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Serogroup B Neisseria meningitidis	 strains	 belonging	 to	
sequence	type	4821	clonal	complex	(CC4821),	a	hyperin-
vasive	lineage	first	identified	for	serogroup	C	in	2003,	have	
been	 increasingly	 isolated	 in	China.	We	characterized	the	
outer	membrane	protein	genes	of	48	serogroup	B	and	214	
serogroup	C	strains	belonging	to	CC4821	and	analyzed	the	
genomic	sequences	of	22	strains.	Four	serogroup	B	strains	
had	porin	A	(i.e.,	PorA),	PorB,	and	ferric	enterobactin	trans-
port	(i.e.,	FetA)	genotypes	identical	to	those	for	serogroup	
C.	Phylogenetic	analysis	of	the	genomic	sequences	showed	
that	the	22	CC4821	strains	from	patients	and	healthy	carri-
ers	were	unevenly	clustered	into	2	closely	related	groups;	
each	group	contained	serogroup	B	and	C	strains.	Serogroup	
B	strains	appeared	variable	at	the	capsule	locus,	and	sev-
eral	recombination	events	had	occurred	at	uncertain	break-
points.	These	 findings	 suggest	 that	CC4821	 serogroup	C	
N. meningitidis	 is	 the	probable	origin	of	highly	pathogenic	
CC4821	serogroup	B	strains.

Neisseria meningitidis bacteria are a leading cause of 
bacterial meningitis and other serious invasive bacte-

rial infections. Among the 12 identified serogroups, A, B, 
C, Y, W, and X are responsible for most invasive meningo-
coccal diseases. The geographic distribution and epidemic 
capabilities of N. meningitidis differ according to serogroup 
(1). On the basis of the epidemiology of N. meningitidis, 
many countries have included different formulations of the 
meningococcal vaccine in their routine immunization pro-
grams (2–4). These vaccines have significantly reduced the 
incidence of meningococcal diseases (5,6). However, in 
several countries, the introduction of vaccines targeting spe-
cific serogroups may have led to the replacement of vaccine 

serogroups by other, nonvaccine, serogroups (7–11). Sero-
group replacement can occur as a result of capsule switch-
ing (3,8,12–19) or as a result of importation of a serogroup 
meningococcus from other regions (20).

In the past century in China, most meningococcal epi-
demics were caused by strains of N. meningitidis that be-
longed to sequence type 1 (ST-1) and ST-5 clonal complexes 
(CC1 and CC5, respectively) (21). Therefore, beginning in 
the early 1980s, a polysaccharide vaccine against serogroup 
A was incorporated into the routine immunization program. 
Use of this vaccine led to a significant decrease in the inci-
dence of meningococcal diseases (22). However, in 2003, a 
serogroup C outbreak caused by a CC4821 strain was report-
ed in China; this clonal lineage had not been detected in other 
countries (23). CC4821 corresponding to serogroup C has 
subsequently become one of the dominant lineages in China 
(21). To combat this serogroup replacement, several vac-
cines were developed against serogroup C or serogroups A 
and C. During 2005–2010, subsequent to the time when se-
rogroup C and A N. meningitidis infections had been preva-
lent, cases caused by serogroup W strains belonging to CC11 
began increasing in China (24,25). In addition to these 3 se-
rogroups, serogroup B strains have been isolated from pa-
tients and healthy carriers. Serogroup B strains showed high 
genetic diversity and were usually associated with sporadic 
infections (21). Some of the prevalent clonal lineages that are 
common in many countries (e.g., CC32 and CC41/44) (26) 
are rarely isolated in China (21). However, CC4821 became 
a dominant lineage among serogroup B strains since they 
were first identified in 2005. When we retrospectively stud-
ied the strains in our collection, CC4821 strains were isolated 
as early as in 1978, and the lineage included serogroup B and 
C strains (27). Nevertheless, few CC4821 strains were iso-
lated during 1970–1980, and no CC4821-related outbreaks 
were identified during that time (Z. Shao, unpub. data).

Capsular switching between N. meningitidis sero-
groups B and C is frequently observed (3,7,8,12,16–19); 
therefore, serogroups B and C most likely have similar 
DNA sequences in the capsule locus, leading to increased 
horizontal DNA transfer between these serogroups (16). 
We propose that capsular switching occurred between the 
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CC4821 serogroup B and C N. meningitidis strains. To 
elucidate the relationship between them, we investigated 
the epidemiology of CC4821 serogroup B strains, charac-
terized the outer membrane protein (OMP) genes of these 
strains, and analyzed the genome sequences and capsule 
locus sequences of specific strains.

Materials and Methods

Meningococcal Meningitis Surveillance in China
A population-based surveillance system for meningococ-
cal meningitis exists throughout China. Provincial Center 
for Disease Control and Prevention (CDC) staff routinely 
collect strains   suspected to be N. meningitidis on the basis 
of morphologic and biochemical characteristics, and they 
periodically conduct surveys of N. meningitidis carriers 
for outbreak investigation, surveillance, and research pur-
poses. If no strain is isolated, clinical specimens are col-
lected by the provincial CDC. The strains and specimens 
are sent to the China CDC national reference laboratory 
for identification, or they are tested at the provincial CDC, 
and results are sent to China CDC. Our laboratory identifies 
strains and performs multilocus sequence typing (MLST) 
on confirmed N. meningitidis strains.

Meningococcal Strains and DNA Preparation
Forty-eight serogroup B and 214 serogroup C N. meningiti-
dis strains previously assigned to CC4821 were included 
in this study. These strains were collected from 20 prov-
inces in China during 1978–2013. Among the 48 serogroup 
B strains, 9 were from patients and 39 were from asymp-
tomatic carriers. Among the 214 serogroup C strains, 91 
were from patients and 123 were from asymptomatic car-
riers. One strain was identified as serogroup B by PCR; 
serogroups for the other strains were determined by slide 
agglutination with specific rabbit antisera (Remel Europe 
Ltd, Kent, UK) (online Technical Appendix Table 1, http://
wwwnc.cdc.gov/EID/article/21/6/14-0687-Techapp1.pdf).

The selected strains were propagated on single plates 
containing Columbia agar in a 5% CO2 atmosphere at 37°C 
for 18 h. Genomic DNA was extracted by using the Wizard 
Genomic DNA Purification Kit (Promega, Madison, WI, 
USA) according to the manufacturer’s instructions.

Sequencing of OMP Genes
The porin A (porA), porB, and ferric enterobactin transport 
(fetA) genes were amplified from freshly prepared DNA. 
The PCR and sequencing were performed as previously 
described (28–30).

Genome Sequences of Meningococcal Strains
Eight serogroup B and 14 serogroup C N. meningitidis 
CC4821 strains were sequenced by constructing 2 paired-end  

libraries with average insert lengths of 500 bp. The se-
quences were generated by using an Illumina HiSeq 
2000 sequencing platform (Illumina, San Diego, CA, 
USA) and assembled into contigs and scaffolds by using  
SOAPdenovo, release 1.04 (http://soap.genomics.org.
cn/soapdenovo.html). Genes were predicted by using  
Glimmer (31) with default parameters and then anno-
tated by sequence comparisons with nucleotide and non-
redundant protein sequence databases and the SwissProt 
(http://web.expasy.org/docs/swiss-prot_guideline.html) 
database by using BLAST (http://blast.ncbi.nlm.nih.gov) 
with an e-value of 1e−5. The genome sequence data ob-
tained in this study were submitted to GenBank under the 
accession numbers JMBH00000000, JMCN00000000–
JMCZ00000000, JMDA00000000–JMDH00000000. The 
complete reference genome sequences of multiple N. men-
ingitidis strains and 1 N. lactamica strain were download-
ed from the Completed Genomic Sequence section of the 
publicly available Entrez Genome database (http://www.
ncbi.nlm.nih.gov/genomes/static/EG_T.html).

Phylogenetic Analysis of N. meningitidis  
Genome Sequences
All 22 CC4821 genomes and 14 reference N. menin-
gitidis genomes were used to construct a phylogenetic 
tree, and the genome of N. lactamica strain 020-06 was  
used as the outgroup. We identified the core genes in 
these 37 genomes in 2 steps. First, we used OrthoMCL  
(http://orthomcl.org/orthomcl/) to cluster all genes into or-
thologous groups and then selected the groups that were 
shared by all 37 genomes. Second, we removed the or-
thologous groups associated with known mobile genetic 
elements, such as genomic islands, phages, and transpo-
sons. The remaining orthologous groups were considered 
to be core genes. For all 37 genomes, the amino acid se-
quences of the core genes were concatenated, and multiple 
sequence alignments were performed by using MUSCLE  
(http://www.ebi.ac.uk/Tools/msa/muscle/). We then con-
structed a phylogenetic tree using the neighbor-joining 
method with MEGA4 (http://www.megasoftware.net/).

Identification and Analysis of Capsule Locus
The contigs containing capsule locus sequences were com-
pared with the N. meningitidis complete reference genome 
sequences by using blastn (http://blast.ncbi.nlm.nih.gov) to 
identify orthologous sequences and determine their levels 
of similarity. For contigs with a gap within the UDP-glu-
cose 4-epimerase (galE) gene, PCR and Sanger sequenc-
ing were performed to close the gap. The capsule locus 
between genes transcriptional accessory protein (tex) and 
galE of CC4821 serogroup B strains were then aligned 
with the corresponding sequences from all serogroup B 
complete genomes by using MUSCLE version 3.6. On the 
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basis of the alignment results, we used the genome with the 
highest level of similarity with CC4821 serogroup B strains 
as the reference sequence in subsequent analyses. To reveal 
the relationship between CC4821 serogroups B and C, we 
aligned the capsule locus genes from all study strains with 
those of serogroup C isolate 053442 (ST-4821) and the se-
lected serogroup B reference strain.

Identification of Recombination Breakpoints
We compared the capsule locus between genes tex and 
galE from study and reference strains by using MUSCLE. 
We analyzed recombination events within the capsule lo-
cus sequences by using different methods in RDP (Recom-
bination Detection Program) version 4 beta 27 (http://web.
cbio.uct.ac.za/~darren/rdp.html) with default parameters.

Results

Epidemiology of CC4821 Serogroup B Strains
During the 1970s and 1980s, a total of 12 CC4821 sero-
group B and C strains (6 from each serogroup) were col-
lected from 6 provinces in China: Hebei, Henan, Jiangxi, 
Liaoning, Shanxi, and Shanghai. During March 2005–
March 2013, N. meningitidis strains belonging to CC4821 
serogroup B were isolated from the cerebrospinal fluid or 
blood samples of meningococcal patients in 10 provinces 
and from pharyngeal swab specimens from healthy carriers 
in 9 other provinces in China. These 19 provinces represent 
diverse geographic and climate conditions, and the cases 
were not related. (Figure 1)

OMP Genotype Profiles
The porA gene was sequenced for all studied strains. The 
genotype profiles revealed a high degree of diversity even 

among strains with identical STs. Serogroup B N. meningiti-
dis strains had 26 PorA genotypes, and serogroup C strains 
had 16. Among these, 8 genotypes were detected among both 
serogroup B and C strains, representing 35.4% of serogroup 
B and 77.6% of serogroup C strains. P1.7-2, 14 was the pre-
dominant genotype in serogroups C (55.6%) and B (12.5%). 
Two combinations of ST and PorA genotype were observed 
in serogroup C and B strains: ST-4821: P1.7-2, 14 and ST-
4821: P1.20, 23-1. In total, 4 serogroup B strains had combi-
nation genotypes that were the same as those for serogroup 
C strains (online Technical Appendix Table 2). To elucidate 
the relationship between the serogroup B and C strains, we 
sequenced the porB and fetA genes for strains with the com-
bination genotype ST-4821: P1.7-2, 14 or ST-4821: P1.20, 
23-1. The sequencing analysis showed that all 4 serogroup 
B strains had identical PorB and FetA genotypes (3-48 and 
F3-3, respectively), which were also the main PorB and FetA 
genotypes in the serogroup C strains.

Phylogenetic Analysis of Genome Sequences
A total of 1,200 core genes (385,358 aa, corresponding 
to 50.9% of the genome of serogroup B N. meningitidis 
strain MC58) were selected for the phylogenetic analysis 
as described in Materials and Methods. The neighbor-
joining phylogenetic tree reconstructed from the concat-
enated amino acid sequences of these genes showed that 
the 22 CC4821 strains were clustered into 2 closely related 
groups (groups I and II), which were distantly related to 
the N. meningitidis reference strains belonging to other 
CCs (Figure 2). Both groups contained serogroup B and 
serogroup C strains, although there were more serogroup 
C strains in group I and more serogroup B strains in group 
II. Each group consisted of 11 strains, but there were more 
invasive strains in group I (n = 9) than in group II (n = 4).  
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Figure 1.	Distribution	of	
Neisseria meningitidis 
sequence	type	4821	
clonal	complex	(CC4821)	
serogroup B strains in 
China,	1978–2013.	Invasive	
strains	were	detected	in	5	
provinces	(red),	carriage	
strains	were	detected	in	
9	provinces	(blue),	and	
invasive	and	carriage	
strains	were	detected	
in	5	provinces	(gold).	
Regions	where	CC4821	
strains	were	not	found	or	
where	surveillance	is	not	
conducted	are	also	shown.
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The reference strain 053442, which was isolated from a pa-
tient and belonged to CC4821, was clustered with group I. 
Considering the genetic distances between the strains, the 
strains in group II were less closely related to each other 
than those in group I.

Analysis of Capsular Locus
The capsule locus sequences between genes tex and galE 
were retained from 20 sequenced CC4821 genomes (12 
serogroup C and 8 serogroup B). For 2 strains, there were 
gaps within galE or ctrA gene.

The DNA sequences of the capsular locus were com-
pared with the homologous gene clusters of the reference 
strains (053442, serogroup C, ST-4821; H44-76, serogroup 
B, ST-32) (Figure 3). All capsular locus genes of 9 sero-
group C strains (group I) were 99.9%–100% identical to 
that for reference strain 053442. The other 3 serogroup C 
strains (group II) were less similar to 053442 at the genes 
upstream of polysialic acid capsule export outer-membrane 

lipoprotein (ctrA) and downstream of sialic acid synthase 
(siaC). All serogroup B strains had polysialyltransferase 
(siaD) genes that were distinct from that for reference strain 
053442 and did not contain the O-acetyltransferase (oatC) 
gene between genes siaD and open-reading frame 2. With 
the exception of 1 serogroup B strain (341215, in group I), 
which shared high similarity (99.8%–100%) with 053442 
at the genes upstream of siaD, the serogroup B strains had 
low similarity at ctrC and preceding genes. Serogroup B 
and C strains shared <99% similarity with strain H44-76 
at genes tex, ctrD, ctrC, siaA, open-reading frame 2, and 
galE. However, siaD genes of the serogroup B strains and 
H44-76 shared >99.7% similarity.

We used RDP, GENECONV (http://www.math.wustl.
edu/~sawyer/geneconv/), BootScan (32), and the 3seq 
method (33) to analyze the recombination events within 
the capsule locus, but failed to obtain consistent results 
about the breakpoint. Nevertheless, all the results indicat-
ed that different and multiple events had occurred at the 
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Figure 2.	Phylogenetic	analysis	of	
genome sequences for Neisseria 
meningitidis	strains.	With	the	
exception	of	reference	strain	
053442	(serogroup	C,	sequence	
type	4821),	all	strains	in	groups	I	
and	II	were	sequenced	in	this	study.	
The	strain	identification	number,	
serogroup	(in	boldface),	sequence	
type,	and	porin	A	type	are	shown	for	
each	sequence.	Bootstrap	values	
are	listed	at	nodes.	Black	dots	
preceding	identification	numbers	
indicate	strains	isolated	from	
patients.	The	dotted	line	between	
N. lactamica	020-06	and	N. 
meningitidis	represents	a	distance	
not	to	scale.	The	star	indicates	that	
the	porin	A	gene	was	not	detected	
by	PCR	or	genome	sequencing.	
Scale	bar	indicates	amino	acid	
substitutions	per	site.
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capsule locus within and among strains (Figure 4). Com-
pared with strains belonging to group II, those belonging 
to group I (genome-based phylogenetic tree) had fewer re-
combination events, and most of the events were within the  
same serogroup.

Discussion
Phylogenetic analysis of the N. meningitidis core ge-
nome amino acid sequences showed that all 22 sequenced 
CC4821 strains were closely related, irrespective of sero-
group, ST, and PorA type, which indicated capsular switch-
ing between serogroups C and B. However, serogroups B 

and C were detected in both phylogenetic groups, so the  
direction of capsule switching remains to be determined 
(34). The multiple recombination events may have oc-
curred within the capsule locus, which explains why we 
could not define the recombination breakpoints at the cap-
sule locus. The present evidence is not sufficient to confirm 
whether capsular switching occurred from serogroup C to 
B or vice versa. Further study is required to examine how 
the capsular switching occurred.

In previous studies of N. meningitidis capsule switch-
ing, MLST and OMP genotyping were used to characterize 
the relationship between the new variants and the candidate 
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Figure 3.	Analysis	of	capsular	
locus	sequences	from	Neisseria 
meningitidis	strains	belonging	to	the	
sequence	type	4821	clonal	complex	
(indicated	on	right).	A)	Similarity	
between	the	capsular	locus	genes	
of	study	strains	and	those	from	
reference	strain	053442	(serogroup	
C).	B)	Similarity	between	the	
capsular	locus	genes	of	study	strains	
and	those	from	reference	strain	
H44-76	(serogroup	B).	Green	lines	
indicate	serogroup	C	strains;	red	
lines	indicate	serogroup	B	strains.
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parental organisms (3,7,8,16,18,19). If the molecular profiles 
(e.g., ST, PorA, and FetA) are identical or highly similar be-
tween 2 different serogroups, capsule switching is inferred. 
In our study, only 4 ST-4821 serogroup B N. meningitidis 
strains were observed to share the same STs and OMP gene 
types (PorA, PorB, and FetA) with serogroup C N. menin-
gitidis. However, analysis of the core genome sequencing 
results showed that all serogroup B strains, even those with 
specific profiles, are closely related to serogroup C strains. 
Horizontal DNA transfer occurs frequently between N. men-
ingitidis strains. Recombination events involving the MLST 
locus and the porA, porB, and fetA genes would impede the 
analysis of capsule switching and might lead to false con-
clusions (15). An analysis based on genomic sequence can 
reveal the relationships among strains more accurately, so  
additional genome analysis is required to resolve the ob-
served discrepancies.

CC4821 serogroup C N. meningitidis had been the 
dominant lineage in China for a decade (2003–2014), al-
though the incidence of invasive disease remained at a 
moderate level (<0.1 case/100,000 population; Z. Shao, 
unpub. data) because of mass vaccination. The emergence 
and circulation of CC4821 serogroup B N. meningitidis 
might increase the incidence of invasive meningococ-
cal diseases and even cause epidemics and outbreaks in 
China. This potential risk can be attributed to the CC4821 
lineage itself and to the particularity of vaccine against 
serogroup B N. meningitidis. Since the first outbreak oc-
curred in 2003, the CC4821 serogroup C N. meningitidis 
epidemic has rapidly involved most provinces of China. 
This epidemic indicates that CC4821 N. meningitidis 
had substantial ability to spread extensively and cause 
invasive disease. The core genome–based phylogenetic 
analysis showed that CC4821 strains from patients and 
healthy carriers were unevenly clustered into 2 groups, 
suggesting a difference in pathogenicity between these 2 
groups of strains. Furthermore, group I, which possessed 
more patient-derived strains, was the most recent clade on 
the tree, and the strains in this group were more closely 
related to each other than those in group II, indicating that 
group I was a highly invasive sublineage of CC4821. Be-
cause of the emergence of serogroup B strains belong-
ing to this highly invasive N. meningitidis CC4821 sub-
lineage, we must remain alert for a potential epidemic. 
An effective protective vaccine specifically against the 
serogroup B capsule polysaccharide does not exist (35). 
Although several vaccines consisting of specific proteins 
have been licensed for use against serogroup B infection 
(36), their effectiveness varies by clonal lineage, and their 
effectiveness has not been studied in China. This criti-
cal public health concern highlights the need for further 
epidemiologic surveillance to monitor changes in the in-
cidence of meningococcal disease caused by N. meningiti-
dis CC4821 serogroup B and for improved public health 
disease control strategies in the future.

Circulation of the CC4821 clonal lineage has not been 
observed in other regions, even though it is hyperendemic 
in China. The reason for this limited distribution is not 
readily apparent, which highlights the need for continued 
surveillance. The virulence and pathogenic mechanisms 
of this newly identified hyperinvasive lineage are not well 
understood (23). Comparative genome analysis within 
CC4821 strains and those from other CCs may help to 
identify potential additional virulence factors of N. menin-
gitidis. In China, mass vaccination against meningococcal 
disease targets only N. meningitidis serogroups A and C. 
Thus, monitoring the appearance and spread of CC4821 in 
other serogroups is important because capsule switching 
among N. meningitidis serogroups C, B, W, and Y has been 
observed in several countries (14,16).
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Figure 4.	Analysis	of	the	recombination	events	Neisseria 
meningitidis	strains	belonging	to	the	sequence	type	4821	clonal	
complex	(strain	numbers	and	serogroup	are	shown	on	the	left).	
The	result	was	from	analysis	using	the	3seq	(33)	method	in	RDP	
(http://web.cbio.uct.ac.za/~darren/rdp.html).	Group	I	and	group	II	
refer	to	the	groups	in	Figure	2.	Green	regions	represent	serogroup	
C–specific	sequences;	yellow	regions	represent	the	recombination	
within	serogroup	C;	gray	regions	represent	serogroup	B–specific	
sequences;	blue	regions	represent	the	recombination	within	
serogroup	B;	black	regions	represent	the	recombination	between	
serogroup	B	and	C.	Location	of	the	polysialyltransferase	gene	
(siaD)	is	shown.
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During	 2012–2013,	 the	 US	 Centers	 for	 Disease	 Control	
and	 Prevention	 and	 partners	 responded	 to	 a	 multistate	
outbreak	 of	 fungal	 infections	 linked	 to	 methylpredniso-
lone	acetate	 (MPA)	 injections	produced	by	a	compound-
ing	 pharmacy.	We	 evaluated	 the	 effects	 of	 public	 health	
actions	 on	 the	 scope	 of	 this	 outbreak.	A	 comparison	 of	
60-day	 case-fatality	 rates	 and	 clinical	 characteristics	 of	
patients	 given	 a	 diagnosis	 on	 or	 before	 October	 4,	 the	
date	the	outbreak	was	widely	publicized,	with	those	of	pa-
tients	 given	a	 diagnosis	 after	October	 4	 showed	 that	 an	
estimated	3,150	MPA	 injections,	153	cases	of	meningitis	
or	 stroke,	and	124	deaths	were	averted.	Compared	with	
diagnosis	after	October	4,	diagnosis	on	or	before	October	
4	was	significantly	associated	with	a	higher	60-day	case-
fatality	 rate	 (28%	 vs.	 5%;	 p<0.0001).	 Aggressive	 public	
health	action	resulted	in	a	substantially	reduced	estimated	
number	of	persons	affected	by	this	outbreak	and	improved	
survival	of	affected	patients.

In September 2012, the US Centers for Disease Con-
trol and Prevention (CDC), in collaboration with state 

and local health departments, initiated a multistate in-
vestigation into an outbreak of fungal infections linked 
to injections of preservative-free methylprednisolone ac-
etate (MPA) produced at a single compounding pharmacy 
(New England Compounding Center [NECC], Framing-
ham, MA, USA) (1,2). Three lots of MPA produced by 
NECC were implicated in this outbreak: 05212012@68, 
06292012@26, and 08102012@51 (hereafter called lots 
05, 06, and 08, respectively) (2). The Mycotic Diseases 
Branch Laboratory at CDC confirmed the presence of 
Exserohilum rostratum, an environmental mold and the 
primary pathogen in this outbreak, in lots 08 and 06 (3); 
detection of E. rostratum DNA in lot 05 was reported to 
CDC (3). This contamination resulted in one of the larg-
est outbreaks of health care–associated infections and the 
largest outbreak of fungal meningitis documented in the 
United States. Thousands of public health officials at fed-
eral, state, and local levels, along with clinicians and ad-
ministrative staff, worked over a period of many months 
to respond to this unprecedented outbreak.

CDC and partners quickly took action for several rea-
sons: the high mortality rate seen in previous outbreaks of 
fungal meningitis (4,5), concern that subacute clinical signs 
and symptoms would not prompt exposed persons to seek 
health care evaluation until they had severe disease, and the 
large number of persons potentially exposed to contaminat-
ed MPA. Several key public health actions took place dur-
ing the 10-day period of September 25–October 4, 2012. 
On September 25, NECC was informed that 3 MPA lots 
from its pharmacy appeared to be implicated in this out-
break. The next day, NECC issued a voluntary recall of the 
3 lots. On September 28, CDC and state partners initiated 
efforts to notify all 13,534 persons potentially exposed to 

the implicated MPA to provide information on exposure 
and indications for seeking medical care.

CDC and partners developed diagnostic and treatment 
guidelines on the basis of expert opinion and incoming lab-
oratory and patient data. These guidelines and subsequent 
updates were posted on CDC’s outbreak website (6) and 
disseminated through Health Advisory notices. A Health 
Advisory notice containing the first diagnostic and treat-
ment guidance for this new clinical entity was distributed 
on October 3 (7) and was posted online on October 4. On 
that day, a joint Food and Drug Administration and CDC 
telebriefing (by telephone) publicized the outbreak and 
confirmed the presence of fungal contamination in un-
opened vials from lot 08 MPA (8). We conducted analyses 
to estimate the effect of these public health actions on the 
size and severity of this outbreak as measured by changes 
in the numbers of case-patients and deaths.

Methods

Overview of Modeling Used to Assess Effects of  
Public Health Actions
We restricted our analyses to patients with meningitis, in-
cluding those with stroke caused by presumed meningitis. 
Cases of parameningeal (e.g., epidural abscess) or periph-
eral joint infection were not included in this analysis. To 
evaluate the effect of public health actions on the size of 
this outbreak, we sought to determine numbers of 1) MPA 
injections averted, 2) cases of meningitis or stroke averted, 
and 3) deaths caused by meningitis or stroke averted. Infor-
mation about volume of MPA recalled was unavailable, so 
we estimated the recalled volume from data in NECC MPA 
shipping records. To estimate cases averted, we calculated 
attack rates in 2 steps. First, we modeled attack rates for 
patients with single injections. For patients with multiple 
injections, we conducted a Monte Carlo simulation that 
assigned a single responsible injection for each patient in 
each simulation. This simulation also provided estimates 
of uncertainty. To estimate deaths averted, we applied the 
case-fatality rate (CFR) for case-patients before most pub-
lic health actions had occurred for the case-population at 
risk (i.e., number of case-patients diagnosed after October 
4 and still alive 60 days later and estimated number of case-
patients predicted to have occurred after October 4 if no 
recall had occurred).

Case Definition
Case definitions developed during the outbreak response 
were used in this analysis (9). A case-patient was defined 
as a person who, after May 21, 2012, received an epidural 
or paraspinal MPA injection from an implicated lot and 
subsequently had either meningitis of unknown etiology or 
posterior circulation stroke without cardioembolic source 
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and without a documented normal cerebrospinal fluid 
(CSF) profile. Meningitis was defined as >5 leukocytes/
mm3 in CSF from a person with compatible symptoms 
(e.g., headache, stiff neck). Date of diagnosis was defined 
as the date when an initial lumbar puncture yielded CSF 
that met the meningitis case definition or the reported date 
of stroke diagnosis for stroke cases. Cases were defined as 
laboratory confirmed if histopathologic, microscopic, cul-
ture, or molecular evidence of a fungal pathogen was pres-
ent and associated with the clinical syndrome. Inclusion in 
this analysis was limited to cases reported on or before the 
final case count published on October 23, 2013.

MPA Injections Averted
NECC shipping records provided information on date of 
shipment, volume, and lot number of MPA shipped to each 
of the 75 injection facilities that received contaminated 
lots of MPA. To estimate volume of steroid recalled, we 
modeled the MPA use rate at each injection facility. For 
the 52 facilities that received >1 shipment of implicated 
MPA, we estimated a per-facility MPA use rate on the 
basis of reorder frequency and shipment volumes. This 
approach could not be used for 23 facilities that had a 
single shipment (i.e., they placed no reorders). For those 
facilities, we developed a simple linear regression model 
to estimate use rate with average volume of MPA as the 
predictor (online Technical Appendix, http://wwwnc.cdc.
gov/EID/article/21/6/14-1558-Techapp1.pdf). We as-
sumed that use of NECC MPA at each injection facility 
began on the first business day after a shipment date, that 
use occurred at the facility only on business days, and 
that use ceased completely on September 27, 2012. These 
methods enabled us to estimate weekly volume of NECC 
MPA used across all 75 clinics.

To estimate the volume recalled, we subtracted the 
total volume of estimated use before September 27 from 
the total volume shipped. To estimate the number of MPA 
exposures potentially averted, we divided the total volume 
of MPA recalled by 1 mL/injection volume (i.e., amount of 
MPA used per injection for 80% of patients). 

Cases of Meningitis or Stroke Averted
Previously published data suggested that attack rates varied 
by lot number and age of the vial, with age being mea-
sured as length of time from vial production to injection 
date (1). Consequently, we anticipated that we would need 
to estimate separate attack rates for each of the 3 implicated 
MPA lots to account for vial age. To account for changes 
in attack rates by vial age, we calculated the attack rate for 
each calendar week during which injections took place and 
produced separate estimates for each lot of MPA. For case-
patients with 1 injection, weekly lot-specific attack rates 
were calculated as follows: number of case-patients receiv-

ing an injection of lot X during a given week divided by 
estimated volume of lot X used that week (denominator 
was obtained from the MPA use rate analysis). A Poisson 
distribution was then fitted to the observed data to estimate 
the attack rate for each week during which injections were 
given (online Technical Appendix). The model’s covari-
ates were week of injection, lot number, and interaction be-
tween week and lot variables, selected because these vari-
ables showed evidence of modifying results. 

Next, for case-patients with >1 injection, we devel-
oped a probabilistic model that used a Monte Carlo simula-
tion to randomly assign a single injection as responsible for 
each case-patient’s infection (online Technical Appendix). 
A total of 100 simulations were performed; for each simu-
lation, the probability of injection assignment was derived 
from the predicted weekly lot-specific attack rates among 
case-patients with only 1 injection. A Poisson regression 
model, using the same covariates as those used in the mod-
el for case-patients with 1 injection, was then fit to the 100 
simulated datasets to produce a distribution of predicted 
number of cases (online Technical Appendix). To capture 
additional uncertainty, 100 additional simulations of the 
predicted number of cases were generated so that 10,000 
estimates of the predicted number of cases were generated 
for each week and lot combination. 

From this distribution, we then summed the median 
number of cases predicted for each week and lot combina-
tion after the recall date to obtain an estimated total number 
of cases averted. Finally, 95% CIs were calculated to cap-
ture uncertainty in our estimates (online Technical Appen-
dix). Extrapolation of weekly attack rates for lots 05 and 06 
were continued until the model predicted that the volume 
of MPA in those lots had been completely used (Figure 1). 
However, lot 08 was in use for only 5 weeks before the 
recall on September 26, 2012. Thus, for this lot, we lim-
ited the extrapolation of attack rates and cases averted to 3 
weeks after the recall (until October 14, 2012).

Deaths and Strokes Due to Meningitis Averted
To estimate the number of deaths averted, we first calcu-
lated the 60-day CFR for patients given a diagnosis early in 
the outbreak (on or before October 4), before widespread 
publicity and posting of clinical treatment guidelines. This 
60-day CFR was then applied to 2 groups of case-patients 
to estimate deaths averted: 1) patients given a diagnosis af-
ter October 4 who were still alive 60 days after diagnosis 
and 2) averted cases predicted to have occurred after Octo-
ber 4 without a recall.

Evaluating Changes in Number of Deaths  
During the Outbreak
The 60-day CFR was plotted by week of diagnosis to ex-
amine mortality trends during the course of the outbreak. 
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To understand whether these mortality trends were associ-
ated with changes in case-patient clinical characteristics, 
we compared measures of disease severity and treatment 
rapidity for case-patients given a diagnosis on or before 
October 4, 2012 to those given a diagnosis after that date. 
A χ2 test (dichotomous variables) and the Wilcoxon rank-
sum (continuous variables) test were used. We estimated 
the survival function of time from diagnosis to death by 
using a Kaplan-Meier estimator. The log-rank test was used 
to compare survival of the 2 groups.

Data on case-patient clinical characteristics were col-
lected from a standardized case report form created for this 
outbreak response. States reported case-patient deaths and 
dates of death routinely to CDC; thus, deaths occurring af-
ter completion of a case report form were captured system-
atically. The collection of patient-level data was deemed 

a public health emergency and was not subject to ethics 
review or informed consent procedures.

Results
We identified 391 patients with meningitis or stroke caused 
by presumed meningitis in 19 states (10). Detailed data 
were available for analyses for 389 (99%) of these patients.

Exposures Averted
NECC records indicated that 17,675 vials comprising 
29,641 mL of the implicated MPA lots were distributed 
to 75 facilities in 23 states. Of the 11,773 mL of lot 05 
shipped, we estimated that none was recalled; of the 10,847 
mL of lot 06 shipped, we estimated that 132 mL (1%) was 
recalled; and of the 7,021 mL of lot 08 shipped, we esti-
mated that 3,018 mL (43%) was recalled (Table 1) (On-
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Figure 1.	Weekly	lot-specific	observed	and	predicted	attack	rates	(cases/1,000	mL	injected)	for	illness	among	persons	injected	from	
3	lots	of	methylprednisolone	acetate	(MPA)	contaminated	with	the	fungus	Exserohilum rostratum,	United	States,	2012. Observed	
rates	obtained	by	combining	single	injection	data	and	1	representative	multiple	injection	simulated	dataset	(observed	rates	for	multiple	
injections	varied	by	simulation).	Observations	after	September	23,	2012,	were	excluded	in	the	prediction	model.	Long-dashed	line	
indicates	the	date	of	the	recall	of	the	3	lots	of	MPA	(September	26,	2012);	short-dashed	line	indicates	the	boundary	of	reliable	estimates	
of	attack	rates	in	our	model	(October	14,	2012).	
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line Technical Appendix). A total estimated 3,150 mL of 
MPA was shipped but not administered because of the re-
call. Using an estimated per-injection volume of 1 mL, an  
additional 3,150 injections with the implicated lots of MPA 
could have occurred if all 3 lots of contaminated MPA had 
not been promptly recalled (Table 1).

Weekly Lot-Specific Attack Rates and Cases Averted
Of the 391 case-patients, 370 (95%) had injection data 
available for calculating attack rates. Of the 370 patients, 
221 (60%) had 1 injection, 116 (31%) had 2 injections, 32 
(9%) had 3 injections, and 1 (<1%) had 4 injections. Figure 
1 shows observed and estimated weekly lot-specific attack 
rates in patients for each of the 3 contaminated lots of MPA.

For lot 05, predicted weekly attack rates increased 
from 1.9 (95% CI 0.8–4.7) cases/1,000 mL MPA admin-
istered during the first week of injections to 25.8 (95% 
CI 7.7–81.3) cases/1,000 mL MPA administered during 
the last week of injections; for these predictions, we as-
sumed that injections continued until all vials were used. 
Lot 06 had predicted weekly attack rates that increased 
from 1.6 (95% CI 0.8–3.1) cases/1,000 mL MPA adminis-
tered during the first week to 418.6 (95% CI 226.8–768.1) 
cases/1,000 mL MPA administered during the final week 
of injections (with the assumption that injections con-
tinued until all the vials were used). Lot 08 had predict-
ed weekly attack rates that increased from 5.5 (95% CI 
1.2–23.0) cases/1,000 mL MPA administered during the 
first week to 57.3 (95% CI 10.7–302.8) cases/1,000 mL 
MPA administered during the third week (October 14, 
2012) after the recall notice. For all 3 lots, predicted at-
tack rates rose as time from the medication production date 
increased (Figure 1). We estimate that without the recall 
of the 3 lots of MPA, 153 (95% CI 61–467) additional 
cases of meningitis would likely have occurred in persons 
exposed between September 26, 2012, and October 14,  
2012 (Table 2).

Meningitis Deaths Averted
Of the 389 patients with available detailed data, 40 died 
<60 days of diagnosis (60-day CFR 10%). Of the 82 pa-
tients given a diagnosis on or before October, 23 (28%) 
died <60 days of diagnosis compared with 17 (6%) of the 
307 patients given a diagnosis after October 4 (p<0.0001), 
an absolute risk reduction of 22% (Table 3). Of the 110 

patients with laboratory-confirmed infection, 19 died <60 
days of diagnosis (60-day CFR 17%). Of the 33 patients 
given a diagnosis on or before October 4, 13 (39%) died 
<60 days of diagnosis, compared with 6 (8%) of 77 who 
had a diagnosis after October 4 (p<0.0001) (Table 3).

Kaplan-Meier analysis and the log-rank tests showed 
that patients given a diagnosis after October 4 had im-
proved overall survival compared with those given a di-
agnosis on or before October 4 (p<0.0001) (Figure 2). 
Patients given a diagnosis after October 4 also had lower 
CSF median leukocyte count (29 cells vs. 1,064 cells; 
p<0.0001); lower median CSF protein (71 g/dL vs. 117 g/
dL; p<0.0001); higher median CSF glucose (55 mg/dL vs. 
38 mg/dL; p<0.0001); and fewer symptoms when care was 
sought (median 4 vs. 5; p<0.0001) (Table 3). For the 240 
patients with documented receipt of antifungal treatment, 
patients given a diagnosis after October 4 were more likely 
to receive antifungal drugs <48 hours of diagnosis (84% 
vs. 59%; p = 0.0006) (Table 3). The 60-day CFR by week 
of diagnosis was 50%–100% from August 27 through Sep-
tember 30; the CFR dropped substantially during the first 
week of October, to 3%–7% (Figure 3).

We applied the 60-day CFR (28%) of the 82 patients 
given a diagnosis of meningitis on or before October 4 to 
that of the 290 patients whose meningitis was diagnosed 
after October 4 and who were alive at 60 days (Table 3); 
we also applied that CFR to the 153 (95% CI 61–467) cases 
estimated to have been averted. With these calculations, we 
estimated that, without public health actions and early di-
agnosis and intervention by clinicians, 124 (range 98–211) 
additional deaths from meningitis or stroke may have oc-
curred through October 14, 2012 (Table 2).

Additional Use and Attack Rate Extrapolation
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Table 1.	Methylprednisolone	acetate	(MPA)	injections	shipped,	used,	and	recalled	by	lot* 
Lot	no. Volume	MPA	shipped,	mL Volume	MPA	used,	mL Volume	MPA	recalled,	mL 
05 11,773 11,773 0 
06 10,847 10,715 132 
08 7,021 4,003 3,018 
Total 29,641 26,491 3,150 
*Volume of MPA shipped was derived from New England Compounding Center’s shipping records. Volume used and recalled was estimated	by	using	the	
assumption	that	all	shipped	MPA	was	available	for	use	at	each	clinic. 

 

 

 

 
Table 2.	Meningitis	and	stroke	cases	and	deaths	averted	by	lot 

Lot	no. 
Cases	averted,	no.	

(95%	CI) 
Deaths	averted,	no.		

(range)* 
05 0 NA 
06 53	(32–88) NA 
08 100	(29–379) NA 
Total 153	(61–467) 124	(98–211)† 

*NA,	not	applicable. 
†Total deaths averted (124) derived from total cases averted (153) 
multiplied	by	the	case	fatality	rate	observed	early	in	the	outbreak	(28%)	
plus	case-patients	who	had	a	diagnosis	of	meningitis	after	October	4	and	
who	were	alive	at	60	days	(290)	multiplied	by	the	early	case	fatality	rate:	
(153	×	0.28)	+	(290	×	0.28).	Range	derived	from	the	upper	and	lower	
confidence	intervals	of	cases	averted	(e.g.,	98	=	[61×	0.28]	+	[290	×	0.28]). 
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Extrapolation of the amount used from lot 08 suggests that, 
in the absence of a recall, its use would have continued un-
til the week of December 2, 2012 (Figure 1). Estimates of 
attack rates and cases averted beyond October 14, 2012, are 
unreliable because of the short amount of time that lot 08 
was in use before the recall. However, if lot 08 injections 
had continued through December 2 and if we assume an 
exponential rate of increase in attack rates (as was applied 
to lot 06), during the final week of injections, the attack rate 
for lot 08 might have been as high as 768.8 cases/1,000 per-
sons exposed. Under these same assumptions, an additional 
169 cases (total estimated cases = 322) and an additional 47 
deaths (total estimated deaths = 171) would have occurred 
if lot 08 had been used through December 2. 

Discussion
This outbreak of fungal meningitis and other infections 
triggered a public health response that involved thousands 
of public health officials, clinicians, and medical staff 

throughout the United States. This massive effort was com-
mensurate with the scale of the public health crisis: a highly 
pathogenic fungus causing a clinical illness that had not 
been previously described and that initially resulted in a 
large number of deaths, with 13,534 persons potentially 
at risk. Despite the magnitude of this outbreak, we show 
that the effects of this outbreak, as measured by exposures, 
cases, and deaths, could have been far worse.

The 22% risk reduction in the  CFR described here 
among case-patients given a diagnosis after October 4 was 
likely due to the direct effects of patient notification and 
clinician outreach, highlighted by intense activity of pub-
lic health authorities during a 2-week period: multistate 
patient notification efforts were initiated (beginning Sep-
tember 28), a Health Advisory with diagnostic guidance 
was issued (October 4) (7), CDC’s first interim treatment 
guidance was developed and disseminated (October 4) (6), 
and the outbreak was publicized through a CDC–Food and 
Drug Administration joint telebriefing (October 4) (8) that 
publicly confirmed fungal contamination of MPA (8). Our 
analysis shows that these public health actions probably 
resulted in earlier diagnosis of infections at a less severe 
stage of disease and faster initiation of antifungal therapy; 
both actions may have contributed to a decreased number 
of deaths. The sharp decline in the 60-day CFR was prob-
ably not caused by inclusion of cases without fungal in-
fection because the decline was also shown in laboratory-
confirmed cases that had a CFR of ≈40% before October 4. 

