 0.46 (0.21-0.94)
3 0.27 (0.19-0.37) 0.45 (0.29-0.68)
SIMD quintile 0.0322 0.0028
1 (most deprived) 1 (reference) 1 (reference)
2 0.84 (0.70-1.02) 1.05 (0.82-1.33)
3 0.85 (0.70-1.03) 0.93 (0.72-1.19)
4 0.91 (0.75-1.11) 0.72 (0.54-0.94)
5 (least deprived) 0.75 (0.62-0.92) 0.76 (0.58-0.99)
Age at vaccination, y§ <0.0001 0.3736

15-16 1 (reference) 1 (reference)

17 1.33 (0.92-1.91) 1.26 (0.80—1.98)
18 1.65 (1.07-2.53) 1.19 (0.67-2.08)
>18 3.41 (1.98-5.82) 1.50 (0.68-3.12)

*HPV, human papillomavirus; OR, odds ratio; SIMD, Scottish Index of Multiple Deprivation.

THPV types 31, 33, or 45.
FAdjusted for birth year, SIMD score, and age at vaccination.
§For those vaccinated.

= 0.0147) (Table 5). According to adjusted analysis, the
odds of positivity for a nonvaccine, non—cross-protective,
high-risk HPV type was 1.5 times higher for those born in
1992 and 1993 than for those born in 1988 (reference birth
cohort). Although the unadjusted analysis shows some
tempering of this effect, a linear trend was still present (p
= 0.04) (Table 4). When adjusted for birth cohort, odds of
infection were slightly reduced for women who received
3 doses of vaccine compared with women who received
no vaccine, but this difference was not significant (p =
0.2953). No significant linear trend was found for nonvac-
cine, non—cross-protective, high-risk HPV type positivity
according to deprivation status (p = 0.1378) or age at vac-
cination (p = 0.4541).

Overall Positivity for any HPV Type

Prevalence of all 24 HPV types detected by the assay re-
mained unchanged from 2009 to 2012 (58.1% [95% CI
55.7%—-60.4%] in 2009 and 58.4% [95% CI 55.3%—61.4%]
in 2012) but decreased to 53.8% (95% CI 50.8%—56.9%)
in 2013 (Table 4) (5). Overall HPV positivity was 53.1%
(95% CI 50.8%—-55.3%) among fully vaccinated women
and higher (59.7% [95% CI 58.1%—-61.3%]) among non-
vaccinated women.

According to unadjusted analyses, overall HPV posi-
tivity showed a significant linear trend by birth cohort year;
HPYV infection was more likely among women in later birth
cohorts than among than those born in 1988 (p =0.03171).
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According to adjusted analyses, however, this trend was
not significant (p =0.115) (Tables 4, 5). HPV infection was
significantly less likely among women who had received
3 doses of vaccine than among those who had received no
doses (p<0.004) and was also less likely among women
from the least deprived backgrounds than among those
from the most deprived backgrounds (linear trend test p =
0.0002). Furthermore, overall HPV positivity did not differ
significantly between women vaccinated at different ages
(p=0.331).

Prevalence of HPV among Nonvaccinated Women
(Herd Immunity)

Prevalence of HPV 16 and 18 among nonvaccinated
women remained relatively stable at *30% during 2009—
2012 but decreased to 21.2% in 2013 (Table 6). During
2010-2013, prevalence of HPV types 31, 33, or 45 de-
clined gradually, from 13.7% in 2010 to 9.6% in 2013. In
2013, the odds of infection with HPV types 16 and 18 was
reduced among nonvaccinated women (OR 0.67 [95%
CI 0.47-0.96]) compared with the baseline odds in 2009,
and testing for trend over all years showed a marginal de-
crease over time (p = 0.054) (Table 6). Odds of infection
with HPV types 31, 33, or 45 were reduced in 2012 and
2013 compared with 2009, but these odds were not sig-
nificant, and no significant linear trend was observed (p
= 0.104). The odds of infection with nonvaccine, non—
cross-protective, high-risk HPV types were significantly
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Table 4. Prevalence and unadjusted odds of high-risk HPV excluding vaccine and cross-protective types and any HPV by year of

sample collection, number of doses received, birth year, and age at vaccination, Scotland, 2009—2013 (N = 5,765)*

High-risk HPV, excluding vaccine and cross-

protective typest Any HPV
Unadjusted OR Unadjusted OR

Variable No. No. pos % Pos (95% ClI) (95% CI) No. pos % Pos (95% CI) (95% CI)
Collection year

2009 1,652 480 29.1 (26.9-31.3) 1 (reference) 959 58.1 (55.7-60.4) 1 (reference)

2010 1,053 364 34.6 (31.7-37.5)  1.29 (1.09-1.52) 618 58.7 (65.7-61.6)  1.01(0.86-1.18)

2011 1,001 330 33.0(30.1-35.9)  1.20 (1.01-1.42) 587 58.6 (55.6-61.7)  1.05(0.89-1.23)

2012 993 352 35.5(32.5-38.4) 1.34 (1.13-1.59) 580 58.4 (55.3-61.4)  1.04 (0.88-1.21)

2013 1,016 344 33.9(31.0-36.8)  1.25 (1.06-1.48) 547 53.8 (50.8-56.8)  0.87 (0.74-1.02)
No. doses

0 3,619 1,176 32.5(31.0-34.0) 1 (reference) 2162 59.7 (58.1-61.3) 1 (reference)

1 89 32 36.0 (26.8-46.3)  1.17 (0.75-1.80) 55 61.8 (61.4-71.2) 1.12(0.73-1.75)

2 154 53 34.4 (27.4-42.2) 1.09 (0.77-1.52) 91 59.0 (51.2-66.5)  1.00 (0.73-1.40)

3 1,853 609 32.9 (30.8-35.0)  1.02 (0.90-1.15) 983 53.1 (50.7-55.3)  0.78 (0.70-0.87)
Birth year

1988 844 235 27.8 (24.9-31.0) 1 (reference) 477 56.5 (53.2-59.8) 1 (reference)

1989 1,196 371 31.0 (28.5-33.7)  1.18 (0.98-1.44) 700 58.5 (55.7-61.3)  1.09 (0.91-1.30)

1990 1,204 413 34.3 (31.7-37.0) 1.37 (1.13-1.66) 697 57.9 (65.1-60.6)  1.06 (0.89-1.26)

1991 867 287 33.1(30.1-36.3)  1.28 (1.04-1.58) 515 59.4 (56.1-62.6)  1.13 (0.93-1.36)

1992 1,261 435 34.5(31.9-37.2) 1.36 (1.12-1.64) 706 56.0 (53.2-58.7)  0.98 (0.82-1.17)

1993 393 129 32.8 (28.4-37.6)  1.25(0.97-1.62) 196 49.9 (45.0-54.8)  0.77 (0.60-0.97)
Age at vaccination, yt

15-16 970 305 31.4 (28.6-34.4) 1 (reference) 491 50.6 (47.5-53.8) 1 (reference)

17 631 241 38.2 (34.5-42.0) 1.34 (1.09-1.66) 358 56.7 (52.8-60.5)  1.28 (1.05-1.57)

18 391 116 29.7 (25.4-34.4) 0.92 (0.71-1.19) 220 56.3 (51.3-61.1)  1.26 (0.99-1.59)

>18 109 32 29.4 (21.6-38.5)  0.93 (0.59-1.42) 60 55.0 (45.7-64.1)  1.19(0.80-1.78)

*HPV, human papillomavirus; OR, odds ratio; pos, positive.
THPV 35, 39, 51, 52, 56, 58, 59, or 68.
FFor those vaccinated.

higher among nonvaccinated women in 2010, 2011, and
2012 (OR 1.26 [95% CI 1.07-1.5], OR 1.5 [95% 1.22—
1.83], and OR 1.44 [95% CI 1.09-1.91], respectively)
than in 2009 (Table 7). Odds of infection with any HPV
were increased in 2011 and 2012 (OR 1.3 [95% CI 1.07—
1.59] and OR 1.56 [95% CI 1.18-2.09], respectively) over
odds in 2009, but this linear trend was not significant (p =
0.0576) (Table 7).

Discussion

Decline of HPV prevalence in Scotland has been reported
(5). We show a further decline in the prevalence of HPV
types 16 and 18 among women in Scotland, associated
with high rates of vaccination with the bivalent HPV
vaccine. There is evidence that each dose administered
conferred protection against HPV type 16 or 18 and that
the odds of infection were significantly reduced after 2
and 3 doses. Our findings are comparable with those of
a nested analysis of a randomized controlled trial, which
reported efficacy of 1, 2, and 3 doses of bivalent HPV vac-
cine against HPV 16 and 18 infection (/7). However, be-
cause of the small number of women in our study who had
received 2 doses and because our study was powered to
detect an effect of 3 doses, the findings with regard to ef-
fectiveness of <3 doses should be considered preliminary
and may be confounded by other factors. Our evidence
of the vaccine conferring cross-protection against HPV

types 31, 33, and 45 is also consistent with findings of a
previous study (/8). Of note, published results of a recent
study in England (6) do not report similar reductions in
cross-protective types; however, the authors of that article
concluded that further analysis of samples from women in
birth cohorts with high vaccine coverage was needed for
full evaluation of the effects of vaccination on prevalence
of nonvaccine HPV types.