The projected case estimates through October 14, 
2012, are likely underestimates because we could not 
accurately extrapolate attack rates and cases averted be-
cause lot 08 was not used beyond this date. With no re-
call, injections with lot 08 would likely have continued 
for many weeks beyond October 14 (Figure 1), resulting 
in additional cases. We also assumed that no further con-
taminated lots were produced after production of lot 08. 
However, because 3 sequential lots of MPA were contam-
inated and serious sterility breaches were found during the 
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Table 3. Clinical	characteristics	and	60-day	case	fatality	rates	for	meningitis	and	stroke	patients	given	a	diagnosis	on	or	before	
October	4,	2012,	versus	after	October	4,	2012 

Characteristic 
Diagnosis	date	on	or	before	

October	4,	n	=	82 
Diagnosis	date	after	October	4,	

n	=	307 p	value 
CSF	parameters*    
 Median leukocyte count, cells/μL                                               1,064 29 <0.0001 
Median	total	protein,	g/dL 

 Median	glucose,	mg/dL 
117 
38 

71 
55 

<0.0001 
<0.0001 

Median	no. of symptoms                                                                                                                                                   5 4 <0.0001 
Antifungal	treatment	within	48	h	of	diagnosis 20 (59%)† 173 (84%)† 0.0006 
Death	within	60	d	of	diagnosis 23 (28%)‡ 17 (6%)‡ <0.0001 
Laboratory-confirmed	cases	only,	n	=	110 33 77  
    Death	within	60	d	of	diagnosis 13	(39%)§ 6	(8%)§ <0.0001 
*CSF,	cerebrospinal	fluid. 
†The denominators used for percentages represent the number of case-patients	for	whom	data	on	antifungal	treatment	was	available	(34	and	206,	
respectively)	for	each	diagnosis	period.		 
‡The denominators used for percentages are the total number of case-patients	for	each	diagnosis	period.	 
§The	denominators	used	were	the	total	laboratory-confirmed	cases	for	each	diagnosis	period. 

 

Figure 2.	Kaplan-Meier	(product	limit)	survival	curves	and	persons	
at	risk	by	date	of	diagnosis	of	meningitis	and	stroke	case-patients	
among	persons	injected	from	3	lots	of	methylprednisolone	acetate	
contaminated	with	the	fungus	Exserohilum rostratum,	United	States,	
2012. No	patients	were	reported	as	lost	to	follow-up	(e.g.,	censored)	
during	the	6	months	after	their	diagnosis.
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onsite investigation at NECC (11), without a public health 
investigation and response, subsequent lots of contami-
nated MPA likely would have been produced, distributed,  
and administered. Ongoing contamination, leading to ad-
ditional cases, would have occurred without rapid diagno-
sis and reporting of the index case (12), identification of 
the contaminated product, and subsequent public health 
actions. If we assume that subsequent MPA lots would be 
similar to the 06 lot in size, rate and amount of contamina-
tion, and attack rate, each additional contaminated MPA 
lot may have resulted in 275 additional cases of meningi-
tis or stroke and 77 more deaths.

We found that the risk of meningitis and stroke was 
strongly influenced by the lot number and age of the MPA 
vial, with the latest produced lots (lots 06 and 08) and old-
est vials conveying higher risk for disease than the earliest 
produced lot (lot 05) and younger vials of MPA (Figure 1). 
Because this MPA formulation lacked preservative, which 
inhibits fungal growth, fungus may have been better able to 
proliferate during extended storage times, possibly leading to 
high fungal contamination and attack rates. A study of com-
pounded ophthalmic preparations reported increased fungal 
growth in preparations without common preservatives com-
pared with preservative-containing solutions (13). Further 
studies are needed to confirm this observation for MPA. 

Several areas of uncertainty surround our estimates. 
First, data on lot exposure were not always recorded in pa-
tient charts. When these data were missing, available data, 
including clinic shipping invoices and manufacture and in-
jection dates, were used to extrapolate the most likely lot 
exposure. Second, uncertainty surrounds our model for and 
estimates of recalled and unused MPA (2), and we did not 
carry the uncertainty surrounding the volume estimates for-
ward in our subsequent modeling. We also assumed that 
all MPA use ceased the day after the recall notice and that 
clinics using NECC MPA did not use MPA from other 
manufacturers. We know that some clinics used non-NECC 
MPA and that a few clinics ceased use before the recall 
date, while others extended use beyond that date; these ar-
eas of uncertainty could have resulted in higher or lower es-
timates for MPA injections averted than are presented here. 
Other areas of uncertainty include the choice of the log link 
function used in the Poisson regression model, which has 
a progressively stronger effect on model predicted values 
outside the time range of the observed data. Finally, uncer-
tainty exists in assigning responsible injections for patients 
with multiple procedures and in the parameter estimates in 
our Poisson modeling. A multiple simulation approach was 
used to capture uncertainty in these 2 areas and is expressed 
in the resulting ranges for our estimates of attack rates and 
cases averted. These multiple areas of uncertainty mean 
that the true number of injections, cases, and deaths averted 
might be higher or lower than our estimates.

This outbreak showed the devastating effect of con-
tamination in a widely used product designated for ster-
ile use. Public health actions, made possible by a strong  
existing public health infrastructure and rapid coordination 
among federal, state, and local partners, likely averted ad-
ditional exposures, cases, and deaths. Maintaining this in-
frastructure and these partnerships is essential to preserve 
public health agencies’ abilities to respond quickly and 
meaningfully to future public health emergencies.
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Nontyphoidal	Salmonella	 is	 a	major	 cause	 of	 bloodstream	
infections	worldwide,	and	HIV-infected	persons	and	malaria-
infected	and	malnourished	children	are	at	increased	risk	for	
the	disease.	We	conducted	a	systematic	literature	review	to	
obtain	age	group–specific,	population-based	invasive	nonty-
phoidal	Salmonella	(iNTS)	incidence	data.	Data	were	catego-
rized	by	HIV	and	malaria	prevalence	and	then	extrapolated	by	
using	2010	population	data.	The	case-fatality	ratio	(CFR)	was	
determined	by	expert	opinion	consensus.	We	estimated	that	
3.4	(range	2.1–6.5)	million	cases	of	iNTS	disease	occur	an-
nually	(overall	incidence	49	cases	[range	30–94]	per	100,000	
population).	Africa,	where	infants,	young	children,	and	young	
adults	 are	 most	 affected,	 had	 the	 highest	 incidence	 (227	
cases	[range	152–341]	per	100,000	population)	and	number	
of	cases	(1.9	 [range	1.3–2.9]	million	cases).	An	 iNTS	CFR	
of	20%	yielded	681,316	(range	415,164–1,301,520)	deaths	
annually.	iNTS	disease	is	a	major	cause	of	illness	and	death	
globally,	particularly	in	Africa.	Improved	understanding	of	the	
epidemiology	of	iNTS	is	needed.

Nontyphoidal Salmonella (NTS) disease, a major cause 
of diarrheal disease globally, is estimated to cause 

93 million enteric infections and 155,000 diarrheal deaths 
each year (1). The Institute for Health Metrics and Evalua-
tion estimated that enteric NTS disease was associated with 
4,847,000 disability-adjusted life years lost (70 disability-
adjusted life years/100,000 population) and 81,300 diar-
rheal deaths (1.2 deaths/100,000 population) in 2010 (2,3). 
However, these estimates do not include invasive NTS 
(iNTS) disease, which is often not associated with diarrhea. 
A systematic review of community-acquired bloodstream 
infections in Africa showed that 29% were caused by  

Salmonella enterica, and a high proportion of these infec-
tions in some parts of Africa were caused by NTS: 88% in 
eastern Africa, 97% in southern Africa, and 87% in west-
ern and central Africa, compared with only 1% in northern 
Africa (4). Moreover, this review identified that the 2 most 
common serovars causing iNTS infections were S. enterica  
serovars Typhimurium and Enteritidis, which accounted 
for 65.2% and 33.1%% of all NTS serotyped isolates, re-
spectively (4). iNTS disease appears to be more common 
in some parts of Africa than in other regions of the world 
(5). Host risk factors appear to play a major role in the epi-
demiology of iNTS disease in Africa (6), where the disease 
is closely associated with malaria and malnutrition among 
infants and children (7–9) and with HIV infection among 
adults (4,10,11).

An estimate of the global and regional burden of iNTS 
disease is needed to inform and stimulate efforts to pre-
vent and manage the disease. Estimation of illness and 
death due to iNTS disease has been limited by a scarcity of 
population-based surveillance data on bloodstream infec-
tions, particularly in Africa. However, the availability of 
high-quality country-level data on 2 major host risk factors 
for iNTS (i.e., HIV and malaria [6]) provides a basis for 
extrapolation of the few population-based iNTS surveil-
lance data that are available for other areas. We sought to 
estimate the global incidence of iNTS disease by age and 
region and to calculate the number of illnesses and deaths 
by extrapolating credible population-based incidence data 
and incorporating the effects of HIV and malaria to account 
for differences in the population at risk among countries.

Materials and Methods

Systematic Literature Review for iNTS Incidence Data
We conducted a systematic review for iNTS incidence 
data by following guidelines of the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (12). 
We used standard primary search terms (Salmonella, 
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Typhi/typhoid, Paratyphi/paratyphoid, non-typhoidal, 
foodborne, diarrhea, Typhimurium, and Enteritidis) and 
standard secondary search terms (morbidity, incidence, 
prevalence, sequelae, mortality, mode of transmission, 
outbreak, invasive, bacteremia, septicemia/septicemia, 
bloodstream infection, invasive, CSF/cerebral spinal flu-
id, bone marrow, and blood culture) in the following da-
tabases: PubMed, System for Information on Grey Litera-
ture in Europe, World Health Organization library, Food 
and Agriculture Organization of the United Nations, and 
Bath Information and Data Services. Each primary search 
term was combined with all secondary search terms by 
using the AND operator. The time period for the search 
was January 1990–December 2012.

The types of studies included population-based inci-
dence studies, population-based surveillance systems, and 
national surveillance data. We consulted with a US Centers 
for Disease Control and Prevention (Atlanta, GA, USA) li-
brarian during the development of the searches. Two teams 
of reviewers, each led by a co-author (T.T.A. or J.A.C.) 
and assisted by S.H. or D.B. (see Acknowledgments), pro-
cessed the citations for relevant publications in 3 stages: 
title, abstract, and full-text review. If there was a disagree-
ment during any stage, a tie-breaker from the other team 
(T.T.A. or J.A.C.) decided if the publication was appro-
priate. We included foreign language articles that had at 
least an English translation of the title for the first stage of 
review. If a citation met the requirement at this stage, we 
looked for the English translation of the abstract for the 
second and subsequent stages.

Extrapolation of Incidence to All Age Groups
We sought to obtain incidence data for all age groups.  
For studies identified through the systematic review that 

did not have incidence data for all age groups, we created 
incidence profile curves to extrapolate the available inci-
dence data to other age groups in that particular popula-
tion by using proportion curves that were calculated from 
2 sources that had complete case counts for each age group 
(Figure 1): US FoodNet (Foodborne Diseases Active Sur-
veillance Network) data (low iNTS incidence profile) (13) 
and Malawi and South Africa surveillance data (high iNTS 
incidence profile) (14). We divided the number of cases in 
the available age groups by the total number of cases and 
used these age-specific proportions and either the low or 
high incidence profile, according to that country’s iNTS 
epidemiologic pattern, to extrapolate the incidence to the 
other age groups in that population. This yielded all age 
group iNTS incidence data for all studies identified in the 
systematic review (Figure 2).

Assignment of iNTS Incidence Data to 3-Level  
Matrix of HIV and Malaria Prevalence
We then assigned the iNTS incidence data identified from 
the systematic review to a 3 × 3 matrix based on the HIV 
seroprevalence and malaria population at risk category of 
the country of origin of the iNTS incidence data (Figure 3). 
When necessary, age incidence curves from the same matrix 
were also used to extrapolate data to all age groups. For HIV 
categorization in the matrix, we used the 2009 UNAIDS 
(Joint United Nations Program on HIV/AIDS) country-
specific seroprevalence data (15) and classified countries 
into low (0 to <5.0%), moderate (5.0% to 10.0%), and high 
(>10.0%) HIV seroprevalence. For malaria categorization in 
the matrix, we used the Malaria Atlas Project country-spe-
cific population at risk for malaria (16,17). The population at 
risk is defined as the proportion of the total population living 
in an area of known Plasmodium falciparum transmission. 
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Figure 1.	Proportion	of	invasive	
nontyphoidal	Salmonella 
disease,	by	age	group,	from	
low-incidence	settings	in	
the	United	States	and	high-
incidence	settings	in	Malawi	
and	South	Africa.
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Countries were classified as having low (0%), moderate 
(0.1%–10.0%), or high (>10.0%) proportions of their popu-
lations at risk for malaria. Each of the iNTS incidence data 
points from the systematic review (extrapolated to all age 
groups as described above) were assigned within the matrix, 
depending on the HIV and malaria epidemiology in the coun-
try source of the data. If a matrix cell had >1 data source after 
the iNTS incidence data were assigned, the mean incidence 
from all sources was calculated as the reference incidence 
for that matrix cell. A minimum to maximum range was also 
identified by using the respective values within a specific age 
group. If a matrix cell had only 1 incidence reference, the 
minimum and maximum incidences were calculated by us-
ing the median to mean ratio of cell A (Figure 3). If a cell did 
not have a source, we extrapolated incidence rates by using 
existing data, with the assumption that the middle cell was 
the mean of the 2 cells on either side. As shown in Figure 3, 
we first extrapolated cell C by assuming that cell B was the 
mean of cells A and C. Then we proceeded to calculate cells 
D, G, and H by using the same assumption. This yielded a 
reference all age group incidence rates for each cell in the 3 
× 3 matrix (Figure 4).

Extrapolation to All Countries Worldwide
For the last round of extrapolation, we assigned all countries 
worldwide to a cell in the 3 × 3 matrix according to each 
country’s HIV seroprevalence and malaria population at 
risk. We then calculated the number of iNTS cases for each 
country by using the reference incidence rates from the cell, 
according to the assignment of each country in the matrix 
and each country’s population stratified by age groups. We 

used the United Nation’s population data for 2010, medium 
variant, grouped by World Health Organization regions (18). 
Country classification by region, HIV, and malaria profile 
is available in online Technical Appendix 1 (http://wwwnc.
cdc.gov/EID/article/21/6/14-0999-Techapp1.xlsx).

Case-Fatality Ratio and Number of Deaths
We conducted an additional literature review to iden-
tify reports of case-fatality ratios (CFRs) due to iNTS.  
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Figure 2.	Incidence	of	
invasive	nontyphoidal	
Salmonella	disease,	by	age	
group,	in	countries	with	 
data	identified	through	a	
global	systematic	review	of	
the	literature.	

Figure 3.	HIV	and	malaria	burden	matrix	and	extrapolation	
strategy	used	to	create	reference	age-specific	incidence	curves	
for	invasive	nontyphoidal	Salmonella	disease.	*2010	Joint	 
United	Nations	Program	on	HIV/AIDS	(UNAIDS)	HIV	
seroprevalence	(15);	†Malaria	Atlas	Project	population	at	risk	
estimate,	defined	as	the	proportion	of	the	population	living	in	 
	an	area	of	known	Plasmodium falciparum	transmission	(16,17);	
‡US	FoodNet	(13).
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In addition, we solicited expert opinions in person at 
the 8th International Conference on Typhoid Fever and  
Other Invasive Salmonelloses in Dhaka, Bangladesh, 
2013, and by email to develop a consensus CFR. We 
asked experts to provide a single value, taking into ac-
count variations by co-infections, geography, age, in-
fection rate, strain type, and study setting (i.e., hospital 
based vs. community based). The consensus CFR was 
then applied to the estimated number of iNTS cases and 
the minimum and maximum range to estimate iNTS 
deaths and minimum and maximum range. We also  
varied the CFR to understand the effect of the consensus 
CFR on global iNTS deaths. To understand the effect  
of the consensus CFR, we performed a sensitivity analy-
sis by applying the range of CFRs found in the system-
atic review.

Results
We identified 9,739 unique citations, 2,029 (20.8%) of 
which were from non–English language journals. We ex-
cluded 9,011 by title screening alone. Of the remaining 
728 citations, 700 were excluded by abstract screening.  
Of the remaining 28 potential eligible citations with  
relevant abstracts, 10 were eligible for full text review  
(Figure 5; Table 1). 

We found substantial geographic variation in age-specific 
incidence (Figure 2). Overall, Kenya and Malawi had higher 
incidence rates across all age groups compared with other 
countries. There was a bimodal distribution of incidence for 
these 2 locations, with peaks among for children <5 years of 
age and adults 30–35 years of age. In addition, for children <5 
years of age, the incidence of disease for Kenya and Malawi 
was at least 3 times as high as that for other locations.

944	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	6,	June	2015

Figure 4. Age-specific	invasive	nontyphoidal	Salmonella	disease	incidence	(cases/100,000	population)	for	various	HIV	and	
malaria	settings,	2010.	Number	at	lower	right	corner	of	each	chart	represents	the	number	of	countries	in	the	category.	Incidence	
is	cases/100,000	population.	Solid	lines	on	each	graph	represent	the	estimated	age-specific	invasive	nonthyphoidal	Salmonella 
(iNTS)	disease	incidence;	dotted	lines	represent	ranges.	A	country	is	classified	into	1	of	the	8	categories	on	the	basis	of	national	HIV	
seroprevalence	and	malaria	population	at	risk.	The	age-specific	iNTS	incidence	in	that	category	(solid	line	in	graph)	is	then	applied	
to	the	country’s	population	data	to	determine	the	number	of	cases	and	overall	incidence	of	iNTS	for	the	country.	*2010	Joint	United	
Nations	Program	on	HIV/AIDS	HIV	seroprevalence	(15);	†Malaria	Atlas	Project	population	at	risk	estimate,	defined	as	the	proportion	
of	the	population	living	in	an	area	of	known	Plasmodium falciparum	transmission	(16,17).	
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We estimate 3.4 (range 2.1–6.5) million cases of iNTS 
disease each year and an overall incidence of 49 (range 
30–94) cases/100,000 population (Table 2). Africa has the 
highest incidence of iNTS disease (227 [range 152–341] 
cases/100,000 population) and the largest number of cases 
(1.9 [range 1.3–2.9]) million cases). The age group–spe-
cific incidence rate proportion profile graphs for 8 HIV 
and malaria scenarios suggest substantial changes in iNTS  
incidence rates as the HIV prevalence and proportion of 
population at risk for malaria increase (Figure 4). Most 
countries in the world (69%) belong to the low malaria and 
low HIV category. Among iNTS cases, 63.7% occurred in 
children <5 years of age globally, and 68.3% occurred in 
children <5 years of age in Africa. The global incidence 
ratio of enteric disease to invasive disease was 28:1 (range 
14–45:1) (Table 2), indicating that for every iNTS case 

there were 28 enteric NTS cases. This ratio is highest in 
Asia and Oceania (3,851:1, range 1,317–23,806:1) and 
lowest in Africa (1:1, range 1–2:1).

CFR
A range of potential CFRs, from 3% (27) to 47% (28), was 
identified by the systematic review. Expert opinion identi-
fied a most likely CFR of 20%. Using a CFR of 20%, we 
estimated that 681,316 (range 415,165–1,301,520) deaths 
would result from the annual number of cases. Varying the 
CFR demonstrated a possible range of numbers of deaths 
due to iNTS from 102,197 at 3% CFR (range 62,275–
195,228) to 1,703,290 at 50% CFR (range 1,037,912–
3,253,800) (Table 3).

Discussion
We estimate that 3.4 (range 2.1–6.5) million cases of iNTS 
disease occurred in 2010, with a CFR of 20%, for an over-
all incidence of 49 (range 30–94) cases/100,000 population 
and 681,316 (range 415,164–1,301,520) deaths. For com-
parison, globally there were ≈1.2 million malaria-associat-
ed deaths and 1.5 million HIV-associated deaths in 2010 
(29). Compared with the estimated number of 93.7 million 
enteric NTS illnesses in 2010, the number of iNTS cases is 
considerably lower (1). However, because of the high esti-
mated CFR for iNTS, the number of deaths resulting from 
this disease (681,316 deaths) is considerably higher than 
that estimated for enteric NTS (155,000 deaths). Further-
more, the estimated number of deaths due to typhoid fever 
in 2000 was 216,510 (30), and the estimated number for 
typhoid and paratyphoid fever in 2010 was 190,200 (29).

The highest number of iNTS cases occurred in Af-
rica, where in 2010, almost 2 million illnesses (227 cas-
es/100,000 population) occurred, accounting for more than 
half of global cases. The region with the second highest 
number of cases in 2010 was Europe (763,191 cases cas-
es/100,000 population), but the number was substantially 
lower than that for Africa. The high number of cases in 
Europe is mainly driven by cases in Russia, Ukraine, and 
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Figure 5.	Results	of	a	systematic	review	of	the	literature	for	the	
global	burden	of	invasive	nontyphoidal	Salmonella	disease.	Reports	
published	during	January	1990–December	2012	were	searched.	

 

 

 
Table 1. Eligible	studies	of	iNTS from	systematic	literature	review,	1990–2012* 
Reference Time	of	study Country	(city) Median	iNTS cases/100,000	population	(range) 
Berkley	et	al.	(19) 1998–2002 Kenya	(Kilifi) 8	(4–1,457) 
Tabu	et	al.	(8) 2006–2009 Kenya Lwak,	232	(24–2,085);	Kibera,	0	(0–260) 
Nadjm	et	al.	(20) 2006–2007 Tanzania 7	(0–130) 
Mtove	et	al.	(21) 2006–2010 Tanzania 5	(0–82) 
Sigaúque	et	al.	(22) 2001–2006 Mozambique 22	(1–388) 
Feasey	et	al.	(14) 1998–2004 Malawi,	South	Africa South	Africa,	1.6	(0.3–7.2);	Malawi,	84	(2–1,963) 
Enwere	et	al.	(23) 2000–2004 The	Gambia 17	(1–300) 
Khan	et	al.	(24) 2001–2003 China,	India,	Indonesia,	

Pakistan,	Viet	Nam 
Pakistan,	1.6	(1.2–7.2);	Indonesia,	0.2	(0.2–1.0);	India,	0.05	

(0.03–1.8) 
Gradel	et	al.	(25) 1994–2003 Denmark 1.9	(0–9.6) 
Laupland	et	al.	(26) 2000–2007 Finland,	Australia,	Denmark,	

Canada 
Finland,	0.2	(0.1–7.6);	Calgary,	Canada,	0.2	(0.1–6.5);	

Denmark,	0.4	(0.3–1.9);	Sherbrooke,	Canada,	0.5	(0.4–2.2);	
Victoria,	Canada,	0.07	(0.05–0.3);	Australia,	0.1	(0.09–0.5) 

*iNTS,	invasive	nontyphoidal	Salmonella disease.  
 



RESEARCH

Estonia, 3 eastern European countries with large popula-
tions and relatively higher iNTS incidence profiles com-
pared with those for countries in western Europe. Our find-
ings, together with contemporary longitudinal descriptive 
literature, provide additional evidence that a largely under-
appreciated epidemic of iNTS has been occurring in Africa, 
driven in part by co-infection with HIV or malaria. Anti-
microbial drug resistance emerging across the continent is 
likely to influence the incidence of iNTS and associated 
deaths (31,32).

The incidence of iNTS is highest among children and 
young adults in sub-Saharan Africa. These groups should 
be a high priority for prevention efforts, including a poten-
tial NTS vaccine (33). Efforts to advance vaccines against 
the most prevalent serotypes of NTS, Salmonella serovars 
Typhimurium and Enteritidis, should be intensified.

Estimates of illness and deaths due to iNTS both in 
sub-Saharan Africa and globally are likely to be inaccurate 
(6,34). Invasive bacterial disease surveillance is essential 
for identifying cases and monitoring iNTS trends, yet it 
is not widely available in disease-endemic areas (35). As 
demonstrated by this review, few invasive bacterial disease 
surveillance studies have been conducted that can provide 
population-based incidence data. Most published articles 
identified by the literature search were clinical reports or 
case series. Population-based incidence data are vital for 
future refinements of our estimates.

Sources and modes of transmission of NTS in Africa 
are also poorly understood. The development of nonvac-
cine prevention efforts will require a more in-depth under-
standing of the basic epidemiology of NTS on the conti-
nent (34,36). It is possible that the relative importance of 
transmission through food, water, and contact with animals 
and their environments differs from patterns observed for  

enteric NTS infection in industrialized nations. Further-
more, genomic studies (37) and integrated human and ani-
mal studies (38) raise the hypothesis that infected humans 
may be an important source of infection. There is also evi-
dence that in South Africa iNTS is often associated with 
health care facilities (39,40).

Invasive NTS is a leading cause of invasive bacte-
rial disease in Africa. This finding has a range of impli-
cations for patient management. It is vital that recom-
mendations for empiric management of sepsis incorporate  
antimicrobial agents suitable for the management of iNTS. 
Not only are aminoglycosides inappropriate for intracellu-
lar infections, such as iNTS, but resistance to traditional 
first-line drugs (ampicillin, trimethoprim sulfamethoxazole, 
and chloramphenicol) is now common among iNTS strains 
in Africa (4). Of further concern, resistance to traditional 
first-line drugs among iNTS strains in Asia occurs along-
side resistance to fluoroquinolones and extended-spectrum 
cephalosporins in some areas (41 in online Technical Ap-
pendix 2, http://wwwnc.cdc.gov/EID/article/21/6/14-0999-
Techapp2.pdf). Antimicrobial resistance appears to have 
played a role in the emergence and proliferation of indi-
vidual NTS serovars and strains in populations at risk for 
infection (31,32). In sub-Saharan Africa, evidence suggests 
that Salmonella Typhimurium ST313 has developed mul-
tiple drug resistance and has adapted itself to immunosup-
pressed persons, particularly those living with HIV. Pre-
vention and management of host conditions predisposing 
to iNTS are also likely to be key to the control of iNTS. 
Reductions in malaria transmission have been ecologically 
associated with declines in iNTS disease in some areas (21) 
(42,43 in online Technical Appendix 2). Declines in HIV 
seroprevalence and reductions in the proportion of HIV-
infected persons with low CD4-positive T-lymphocyte 
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Table 2. Global	burden	of	invasive	nontyphoidal	Salmonella disease,	2010,	compared	with	enteric	nontyphoidal	Salmonella disease,	
2009* 

Region 

Enteric	nontyphoidal	Salmonella,	2009† 

 

Invasive	nontyphoidal	Salmonella,	2010 
 Ratio of enteric 
to	invasive	

disease	(range) 
Population, 
thousands No.	cases 

Cases/	
100,000	
population 

Population, 
thousands No.	cases	(range) 

Cases/100,000	
population	
(range) 

N.	Africa,	
MidEast 

410,800 563,000 140  446,721 3,617	(66010,483) 0.8	(0.1–2.3) 156:1	(54–853:1) 

Africa 767,239 2,458,000 320  854,091 1,942,776	 
(1,301,399–2,910,768) 

227	(152–341) 1:1	(1–2:1) 

Asia,	
Oceania 

1,628,815 53,610,000 3,280  1,693,046 13,920	 
(2,252–40,711) 

0.8	(0.13–2.4) 3,851:1	 
(1,317–23,806:1) 

SE	Asia 2,072,274 29,839,000 1,440  2,220,248 472,263	 
(110,992–2,045,128) 

21	(5–92) 63:1	(15–269:1) 

Europe 738,071 5,065,000 690  746,372 763,191	 
(515375–1,179,778) 

102	(69–158) 7:1	(4–10:1) 

Americas 888,437 2,222,000 250  934,132 210,811	 
(145,145–320,732) 

23	(16–34) 11:1	(7–15:1) 

Global 6,511,638 93,757,000 1,140  6,894,610 3,406,579	 
(2,075,823–6,507,600) 

49	(30–94) 28:1	(14–45:1) 

*MidEast,	Middle	East;	N.	Africa,	North	Africa;	SE	Asia,	Southeast	Asia. 
†Majowicz	et	al.	(1). 
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counts by successful antiretroviral drug therapy would be 
anticipated to have similar effects on iNTS disease (44,45 
in online Technical Appendix 2).

Our results demonstrate substantial differences in the 
ratio of enteric to invasive disease by geographic area. 
Whereas the incidence of enteric disease is highest in Asia 
and Oceania, the incidence of invasive disease is highest in 
Africa, where the incidence ratio of invasive to enteric dis-
ease was 1:1 (Table 2), which suggests that the magnitude 
of iNTS in Africa is comparable to that of enteric NTS.

Our study has several limitations. First, our rigorous 
systematic search for population-based incidence data in 
the literature resulted in a limited number of eligible sourc-
es. Despite this scarcity of eligible studies, the existing data 
are of high quality and, we believe, representative of the 
settings from where they were collected. Second, we did 
not consider other host risk factors, such as malnutrition 
and sickle cell disease. Excluding the effect of these con-
ditions might result in underestimation of iNTS incidence 
rates and the number of cases and deaths. Third, we as-
sumed that the country-level prevalence for the HIV- and 
malaria-infected population at risk is uniform, even though 
there is likely considerable subnational variation for these 
measures. Fourth, we did not take into account the declines 
in malaria worldwide in the past decade, nor did we ac-
count for changes in HIV seroprevalence and progress with 
provision of care and treatment globally. We used the most 
contemporary HIV and malaria data available. However, 
iNTS incidence data used in these estimations may have 
been collected under different HIV seroprevalence and 
malaria population at-risk conditions than those observed 
in 2010. In addition, the incidence curve for the low HIV 
and high malaria grouping had an artificially high peak in 
the 35- to 39-year-old age group, which was due to the as-
sumption we made that, across the rows in our incidence 
reference grid, the middle cell is the average of the 2 cells 
on each side. Because we know that malaria is predomi-
nantly associated with iNTS disease among young chil-
dren, we believe this artifact is a result of our assumption. 
However, because there were only 2 countries in this group  
(Comoros and Madagascar), and we believe that any po-
tential overestimation of incidence in the 35- to 39-year-
old age group in these countries will be negligible. In ad-
dition, HIV and malaria also contribute differently as risk  

factors in different ages in a given population. In popula-
tions with high HIV seroprevalence, the risk factors are 
highest among young adults and persons in younger age 
groups; in high malaria areas, the persons at highest risk for 
iNTS are those <5 years of age.

In the absence of a standard CFR for iNTS, we relied 
on expert opinion to estimate the most likely value. Our 
estimate of deaths from iNTS disease was high compared 
with the estimated number of deaths associated with HIV, 
malaria, and protein energy malnutrition. It is likely that 
many iNTS-associated deaths are currently counted as 
deaths resulting from these underlying conditions. This 
high estimate might have been biased by expert opinions 
from hospital-based studies and experiences, especially in 
established research programs that have better diagnostics 
and appropriate antimicrobial drug treatments and a higher 
level of care than in other settings.

Despite these limitations, we provide a baseline esti-
mate of invasive nontyphoidal Salmonella disease burden 
globally, which is urgently needed to set the scientific and 
policy agenda . We hope that our estimate will be refined in 
the future by incorporating new population-based surveil-
lance data, improved estimates of the CFR, and more so-
phisticated approaches to extrapolation and modeling. We 
have demonstrated that iNTS disease is a major cause of 
illness and death globally, particularly in Africa. Improved 
understanding of the epidemiology of iNTS is needed to 
underpin effective efforts for prevention, control, and im-
proved patient management.
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Table 3. Sensitivity	analysis	of	invasive	nontyphoidal	Salmonella 
disease	case-fatality	ratio,	2010 
Case-fatality	ratio,	% Estimated	no.	annual	deaths	(range) 
3 102,197	(62,275–195,228) 
5 170,329	(103,791–325,380) 
10 340,658	(207,582–650,760) 
20 681,316	(415,165–1,301,520) 
30 1,021,974	(622,747–1,952,280) 
40 1,362,632	(830,329–2,603,040) 
50 1,703,290	(1,037,912–3,253,800) 
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The	 farming	 community	 can	 be	 a	 vehicle	 for	 introduction	
of	 livestock-associated	 methicillin-resistant	 Staphylococ-
cus aureus	(LA-MRSA)	in	hospitals.	During	2011–2013,	an	
18-month	 longitudinal	 study	aimed	at	 reducing	 the	preva-
lence	of	LA-MRSA	was	conducted	on	36	pig	 farms	 in	 the	
Netherlands.	Evaluations	every	6	months	showed	a	slight	
decrease	in	MRSA	prevalence	in	animals	and	a	stable	prev-
alence	 in	 farmers	and	 family	members.	Antimicrobial	use,	
expressed	as	defined	daily	 dosages	per	 animal	 per	 year,	
decreased	44%	during	the	study	period	and	was	associated	
with	 declining	 MRSA	 prevalence	 in	 pigs.	 MRSA	 carriage	
in	animals	was	substantially	higher	at	 farms	using	cepha-
losporins.	Antimicrobial	 use	 remained	 strongly	 associated	
with	LA-MRSA	in	humans	regardless	of	the	level	of	animal	
contact.	A	 risk	 factor	 analysis	 outlined	 potential	 future	 in-
terventions	for	LA-MRSA	control.	These	results	should	en-
courage	 animal	 and	 public	 health	 authorities	 to	 maintain	
their	 efforts	 in	 reducing	antimicrobial	 use	 in	 livestock	and	
ask	for	future	controlled	intervention	studies.

In 2005, sequence type (ST) 398 of methicillin-resistant 
Staphylococcus aureus (MRSA) emerged in Europe with 

proven transmission between pigs and humans (1,2). Since 
then, pigs, veal calves, and (to a lesser extent) poultry were 
increasingly found to harbor livestock-associated MRSA 
(LA-MRSA) (3).

ST398 is widely spread across Europe, and ≈70% of pig 
farms in the Netherlands test positive (4). After transfer to hu-
mans, it can be introduced into hospitals and the community 
(5–8). In 2011, ST398 accounted for 39% of all new MRSA 
detected through screening of patients in the Netherlands (9).

To our knowledge, no intervention studies have been 
undertaken to assess the efficacy of MRSA-reducing mea-
sures on farms. Trade of animals is a major risk factor for 

introducing MRSA into a negative herd (10–12). Larger 
herds have been associated with higher antimicrobial use 
(4). Antimicrobial use could not be identified as a clear 
determinant for MRSA (4). Transmission dynamics within 
herds vary by animals’ ages and phase of production, po-
tentially leading to endemicity (13).

In 2006, the European Union banned the use of antimi-
crobial drugs as growth promoters. In the Netherlands the 
most noticeable change started in 2010, when the govern-
ment set objectives for a 50% reduction in antimicrobial 
use by 2013 and 70% by 2015, compared with 2009. This 
policy was combined with benchmarking of farms, and 
later veterinarians, to identify persistently high users of an-
timicrobial drugs (14). As part of this national program, 
farm treatment and health plans have to be drafted and re-
viewed annually (15), which has resulted in an almost 60% 
reduction for the major livestock industry sectors (16,17). 
Against the background of nationwide reduction of antimi-
crobial use, during 2011–2013, we evaluated MRSA car-
riage changes in pigs and humans and study the effect of 
introduction of an additional range of preventive measures 
on MRSA carriage in animals, and humans living and/or 
working on the farms.

Materials and Methods

Study Design, Sample Collection, and  
Laboratory Analysis
Thirty-six pig farms were enrolled in and completed the 
study; 15 were recruited from farmer cooperatives in the 
Netherlands, 20 were recruited by veterinarians in the  
cooperatives, and 1 was recruited by a farm health con-
sultant. Farms were visited at the start of the study during 
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March–September 2011. A questionnaire was completed 
during a walk-through survey with the farm veterinarian. 
The questionnaire contained items on farm characteristics, 
biosecurity, animal management and hygiene practices 
(online Technical Appendix Table 1, http://wwwnc.cdc.
gov/EID/article/21/6/14-0706-Techapp1.pdf). Then, tailor-  
made interventions were developed with the farmer for 
each farm to be implemented from the beginning of the 
study. Interventions focused on 1) further reducing antimi-
crobial use, 2) improving personnel and farm hygiene, and 
3) changing animal contact structures.

Each farm was assessed 4 times during the 18-month 
period (6-month intervals). At each sampling time, the farm 
questionnaire was filled out again to monitor changes. Hu-
man participants completed another questionnaire (online 
Technical Appendix Table 2) focused on tasks performed, 
animal contact, and individual health status. Dry cotton na-
sal swabs (Copan, Brescia, Italy) were used to obtain sam-
ples from humans and animals. Persons self-sampled their 
nostrils, and veterinarians swabbed both anterior nares of 
60 pigs per farm. Animal swab samples were analyzed in 
10 pools of 6 animals. Each pool comprised pigs of the 
same age group in the same pen (suckling piglets, weaned 
piglets, gilts, sows, and finishing pigs). All animal and hu-
man samples were sent by courier to the Infectious Dis-
eases and Immunology Department (Faculty of Veterinary 
Medicine, Utrecht University, Utrecht, the Netherlands). 
The Medical Ethical Committee of the University Medical 
Centre Utrecht approved the study protocol, and all partici-
pants gave written informed consent.

Swab samples were pre-enriched in Mueller Hinton 
broth, followed by selective enrichment with ceftizoxime 
and aztreonam and culture on Brilliance MRSA agar (Ox-
oid, Badhoevedorp, the Netherlands) (18). Suspected colo-
nies were subcultured on Columbia agar with sheep blood 
(Oxoid) and confirmed by using real-time PCR targeting 
mecA, femA, nuc, and C01 genes (19,20).

Farm Types
We classified production types as farrowing and farrow-to-
finish. Farrowing farms did not produce fatteners and deliv-
ered growers (25 kg) to finishing farms (with the exception 
of 1 farm that delivered gilts for farrowing). Farrow-to-fin-
ish farms integrated farrowing and finishing production and 
delivered fattening pigs to the abattoir. A farm was defined 
as open when it received external supplies of gilts >1 time 
per year from at least 1 supplier and as closed when gilts 
were not supplied externally.

Data on Antimicrobial Use
In the Netherlands, all antimicrobial drug deliveries to 
each farm are compiled in national databases. Owners of 
the study farms gave written consent for retrieval of these 

antimicrobial use data over a 2-year period. Antimicrobial 
use was expressed as defined daily dosages per animal per 
year (DDDA/Y) per farm for the 4 periods preceding each 
sampling time. The DDDA/Y is a standard weighted mea-
sure indicating the number of days of antimicrobial drug 
use per year for an average animal on the farm. A more de-
tailed description of the calculation of DDDA/Y has been 
described (14,16).

Data Analysis
We conducted all statistical analyses in SAS software ver-
sion 9.2 (SAS Institute Inc., Cary, NC, USA). We explored 
changes in MRSA carriage in animals and humans and anti-
microbial use over time using simple descriptive statistics. 
DDDA/Y was log2 transformed because of its right-skewed 
distribution. A total of 134 variables in the farm question-
naire and 59 in the human questionnaire were selected for 
longitudinal analysis together with antimicrobial use (crite-
ria of <10% missing values and <10% of farms in each cat-
egory). Odds ratios (ORs) for MRSA positivity in a pig or a 
human sample in the presence or absence of a determinant 
were obtained by using random intercept generalized lin-
ear mixed models (PROC GLIMMIX; SAS Institute, Inc.). 
Only associations from the selected variables with p<0.10 
in pigs (adjusting for age group of the pool) and p<0.20 
in humans (adjusting for hours worked on the farm) were 
presented. Goodness-of-fit of the models was described 
by using -2 log residual pseudo-likelihood estimation, and 
model assumptions were checked with diagnostic plots. 
Generalized additive mixed modeling (gamm4 package in 
R 3.0.2; R Foundation for Statistical Computing, Vienna, 
Austria) was used to assess the shape of the relationship be-
tween antimicrobial use and MRSA in human and animals.

Results
The number of farms was unequally distributed by type of 
farm (Table 1). Characteristics among persons from dif-
ferent farm types did not differ significantly (Table 2). All 
MRSA isolated from animals and humans was ST398.

Antimicrobial Use Reduction and Assessment  
of Particular Interventions
During the 4 periods, tetracyclines were the most used an-
timicrobial drugs (37.6% of total DDDA/Y), followed by 
penicillins (30.2%), trimethoprim/sulfonamides (12.3%), 
macrolides/lincosamides (12.0%), and polymyxins (4.6%). 
The remaining 3.3% corresponded mainly with cephalospo-
rins, amphenicols, pleuromutilines, and fluoroquinolones. 
Most antimicrobial classes decreased in parallel during 
the study; only macrolides slightly increased in DDDA/Y 
(9.9% to 16.5% from the first to the fourth period), and 
tetracyclines and trimethoprim/sulfonamides decreased 
slightly (from 37.0% to 32.7% and from 14.9% to 11.2%, 
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respectively). Overall, 86% of the DDDA/Y were adminis-
tered as batch or group treatment (i.e., animals were treated 
in groups mainly orally for prophylactic or metaphylactic 
reasons) and 14% as individual treatment (mainly by in-
jection). These percentages did not significantly differ by 
type of farm. During the study, overall DDDA/Y decreased 
44%, comparable with the national trend, across all farm 
types except open farrowing farms (Figure 1). Open and/or 
farrowing farms used at least twice as many antimicrobial 
drugs as closed and farrow-to-finish farms (Figure 1).

Farm management changes over time captured from 
the questionnaires were modest; just 10% of the interven-
tion variables (median 9.7%, interquartile range [IQR] 
6.0%–12.3%) per farm changed during the study. Thus, 27 
farms had <12 of the 134 variables that changed. The me-
dian number of farms within a single change was 3 (IQR 
1–4). Thus, 75% of the changes occurred in <4 farms. 
Changes over time did not differ by different farm type. 
Because of these limited and heterogeneous changes, an in-
tervention effect could not be evaluated and we performed 
only a risk factor analysis.

MRSA in Pigs
The number of MRSA-positive farms decreased slightly 
during the study (from 31 to 29 positive farms). Twenty-

eight farms were MRSA-positive at all sampling times. 
Most were open (21 farms; 13 farrow-to-finish and 8 far-
rowing farms), and 7 were closed (5 farrow-to-finish and 
2 farrowing). Four closed farrow-to-finish farms remained 
MRSA-negative during the entire study. From the remain-
ing 4 farms, 3 became negative and 1 became positive dur-
ing the study.

Overall pool-prevalence per sampling time decreased 
slightly on all farms. Open and farrowing farms remained 
at higher prevalences than closed and farrow-to-finish 
farms (Figure 2).

MRSA carriage differed notably between different age 
groups. The average pool-prevalence was 45.6% for finish-
ing pigs; it was highest for suckling and weaned piglets 
(52.2% and 66.2%, respectively) and lowest for gilts and 
sows (30.2% and 30.8%, respectively). These prevalences 
did not significantly differ by farm type.

MRSA in Humans
MRSA prevalence in humans did not change significantly 
over time (Figure 3, panels A, B). Prevalence and carriage 
dynamics differed by number of hours worked on the farm. 
Prevalence for persons working >20 hours per week was 5 
times higher than for persons working <20 hours (Figure 
3, panel B). Persons working >20 hours more frequently 

 

 

 
Table 1. Characteristics	of	farms	in	a	study of	the	dose–response	relationship	between	antimicrobial	drug	use	and	livestock-
associated	methicillin-resistant Staphylococcus aureus in	pig	farming,	the	Netherlands,	2011–2013 

Type	of	farm* No.	farms 
Median	no.	(interquartile	range) 

Sows	 Fatteners 
All 36 350	(270–550) 773	(0–1,950) 
Open 22 337	(300–500) 500	(0–1,300) 
 Farrowing† 9 533	(350–800) 0 
 Farrow-to	finish 13 314	(242–380) 1,100	(600–2,010) 
Closed 14 407	(232–698) 1,400	(450–2,725) 
 Farrowing† 3 439	(239–905) 0 
 Farrow-to	finish 11 367	(200–673) 1,892	(1,025–2,950) 
*Farms	were	defined	as	open	when	they	received	external	supplies	of	gilts	≥1	time	per	year	from	at	least	1	supplier	and	as	closed	when	they	received	no	
external	supply	of	gilts. 
†No fattening pigs present. 

 

 

 

 
Table 2. Characteristics	of	persons	followed	during	the	entire	period	of	a	study of	the	dose–response	relationship	between	
antimicrobial	drug	use	and	livestock-associated	methicillin-resistant Staphylococcus aureus in	pig	farming,	the	Netherlands,	 
2011–2013* 
Characteristic Total	study	population Farmers,	employees Partners Children 
Age,	y	(SD) 33.0	(17.8) 44.0	(13.6) 45.2	(8.9) 14.4	(5.6) 
Mean	time	worked,	h	(SD) 21.8	(25.2) 46.0	(19.9) 10.1	(14.0) 2.2	(6.6) 
Total	no. 158 66 32 60 
Sex     
 M 91 58 0 33 
 F 67 8 32 27 
Open farm 91 34 17 40 
 Farrowing† 26 11 5 10 
 Farrow-to finish 65 23 12 30 
Closed	farm 67 32 15 20 
 Farrowing† 14 8 3 3 
 Farrow-to	finish 53 24 12 17 
*Farms	were	defined	as	open	when	they	received	external	supplies	of	gilts	≥1	time	per	year	from	at	least	1	supplier	and	as	closed	when	they	received	no	
external	supply	of	gilts. 
†No fattening pigs present. 
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tested positive for MRSA at all sampling times (25%) or at 
least at 1 sampling time (48%), compared with those work-
ing <20 hours (2% and 24%, respectively). MRSA carriage 
dynamics did not significantly differ by level of antimicro-
bial use (data not shown) or by farm type (see overlap of 
95% CIs in Figure 3, panel A).

Antimicrobial Use and MRSA Carriage in  
Pigs and Humans
Farms with higher antimicrobial use were more likely to 
have MRSA-positive pigs (Figure 4). The odds that a pool 
would be MRSA positive was 16% higher for a 2-fold in-
crease in DDDA/Y (Table 3). MRSA in pigs from open and 
from farrowing farms (high users of antimicrobial drugs) 
showed a positive trend and a significant association, re-
spectively, with antimicrobial use (Table 3). The odds for 
testing LA-MRSA positive was higher when the propor-
tion of group treatments with antimicrobial drugs was >0.5 
(odds ratio [OR] 1.79, 95% CI 1.12–2.88; p = 0.02). This 
association was also found on open and on farrow-to-finish 
farms but was stronger in farrowing farms (OR 2.9, 95% 
CI 0.98–8.60; p = 0.05). Changes in MRSA carriage in pigs 
over time were significantly associated with changes in  

antimicrobial use; the odds for a 2-fold increase in anti-
microbial use per sampling time (antimicrobial use–time 
interaction) decreased from the second to the last sampling 
(ORs 0.94, 1.27, 1.26, and 1.14 in the 4 consecutive sam-
plings; p = 0.01). The same was found in an analysis re-
stricted to open farms (ORs 0.86, 1.33, 1.18, and 1.06; p 
= 0.01). In farrowing farms (with little reduction in anti-
microbial use), the antimicrobial use–time interaction was 
also significant, but ORs increased over time (ORs 1.04, 
1.38, 1.62, 1.62; p = 0.03).

We also observed a positive trend between antimi-
crobial use in animals and human MRSA carriage (Figure 
4); the unadjusted OR for a 2-fold increase in DDDA/Y 
was 1.17 (95% CI 0.98–1.39; p = 0.09). The antimicrobial 
use–MRSA association did not significantly change af-
ter adjustment for hours worked (ORadj) (Table 3). When 
stratified by working hours, antimicrobial use remained 
especially associated with MRSA for persons working 
>20 hours per week (ORadj 1.25, 95% CI 1.01–1.54; p = 
0.04), compared with those working <20 hours (ORadj 1.21, 
95% CI 0.92–1.59; p = 0.18). A similar trend was observed 
across farrow-to-finish, farrowing, and closed farms (Table 
3). The probability of LA-MRSA carriage was higher when 
the proportion of antimicrobial group treatments was ≥0.5 
(ORadj 1.76, 95% CI 0.79–3.90; p = 0.17). Reduction in 

Figure 1.	Antimicrobial	use	by	type	of	farm	during	the	4	periods	
(≈6	months)	before	each	sampling	time	in	a	study	of	the	dose-
response	relationship	between	antimicrobial	drug	use	and	
livestock-associated	methicillin-resistant	Staphylococcus aureus 
on	pig	farms,	the	Netherlands,	2011–2013.	GM	and	95%	CI	from	
log2	DDDA/Y.	Farms	were	defined	as	open	when	they	received	
external	supplies	of	gilts	≥1	time	per	year	from	at	least	1	supplier	
and	as	closed	when	they	received	no	external	supply	of	gilts.	
Closed	triangles	indicate	closed	farrow-to-finish	farms;	closed	
squares	indicate	closed	farrowing	farms;	open	triangles	indicate	
open	farrow-to-finish	farms;	open	squares	indicate	open	farrowing	
farms.	DDDA/Y,	defined	daily	dosages	animal	per	year;	GM,	
geometric	mean.	Error	bars	indicate	95%	CIs.

Figure 2.	Prevalence	of	LA-MRSA–positive	pooled	samples	
from	pigs	during	a	study	of	the	dose-response	relationship	
between	antimicrobial	drug	use	and	LA-MRSA	on	pig	farms,	the	
Netherlands,	2011–2013.	Farms	were	defined	as	open	when	they	
received	external	supplies	of	gilts	≥1	time	per	year	from	at	least	
1	supplier	and	as	closed	when	they	received	no	external	supply	
of	gilts.	Closed	triangles	indicate	closed	farrow-to-finish	farms;	
closed	squares	indicate	closed	farrowing	farms;	open	triangles	
indicate	open	farrow-to-finish	farms;	open	squares	indicate	open	
farrowing	farms.	LA-MRSA,	livestock-associated	methicillin-
resistant Staphylococcus aureus.	Error	bars	indicate	95%	CIs.
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antimicrobial use over time was not associated with any 
change in MRSA carriage in humans.

Specific levels of DDDA/Y for tetracyclines and peni-
cillins were positively associated (p values from 0.06 to 
0.23) with MRSA in pigs and humans (data not shown). 
The use of cephalosporins (on 7 farms, 6 of them open) 
during the first sampling time, was strongly associated with 
MRSA carriage in pigs (OR 2.94, 95% CI 1.45–5.87; p = 
0.002). This association was not found for humans. Asso-
ciations with other antimicrobial classes were weaker and 
often not statistically significant.

Other Factors Determining MRSA in Humans and Pigs
Number of hours worked on the farm per week was strong-
ly associated with MRSA in the human study population 
(univariate OR 1.82/10 hours worked increase, 95% CI 
1.58–2.06; p<0.0001). Except for antimicrobial use, tasks 
related to animal contact and touching pigs from other 
farms were identified as risk factors for MRSA carriage in 
humans (Table 4). All variables in Table 4 were moder-
ately or highly correlated (Spearman/Pearson r>0.5), and 
no multivariable model was built. We found no correlation 
between farm size, antimicrobial use, and hours worked.

More biosecurity items reducing MRSA carriage in 
pigs were found on closed farms (e.g., different compart-
ments per production phase, boarding platform for sows, 
washing overalls) (Table 5, http://wwwnc.cdc.gov/EID/
article/21/6/14-0706-T5.htm). Some variables had a simi-
lar effect on open and closed farms, increasing risk for 
MRSA (e.g., injection of antimicrobial drugs, clipping of 

teeth, and vaccination of piglets) or decreasing MRSA car-
riage (e.g., presence of a medication pipe separated from 
the water pipe, delivery room for materials, and keeping the 
sows in stable groups [i.e., not mixing]) (Table 5). How-
ever, other effects showed conflicting directions between 
strata (e.g., farm treatment plan, cleaning and disinfecting 
the carcass barrels, source of water supply) (Table 5). Low-
level correlation existed between some variables (pairwise 
Spearman r<0.5) and with antimicrobial use or cephalospo-
rin use (Table 5). A full multivariable model (online Tech-
nical Appendix Table 3) was fitted by using the significant 
determinants from Table 5 together with the use of anti-
microbials and cephalosporins; results from the backward 
elimination of non-significant terms are presented in Table 
6. The presence of external supply of animals, overall an-
timicrobial use, and use of cephalosporins were significant 
risk factors retained through all elimination steps.

Discussion
We found a quantitative association between antimicrobial 
use and MRSA in pigs and humans living and/or working 
on pig farms. Our findings indicate that a reduction in an-
timicrobial use is likely to be effective in reducing MRSA 
carriage in pigs. Risk for MRSA is higher for increased use 
of tetracyclines and penicillins but more so for use of ceph-
alosporins. Except for the change in antimicrobial use over 
time, overall changes in farm management were modest 
and not sufficient to contribute to decreasing MRSA levels. 
Nevertheless, several factors were identified as possible 
candidates for future intervention studies.

Figure 3.	Prevalence	of	LA-MRSA	in	humans	(n	=	158)	during	a	study	of	the	dose-response	relationship	between	antimicrobial	drug	
use	and	LA-MRSA	on	pig	farms,	the	Netherlands,	2011–2013.	Results	are	stratified	by	type	of	farm	(A)	and	number	of	hours	worked	on	
the	farm	(B).	Farms	were	defined	as	open	when	they	received	external	supplies	of	gilts	≥1	time	per	year	from	at	least	1	supplier	and	as	
closed	when	they	received	no	external	supply	of	gilts.	Closed	triangles	indicate	closed	farrow-to-finish	farms;	closed	squares	indicate	
closed	farrowing	farms;	open	triangles	indicate	open	farrow-to-finish	farms;	open	squares	indicate	open	farrowing	farms;	open	diamonds	
indicate	persons	working	<20	hours	per	week;	closed	diamonds	indicate	persons	working	>20	hours	per	week.	LA-MRSA,	livestock-
associated	methicillin-resistant	Staphylococcus aureus.	Error	bars	indicate	95%	CIs.
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The extent of representativeness of a convenient sam-
ple is difficult to evaluate. Nonetheless, descriptive results 
show the heterogeneity of farms included; the decreasing 
trend in use of antimicrobial drugs and the proportions by 
antimicrobial classes and by group and individual treat-
ments mirror national data (16,17).

Levels of antimicrobial use differed considerably by 
farm type. Open and/or farrowing farms were high users of 
antimicrobial drugs and showed a strong positive dose–re-
sponse relationship between antimicrobial use and MRSA 
in pigs. In particular, the use of cephalosporins was related 
to higher carriage rates of MRSA. The literature shows that 
selective pressure favors transmission and spread of MRSA 
in pigs (13,21). MRSA ST398 isolates have shown high 
diversity of resistance genes, and all of them are resistant 
to penicillin and tetracycline (22); the DDDA/Y of these 

antimicrobial classes was related to MRSA in our results. 
Although the use of cephalosporins represented a small pro-
portion of total antimicrobial use, it was strongly associated 
with MRSA in pigs. These antimicrobial drugs are known to 
be important for generation and propagation of resistance in 
S. aureus and other microorganisms (23). The fact that they 
were administered before the first sampling time might be 
related to the initial increase in MRSA prevalence in pigs. 
We refrained from presenting detailed associations by anti-
microbial classes because mostly all classes were used on 
all the farms and were correlated; thus, effects of individual 
classes of antimicrobial drugs were difficult to disentangle 
and require cautious interpretation. The higher risk posed 
by administering group treatments confirms previous find-
ings in the literature (4,12). Interaction between antimicro-
bial use and time was significant, suggesting a decrease of 

Figure 4.	Dose–response	relationships	
between	antimicrobial	use	(log2	DDDA/Y)	
and	livestock-associated	methicillin-
resistant Staphylococcus aureus	(LA-
MRSA)	predicted	probabilities	in	pigs	
(A)	and	humans	(B),	the	Netherlands,	
2011–2013.	Splines	were	obtained	from	
generalized	additive	mixed	models	
with	random	intercepts	for	farms	in	
the	analysis	for	pigs	and	humans.	
Models	accounted	for	the	repeated	
measurements	design	and	were	adjusted	
for	age	group	of	pigs	and	for	animal	
contact	(i.e.,	hours	worked)	for	humans.	
DDDA/Y	was	determined	by	dividing	the	
total	number	of	kilograms	treatable	with	
a	single	mass	unit	of	the	antimicrobial	
drug	concerned,	in	accordance	with	
the	package	insert	information,	by	the	
average	number	of	animal	kilograms	on	
the	farm.	Farms	were	defined	as	open	
when	they	received	external	supplies	
of	gilts	≥1	time	per	year	from	at	least	
1	supplier	and	as	closed	when	they	
received	no	external	supply	of	gilts.	 
p	values	and	maximum-likelihood	(ML)	
scores	for	the	splines	in	the	models	for	
pigs:	all	farms	(p	=	0.03;	ML	1433.5);	
open	farms	(p	=	0.09;	ML	991.3);	closed	
farms	(p	=	0.09;	ML	407.9);	farrowing	
farms	(p	=	0.02;	ML	438.5);	farrow-to-
finish	farms	(p	=	0.39;	ML	936.5).	 
p	values	and	ML	scores	for	the	splines	
in	the	models	for	humans:	all	farms	
(p	=	0.01;	ML	573.9);	open	farms	(p	
=	0.41;	ML	337.8);	closed	farms	(p	=	
0.01;	ML	229.9);	farrowing	farms	(p	=	
0.03;	ML	170.3);	farrow-to-finish	farms	
(p	=	0.17;	ML	398.2).	DDDA/Y,	defined	
daily	dosages	per	animal	per	year;	ML,	
maximum	likelihood.	Shaded	areas	
indicate	95%	CIs.
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MRSA prevalence in pigs over time with decreasing anti-
microbial use. These associations were not found on closed 
and farrow-to-finishing farms, indicating that below a cer-
tain level, antimicrobial use contributes less to MRSA prev-
alence. Nevertheless, it is important to consider that other 
studies have reported high MRSA transmission in the ab-
sence of antimicrobial agents (24,25). Thus, antimicrobial 
use should not be the only target for intervention.

Direct contact with positive animals has been widely re-
ported as the major force driving MRSA carriage in persons 
living and/or working on farms (26–28). In our study, higher 
risk for MRSA in the human study population was strongly 
associated with the number of hours worked on the farm and 
to the variables related to tasks performed on the farm. How-
ever, antimicrobial use also showed a significant positive 
dose–response relationship to MRSA human carriage dur-
ing the study, even after adjustment for hours worked. When 
antimicrobial drugs are administered to animals, substantial 
quantities of these drugs remain in manure, on surfaces of 
barns, and in dust as a potential risk source (29). The selec-
tive pressure exerted by exposure to dust containing antimi-
crobial drugs or directly to antimicrobial powder formula-
tions would explain the higher risk for MRSA carriage in 
persons living or working on pig farms. However, this inde-
pendent effect of antimicrobial use on susceptible bacteria in 
humans is difficult to disentangle from direct MRSA trans-
mission from animals to humans.

The role of animal trade in introducing and spread-
ing MRSA has been reported (4,10–13), but information 

about carriage status of animals entering the farm was 
not available in this study. Nevertheless, our results cor-
roborate that external supply of animals is significantly 
associated with higher MRSA levels. A higher selective 
pressure for MRSA might also occur on open farms be-
cause they had higher overall antimicrobial use and 6 of 
them used cephalosporins. However, external supply of 
animals appeared to be a risk factor, even when evaluated 
together with antimicrobial use and cephalosporin use in 
the multivariate model.

A previous study in the Netherlands found that the 
prevalence of MRSA-positive pig farms steeply increased 
from 40% in 2007 to 70% in 2008 (4). Our results show 
that this prevalence remains high (>80%) but the slight 
increase since 2008 indicates that MRSA carriage in pigs 
might have reached a steady state. Herd size was identi-
fied as a risk factor when MRSA was emerging in livestock 
(12); however, we found no such association.

Several determinants could be targeted for specific 
interventions in the near future. Factors regarding biose-
curity considerably reduced the risk for MRSA, especial-
ly on closed farms. It is remarkable that mostly variables 
related to management of piglets were associated with 
MRSA. Piglets are more susceptible to infection, and they 
receive larger amounts of antimicrobial drugs. Tooth clip-
ping in piglets increased the probability for MRSA car-
riage; MRSA transmission from piglet to piglet might be 
higher when the same plier is used or through the worker. 
Unexpected risk factors could be the product of reverse 

 

 

 
Table 3. ORs	for	livestock-associated	MRSA	in	pigs	and	in	humans with	increasing	use	of	antimicrobial	drugs,	the	Netherlands,	 
2011–2013* 

Characteristic 

ORs	for	a	2-fold	increase	in	DDDA/Y 
Pooled	pig	samples 

 
Farmers	and	family	members 

No.† OR‡ (95%	CI) p	value 2	log	RSPL§ No.¶ OR#	(95%CI) p	value 2	log	RSPL§ 
All	farms 1,421 1.16	(1.02–1.33) 0.03** 6,937.5  626 1.22	(1.01–1.48) 0.04 3,196.9 
Supply	of	gilts††          
 Open 867 1.11	(0.97–1.27) 0.12** 3,828.9  365 1.08	(0.85–1.38) 0.53 1,806.9 
 Closed 554 0.86	(0.69–1.33) 0.79 3,132.2  261 1.31	(0.94–1.81) 0.11 1,424.3 
Production	type          
 Farrowing 476 1.38	(1.03–1.86) 0.03** 2,399.2  158 1.28	(0.85–1.94) 0.24 784.3 
 Farrow-to-finish 954 1.11	(0.95–1.30) 0.18 4,621.4  468 1.19	(0.95–1.50) 0.13 2,439.8 
*Farm	antimicrobial	use	was	defined	as	1	unit	increase	in	the	log2 DDDA/Y.	Results	from	the	random	intercept	generalized	linear	mixed	models	
accounting	for	the	repeated	measurements	design	and	adjusting	for	confounders.	DDDA/Y	indicates	the	number	of	days	of	antimicrobial	use	per	year	for	
an	average	animal	on	the	farm.	It	was	determined	by	dividing	the	total	number	of	kilograms	treatable	with	a	single	mass	unit	of	the	antimicrobial	drug	
concerned,	according	to	the	package	insert	information,	by	the	average	number	of	animal	kilograms	on	the	farm.	The	denominator	comprised	sows	and	
fatteners.	DDDA/Y,	defined	daily	dosages	animal	per	year;	MRSA,	methicillin-resistant Staphylococcus aureus;	OR,	odd	ratio;	RSPL,	residual	pseudo-
likelihood.	Bold	type	indicates	significance	(p<0.05). 
†Number of observations at all sampling times together	(10	pooled	pig	samples	per	farm	on	36	farms	in	4	sampling	times).	Values	are	missing	for	19	
observations. 
‡For analysis in pigs, a farm random intercept was included in the mixed models and adjustment of ORs was made for sampling time	and	age	group of 
pigs	in	the	pool. 
§RSPL	from	the	generalized	linear	mixed	models.	Models	per	stratum	of	external	supply	or	type	of	production	are	not	nested	and -2	log	RSPL	cannot	be	
used	for	comparison. 
¶Number	of	observations	in	all	sampling	times	together	(158	persons,	4	sampling	times).	Values	are	missing	for	6	observations. 
#For	analysis	in	humans,	a	farm	and	a	person	random	intercept	were	included	in	the	mixed	models,	and	number	of	hours	worked	on	the	farm	and	
sampling	time	were	used	for	adjustment	of	ORs. 
**These	models	additionally	showed	significant	antimicrobial	use–time	interaction	indicating	parallel	change	in	antimicrobial	use	and	livestock-associated	
MRSA	prevalence	over	the	study	period	(see	extended	explanation	in	text). 
††Farms were defined as open when they received external supplies of gilts ≥1 time per year from at least 1 supplier and as closed when they received 
no	external	supply	of	gilts. 
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causality such as vaccination of piglets, fatteners, or both 
and frequent change of needles. These possibilities need 
to be explored in other, independent studies. Observations 
for cleaning and disinfection were not consistent. It has 
been previously reported that disinfection has a short-last-
ing positive effect for MRSA reduction (30). Keeping the 
groups of sows stable was an interesting protective factor 
that might reduce MRSA spread within the farm. Animals 
that drank water from the public supply instead of from a 
private source had increased probability for MRSA. Zinc 
oxide specifically co-selects for MRSA ST398 (31,32), 
and concentrations can be higher in tap water as a result 
of leaching from pipes. A higher zinc intake in animals 
might have led to higher selection for MRSA, but this as-
sociation needs further research.

Pooling of animal samples leads to less precise preva-
lence estimates (33,34) but is a low-cost alternative for in-
dividual sampling that enabled enlargement of the number 
of farms tested. Individual testing, however, would not be 
expected to lead to different outcomes.

This study shows the inherent difficulty in evaluating 
pragmatic interventions for MRSA control in pig farms 
under field conditions over a relatively short period. More 

farms and controlled interventions, together with lon-
ger follow-up periods to capture prevalence changes, are 
needed to assess intervention effects over time. Despite the 
limitations, we identified factors that can define attainable 
future interventions (e.g., avoiding tooth clipping, keep-
ing sows in stable groups). Finally, we demonstrated that 
antimicrobial use has a strong and positive dose–response 
relationship with MRSA in pigs and humans living and/or 
working on pig farms. In particular, use of cephalosporins 
resulted in increased MRSA carriage rates in pigs. Animal 
and public health authorities should continue to promote 
the reduction of antimicrobial use. Different approaches for 
MRSA control might be needed in light of the differences 
by type of production and external supply of animals.
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Table 4. ORs for	determinants	of	livestock-associated	MRSA	in	humans,	adjusted	for	number	of	hours	worked	per	week	on	the	farm,	
the	Netherlands,	2011–2013*
Variable No.† OR‡ (95%	CI) p	value§ 2	log	RSPL¶ 
Age,	per	10	y	increase 632 1.14	(0.93–1.41) 0.2 3,204.1 
MRSA	prevalence	in	pigs,	%,	per	10%	increase 632 1.08	(0.97–1.21) 0.16 3,190.9 
MRSA-negative	farm     
 Yes 114 0.06	(0.01–0.27) <0.01 3,288.1 
 No 518 Ref   
Touching	dogs	in past	6–12	mo     
 Yes 446 0.51	(0.27–0.96) 0.04 3,173.7 
 No 180 Ref   
Touching	pigs	from	other	farms	in	past	6–12	mo     
 Yes 86 2.82	(1.35–5.91) 0.01 3,205.3 
 No 546 Ref   
Sorting	of	sows	in	past	7	d     
 Yes 221 1.91	(0.97–3.77) 0.06 3,144.5 
 No 392 Ref   
Sorting	of	suckling	piglets	in	past	7	d     
 Yes 159 2.21	(1.16–4.22) 0.02 3,169.5 
 No 455 Ref   
Sorting	of	weaned	piglets	in	past	7	d     
 Yes 174 1.63	(0.83–3.20) 0.16 3,162.9 
 No 439 Ref   
Feeding	sows	in	past	7	d     
 Yes 220 2.03	(0.99–4.17) 0.05 3,126.0 
 No 390 Ref   
Cleaning	and	disinfecting	weaned	piglets	section	in	past	7	d     
 Yes 81 1.70	(0.76–3.80) 0.2 3,157.8 
 No 538 Ref   
*Results	from	the	random	intercept	generalized	linear	mixed	models	accounting	for	the	repeated	measurements	design	and	adjusted	for	number	of	hours	
worked.	MRSA,	methicillin-associated	Staphylococcus aureus;	OR,	odds	ratio;	Ref,	reference category;	RSPL, residual	pseudo-likelihood.	Bold	type	
indicates	p	values	<0.05. 
†Number of observations in all sampling times together (158 persons, 4 sampling times). Some variables have missing observations. 
‡For analysis in humans, a farm and a person random intercept were	included	in	the	mixed	models,	and	number	of	hours	worked	on	the	farm	and	
sampling	time	were	used	for	adjustment	of	ORs. 
§Only	variables	with	p<0.2	in	the	mixed	models	are	presented	in	the	human	analysis.	 
¶RSPL	from	the	generalized	linear	mixed	models. 
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We	 explored	 potential	 cost-effectiveness	 of	 a	 chlamydia	
vaccine	 for	 young	 women	 in	 the	 United	 States	 by	 using	
a	 compartmental	 heterosexual	 transmission	 model.	 We	
tracked	 health	 outcomes	 (acute	 infections	 and	 sequelae	
measured	in	quality-adjusted	life-years	[QALYs])	and	deter-
mined	 incremental	 cost-effectiveness	 ratios	 (ICERs)	 over	
a	 50-year	 analytic	 horizon.	 We	 assessed	 vaccination	 of	
14-year-old	girls	and	catch-up	vaccination	for	15–24-year-
old	women	in	the	context	of	an	existing	chlamydia	screen-
ing	 program	 and	 assumed	 2	 prevaccination	 prevalences	
of	 3.2%	 by	 main	 analysis	 and	 3.7%	 by	 additional	 analy-
sis.	Estimated	ICERs	of	vaccinating	14-year-old	girls	were	
$35,300/QALY	by	main	analysis	and	$16,200/QALY	by	ad-
ditional	 analysis	 compared	with	 only	 screening.	 Catch-up	
vaccination	for	15–24-year-old	women	resulted	in	estimated	
ICERs	 of	 $53,200/QALY	 by	 main	 analysis	 and	 $26,300/
QALY	by	additional	analysis.	The	ICER	was	most	sensitive	
to	prevaccination	prevalence	 for	women,	 followed	by	cost	
of	vaccination,	duration	of	vaccine-conferred	immunity,	and	
vaccine	efficacy.	Our	results	suggest	that	a	successful	chla-
mydia	vaccine	could	be	cost-effective.

Chlamydia remains a major public health problem; there 
were ≈105.7 million new cases of this disease among 

adults 15–49 years of age worldwide in 2008 (1). In the 
United States, >1.4 million cases of chlamydial infections 
were reported to the Centers for Disease Control and Pre-
vention in 2012 (2). A recent study estimated that there 
were ≈2.8 million cases of chlamydia among all persons 
of all ages in 2008 (3) and that the estimated direct lifetime 
cost was >$500 million 2013 US dollars (4). Most infec-
tions in women are asymptomatic, and untreated infections 
can progress to serious sequelae, such as pelvic inflamma-
tory disease (PID), ectopic pregnancy, tubal infertility, and 
chronic pelvic pain (5,6). In addition, untreated chlamydia 
may cause serious and costly sequelae, such as urethritis, 
epididymitis, proctitis, and Reiter syndrome in men (5).

In this study, we explored the health and economic out-
comes of a hypothetical chlamydia vaccine in the United 
States from a societal perspective. Although there currently 
is no chlamydia vaccine, the future development of an ef-
fective chlamydia vaccine is possible, and support for use 
of a vaccine for future chlamydia prevention efforts contin-
ues to increase (7–10). Models of the effect and cost-effec-
tiveness of human papillomavirus (HPV) vaccine were de-
veloped before HPV vaccines were approved for use in the 
United States. These models, as well as subsequent models 
they helped to inform, proved valuable to public health of-
ficials and policy makers (11–14). Our exploratory model 
is intended to help advance the discussion surrounding de-
velopment of a successful chlamydia vaccine, to inform the 
business case for investing in research and development of 
chlamydia vaccines, and to promote development of more 
detailed models so that the necessary tools are in place for 
chlamydia vaccine recommendations.

Methods

Model Summary
Institutional review board approval was not required for 
this study because we used only secondary data. To assess 
the health and economic outcomes of a hypothetical chla-
mydia vaccine for young persons (15–24 years of age), we 
accounted for herd effects by using a heterosexual trans-
mission model. We constructed a relatively simple deter-
ministic population-based compartmental model of chla-
mydia transmission (Figure 1) on the basis of previously 
published models (15–17). We assumed a population of 
100,000 (50% men and 50% women) (13,16). To simplify 
our model, our population was made up of 1 age group 
(men and women 15–24 years of age) that has the highest 
risk for chlamydia infection in the United States (3). Thus, 
our model was not age-structured.

Given that our model population consisted of 10 birth 
cohorts (ages 15 to 24 years), we assumed that annual en-
try and exit into the population of 15–24-year-old persons 
was ≈10% of the population. In addition, we assumed that 
the age at sexual debut (first sexual intercourse) for girls 
and boys was 15 years. Thus, 14-year-old persons who 
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turned 15 entered the model in susceptible compartments, 
and 24-year-old persons who turned 25 exited the model 
at the end of each year, such that the total population was 
constant at any given time over the analytic horizon (Fig-
ure 1). We accounted for heterogeneity in sexual behavior 
by assuming 2 classes of sexual activity (high and low) on 
the basis of the annual number of new sex partners. Other 
details of the model and associated equations are provided 
in the online Technical Appendix (http://wwwnc.cdc.gov/
EID/article/21/6/14-1270-Techapp1.pdf). We assembled 
data for the model from published reports (Table 1).

Preliminary analyses, as well as results from other 
cost-effectiveness studies, indicated that the burden of 
chlamydia was an influential variable. Thus, we conducted 
2 analyses: main analysis and additional analysis. In the 
main analysis, parameter values were selected from within 
published ranges such that the resulting chlamydia preva-
lence for women in the model was near the US national 
average for women 15–24 years of age (i.e., 3.2%) (3) 
after accounting for the current screening rate of 30%. In 
the additional analysis, we modified the model by using 
parameter values from within published ranges of key pa-
rameters such that the resulting chlamydia prevalence for 
women was 0.5% higher than was used in main analysis 
(i.e., 3.7% and a screening rate of 30%). Specifically, this 
was achieved by changing the proportion of women and 
men in the low sexual activity group from 97.9% to 97.6% 
and from 95.0% to 95.5%, respectively. Essentially, we  

increased the proportion of women in the high sexual ac-
tivity group by 0.3% and decreased the proportion of men 
in the high sexual activity group by 0.5%. These changes 
were made to provide more information on the resulting 
health and economic outcomes in a population with a high-
er chlamydia prevalence.

Vaccine Characteristics
We assumed that vaccine efficacy was 75% at a cost of 
$547 (2013 US dollars, cost of complete vaccine series per 
person) and provided immunity for an average of 10 years. 
As has been performed in most published studies on vac-
cine cost-effectiveness (8,13,14,28), we repeated the analy-
sis using 100% efficacy and lifelong duration of vaccine 
immunity. We assumed that the chlamydia vaccine was 
prophylactic; thus, there were no therapeutic benefits to 
recipients who were already exposed/infected. We also as-
sumed that persons with symptomatic infections or sequel-
ae were not vaccinated. On the basis of current coverage 
of HPV vaccine (27), we assumed that chlamydia vaccine 
coverage for girls 14 years of age and women 15–24 years 
of age would be 30% achieved by a linear increment during 
the first 5 years of the onset of the vaccination program and 
would remain at that rate over the analytic horizon.

Evaluation of Strategies and Health Outcomes
The 4 strategies assessed were A) no screening, no vaccina-
tion; B) screening women 15–24 years of age; C) screening 
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Figure 1.	Schematic	for	exploring	
the	cost-effectiveness	of	the	
hypothetical	chlamydia	vaccine.	
S,	susceptible;	E,	exposed;	Ia,	
infectious	asymptomatic;	Is,	
infectious	symptomatic;	R,	infection-
conferred	immunity;	Z,	sequelae;	
V	(shaded	area),	vaccinated;	
superscripts,	none,	not	vaccinated;	
0,	vaccinated	but	not	effective;	1,	
vaccinated	and	effective.	Infected	
persons	move	into	the	exposed	(E,	
incubation	compartment).	From	E,	
they	move	to	either	the	infectious	
asymptomatic	(Ia)	or	infectious	
symptomatic	(Is)	compartment	on	
the	basis	of	the	probability	of	being	
symptomatic	and	the	duration	of	
incubation.	Further	details	are	
provided	in	the	online	legend	 
(http://wwwnc.cdc.gov/EID/
article/21/6/14-1270-F1.htm).	
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women 15–24 years of age and vaccinating girls 14 years 
of age; and D) screening women 15–24 years of age, vac-
cinating girls (14-year-old), and catch-up vaccination for 
women 15–24 years of age. Thus, all persons vaccinated 
were also subject to annual screening at the same rate as 
persons who were not vaccinated. For cost purposes, it was 
assumed that screening would be conducted opportunisti-
cally when patients sought other care. Therefore, no pro-
ductivity costs were assessed for screening.

Health outcomes were measured in quality-adjusted 
life-years (QALYs) estimated by using health state utility 
weights for acute infections and sequelae for men (epididy-
mitis) and women (PID), including chronic pelvic pain, ec-
topic pregnancy, and infertility (16). Cumulative cost and 
effects (QALYs) were estimated over a 50-year time frame 
and analytic horizon for all strategies. All outcomes (cost 
and effects) were discounted at an annual rate of 3%. All 
costs were adjusted to 2013 US dollars by using the Medi-
cal Care component of the Consumer Price Index (29). To 

provide summaries of cost-effectiveness results from a 
societal perspective, we included productivity costs in the 
cost of diseases.

Sensitivity Analyses
We assessed the sensitivity of our results to numerous pa-
rameter values (n = 44) that we used in our model. Specifi-
cally, we first used the Latin hypercube sampling (15,30) 
method to create 120 random combinations of parameter 
values by randomly choosing (without replacement) from 
120 equiprobable parameter value intervals from ranges 
provided in Table 1. To explore all values in specified rang-
es equally, we assumed uniform distribution for all vari-
ables. Next, we ran each simulation and checked to ensure 
that a steady-state was reached before and after introducing 
the strategy. We recorded the resulting prevalence (for men 
and women), costs, and QALYs before and after the vac-
cination program. We then ranked all values (i.e., param-
eter values, prevalence and incremental cost-effectiveness 
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Table 1. Model	parameters,	base-case	values,	and	ranges	used	in	a	model	to	assess	health	and	economic	outcomes	of	a	hypothetical	
chlamydia	vaccine* 

Parameter 
Value	(range) 

Reference Men Women 
Duration	of	symptomatic	infection,	d 14	(10–21) 28	(10–35) (15,16) 
Duration	of	asymptomatic	infection,	d 182.5	(120–240) 365	(240–480) (15,16) 
Incubation	period,	d 14	(7–21) 14	(7–21) (15,16) 
Duration	of	sequelae,	d 21	(10–30) 60	(45–75) (16) 
Probability	of	sequelae,	% 2	(0–5) 15	(10–20) (16,18) 
Per-partnership	transmission	probability,	% 70	(25–80) 68	(25–80) (19) 
Probability	of	symptomatic	infection,	% 50	(20–80) 20	(10–50) (15,16) 
Average	no.	partners	in	past	year,	high	sexual	activity 13.30	(10.00–16.00) 33.26	(30.00–40.00) (15,16,20) 
Average	no.	partners	in	past	year,	low	sexual	activity 0.90	(0.60–1.20) 0.88	(0.60–1.50) (15,16,20) 
Proportion	in	low	sexual	activity	class,	% 95.0	(90.0–99.0) 97.9	(95.0–99.0) (15,16,20) 
Annual	screening	rate,	% 0 30	(10–50) (15) 
Probability	of	postscreening	treatment,	% 80	(50–99) 80	(50–99) (15) 
Probability	of	treatment,	symptomatic,	% 89	(80–100) 89	(80–100) (4) 
Test	sensitivity,	% 95	(90–100) 95	(90–100) (21) 
Test	specificity,	% 99 (95–100) 99	(95–100) (21) 
Treatment	efficacy	(doxycycline,	azithromycin),	% 92	(80–100) 92	(80–100) (15,22) 
QALYs	lost/case 
 Symptomatic infection 0.005646	±	50% 0.009913	(±	50%) (16) 
 Sequelae† 0.009530	±	50% 0.497580	(±	50%) (16) 
Costs	(2013	US	dollars) 
 Treatment	of	acute	chlamydia‡ 185.2	±	50% 183.0	(±	50%) (4,23–25) 
 Sequelae† 1,337	±	50% 4,516	(±	50%) (4,16,26) 
 Screening 55	±	50% 55	(±	50%) (4,23) 
 Vaccination 547	±	50% 547	(±	50%) Model	assumption 
Vaccine	coverage,	14-y-old	persons,	% 0 30	(10–50) Model	assumption	(27) 
Vaccine	coverage,	15–24-y-old	persons,	% 0 30 Model	assumption	(27) 
Vaccine	efficacy,	% 75	(50–100) 75	(50–100) Model	assumption	(27) 
Duration	of	vaccine-conferred	immunity,	y 10	(1–100) 10	(1–100) Model	assumption 
Duration of infection-conferred	immunity,	y 1	(0.5–5.0) 1	(0.5–5.0) (17) 
Relative	size	of	the	14-y-old	population	entering	model	
compared	with	overall	population	model,	% 

10	(5–15) Model	assumption 

Sexual	mixing	parameter§ 0.50	(0.10–0.90) Model	assumption 
Discount	rate,	% 3	(0–10) Model	assumption 
*QALYs,	quality-adjusted	life	years. 
†Includes	productivity	costs	or	QALYs	(where	applicable)	for	epididymitis	for	men	and	complications	associated	with	pelvic	inflammatory	diseases	(i.e.,	
chronic	pelvic	pain,	ectopic	pregnancy,	and	infertility)	for	women. 
‡Includes	productivity	costs	associated	with	acute	chlamydia	and	seeking	treatment	(24)	and	the	reported	youth	(16–24-y-old	persons)	employment	rate	
in	2010	(48.9%)	(25). 
§Used	to	determine	the	degree	of	mixing	between	the	2	(high	and	low)	sexual	activity	groups	(0,	random	mixing;	1,	fully	assortative). 
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ratios [ICERs]) and determined the partial rank correlation 
coefficients (PRCCs). The PRCCs provided the magnitude 
of the effect of the referent parameter on the ICER after 
partially eliminating effects of the other parameters.

In preliminary analyses, we found that prevaccina-
tion steady-state prevalence could vary substantially in the 
sensitivity analyses and that prevaccination prevalence for 
women was an influential determinant of the effect and cost-
effectiveness of the vaccine program. Thus, we divided the 
PRCC analyses into 2 parts. In the first part, we determined 
the causal parameters for the prevaccination prevalence 
and then excluded these parameters from the second and 
final PRCC analysis, in which we determined the influen-
tial variables/parameters of the ICER. Thus, we determined 
the influential parameters of the prevaccination prevalence 
for women and included the prevaccination prevalence for 
women in the second and final PRCC analysis to determine 
the influential variables/parameters of the ICER. For the 
sensitivity analyses, we focused on the ICER for strategy 
C (screen women 15–24 years of age and vaccinate girls 
14 years of age) when compared with strategy B (screen 
women 15–24 years of age).

Results

Main Analysis
In the base-case scenario, chlamydia prevalence in the 
strategy A scenario (no screening, no vaccination) was 
3.73% in women and 2.90% in men. With annual chlamyd-
ia screening coverage of 30% (the approximate status quo 
in the United States), chlamydia prevalence decreased from 
3.73% to 3.24% for women and from 2.90% to 2.79% for 
men (Figure 2). The estimated ICER of strategy B (screen 
women 15–24 years of age) when compared with strategy A 
(no screening, no vaccination) was $38,700/QALY gained 
(Table 2). When vaccinating 14-year-old girls only in  

addition to screening (i.e., strategy C: screen women 15–24 
years of age and vaccinate girls 14 years of age), the chla-
mydia prevalence was reduced to 2.76% for women and 
to 2.55% for men, and the estimated ICER of vaccination 
when compared with the status quo strategy B (i.e., screen-
ing 15–24-year-old women) was $35,300/QALY gained 
(Table 2).

Including catch-up vaccination for 15–24-year-old 
women (i.e., strategy D, screen women 15–24 years of age, 
vaccinate girls 14 years of age, and catch-up vaccination 
for women 15–24 years of age) did not change the long-
term reduction in chlamydia prevalence relative to strategy 
C (Figure 2). However, reductions in chlamydia prevalence 
were achieved more rapidly than without catch-up vacci-
nation (Figure 2). The estimated ICER of adding catch-up 
vaccination when compared with strategy C (screen wom-
en 15–24 years of age and vaccinate girls 14 years of age) 
was $53,200/QALY gained. Throughout the analyses, al-
though strategy B was weakly dominated, we did not elimi-
nate it because we wanted to show how vaccine strategies 
compared with the status quo or existing strategy B (screen 
females 15–24 years of age).

When we applied values for perfect vaccine perfor-
mance (i.e., 100% efficacy and lifelong duration of im-
munity), the chlamydia prevalence in strategy C (screen 
women 15–24 years of age and vaccinate girls 14 years 
of age) was reduced further, to 2.01% for women and to 
2.14% for men (Figure 2), and the ICER when compared 
with strategy B (screen women 15–24 years of age) was 
reduced to $9,700/QALY gained. Adding catch-up vacci-
nation for 15–24 year-old women (i.e., strategy D: screen 
women 15–24 years of age, vaccinate girls 14 years of age, 
and catch-up vaccination for women 15–24 years of age) 
compared with strategy C (screen women 15–24 years of 
age and vaccinate girls 14 years of age) had an ICER of 
$16,100/QALY gained (Table 2).
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Table 2.	Summary	health	and	cost	outcomes	for	a	hypothetical	population	of	100,000	persons	for	the	examined	strategies	for	the	main	
analysis	(3.2%	chlamydia	prevalence	for	women	15–24	years	of	age)* 

Strategy 

Cumulative 
sequelae 

Total	cost† QALYs	lost 
Incremental 

Men Women Cost† QALYs $/QALY 
A)	No	screening,	no	vaccination 1,654 7,458 54,159,500 4,268 Referent Referent Referent 
B)	Screening	15–24-year-old	persons 1,593 6,515 72,823,100 3,786 18,663,600 482 38,700 
75%	efficacy	lasting	an	average	of	10	years        
 C)	Screening	15–24-year-old	persons	 
 and	vaccinating	14-year-old	persons 

1,487 5,767 87,480,600 3,371 14,657,600
‡ 

415‡ 35,300 

 D)	Screening	15–24-year-old	persons,	 
 vaccinating	14-year-old	persons,	and	 
 catch-up	vaccination	of	15–24-year-old 
 persons 

1,466 5,558 93,540,000 3,257 6,059,300 114 53,200 

100%	efficacy	lasting	for	life        
 Repeat	C 1,352 4,903 81,495,900 2,889 8,672,800‡ 897‡ 9,700 
 Repeat D 1,297 4,423 85,773,100 2,624 4,277,200 265 16,100 
*All	outcomes	(cumulative	sequelae,	quality-adjusted	life-years	[QALYs],	and	costs)	have	been	discounted	at	an	annual	rate	of	3%. 
†Costs	are	in	2013	US	dollars	and	rounded	to	the	nearest	hundred. 
‡Incremental	cost	and	QALYs	when	compared	with	strategy	B	(screening	15–24-year-old	persons).	Although	this	strategy	was	weakly	dominated,	we	did	
not	eliminate	it	because	we	wanted	to	show	how	the	vaccine	strategies	compared	with	the	status	quo	or	existing	strategy	(B). 
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When we assumed perfect chlamydia vaccine perfor-
mance (i.e., 100% efficacy and lifelong duration of immu-
nity) and increased coverage for 14-year-old persons to 
>75%, our results indicated that overall illness from chla-
mydia decreased by ≈ 90% in 20 years. In addition, illness 
from chlamydia was eliminated in ≈30 years after onset of 
the vaccination program.