We observed a reduction in the prevalence of HPV
types 16 and 18 among nonvaccinated women undergoing
their first cervical smear testing in 2013. This finding is
encouraging evidence of herd immunity and corroborates
the findings of 2 studies from Australia: a sexual health
clinic—based national surveillance study that observed
a decline in genital warts among heterosexual men and
a cross-sectional study that showed a decrease in HPV
prevalence among nonvaccinated women (/2,13). These
data and our data are welcome because protecting the
nonvaccinated population from infection with HPV 16 or
18 depends on development of herd immunity. However,
the limited number of nonvaccinated women, particularly
in later years since the introduction of the program, makes
interpretation of these results somewhat challenging, as
reflected in the Cls. In addition, although in 2009, non-
vaccinated women were not vaccinated because of in-
eligibility, in 2013, nonvaccinated women may not have
been vaccinated for other reasons (religious, cultural, or
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Table 5. Adjusted odds of positivity for high-risk HPV excluding vaccine and cross-protective types and any HPV type by birth year,
number of doses received, SIMD score, and age at vaccination, Scotland, 2009—2013*

High-risk HPV types, excluding vaccine and

cross-protective typest Any HPV
Variable Adjusted OR (95% CI)f Linear trend p value Adjusted OR (95% CI)f Linear trend p value
Birth year 0.0147 0.1158
1988 1 (reference) 1 (reference)
1989 1.18 (0.97-1.44) 1.08 (0.91-1.29)
1990 1.41 (1.16-1.72) 1.10 (0.92-1.32)
1991 1.32 (1.04-1.69) 1.36 (1.08-1.71)
1992 1.49 (1.16-1.91) 1.39 (1.10-1.77)
1993 1.46 (1.06—2.00) 1.13 (0.84-1.53)
No. doses vaccine received 0.2953 0.004
0 1 (reference) 1 (reference)
1 0.89 (0.53-1.48) 0.78 (0.48-1.30)
2 0.84 (0.56—1.27) 0.72 (0.48-1.07)
3 0.80 (0.63-1.02) 0.60 (0.48-0.76)
SIMD quintile 0.1378 0.0002
1 (most deprived) 1 (reference) 1 (reference)
2 0.99 (0.84-1.17) 0.93 (0.80-1.10)
3 0.99 (0.84-1.18) 0.83 (0.70-0.97)
4 0.98 (0.82-1.17) 0.87 (0.74-1.03)
5 (least deprived) 0.87 (0.73-1.03) 0.73 (0.62-0.86)
Age at vaccination, y§ 0.4541 0.331

15-16 1 (reference)

17 1.40 (1.10-1.77)
18 0.98 (0.71-1.35)
>18 0.98 (0.60-1.57)

1 (reference)
1.2 (0.95-1.51)
1.24 (0.92-1.68)
1.25 (0.80-1.96)

*HPV, human papillomavirus; OR, odds ratio; SIMD, Scottish Index of Multiple Deprivation.

tHPV 35, 39, 51, 52, 56, 58, 59, or 68.
FAdjusted for birth cohort year, SIMD score, and age at vaccination.
§For those vaccinated.

societal), which may influence their likelihood of being
infected by HPV types 16 or 18 relative to women in the
2009 cohort. However, the increased odds of infection
with nonvaccine, non—cross-protective, high-risk HPV
types and any HPV type among nonvaccinated women in
years after 2009 suggests that these reasons are probably
not a major confounding factor. Data from future cohorts
will show whether the reduction of infection among non-
vaccinated women is sustained.

It has been postulated that the reduction of infection
with HPV types 16 and 18 and cross-protective types could
leave a vacant niche, leading to increased infections with
less oncogenic, nonvaccine HPV types among vaccinated
women (/9,20). We found that odds of infection with non-
vaccine, non—cross-protective, high-risk HPV types were
higher among women in later birth cohorts than among
those in earlier birth cohorts. Furthermore, we observed that
the most common high-risk type infecting fully vaccinated

women in later cohorts was HPV 51, replacing HPV 16 as
the most prevalent type but at lower rates. However, because
of the increased overall prevalence between 2009 and 2013,
comparison of nonvaccine high-risk HPV type prevalence
between nonvaccinated and fully vaccinated women will
be confounded. It is feasible that rather than truly replac-
ing vaccine types, the other high-risk types are simply be-
ing unmasked because of less competition for the resources
within molecular amplification assays (27). Consequently,
we found no strong evidence for type replacement occurring
in Scotland; these results are consistent with data from Aus-
tralia (22). Continued follow-up is needed for evaluation of
the potential for type replacement after high uptake of the
bivalent HPV vaccine. Our ongoing analysis of HPV preva-
lence among women with histologically confirmed cervical
lesions and linkage to colposcopy data to assess cervical dis-
ease in the female population of Scotland will aid in address-
ing the issue of clinically relevant type replacement (7).