Additional Analysis
Results for additional analysis were similar in relative 
terms to what we found for main analysis. However, be-
cause of higher chlamydia prevalence in additional analy-
sis, the estimated ICERs were substantially lower (<50%) 
than we found for main analysis (Table 3). When we ap-
plied values for perfect vaccine performance (i.e., 100% 
efficacy and lifelong duration of immunity), the estimated 
ICER for strategy C (screen women 15–24 years of age and 
vaccinate girls 14 years of age) was cost-saving (Table 3). 
Adding a catch-up vaccination program for 15–24-year-old 
women (i.e., strategy D: screen women 15–24 years of age, 
vaccinate girls 14 years of age, and catch-up vaccination 

for women 15–24 years of age) was also highly cost-effec-
tive ($1,500/QALY gained over strategy C [screen women 
15–24 years of age and vaccinate girls 14-years of age]).

Sensitivity Analyses
A summary of results from the first part of the PRCC 
analyses used to determine the hierarchy of influential 
parameters for preintervention prevalence in women is 
shown in Table 4. Our results indicated that the prein-
tervention prevalence for women was highly sensitive 
to the proportion of women in the low (or high) sexual 
activity category, followed by the duration of infection-
conferred immunity, per-partner transmission probability 
(man to woman), duration of asymptomatic infections 
(woman followed by man), mixing parameter, probability 
of symptomatic infection (woman followed by man), an-
nual screening coverage (women), number of partners in 
the past year for women with low sexual activity, number 
of partners in the past year for women with high sexual 
activity, number of partners in the past year for men with 
low sexual activity, duration of symptomatic infections in 
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Figure 2.	Time-prevalence	chart	for	annual	screening	for	15–24-year-old	women	and	a	hypothetical	chlamydia	vaccine	program	for	
preadolescent	girls	(14	years	of	age)	and	women	15–24	years	of	age	in	the	United	States	from	the	main	analyses.	We	separated	the	
start	of	the	different	programs	(i.e.,	screening	and	vaccination)	for	illustrative	purposes	and	to	avoid	clutter.	When	estimating	the	health	
and	economic	outcomes,	we	assumed	that	the	strategy	being	analyzed	started	at	the	20-year	mark	and	the	outcomes	were	tracked	
over	a	50-year	period	(analytic	horizon)	ending	at	the	70-year	mark.	*Includes	the	existing	annual	screening	(15–24-year-old	women)	
strategy.	Screening	and	vaccination	coverage	were	30%	for	all	applicable	age	groups.
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women, probability of postscreening treatment, and rela-
tive size of the population of persons 14 years of age en-
tering the model each year.

The second and final part of the PRCC analyses used to 
determine the hierarchy of influential parameters/variables 
of the ICER is shown in Table 4. Our results showed that 
the most influential variable on the estimated ICER was the 
prevaccination prevalence in women, followed by 3 vac-
cine-related variables (vaccine cost, duration of vaccine-
conferred immunity, and vaccine efficacy), probability of 
sequelae in women, and the discount rate.

The estimated prevaccination prevalence for wom-
en ranged from 0.06% to 8.51% (mean 2.06%, 95% CI 
1.81%–2.31%). The overall average ICER was $86,349/
QALY gained (95% CI $66,910–$105,789), but this value 
was largely attributable to scenarios with low prevalence 
of chlamydia. When looking at the ICERs for female pre-
vaccination prevalence cutoffs (0.00–1.99, 2.00–3.99, and 
>4.00), the average ICERs were $125,087/QALY gained 
(95% CI $94,422–$155,752), $43,037/QALY gained (95% 
CI $32,824–$53,248), and $4,849/QALY gained (95% CI 
cost-saving–$28,344], respectively (Figure 3). When pre-
vaccination prevalence for women was 2%–3%, the esti-
mated average ICER was $44,486/QALY gained (95% CI 
$31,772–$57,202). Finally, when we limited the analysis 
to include only parameter sets that resulted in chlamydia 
prevalence within the CIs reported for chlamydia preva-
lence in the United States (i.e., 2.26%–4.52%) (3), the esti-
mated average ICER was $42,378/QALY gained (95% CI 
$29,619–$55,136).

Discussion
We used a deterministic heterosexual transmission model 
that was relatively simple compared with previously pub-
lished models (11–14,20,31) to explore the potential health 
and economic outcomes of a hypothetical chlamydia vac-

cine focusing on vaccination programs for 14-year-old 
girls and 15–24-year-old women in the United States. We 
repeated our analyses by using a higher disease burden. 
Overall, results from our exploratory analyses showed 
that a chlamydia vaccine could be cost-effective under 
many plausible scenarios. Interventions that reduce QA-
LYs lost for <1–3 times per capita gross domestic product 
(≈$50,000 in the United States) are typically considered to 
be cost-effective (32). Our sensitivity analyses suggest that 
a highly efficacious chlamydia vaccine with long duration 
of immunity might be cost-saving in countries with high 
prevalence of chlamydia, as demonstrated by results of our 
additional analysis. Our results are consistent with pre-
liminary, spreadsheet-based calculations, which suggested 
that a chlamydia vaccine would cost <$10,000/QALY  
saved (28).

Our analyses showed that a high-performance vac-
cine could potentially eliminate chlamydia infection when 
coverage was high (>75%) among susceptible persons be-
fore their sexual debut. These results were consistent with 
findings from previous studies (17,33), and our estimates 
of cost-effectiveness of chlamydia screening (versus no 
screening) were consistent with those of previous studies 
(16,34). In addition, the relative cost-effectiveness of tar-
geting different age groups was consistent with results of 
previous studies on HPV vaccine (11–14). In particular, 
our study showed that catch-up vaccination of 15–24-year-
old women, in addition to 14-year-old girls, resulted in an 
increase in the ICER, implying that additional QALYs are 
gained at higher costs. Consistent with results of Elbasha et 
al. (13) the addition of catch-up vaccination of 15–24-year-
old women did not change the long-term prevalence of in-
fection, but did shorten the time needed to realize the ef-
fects of vaccination.

An additional aspect of vaccination is that it is easi-
er to implement than an intervention of routine screening  
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Table 3. Summary	health	and	cost	outcomes	for	a	hypothetical	population	of	100,000	persons	for	the	examined	strategies	for	the	
additional	analysis	(3.7%	chlamydia	prevalence	for	women	15–24	years	of	age)* 

Strategy 
Cumulative	sequelae 

Total	cost† QALYs	lost 
Incremental 

Men Women Cost† QALYs $/QALY 
A)	No	screening,	no	vaccination 1,720 8,610 63,744,600 5,161 Referent Referent Referent 
B)	Screening	15–24-year-old	persons 1,635 7,465 82,743,300 4,282 18,998,700 879 21,600 
75%	efficacy	lasting	an	average	of	10	years        
 C)	Screening	15–24-year-old	persons	 
 and	vaccinating	14-year-old	persons 

1,568 6,931 87,498,800 3,989 4,755,500‡ 293‡ 16,200 

 D)	Screening	15–24-year-old	persons,	 
 vaccinating	14-year-old	persons,	and	 
 catch-up	vaccination	of	15–24-year-old	 
 persons 

1,540 6,629 91,820,000 3,825 4,321,200 164 26,300 

100%	efficacy	lasting	for	life        
 Repeat	C 1,457 6,122 82,059,500 3,541 683,800‡ 741‡ Cost-saving 
 Repeat D 1,368 5,252 82,750,200 3,067 690,700 474 1,500 
*All	outcomes	(cumulative	sequelae,	quality-adjusted	life-years	[QALYs],	and	costs)	have	been	discounted	at	an	annual	rate	of	3%. 
†Costs	are	in	2013	US	dollars	and	rounded	to	the	nearest	hundred. 
‡Incremental	cost	and	QALYs	when	compared	with	strategy	B	(screening	15–24-year-old	persons).	Although	this	strategy	was	weakly	dominated,	we	did	
not	eliminate	it	because	we	wanted	to	show	how	the	vaccine	strategies	compared	with	the	status	quo	or	existing	strategy	(B). 
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because it does not need to be repeated annually. Al-
though health services data have shown chlamydia 
screening rates >30% in young women (35), time-series 
insurance data have shown that <1% of women <25 
years of age are consistently screened at least once per 
year (36).

Our exploratory study has several limitations. No-
table among them is the inherent limitations associated 
with models in general because models are simplifications 
of real-world events. Thus, all limitations associated with 
models are applicable. Another major limitation is the high 
uncertainty surrounding the parameter values we used 
(including illness estimates). Because we focused on het-
erosexual transmission, our model was largely driven by 
parameters associated with women; prevaccination preva-
lence was calibrated to approximate reported illnesses for 
women, and prevaccination prevalence for men was deter-
mined by the model. Because a substantially high propor-
tion of high-impact health outcomes of chlamydia infection 
are in women (i.e., PID and associated complications), it 
is reasonable to focus on illness in women in such analy-
ses. Nonetheless, as was conducted for HPV (11,13), future 
studies should also assess cost-effectiveness of chlamydia 
vaccination for men.

The prevaccination prevalence rates for men deter-
mined by our model were substantially different from re-
ported prevalence rates for men in the United States. For 
instance, the reported prevalence for men of a similar age 
group (15–24 years) in the United States was approximate-
ly half that of women (men 1.66%; women 3.21%) (3), and 

prevalence in men from our main analysis was substantial-
ly higher (men 2.79%; women 3.24%).

We excluded numerous possible outcomes of chla-
mydia vaccination, such as changes in the number of part-
ners or screening practices, which might arise as a result of 
vaccination, health benefits for persons vaccinated while 
infected, and costs and loss in quality of life to persons who 
experience potential adverse vaccination outcomes, such as 
side effects (e.g., temporary pain at injection site) (11).

We did not explore potential broader properties of an 
effective chlamydia vaccine, such as degree (i.e., reducing 
susceptibility but not completely eliminating it) or infec-
tiousness (i.e., breakthrough infections being less infectious 
than primary infections and shorter in duration). Future 
studies should consider assessing these 2 characteristics 
(degree and infectiousness). We assumed that all members 
of the hypothetical population (with substantially different 
sexual activity levels) have equal access to screening, treat-
ment, and vaccination. Thus, treatment rate, screening rate, 
and vaccination coverage were applied equally across all 
eligible model compartments (subpopulations). However, 
this simplifying assumption is probably not realistic. Con-
sequently, benefits of screening and vaccination might have 
been overestimated if women who are highly sexually ac-
tive were less likely to be screened, treated, or vaccinated. 
In addition, it is also conceivable that persons vaccinated 
might be less likely to be screened for chlamydia annually. 
Further studies are needed to explore the potential health 
and economic benefits of a chlamydia vaccine that targets 
specific subpopulations, such as persons infected, those 
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Table 4. Summary partial rank	correlation	coefficients for	select	parameters	used	in	the	model	to	determine	the	health	and	economic	
outcomes	of	a	hypothetical	chlamydia	vaccine 
Variable/parameter* Rank	coefficient† p	value 
Dependent	variable:	prevaccination	prevalence	in	women 
 Proportion	of	women	in	low	activity	class 0.85 0.0001 
 Duration of infection-conferred	immunity 0.77 0.0001 
 Per-partner	probability	of	transmission,	man	to	women 0.73 0.0001 
 Duration	of	asymptomatic	infection	in	women 0.50 0.0001 
 Duration of asymptomatic infection in men 0.49 0.0001 
 Mixing	parameter 0.45 0.0001 
 Proportion	of	symptomatic	infections	for	women 0.40 0.0001 
 Proportion	of	symptomatic	infections	for	men 0.38 0.0001 
 Annual	screening	coverage	for	women 0.36 0.0001 
 No.	partners	in	past	year,	low	sexual	activity	women 0.30 0.0001 
 No.	partners	in	past	year,	high	sexual	activity	women 0.30 0.012 
 No.	partners	in	past	year,	low	sexual	activity	men 0.27 0.013 
 Duration	of	symptomatic	infection	for	women 0.21 0.047 
 Probability	of	postscreening	treatment 0.18 0.069 
 Relative	size	of	the	14-y-old	population 0.12 0.091 
Dependent	variable:	incremental	cost-effectiveness	ratio 
 Prevaccination	prevalence	for	women 0.77 0.0001 
 Vaccine	cost 0.71 0.0001 
 Duration	of	vaccine-conferred	immunity 0.50 0.0001 
 Vaccine	efficacy 0.45 0.0001 
 Probability	of	sequelae	for	women 0.32 0.0001 
 Discount rate 0.29 0.0001 
*Only	variables/parameters	for	which	p<0.10	are	shown. 
†Presented	in	decreasing	order	of	absolute	magnitude. 
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with limited access to health care, and those who have mul-
tiple sexual partners.

Because our model does not account for major factors, 
such as age-based mixing of sexual partners and ongoing 
sexual partnerships, our model is not of sufficient complex-
ity to inform chlamydia vaccine recommendations. For ex-
ample, our model assumed sexual debut at 15 years of age 
and that sex partners were chosen from a pool of 15–24 
year-old persons, thereby ignoring heterogeneity in age 
at sexual debut, which is a simplification (37). Similarly, 
models such as ours that do not specifically keep track of 
ongoing sexual partnerships can overestimate the effect of 
chlamydia screening because reinfection of treated women 
by their untreated sex partner is not specifically taken into 
account (38,39). If the effect of chlamydia screening is 
overestimated, then the marginal effect of adding chlamyd-
ia vaccination to an existing chlamydia screening program 
might be underestimated. Development of more complex 
models will be needed over time, and these models would 
be better suited to examine the effect of vaccination over 
a wide range of assumptions regarding vaccine coverage, 
efficacy, and duration of protection.

Notwithstanding these limitations, our model provides 
useful information on the potential cost-effectiveness of 
a chlamydia vaccine, as well as a useful basis for future 
chlamydia vaccine cost-effectiveness analyses and other 
modeling studies. In particular, determination of the hierar-
chy of influential parameters in our model would be useful 
for future analyses, and assist in understanding the relative 
roles played by numerous variables that are used in models 
to facilitate discussions around simple and complex model 
inputs. Finally, our study suggests that a successful chla-
mydia vaccine could have a substantial effect on chlamydia 
prevalence, thereby reducing the health and economic bur-
den associated with chlamydia.

Dr. Owusu-Edusei is an economist at the Centers for Disease 
Control and Prevention, Atlanta, GA. His primary interests in-
clude cost and cost-effectiveness analysis of sexually transmitted 
infection interventions and policies.
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Neurocysticercosis,	brain	 infection	with	Taenia solium	 lar-
val	cysts,	causes	substantial	neurologic	illness	around	the	
world.	To	assess	the	effect	of	neurocysticercosis	in	the	Unit-
ed	 States,	 we	 reviewed	 hospitalization	 discharge	 data	 in	
the	Nationwide	Inpatient	Sample	for	2003–2012	and	found	
an	estimated	18,584	hospitalizations	for	neurocysticercosis	
and	associated	hospital	charges	totaling	>US	$908	million.	
The	 risk	 for	 hospitalization	was	 highest	 among	Hispanics	
(2.5/100,000	population),	a	 rate	35	 times	higher	 than	 that	
for	 the	 non-Hispanic	 white	 population.	 Nearly	 three-quar-
ters	of	all	hospitalized	patients	with	neurocysticercosis	were	
Hispanic.	Male	sex	and	age	20–44	years	also	incurred	in-
creased	 risk.	 In	 addition,	 hospitalizations	 and	 associated	
charges	 related	 to	 cysticercosis	 far	 exceeded	 those	 for	
malaria	 and	were	 greater	 than	 for	 those	 for	 all	 other	 ne-
glected	 tropical	diseases	combined.	Neurocysticercosis	 is	
an	 increasing	 public	 health	 concern	 in	 the	United	States,	
especially	among	Hispanics,	and	costs	the	US	health	care	
system	a	substantial	amount	of	money.

Neurocysticercosis is a leading cause of acquired epi-
lepsy in the developing world (1,2). The disease oc-

curs when larvae of the pork tapeworm, Taenia solium, en-
cyst in the human brain; this process causes a broad range 
of neurologic signs and symptoms, including seizures, 
headache, obstructive hydrocephalus, encephalitis, stroke, 
and cognitive and other mental health disorders (3,4). Neu-
rocysticercosis is endemic in poor rural communities in 
Latin America, sub-Saharan Africa, and Asia, where pigs 
can access and ingest human feces (Figure 1). However, 
the disease is also of increasing public health concern in the 
United States, especially in the immigrant population and 
among persons who have traveled to regions where cysti-
cercosis is endemic (5).

The World Health Organization designates cysticerco-
sis as a neglected tropical disease (NTD) and has called 
for international efforts to strengthen surveillance (6–8). 
The disease remains neglected partly because the scale of 
the problem has not been well defined (2). In most disease-

endemic regions, population-level data are sparse because 
surveillance for neurocysticercosis is nonexistent and diag-
nostic neuroimaging is typically unavailable. In the United 
States, there is an opportunity to collect population-based 
data on neurocysticercosis because of the large immigrant 
population at risk for infection, the widespread availability 
of neuroimaging, and the well-established disease surveil-
lance infrastructure. However, only Alaska, Arizona, Cali-
fornia, New Mexico, Oregon, and Texas require reporting 
of neurocysticercosis.

Death rates due to neurocysticercosis in the United 
States have been reported previously (9), but national-level 
assessments of neurocysticercosis that use population–
based data are lacking. The objective of our study was to 
evaluate the frequency and total associated charges for hos-
pitalizations due to neurocysticercosis in the United States 
and to compare these against other tropical diseases of po-
tential importance in the United States.

Methods

Data Source
We analyzed hospital discharge data contained in the Na-
tionwide Inpatient Sample (NIS) for 2003–2012 (10,11). 
The NIS, a stratified weighted sample of short-term and 
nonfederal hospitals, is designed to approximate a 20% 
sample of all community hospitals in the United States. As 
of 2012, 47 states participated in reporting discharge data 
to the NIS (only Alabama, Delaware, Idaho, and the Dis-
trict of Columbia had not participated), creating a sample 
representing 95% of the national population. The NIS is the 
largest collection of longitudinal inpatient care data in the 
United States and holds information on ≈8 million hospi-
talizations from >1,000 hospitals each year (10). NIS data 
are de-identified and include information on demographics, 
diagnostic and procedural codes, length of stay, discharge 
status, total charges, and expected payees associated with 
each hospitalization.

Case Definitions
We based our case definitions for hospitalization on diagnos-
tic and procedural codes from the International Classification 
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of Diseases, 9th Revision, Clinical Modification (ICD-9-
CM). The ICD-9-CM code listed in the first diagnostic field 
is intended to capture the primary reason for hospitalization. 
However, there is no specific ICD-9-CM code for neurocys-
ticercosis, so coding patterns may vary. For example, a hos-
pitalization for neurocysticercosis might be coded with a first 
diagnostic field of 123.1 (cysticercosis) or with a neurologic 
code, such as 345.9 (epilepsy unspecified), in combination 
with 123.1 in a different diagnostic field.

We used 2 case definitions in this analysis. The first was 
a conservative case definition for reporting hospitalizations 
associated with neurocysticercosis. This definition required 
the ICD-9-CM code for cysticercosis (123.1) in any of the 
15 available diagnostic fields and a supporting diagnostic 
or procedural code associated with a clinical manifesta-
tion of neurologic disease in any of the first 5 diagnostic or 
procedural fields (Table 1). We used individual ICD-9-CM 
codes and coding groups defined by Clinical Classification 
Software to define these additional diagnostic or procedural 
codes (13). This conservative case definition was designed 
to reduce the likelihood of including hospitalizations for 
persons carrying an existing diagnosis of neurocysticercosis 
who were hospitalized for an unrelated condition.

The second case definition was designed to facilitate 
comparison of hospitalizations for cysticercosis with those 
for the 16 other NTDs and malaria. The case definition for 
cysticercosis included all hospitalizations with an ICD-9-
CM diagnostic code for cysticercosis (123.1) in any of the 
first 15 diagnosis fields, but it did not require an additional 
supportive diagnostic or procedural code. Similarly, the 
case definitions for the other tropical diseases in the com-
parative analysis relied on ICD-9-CM codes specific to the 

disease without a requirement for an additional support-
ive diagnostic or procedural code. This approach ensured 
consistency of case definitions across the various diseases 
at the expense of greater specificity. We assumed that the 
likelihood of capturing unrelated hospitalizations was simi-
lar for the diseases we compared. We excluded Buruli ul-
cer from our comparison because there is no ICD-9-CM 
code specific for this disease. However, to our knowledge,  
Buruli ulcer has not been reported in the United States (14). 
We did not report hospitalizations for rabies, African try-
panomiasis, or dracunculiasis because the numbers of hos-
pitalizations were too low (<10/year) to provide accurate 
estimates. A list of ICD-9-CM codes used in all case defini-
tions is provided in the online Technical Appendix (http://
wwwnc.cdc.gov/EID/article/21/6/14-1324-Techapp1.pdf).

Statistical Methods
To account for the sampling design of the NIS, we ana-
lyzed all data by using the survey family of commands in 
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Figure 1.	The	lifecycle	of	the	Taenia solium	cestode	parasite.

 

 

 
Table 1. Supporting	 diagnostic	 or	 procedural	 codes	 from	 
ICD-9-CM	 used	 for	 conservative	 case	 definition	 for	 reporting	
hospitalizations	associated	with	neurocysticercosis* 
CCS	code Diagnosis	or	procedure 
Diagnostic	code  
 76 Meningitis 
 77 Encephalitis 
 78 Other	CNS	infection	and	poliomyelitis 
 83 Epilepsy;	convulsions 
 84 Headache;	including	migraine 
 85 Coma;	stupor;	and	brain	damage 
 90 Inflammation;	infection	of	eye 
 95 Other	nervous	system	disorders 
 109 Acute	cerebrovascular	disease 
 111 Other	and	ill-defined	cerebrovascular	disease 
 112 Transient	cerebral	ischemia 
 245 Syncope 
 650 Adjustment	disorders 
 651 Anxiety	disorders 
 652 Attention-deficit,	conduct,	and	disruptive	

behavior	disorders 
 653 Delirium,	dementia,	and	amnestic	and	other	

cognitive	disorders 
 656 Impulse	control	disorders,	NEC 
 657 Mood	disorders 
 658 Personality	disorders 
 659 Schizophrenia	and	other	psychotic	disorders 
 662 Suicide	and	intentional	self-inflicted	injury 
 670 Miscellaneous	mental	disorders 
Procedural	codes  
 1 Incision	and	excision	of	CNS 
 2 Insertion;	replacement;	or	removal	of	

extracranial	ventricular	shunt 
 177 Computerized	axial	tomography	(CT)	scan	

head 
 198 Magnetic resonance imaging 
 199 Electroencephalogram	(EEG) 
*A	complete	list	of	ICD-9-CM	codes	used	in	this	study	is	provided	in	the	
online	Technical	Appendix	(http://wwwnc.cdc.gov/EID/article/21/6/ 
14-1324-Techapp1.pdf).	ICD-9-CM,	International	Classification	of	
Diseases,	9th	Revision,	Clinical	Modification;	CCS,	Clinical	Classification	
Software	groupings	of	ICD-9-CM	codes (12);	CNS,	central	nervous	
system;	NEC, not	elsewhere	classified. 
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Stata 13 (StataCorp LP, College Station, TX, USA). We 
applied hospital discharge weights provided in the NIS 
to estimate total national hospitalizations on the basis of 
the stratified sample. All sampled hospitals, regardless of 
whether they had a patient who was hospitalized with neu-
rocysticercosis, were included for calculation of SEs and 
CIs. We examined neurocysticercosis hospitalizations by 
patient age, sex, race, place of service, discharge status, 
and length of stay; US region; associated diagnostic and 
procedural codes; and hospitalization charges. State-level 
assessment was not possible because of the sampling and 
stratification strategy used in the NIS. Mean annual hos-
pitalization rates were calculated as the weighted number 
of hospitalizations per 100,000 population on the basis of 
the US Census Bureau data for each year during the study 
period (15). Age- and sex-adjusted rates were calculated by 
using the direct standardization method and the 2005 US 
Census population as the reference population.

We used Gaussian family generalized linear models 
with logarithmic function link within the Stata survey frame-
work to estimate the crude and adjusted mean length of stay 
and mean hospitalization charges. We first constructed uni-
variate generalized linear models to evaluate demographic 
variables of interest, retaining those that were significant at 
the p<0.2 level (Wald test) in the final multivariate models. 
The independent categorical variables we evaluated were 
sex, age, race, hospital region, and year of hospitalization. 
Once we built the final models, we estimated the mean length 
of stay and mean hospitalization charges for diagnoses and 
procedures commonly seen with neurocysticercosis (i.e., 
seizures, obstructive hydrocephalus, headache, stroke, men-
tal health disorder, encephalitis/meningitis, cerebral edema, 
syncope, neuroimaging, ventricular shunt management, and 
central nervous system surgery) by individually introducing 
dummy variables encoding these clinical variables into the 
models. Inflation-adjusted charges were used in all models.

Hospital Charges
We analyzed hospital charges that were billed to private 
insurance, Medicaid, Medicare, and other sources from 
the payer’s perspective. Charges represent the amount that 
hospitals billed for services, not the actual cost of providing 
these services. Generally, total charges did not include pro-
fessional fees, noncovered charges, or charges incurred in 
the emergency department unless the patient was admitted 
directly from the emergency department into the hospital. 
We adjusted all charges for inflation by using the Consum-
er Price Index, setting the base year to 2012.

Results
During 2003–2012, an estimated 23,266 hospitalizations 
(95% CI 21,741–24,792) in the United States were as-
signed an ICD-9-CM code of 123.1 in any of the first 15 
diagnostic fields. Of these hospitalizations, 18,584 (95% CI 
17,322–19,846), approximately 80% of the total, met our 
case definition of hospitalization due to neurocysticercosis. 
The number of hospitalizations due to neurocysticercosis 
per year ranged from a high of 2,247 in 2006 to a low of 
1,495 in 2012. The largest proportion of hospitalizations 
due to neurocysticercosis occurred in the western region 
(n = 8,026, 42.9% [95% CI 39.2%–46.7%)], followed by 
the southern region (n = 5,860, 31.8% [95% CI 28.6%–
35.1%]), the northeastern region (n = 2,902, 15.5% 95% 
CI [13.5%–17.6%]) and the midwestern region (n = 1,796, 
9.8% [95% CI 8.2%–11.7%]).

We found distinct differences in the mean annual inci-
dence rates of hospitalization stratified by age, sex, and race 
(Table 2). The mean annual incidence of hospitalization was 
highest in 20- to 44-year-old age group (1.04 hospitaliza-
tions/100,000 population). Hospitalization rates were 33% 
higher among male patients than female patients. The age- 
and sex-adjusted mean annual incidence of hospitalizations 
was highest among Hispanics (2.50 hospitalizations/100,000 
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Table 2. Number	and	rate	of	hospitalizations	for	neurocysticercosis	in	the	United	States, by	demographic	group,	2003–2012* 
Characteristic† No.	hospitalizations	(SE) %	All	hospitalizations	(95%	CI) Rate	(95%	CI)‡ 
Age,	y    
<20 1,493	(103) 8.0	(7.1–9.1) 0.18	(0.16–0.21) 
20–44 10,827	(394) 58.3	(56.5–60.1) 1.04	(0.97–1.12) 
45–64 4,357	(232) 23.5	(22.0–25.0) 0.56	(0.51–0.62) 
≥65 1,889	(136) 10.2	(9.0–11.5) 0.49	(0.42–0.56) 

Sex    
M 10,377	(373) 56.3	(54.5–58.2) 0.70	(0.65–0.75) 
F 8,043	(349) 43.7	(41.8–45.5) 0.52	(0.48–0.57) 

Race/ethnicity    
Hispanic 12,030	(551) 74.0	(71.5–76.3) 2.50	(2.27–2.73) 
White 1,530	(104) 9.4	(8.2–10.7) 0.07	(0.06–0.08) 
Black 900	(95) 5.5	(4.5–6.8) 0.25	(0.21–0.30) 
Asian/Pacific	Islander 377	(61) 2.3	(1.7–3.2) 0.31	(0.23–0.39) 

Overall 18,584	(644)  0.61	(0.57–0.66) 
*National	estimates	were	based	on	the	Nationwide	Inpatient	Sample,	by	using	diagnosis	code	123.1	from	the	International	Classification	of	Diseases,	9th  
Revision,	Clinical	Modification. 
†Missing data not presented 
‡Rate for age and sex are unadjusted. Rate for	race/ethnicity	is	adjusted	for	age	and	sex	by	direct	standardization	method	by	using	2005	US	Census	
data.	Rates	expressed	as	mean	annual	incidence	per	100,000	population. 
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population); the rate was 35 times higher than that for non-
Hispanic whites, 10 times higher than that for blacks, and 
8 times higher than that for Asian/Pacific Islanders. Unad-
justed rates by race were similar: Hispanic, 2.57/100,000; 
white, 0.06/100,000; black, 0.23/100,000; and Asian/Pacific 
Islander, 0.26/ 100,000.

Length of Stay, Total Charges, and Payees
The mean length of hospitalization was 6.0 (95% CI 
5.7–6.4) days and did not show a significant trend over 
the study period (p = 1.0). Total inflation-adjusted hospi-
talization charges over the 10-year study period were US 
$908,238,000 (95% CI US $814,483,000–$1,001,992,000), 
increasing 27% from US $72,560,000 in 2003 to US 
$91,959,000 in 2012. The mean charge per hospitalization 
was US $50,976 (95% CI US $47,492–$54,716), increas-
ing 50% over the 10-year study period from US $41,874 
in 2003 to US $62,986 in 2012. After we adjusted for  

demographic variables, mean length of stay and mean 
hospitalization charges were substantially higher for male 
patients, middle-aged adult patients, and patients from the 
western region (online Technical Appendix). Publically 
funded insurance (Medicaid or Medicare) was the primary 
payer in 40% of the hospitalizations (Table 3).

Associated Diagnoses and Procedures
The most common diagnosis group associated with hospi-
talization for neurocysticercosis was epilepsy/convulsions, 
which occurred in 57.3% of hospitalizations, followed by 
obstructive hydrocephalus (17.7%) and headache (12.4%) 
(Table 4). After we controlled for year and patient demo-
graphics, the diagnoses associated with the longest mean 
length of stay and the highest mean charges were enceph-
alitis/meningitis (12.2 days and US $78,984) and hydro-
cephalus (11.4 days and US $79,084). Diagnostic codes for 
syncope and headache were associated with the shortest 
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Table 3. Source	of	admission,	disposition,	and	expected	payer	for	hospitalizations	due	to	neurocysticercosis,	United	States,	 
2003–2012* 
Characteristic No.	hospitalizations	(SE) %	All hospitalizations	(95%	CI) 
Source	of	admission   
Emergency	department 9,436	(484) 74.7	(72.3–76.9) 
Routine 2,210	(145) 17.5	(15.6–19.6) 
Transfer 947	(80) 7.5	(6.4–8.7) 

Disposition   
Routine 15,693	(562) 84.5	(83.1–85.8) 
Transfer 1,617	(107) 8.7	(7.7–9.8) 
Home	health 834	(81) 4.5	(3.8–5.4) 
Against	medical	advice 205	(33) 1.1	(0.8–1.5) 
Died 218	(32) 1.2	(0.9–1.6) 

Expected	primary	payer   
Medicare 2,025	(139) 10.9	(9.7–12.3) 
Medicaid 5,543	(316) 29.9	(27.8–32.1) 
Private	insurance 4,335	(206) 23.4	(21.4–25.4) 
Self-pay 4,753	(224) 25.6	(23.8–27.5) 
Other	payer 1,883	(160) 10.2	(8.9–11.6) 

*National	estimates	were	determined	on	the	basis	of	the	Nationwide	Inpatient	Sample,	by	using	diagnosis	code	123.1	from	the	International	Classification	
of	Diseases,	9th	Revision,	Clinical	Modification. 

 

 

 

 
Table 4. Diagnostic	and	procedure	codes	for	hospitalizations	due	to	neurocysticercosis,	United	States,	2003–2012* 

Associated	diagnoses	and	procedures 
No.	hospitalizations	

(SE) 
%	All	hospitalizations	

(95%	CI) 
Mean	length	of	

stay, d† Mean charges, US$† 
Diagnoses     
Epilepsy;	convulsions 10,652	(360) 57.3	(55.3–59.3) 5.4	(4.2–6.9) 33,058	(21,846–50,023) 
Obstructive	hydrocephalus 3,292	(208) 17.7	(16.2–19.3) 11.4	(8.1–16.2) 79,084	(46,139–135,552) 
Headache,	including	migraine 2,308	(126) 12.4	(11.3–13.6) 3.8	(2..9–4.9) 19,893	(12,422–31,857) 
Cerebrovascular	disease 1,650	(121) 8.9	(7.9–10.0) 7.5	(5.3–10.6) 45,183	(26,027–78,436) 
Mental	health	disorder 1,843	(132) 9.9	(8.8–11.2) 6.4	(4.7–8.8) 24,436	(13,578–43,979) 
Encephalitis/meningitis 1,033	(81) 5.6	(4.8–6.4) 12.2	(8.1–18.6) 78,983	(46,851–133,151) 
Cerebral	edema 931	(79) 5.0	(4.3–5.9) 7.5	(5.6–10.0) 40,639	(23,449–70,429) 
Syncope 573	(56) 3.1	(2.6–3.7) 3.4	(2.6–4.6) 20,017 (11,934–33,577) 

Procedures     
Neuroimaging,	CT	of head	or	MRI 3,087	(330) 16.6	(13.9–19.8) 6.1	(4.8–7.7) 34,905	(22,177–54,937) 
Ventricular	shunt,	insert,	remove,	or	
repair 

1,661	(137) 8.9	(7.9–10.2) 16.3	(10.6–25.1) 86,272	(48,313–154,054) 

CNS	incision	or	excision 1,499	(111) 8.1	(7.1–9.2) 10.3	(7.9–13.5) 89,893	(56,625–142,709) 
*National	estimates	were	based	on	the	Nationwide	Inpatient	Sample,	by	using	diagnosis	code	123.1	from	the	International	Classification	of	Diseases,	9th	
Revision,	Clinical	Modification. CNS,	central	nervous	system;	CT,	computed	tomography;	MRI,	magnetic	resonance	imaging. 
†Mean length of stay and mean inflation-adjusted	hospitalization	charges	for	diagnostic	and	procedure	codes	after	adjusting	for	year,	patient	age, sex,	
race,	and	hospital	region.	Diagnostic	and	procedure	codes	were	evaluated	individually	as	independent	variables	in	the	final	generalized	linear	models	
built	for	length	of	stay	and	charges. 
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stays and lowest charges (3.4 days and US $20,017 and 
3.8 days and US $19,893, respectively). Procedure codes 
for shunt management (insertion, removal, or repair) were 
associated with a mean length of stay of 16.3 days and 
mean hospitalization charges of US $86,272; codes for 
brain surgery (central nervous system incision or excision) 
were associated with a mean length of stay of 10.3 days and 
mean hospitalization charges of US $89,893. Only 17% of 
hospitalizations included a procedural code for either com-
puted tomography scans or magnetic resonance imaging of  
the head.

Comparison of NIS Data for Cysticercosis  
with that for NTDs and Malaria
The frequency of and total charges for hospitalizations due 
to cysticercosis exceeded those for all other NTDs com-
bined (Figure 2). During 2003–2012, an estimated 23,266 
(95% CI 21,741–24,792) hospitalizations were associ-
ated with a diagnosis code for cysticercosis, resulting in 
US $1,149,044,000 in total hospital charges (95% CI US 
$1,038,730,000–$1,259,357,000). In contrast, there were 
20,029 hospitalizations and US $1,043,109,000 in total 
charges for all of the other NTDs combined (Table 5).

Discussion
The study findings demonstrate that neurocysticercosis 
poses considerable health and economic problems in the 
United States, especially among the Hispanic population. 
Over the 10-year study period, >18,500 hospitalizations 
for neurocysticercosis occurred, totaling hospital charges 
of >US $908 million, of which 40% was billed to publicly 
funded insurance programs. Hospitalization stays were 
prolonged and expensive, reflecting the complicated nature 
of acute disease management. Hospitalizations and associ-
ated charges for cysticercosis exceeded the totals for ma-
laria and for all of the other NTDs combined.

The hospitalization rates we report in this nationwide 
study are comparable to those reported in previous state- or 
county-level studies, providing support for the case defini-
tion we used (12, 15–20). Because there is no ICD-9-CM di-
agnostic code specific for neurocysticercosis, the case defi-
nitions varied slightly among these studies. The estimated 
overall hospitalization rate of 0.65/100,000 population that 
we report falls between the rates previously observed in 
California (0.8–1.1 hospitalization/100,000 population) 
and Oregon (0.2–0.5 hospitalizations/100,000 population) 
(12, 16–18). Risk for hospitalization was highest among  
Hispanic, male, and young to middle-aged adult patients in  
all studies.

Nearly three quarters of all patients hospitalized for 
neurocysticercosis in the United States were Hispanic. 
The Hispanic population is the largest minority group in  
the United States and among the fastest growing US  

population groups. Because the hospitalization rate for the 
Hispanic population is 36 times greater than that of the 
non-Hispanic white population, the effect of neurocysticer-
cosis on the US economy is likely to increase substantially 
in the coming years. The US Census Bureau projects that 
the Hispanic population will grow from 53 million in 2012 
to >78 million by 2030 (21). Without changes in the rate 
of hospitalization or the increase in mean hospitalization 
charges, there could be >1,900 hospitalizations and US 
$250 million total charges related to neurocysticercosis 
among Hispanics alone in the year 2030. Changing immi-
gration patterns may also bring an influx of cases in persons 
from other regions of the world where neurocysticercosis is 
endemic, particularly Asia and sub-Saharan Africa.
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Figure 2.	Frequency	and	total	charges	of	hospitalizations	in	
the	United	States	during	2003–2012	for	13	of	the	World	Health	
Organization	(WHO)–designated	neglected	tropical	diseases	
(NTDs)	and	malaria.	Estimates	were	determined	by	using	the	
Nationwide	Inpatient	Sample,	which	codes	diagnoses	according	to	
the	International	Classification	of	Diseases,	9th	Revision,	Clinical	
Modification.	Frequency	of	and	total	charges	for	hospitalizations	
for	the	other	NTDs	(i.e.,	Buruli	ulcer,	rabies,	African	trypanomiasis,	
and	dracunculiasis)	are	not	shown	because	there	were	too	
few	hospitalizations	for	these	diseases	for	accurate	estimation.	
Frequency	and	total	charges	of	hospitalizations	for	malaria,	
although	it	is	not	one	of	the	WHO–designated	NTDs,	are	shown	
for	comparison.
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Several hospital-based studies have shown that sei-
zures are the most frequent reason for hospitalization for 
neurocysticercosis (3,4,22). In this study, epilepsy was the 
most frequent diagnosis associated with hospitalization 
for neurocysticercosis; it was coded in more than half of 
all hospitalizations for the disease. Seizures in neurocys-
ticercosis are typically amenable to therapy with antiepi-
leptic and anti-inflammatory drugs, resulting in relatively 
uncomplicated and short hospital stays. In contrast, more 
severe disease may require intensive interventions and lon-
ger hospitalizations, resulting in higher charges (23–25). 
While diagnoses of obstructive hydrocephalus or encepha-
litis/meningitis occurred in ≈20% of persons hospitalized 
for neurocysticercosis, these more severe presentations ac-
counted for 40% of the total charges incurred.

We report hospitalization diagnostic codes that may 
not represent the distribution of disease manifestations ex-
perienced by individual patients. For example, although a 
diagnostic code for headache was listed for 11% of hos-
pitalized patients, only patients with headaches associated 
with underlying pathology requiring acute intervention, 
such as obstructive hydrocephalus, are likely to be admit-
ted and therefore represented in this study. Even then, the 
diagnosis of headache may be underrepresented. There 
were twice as many hospitalizations with diagnostic codes 
for hydrocephalus and encephalitis than for headache, al-
though both of these manifestations would be expected to 
be associated with headache (22). Similar caution is sug-
gested in interpreting the frequency of other diagnoses pre-
sented here. It may seem contradictory that only 17% of 
hospitalizations had a procedural code for neuroimaging. 
However, because most imaging for neurocysticercosis 
would be expected to occur in the emergency department 
before admission, the infrequent coding for neuroimaging 
may reflect exclusion of these procedural codes from the 
hospital discharge summary.

This study documents the substantial costs of hospi-
talizations due to neurocysticercosis in the United States, 
but the true effect of neurocysticercosis on the US health 
care system is likely much greater. Only those emergency 
department visits that result directly in inpatient admis-
sion are captured in the hospital discharge databases in 
the NIS. In Oregon (15), over 40% (31/72) of all patients 
with neurocysticercosis were seen only in the emergency 
department and were not admitted to the hospital. While 
nonadmissions likely represent cases of less clinical sever-
ity, substantial charges are still incurred in the emergency 
department and in outpatient follow-up. Neurocysticerco-
sis is also likely to be substantially underdiagnosed and 
misdiagnosed because of the lack of a definitive diagnostic 
test and limited provider awareness of the disease.