Table 6. Prevalence and odds of infection with HPV types 16 or 18 and for HPV cross-protective types among nonvaccinated women,

by study year, Scotland, 2009-2013*

Study HPV 16 or 18 Cross-protective HPV typest

year No. women No. pos % Pos (95% CI) OR (95% CI) No. pos % Pos (95% CI) OR (95% CI)
2009 1,652 468 28.3 (26.2-30.6) 1 (reference) 211 12.8 (11.2-14.5) 1 (reference)
2010 1,012 310 30.6 (27.9-33.5) 1.13 (0.95-1.34) 139 13.7 (11.8-16.0) 1.10 (0.87-1.38)
2011 557 164 29.4 (25.8-33.4) 1.05 (0.85-1.29) 71 12.7 (10.2-15.8) 0.99 (0.74-1.32)
2012 245 78 31.8 (26.3-37.9) 1.18 (0.88-1.57) 28 11.4 (8.0-16.0) 0.88 (0.58-1.33)
2013 198 42 21.2 (16.1-27.4) 0.67 (0.47-0.96) 19 9.6 (6.2-14.5) 0.71 (0.44-1.17)

*HPV, human papillomavirus; OR, odds ratio; pos, positive.
THPV 31, 33, or 45.
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Table 7. Prevalence and odds of infection with high-risk HPV excluding vaccine and cross-protective types and for any HPV among

nonvaccinated women, by study year, Scotland, 2009—2013*

High-risk HPV excluding vaccine

Study and cross-protective typest Any HPV

year No. women No. pos % Pos (95% CI) OR (95% CI) No. pos % Pos (95% CI) OR (95% CI)
2009 1.652 473 28.6 (26.5-30.9) 1 946 57.3 (54.9-59.6) 1

2010 1,012 338 33.4 (30.6-36.4) 1.26 (1.07-1.5) 578 57.1 (54.0-60.1) 0.99 (0.85-1.16)
2011 557 210 37.7 (33.8-41.8) 1.50 (1.22-1.83) 354 59.5 (59.5-67.4) 1.30 (1.07-1.59)
2012 245 90 36.7 (30.9-42.9) 1.44 (1.09-1.91) 166 61.7 (61.7-73.3) 1.56 (1.18-2.09)
2013 198 65 32.8 (26.7-39.6) 1.20 (0.87-1.64) 118 52.6 (53.6-66.2) 1.10 (0.82-1.49)

*HPV, human papillomavirus; OR, odds ratio; pos, positive.
THPV 35, 39, 51, 52, 56, 58, 59, or 68.

The main strength of this study is that vaccination and
screening data can be linked at the individual level. Coupled
with the high levels of vaccine uptake and age of screening
in Scotland, this linkage enables us to directly evaluate the
effects of HPV vaccination on HPV prevalence.

Nevertheless, our study has some limitations. Data
from a screened population are not representative of the
whole population and possibly underestimate the true
prevalence of HPV infection. However, the prevalence
of HPV among 20-year-old women who did not undergo
a cervical screening test but were invited to send a self-
collected urine sample or vaginal swab sample did not dif-
fer significantly from prevalence among those who had
undergone cervical screening testing in a previous study
(23). We were also unable to collect sexual history data
and so could not determine an overall change in sexual
practices among the population, which might confound
our results. However, our observed increase in prevalence
of nonvaccine, non—cross-protective, high-risk HPV types
among vaccinated and nonvaccinated women and the rel-
ative stability of the prevalence of HPV overall suggests
either an increase or stabilization of sexual behavior be-
tween 2009 and 2013. Also, the results of the third Na-
tional Surveys of Sexual Attitudes and Lifestyles study,
conducted in 2013, showed that the number of women’s
lifetime sex partners, a known risk factor for HPV infec-
tion, has increased since 2000, and it is therefore more
likely that the effect of the vaccine has been underestimat-
ed in our study (24). In addition, the incidence of genital
herpes and gonorrhea in Scotland increased from 2005 to
2014, suggesting that sexual activity has increased over
time (25). However, women in later birth cohorts within
the catch-up campaign are more likely to have received
the vaccine within the school-based program than were
those in earlier birth cohorts, who are more likely to have
received the vaccine out of school (in general practice).
Previous studies have shown that those who leave school
are more likely to be from high-deprivation backgrounds
and are consequently more likely to be infected with HPV
(4,26). Therefore, the effect of the HPV vaccine may
be confounded by differences between those who leave
school and those who stay in school.

Our data preliminarily suggest the presence of herd
immunity in the nonvaccinated female population of
Scotland. However, we could not assess whether herd im-
munity is conferring protection to the male population,
who are not routinely sampled as part of the surveillance
program. We plan to use genital wart consultation data
from men to act as a proxy for detecting herd immunity in
the male population (/3). In the meantime, the first girls
who received the vaccine as part of the routine vaccination
program will be eligible for cervical screening toward the
end of 2015. Those data will enable us to demonstrate the
effect of equitable >90% vaccine uptake on HPV preva-
lence and cervical disease among young, presumed HPV
naive, women in Scotland.

Monitoring and evaluation of the HPV immunization program in
Scotland is funded by the Scottish government.

Mr. Cameron is an epidemiologist at Health Protection Scotland,
Glasgow. His research interest is the epidemiology of infectious
diseases, with a focus on vaccine-preventable diseases.
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Decline in Decreased Cephalosporin
Susceptibility and Increase in Azithromycin
Resistance in Neisseria gonorrhoeae, Canada

I. Martin, P. Sawatzky, G. Liu, V. Allen,
B. Lefebvre, L. Hoang, S. Drews, G. Horsman,
J. Wylie, D. Haldane, R. Garceau, S. Ratnam,
T. Wong, C. Archibald, M.R. Mulvey

Antimicrobial resistance profiles were determined for
Neisseria gonorrhoeae strains isolated in Canada during
2010-2014. The proportion of isolates with decreased sus-
ceptibility to cephalosporins declined significantly between
2011 and 2014, whereas azithromycin resistance increased
significantly during that period. Continued surveillance of
antimicrobial drug susceptibilities is imperative to inform
treatment guidelines.

Gonorrhea, caused by Neisseria gonorrhoeae, is the
second most commonly reported sexually transmit-
ted infection in Canada; ~13,000 cases occur yearly, and
rates have increased from 20.1 cases/100,000 population
in 2000 to 39.2 cases/100,000 in 2013 (/). The infection is
also a global public health threat, with ~106 million cases/
year occurring worldwide (2). Gonococci have acquired re-
sistance to many antimicrobial agents used for treatment
(3), however, which makes it imperative to conduct sur-
veillance programs so appropriate treatment recommenda-
tions can be determined. In 2011, the increases in MICs
of cephalosporins prompted the authors of the Canadian
Sexually Transmitted Infections Guidelines to update the
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recommended gonorrhea treatment from a single antimi-
crobial drug to combination therapy with ceftriaxone (250
mg intramuscularly) and azithromycin (1 g orally in a sin-
gle dose) as the first-line treatment for uncomplicated ano-
genital and pharyngeal N. gonorrhoeae infections in adults
(4). We analyzed antimicrobial drug susceptibility levels
of N. gonorrhoeae to cephalosporins and azithromycin in
Canada since the recommended treatments were updated
in 2011.

The Study

The National Microbiology Laboratory (NML) in Winni-
peg, Manitoba, Canada, has conducted ongoing monitor-
ing of antimicrobial drug susceptibilities in N. gonorrhoeae
isolates since 1985. Isolates are submitted to NML by pro-
vincial laboratories when they identify a resistant isolate or
by laboratories that do not conduct antimicrobial suscepti-
bility testing. To determine the proportion of antimicrobial
drug resistance, we used the total number of isolates identi-
fied in each province as the denominator.

Antimicrobial drug susceptibilities of N. gonorrhoeae
to ceftriaxone, azithromycin, and cefixime (Sigma-Aldrich,
Oakville, Ontario, Canada) were determined by using agar
dilution as previously described (5,6). MIC breakpoints
used were the following: decreased susceptibility to cefix-
ime, MIC >0.25 mg/L; decreased susceptibility to ceftri-
axone, MIC >0.125 mg/L (2); resistance to azithromycin,
MIC >2.0 mg/L (7). For controls, we used N. gonorrhoeae
reference cultures ATCC49226, WHOF, WHOG, WHOK,
and WHOP. Statistical analysis was determined by using
EpiCalc 2000 version 1.02 (http://www.brixtonhealth.com/
epicalc.html). A 2 x 2 y? test was used to compare propor-
tions of resistance per year to identify significant differ-
ences between years (p values calculated with 99% CI).

From 2010 through 2014, =59,400 cases of N. gonor-
rhoeae infection were reported in Canada; 16,370 (=28%)
were diagnosed by culture. Provincial public health labo-
ratories submitted 6,728 isolates to NML for testing (2010
=1,235; 2011 = 1,173; 2012 = 1,035; 2013 = 1,184; 2014
= 2,101). Sex and age data of patients were available for
6,468 (96.1%) isolates. Of these, 5,221 (80.7%) were from
male patients (mean age 32.6 years; range <1-83 years)
and 1,247 (19.3%) were from female patients (mean age
27.9 years; range <1-83 years). Source specimens included
urethral (n = 2,320), rectal (n = 981), pharyngeal (n = 592),
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cervical (n = 365), vaginal (n = 154), and other sources (n
= 85); sources for 2,231 isolates were not given. The sexual
orientation of patients and information on cases of treat-
ment failure were not available.