Neurocysticercosis also often results in chronic dis-
ease that requires outpatient follow-up with infectious dis-
ease or neurology specialists, none of which is captured in 
this study. Management of neurocysticercosis may involve 
long-term antiepileptic therapy, prolonged regimens of an-
tiparasitic drugs and high-dose corticosteroids, monitoring 
and repair of ventriculoperitoneal shunts, and treatment of 
frequent complications resulting from these interventions 
(26,27). A chart review at the outpatient neurology clinic 
in a Houston hospital showed that 2% of all patients were 
seen for management of neurocysticercosis (28). A few 
states are now collecting comprehensive claims data cover-
ing health care provided in inpatient, outpatient, and long-
term care settings. Data from these programs could provide 
more complete information about health care and associat-
ed costs related to management of neurocysticercosis in all 
settings. The high neurocysticercosis hospitalization rate 
we noted in young adults and men suggests substantial in-
direct costs to the US domestic workforce. Loss of worker 
productivity should also be considered in the overall costs 
of neurocysticercosis.
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Table 5. Hospitalizations	and	total	charges	for	neglected	tropical	diseases	and	malaria,	United	States,	2003–2012* 

Disease 
Hospitalizations 

 
Total	charges 

No.	(SE) 95%	CI US$,	millions	(SE) 95%	CI 
Cysticercosis 23,266	(778) 21,741–24,792  1,149	(56) 1,039–1,259 
Malaria 14,319	(434) 13,469–15,169  387	(18) 351–423 
Echinococcosis 3,919	(170) 3,586–4,252  206	(16) 174–237 
Soil-transmitted	helminth–associated	infections 3,256	(151) 2,959–3,552  201	(19) 162–239 
Dengue 2,644	(135) 2,379–2,909  89	(9) 70–107 
Leprosy 2,055	(135) 1,791–2,319  94	(9) 76–111 
Lymphatic	filariasis 1,836	(106) 1,629–2,044  86	(9) 68–103 
Schistosomiasis 1,811	(120) 1,576–2,046  101	(12) 78–125 
Chagas	disease 1,686	(151) 1,389–1,982  118	(17) 84–152 
Leishmaniasis 1,022	(92) 841–1,203  52	(7) 38–66 
Trachoma 649	(69) 514–784  20	(4) 13–28 
Foodborne	trematode–associated	infections 610	(60) 492–729  41	(7) 28–54 
Onchocerciasis 380	(47) 287–473  29	(12) 5–53 
Yaws 161	(28) 106–216  7	(2) 3–11 
*National	estimates	were	determined	on the	Nationwide	Inpatient	Sample	by	using	diagnostic	codes	from	the	International	Classification	of	Diseases,	9th 
Revision,	Clinical	Modification.	A	complete	list	of	ICD-9-CM	codes	used	in	this	study	is	provided	in	the	online	Technical	Appendix	
(http://wwwnc.cdc.gov/EID/article/21/6/14-1324-Techapp1.pdf). 
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The use of administrative databases, such as the NIS, 
to obtain data for this study does have drawbacks, includ-
ing several limitations we already described. An additional 
drawback to using the NIS was the inability to identify mul-
tiple hospitalizations for a single person, which precludes 
the ability to estimate the prevalence or incidence of dis-
ease. Although the number of states participating in NIS has 
grown over the years, several states still do not participate in 
reporting hospital discharge data. In addition, the regional 
sampling structure of the NIS does not allow for accurate 
state-level estimates, limiting the ability to identify specific 
states whose populations are at increased risk for neurocysti-
cercosis. Furthermore, the lack of in-depth demographic and 
clinical information in the NIS limits the type of questions 
that can be addressed. For example, knowing the country 
of birth or travel history of patients with neurocysticercosis 
could help understand their source of exposure.

Although the primary purpose of this study was to 
evaluate hospitalizations for neurocysticercosis, we also 
compared hospitalizations for cysticercosis with those for 
other NTDs and malaria. Our findings showed that the 
number of hospitalizations for cysticercosis was nearly 2 
times the number for malaria, and the associated hospital 
charges were nearly 3 times higher. In addition, hospital-
izations and charges for cysticercosis were higher than 
those for all other NTDs we evaluated combined. This 
comparative analysis was not meant to be exhaustive; we 
recognize that many factors other than hospitalization con-
tribute to the public health effect of any particular disease. 
However, the markedly higher number of hospitalizations 
and associated charges related to cysticercosis, compared 
with those for other NTDs and malaria in the United States, 
merits attention and further exploration.

Dr. O’Neal is an assistant professor of public health and preven-
tive medicine at Oregon Health & Science University, Portland, 
Oregon, USA. His primary research interest is the epidemiology 
and control of Taenia solium infection.

Dr. Flecker is currently obtaining a Masters of Public Health  
(epidemiology/biostatistics) at Oregon Health & Science University.  
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Data	from	a	large	multicenter	observational	study	of	patients	
with	 multidrug-resistant	 tuberculosis	 (MDR	 TB)	 were	 ana-
lyzed	to	simulate	the	possible	use	of	2	new	approaches	to	
treatment	of	MDR	TB:	a	short	(9-month)	regimen	and	a	be-
daquiline-containing	regimen.	Of	1,254	patients,	952	(75.9%)	
had	 no	 resistance	 to	 fluoroquinolones	 and	 second-line	 in-
jectable	drugs	and	thus	would	qualify	as	candidates	for	the	
9-month	regimen;	302	(24.1%)	patients	with	resistance	to	a	
fluoroquinolone	or	second-line	injectable	drug	would	qualify	
as	 candidates	 for	 a	 bedaquiline-containing	 regimen	 in	 ac-
cordance	with	 published	 guidelines.	Among	 candidates	 for	
the	9-month	regimen,	standardized	drug-susceptibility	 tests	
demonstrated	 susceptibility	 to	 a	 median	 of	 5	 (interquartile	
range	5–6)	drugs.	Among	candidates	for	bedaquiline,	drug-
susceptibility	tests	demonstrated	susceptibility	to	a	median	of	
3	(interquartile	range	2–4)	drugs;	26%	retained	susceptibility	
to <2	drugs.	These	data	may	assist	national	TB	programs	in	
planning	to	implement	new	drugs	and	drug	regimens.

In 2009, the World Health Organization (WHO) estimat-
ed that <5% of patients with multidrug-resistant tubercu-

losis (MDR TB) were receiving appropriate diagnostic and 
therapeutic services. This proportion increased to ≈20% by 
2012 (1,2). After decades of relative neglect, health care 
services for persons with drug-resistant TB are scaling up 
worldwide at an unprecedented pace (2). Part of the delay 
had been that treatment of MDR TB required a combina-
tion of 4–6 expensive, relatively toxic drugs administered 
for ≈2 years (3,4). However, treatment guidelines are based 
on expert opinion, observational studies, in vitro drug-sus-
ceptibility testing (DST), and analogies with other myco-
bacteria because few clinical trials have been conducted of 
treatment for MDR TB. Treatment success rates average 
only 55%–65% (5–7).

Two recent advances have the potential to revolution-
ize treatment of MDR TB. First, during 2012–2013, two 
new drugs, bedaquiline and delamanid, were approved 
provisionally (by the US Food and Drug Administration 
and the European Medicines Agency, respectively) to treat 
MDR TB; these drugs are the first truly new anti-TB drugs 
since rifampin was developed during the 1960s. Because of 
the urgency of the global MDR TB situation, these drugs 
were approved on the basis of phase II controlled clinical 
trials data that used a short-term proxy for long-term treat-
ment outcomes: sputum culture conversion at 2 months 
(delamanid) or 6 months (bedaquiline). Phase III trials, cur-
rently underway, will take years to complete (8). The Food 
and Drug Administration and WHO guidelines recommend 
adding bedaquiline when an effective regimen (containing 
at least 4 effective second-line drugs plus pyrazinamide) 
cannot be designed because of drug toxicity or resistance 
to fluoroquinolones or second-line injectable drugs (9,10).

Second, in 2010, Van Deun et al. published their ex-
perience with programmatic management of MDR TB in 
Bangladesh (11) and suggested that an intensive 9-month 
regimen was more effective than treatment success 
rates reported worldwide and was also considerably less  
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expensive. The regimen consisted of 7 drugs for the first 4 
months, followed by 4 drugs for the remaining 5 months 
of treatment. The results were compelling enough that the 
regimen is being evaluated in a randomized controlled 
clinical trial, STREAM (the Evaluation of a Standardised 
Treatment Regimen of Anti-Tuberculosis Drugs for Pa-
tients with MDR TB); results are expected in 2017–2018 
(12). Because the original study focused on patients with-
out previous use of second-line drugs, both the STREAM 
trial and countries that are adopting the 9-month regimen 
exclude patients who have baseline resistance to fluoroqui-
nolones or a second-line injectable drug.

Thus, the exclusion criteria for the 9-month regimen—
resistance to a fluoroquinolone or a second-line injectable 
drug—are virtually the same as the inclusion criteria for 
the use of bedaquiline. To simulate the extent to which 
MDR TB patients might qualify either for treatment with 
a 9-month regimen or for treatment with bedaquiline, we 
analyzed data from a large observational cohort of patients 
with MDR TB from 9 countries.

Methods

Patient Population
Dalton et al. described the Preserving Effective TB Treat-
ment Study (PETTS) (13). In brief, PETTS was a prospec-
tive cohort study of consecutive consenting adults who had 
locally confirmed pulmonary MDR TB and who started 
treatment with second-line drugs during January 1, 2005–
December 31, 2008, in 9 countries (the Philippines, South 
Africa, Peru, Russia, South Korea, Latvia, Thailand, Tai-
wan, and Estonia). Patients were treated in accordance with 
WHO and local treatment guidelines at that time, using 
regimens of at least 18 months duration, and were followed 
with monthly sputum cultures throughout treatment (3). 
Eight countries used individualized MDR TB regimens. 
The study was approved by the US Centers for Disease 
Control and Prevention (CDC; Atlanta, GA, USA) Institu-
tional Review Board and by institutional review boards at 
all participating sites. Informed consent for participation in 
the study was obtained from all patients.

Laboratory Methods
Baseline isolates of Mycobacterium tuberculosis were 
shipped in batches to CDC for DST using the indirect agar 
proportion method on Middlebrook 7H10 agar according to 
the Clinical Laboratory Standards Institute standard as pre-
viously described (13). DST was conducted for 10 drugs: 
rifampin (1.0 μg/mL); isoniazid (0.2, 1.0, and 5.0 μg/mL); 
ethambutol (5.0 μg/mL); ofloxacin (2.0 μg/mL); ciprofloxa-
cin (2.0 μg/mL); kanamycin (5.0 μg/mL); capreomycin (10.0 
μg/mL); amikacin (4.0 μg/mL); para-aminosalicylic acid 
(2.0 μg/mL); and ethionamide (10.0 μg/mL). Cycloserine 

was not tested at CDC because it requires Lowenstein-Jen-
sen medium, and CDC uses Middlebrook agar. Pyraznamide 
susceptibility testing and pncA sequencing are under way.

CDC’s DST results were used in all analyses. For anal-
ysis purposes, ciprofloxacin and ofloxacin were counted as 
the same drug (“a fluoroquinolone”) and kanamycin and 
amikacin counted as the same drug (“an aminoglycoside”). 
High-dose isoniazid resistance was defined as resistance at 
a concentration of 1.0 μg/mL. 

Definitions
Second-line injectable drugs were kanamycin, amikacin, 
and capreomycin. Extensively drug-resistant (XDR) TB 
was defined as MDR TB plus resistance to any fluoroqui-
nolone and at least 1 of 3 second-line injectable drugs. Pre-
XDR TB was defined as MDR TB plus resistance to either 
any fluoroquinolone or at least 1 of 3 second-line injectable 
drugs. Effective drugs were defined according to suscep-
tibility demonstrated by CDC’s phenotypic DST results. 
Standard WHO treatment outcomes were used in all sites 
(3). Treatment success was defined as cure or completion 
of treatment (3). Poor outcome was defined as treatment 
failure, patient death, or loss to follow-up.

The short regimen was defined as treatment of MDR 
TB with duration of <12 months (14). Candidates for the 
short regimen were defined as patients whose M. tubercu-
losis isolates had no baseline resistance to fluoroquinolones 
and second-line injectable drugs. Candidates for bedaqui-
line-containing regimen were defined as patients whose 
baseline M. tuberculosis isolates had resistance to a fluo-
roquinolone or second-line injectable drug (i.e., pre-XDR 
or XDR) (10).

Data Analysis
We conducted statistical analyses using SAS software ver-
sion 9.3 (SAS Institute Inc., Cary, NC, USA). General de-
scriptive data, including frequencies of basic demographic 
and clinical variables, were calculated in aggregate and 
stratified by drug-resistance patterns. Continuous variables 
were summarized with standard descriptive statistics. We 
compared proportions using the χ2 test or Fisher exact test, 
as appropriate. Confidence intervals for binomial propor-
tions were calculated by using the 1-sample Wald method. 
We considered p<0.05 statistically significant.

Results
A total of 1,659 patients were enrolled in PETTS strictly 
according to protocol. For 1,254 (75.6%) of these, a base-
line M. tuberculosis isolate was shipped to, and DST results 
were available from, CDC. A total of 64.1% of patients were 
male, and the median age of all patients was 37 (interquartile 
range [IQR] 28-47) years. HIV co-infection was confirmed 
in 159 (12.7%) patients, of whom 135 (85%) were in 1 
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country. A total of 168 (13.4%) patients had new MDR TB; 
879 (70.1%) previously received first-line anti-TB drugs; 
185 (14.8%) received second-line drugs in the past; and 22 
(1.8%) had unknown treatment history. DST was performed 
in local laboratories in countries to a median of 6 (IQR 4–8) 
drugs. Overall treatment outcomes were as follows: cure, 
659 (52.5%); completion of treatment, 66 (5.2%); treatment 
failure, 80 (6.4%); death, 170 (13.6%); loss to follow-up, 
235 (18.7%); and unknown, 44 (3.5%).

Of the 1,254 patients, 952 (75.9%) had no resistance 
to fluoroquinolones and second-line injectable drugs and 
would qualify as candidates for the short regimen on the 
basis of the drug resistance indication. On the other hand, 
302 (24.1%) patients had resistance to a fluoroquinolone 
or second-line injectable drug and would qualify as candi-
dates for a bedaquiline-containing regimen. The proportion 
of patients with no baseline resistance to fluoroquinolones 
and second-line injectable drugs varied among countries 
from 47.2% to 92.5%; the proportion of patients with pre-
XDR or XDR varied from 7.5% to 52.8% (Table 1).

We assessed baseline resistance to individual drugs 
among potential candidates for the 9-month short regimen 
and for a bedaquiline-containing regimen and stratified the 
results by resistance to fluoroquinolones and second-line in-
jectable drugs (Table 2). Susceptibility to high-dose isonia-
zid was observed in 8.6% of candidates for the short regimen 
and 3.0% of candidates for a bedaquiline-containing regi-
men (p<0.001), susceptibility to ethambutol in 41.9% and 
27.8% (p<0.001), susceptibility to ethionamide in 81.9% 
and 80.1% (p = 0.48), and susceptibility to para-aminosali-
cylic acid in 95.0% and 76.2% (p<0.001), respectively.

Overall, a median of 5 (IQR 5–6) drugs remained 
effective in candidates for the short regimen and 3 (IQR 
2–4) drugs in candidates for a bedaquiline-containing regi-
men (Table 3). However, in XDR TB cases, a median of 
only 2 (IQR 1–2) drugs were effective, whereas in pre-
XDR cases, a median of 4 (IQR 2–4) drugs were effective 
(p<0.001). The initial isolate was susceptible to >3 drugs 
in all of the candidates for the short regimen and in 73.8% 
(223/302) of candidates for a bedaquiline-containing regi-
men. Among candidates for a bedaquiline-containing regi-
men, 90.4% (206/228) of pre-XDR patients had suscepti-
bility to >3 drugs, compared with 23.0% (17/74) of XDR 
patients (p<0.001).

Several patient characteristics were significantly asso-
ciated with higher probability of resistance to fluoroquino-
lones or second-line injectable drugs (and thus candidacy 
for bedaquiline-containing regimen). These characteristics 
were unemployment, history of imprisonment, alcohol 
abuse, history of treatment with second-line drugs, and 
pulmonary cavities (Table 4).

Overall treatment success among candidates for a 
short regimen was 66.1% (95% CI 63.0%–69.1%), varying 
from 90% to 50% among countries. Among candidates for 
a bedaquiline-containing regimen, treatment success was 
39.9% (95% CI 34.3%–45.6%), varying from 90% to 10% 
among countries. 

Discussion
Data from our large prospective observational cohort study 
of 1,254 MDR TB patients showed that about three fourths 
would qualify as candidates for the short regimen and about 
one fourth would qualify as candidates for a bedaquiline-
containing regimen on the basis of the drug resistance in-
dication. DST demonstrated susceptibility to a median of 
5 (IQR 5–6) drugs among candidates for the 9-month regi-
men, whereas among candidates for bedaquiline, a median 
of 3 (IQR 2–4) drugs remained effective. Overall treatment 
success was 66% for candidates for the short regimen and 
40% for candidates for a bedaquiline-containing regimen. 
This analysis has several practical implications for national 
TB control programs that plan to start using short regimens 
or bedaquiline for programmatic management of drug-re-
sistant tuberculosis.

First, data from this report may assist national TB 
control programs in planning the number of patients to be 
enrolled for short or bedaquiline-containing regimen. Not 
all countries have representative data from routine drug re-
sistance surveillance or surveys; thus, data from this report 
can be used to estimate numbers of candidate patients for 
certain regimens. The 2013 WHO report included com-
bined representative data from 75 countries and 4 territo-
ries showing that the 32% of persons had MDR TB resis-
tant to a fluoroquinolone, a second-line injectable drug, or 
both, and thus these persons might be eligible to receive 
bedaquiline (1). Our data showed a relatively similar pro-
portion (26%). The remaining 74% of patients could be 
considered as candidates for the short regimen. However, 
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Table 1.	Proportion	of	patients	with	multidrug-resistant	tuberculosis	who	would	have	qualified	for	treatment	with	the	short	(9-month)	
regimen	or	with	bedaquiline-containing	regimen,	2005–2008* 

Candidate	
regimen 

Country,	no.	patients	(%) 

Estonia,	
n	=	24 

Latvia,	 
n	=	89 

Peru,	 
n	=	194 

Philippines,	
n	=	386 

Russia,	 
n	=	96 

South	
Africa,	 
n	=	281 

South	
Korea,	 
n	=	96 

Taiwan,	 
n	=	40 

Thailand,	
n	=	48 

Total,	 
N	=	1,254 

Short† 13	(54.2) 42	(47.2) 154	(79.4) 357	(92.5) 59	(61.5) 195	(69.4) 58	(60.4) 31	(77.5) 43	(89.6) 952	(75.9) 
BDQ‡ 11	(45.8) 47	(52.8) 40	(20.6) 29	(7.5) 37	(38.5) 86	(30.6) 38	(39.6) 9	(22.5) 5	(10.4) 302	(24.1) 
*Percentages	show	proportion	of	patients	in	cohort	form	each country	who	would	be	candidates	for	a	particular	regimen.	BDQ, bedaquiline. 
†Candidates for short regimen were patients without baseline resistance to fluoroquinolones and second-line	injectable	drugs. 
‡Candidates for BDQ-containing	regimen	were	patients	with	baseline	resistance	to	fluoroquinolones	or	second-line	injectable	drugs. 
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the proportions of patients in our study who might qualify 
for the 9-month or bedaquiline-containing regimen varied 
widely among countries: 47%–93% and 8%–53%, respec-
tively. This variation in baseline drug resistance probably 
reflected previous use of anti-TB second-line drugs in 
these countries and the consequent epidemiology of MDR 
TB (13).

Second, we report on the prevalence of resistance to 
first- and second-line drugs by the status of resistance to 
fluoroquinolones or second-line injectable drugs. Candi-
dates for the short regimen had, on average, susceptibility 
to 5 anti-TB drugs. We did not have DST for pyrazinamide 
and clofazimine (which are part of the 9-month regimen). 
Susceptibility to high-dose isoniazid, also included in the 
short regimen, was found in only 8.6% of candidates for 
that regimen. To our knowledge, only 1 randomized clini-
cal trial has documented improved interim treatment out-

comes (reduced time to sputum culture conversion and 
higher proportion with sputum culture negative 6 months 
after treatment started) among patients receiving high-dose 
isoniazid (16–18 mg/kg) as an adjuvant to second-line 
drugs in documented MDR TB (15). More clinical research 
is needed about use of high-dose isoniazid to treat MDR TB 
(16). Susceptibility to ethambutol was found in 42% and to 
thioamides in 82% of candidates for the short regimen. On 
the other hand, candidates for a bedaquiline-containing reg-
imen frequently had resistance to other first- and second-
line drugs with a median of 3 drugs that remained effective; 
the number of effective drugs progressively decreased from 
3 or 4 in patients with pre-XDR to 2 drugs in XDR TB. 
Therefore, countries planning to implement bedaquiline for 
programmatic use should include plans to procure third-line 
drugs, such as linezolid and clofazimine. These additional 
drugs are needed to build regimens with the minimum 4 
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Table 3. Resistance	patterns	of	drugs	effective	in	vitro	for	multidrug-resistant	tuberculosis* 
 

Total,	N	=	1,254 

Candidate	effective	drugs 
Short	regimen,	
FQ-S	and	SLI-S,	

n	=	952 

BDQ-containing regimen 
Combined	FQ-R or 
SLI-R,† n	=	302 

FQ-R	only,	 
n	=	73 

SLI-R	only,	 
n	=	155 

XDR,	 
n	=	74 

Median 5 5 3 4 3 2 
Interquartile	range 4–6 5–6 2–4 4–5 3–4 1–2 
Range 0–7 3–7 0–6 2–6 1–5 0–4 
*Drug	susceptibility	test	results	were	analyzed	for	7	drugs:	high-dose	isoniazid,	ethambutol,	FQ,	aminoglycoside,	capreomycin,	ethionamide,	and	para-
aminosalicylic	acid;	BDQ,	bedaquiline;	FQ,	fluoroquinolone;	R,	resistant;	S,	susceptible;	SLI,	second-line	injectable	drug;	XDR,	extensively	drug-resistant. 
†Includes FQ-R	only,	SLI-R	only,	and	XDR	cases	combined. 

 

 

 

 
Table 2. Individual	drug	resistance	in	relation	to	the	profile	of	fluoroquinolone and	SLI	resistance	among	patients	with	multidrug-
resistant	tuberculosis	who	could	have	been	candidates	for	a	short	(9-month)	treatment	regimen	or	a	bedaquiline-containing	regimen* 

Drug,	DST	result Total,	N	=	1,254 

Candidate	patients,	no.	(%) 
Short	regimen,	
FQ-S	and	SLI-S,	

n	=	952 

BDQ-containing regimen 
FQ-R	or	SLI-R,†  

n	=	302 
FQ-R	only,	 
n	=	73 

SLI-R	only,	 
n	=	155 

XDR,	 
n	=	74 

INH,	high-dose       
 NA 11	(0.9) 11	(1.2) 0 0 0 0 
 R 1,152	(91.9) 859	(90.2) 293	(97.0) 69	(94.5) 154	(99.4) 70	(94.6) 
 S 91	(7.3) 82	(8.6) 9	(3.0) 4	(5.5) 1	(0.6) 4	(5.4) 
EMB       
 R 771	(61.5) 553	(58.1) 218	(72.2) 51	(69.9) 113	(72.9) 54	(73) 
 S 483	(38.5) 399	(41.9) 84	(27.8) 22	(30.1) 42	(27.1) 20	(27) 
FQ       
 R 147	(11.7) 0 147	(48.7) 73	(100) 0 74	(100) 
 S 1,107	(88.3) 952	(100) 155	(51.3) 0 155	(100) 0 
KAN/AMK       
 R 219	(17.5) 0 219	(72.5) 0 150	(96.8) 69	(93.2) 
 S 1,035	(82.5) 952	(100) 83	(27.5) 73	(100) 5	(3.2) 5	(6.8) 
CAP       
 NA 9	(0.7) 9	(0.9) 0 0 0 0 
 R 140	(11.2) 0 140	(46.4) 73 (100) 88	(56.8) 140	(46.4) 
 S 1,105	(88.1) 943	(99.1) 162	(53.6) 0 67	(43.2) 162	(53.6) 
THA       
 R 232	(18.5) 172	(18.1) 60	(19.9) 8	(11.0) 30	(19.4) 22	(29.7) 
 S 1,022	(81.5) 780	(81.9) 242	(80.1) 65	(89.0) 125	(80.6) 52	(70.3) 
PAS       
 R 120	(9.6) 48	(5.0) 72	(23.8) 13	(17.8) 28	(18.1) 31	(41.9) 
 S 1,134	(90.4) 904	(95.0) 230	(76.2) 60	(82.2) 127	(81.9) 43	(58.1) 
*AMK,	amikacin;	BDQ,	bedaquiline;	CAP,	capreomycin;	DST,	drug-susceptibility	testing;	EMB,	ethambutol;	FQ,	fluoroquinolone;	INH,	isoniazid;	KAN,	
kanamycin;	NA,	not	available;	PAS,	para-aminosalicylic	acid;	R,	resistant;	S, susceptible;	SLI, second-line	injectable	drug;	THA, ethionamide;	XDR,	
extensively	drug-resistant. 
†Comprises FQ-R	only,	SLI-R	only,	and	XDR	cases	combined. 
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effective drugs because of the extent of resistance to other 
second-line drugs among patients who might qualify for 
bedaquiline. Alternatively, this study’s results can be used 
to infer what might happen if bedaquiline were introduced 
solely on the basis of the result of fluoroquinolone or sec-
ond-line injectable drug resistance. Without the capacity 

for full-spectrum DST, widespread acquired bedaquiline 
resistance would be expected quickly.

Finally, when countries implement the short regimen 
or bedaquiline under programmatic conditions, a com-
parator arm is unlikely to be evaluated to determine the  
effectiveness of the regimens. Patients placed on a standard 
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Table 4.	Association	of	patient	characteristics	with	candidacy	for	a	short	(9-month)	regimen	or	a	BDQ-containing regimen among 
patients	with	MDR	TB* 

Characteristic 

Patient	candidate,	no.	(%) 

p	value Total Short	regimen 
BDQ-containing 

regimen 
Sex     
 M 804 613	(76.2) 191	(23.8) 0.72 
 F 450 339	(75.3) 111	(24.7)  
Employment	status     
 Unemployed 475 328	(69.1) 147	(30.9) <0.001 
 Disabled,	retired,	student,	housewife 192 150	(78.1) 42	(21.9) 0.37 
 Employed 581 471	(81.1) 110	(18.9)  
History	of	imprisonment     
 Yes 81 50	(61.7) 31	(38.3) 0.001 
 Unknown 181 130	(71.8) 51	(28.2) 0.08 
 No 992 772	(77.8) 220	(22.2)  
Homeless     
 Yes 29 21	(72.4) 8	(27.6) 0.54 
 Unknown 137 91	(66.4) 46	(33.6) 0.005 
 No 1,088 840	(77.2) 248	(22.8)  
Alcohol	abuse     
 Yes 186 108	(58.1) 78	(41.9) <0.001 
 Unknown 52 31	(59.6) 21	(40.4) <0.001 
 No 1,016 813	(80) 203	(20)  
HIV	status     
 Positive 159 108	(67.9) 51	(32.1) 0.88 
 Unknown 468 422	(90.2) 46	(9.8) <0.001 
 Negative 627 422	(67.3) 205	(32.7)  
Any	co-morbidity	other	than	HIV	infection     
 Yes 335 257	(76.7) 78	(23.3) 0.69 
 No 919 695	(75.6) 224	(24.4)  
Classification	by	prior	treatment	history     
 Received	first-line	drugs 879 719	(81.8) 160	(18.2) <0.001 
 Received	second-line	injectable	drugs 185 103	(55.7) 82	(44.3) 0.04 
 New	case 168 112	(66.7) 56	(33.3)  
Classification	by	prior	TB	treatment	outcome     
 Relapse 181 124	(68.5) 57	(31.5) 0.66 
 Failure,	loss	to	follow	up,	change	to	second-line	regimen 598 444	(74.2) 154	(25.8) 0.04 
 Chronic 190 172	(90.5) 18	(9.5) <0.001 
 Unknown 119 102	(85.7) 17	(14.3) <0.001 
 New	case 166 110	(66.3) 56	(33.7)  
Body	mass	index     
 <18.5 471 369	(78.3) 102	(21.7) 0.12 
 >18.5 783 583	(74.5) 200	(25.5)  
Site	of	TB	disease     
 Extrapulmonary	and	pulmonary 57 45	(78.9) 12	(21.1) 0.59 
 Pulmonary	only 1,195 906	(75.8) 289	(24.2)  
Bilateral	TB	disease     
 Yes 993 748	(75.3) 245	(24.7) 0.48 
 No 236 183	(77.5) 53	(22.5)  
Cavities	on	chest	radiograph     
 Unilateral 477 339	(71.1) 138	(28.9) <0.001 
 Bilateral 293 210	(71.7) 83	(28.3) <0.001 
 No 484 403	(83.3) 81	(16.7)  
AFB	smear	at	the	start	of	MDR	treatment     
 Positive 1,063 810	(76.2) 253	(23.8) 0.37 
 Negative 155 113	(72.9) 42	(27.1)  
*Row	percentages	show	proportion	of	patients	with	each	characteristic	that	would	be	candidates	for	a	particular	regimen.	AFB, acid-fast	bacilli;	
BDQ, bedaquiline;	MDR,	multidrug-resistant;	TB,	tuberculosis.Bold	type	indicates	statistical	significance. 
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WHO MDR TB regimen will not be an appropriate con-
trol group to make valid comparisons. In this study, overall 
treatment success was 66% among candidates for the short 
regimen and 40% among candidates for a bedaquiline-con-
taining regimen. A meta-analysis of the 18- to 24-month 
regimen outcomes reported by Falzon et al. (17) included 
data from 26 treatment centers and reported treatment suc-
cess of 64% among 4,763 patients with MDR TB and no 
additional resistance to fluoroquinolones or second-line in-
jectable drugs (this group of patients would be most com-
parable to candidates for the short regimen) and 40%–56% 
among patients with additional resistance to second-line in-
jectable drugs or fluoroquinolones and with XDR TB (sim-
ilar to candidates for bedaquiline). Thus, the proportions 
of patients with treatment success in the respective groups 
defined by drug resistance status can be used as historical 
comparators to assess the effectiveness of treatment in co-
horts on the short regimen or the bedaquiline-containing 
regimen. Also, these studies clearly demonstrate the tre-
mendous capacity for improvement of MDR TB treatment 
outcomes; new drugs and regimens are desperately needed.

Our report emphasizes the crucial need for strong labo-
ratory capacity to manage drug-resistant TB. A few years 
ago, the Xpert MTB/RIF assay (Cepheid Inc., Sunnyvale, 
CA, USA) for detecting M. tuberculosis and rifampin resis-
tance became widely available. Many countries are adopt-
ing this diagnostic tool and thus increasingly diagnosing 
MDR TB. However, for implementation and programmatic 
use of short and bedaquiline-containing regimens, national 
TB control programs would need capacity for rapid, ac-
curate DST for both first- and second-line drugs to appro-
priately select candidates for the respective regimens and 
ensure the availability of at least 3 other effective drugs. 
This need should be considered during planning of the im-
plementation of these new regimens.

Our study findings are subject to several major limita-
tions in interpretation and applicability to programs. This 
study did not evaluate the frequency of drug-related toxici-
ties leading to permanent discontinuation of fluoroquino-
lones or second-line injectable drugs. These patients would 
be candidates for bedaquiline-containing regimens even if 
their isolates remained susceptible to these drugs. Thus, 
we might have underestimated the proportion of patients 
eligible for bedaquiline. DST results were not available 
for pyrazinamide by the time of this analysis. On the ba-
sis of published data, pyrazinamide resistance in patients 
with MDR TB in countries included in PETTS varied 
from 49% in Thailand, 52% in South Africa, and 55% in 
Taiwan to 85% in South Korea (18–21). Thus, our study 
might overestimate the proportion of patients with MDR 
TB who would respond to the 9-month regimen because 
>50% of isolates could be resistant to pyrazinamide. CDC 
did not test for moxifloxacin when this work was conducted 

because standardized procedures had not yet been estab-
lished. CDC does not test for clofazimine because standard-
ized procedures using currently available technology have 
not been established. CDC does not test for cycloserine, 
which requires Lowenstein-Jensen medium. The intrinsic 
reproducibility of phenotypic DST for several drugs tested  
routinely including ethambutol, thioamides, cycloserine, 
and para-aminosalicylic acid is poor. All patients in the 
PETTS study were treated under WHO-recommended 
regimens during 2005–2010, when new treatment options 
were not available; thus, treatment outcomes might not be 
able to be extrapolated to new regimens.

Current standards for treating patients with MDR TB 
pose at least 2 major problems that reduce the effectiveness 
of treatment and treatment success rates. First, the long du-
ration of treatment—a total of at least 20 months—places 
a major burden on patients and health care systems. Sec-
ond, common serious adverse drug reactions contribute to 
reduced adherence or suspension of treatment. Given the 
global prevalence of MDR TB and low treatment success 
rates, better TB drugs and shorter regimens are urgently 
needed to enable more effective, less toxic, and less expen-
sive treatment for persons with MDR TB.
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In	 2013,	 the	 first	 government-led	oral	 cholera	 vaccination	
(OCV)	campaign	 in	Haiti	was	 implemented	 in	Petite	Anse	
and	 Cerca	 Carvajal.	 To	 evaluate	 vaccination	 coverage,	
barriers	 to	vaccination,	and	adverse	events	 following	vac-
cination,	we	conducted	a	cluster	survey.	We	enrolled	1,121	
persons	from	Petite	Anse	and	809	persons	from	Cerca	Car-
vajal,	categorized	by	3	age	groups	(1–4,	5–14,	>15	years).	
Two-dose	 OCV	 coverage	 was	 62.5%	 in	 Petite	Anse	 and	
76.8%	 in	Cerca	Carvajal.	Two-dose	coverage	was	 lowest	
among persons >15	years	of	age.	In	Cerca	Carvajal,	cover-
age	was	 significantly	 lower	 for	male	 than	 female	 respon-
dents	 (69%	vs.	85%;	p<0.001).	No	major	adverse	events	
were	reported.	The	main	reason	for	nonvaccination	was	ab-
sence	during	the	campaign.	Vaccination	coverage	after	this	
campaign	was	 acceptable	 and	 comparable	 to	 that	 result-
ing	from	campaigns	 implemented	by	nongovernmental	or-
ganizations.	Future	campaigns	should	be	tailored	to	reach	
adults	who	are	not	available	during	daytime	hours.

Since October 2010, Haiti has endured one of the larg-
est cholera epidemics ever recorded in a single coun-

try, accounting for 54% of all cholera cases and 41% of 
all cholera deaths reported to the World Health Organiza-
tion (WHO) during 2010–2013 (1–4). Contributing to this 
sustained, ongoing epidemic were inadequate drinking 
water and sanitation infrastructure, worsened by the 2010 
earthquake, and an immunologically naive population. In 
February 2013, the Haiti Ministry of Health and Popula-
tion launched the 2013–2022 national plan of action for 
elimination of cholera (5). The plan outlined long-term 
interventions such as improving water quality, sanitation, 

and waste management. However, because these interven-
tions will require years to implement, the Haitian gov-
ernment proposed vaccinating 600,000 persons during 
2013–2015 as a short-term approach to help control the 
cholera epidemic (6). This decision was consistent with 
World Health Assembly Resolution 64.15, which calls 
for implementation of an integrated and comprehensive 
approach to cholera control that includes the use of oral 
cholera vaccine (OCV) (7).

OCVs are increasingly being used as part of preemp-
tive and reactive vaccination strategies (8–18). Before 2011, 
Dukoral vaccine (Crucell, Stockholm, Sweden), licensed 
for use in persons >2 years of age (2 doses given 7 days to 
6 weeks apart), was the only available WHO-prequalified 
vaccine approved for purchase by United Nations agen-
cies on the basis of safety and efficacy. However, its use in 
vaccination campaigns was limited by the need to mix the 
vaccine in a buffer solution diluted in clean water and by 
its relatively high cost (US$3–6/dose). In September 2011, 
Shanchol vaccine (Shantha Biotechnics, Hyderabad, India) 
was prequalified by WHO (2 doses given 14 days apart). 
Shanchol offered several advantages over Dukoral, includ-
ing approval for use in persons >1 year of age, adminis-
tration without buffer or water, and lower price (US$1.85/
dose). Recent data from Kolkata, India, indicated that the 
5-year protective efficacy of 2 doses of Shanchol was 65% 
(95% CI 52%–74%) (19), and effectiveness 6 months after 
a vaccination campaign for outbreak control in Guinea was 
86% (95% CI 56.7%–95.8%) (20). These findings further 
support the use of OCV in response to epidemic and en-
demic cholera.

In 2012, the first pilot OCV campaign was conduct-
ed in Haiti by 2 Haitian nongovernmental organizations 
(NGOs) in a rural area in Artibonite Department (target 
population for vaccination 50,000) and in an urban area in 
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Port-au-Prince (target population 69,185) (12,13). In 2013, 
the Haiti Ministry of Health and Population conducted the 
first government-run OCV campaign as part of the national 
plan for the elimination of cholera. Shanchol was used, and 
the target population included (per manufacturer recom-
mendations) persons >1 year of age, with the exception of 
pregnant women. Because only 200,000 doses of the vac-
cine were available, the Ministry of Health and Population 
chose to target Petite Anse, an urban area in the commune 
of Cap Haitian in the North Department (estimated target 
population 86,989), and Cerca Carvajal, a rural area in the 
Centre Department (estimated target population 20,917). 
These areas were chosen because they had the required 
target population for the available OCV doses, poor wa-
ter and sanitation infrastructure, difficult access to health 
care services, and historically high cholera attack rates 
(10.1%–37%) (21) (Figure). The first vaccination round 
was conducted August 5–9, 2013. The second round was 
conducted August 26–30 in Cerca Carvajal and was split 
between August 26–28 and September 9–10 in Petite Anse 
because of depleted vaccine supplies and the time needed 
to receive additional doses. The campaign was conducted 
at fixed and mobile sites and through house-to-house visits. 
Vaccination cards specific for the campaign were used to 
document vaccination. Printed pamphlets including infor-
mation about water, sanitation, and hygiene (WASH) and 
the need to receive 2 doses of the vaccine were distributed 
during the campaign. However, messages delivered orally 
varied between areas and included no details about the vac-
cine. Administrative coverage (coverage reported by the 
country) with 2 OCV doses was 92% in Petite Anse and 

104% in Cerca Carvajal. Previously, administrative vacci-
nation coverage estimates have been shown to be unreli-
able in Haiti because the number of persons in the target 
populations was not always known (22,23).

To inform planning for future OCV campaigns in Haiti 
and other countries, we conducted a vaccination coverage 
survey. Compared with use of administrative coverage re-
sults, this method enables better assessment of the success 
of vaccination campaigns (evaluation of vaccine coverage, 
barriers to vaccination, and adverse events reported follow-
ing vaccination).

Methods

Sampling and Study Population
We conducted a multistage cluster survey by using the 2011 
household and population estimates provided by the Hai-
tian Institute of Statistics and Information. The sampling 
frame consisted of 116 enumeration areas in Petite Anse 
and 25 in Cerca Carvajal. Enumeration areas are the pri-
mary sampling units, clearly delineated and mapped by the 
census bureau in Haiti, and are used as a sampling frame 
for major surveys in Haiti, including the Demographic and 
Health Survey. Sample size was calculated to estimate cov-
erage by age group (1–4, 5–14 and >15 years) by using the 
following assumptions: 1) a desired precision of ±0.05, 2) 
an expected 2-dose OCV coverage of 85%, 3) a child 1–4 
years of age in 65% of households, 4) a nonparticipation 
rate of 5%, and 5) a design effect of 1.7 in Petite Anse and 
1.5 in Cerca Carvajal. These age groups were chosen for 
the purpose of comparison with OCV surveys conducted in 
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Figure.	Areas	selected	for	the	
first	government-implemented	
oral	cholera	vaccination	
campaign	in	Haiti,	2013.	Data	
source:	Haiti	Ministry	of	Health	
and	Population,	Centre	 
National	de	l’Information	 
Géo-Spatiale,	and	Institut	Haïtien 
de	Statistique	et	d’Informatique,	
OpenStreetMap.
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other countries (8,9,18,24). A total of 564 households were 
needed in Petite Anse, and 353 households were needed in 
Cerca Carvajal.

We selected 30 (26%) enumeration areas from Petite 
Anse and 18 (72%) from Cerca Carvajal by systematic ran-
dom sampling without replacement. In each enumeration 
area, 20 households were selected by systematic sampling. 
Finally, in each selected household, 1 person in each age 
group, if available, was randomly selected (by use of a ran-
dom number table) for interview.

A household was defined as a group of persons who ate 
together and lived under the same roof. Persons in house-
holds were eligible to participate if they 1) were >1 year of 
age and not pregnant during the OCV campaign, 2) resided 
in a selected household during the OCV campaign, and 3) 
gave oral consent (for participants <18 years of age, con-
sent was provided by a responsible adult member of the 
household). Responses for children were provided by the 
mother and the child if child was >5 years of age.

The protocol was approved by the national ethics com-
mittee in Haiti. It was classified as a program evaluation 
activity by the Centers for Disease Control and Prevention.

Data Collection
Team members (2 interviewers and 1 supervisor) who had 
experience with Demographic and Health Surveys were 
trained on survey and household selection methods, in-
terviewing, use of smartphones for data collection, and 
use of global positioning system units. The survey was 
conducted during September 13–27, 2013, <1 month after 
campaign completion.

Interviews were initiated with the first household in 1 
of the corners of the enumeration area noted on the global 
positioning system device. Subsequent households were 
selected by using the systematic method of traversing the 
enumeration area by moving in a clockwise manner and 
skipping households according to a precalculated sampling 
interval (estimated total number of households in cluster 
divided by 20). Contact was initiated with an adult, usu-
ally the female head of household, who was interviewed 
by use of a standardized questionnaire. Information col-
lected included general household information: access to 
treated water and health care facilities, previous history of 
cholera infection in the household, awareness of the OCV 
campaign, and the number of eligible persons in the house-
hold who were vaccinated with OCV during the campaign 
and the number of doses received. Next, for each house-
hold, 1 person was randomly chosen from each of the 3 age 
groups for an in-depth interview (for younger children, the 
mother provided the information). Each interview collect-
ed information about the interviewee’s age, sex, previous 
history of cholera, number of OCV doses received during 
the campaign (documented by card or by recall if the card 

was not available), vaccine administration (route, location, 
and whether person spat out the vaccine), adverse events 
within 14 days of receipt of the first and second OCV dose, 
and general knowledge about OCV (duration of protection, 
need for other measures for protection against cholera). 
Those who had not received the first or second dose were 
asked their reasons for not being vaccinated. Interviewers 
asked all questions without prompting for answers. Inter-
views were conducted in Haitian Creole, and answers were 
recorded on smartphones.

Households were visited at least 2 times if no one was 
at home or if a randomly selected person was unavailable 
during the first visit. Selected households were not replaced 
if they were not eligible or if no one was at home (no re-
sponse) after at least 2 attempted visits.

Statistical Analyses
Estimated percentages and 95% CIs were calculated by 
using SAS-callable SUDAAN version 10.01 (RTI Inter-
national, Research Triangle Park, NC, USA) to account 
for the finite population at the first stage cluster sampling. 
Statistical weights for each household were based on the 
sampling probabilities of the first 2 stages, and statistical 
weights for each person were based on the sampling prob-
abilities of all 3 stages. For each area, we estimated 1- and 
2-dose OCV campaign coverage (including 95% CI) by age 
group and sex. Satterthwaite-adjusted χ2 tests were used to 
compare coverage between subpopulations. For each area 
we also calculated rates of dropout between receipt of first 
and second vaccine doses, reports of any adverse events, 
and reasons for not receiving vaccine.

Results

Household Characteristics
Of 960 visited households, 925 (96%) consented to par-
ticipate (568 in Petite Anse, 357 in Cerca Carvajal). Of 
the participating households, 79% in Petite Anse and 46% 
in Cerca Carvajal were within a 15-minute walking dis-
tance of a drinking water source. In Petite Anse, the most 
common source of drinking water was bottled water or 
water purchased from a company (84%); in Cerca Car-
vajal, it was unprotected spring water (42%) and public 
piped water (34%).