In 2010, a total of 98 (3.3%) of 2,970 isolates had
decreased susceptibility to cefixime. This proportion in-
creased to 4.2% (140/3,360) in 2011 and then decreased
significantly to 1.1% (42/3,809; p<0.001) in 2014 (Figure).
Similarly, decreased ceftriaxone susceptibility was 7.3%
(218/2,970) in 2010 and declined to 2.7% (102/3,809;
p<0.001) by 2014 (Figure).

Before 2010, the proportion of azithromycin resistance
was <0.4% (data not shown). Azithromycin resistance in-
creased to 1.2% (37/2,970) in 2010 and then decreased to
0.4% (13/3,360) in 2011. From 2011 to 2014, azithromy-
cin resistance increased significantly to 3.3% (127/3,809;
p<0.001). Thirty-eight isolates were identified as part of an
outbreak in 1 province. When the outbreak-related isolates
were excluded, 2.3% of all the isolates were azithromycin
resistant in 2014, still a significant increase (p<0.001) from
2011. In 2014, azithromycin resistance was identified in 5
provinces across Canada. During 2009-2012 in Canada, 5
isolates with a high level of azithromycin resistance (MIC
of azithromycin >256 mg/L) were identified.

In 2012, seven isolates with combined decreased sus-
ceptibility to cephalosporins and resistance to azithromy-
cin were identified (0.2%, 7/3,036). In 2013, eight (0.3%,
8/3,195) and in 2014 one (0.03%, 1/3,809) of these iso-
lates were identified. These isolates with both decreased
susceptibility to cephalosporins and resistance to azithro-
mycin may threaten the success of the currently recom-
mended therapy.

From 2010 to 2014 in Canada, the proportion of N.
gonorrhoeae isolates with decreased susceptibility to
cephalosporins decreased significantly. The timing of the

8 1 — o« Cefixime, 20.25 mg/L

----- Ceftriaxone, 20.125 mg/L

74 "'-.._' — Azithromycin, 22 mg/L
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Figure. MICs for Neisseria gonorrhoeae isolates with decreased
susceptibility to cefixime and ceftriaxone and resistance to
azithromycin, Canada, 2010-2014. Percentages are based on the
total number of isolates tested nationally per year: 2010 = 2,970;

2011 = 3,360; 2012 = 3,036; 2013 = 3,195; 2014 = 3,809.

decrease corresponded to changes in treatment guidelines
from monotherapy with third-generation cephalosporins
to combination therapy with ceftriaxone/azithromycin.
Although causality cannot be attributed to this decline,
the higher dose of ceftriaxone plus azithromycin could
be more effectively treating gonococcal infections and
diminishing the spread of isolates with reduced cepha-
losporin susceptibility. Similar data have been reported
from the United Kingdom and the United States. In 2011,
the United Kingdom recommended dual antimicrobial
therapy with ceftriaxone (500 mg intramuscularly) and
azithromycin (1 g orally in a single dose) for treatment of
uncomplicated gonococcal infection (§). Isolates with de-
creased susceptibility to cefixime (MIC >0.125 mg/L) de-
clined significantly from 10.8% in 2011 to 5.7% in 2012
and then to 5.2% in 2013 after implementation of the new
guidelines (9). In the United States in 2012, ceftriaxone
(250 mg intramuscularly) combined with azithromycin (1
g orally) or doxycycline was the recommended therapy
(10). Decreased susceptibility to cefixime (MIC >0.25
mg/L) declined from 1.4% in 2011 to 0.4% in 2013 and de-
creased susceptibility to ceftriaxone (MIC >0.125 mg/L)
declined from 0.4% in 2011 to 0.05% in 2013 (/1,12).
Although the observed decline in decreased susceptibil-
ity to cephalosporins is encouraging, during 2010-2014
in Canada, the proportion of azithromycin-resistant iso-
lates increased significantly, to 3.3%. This increase is
alarming because it approaches the 5% level at which the
World Health Organization recommends reviewing and
modifying national guidelines for treatment of sexually
transmitted infections (2). Azithromycin resistance levels
in Canadian isolates were higher than that reported in the
United States (0.5%, 0.3%, and 0.4% in 2010, 2011, 2012,
respectively) (/2) and the United Kingdom (0.8% in 2012
and 1.6% in 2013 [MIC=1 mg/L]) (9) but similar to resis-
tance levels in Australia (2.1% in 2013) (/3).

Limitations of this study include the representative-
ness of isolates, because ~70% of gonococcal infections
in Canada are diagnosed by nucleic acid amplification
tests (/4), and the current passive surveillance system
collects predominately resistant isolates from provinces
with different susceptibility testing methods. The propor-
tion of resistance could be higher than that indicated by
our numbers.

Conclusions

Continued surveillance of gonococcal antimicrobial sus-
ceptibilities is vital to inform treatment guidelines and
mitigate the spread of isolates with decreased susceptibility
to cephalosporins and resistance to azithromycin. The data
we present further support efforts to limit the spread of N.
gonorrhoeae antimicrobial drug resistance and prevent the
emergence of untreatable multidrug-resistant gonorrhea.
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Rapid Emergence and Clonal Dissemination of
CTX-M-15-Producing Salmonella enterica
Serotype Virchow, South Korea

Jin Seok Kim', Young-Sun Yun', Soo Jin Kim,
Se-Eun Jeon, Deog-yong Lee, Gyung Tae Chung,
Cheon-Kwon Yoo, Junyoung Kim,
PulseNet Korea Working Group?

The prevalence of cefotaxime-resistant Salmonella enterica
serotype Virchow has dramatically increased in South Ko-
rea since the first isolation in 2011. Of 68 isolates collected
over 10 years, 28 cefotaxime-resistant isolates harbored
the bla.,,,,s; extended-spectrum B-lactamase gene and
were closely related genetically, demonstrating the clonal
dissemination of CTX-M-15-producing Salmonella Virchow

in South Korea.

ontyphoidal sa/monella, a foodborne pathogen, causes

human gastroenteritis worldwide. Among >2,500 dif-
ferent Salmonella enterica serotypes, Salmonella Enter-
itidis and Salmonella Typhimurium are the most common
serotypes responsible for human salmonellosis (/). In Eu-
rope, Salmonella Virchow has recently increased in preva-
lence, and a high proportion of isolated strains are resistant
to multiple antimicrobial drugs (2—4).

Third-generation cephalosporins are widely used to
treat major bacterial infections in humans and animals (5).
However, the emergence and rapid spread of drug-resistant
bacteria has become a serious public health concern. Ex-
tended-spectrum B-lactamases (ESBLs) are known to confer
antimicrobial drug resistance by hydrolyzing most -lactam
antimicrobial drugs, including third-generation cephalospo-
rins (5). Since the first report from Spain in 2000 of strains
producing CTX-M-9 (6), which confers resistance to cefo-
taxime, various CTX-M—type ESBLs have been identified in
Salmonella Virchow. In Spain, Belgium, and France, CTX-
M-9 and CTX-M-2 producers spread clonally in humans and
poultry (7,8). In addition, the bla., ,, s gene was identified
in porcine isolates in South Korea (9). These reports dem-
onstrate that CTX-M—producing Sa/monella Virchow clones
can be easily transmitted to humans through food products of
animal origin. In South Korea, the incidence of Salmonella
Virchow infections in humans has increased over the years,
necessitating a nationwide survey of antimicrobial drug re-
sistance in Salmonella Virchow isolates.

Author affiliation: Korea National Institute of Health, Cheongju-si,
South Korea
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The Study

During 20052014 in South Korea, local public health lab-
oratories participating in the national surveillance network
isolated 68 Salmonella Virchow strains from feces samples
from patients with acute diarrhea. Until 2010, <5 Salmo-
nella Virchow strains were isolated per year, but this num-
ber gradually increased to 17 in 2014 (Figure). Salmonella
Virchow consistently ranked among the top 10 serotypes in
prevalence during each study year in South Korea, account-
ing for ~1.5%—2% of salmonellosis cases.

We used the broth microdilution method (1/0) to per-
form antimicrobial susceptibility testing of Salmonella
Virchow; results showed that 54 (79.4%) of the 68 iso-
lates were resistant to >1 of the 15 antimicrobial agents
tested (Table; online Technical Appendix Figure, http://
wwwnc.cdc.gov/EID/article/22/1/16-1220-Techappl.
pdf). The highest resistance rates were noted for nalidixic
acid (77.9%), followed by ampicillin (44.1%), cefotaxime
(44.1%), tetracycline (42.6%), and gentamicin (23.5%).
Only 2 (2.9%) isolates were resistant to ciprofloxacin, but
50 (73.5%) had intermediate resistance. All of the isolates
were susceptible to chloramphenicol, amikacin, or imipe-
nem. Multidrug resistance, defined as resistance to at least
3 different classes of antimicrobial agents, was found in 30
(44.1%) isolates (Table).