For 56% and 21% of households in Petite Anse and 
Cerca Carvajal, respectively, the closest heath facility was 
located within 30 minutes of travel by the mode of trans-
portation available in the household (walking, driving, mo-
torcycle, or other). Overall, for 11% and 59% of the house-
holds in Petite Anse and Cerca Carvajal, respectively, the 
nearest health facility was >1 hour away. For ≈16% and 
27% of households in Petite Anse and Cerca Carvajal, re-
spectively, at least 1 household member had been infected 
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with cholera during the past 2 years. At least 1 person had 
died of cholera in ≈3% of households (3.4% in Petite Anse 
and 3.2% in Cerca Carvajal).

Campaign Awareness and Vaccination  
of Household Members
Of the 568 households in Petite Anse and 357 in Cerca 
Carvajal, 511 (91%, 95% CI 87%–93%) and 335 (93%, 
95% CI 89%–96%), respectively, were aware of the 2013 
OCV campaign. Of those who were aware, the principal 
sources of information were social mobilizers who used 
megaphones, followed by health care workers and friends/
family. In Petite Anse, 79.9% (95% CI 75.5%–83.7%) of 
households had at least 1 eligible person who had received 
2 OCV doses; in Cerca Carvajal, 89% (95% CI 83%–93%) 
of households had at least 1 person who had received 2 
doses. All eligible household members had received 2 
OCV doses in 23% (95% CI 17.4%–28.7%) of households 
in Petite Anse and 37% (95% CI 31%–44%) of households 
in Cerca Carvajal. 

Vaccination among Enrolled Household Members
A total of 1,121 and 809 persons in Petite Anse and Cerca 
Carvajal, respectively, who were eligible for vaccination 
were enrolled and categorized into 1 of the 3 age groups 
(Table 1). Overall, 62.5% (95% CI 57.9%–66.9%) of 
eligible persons from selected households in Petite Anse 
and 76.8% (95% CI 71.1%–81.8%) from Cerca Carva-
jal received both doses of OCV (Table 2). Of those who 
received 2 doses, 51% from Petite Anse and 70% from 
Cerca Carvajal had card documentation of both doses. In 
Petite Anse, the dropout rate between the first and second 
OCV dose was 9.6% (95% CI 7.1%–12.9%) and was sig-
nificantly higher among persons >15 years of age (12.0%) 
than among children 1–4 years of age (3.4%; p = 0.008). 
In Cerca Carvajal, the dropout rate between the first and 
second OCV dose was 8.4% (95% CI 5.5%–12.6%) and 
was significantly higher among male than female respon-
dents (12.6% vs. 4.5%; p = 0.002). For both regions, 2-dose 
coverage was significantly lower among persons >15 years 
of age than among younger persons (p<0.01). In Cerca 
Carvajal, coverage was significantly lower among male 
than among female respondents overall (69.0% vs. 84.9%; 

p<0.001), among those 5–14 years of age compared with 
those in other age groups (76.5% vs. 92.9%; p = 0.005), and 
among those >15 years of age compared with those in other 
age groups (57.9% vs. 82.7%; p<0.001).

In Petite Anse, two thirds of respondents reported 
having received OCV at home (66.4%, 95% CI 58.5%–
73.5%) and nearly a quarter at mobile posts (23.9%, 
95% CI 18.1%–30.8%). In Cerca Carvajal, almost half 
of respondents reported having received OCV at mobile 
posts (49.6%, 95% CI 41.5%–57.8%) and 19.4% (95% 
CI 15.3%–24.3%) at health centers. About 7% and 5% of 
respondents in Petite Anse and Cerca Carvajal, respec-
tively, reported spitting out part of the first dose because 
of its bad taste; <5% in both areas reported spitting out 
part of the second OCV dose.

Knowledge about OCV
Of 1,459 respondents who had received at least 1 OCV 
dose, almost one third (34% in Petite Anse, 33% in Cer-
ca Carvajal) reported that they thought OCV alone was 
enough to protect them from cholera. Most (73%) respon-
dents did not know the duration of protection provided by 
OCV; <2% thought protection lasted 3–5 years, and 16% in 
Petite Anse and 10% in Cerca Carvajal thought protection 
lasted a lifetime.

Adverse Events following Vaccination and  
Reasons for Nonvaccination
Among respondents who reported having received at 
least 1 dose of OCV, minor adverse events following the 
first dose were reported by 8% and following the second 
dose by almost 5%. The most commonly reported adverse 
events were nausea, vertigo, and abdominal pain (Table 3). 
No major adverse events were reported. The most common 
reason for not receiving the first or the second dose in both 
regions was absence during the campaign (Table 4).

Discussion
We report OCV coverage, barriers to vaccination, and 
adverse events after the first government-implemented 
OCV campaign in Haiti. The overall rates of 2-dose OCV 
coverage in rural Cerca Carvajal (77%) and urban Petite 
Anse (63%) were lower than the reported administrative 
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Table 1. General	characteristics	of	participants	in	oral	cholera	vaccine	coverage	survey,	Haiti,	2013 

Characteristic 
Area 

Petite	Anse,	n	=	1,121 Cerca	Carvajal,	n	=	809 
Sex,	no.	(%)   
 M 499	(43.1) 407	(50.6) 
 F 622	(56.9) 402	(49.4) 
Age,	y,	no.	(%)   
 1–4 206	(10.3) 192	(13.8) 
 5–14 353	(24.8) 263	(35.0) 
 >15 562	(64.9) 354	(51.1) 
History	of	cholera,	%	(95%	CI) 38	3.5	(2.4–5.2) 48	6.6	(4.5–9.6) 
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coverage. Potential explanations could be the inaccurate 
population denominators used to calculate administrative 
coverage because the most recent census data were for 
2003. In addition, several persons came from other areas 
to receive the vaccine, especially in Petite Anse, a crowd-
ed urban area, leading to overestimation of administrative 
coverage. Furthermore, the splitting and delaying of the 
second round of vaccination in Petite Anse created some 
confusion among the population regarding the vaccina-
tion dates and could have contributed to the high dropout 
rates. Nevertheless, the 2-dose OCV coverage achieved 
in Haiti is considered acceptable because herd immunity 
after 2-dose coverage with Shanchol as low as 28% has 
been reported (25), and mathematical models have shown 
that cholera might be controlled in disease-endemic set-
tings starting with 2-dose OCV coverage of 50% (26).

Our results are comparable to those reported after a 
pilot OCV vaccination campaign conducted in 2012 by 
2 NGOs in Haiti, for which coverage was 77% in rural 
Bocozel (12) and 69% in urban slums in Port-au-Prince 
(13). Two-dose OCV coverage rates in rural Haiti are 
similar to those reported in Bangladesh (72%) during the 
cholera off season (11) and rural Guinea (76%) during a 
cholera outbreak (18). Furthermore, OCV coverage rates 
in Haiti are among the highest observed thus far, com-
pared with those reported after NGO-implemented cam-
paigns in South Sudan, India, Mozambique, and Zanzi-
bar (9,10,14,15). This campaign is one of the few OCV 
campaigns implemented by a government in a cholera-
endemic setting; when the governments of Vietnam and 
Micronesia conducted OCV vaccinations in disease- 

endemic or outbreak settings, coverage rates were <80% 
and 50%, respectively (16,17).

OCV coverage was much lower among persons >15 
years of age in both regions and lower among male than fe-
male respondents in Cerca Carvajal. Similar findings have 
been reported for Mozambique, Bangladesh, India, South 
Sudan, Guinea, and Vietnam (9,11,14,15,18,27). However, 
as in other countries (8,9,12,18,28), awareness and accep-
tance of OCV was relatively high. The major reason for not 
receiving the vaccine was absence during the campaign. Un-
like previous vaccination campaigns in Haiti, which primar-
ily targeted children or women of reproductive age, OCV 
campaigns targeted all nonpregnant persons >1 year of age. 
Vaccination campaigns focused on adults need to include 
vaccination sessions either very early in the morning or in 
the evenings, when working men and women are more likely 
to be at home. More than two thirds of persons in Petite Anse 
were vaccinated at home. Vaccinators visited homes during 
the day, when several respondents might have been at work 
or at the market. In addition, adults in general and men in 
particular may believe that vaccines are intended for children 
and might not seek vaccination. Hence, additional efforts are 
needed to explain the need for adults to receive OCV. If vac-
cines are available, additional activities to reach those who 
were not vaccinated because of absence during the campaign 
might help increase coverage.

Most respondents did not know the duration of pro-
tection provided by the vaccine, and almost one third 
thought that vaccine alone would be enough to protect 
them from cholera. This poor knowledge about the vac-
cine may result from limited messaging about the vaccine 
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Table 2. Estimated	oral	cholera	vaccination	coverage,	Haiti,	2013* 

No.	doses	
Received 

Area,	%	(95%	CI) 
Petite	Anse 

 
Cerca	Carvajal 

Total,	n	=	1,118 Male,	n	=	497 Female,	n	=	621 Total,	n	=	808 Male,	n	=	407 Female,	n	=	401 
Total	        
 2	 62.5	(57.9–66.9) 59.8	(53.9–65.5) 64.5	(58.8–69.7)  76.8	(71.1–81.8) 69.0	(60.4–76.4) 84.9	(80.0–88.8) 
 1	 6.6	(4.9–8.9) 7.1	(4.7–10.4) 6.3	(3.8–10.2)  7.0	(4.7–10.5) 10.0	(6.3–15.4) 4.0	(2.4–6.8) 
 0 30.9	(26.8–35.3) 33.1	(27.6–39.1) 29.2	(24.8–34.1)  16.1	(12.4–20.6) 21.1	(15.3–28.3) 11.0	(7.9–15.2) 
Age	group,	y	        
 1–4 n	=	206 n	=	102 n	=	104  n	=	191 n	=	91 n	=	100 
  2 67.9	(60.2–74.8)† 63.9	(52.8–73.6) 71.8	(62.5–79.5)  81.6	(72.9–88.0)† 87.5	(75.5–94.1) 76.1	(63.1–85.6) 
  1 2.4	(0.8–6.9) 4.5	(1.4–13.4) 0.3	(0.0–2.4)  5.8	(2.7–12.0) 3.5	(0.8–13.9) 7.9	(3.2–18.5) 
  0 29.7	(23.3–37.0) 31.6	(22.3–42.5) 27.9	(20.3–37.1)  12.6	(7.9–19.6) 9.1	(4.1–18.8) 16.0	(9.1–26.5) 
 5–14 n	=	351 n	=	163 n	=	188  n	=	263 n	=	148 n	=	115 
  2 77.9	(71.7–83.0)† 75.5	(65.1–83.6) 79.8	(72.4–85.6)  83.8	(75.0–89.9)† 76.5	(63.6–85.9) 92.9	(85.1–96.7) 
  1 5.8	(3.7–9.0) 6.1	(3.1–11.3) 5.6	(3.0–10.3)  5.5	(2.8–10.8) 8.5	(4.0–17.2) 1.8	(0.6–5.5) 
  0 16.3	(12.1–21.7) 18.4	(11.5–28.2) 14.6	(9.8–21.2)  10.7	(6.2–17.7) 15.0	(8.3–25.5) 5.4	(2.0–13.7) 
 >15	y n	=	561 n	=	232 n	=	329  n	=	354 n	=	168 n	=	186 
  2 55.7	(50.0–61.3)† 52.5	(44.8–60.0) 58.0	(50.7–65.0)  70.8	(63.9–76.9)† 57.9	(47.4–67.8) 82.7	(75.7–88.0) 
  1 7.6	(5.3–10.9) 7.9	(4.5–13.6) 7.4	(4.0–13.2)  8.4	(5.3–13.1) 12.9	(7.6–21.1) 4.3	(2.1–8.6) 
  0 36.7	(31.5–42.1) 39.6	(32.4–47.2) 34.6	(28.7–41.0)  20.8	(15.7–27.0) 29.2	(20.5–39.7) 13.0	(8.6–19.2) 
*Vaccination	status	was	assessed	from	special	cards	distributed	to	document	doses	administered	during	the	campaign,	if	available,	or	by	recall;	in	every	
selected	household,	1	person	was	randomly	selected	from	each	age	group.	Statistical	analyses	accounted	for	the	weights	and	the	study	design.	 
†Design effect (DE) and estimated intraclass correlations (ICC) = (DE1)/(b1),	where	b	is	the	average	number	of	responses	per	cluster.	DE	is	based	on	
accounting	for	clustering	only	(The	finite	population	correction	and	weighting	are	ignored).	Petite	Anse:	age	group:	1–4	y,	DE = 1.3	and	ICC = 0.05;	5–14	
y,	DE = 1.4	and	ICC = 0.04;	>15	y,	DE = 2.1	and	ICC = 0.06.	Cerca	Carvajal:	age	group	1–4	y,	DE = 2.4	and	ICC = 0.15;	5–14	y,	DE = 3.9	and	
ICC = 0.22;	>15	y;	DE = 2.3	and	ICC = 0.07. 
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during the campaign; most of the information was spread 
through pamphlets, which probably were of limited use-
fulness because of low literacy rates in the target com-
munities. These findings are concerning because persons 
who believe they are completely protected from cholera 
after vaccination might abandon protective behavior such 
as treating drinking water and practicing good hygiene. 
OCV campaigns should offer an opportunity to promote 
hygiene and safe water and food practices; an OCV cam-
paign conducted in 2012 by an NGO in rural Haiti in-
cluded a strong cholera and WASH education component 
and was associated with improved cholera knowledge 
and hygiene practices (29). Future campaigns in Haiti  
should focus on word-of-mouth messaging to spread 
cholera prevention educational information. Health care 
workers and trained social mobilizers with megaphones 
could transmit these messages before, during, and after 
the vaccination campaign.

Although the 200,000 OCV doses for the 2013 cam-
paign were purchased directly from the manufacturer by 
the United Nations Children’s Fund, future OCV for use 
in cholera-endemic and -epidemic settings will be mainly 
obtained through the OCV stockpile managed by the Inter-
national Coordinating Group and the Global Task Force on 
Cholera Control (30–32). Given the limited amount of vac-
cine available, epidemiologic, technical, and operational 

evidence, as well as local capacity to conduct OCV cam-
paigns, will be assessed for optimal stockpile vaccine use. 
Moreover, the International Coordinating Group highlights 
the need to integrate OCV use with early case detection, ap-
propriate case management, provision of adequate WASH 
infrastructure, and raising of awareness in the affected 
communities. Therefore, the cornerstones for cholera pre-
vention and control remain safe water, improved sanitation, 
and adequate hygiene; WHO recommends that OCV use 
should complement traditional cholera control measures, 
including WASH interventions (7).

As has been noted for other Shanchol campaigns 
(12,13,15,18,33), no major adverse events were reported. 
Although the rates of minor adverse events were not higher 
than those reported by the manufacturer and in Bangladesh 
(33), they were higher than adverse events reported within 
48 hours of vaccination during 2 pilot NGO-run OCV cam-
paigns in Haiti (0.5%–1.3%) (12,13) and a campaign in 
Guinea (1%) (18).

This survey has 2 main limitations. Only half of re-
spondents who received both OCV doses in Petite Anse 
and 70% of those in Cerca Carvajal could document OCV 
vaccination by card. Therefore, in some instances we based 
vaccine status on a patient’s verbal report, which could 
have led to overestimation of vaccine coverage. However, 
the extent of this bias was probably limited because the 

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	6,	June	2015	 989

 

 

 
Table 3. Adverse	events	reported	within	14	days	of	receipt of oral	cholera	vaccine, by area,	Haiti,	2013* 
Adverse	event	 Petite	Anse,	no.	(%) Cerca	Carvajal,	no.	(%) 
First	dose   
 No.	who	received	dose  768 691 
 Total	events	reported 68 (7.9; 95%	CI	6.0–10.3) 56	(8.0;	95%	CI	5.4–11.7) 
 Common	events	reported†    
  Nausea 20	(2.6) 17	(2.5) 
  Vertigo 15	(2.0) 11	(1.6) 
  Abdominal	pain 13	(1.7) 17	(2.5) 
  Weakness/fatigue 11	(1.4) 4	(0.6) 
  Diarrhea 9	(1.2) 9	(1.3) 
  Vomiting 5	(0.7) 5	(0.7) 
  Bloating 3	(0.4) 7	(1.0) 
  Fever 8	(1.0) 5	(0.7) 
  Headache 2	(0.3) 4	(0.6) 
  Rash 4	(0.5) Not	reported 
Second	dose   
 No.	who	received	dose 697 637 
 Total	events	reported	 35	(4.7;	95%	CI	3.0–7.3) 29	(4.1;	95%	CI	2.4–6.8) 
 Common	events reported‡   
  Vertigo 6	(0.9) 7	(1.1) 
  Nausea 7	(1.0) 5	(0.8) 
  Abdominal	pain 6	(0.9) 9	(1.4) 
  Vomiting 1	(0.1) 2	(0.3) 
  Diarrhea 2	(0.3) 4	(0.6) 
  Fever 4	(0.6) 3	(0.5) 
  Weakness/fatigue 4	(0.6) 1	(0.2) 
  Headache 3	(0.4) 3	(0.5) 
  Rash 6	(0.9) Not	reported 
  Bloating 2	(0.3) Not	reported 
*The	categories	for	adverse	events	are	not	mutually	exclusive	as	participants	had	the	option	to	report	multiple	adverse	events.	 
†Denominator	incudes	persons	who	received	the	first	dose.	Percentages	are	unweighted	for	the	purpose	of	description	only. 
‡Denominator	includes	persons	who	received	the	second	dose.	Percentages	are	unweighted	for	the	purpose	of	description	only. 
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survey was conducted shortly after the campaign, and re-
spondents correctly identified campaign dates and route of 
OCV administration. Second, overestimating coverage in 
the sample size calculation and underestimating the design 
effect in Cerca Carvajal contributed to the wide confidence 
intervals. However, we have reported the estimated design 
effect caused by clustering and the estimated intraclass cor-
relation (Table 2, footnote). Future OCV surveys in Haiti 
can use these intraclass correlations, along with the ex-
pected number of responses in each cluster, to estimate the 
design effect caused by clustering.

In conclusion, coverage rates after the first govern-
ment-implemented OCV campaign in Haiti were accept-
able. As part of the national plan for the elimination of chol-
era, results from this survey would be essential for planning 
future OCV campaigns in Haiti to reach those who remain 
nonvaccinated. Given the lack of accurate data about target 
population estimates and high vaccine demand from near-
by areas, it may be useful to overestimate required vaccine 
doses to improve vaccination coverage and avoid running 
out of vaccine during future campaigns. Printing enough 
vaccination cards and emphasizing the value of keeping 
the card and bringing it back when receiving the second 
vaccine dose are needed. Vaccination sessions should be 
tailored to reach persons who work during the day and men 
in general. Furthermore, OCV campaigns should be coor-
dinated with WASH activities to ensure a comprehensive 
approach to cholera control and prevention and to promote 
the elimination of cholera from Haiti.
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Drug	Resistance	and	Poor	Outcomes	in	MDR	TB

acquired	 resistance	 in	 Mycobacterium tuberculosis	 was	
observed	 in	19	 (14%);	prevalence	was	9.1%	for	ofloxacin	
and	9.8%	for	capreomycin	or	kanamycin.	Baseline	cavitary	
disease	and	 resistance	 to	>6	drugs	were	associated	with	
acquired	resistance.	Patients	with	M. tuberculosis	that	had	
acquired	resistance	were	at	significantly	increased	risk	for	
poor	 treatment	 outcome	 compared	 with	 patients	 without	
these	isolates	(89%	vs.	36%;	p<0.01).	Acquired	resistance	
occurs	 commonly	 among	 patients	 with	 MDR	 TB	 and	 im-
pedes	successful	treatment	outcomes.

The World Health Organization (WHO) reported that 
control efforts are off-track in managing multidrug-

resistant tuberculosis (MDR TB) and that addressing this 
problem is a priority (1). In 2013, WHO estimated that 
there were 480,000 new cases of MDR TB and 210,000 
MDR TB–related deaths (2). MDR TB, defined as resis-
tance to first-line drugs isoniazid and rifampin, has been 
associated with worse treatment outcomes than for drug-
susceptible TB (3). A primary reason for worse treatment 
outcomes for MDR TB is use of second-line drugs (SLDs), 
which are costly, poorly tolerated, and suboptimally effec-
tive and require a prolonged treatment duration.

SLD treatment for MDR TB might also increase risk 
for further acquired drug resistance. Acquired resistance 
among Mycobacterium tuberculosis isolates from MDR 
TB patients is a concern because this resistance would 
leave clinicians with few effective drugs and might lead 
to development of extensively drug-resistant (XDR) TB, 
which is defined as resistance to a fluoroquinolone and >1 
injectable drug (amikacin, kanamycin, or capreomycin) 
(4), in addition to isoniazid and rifampin. XDR TB has 
been associated with treatment outcomes much worse than 
outcomes for MDR TB (5).

A case of drug-resistant TB occurs by primary trans-
mission of drug-resistant M. tuberculosis strains or ac-
quired resistance during TB treatment. For acquired resis-
tance, M. tuberculosis is believed to develop resistance by 
spontaneous chromosomal mutations (6). Given that fre-
quencies of M. tuberculosis mutations that correlate with 
drug resistance occur infrequently and resistance mutations 
for different drugs are believed to be unlinked, additional 
drug resistance is unlikely when ≥3 effective drugs are used 
in combination (6). For inadequate drug treatment caused 
by poor regimen selection, inadequate drug supply, nonad-
herence, or subtherapeutic drug concentrations, subpopula-
tions of drug-resistant M. tuberculosis might be selected 
for, amplified, and become the predominant strain. Limited 
data suggest that the risk for acquired resistance is higher 
among persons with MDR TB than drug-susceptible TB 
(7–10). Data for risk factors for acquired resistance among 
MDR TB patients during treatment and their effect on out-
comes are limited to a few studies (8,11,12).

On the basis of prior results from our group, we hypoth-
esized that cavitary disease would increase the risk for ac-
quired resistance (13). Because infection with M. tuberculo-
sis strains with increasing drug resistance is associated with 
worse patient outcomes, we also hypothesized that acquired 
resistance would be associated with a poor outcome (5).

To address research questions generated by these hy-
potheses, we studied a cohort of MDR TB patients in Geor-
gia, 1 of 27 countries with a high incidence of MDR TB, as 
designated by WHO (1). In 2012, 9% of newly diagnosed 
cases and 31% of re-treatment TB cases in Georgia were 
MDR TB (1). In 2008, with support from the Global Fund 
(http://www.theglobalfund.org/en/?gclid=CO2244zBqsQ
CFdgNgQodQAkANA) and the Green Light Committee 
(GLC) (http://www.who.int/tb/challenges/mdr/greenlight-
committee/en/), Georgia was the first low-to-middle in-
come country to achieve universal access to diagnosis and 
treatment of MDR TB. However, despite availability of cul-
ture and molecular diagnostic methods and use of recom-
mended SLD regimens, MDR TB treatment outcomes have 
remained suboptimal compared with other similar settings 
(14). By assessing prevalence of acquired resistance and its 
effect on treatment outcomes, we aimed to obtain data that 
might lead to improved management of MDR TB patients 
in Georgia and other countries that have drug-resistant TB.

Methods

Study Population
We conducted a retrospective study of patients with pul-
monary MDR TB treated through the National Center 
for Tuberculosis and Lung Diseases (NCTLD) in Tbilisi, 
Georgia. All patients were sputum smear–positive for acid-
fast bacilli (AFB) and culture-positive for M. tuberculosis 
at baseline and had MDR TB confirmed by conventional 
drug susceptibility testing (DST). Patients with MDR TB 
were given a diagnosis during March 2009–October 2012, 
as described in a study that evaluated the clinical effect 
of a rapid diagnostic test for detection of MDR TB (15). 
Approval for this study was obtained from the Georgia 
NCTLD and Emory University (Atlanta, GA, USA) Insti-
tutional Review Boards.

Cultures and Drug Susceptibility Testing
Direct sputum smears with Ziehl-Neelsen staining were 
examined by light microscopy at a sputum microscopy 
center, and 1 sputum smear sample positive for acid-fast 
bacilli (AFB) was sent to the National Reference Labora-
tory (NRL) at NCTLD, where it was processed as reported 
(16). Cultures were prepared by using Löwenstein-Jensen–
based solid medium or the MGIT 960 broth culture system 
(Becton Dickinson, Franklin Lakes, NJ, USA). Cultures 
with positive results by either method were confirmed to be 
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M. tuberculosis complex by using the MTBDRplus assay 
(Hain Lifescience, Nehren, Germany) and the Capilia TB 
assay (Tauns Laboratories, Inc., Shizuoka, Japan) (16).

DST for first-line drugs was performed as described 
(16). DST for SLDs was performed by using the proportion 
method and Löwenstein-Jensen medium with the following 
drug concentrations: ethionamide, 40.0 µg/mL; ofloxacin, 
2.0 µg/mL; p-aminosalicylic acid, 0.5 µg/mL; capreomy-
cin, 40.0 µg/mL; and kanamycin, 30.0 µg/mL (17). The 
NRL has undergone external quality assessment by the 
WHO Supranational TB Reference Laboratory (Antwerp, 
Belgium) annually since 2005. In 2012, a certificate from 
the WHO Supranational TB Reference Laboratory was re-
ceived by the NRL for successfully passing DST quality 
assurance testing for isoniazid, rifampin, ethambutol, kana-
mycin, capreomycin, and ofloxacin.

As per standard of care, follow-up sputum smears and 
cultures were obtained monthly during the intensive phase 
of MDR TB treatment (minimum 6 months). Second-line 
DST was performed at baseline and was recommended at 
3 and 6 months if culture results remained positive. During 
the continuation phase, sputum smears and cultures were 
obtained every 3 months, and second-line DST was recom-
mended for all positive cultures.

Data Collection
A standardized data form was used to abstract data from 
medical charts, patient treatment cards, the NCTLD sur-
veillance database, and the NRL database. Information was 
collected about sociodemographic characteristics, TB his-
tory, signs and symptoms, treatment regimens, outcomes; 
and all sputum smear, culture, and DST results. Data were 
entered into a REDCap database (18).

Definitions
Acquired resistance was defined as any SLD that was sus-
ceptible on baseline DST and resistant on any subsequent 
DST result. Time to MDR TB treatment initiation was 
defined as time from initial diagnostic sputum collection 
to start of SLD therapy. Initial MDR TB treatment was 
defined as any drug received <30 days of starting an SLD 
regimen. Treatment interruption was defined as a continu-
ous interruption for >1 SLDs for >1 week. Final treat-
ment outcomes were determined using WHO criteria (19). 
A favorable outcome was defined as cure or treatment 
completion; a poor outcome was defined as treatment fail-
ure, death during treatment, or loss to follow up (LFU) 
(formerly known as default). Two alternative classifica-
tions were used in secondary analyses: 1) patients with a 
negative culture result at time of LFU were included as a 
favorable outcome, and 2) patients with a poor outcome 
were defined as treatment failure or death. LFU patients 
were excluded from analysis.

Treatment
The NCTLD Drug Resistance TB Treatment Committee 
provided initial guidance on choosing an empiric SLD 
regimen for patients initiating MDR TB treatment. After 
second-line DST results were available, treatment regi-
mens were individualized if needed and guided by WHO 
recommendations. When possible, regimens were designed 
to include at least 4 drugs to which an M. tuberculosis 
isolate was susceptible. All treatment regimens included 
a fluoroquinolone, pyrazinamide, and capreomycin or 
kanamycin for >6 months. All patients received directly 
observed therapy. Patients initiated therapy as inpatients 
before transitioning to outpatient treatment. Patients were 
recommended to remain hospitalized until showing sputum 
smear or culture conversion and clinical improvement.

Data Analysis
Data were analyzed by using SAS software version 9.3 
(SAS Institute, Cary, NC, USA). For descriptive statistics, 
differences in categorical variables were tested by using the 
χ2 or Fisher exact tests. The Wilcoxon-Mann-Whitney test 
was used for comparing non–normally distributed continu-
ous variables. A 2-sided p value <0.05 was considered sig-
nificant. A logistic regression model was used to estimate 
the independent association of potential risk factors with 
acquired resistance and the adjusted association of acquired 
resistance with a poor outcome. Logistic model building 
and covariate selection was based on purposeful selection 
of patient-level factors as described (20). Additional logis-
tic regression models using our alternative definitions of 
poor outcome as defined above were used.

Results

Study Cohort
A total of 158 patients with pulmonary MDR TB were in-
cluded in the study. For analysis of acquired resistance, 17 
patients were excluded because of XDR TB at baseline or 
absence of a 2-month or later follow-up sputum examina-
tion (Figure 1). The remaining 141 patients had a mean age 
of 37.9 years; most (73%) were men. Less than half (44%) 
had a history of TB treatment. M. tuberculosis isolates with 
baseline resistance to capreomycin or kanamycin were 
found in 33% of patients, and isolates with baseline resis-
tance to ofloxacin were found in 6%. Other patient charac-
teristics are shown in Table 1.

Acquired Resistance
Of the 141 patients evaluated for acquired resistance, 32 
patients had ≥1 follow-up DST performed, including 40% 
of patients with a positive 4-month culture and 52% with a 
positive 6-month culture. A total of 22 patients had different 
follow-up DST results that showed a change in resistance 
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pattern, including 19 (13.5%) with acquired resistance 
and 3 (2.1%) with follow-up DST showing a reversion to 
susceptibility for 1 SLD. Median time to initial develop-
ment of acquired resistance was 142 days (range 85–480 
days), including 200 days for capreomycin or kanamycin 
and 149 days for ofloxacin. Of 132 patients infected with 
M. tuberculosis that had baseline ofloxacin susceptibility, 
ofloxacin resistance developed in isolates from 12 (9.1%) 
patients. Among 123 patients infected with isolates that had 
baseline susceptibility to capreomycin, kanamycin, or both, 
resistance to capreomycin or kanamycin developed in 12 
(9.8%) (Figure 1). Of 12 patients infected with isolates that 
had acquired resistance to an injectable drug, resistance to 
capreomycin and kanamycin developed in isolates from 5 
patients, resistance to capreomycin developed in isolates 
with baseline kanamycin resistance from 3 patients, and 
susceptibility to capreomycin or kanamycin remained in 
isolates from 4 patients.

Among 19 patients infected with isolates that had ac-
quired resistance, increasing resistance to 1 drug developed 
in isolates from 9 patients, to 2 drugs in isolates from 8 pa-
tients, and to 3 and 4 additional drugs in isolates from 1 pa-
tient each. Almost all acquired resistance was to ofloxacin, 
capreomycin, or kanamycin; 2 patients each had isolates 
with acquired resistance to ethionamide and p-aminosali-
cylic acid. Acquired resistance led to emergence of XDR 
TB in 14 (74%) of 19 patients.

Patients with and without isolates that had acquired 
resistance were similar in regards to age, sex, prior TB, 
and other characteristics (Table 1). In contrast, patients 
who had isolates with acquired resistance had a lower 
mean baseline body mass index (19.1 vs. 20.7 kg/m2; p 
= 0.02) and a higher prevalence of baseline cavitary dis-
ease (58% vs. 16%; p<0.01) and were more likely to have 

isolates resistant to >6 drugs at baseline DST (74% vs. 
38%; p = 0.01) than patients who had isolates without ac-
quired resistance. Patients with isolates that had acquired 
resistance were less likely to receive kanamycin (32% vs. 
62%; p = 0.01) as part of their initial MDR TB treatment 
regimen. Regarding sputum examinations, patients with 
isolates that had acquired resistance were more likely to 
have baseline AFB sputum smear values >3+ (63% vs. 
28%; p<0.01) and to be sputum smear and culture positive 
at 4 and 6 months (Table 1) than patients without isolates 
that had acquired resistance.

Factors associated with acquired resistance by univari-
ate analysis were baseline cavitary disease, high baseline 
drug resistance, baseline ofloxacin resistance, number of 
known active drugs in the initial MDR TB treatment regi-
men, initial AFB sputum smear result >3+, and sputum 
smear or culture positivity at 4 and 6 months (Table 2). 
By multivariate analysis, factors associated with acquired 
resistance were baseline cavitary disease (adjusted odds 
ratio [aOR] 5.21, 95% CI 1.56–17.38); resistance to >6 
drugs at baseline DST (aOR 5.31, 95% CI 1.50–18.77); 
and sputum smear positivity at 4 months (aOR 6.54, 95% 
CI 1.23–34.88).

Risk Factors for Poor Outcomes
A total of 140 patients were evaluated for final treatment 
outcomes; 1 patient was excluded because he was still re-
ceiving treatment (Figure 2). Of the remaining 139 patients, 
61 (44%) had a poor outcome. Poor outcomes were more 
frequent among patients with isolates that had acquired re-
sistance than patients without these isolates (89% vs. 36%; 
p<0.01). Of 2 patients who had favorable outcomes and 
isolates that had acquired resistance, 1 underwent adjunc-
tive surgery and 1 had an isolate with acquired resistance to 
ethionamide; these isolates remained susceptible to ofloxa-
cin, kanamycin, and capreomycin. Most (44 of 61) poor 
outcomes were caused by LFU, and the remaining poor 
outcomes were caused by deaths (11) and treatment failure 
(6). Of LFU patients, 15 (34%) of 44 had positive sputum 
cultures at the time of LFU, including 6 with isolates that 
had acquired resistance. The 29 patients with negative cul-
tures at the time of LFU received a median of 111 days of 
treatment for MDR TB (range 42–325 days), and the 15 
patients with positive cultures received a median of 91 days 
of treatment (range 80–360 days).

Patients with a poor outcome were significantly more 
likely to have isolates with acquired resistance (28% vs. 
3%; p<0.01) and be sputum smear positive at 4 and 6 
months and sputum culture positive at 2, 4, and 6 months 
(Table 3) than patients with a favorable outcome. There 
were no other differences between groups (Table 3).

Risk factors associated with a poor outcome by uni-
variate analysis were acquired resistance, high baseline 
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Figure 1. Cohort	diagram	of	patients	with	multidrug-resistant	
tuberculosis	(MDR	TB)	depicting	rates	of	acquired	drug	
resistance,	Georgia,	March	2009–October	2012.	XDR	TB,	
extensively	drug-resistant	tuberculosis;	OFL,	ofloxacin;	S,	
susceptible;	CAP,	capreomycin;	KAN,	kanamycin;	R,	resistant.
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drug resistance, and sputum smear or culture positivity at 4 
and 6 months (Table 4). Multivariate analysis showed that 
acquired resistance (aOR 8.05, 95% CI 1.56–41.66) and 
sputum smear positivity at 6 months (aOR 3.43, 95% CI 
1.36–8.63) remained associated with a poor outcome. In 
our first alternative multivariate model, when we classified 
patients with a negative culture at time of LFU as a favor-
able outcome, acquired resistance was associated with a 
poor outcome (aOR 24.91, 95% CI 4.21–147.48). In a sec-
ond alternative multivariate model, in which poor outcome 
was defined as treatment failure or death and LFU patients 

were excluded, acquired resistance remained associated 
with a poor outcome (aOR 38.44, 95% CI 5.96–247.73).

Discussion
In a country with high rates of MDR TB, we found an alarm-
ingly high rate of acquired drug resistance during SLD treat-
ment (13.5%), including development of XDR TB (9.9%) 
and a strong association between acquired resistance and 
poor treatment outcomes (aOR 8.05, 95% CI 1.56–41.66). 
These high rates of acquired resistance were observed even 
though Georgia is a GLC-approved country, thus receiving 
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Table 1. Characteristics	of	patients	with	multidrug-resistant	tuberculosis	stratified	by	acquired	resistance	to	second-line	drugs,	
Georgia,	March	2009–October	2012* 

Characteristic 
Overall,	n	=	

141 
Acquired	resistance	to	second-line	drugs 

p	value† Yes,	n	=	19 No,	n	=	122 
Median	age,	y	(IQR) 34.9	(27–46) 41.4	(30–53) 37.3	(27–45) 0.28 
Male	sex 103	(73) 16	(84) 87	(71) 0.24 
Married 73	(52) 10	(53) 63	(52) 0.94 
Employed 19	(14) 1	(5) 18	(15) 0.26 
History	of	imprisonment 40	(28) 6	(32) 34	(28) 0.74 
Diabetes	mellitus 16	(11) 1	(5) 15	(12) 0.37 
Hepatitis	C 16	(11) 3	(16) 13	(11) 0.51 
HIV	positive 6	(4) 1	(5) 5	(4) 0.82 
Median	BMI,	kg/m2 (IQR) 20.5	(2.7) 20.0	(17.5–21.1) 20.2	(18.9–22.5) 0.049 
BMI ≤18.5 kg/m2 35	(25) 7	(37) 28	(23) 0.19 
History	of	TB 62	(44) 10	(53) 52	(43) 0.41 
Prior	TB	treatment    0.27 
 None 79	(56) 9	(47) 70	(57) NA 
 First-line 52	(37) 7	(37) 45	(37) NA 
 Second-line 10	(7) 3	(16) 7	(6) NA 
Baseline	cavitary	disease 30	(21) 11	(58) 19	(16) <0.01 
Median	no.	drugs	to	which	baseline	isolate	was	resistant	(IQR) 5	(5–6) 6	(5–7) 5	(5–6)] 0.02 
Resistant to ≥6 drugs on baseline DST 60	(43) 14	(74) 46	(38) <0.01 
Baseline	drug	resistance	category     
 MDR only 85	(60) 8	(42) 77	(63) 0.01 
 MDR	+	ofloxacin	resistant 9	(6) 4	(21) 5	(4) NA 
 MDR	+	capreomycin	or	kananmycin	resistant 47	(33) 7	(37) 40	(33) NA 
Initial	treatment	inpatient 45	(32) 9	(47) 36	(30) 0.12 
Starting	SLDs	>30	days	after	TB	diagnosis 66	(47) 6	(32) 60	(49) 0.15 
Median	known	active	drugs	in	initial	regimen	(IQR)‡ 3	(2–3) 2	(1–3) 3	(2–4) 0.05 
Initial	MDR	TB	treatment     
 Pyrazinamide 139	(99) 19	(100) 120	(98) 0.57 
 Prothionamide 141	(100) 19	(100) 122	(100) 1.00 
 Capreomycin 65	(46) 13	(68) 52	(43) 0.04 
 Kanamycin 82	(58) 6	(32) 76	(62) 0.01 
 Levofloxacin 134	(95) 18	(94) 116	(95) 0.95 
 Cycloserine 135	(96) 19	(100) 116	(95) 0.32 
 p-aminosalicyclic	acid 140	(99) 19	(100) 121	(99) 0.69 
Treatment	interruption 57	(40) 12	(63) 45	(37) 0.03 
Baseline	AFB	sputum	smear	value	>3+ 46	(33) 12	(63) 34	(28) <0.01 
Sputum	culture	positive,	mo§     
 2 121	(86) 19	(100) 102	(84) 0.06 
 4 80	(57) 17	(90) 63	(52) <0.01 
 6 48	(34) 16	(84) 32	(26) <0.01 
Sputum	smear	positive,	mo§     
 2 115	(82) 19	(100) 96	(79) 0.03 
 4 77	(55) 17	(90) 60	(49) <0.01 
 6 39	(28) 15	(79) 24	(20) <0.01 
*Values	are	no.	(%)	unless	otherwise	indicated.	IQR,	interquartile	range;	BMI,	body	mass	index;	TB,	tuberculosis;	NA,	not	applicable;	DST,	drug	
susceptibility	testing;	MDR,	multidrug	resistant;	SLDs,	second-line	drugs;	AFB,	acid-fast	bacilli. 
†Comparing	persons	with	and	without	acquired	resistance	by	using	2 or	Fischer	exact	tests	for	categorical	variables	and	Wilcoxon-Mann-Whitney	test	for	
continuous	variables. 
‡DST	was	performed	for	streptomycin,	isoniazid,	rifampin,	ethambutol,	ofloxacin,	ethionamide,	kanamycin,	capreomycin,	and	p-aminosalicyclic	acid. 
§Time	from	initiation	of	SLD	treatment	for	MDR	TB. 
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quality-ensured SLDs and providing all treatment by direct-
ly observed therapy. In our study, baseline cavitary disease, 
high-grade smear positivity, increased drug resistance, and 
persistent smear positivity at follow-up sputum examina-
tions were associated with acquired resistance. Although 
these risk factors might assist physicians in identifying those 
patients at increased risk for acquired resistance (and con-
sequently poor outcomes), further evaluation is needed in 
evaluating optimal methods to treat patients who have iso-
lates with acquired resistance.

Information on rates of acquired resistance among 
patients receiving second-line treatment is limited. A ret-
rospective study of 536 MDR TB patients in western Sibe-
ria, Russia, found that XDR TB developed in 34 (6.4%); 
no information was provided on acquired resistance to 
quinolones or injectable drugs (12). Another study from 
the autonomous region of Abkhazia found that in a sub-
population of 47 MDR TB patients, XDR TB developed 
in 5 (11%) (21).

In the recently published Preserving Effective TB 
Treatment Study (PETTS), 832 MDR TB patients from 9 
countries were prospectively followed up for acquired re-
sistance (11). In that study, in comparison with our results, 
the rate for acquired XDR TB was similar (8.9%), that for 
acquired resistance to fluoroquinolones was slightly higher 
(11.4% vs. 9.1%), and that for an injectable drug was lower 
(7.8% vs. 10.6%). In PETTS, rates for acquired XDR TB 

in GLC-approved countries ranged from 0.6% to 9.8% 
compared with 6.3% to 18.0% for non–GLC-approved 
countries (11). On the basis of these findings, Georgia is 
on the higher end of acquired resistance rates for GLC-
approved countries. Another recent study of patients in 
the United States found that among MDR TB patients, the 
rate of acquired resistance was 6.4% for fluoroquinolones 
and 6.6% for injectable drugs (7). These findings are prob-
ably overestimates because only patients with an initial and 
follow-up DST were included (<30% of all MDR TB pa-
tients during the study). Our results, along with the above 
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Table 2. Risk	factors	for	acquired	resistance	to	second-line	drugs	among	patients	treated	for	multidrug-resistant	tuberculosis,	Georgia,	
March	2009–October	2012* 

Risk	factor 
Univariate	analysis,	

OR	(95%	CI) p	value 
Multivariate	analysis,	

aOR	(95%	CI) p	value 
Baseline	characteristic      
 Median	age	>35	y 1.96	(0.72–5.30) 0.19 – – 
 Male	sex 2.15	(0.59–7.83) 0.25 – – 
 BMI ≤18.5 kg/m2 1.96	(0.70–5.45) 0.20 3.73	(0.98–14.14) 0.053 
 History	of	TB 1.50	(0.57–3.94) 0.42 – – 
 Prior	receipt	of	second-line	TB	drugs 3.08	(0.72–13.13) 0.13 – – 
 Diabetes 0.40	(0.05–3.19) 0.38 – – 
 Hepatitis	C 1.57	(0.40–6.13) 0.52 – – 
 HIV 1.30	(0.14–11.78) 0.82 – – 
 Cavitary	disease 7.45	(2.65–20.96) <0.01 5.21	(1.56–17.38) <0.01 
 No.	of	drugs	to	which	baseline	isolate	was	resistant/drug	(IQR) 1.63	(1.05–2.51) 0.03 – – 
 Resistant to ≥6 drugs by baseline DST 4.63	(1.56–13.68) <0.01 5.31	(1.50–18.77) 0.01 
 Baseline	ofloxacin	resistant 6.24	(1.51–25.83) 0.01 – – 
 Baseline	capreomycin	or	kanamycin	resistant 1.20	(0.44–3.27) 0.73 – – 
 Known	active	drugs	in	initial	regimen	per	drug 0.58	(0.35–0.99) 0.045 – – 
Follow-up	characteristic     
 Initial	MDR	TB	treatment     
  Capreomycin 2.92	(1.04–8.18) 0.04 – – 
 Treatment	interruption 2.93	(1.08–7.99) 0.04 – – 
 >30	d	to	start	SLDs 0.48	(0.17–1.34) 0.16 – – 
 Baseline	AFB	sputum	smear	value	>3+ 4.44	(1.61–12.22) <0.01 2.21	(0.66–7.48) 0.20 
 Sputum	smear	positive,	mo†     
  4 8.78	(1.95–39.66) <0.01 6.54	(1.23–34.88) 0.03 
  6‡ 15.31	(4.66–50.32) <0.01 – – 
*OR,	odds	ratio;	aOR,	adjusted	OR;	–,	not	included	in	multivariate	analysis;	BMI,	body	mass	index;	TB,	tuberculosis;	IQR,	interquartile	range;	DST,	drug	
susceptibility	testing;	MDR,	multidrug	resistant;	SLDs,	second-line	drugs;	AFB,	acid-fast	bacilli. 
†Time	from	initiation	of	second-line	drug	treatment	for	MDR	TB. 
‡Significant	by	an	alternative	multivariate	analysis	model	when	replacing	the	variable	sputum	smear	positive	at	4	mo. 

 

Figure 2. Final	treatment	outcomes	for	patients	with	multidrug-
resistant	tuberculosis	(MDR	TB),	by	acquired	drug	resistance	
status,	Georgia,	March	2009–October	2012.	LFU,	loss	to	follow	
up.	*15	of	44	patients	were	culture	positive	at	time	of	LFU,	
including	all	6	patients	with	acquired	resistance.
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findings, indicate that acquired resistance occurs at fairly 
high rates across diverse settings and stress the need for 
repeating DST among patients with persistent positive spu-
tum cultures. As DST and molecular drug-resistance test-
ing become more available, we will probably see additional 
reports of acquired resistance and its effects.

Our results provide novel data on risk factors for ac-
quired resistance among MDR TB patients and indicate 
that severity of disease at baseline and persistent AFB 
smear positivity were predictors of acquired resistance. 
Patients with a higher AFB smear microscopy grade (in-
dicating higher bacillary load), baseline cavitary disease, 
and increasing baseline drug resistance had higher rates 
of acquired resistance. Persons with a lower baseline body 
mass index tended to have higher acquired resistance, but 
this result was not significant (p = 0.053). Shin et al. also 
found that baseline cavitary disease was associated with 

acquired XDR TB (aOR, 3.47, 95% CI 1.32–9.14), and 
although baseline drug resistance was not modeled, they 
found that a history of treatment with an injectable drug 
was a risk factor for acquired XDR TB (12). PETTS re-
sults corroborate our findings of increasing baseline drug 
resistance leading to higher rates of acquired resistance. 
Although that study reported that cavitary disease was 
associated with acquired XDR TB by univariate analysis 
(relative risk 1.84, 95% CI 1.04–3.26), it was included 
only as part of a propensity score for multivariate analysis 
and not modeled separately (11).

A novel finding of our study was the association of 
persistent smear positivity at 4 and 6 months with acquired 
resistance. Because AFB smear testing is more widely 
available than culture, this is a practical test that can help 
clinicians target high-risk patients who might need a regi-
men change, improved adherence, or other intervention.
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Table 3. Characteristics	of	patients	with	multidrug-resistant	tuberculosis,	by	treatment	outcome,	Georgia,	March	2009–October	2012* 
Characteristic Poor	outcome,	n	=	61 Favorable	outcome,	n	=	79 p	value† 

Acquired	resistance	to	any	second-line	drug 17	(28) 2	(3) <0.01 
Median	age,	y 39.7 33.7 0.21 
Male	sex 49	(80) 53	(67) 0.08 
History	of	imprisonment 21	(34) 19	(24) 0.18 
Diabetes	mellitus 6	(10) 10	(13) 0.60 
Hepatitis	C 9	(15) 7	(9) 0.28 
HIV 3	(5) 3	(4) 0.75 
BMI ≤18.5 kg/m2 14	(23) 21	(27) 0.63 
History	of	TB 29	(48) 33	(42) 0.50 
Prior	TB	treatment   0.77 
 None 32	(53) 46	(58) NA 
 First-line 24	(39) 28	(35) NA 
 Second-line 5	(8) 5	(6) NA 
Baseline	cavitary	disease 17	(28) 13	(17) 0.11 
Median	no.	drugs	to	which	baseline	isolate	was	resistant 6 5 0.18 
Resistant to ≥6 drugs on baseline DST 32	(53) 28	(35) 0.04 
Baseline	ofloxacin	resistant 6	(10) 3	(4) 0.15 
Baseline	capreomycin		kanamycin	resistant 24	(39) 23	(29) 0.20 
Starting	SLDs	>30	days 28	(46) 38	(48) 0.80 
Initial	MDR	TB	treatment	regimen	included    
 Capreomycin 25	(41) 40	(51) 0.26 
 Kanamycin 35	(57) 46	(58) 0.92 
Ever	received    
 Moxifloxacin 11	(18) 9	(12) 0.27 
 Clarithromycin 3	(5) 2	(3) 0.45 
 Augmentin 3	(5) 2	(3) 0.45 
 Clofazimine 3	(5) 3	(4) 0.75 
Treatment	interruption 29	(48) 27	(34) 0.11 
Adjunctive	surgery	performed 3	(5) 4	(5) 0.97 
Baseline	sputum	AFB	smear	value	>3+ 23	(38) 23	(29) 0.28 
Sputum	culture	positive,	mo‡    
 2 58	(95) 62	(79) <0.01 
 4 44	(72) 36	(46) <0.01 
 6 34	(56) 14	(18) <0.01 
Sputum	smear	positive,	mo‡    
 2 53	(87) 61	(77) 0.14 
 4 42	(69) 35	(44) <0.01 
 6 28	(46) 11	(14) <0.01 
*BMI,	body	mass	index;	TB,	tuberculosis;		NA,	not	applicable;	DST,	drug	susceptibility	testing;	SLDs,	second-line	drugs;	MDR,	multidrug	resistant;	AFB,	
acid-fast	bacilli. 
†Comparing	persons	with	and	without	acquired	resistance	by	using	2 or	Fischer	exact	tests	for	categorical	variables	and	t-test	or	median	test	for	
continuous	variables. 
‡Time	from	initiation	of	second-line	drug	treatment	for	MDR	TB. 
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We previously demonstrated acquired resistance 
among M. tuberculosis isolates from resected cavitary tis-
sue compared with sputum samples (13). The cavitary le-
sion is an ideal setting for acquired resistance, given high 
bacterial loads, active mycobacterial replication, reduced 
exposure to host defenses, and potentially low penetration 
by drugs. The fibrotic wall of the cavity and variable vas-
cularization might decrease SLD drug penetration, result in 
drug-selection pressure, and lead to emergence of acquired 
resistance (22). We are currently conducting a pharmaco-
logic study to measure cavitary penetration of SLDs to as-
sess the association between drug penetration and acquired 
resistance. It has been shown in an in vitro system that 
pharmacokinetic variability can lead to emergence of MDR 
TB (23). Consistent with this finding is a study that showed 
that among drug-susceptible TB patients, low isoniazid and 
rifampin concentrations preceded all cases of drug resis-
tance (24). However, no clinical studies of SLD pharma-
cokinetics have examined their relationship with acquired 
resistance and treatment outcomes.

High rates of poor outcomes among MDR TB pa-
tients with isolates that have acquired resistance in our 
cohort are a concern and stress the need for prevention 
of acquired resistance. Only 2 patients with isolates that 
had acquired resistance had favorable outcomes, 1 who 

had adjunctive surgery and 1 whose isolate remained sus-
ceptible to ofloxacin, capreomycin, and kanamycin. An 
increasing number of reports have found that adjunctive 
surgery might be beneficial for MDR TB patients with 
cavitary disease (25,26). However, these studies were 
observational, and a randomized controlled clinical trial 
is needed to demonstrate if adjunctive surgery improves 
MDR TB treatment outcomes, including among patients 
with isolates that had acquired resistance.

The few other studies reporting some association of 
acquired resistance and outcomes found results mirroring 
our findings; however, our study found that acquired re-
sistance associated with a negative outcome in adjusted 
analysis when controlling for other potential confounders. 
In a study from Abkhazia, all patients with isolates that had 
acquired resistance to ofloxacin had a poor outcome (21). 
In a report of 87 MDR TB patients from Uzbekistan, only 
5 (28%) of 18 patients with isolates that had acquired re-
sistance to ofloxacin to ofloxacin were successfully treated 
(27). In the study by Shin et al., only 14.7% of MDR TB 
patients in whom XDR TB developed were cured or com-
pleted treatment compared with 68.5% among those in 
whom XDR TB did not develop (12).

A limitation of our study was lack of genotyping, 
which prevented distinguishing isolates that had acquired 
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Table 4.	Risk	factors	for	poor	treatment	outcomes	among	patients	treated	for	multidrug-resistant	tuberculosis,	Georgia,	March	2009–
October	2012* 

Risk	factor 
Univariate	analysis,	

OR (95%	CI) p	value 
Multivariate	analysis,	

aOR	(95%	CI) p	value 
Acquired	resistance	to	any	second-line	drug 14.88	(3.28–67.42) <0.01 8.05	(1.56–41.66) 0.01 
Baseline	characteristics     
 Increasing age per year 1.02	(0.99–1.05) 0.14 1.02	(0.99–1.05) 0.26 
 Male	sex 2.00	(0.91–4.40) 0.08 –  
 BMI ≤18.5 kg/m2 0.82	(0.38–1.79) 0.62 – – 
 History	of	TB 1.26	(0.65–2.48) 0.50 – – 
 Prior	receipt	of	second-line	TB	drugs 1.32	(0.37–4.79) 0.67 – - 
 Diabetes	mellitus 0.75	(0.26–2.20) 0.60 – – 
 Hepatitis	C 1.78	(0.62–509) 0.28 – – 
 HIV 1.31	(0.26–6.73) 0.75 – – 
 Baseline	cavitary	disease 1.96	(0.87–4.44) 0.11 0.72	(0.25–2.05) 0.54 
 Resistant to ≥6 drugs by baseline DST 2.01	(1.02–3.98) 0.04 1.45	(0.68–3.11) 0.34 
 No.	drugs	to	which	baseline	isolate	was	resistant	(IQR) 1.20	(0.90–1.59) 0.21 – – 
Drug resistance category     
Baseline	ofloxacin	resistant 2.76	(0.66–11.53) 0.16 – – 
Baseline	capreomycin	or	kanamycin	resistant 1.58	(0.78–3.20) 0.21 – – 
Follow-up	characteristics     
 Treatment	interruption 1.75	(0.88–3.46) 0.11 – – 
 >30	d	to	start	SLDs 0.92	(0.47–1.79) 0.80 – – 
 Initial	capreomycin	treatment 0.68	(0.35–1.33) 0.26 – – 
 Baseline	sputum	smear	AFB	value	>3+ 1.47	(0.73–3.00) 0.28 – – 
Sputum	smear	positive,	mo†     
 4‡ 2.78	(1.38–5.60) <0.01 – – 
 6 5.25	(2.33–11.81) <0.01 3.43	(1.36–8.63) 0.01 
Sputum	culture	positivity,mo     
 4‡ 3.09	(1.51–6.31) <0.01 – – 
 6‡ 5.85	(2.71–12.59) <0.01 – – 
*OR,	odds	ratio;	aOR,	adjusted	OR;	–,	not	included	in	multivariate	analysis;	BMI,	body	mass	index;	TB, tuberculosis;	IQR,	interquartile	range;	DST,	drug	
susceptibility	testing;	SLDs,	second-line	drugs;	AFB,	acid-fast	bacilli. 
†Time	from	initiation	of	second-line	drug	treatment	for	MDR	TB. 
‡Significant	by	alternative	multivariate	analysis	models	when	replacing	the	variable	sputum	smear	positive	at	6	mo. 
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resistance from reinfection with another strain. Other re-
ports found that potential reinfection with an exogenous 
strain accounted for 0%–34% of acquired drug resis-
tance (8,11,21,27). It has also been estimated that certain 
strains of M. tuberculosis have higher mutation rates and 
are more likely to acquire drug resistance (28). In addi-
tion, we did not have detailed information on treatment 
adherence, which prevented us from measuring the asso-
ciation of different levels of adherence with isolates that 
had acquired resistance. Shin et al. found that cumulative 
months with <80% treatment adherence were associated 
with acquired resistance (12). The high rate of LFU also 
prevented determining the association of isolates that had 
acquired resistance with failure and death in these pa-
tients. In addition, lack of DST for many patients who 
were culture positive at 4 and 6 months might have led to 
an underestimation of isolates that had acquired resistance 
and biased the association of isolates that had acquired 
resistance to ofloxacin and poor outcomes if DST was se-
lectively performed for sicker patients.

In summary, our results provide novel findings on risk 
factors for M. tuberculosis isolates developing acquired re-
sistance and complete analysis of isolates that had acquired 
resistance and treatment outcomes among MDR TB pa-
tients. The need is urgent to further elucidate mechanisms 
of acquired resistance among M. tuberculosis isolates to 
improve treatment outcomes among MDR TB patients and 
to ensure that we preserve the effectiveness of newly intro-
duced TB drugs.
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Acquired	 resistance	 to	 antituberculosis	 drugs	 decreases	
effective	 treatment	options	and	 the	 likelihood	of	 treatment	
success.	We	 identified	 risk	 factors	 for	 acquisition	 of	 drug	
resistance	 during	 treatment	 for	 multidrug-resistant	 tuber-
culosis	 (MDR	 TB)	 and	 evaluated	 the	 effect	 on	 treatment	
outcomes.	 Data	 were	 collected	 prospectively	 from	 adults	
from	Arkhangelsk	Oblast,	Russia,	who	had	pulmonary	MDR	
TB	 during	 2005–2008.	 Acquisition	 of	 resistance	 to	 cap-
reomycin	and	of	extensively	drug-resistant	TB	were	more	
likely	among	patients	who	received	<3	effective	drugs	than	
among	patients	who	received	>3	effective	drugs	(9.4%	vs.	
0%	and	8.6%	vs.	0.8%,	respectively).	Poor	outcomes	were	
more	likely	among	patients	with	acquired	capreomycin	re-
sistance	 (100%	vs.	 25.9%),	 acquired	ofloxacin	 resistance	
(83.6%	vs.	22.7%),	or	acquired	extensive	drug	 resistance	
(100%	vs.	24.4%).	To	prevent	acquired	drug	resistance	and	
poor	outcomes,	baseline	susceptibility	to	first-	and	second-
line	 drugs	 should	 be	 determined	 quickly,	 and	 treatment	
should	be	adjusted	to	contain	>3	effective	drugs.

Treatment of multidrug-resistant tuberculosis (MDR 
TB) is complicated by the length of treatment, toxicity, 

and expense involved in use of second-line drugs. The latest 
World Health Organization (WHO) recommendations for 
treatment of MDR TB include use of a second-line inject-
able agent for 8 months, a fluoroquinolone, pyrazinamide, 
and >2 additional effective second-line drugs for almost 
2 years (1). Fluoroquinolones and second-line injectable  

agents are essential for treatment of MDR TB because 
of their bactericidal activity relative to other second-line 
drugs (2,3). The second-line companion drugs are bacte-
riostatic and are used mainly to prevent amplification of 
resistance to the 2 key bactericidal drugs (4–6).

Mycobacterium tuberculosis drug resistance occurs by 
2 mechanisms: initial infection with a resistant strain (pri-
mary resistance) or emergence of a resistant population of 
bacilli in a patient who initially had drug-susceptible TB (ac-
quired resistance). Acquired drug resistance develops when 
inadequate treatment kills drug-susceptible M. tuberculosis 
bacilli while allowing bacilli with spontaneously occurring 
mutations that confer drug resistance to flourish until they 
predominate (7). Inadequate treatment can be a consequence 
of insufficient dosing, poor gastrointestinal absorption of oral 
medications, substandard quality of drugs, poor adherence to 
treatment, unsatisfactory duration of treatment, or treatment 
with a regimen containing >1 drugs to which the organism is 
already resistant (7,8). Acquisition of additional drug resis-
tance, especially to fluoroquinolones or second-line inject-
able agents, leaves few treatment options, complicating an 
already difficult treatment (9).

WHO estimates that almost half of all TB cases in 
countries of the former Soviet Union involve resistance to 
>1 drug and that 1 in 5 TB patients has MDR TB (10). Fur-
thermore, in this region, prevalence of extensively drug-re-
sistant (XDR) TB, defined as MDR TB with additional re-
sistance to any fluoroquinolone and >1 of the 3 second-line 
injectable agents, is among the highest in the world (10,11). 
In Russia, the proportion of new cases that are MDR TB 
varies from 8.8% to 15% across regions (10). Reported pro-
portions of MDR TB in new (13.5%–19%) and previously 
treated (45%–60%) case-patients have been among the 
highest in Arkhangelsk Oblast, which is in northwestern 
Russia (12,13). Although the overall rate of TB notification 
in this oblast is declining, especially among new cases, the 
relative proportion of MDR TB is increasing (14).
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Before 2000, the Arkhangelsk TB Control Program 
had limited access to second-line drugs because of their 
high cost (15). In early 2002, this program applied to the 
Green Light Committee (GLC), which was created to eval-
uate, lend guidance, and approve TB control programs for 
access to reduced-price, quality-assured, second-line drugs 
(16). The GLC led the development of WHO guidelines 
for programmatic management of drug-resistant TB, at the 
time called DOTS–Plus. The GLC required programs to 
follow these guidelines, which were designed to minimize 
the risk for acquired drug resistance for MDR TB patients 
and to improve treatment outcomes (17). In May 2003, the 
GLC approved Arkhangelsk TB Control Program procure-
ment of quality-assured second-line drugs.

Even programs that follow WHO guidelines for pro-
grammatic management of drug-resistant TB have reported 
detection of XDR TB in patients undergoing treatment for 
MDR TB, suggesting that M. tuberculosis is acquiring ad-
ditional drug resistance over the course of treatment (18). 
Our goals with this study were to determine the frequency 
of acquired drug resistance, the risk factors for acquisition 
of additional drug resistance over the course of MDR TB 
treatment, and which treatment regimens for MDR TB will 
decrease the risk for acquired resistance and lead to better 
treatment outcomes.

Methods

Study Population and Data Collection
The study prospectively enrolled 2 cohorts of consecu-
tively seen, consenting, nonimprisoned adult patients in 
Arkhangelsk Oblast, Russia, who had confirmed pulmo-
nary MDR TB and were starting treatment with second-
line drugs. MDR TB was confirmed by sputum culture 
and drug-susceptibility testing (DST) at the regional 
TB laboratory. Patients in cohort 1 were enrolled from 
January 1, 2005, through December 31, 2006; patients 
in cohort 2 were enrolled from January 1, 2007, through 
December 31, 2008. The 2 cohorts were approved in 2 
separate applications to the GLC. Most patients in co-
hort 1 had been on a waiting list for MDR TB treatment 
for an extended amount of time at the time of treatment 
initiation, whereas most patients in cohort 2 had a recent 
diagnosis of MDR TB at the time of treatment initiation. 
Study inclusion criteria required having >1 M. tubercu-
losis–positive culture result within 1 month (before or 
after) of starting second-line drugs for the treatment for 
MDR TB (baseline isolate) and >1 month of treatment 
with second-line drugs.

Standardized forms were used to prospectively col-
lect sociodemographic, clinical, and laboratory data from 
patients’ medical charts. Chest radiographs were read by 
experienced chest physicians and radiologists, and results 

were recorded in a standardized manner. Sputum speci-
mens were collected from each patient at the start of sec-
ond-line drug treatment (baseline isolate) and then monthly 
until treatment outcome was known.

The study protocol was approved by ethics commit-
tees at the US Centers for Disease Control and Prevention 
(CDC), Northern State Medical University in Arkhangelsk, 
and the State Research Center for Applied Microbiology 
and Biotechnology (SRCAMB) in Obolensk, Russia. All 
patients provided written informed consent.

Laboratory Methods
Baseline and follow-up sputum specimens were cultured 
on Lowenstein-Jensen solid media in the Arkhangelsk Re-
gional TB Dispensary Laboratory. Frozen M. tuberculosis 
isolates were shipped to SRCAMB in Obolensk, Russia, 
for first- and second-line DST, genotyping, and DNA se-
quencing. The analysis reported in this article is based on 
the SRCAMB results. Testing at SRCAMB was conducted 
months to years after patients were enrolled, and results 
were not available in real time.

At SRCAMB, each isolate was cultured in 6 mL of 
Middlebrook 7H9 broth to an optical density of >1.0 Mc-
Farland standard and on Lowenstein-Jensen medium. Sus-
ceptibility testing for the baseline and the last follow-up 
(final) isolates from each patient were determined for iso-
niazid, rifampin, ethambutol, streptomycin, kanamycin, 
amikacin, capreomycin, ofloxacin, ethionamide, and para-
aminosalicylic acid. Drug susceptibility was determined 
by the proportion method according to CDC protocol (19). 
When drug susceptibility of a patient’s baseline and final 
isolates differed, isolates were genotyped by mycobacterial 
interspersed repetitive units–variable number of tandem re-
peats analysis and by restriction fragment-length polymor-
phism–IS6110 analysis to determine whether the isolates 
were the same strain.

Definitions
Definitions of pulmonary TB, MDR TB, and treatment 
outcomes were based on WHO guidelines (20). Third-line 
drugs refer to drugs classified by WHO as group 5 drugs 
(1). “Effective treatment” was defined as treatment with a 
drug or combination of drugs to which baseline DST re-
ported susceptibility. “Ineffective treatment” was consid-
ered use of said drug(s) despite reported resistance. Ef-
fectiveness of treatment was considered unknown and the 
patient was not included in the analysis when the patient 
never received said drugs or baseline DST results were not 
available. “Acquired resistance” was defined as occurring 
when baseline DST result showed susceptibility in vitro, 
the final DST result showed resistance in vitro, and geno-
types matched for the initial and final isolates. Acquired 
resistance was considered absent in each of the following 
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3 scenarios: 1) baseline and final isolates were susceptible 
to a drug; 2) DST result changed from susceptible to re-
sistant, but genotyping indicated different strains; or 3) no 
follow-up positive culture results were available because 
the patient’s sputum culture results sustainably converted 
to negative after the baseline DST, the patient died, or the 
patient was lost to follow-up. In each instance, the de-
nominator for each group refers to the number of isolates 
with baseline DST results indicating susceptibility to the 
given drug. Patients whose baseline isolate was resistant 
to a given drug were excluded from the acquired resistance 
analysis for that drug. Successful treatment outcome was 
defined as cure and treatment completion (20). Poor treat-
ment outcome was defined as treatment failure or death. 
The second-line companion drugs were para-aminosalicyl-
ic acid or ethionamide. Being underweight was defined as 
having a body mass index <18.5 kg/m2.

Data Management and Statistical Analyses
The data from standardized forms were double-entered into 
an Epi Info (CDC, Atlanta, GA, USA) database in Arkhan-
gelsk and sent to CDC for checking and analysis. Labora-
tory data were sent directly from the SRCAMB laboratory 
to CDC.

Statistical analyses were performed by using SAS ver-
sion 9.3 (SAS Institute Inc., Cary, NC, USA). The main 
outcome of interest was acquired resistance to specific 
second-line drugs. The secondary outcome of interest was 
end-of-treatment outcome. Bivariate associations between 
the potential risk factors and the outcome variable for each 
respective analysis were examined by using the Fisher ex-
act test with a significance level of 0.05. Multivariate logis-
tic regression was used to assess associations of acquired 
resistance and treatment with treatment outcomes while 
controlling for the potential confounding effects of extent 
of drug resistance at baseline, disease severity, and previ-
ous treatment for MDR TB.

Results

Patient Population
A total of 202 MDR TB patients were enrolled in the study: 
81 in cohort 1 and 121 in cohort 2. Median patient age was 
42 years, 171 (84.7%) patients were male, and none were 
HIV infected (HIV test results were available for all pa-
tients). Most patients had previously received treatment 
for TB: 69 (34.7%) had received first-line drugs and 73 
(36.7%) had received additional second-line drugs. Almost 
all patients (189 [93.6%]) had pulmonary cavities, 162 
(80.2%) had bilateral lung involvement, 161 (80.9%) had 
sputum smears with acid-fast bacilli seen with microscopy, 
and 45 (22.3%) had a body mass index <18.5 kg/m2 at the 
start of MDR TB treatment.

A total of 740 M. tuberculosis isolates from 202 pa-
tients were shipped to SRCAMB. Of these 202 patients, 
baseline DST results from SRCAMB were available for 
171 (84.7%) and were included in analysis of baseline drug 
resistance (Figure). Of the 171 patients for whom baseline 
DST results were available, follow-up DST results at SR-
CAMB were available for 117. Among the other 54 pa-
tients (without a final DST result), cultures converted after 
the initial isolate for 45, follow-up cultures were contami-
nated or did not grow for 5, and a reason was not docu-
mented for 4.

Baseline Drug Resistance
Among 171 patients for whom baseline isolate DST results 
were available (Table 1), MDR TB was not confirmed by 
DST for 4 (2.3%) isolates, and 130 (76.0%) baseline iso-
lates were resistant to 4 first-line drugs tested (rifampin, 
isoniazid, ethambutol, and streptomycin). In addition, 74 
isolates were resistant to >1 of the 3 second-line injectable 
agents: 72 (42.1%) to kanamycin, 30 (17.5%) to amikacin, 
13 (7.6%) to capreomycin, and 10 (5.8%) to all 3. A total of 
10 (5.8%) isolates were resistant to ofloxacin, and 7 (4.1%) 
were XDR. Of the second-line companion drugs tested, re-
sistance to ethionamide was found for 46 (26.9%) isolates 
and to para-aminosalicylic acid for 54 (31.6%) isolates.

Acquired Drug Resistance
Among 117 patients for whom final DST results from SR-
CAMB were available, results for the baseline and final 
isolates differed for 32 (27.3%) and the isolates were suc-
cessfully genotyped. Of these, genotype results for isolate 
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pairs matched for 17 (53.1%) patients and were eligible 
for inclusion in numerators for respective analyses of ac-
quired drug resistance (Figure). Of 41 paired isolates with 
baseline susceptibility to >1 first-line drug, resistance 
to a first-line drug was acquired in 3 (7.3%) (Table 1). 
Of 161 paired isolates with baseline susceptibility to >1 
second-line injectable agents, resistance to >1 second-line 
injectable agents was acquired in 7 (4.4%): resistance to 
kanamycin by 4 (4.0%) of 99, to amikacin by 1 (0.7%) of 
141, and to capreomycin by 3 (1.9%) of 158. Resistance 
to ofloxacin was acquired by 6 (3.7%) of 161, and XDR 
TB was acquired by 4 (2.4%) of 164 over the course of 
treatment for MDR TB.

Risk Factors for Acquisition of Drug Resistance
Acquired resistance to capreomycin was significantly as-
sociated with receiving the following drugs or drug groups: 
<3 effective drugs (p = 0.008), an ineffective fluoroquino-
lone (p = 0.009), or ineffective para-aminosalicylic acid (p 
= 0.02). Furthermore, acquired resistance to capreomycin 
was associated with not having received ofloxacin (regard-
less of baseline DST results) (p = 0.003), baseline resis-
tance to ofloxacin (p = 0.008), and baseline resistance to 
para-aminosalicylic acid (p = 0.03) (Table 2). In addition, 
patients whose isolates acquired resistance to capreomycin 
were more likely to have received moxifloxacin (instead of 
ofloxacin) in the treatment regimen.

Acquired resistance to ofloxacin was significantly 
more common among patients who were underweight 
(p = 0.02) (Table 3). Patients with acquired ofloxacin re-
sistance were more likely to have received moxifloxacin  

(p = 0.006), to have had fluoroquinolones switched during 
treatment (p = 0.05), and to be receiving a third-line drug 
during the current episode (p = 0.01).

Acquired XDR TB was more frequent among those re-
ceiving <3 effective drugs than among those receiving >3 
effective drugs (p = 0.03) and among those who were un-
derweight (p = 0.03) (Table 4). Those who acquired XDR 
TB were more likely to be receiving moxifloxacin during 
the current episode (p = 0.02). Patients in whom isolates 
acquired resistance to any second-line companion drug 
(ethionamide or para-aminosalicylic acid) were less likely 
to have received ofloxacin (p = 0.003) and more likely to be 
receiving moxifloxacin (p<0.001) during the current epi-
sode (Table 5).

Treatment Outcomes
Of 171 patients for whom baseline DST results were 
available, treatment was successfully completed for 94 
(55.0%), treatment failed for 18 (10.5%), 20 (11.7%) died, 
and 39 (22.8%) defaulted from treatment. Poor treatment 
outcomes (treatment failure or death) were more likely 
among patients whose MDR TB acquired resistance to 
capreomycin (100% vs. 25.9%; p = 0.02) or ofloxacin 
(83.3% vs. 22.7%; p = 0.004) or became XDR TB (100% 
vs. 24.4%; p = 0.004) than among those in whom the re-
spective resistance was not acquired (Table 6). Patients 
who received an effective fluoroquinolone were statisti-
cally less likely to have poor treatment outcomes than 
were those who received an ineffective fluoroquinolone 
(25.6% vs. 85.7%; p = 0.002). Patients who received 
any third-line drug were more likely to have previously  
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Table 1. Drug	susceptibility	and	acquired	resistance	of	Mycobacterium tuberculosis from	171	patients	with	MDR	TB,	Arkhangelsk	Oblast,	
Russia,	2005–2010* 

Drug(s)	tested 
Baseline,	no.	(%) Acquired	resistance 

no.	(%	of	susceptible) Resistant Susceptible 
RIF 167	(97.7) 4	(2.3) 1	(25.0) 
INH 170	(99.4) 1	(0.6) 0 
MDR	TB	drugs† 167	(97.7) 4	(2.3) 1	(25.0) 
EMB 135	(79.0) 36	(21.0) 2	(5.6) 
STR 163	(95.3) 8	(4.7) 1	(12.5) 
All	4	first-line	drugs‡ 130	(76.0) 41	(24.0) 3	(7.3) 
KAN 72	(42.1) 99	(57.9) 4	(4.0) 
AMK 30	(17.5) 141	(82.5) 1	(0.7) 
CAP 13	(7.6) 158	(92.4) 3	(1.9) 
Any	second-line	injectable§ 74	(43.3) 97	(56.7) Not	applicable 
All	3	second-line	injectables 10	(5.8) 161	(94.2) 7	(4.4) 
OFX 10	(5.8) 161	(94.2) 6	(3.7) 
XDR	TB	drugs¶ 7	(4.1) 164	(95.9) 4	(2.4) 
ETA 46	(26.9) 125	(73.1) 6	(4.8) 
PAS 54	(31.6) 117	(68.4) 2	(1.7) 
Both	second-line	companion	drugs 18	(10.5) 153	(89.5) 6	(3.9) 
All	second-line	drugs 1	(0.6) 170	(99.4) 14	(8.2) 
All	drugs 1	(0.6) 170	(99.4) 16	(9.4) 
*AMK,	amikacin;	CAP,	capreomycin;	EMB,	ethambutol;	ETA,	ethionamide;	FQ,	fluoroquinolone;	INH,	isoniazid;	KAN,	kanamycin;	OFX,	ofloxacin;	MDR	
TB,	multidrug-resistant	tuberculosis;	RIF,	rifampin;	STR,	streptomycin;	PAS, para-aminosalicylic	acid;	XDR,	extensively	drug-resistant	tuberculosis.	 
†RIF and INH. 
‡RIF,	INH,	EMB,	and	STR. 
§KAN,AMK,	and	CAP. 
¶RIF,	INH,	a	second-line	injectable	drug,	and	an	FQ.	 
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received treatment for MDR TB (21.6% vs. 8.4%; p = 
0.02), have resistance to >4 drugs at baseline (72.7% vs. 
47.0%; p<0.001), and experience treatment failure or die 
(42.0% vs. 20.6%; p = 0.01) than those who did not receive 
any third-line drug. According to multivariable analysis, 
compared with no acquired resistance, acquired resistance 
to ofloxacin was associated with 10.2-fold (95% CI 1.1–
95.1) increased odds of poor outcome when confounding 
was controlled for (Table 6). Compared with not receiv-
ing a third-line drug, treatment with a third-line drug was 
associated with 2.7-fold (95% CI 1.2–5.7) increased odds 
of poor treatment outcome when confounding was con-
trolled for. Compared with not receiving effective fluoro-
quinolone treatment, effective treatment with a fluoroqui-
nolone was associated with 16.7-fold (95% CI 1.9–100.0) 
increased the odds of successful treatment outcome when 
confounding was controlled for.

Discussion
This study measured the frequency with which drug resis-
tance was acquired during MDR TB treatment and identified 

statistically significant associations for acquiring resistance 
to a specific drug or group of drugs in a population of MDR 
TB patients being managed in a high-quality TB program. 
The rates of acquired resistance to the 2 essential groups of 
drugs for MDR TB treatment were 4.3% for second-line 
injectable agents and 3.7% for fluoroquinolones, the middle 
of the range recently reported for GLC-approved programs 
(21). In this study, odds of treatment failure or death were 
10.2-fold higher among those with acquired resistance to 
ofloxacin than among those without, further supporting the 
value of this class of drugs in successful MDR TB treat-
ment. Although this study focused on 1 region of Russia, 
it reflects the broader global context of increasing use of 
second-line drugs and rapidly emerging resistance as ex-
emplified by the global phenomenon of XDR TB reported 
in 2006 (22,23).

We found that the highest proportion of acquired sec-
ond-line drug resistance was to any second-line injectable 
agent (4.3%), most frequently kanamycin (4.0%). Given 
the high baseline level of kanamycin resistance, the cross-
resistance between second-line injectable agents, and the 
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Table 2. Risk	factors	for	acquired	resistance	to	CAP	while	receiving	treatment	for	MDR	TB,	158	patients,	Arkhangelsk	Oblast,	Russia,	
2005–2010* 

Variable† Total 
Acquired	capreomycin resistance,	no.	(%) 

p	value‡ Yes No 
Received ≥3 effective drugs     
 Yes 126 0	 126	(100) 0.008 
 No 32 3	(9.4) 29	(90.6)  
Ever	received	effective	FQ	treatment§     
 Yes 148 1	(0.7) 147	(99.3) 0.009 
 No 9 2	(22.2) 7	(77.8)  
Ever	received	effective	PAS	treatment§     
 Yes 110 0	(0) 110	(100) 0.02 
 No 46 3	(6.5) 43	(93.5)  
Previous	treatment	with	FQ     
 Yes 28 2	(7.1) 26	(92.9) 0.08 
 No 130 1	(0.8) 129	(99.2)  
Previous	PAS	treatment¶     
 Yes 23 2	(8.7) 21	(91.3) 0.08 
 No 112 1	(0.9) 111	(99.1)  
First	time	patient	treated	for	MDR	TB     
 Yes 134 1	(0.7) 133	(99.3) 0.06 
 No 24 2	(8.3) 22	(91.7)  
Baseline	OFX DST	result     
 Resistant 9 2	(22.2) 7	(77.8) 0.008 
 Susceptible 149 1	(0.7) 148	(99.3)  
Baseline	PAS	DST	result     
 Resistant 47 3	(6.4) 44	(93.6) 0.03 
 Susceptible 111 0	(0) 111	(100)  
Received	OFX	during	episode     
 Yes 135 0	(0) 135	(100) 0.003 
 No 23 3	(13) 20	(87)  
Received	MOX	during	episode     
 Yes 31 3	(9.7) 28	(90.3) 0.007 
 No 127 0	(0) 127	(100)  
*CAP,	capreomycin;	DST, drug-susceptibility	test;	FQ,	fluoroquinolone;	MDR	TB,	multidrug-resistant	tuberculosis;	MOX,	moxifloxacin;	OFX,	ofloxacin;	
PAS, para-aminosalicylic	acid.	 
†Certain	variables	were	tested	for	association	but	omitted	from	table because results were not statistically significant at α = 0.1. 
‡Fisher exact test. 
§Patient(s)	who	did	not	receive	treatment	with	the	respective	drug	during	the	current	episode	of	MDR	TB	were	not	included	in	the	analysis. 
¶For	23	patients,	history	of treatment	with	PAS	was	unknown. 
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rate of acquired resistance to second-line injectable agents 
illustrated in this study, treating MDR TB with second-line 
injectable agents is becoming less of an effective option 
(24). Furthermore, because of the common baseline resis-
tance to kanamycin, most of the acquired XDR TB was 
the result of acquired ofloxacin resistance. Historically in 
Arkhangelsk Oblast, kanamycin was widely used for TB 
treatment along with 2–3 other drugs, including first- and 
second-line drugs, whereas fluoroquinolones were rare-
ly used for TB treatment before GLC approval in 2003 
(12,25). Acquired resistance to fluoroquinolones during 
MDR TB treatment was reported for 11.2% of cases in 9 

countries, including Russia, possibly because of the high 
mutation frequency of the gyrA and gyrB genes (21,26–28). 
Of any single second-line drug tested in this study, acquired 
resistance to ofloxacin occurred second most often. Most 
patients whose isolates acquired resistance to either of the 
second-line companion drugs tested also experienced ac-
quired resistance to a second-line injectable agent, ofloxa-
cin, or both (i.e., acquired extensive drug resistance), mak-
ing TB in these patients virtually untreatable with available 
drugs (28).

As seen elsewhere and in this population of MDR 
TB patients for whom prevalence of baseline resistance 
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Table 3. Risk	factors	for	acquiring	resistance	to	OFX	during	MDR	TB	treatment,	161	patients,	in	Arkhangelsk,	Russia,	2005–2010* 

Variable† Total 
Acquired	ofloxacin	resistance,	no.	(%) 

p	value‡ Yes No	 
Enrollment	cohort     
 2005–2006 64 0	(0) 64	(100) 0.08 
 2007–2008 97 6	(6.2) 91	(93.8)  
Body	mass	index	<18.5	at	MDR	TB	diagnosis     
 Yes 35 4	(11.4) 31	(88.6) 0.02 
 No 126 2	(1.6) 124	(98.4)  
Hospitalized	at	time	of	enrollment     
 Yes 159 5	(3.1) 154	(96.9) 0.07 
 No 2 1	(50) 1	(50)  
Ever	received	MOX	during	current	episode     
 Yes 26 4	(15.4) 22	(84.6) 0.007 
 No 135 2	(1.5) 133	(98.5)  
Changed	FQ	during	current	episode     
 Yes 10 2	(20) 8	(80) 0.05 
 No 151 4	(2.6) 147	(97.4)  
Ever	received	a	third-line	drug	during	episode     
 Yes 79 6	(7.6) 73	(92.4) 0.01 
 No 82 0	(0) 82	(100)  
*FQ, fluoroquinolone;	OFX,	ofloxacin;	MDR	TB,	multidrug-resistant	tuberculosis;	MOX,	moxifloxicin.	 
†Certain variables were tested for association but omitted from table because results were not statistically significant at α = 0.1. 
‡Fisher exact test. 

 

 

 

 
Table 4.	Risk	factors	for	acquiring	extensive	drug	resistance	during	MDR	TB	treatment,	164	patients,	Arkhangelsk,	Russia,	2005–
2010* 

Variable† Total 
Acquired	extensive	drug	resistance,	no.	(%)  

p	value‡ Yes No 
Treated with ≥3 effective drugs     
 Yes 129 1	(0.8) 128	(99.2) 0.03 
 No 35 3	(8.6) 32	(91.4)  
Ever	received	effective	FQ§     
 Yes 160 3	(1.9) 157	(98.1) 0.07 
 No 3 1	(33.3) 2	(66.7)  
Body	mass	index	<18.5	at	MDR	TB	diagnosis     
 Yes 36 3	(8.3) 33	(91.7) 0.03 
 No 128 1	(0.8) 127	(99.2)  
Baseline	OFX	susceptibility	result     
 Resistant 3 1	(33.3) 2	(66.7) 0.07 
 Susceptible 161 3	(1.9) 158	(98.1)  
Ever	received	OFX	during	current	episode     
 Yes 144 2	(1.4) 142	(98.6) 0.07 
 No 20 2	(10) 18	(90)  
Ever	received	MOX	during	current	episode     
 Yes 29 3	(10.3) 26	(89.7) 0.02 
 No 135 1	(0.7) 134	(99.3)  
*FQ, fluoroquinolone;	OFX,	ofloxacin;	MDR	TB,	multidrug-resistant	tuberculosis;	MOX,	moxifloxicin  
†Certain variables were tested for association but omitted from table because results were not statistically significant at α = 0.1. 
‡Fisher exact test. 
§Patients	who	did	not	receive	treatment	with	the	respective	drug	during	the	current	episode	of	MDR	TB	were	not	included	in	the	analysis. 
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to kanamycin, ethionamide, and para-aminosalicylic acid 
was high, baseline susceptibility to and use of fluoroqui-
nolones were essential for preventing further resistance to 
second-line injectable agents, preventing acquired XDR 
TB, and increasing treatment success (29,30). With fewer 
effective treatment options, the risk for acquired resis-
tance to additional drugs increases (28). This study il-
lustrates the value of effective use of bactericidal drugs 
such as fluoroquinolones and companion drugs (especially 
para-aminosalicylic acid) in preventing acquired resis-
tance to second-line injectable agents during treatment for 
MDR TB. Other studies reported a significant association 
between use of thioamides and treatment success but not 
with para-aminosalicylic acid (31).

WHO recommends that MDR TB be treated with >4 
second-line drugs to which M. tuberculosis is likely to be 
susceptible plus pyrazinamide, creating a regimen of >5 
drugs during the intensive phase of treatment (1). Many 
factors make creating such a regimen challenging, includ-
ing availability of timely DST results for second-line drugs 
and availability of multiple drugs within a class of second-
line drugs. In this setting, in which baseline DST results for 
multiple second-line drugs were available, M. tuberculosis 
treated with >3 effective drugs were less likely to acquire 
resistance to each of the drugs or drug groups tested than 
were M. tuberculosis treated with <3 effective drugs. How-
ever, this association was only statistically significant for 
acquired resistance to capreomycin and for acquired exten-
sive drug resistance. Treatment with >4 effective drugs had 
a similar, but not statistically significant, inverse associa-
tion with acquired drug resistance.

Acquired resistance to ofloxacin was not associated 
with any of the effective treatment variables. The treatment 
and patient management characteristics that were associ-
ated with acquired ofloxacin resistance may be an artifact 

of clinical management practices when treatment regimens 
fail and probably reflect confounding. The treatment for 
severe disease or a failing regimen will often be switched 
to a newer generation fluoroquinolone because these are 
thought to be more effective and because cross-resistance 
within the class is not complete (32,33). Therefore, the only 
significant risk factor for acquired ofloxacin resistance in 
this population was being underweight, which is a risk fac-
tor for incident TB and an indicator of disease severity, re-
gardless of drug susceptibility (34).