All multidrug-resistant isolates showed resistance to
third-generation cephalosporins. In South Korea, cefo-
taxime-resistant strains were first isolated in 2011. Since
then, 4, 9, and 14 isolates were collected in 2012, 2013,
and 2014, respectively (Figure). The rates of cefotaxime re-
sistance in Salmonella Virchow have increased markedly,
from 21.4% in 2011 to 82.3% in 2014. This annual trend of
increasing cefotaxime resistance in South Korea is of inter-
est because the rates were substantially higher than those
reported in Spain during 2002-2006 (15%) (/1) and Bel-
gium during 2009-2013 (<10%) (/2). Moreover, even in
Israel and Switzerland, where the incidence of Salmonella
Virchow was relatively higher than that in South Korea,
antimicrobial drug resistance to third-generation cephalo-
sporins was rare (3,4).

Among the 30 cefotaxime-resistant Salmonella Vir-
chow isolates, 28 were confirmed to be ESBL-producers.

'"These co—first authors contributed equally to this article.

2Members of the PulseNet Korea Working Group are listed at the
end of the article.
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Figure. Temporal distribution of Salmonella enterica serotype
Virchow isolates in South Korea, 2005-2014.

PCR and sequencing of B-lactamase genes (/3) confirmed
that these 28 isolates harbored a bla ., ,, ; gene, whereas
the other 2 contained a bla,,,, , gene. Cefotaxime resis-
tance was transferred by conjugation from 9 Salmonella
Virchow isolates to Escherichia coli 153 recipients, and the
bla . ,,.s gene was identified in transconjugants. Southern
blotting and PCR-based replicon typing (/4) showed that
all plasmids in transconjugants were =215 kb in size and
possessed an IncHI2 plasmid, which was further assigned
to sequence type (ST) 2 by plasmid double locus sequence
typing (/5). The analysis of the genetic environment sur-
rounding the bla.., , . gene (/3) in transconjugants
showed that insertion sequences ISEcp/ and orf477 were
detected 48 bp upstream and downstream of the bla ., ,,
gene, respectively. This ISEcpl-bla ., ,, —open reading
frame 477 transposable unit was also identified in other in-
compatibility groups of the plasmids in Enterobacteriace-
ae. Furthermore, it was identical to that of the ST2-IncHI2
plasmid of Salmonella Enteritidis isolated from humans
and poultry meat in South Korea (J. Kim, unpub. data),
suggesting that the bla__, , . gene in Salmonella Virchow
might have originated from ISEcp/-mediated transposition
followed by interspecies spread through the IncHI2-type
plasmid studied here.

All of the CTX-M-15—producing strains had reduced
ciprofloxacin susceptibility (MICs of 0.25-0.5 pg/mL).
All 10 randomly selected isolates harbored a single sub-
stitution within the quinolone resistance—determining re-
gion of GyrA at codon 83 (Ser—Phe), which is the major
mutation described in Salmonella species (8). Because
fluoroquinolones and third-generation cephalosporins
are the drugs of choice for treating severe salmonella
infections in humans, the reduced ciprofloxacin sus-
ceptibility in cefotaxime-resistant Salmonella Virchow
is considered a critical risk factor for infections with
these strains.

The genetic relationship of the 68 Salmonella Virchow
isolates was determined by using multilocus sequence typ-
ing (http://mlst.warwick.ac.uk/mlst/dbs/Senterica) and
pulsed-field gel electrophoresis (PFGE) according to a
standardized protocol. Seven multilocus sequence typing

CTX-M-15-Producing Salmonella Virchow, South Korea

loci displayed 4 different profiles, and most isolates be-
longed to sequence type (ST) 16 (n = 59), followed by
ST197 (n=16), ST359 (n=2), and ST426 (n=1). All of the
28 CTX-M-15-producing strains were typed as ST16, but
the cefotaxime-susceptible isolates were also assigned to
this type. The PFGE analysis yielded sufficient discrimina-
tory power in typing Sa/monella Virchow isolates; 22 Xbal
and 21 Binl PFGE patterns were generated. Although the
isolates shared >70% similarity, CTX-M-15-producing
strains clustered on the basis of a similarity value of 90%
(online Technical Appendix Figure), indicating the clonal-
ity of cefotaxime-resistant strains.

For humans, the main route of Salmonella infection
is the consumption of contaminated food of animal origin,
and Salmonella Virchow is one of the most prevalent sero-
types identified in poultry and poultry products. The use of
cephalosporins in animal production has led to emergence
ofantimicrobial drug—resistant Sa/monella Virchow clones
among food animals (8), posing a threat to public health
because of the possible transmission of these bacte-
ria through the food chain. In fact, the Xbal PFGE pat-
tern identified among human isolates in this study was
identical to that in 2 cefotaxime-resistant Salmonella Vir-
chow strains isolated in 2012 from pou