Other studies have found that the main risk factors for 
acquired drug resistance included empiric re-treatment 
(i.e., without reference to DST) and unsupervised treat-
ment (35,36). In this study population, drug resistance 
was acquired among patients with MDR TB even though 
the patients had received individualized treatment, and di-
rectly observed therapy was mandatory for all patients in 
the program.

The MDR TB treatment outcomes for this popula-
tion are consistent with previously reported outcomes. 
Treatment success for this population (55%) was greater 
than the WHO-reported worldwide average (48%) but 
less than published results of individualized MDR TB 
treatment programs (31,37). This study indicates that 
treatment failure and death are significantly more com-
mon among patients who experienced acquired resis-
tance to capreomycin or ofloxacin or who acquired XDR 
TB than among patients who did not, providing even 
more evidence that these drugs are essential for success-
ful treatment of MDR TB (38).

This study had several limitations. First, the relatively 
small sample size limited statistical power of our analyses. 
Second, testing of M. tuberculosis for susceptibility to sec-
ond-line drugs is difficult and not well standardized (39), 
which could have caused patient misclassification for both 
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Table 5. Risk	factors	for	acquiring	resistance	to	second-line	companion	drugs	during	MDR	TB	treatment,	153	patients,	Arkhangelsk	
Oblast,	Russia,	2005–2010* 

Variable† Total 
Acquired	resistance	to	ETA	or	PAS,	no.	(%) 

p	value‡ Yes No	 
Enrollment	cohort     
 2005–2006 58 0	(0) 58	(100) 0.08 
 2007–2008 95 6	(6.3) 89	(93.7)  
Thoracic	surgery	during	current	episode     
 Yes 2 1	(50) 1	(50) 0.08 
 No 151 5	(3.3) 146	(96.7)  
Ever	received	OFX	during	current	episode     
 Yes 133 2	(1.5) 131	(98.5) 0.003 
 No 20 4	(20) 16	(80)  
Ever	received	MOX	during	current	episode     
 Yes 28 5	(17.9) 23	(82.1) <0.001 
 No 125 1	(0.8) 124	(99.2)  
Ever	received	a	third-line	drug	during	current episode     
 Yes 77 6	(7.8) 71	(92.2) 0.03 
 No 76 0	(0) 76	(100)  
*OFX,	ofloxacin;	MDR	TB,	multidrug-resistant tuberculosis;	MOX,	moxifloxacin. 
†Certain variables were tested for association but omitted from table because results were not statistically significant at α = 0.1. 
‡Fisher exact test. 
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the effective treatment and acquired resistance variables 
because both sets of variables involve DST results. Third, 
the effective treatment variables did not consider dosage or 
length of time the drug was given—all key components of 
effective treatment. Last, the prevalence of cavitary disease 
in this population was unusually high, and because cavita-
tion is associated with acquired resistance, the results might 
not be directly applicable to patient populations with less 
chronic or destructive disease (21).

Knowing the drug resistance pattern in the community 
and risk factors for acquired resistance to second-line drugs 
can help TB programs initiate effective treatment regi-
mens, prevent additional acquired resistance, and improve 
treatment outcomes for patients for whom MDR TB is 
suspected before DST results are available. The likelihood 
of treatment success can be further improved by adjusting 
treatment after receipt of DST results for second-line drugs. 
The need for rapid diagnosis of drug resistance and effec-
tive treatment is crucial.
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Ebola	virus	disease	(EVD)	outbreaks	have	occurred	during	
the	past	5	decades,	but	none	has	affected	European	coun-
tries	like	the	2014	epidemic	in	West	Africa.	We	used	an	on-
line	questionnaire	to	investigate	risk	perceptions	in	Germany	
during	 this	 epidemic	 peak.	Our	 questionnaire	 covered	 risk	
perceptions,	 knowledge	 about	 transmission	 routes,	 media	
use,	reactions	to	the	outbreak,	attitudes	toward	measures	to	
prevent	the	spread	of	EVD	and	vaccination	against	EVD,	and	
willingness	to	volunteer	for	aid	missions.	Of	974	participants,	
29%	 indicated	 that	 they	 worried	 about	 EVD,	 4%	 correctly	
stated	virus	 transmission	routes,	and	75%	incorrectly	rated	
airborne	transmission	and	transmission	by	asymptomatic	pa-
tients	as	possible.	Many	indicated	that	if	a	patient	were	flown	
to	Germany	 for	 treatment	 in	a	nearby	hospital,	 they	would	
adapt	preventive	behavior.	Although	most	participants	were	
not	worried	about	EVD	at	the	current	stage	of	the	epidemic,	
misperceptions	 regarding	 transmission	 were	 common	 and	
could	trigger	inappropriate behavior	changes.

Misperceptions of risk can lead to inappropriate reac-
tions during epidemics (1,2), such as stigmatization 

of those who are perceived as possible sources of infection 
(3). With regard to Ebola virus disease (EVD) in the West 
African countries most affected by the outbreak in 2014, 
indications are strong that societal misperceptions contrib-
uted to the outbreak spread (4). Public perceptions even in 
countries not directly affected by the EVD outbreak might 
influence outbreak response (e.g., by the priorities govern-
ments will set or by the willingness of persons to volunteer 
for aid missions in the affected countries) (5,6).

National authorities in countries outside of Africa re-
sponded differently to the potential risks of importing EVD 
into their countries. In November 2014, Australia and Can-
ada imposed entry restrictions for persons from Guinea, Si-
erra Leone, and Liberia (7,8). At the same time, the United 

Kingdom introduced entry screening for international flight 
and train passengers (9,10). Because evidence for these 
public health actions is difficult to evaluate (11,12), pub-
lic opinions might have played a role in political decision 
making. As of November 2014, Germany had not imple-
mented any travel or entry restriction. As of October 14, 
2014, a total of 3 patients who had acquired EVD in West 
Africa have been evacuated to hospitals in Germany for 
treatment. These evacuations to Germany were intensively 
covered by the media in Germany.

Several previous EVD outbreaks have occurred, but 
none was comparable in size and spread to the 2014 epi-
demic in West Africa and none directly or indirectly af-
fected European countries, until now. To understand public 
reactions during an emerging epidemic in a country not 
directly affected by EVD, but one that is exposed to media 
coverage of the epidemic and involved in actions to contain 
the epidemic, we conducted an online survey about EVD 
for residents of Lower Saxony, Germany. Our goal was to 
improve our understanding of risk perceptions and poten-
tial changes in behavior during epidemics.

Methods

Participants
We implemented this survey by using a longitudinal online 
panel, which was created in March 2014 to address human 
hygiene and preventive behavior regarding infectious dis-
eases (13,14). The panel consists of 1,376 persons 15–69 
years of age, who complete short, online questionnaires once 
a month. Panel members come from 4 districts in Lower 
Saxony, Germany (Braunschweig, Salzgitter, Vechta, and 
Wolfenbüttel). The districts were chosen by convenience: 
Braunschweig is the location of our research institute (the 
Helmholtz Centre for Infection Research), Vechta is its rural 
counterpart, and Salzgitter and Wolfenbüttel are 2 neighbor-
ing districts of Braunschweig. In each district, potential par-
ticipants were invited to the panel by means of proportional 
stratified random sampling from the population registry. Of 
26,895 invited, 9% were successfully recruited. 

Questionnaire
We used an open-source online survey application (Lime-
survey; 15) to develop a knowledge-attitude-practice survey 
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for online use (16). In November 2014, the questionnaire 
was about EVD (online Technical Appendix, http://ww-
wnc.cdc.gov/EID/article/21/6/15-0013-Techapp1.pdf.). 
The EVD questionnaire consisted of 27 questions with 
2–11 items each, totaling 123 items. The questions covered 
7 topics: worries about EVD and perceived personal prob-
ability of infection, knowledge about transmission routes 
of Ebola virus, media use to obtain information about EVD, 
personal reactions to the EVD outbreak, attitudes toward 
specific measures to prevent the spread of EVD to Europe, 
willingness to volunteer to fight EVD in West Africa, and 
attitudes toward vaccination against EVD.

Risk perceptions were operationalized by asking par-
ticipants if they worry about EVD (“yes” or “no”) and how 
they perceive their personal probability of acquiring EVD 
in the following 9 scenarios: at work, in public transport, in 
public places, at an airport in Germany, as a patient in a hos-
pital in Germany, at a doctor’s office in Germany, during 
travel to affected countries, by food imported from West 
African countries, or by other products originating in West 
Africa. Responses were chosen from a Likert scale with 5 
options: “yes,” “rather yes,” “rather no,” “no,” and “does 
not apply.” “Worry about EVD” describes thinking about 
threatening scenarios in the absence of actual danger (17), 
and “perceived personal probability of infection” describes 
participants’ estimation of the actual risk for infection.

Knowledge about the transmission of Ebola virus was 
assessed with regard to the following 11 potential trans-
mission routes: by direct contact with bodily fluids of in-
fected persons, dead or living; through material heavily 
contaminated with such fluids; by direct contact with in-
fected but asymptomatic persons; through air; through ma-
terial that has been heavily contaminated with bodily fluids 
of infected persons, dead or living; through drinking wa-
ter; through food produced in Germany; by casual contact 
with someone already sick, such as sitting next to someone 
(and without any direct contact of bodily fluids); by wild 
animals in Africa; by insects in Africa; or by wild animals/
insects in Germany. Response choices were “true,” “false,” 
and “don’t know.” We computed a cumulative knowledge 
score (1 point for each answer in agreement with current 
scientific knowledge, range 0–11). In addition, participants 
were invited to rate their personal knowledge of EVD as 
“very good,” “good,” “moderate,” or “not good.” They 
were also asked whether they increased their use of media 
to inform themselves about EVD.

To assess behavioral implications, participants were 
asked if they had changed their behavior as a result of the 
EVD outbreak, how they would change behavior if an EVD 
patient were flown from Africa to Germany for treatment 
in a nearby hospital, and whether they would cancel an al-
ready booked flight to Africa. Participants were also asked 
if they thought that specific prevention measures should be 

introduced to prevent the spread of EVD to Europe (Fig-
ure). The survey also included questions about aid mis-
sions in affected countries and about the potential vaccine 
against EVD.

This study was approved by the Ethics Committee of the 
Hannover Medical School and the Federal Commissioner for 
Data Protection and Freedom of Information. All participants 
gave written informed consent before entering the study.

Statistical Analyses
To test differences among groups, we used the χ2 test for 
categorical variables and the Wilcoxon test for continuous 
variables. To assess associations of sociodemographic fac-
tors with worrying about EVD, we used the Spearman cor-
relation coefficient. In addition, we performed explorative 
multivariable logistic regression analyses to assess the effect 
of knowledge about transmission routes and sociodemo-
graphic factors on worries about EVD and on willingness 
to volunteer for aid missions. Analyses were performed by 
using Stata 12 (StataCorp LP, College Station, TX, USA).

Results

Risk Perceptions
A total of 974 participants, 15–69 years of age, completed 
the questionnaire. Sociodemographic characteristics of par-
ticipants who completed the questionnaire (Table 1) did not 
differ from those of other panel members who did not (data 
not shown). In response to the question about whether they 
worried about EVD, 29% of participants answered in the 
affirmative; of those, 79.0% rated the strength of their wor-
ries as average (score <3 on a scale of 1 [a little] to 5 [very 
strong]) (data not shown). In response to another question, 
68% of the participants reported that they perceived acquir-
ing EVD as possible in at least 1 of the 9 scenarios specified 
(data not shown). In response to a question asking whether 
in the next 6 months EVD could spread to the general pop-
ulation of Germany in a similar way as occurred in some 
West African countries, 8% of participants worried about 
EVD and 1.6% of those not worried about EVD answered 
in the affirmative (Figure).

Knowledge
Although 25% of participants rated their personal knowl-
edge about EVD as good or very good, only 3.9% correctly 
answered all questions about transmission routes. The most 
common misperception (by 73.7% of participants) was that 
airborne transmission of Ebola virus is possible; moreover, 
74.0% believed that human-to-human transmission by in-
fected but asymptomatic persons is possible. Among those 
who specified airborne transmission as being possible, 
18.5% reported that they perceived that acquiring EVD 
while using public transportation was possible compared 

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	6,	June	2015	 1013



RESEARCH

with 9.4% of those who did not consider airborne trans-
mission as being possible (p = 0.001). Education was posi-
tively associated with knowledge scores about Ebola virus 
transmission routes (Spearman correlation coefficient 0.18, 
p<0.001) and rating of personal knowledge about EVD 
(Spearman correlation coefficient 0.39, p<0.001). After 
controlling for the rating of personal knowledge about 
EVD, education was no longer associated with the score for 
knowledge about Ebola virus transmission routes (partial 
correlation coefficient –0.003, p = 0.91).

Media Use
Increased use of media to learn about EVD was reported 
by 43% of participants. These participants most commonly 

used the Internet (45.5%), television (53.1%), and print 
media (45.7%). Increased use of television was more com-
mon among participants with a low level of vocational or 
secondary education than among participants with a higher 
level of education (data not shown). Increased media use 
was not associated with a higher knowledge score (median 
score for both groups = 7, p = 0.37). Personal knowledge 
about EVD was self-rated as good or very good by 28.7% 
of those who increased their media use and by 21.8% who 
did not (p = 0.01).

Multivariable logistic regression analyses that included 
age, sex, education, increased media use, and knowledge 
score showed that those who increased their media use were 
more likely to be worried about EVD than were those who 
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Figure.	Personal	behavior	and	
attitudes	toward	measures	
against	the	spread	of	Ebola	
virus	disease	(EVD)	and	
toward	vaccination	against	
EVD.	Black,	worried	about	
EVD;	gray,	not	worried	about	
EVD;	NS,	not	significant.	*χ2 
test	p<0.05.	†“Yes”	to	at	least	
1	of	5	items	(avoid	contact	with	
African	acquaintances;	avoid	
contact	with	African	persons	
in	public	places;	avoid	going	
to	public	events;	avoid	using	
public	transportation;	engage	
in	precautionary	purchases).	
‡“Yes”	to	at	least	1	of	7	items	
(avoid	public	events/crowded	
places;	avoid	using	public	
transportation;	avoid	physical	
contact	with	other	persons;	
increase	hygiene	behavior;	wear	
face	mask	outside	of	the	home;	
avoid	admission	to	the	same	
hospital;	avoid	visiting	friends	
admitted	to	the	same	hospital).
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did not increase their media use and that knowledge about 
Ebola virus  transmission routes was negatively associated 
with being worried about EVD (Table 2). Worrying about 
EVD was not affected by age, sex, or education (Table 2).

Personal Reactions
Among all participants, 7% changed behavior in response 
to the EVD outbreak (Figure). Among those, 68.8% avoid-
ed contact with African persons in public places and 26.6% 
avoided using public transportation.

If an EVD patient were to be flown from Africa to 
Germany and treated in a nearby hospital, 86.9% of all 
participants stated that they would change their behavior. 
Of these, 16.4% would avoid using public transportation, 
74.9% would increase their hygiene behavior (e.g., wash-
ing hands more often), and 30.2% would not visit friends 
admitted to the same hospital.

Participants were also asked about travel to Africa. 
As many as 95% of all participants would cancel an al-
ready booked flight to affected countries in West Africa, 
and 35.6% would cancel a flight to nonaffected countries 
in Africa.

Attitudes toward Specific Measures to  
Prevent the Spread of EVD to Europe
Asked about specific measures to prevent the spread of 
EVD to Europe, 97.0% of participants replied that all trav-
elers from affected areas should receive information about 
EVD and advice on what to do if signs and symptoms of 
EVD developed (Figure). Entry restrictions for persons 
from affected countries were supported by 17.0% of par-
ticipants. Mandatory quarantine for volunteers returning 
from aid missions in West Africa was supported by 37.6% 

of participants; the difference between those worried about 
EVD (51.6%) and those not worried (31.9%) was signifi-
cant (p<0.001). Prohibiting return to Germany of persons 
who acquired Ebola infection during aid missions was sup-
ported by 10%.

Willingness to Volunteer to Fight EVD in West Africa
Of all participants, 38.7% would volunteer to fight EVD in 
West Africa if their experience and their knowledge were 
needed and if their personal situation and their health al-
lowed them to do so. Multivariable logistic regression 
analyses including age, sex, education, increased media 
use, and knowledge score showed that older persons were 
less likely than younger persons to volunteer for aid mis-
sions and that women were less likely than men to volun-
teer (Table 3). Willingness to volunteer was not associated 
with education level.

Vaccination against EVD
If a vaccine against EVD existed, 18.3% would opt for vac-
cination even if they did not plan to visit affected countries 
in West Africa and did not have contact with EVD patients. 
Of those who wanted to get vaccinated, 41.1% would still 
do so if the vaccine were associated with occasional mild 
side effects and 15.2% if it were associated with rare but 
severe side effects.

Of all participants, 85.9% stated that compulsory vac-
cination against EVD should be implemented in affected 
countries. A total of 36.4% would support compulsory vac-
cination against EVD for medical staff in Germany, and 
51.5% would support compulsory vaccination against EVD 
for the general population of Germany if the number of 
EVD cases in Germany increased.
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Table 1. Characteristics	of	974	participants	in	survey	about	risk	for	EVD,	Lower	Saxony,	Germany,	2014* 
Characteristic Total,	no.	(%) Not worried about EVD, no. (%)† Worried	about	EVD, no. (%)‡ p	value§ 
Sex    0.06 
 F 534	(54.8) 365	(52.7) 169	(60.1)  
 M 414	(42.5) 311	(44.9) 103	(36.7)  
 Missing information 26	(2.7) 17	(2.4) 9	(3.2)  
Median	age,	y	(IQR) 46	(34–56) 47	(34–58) 46	(35–54) 0.10¶ 
Education#    0.02 
 Low 410 (42.1) 275	(39.7) 135	(48.0)  
 Intermediate 117	(12.0) 80	(11.5) 37	(13.2)  
 High 411	(42.2) 314	(45.3) 97	(34.5)  
 Missing information 36	(3.7) 24	(3.5) 12	(4.3)  
Country of birth    0.59 
 Germany 891	(91.5) 638	(92.1) 253	(90.1)  
 Other 45	(4.6) 30 (4.3) 15	(5.3)  
 Missing information 38	(3.9) 25	(3.6) 13	(4.6)  
Median	knowledge	score	(IQR) 7	(6–9) 7	(6–9) 7	(5–8) <0.001¶ 
*EVD,	Ebola	virus	disease;	IQR,	interquartile	range. 
†n = 693 (71.1%). 
‡n = 281 (28.9%). 
§χ2 test	comparing	those	worried	about	EVD	with	those	not	worried	(missing	values	were	not	considered). 
¶Wilcoxon	rank-sum	test	comparing	those	worried	about	EVD	with	those	not	worried.  
#Low,	<12	y	of	vocational	or	secondary	education	and/or	completed	apprenticeship;	intermediate,	at	least	12	y	of	vocational	or	secondary	education	
and/or	degree	of	a	specialized	vocational	school;	high,	university	training	(bachelor	degree	and	higher	academic	level). 
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Discussion
We report public perceptions of EVD in Germany, a 
country not directly affected by the current epidemic. 
Among the participants of our study, a substantial pro-
portion were worried about EVD; however, among those 
worried, most did not report strong worries. Only one 
quarter of participants rated their knowledge of Ebola as 
good or very good. In addition, a large majority had poor 
knowledge about the transmission routes of the virus. A 
particularly common misperception was that Ebola virus 
can be transmitted by the airborne route or that it can be 
transmitted from human to human by infected but asymp-
tomatic persons. These misperceptions were strongly as-
sociated with perceived personal probability of becoming 
infected while using public transportation. At the peak of 
the epidemic (November 2014), we identified inappropri-
ate, unjustified, and stigmatizing attitudes in only a small 
proportion of participants. In contrast, treatment of a pa-
tient flown from Africa to a nearby hospital would induce 
worrying and inappropriate behavior in most participants. 
This response might be attributable to the fact that per-
sons intuitively overestimate the risk for rare events (18). 
Our findings indicate a potential for inappropriate reac-
tions to the epidemic should cases of EVD occur in Ger-
many or should evacuations of EVD patients to Germany 
increase (19). For either of these 2 scenarios, trusted insti-
tutions (e.g., government) should spread information on 
the cause and the risk for infection (20).

As expected, participants who were worried about 
EVD were more likely to support measures prevent-
ing its spread to Europe. The difference between those 
worried and those not worried was particularly large for 
measures that can be considered inappropriate or even 
counterproductive to fighting the epidemic. For example, 
the stigmatization of returning health care workers and 
other volunteers can lead to fewer persons being willing 
to volunteer for aid missions (21). It is crucial that those 

worried about EVD remain a minority so that society will 
not be paralyzed by worries. Thus, misperceptions regard-
ing transmission routes of Ebola virus should be resolved, 
and the media should contribute to a balanced, rational 
response rather than fuel worries. The observation that in-
creased media use was not associated with better knowl-
edge of transmission routes indicates the need for qualita-
tive improvement of media reporting of such situations.  
However, the direction of the association between in-
creased media use and worries cannot be determined 
from our data, so conclusions on worries and increased 
media use should be made cautiously. Not only the media 
but also public health experts might have contributed to 
mixed messages regarding airborne transmission of Ebola 
virus (22).

Almost 39% of participants indicated that they would 
volunteer to fight EVD in West Africa, but some of those 
participants would at the same time support prevention 
measures that are likely to negatively affect willingness to 
participate in aid missions. The high percentage of volun-
teers might result from the specific question that the par-
ticipants were asked. The question included 2 precondi-
tions that would qualify persons to volunteer: having the 
required experience and having a personal situation that 
would enable going to Africa. Most participants probably 
did not fulfill these preconditions, so their willingness to 
volunteer was only hypothetical. Therefore, they might not 
have realized that the restriction regarding return of volun-
teers would hamper their own return.

The changes in personal daily behavior reported or 
forecasted by the study participants (change of contact 
structure and mode of transportation, support of rapidly 
introduced vaccines) have consequences for understand-
ing future emerging epidemics. Mathematical models con-
structed on the basis of contact structures and health percep-
tions obtained outside an epidemic setting will not be able 
to provide helpful insights if they do not take these factors 

1016	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	6,	June	2015

 

 

 
Table 2. Association	between	knowledge,	media	use,	sociodemographic	factors,	and	worries	about	EVD,	Lower	Saxony,	 
Germany,	2014* 
Characteristic Odds	ratio	(95%	CI) p value† 
Age,	per 10-y increase 0.97	(0.87–1.08) 0.52 
Sex  0.11 
 F 1.28	(0.94–1.74)  
 M Reference  
Education‡  0.39 
 Low 1.28	(0.92–1.78)  
 Intermediate 1.33	(0.83–2.14)  
 High Reference  
Increased	media	use  <0.001 
 Yes 2.14	(1.59–2.88)  
 No Reference  
Knowledge	score	(per	1-point	increase) 0.87	(0.81–0.93) <0.001 
*Multivariable	logistic	regression.	EVD,	Ebola	virus	disease. 
†Wald test. 
‡Low, <12 y of vocational or secondary education and/or completed apprenticeship; intermediate, at least 12 y of vocational	or	secondary	education	
and/or	degree	of	a	specialized	vocational	school;	high,	university	training	(bachelor	degree	and	higher	academic	level). 
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into account. Problems in modeling the further course of 
the influenza A(H1N1)pdm09 outbreak might be attribut-
able to these factors (1,2), and the experience with models 
made for the current EVD epidemic might be similar.

A large majority of participants supported compul-
sory vaccination against EVD for persons in affected 
countries. About half also stated that EVD vaccination 
should be compulsory for the general population should 
the number of cases in Germany increase. This finding is 
astonishing because no compulsory vaccination exists in 
Germany, and during the 2009 influenza A(H1N1)pdm09 
pandemic, it was regarded as completely unacceptable 
(23). It is possible that the acceptability of drastic and 
compulsory measures is high only if the likelihood that 
such measures will be implemented is low, as is now the 
situation for EVD. On the contrary, the perception of as-
sociated risks might be scored much higher for EVD than 
for influenza, thereby increasing the acceptance of com-
pulsory vaccination.

This study has some limitations. Regional data collect-
ed in an online survey might not represent perceptions of 
the general population in Germany. Furthermore, because 
the respondents in our survey were participating in a study 
on hygiene and behavior regarding infectious diseases, their 
level of motivation and knowledge about health-related 
topics might be higher than that of the general population. 
The education level of participants was also higher than 
that of the general population (42.2% of the study partici-
pants had university training compared with only 17.2% of 
the general population of Germany; 24). The panel mem-
bers were also older, and the percentage of female panel 
members was higher than that of the general population.

For some characteristics in our analyses we did not 
have baseline data. For example, we did not have base-
line information about which types of media are gener-
ally used by participants, so we cannot tell whether par-
ticipants increased their media use or whether they used 

additional media sources that they did not use before. 
Because we do not have information about participants’ 
professions, we cannot assess whether risk groups for ex-
posure to EVD (e.g., medical staff) are overrepresented in 
the study sample.

The reported risk perceptions and attitudes are condi-
tional for the situation in Germany as of November 2014 
and assume no transmission of Ebola virus in Germany. 
In the case of real exposure, persons might not act as they 
predicted they would. We also cannot assess how much the 
responses are influenced by the current status and how per-
sons would react when media attention is less. However, 
having access to the study population of the larger infec-
tious diseases study will enable us to ask the same persons 
again several months later and to examine temporal chang-
es of risk perceptions.

In conclusion, a substantial proportion of the study 
population demonstrated poor knowledge about the trans-
mission modes of Ebola virus and about the actual risks in 
a European country during the 2014 EVD epidemic in West 
Africa. Increased media use was not associated with bet-
ter knowledge, underscoring the need to improve quality of 
content reported by the media. Although inappropriate or 
unjustified attitudes in the current situation were not dem-
onstrated by most participants, the treatment of flown-in 
EVD patients in a nearby hospital would trigger inappro-
priate behavioral changes.
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Table 3. Association	between	knowledge,	media	use,	and	sociodemographic	factors	and	willingness	to	volunteer	in	aid	missions	in	
Africa,	Lower	Saxony,	Germany,	2014* 
Characteristic Odds	ratio	(95%	CI) p value† 
Age	(per	10-y	increase) 0.86	(0.77–0.96) 0.07 
Sex  0.03 
 F 0.72	(0.53–0.98)  
 M Reference  
Education‡  0.94 
 Low 1.09	(0.79–1.52)  
 Intermediate 1.05	(0.64–1.70)  
 High Reference  
Increased	media	use  0.90 
 Yes 0.98	(0.73–1.32)  
 No Reference  
Knowledge	score	(per	1-point	increase) 1.06	(0.99–1.14) 0.09 
*Multivariable	logistic	regression.	EVD,	Ebola	virus	disease. 
†Wald test. 
‡Low, <12 y of vocational or secondary education and/or completed apprenticeship; intermediate,	at	least	12	y	of	vocational	or	secondary	education	
and/or	degree	of	a	specialized	vocational	school;	high,	university	training	(bachelor	degree	and	higher	academic	level). 
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Camels carry Middle East respiratory syndrome coronavi-
rus, but little is known about infection age or prevalence. We 
studied >800 dromedaries of all ages and 15 mother–calf 
pairs. This syndrome constitutes an acute, epidemic, and 
time-limited infection in camels <4 years of age, particularly 
calves. Delayed social separation of calves might reduce 
human infection risk.

Middle East respiratory syndrome coronavirus 
(MERS-CoV) causes outbreaks and isolated cas-

es of severe respiratory disease in humans. The virus is 
transmissible from human to human, but the focus of in-
fection has remained in countries on the Arabian Peninsu-
la. Recent reports have shown that dromedaries (Camelus 
dromedarius) across the Arabian Peninsula and parts of 
eastern and northern Africa have MERS-CoV antibodies 
(1–4). Virus detection by reverse transcription PCR (RT-
PCR) and sequencing has confirmed that these antibodies 
are likely to be caused by infection with the same virus 
strains that infect humans (5). In singular cases, strong 
evidence for virus transmission between camels and hu-
mans was found (6,7). Infection of dromedaries in the 
laboratory has confirmed susceptibility and efficient shed-
ding (8). MERS-CoV antibodies were not found in other 
species of livestock and leisure animals, including cattle, 
goats, sheep, and horses (9).

In the absence of a MERS-CoV vaccine, the preven-
tion of human infections relies on knowledge of acute in-
fection in camels. Available serologic studies indicate a 
high prevalence of MERS-CoV in adult camels, suggest-
ing that MERS-CoV infection in camels may target young 
animals (1–4). However, only limited data on the age of 
animals at infection and the degree of age-specificity are 
available (5).

To best approximate the actual infectivity of virus in 
camels, testing should include RT-PCR and systematic 
virus isolation in cell culture (10). We recently analyzed 
a small group of camels in Saudi Arabia and found signs 
of recent acute MERS-CoV infection by demonstrating  
seroconversion, indicating a method for the serologic 
diagnosis of acute infection (7). To increase knowledge 
of acute MERS-CoV in dromedaries, we analyzed acute- 
and convalescent-phase MERS-CoV infections in simi-
larly sized groups of camels of the same age in Dubai, 
United Arab Emirates.

The Study
We investigated dairy, racing, and breeding dromedaries 
from 3 flocks on farms 20–40 km apart. When possible, 
blood and nasal swab specimens were obtained from all 
camels in the flocks during March–June 2014. Samples 
were grouped according to the camels’ ages rather than 
sampling site because livestock ages differed between 
sites. Serologic testing by ELISA yielded evidence of 
MERS-CoV antibodies in >96% of all dromedaries >2 
years of age (Table 1). Seroprevalence among dromedar-
ies <1 year of age (calves) was significantly lower but 
still exceeded 80%. Using cross-sectional testing, we 
could not discriminate between maternal and autonomous 
antibodies in calves. RT-PCR testing of nasal swab speci-
mens showed a considerable prevalence of MERS-CoV 
RNA among all dromedaries <4 years of age but particu-
larly in calves. Similarly, virus isolation conducted on all 
samples, including those RT-PCR–negative for MERS-
CoV (14), was successful only for animals <4 years of age 
but particularly for calves. The prevalence of virus RNA 
and the rate of virus isolation were significantly higher 
in calves than subadults (2–4 years of age) (χ2, p<0.05). 
The higher rate of virus isolation among calves suggests 
increased infectivity of calves.

To understand MERS-CoV infection in dromedary 
calves, we investigated 24 mother–calf pairs from the 

Acute Middle East Respiratory Syndrome  
Coronavirus Infection in Livestock  

Dromedaries, Dubai, 2014
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breeding flock. The investigations were all conducted in 
May 2014. At the time of sampling, mother camels were 
>12–15 years of age, and calves were 4–6 months of  
age. As shown in Table 2, all cows were MERS-CoV an-
tibody positive and had no signs of active MERS-CoV in-
fection by RT-PCR and virus isolation. Of the 15 calves  

studied, 4 showed evidence of ongoing seroconversion during  
sampling days 0 and 8; on day 8, all calves were seroposi-
tive by ELISA. On sampling day 0, virus was detected in 
11/15 (73.3%) calves, and on sampling day 8, it was de-
tected in 4/15 (26.7%) calves. This overall pattern was 
suggestive of a recent infection peak in the flock that was 
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Table 1. Results	of	cross-sectional	study	of	MERS-CoV	antibodies	and	RNA	and	MERS-CoV	isolation	in	dromedary	camels	at	3	
sampling sites, Dubai, March–June,	2014* 

Age group, y 
Mean no. positive/no.	tested	(%	positive) 

Serum antibody detection by ELISA† RNA	detection	by	RT-PCR‡ Virus	isolation§ 
Adults, >4 298/310	(96.1) 0/250	(0) 0/12	(0) 
Subadults,	2–4 328/340	(96.5) 10/344	(2.9)	¶ 1/14	(7.1) 
Calves, <1 92/108	(85.2)¶ 24/68	(35.3)¶ 6/44	(13.6)	¶ 
Unknown 68/85	(80) 11/209	(5.3) 1/12	(8.3) 
Total 786/843	(93.2) 45/871	(5.1) 8/82	(9.6) 
*MERS-CoV,	Middle	East	respiratory	syndrome	coronavirus;	RT-PCR,	reverse	transcription	PCR. 
†ELISA used a recombinant MERS-CoV globular	spike	(S1)	domain	as	described	by	Drosten	et	al.	(11),	modified	by	the	reagent	manufacturer	
(EUROIMMUN,	Lübeck,	Germany)	for	application	with	camel	serum	as	validated	by	Corman	et	al.	(12)	and	Memish	et	al	(7).	The	anti-human conjugate 
was replaced by an anti-camel	conjugate.	The	test	was	not	selective	for	IgG. 
‡RT-PCR	targeting	regions	upstream	of	the	envelope	gene,	as	described	by	Corman	et	al.	(13). 
§Method	as	described	by	Drosten	et	al.	(14). 
¶Significantly	different	from	grand	mean	(shown	under	Total),	p<0.05	(χ2 test) 

 

 

 

 
Table 2. Results	of	testing	for	the	presence	of	MERS-CoV	and	MERS-CoV	antibody	in	15	mother–calf pairs in a dromedary breeding 
flock,	Dubai,	May	2014* 

Camel 
Antibody	ELISA 

 
Virus	isolation  PCR,	threshold	cycle 

Day 0 Day 8 Day 0 Day 8 Day 0 Day 8 
Mother         
 M1 + ND   ND   ND 
 M2 + ND   ND   ND 
 M3 + ND   ND   ND 
 M4 + ND   ND   ND 
 M5 + ND   ND   ND 
 M6 + ND   ND   ND 
 M7 + ND   ND   ND 
 M8 + ND   ND   ND 
 M9 + ND   ND   ND 
 M10 + ND   ND   ND 
 M11 + ND   ND   ND 
 M12 + ND   ND   ND 
 M13 + ND   ND   ND 
 M14 + ND   ND   ND 
 M15 + ND   ND   ND 
 Total 15 NA  0 NA  0 NA 
Calf         
 C1 ± +  +   19.5  
 C2 + +       
 C3 + +     24.3  
 C4  +     26.8 32.3 
 C5 ± +     30.4  
 C6  +     26.5  
 C7 + +       
 C8 + +       
 C9 + +  +   23.8  
 C10 + +  +   24.1  
 C11 + +  +   22.3 34.2 
 C12 + +       
 C13 + +     22.8 34.2 
 C14 + +  +   20.7  
 C15 + +     32.4 35.3 
 Total 11	(+2) 15  5 0  11 4 
*MERS-CoV,	Middle	East	respiratory	syndrome	coronavirus;	NA,	not	applicable	ND,	not	done;	+,	positive;	,	negative;	±,	weak	positive	(borderline	optical	
density range as identified by the reagent	manufacturer,	EUROIMMUN,	Lübeck,	Germany). 
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already on the decline at the time of sampling. The ongoing 
infection in most calves suggests a general susceptibility to 
infection in 4- to 6-month-old dromedaries.

We sequenced genomes of 9 virus isolates, represent-
ing 3 different phylogenetic lineages, from dromedaries 
on the 3 farms. Phylogeny of full genomes showed that 
all viruses clustered according to their place of origin. The 
phylogenetic position of 1 of these clades suggested recent 
separation from viruses circulating in the eastern part of 
Saudi Arabia; some of the animals in the breeding flock 
from which the viruses were isolated had been moved 
temporarily to Saudi Arabia for grazing. The other clade 
separated from these viruses somewhat earlier, but it shared 
recent common ancestors with other viruses from the east-
ern part of the Arabian Peninsula. Samples collected in 
June from animals on the dairy farm yielded viruses from 
the same clade as that for viruses derived from different 
animals sampled on the same farm in March (dairy farm 
samples I and II) (Figure).

Conclusions
Our findings provide evidence of infection of camel 
flocks in Dubai with MERS-CoV of contiguous virus 
clade. Similar to findings from earlier studies, we found 
evidence of new introductions of virus in flocks, such 
as the flock that temporally grazed in Saudi Arabia and 
was infected with a virus strain typical for Saudi Ara-
bia (7,15). Acute MERS-CoV infection, rather than the 
long-term presence of virus in the dromedaries, was sup-
ported by testing mother–calf pairs. Because cows were 
not acutely infected before their calves, perennial per-
sistence of MERS-CoV in adult dromedaries is unlikely. 
Titration and longitudinal serologic studies might have 
shown increases antibody titers in adult dromedaries af-
ter calves were infected. However, such studies were not 
possible for technical and logistical reasons, which is a 
clear limitation of our study.

Although we did not designed our study to cover the 
duration of virus shedding in young dromedaries, our 
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Figure.	Phylogenetic	analyses	
of the complete concatenated 
coding sequences of available 
Middle East respiratory syndrome 
coronavirus	(MERS-CoV)	
genomes were done by using 
MrBayes	v3.1	(http://mrbayes.
sourceforge.net/)	and	a	general	
time-reversible plus gamma 
distribution plus invariable site 
nucleotide substitution model 
with	2,000,000	generations	
sampled every 100 steps. Trees 
were annotated by using the last 
75%	of	all	generated	trees	in	
TreeAnnotator	v.1.5	(http://beast.
bio.ed.ac.uk/TreeAnnotator/)	
and visualized with FigTree v.1.4 
(http://tree.bio.ed.ac.uk/software/
figtree/).	Statistical	support	of	
grouping based on Bayesian 
posterior probabilities is shown at 
all	nodes	(95%	highest	posterior	
density;	shown	if	value	>0.7).	
Red	indicates	the	9	camel	MERS-
CoV	strains	characterized	in	this	
study;	blue	indicates	MERS-CoV	
sequences obtained from other 
camels. EMC, Erasmus Medical 
Centre;	FRA,	France;	HKU,	
Hong	Kong	University;	KFU,	King	
Faisal	University;	KSA,	Kingdom	
of	Saudi	Arabia;	UAE,	United	
Arab	Emirates;	USA,	United	
States of America.
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results suggest excretion to be short lived in individual 
camels. Of the 11 virus-positive calves, 5 had high virus 
RNA concentrations in their first samples (cycle threshold 
values <25) but no RNA in samples tested 8 days later. 
An infection experiment in adult dromedaries showed 
shedding occurred for <35 days after virus inoculation 
(8), which seems longer than the length of virus shedding 
observed for young camels in our study. However, de-
tection sensitivity in the defined conditions of a labora-
tory trial might have been higher than in our study. Both 
studies agreed in their finding of short-lived infectivity 
of excreted virus: in our study, we did not detect virus in 
any calf on day 8, and none were detected beyond day 7 
in the study by Adney et al. (8). Nevertheless, virus can 
be maintained in flocks over several weeks or months, as 
exemplified by the detection of the same virus clade in 
March and June on 1 dairy farm.

The restricted and highly compartmentalized social 
structure of livestock camels would provide population 
niches in which viruses can differentiate in isolation after 
bottleneck-type transmission events. This situation holds 
promise for control of the spread of MERS-CoV through 
flock management practices, and it also suggests a rather 
simple way of avoiding camel-to-human transmission by 
avoiding camels <2 years of age. Camel calves are not 
easily accessible by humans and instinctually avoid hu-
mans. They are generally separated from their mothers 
after 12 months of age (i.e., at an age when they are still 
likely to be infected with MERS-CoV). Humans normal-
ly come into contact with calves only after the animals 
have been separated from their mothers. A change in this  
practice (i.e., postponing separation until the calves 
are older) might reduce the risk for camel-to-human  
MERS-CoV transmission.
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White-nose syndrome has devastated bat populations 
in	 eastern	 North	America.	 	 In	 Midwestern	 United	 States,	
prevalence	 increased	 quickly	 in	 the	 first	 year	 of	 invasion	
(2012–13)	but	with	low	population	declines.		In	the	second	
year	(2013–14),	environmental	contamination	led	to	earlier	
infection and high population declines. Interventions must 
be implemented before or soon after fungal invasion to pre-
vent population collapse.

Invasion of novel wildlife diseases has caused wide-
spread declines or species extinction among birds, 

amphibians, and mammals (1–4). White-nose syndrome 
(WNS), caused by the fungal pathogen Pseudogymno-
ascus destructans, is a recently emerged disease of hiber-
nating bats (5) that has caused substantial declines in 6 
species; bats of 2 species are predicted to become glob-
ally extinct (3). In little brown bats (Myotis lucifugus), 
tissue damage from fungal infection results in a cascade 
of physiologic disruptions resulting in death 70–100 days 
after infection (6).

Although the seasonal dynamics of P. destructans 
were recently characterized (7), the dynamics of P. de-
structans invasion of new sites has yet to be described. In 
the 2 years since the identification of P. destructans, the 
extent of the population decline differed each year and 
among species for unknown reasons (3). Furthermore, the 
role of P. destructans in the environment remains unclear 
(8) because no study has reported co-occurring patterns of 
P. destructans in bats and on substrates. We hypothesized 
that yearly differences in death rates result from changes 
in the timing of infection as P. destructans becomes es-
tablished and that the environment serves as a source of 
infection for bats (bats that leave summer maternity sites 
are not infected; 7).

The Study
To test our hypothesis, we studied the invasion dynamics 
of the WNS fungus by sampling bats of 5 species at 2 hi-
bernacula in central Illinois, USA. We collected samples 
twice each winter for 2 years (2012–13 and 2013–14). The 
hibernacula were moderately sized (5–10 hectares, 2–5 m 
high) abandoned limestone mines that bats use for fall mat-
ing and hibernation from September through April. During 
each visit, we counted all visible bats at each site, which 
produced complete census data for 4 of the 5 species. Ac-
curately collecting census data for bats of the remaining 
species (Eptesicus fuscus) was difficult because these bats, 
unlike those of other species, roosted primarily behind 
crumbling slabs of rock around mine entrances, which were 
dangerous and difficult to survey.

During each site visit we sampled 15–20 bats of each 
species by epidermal swabbing (7). We also sampled the 
wall or ceiling of hibernacula under, near (10–20 cm), and 
far from (>2 m) roosting bats by using the same swabbing 
technique. Samples were tested for P. destructans by us-
ing real-time PCR (9); according to a serial dilution experi-
ment, the limit of detection was ≈50 conidia.

We obtained 611 samples from bats and 444 from sub-
strate. In early winter of 2012–13, only 1 individual (Myo-
tis septentrionalis) of 129 bats of 5 species sampled was 
positive for P. destructans, and none of the 46 substrate 
samples were positive (Figure 1, panels A, C, E). Just 4 
months later, in March 2013, prevalence was >85% for bats 
of 2 species (M. septentrionalis, M. lucifugus), 40%–75% 
for 2 species (E. fuscus, Myotis sodalis), and 15%–60% 
for 1 species (Perimyotis subflavus) at the 2 sites (Figure 
1, panel A). The prevalence of P. destructans on the sub-
strate under these bats varied from 0% to 67%, and sub-
strate prevalence paralleled fungal prevalence for bats of 
each species (Figure 1, panel C). Despite widespread ap-
parent infection of bats at this time, none of the 36 substrate 
samples taken just 10–20 cm from bats were positive for P. 
destructans (Figure 1, panel E).

In early winter of the next year (late November 2013), 
patterns differed markedly from those of the previous early 
winter. P. destructans was already widespread in the envi-
ronment, found in 70% of samples from under bats, 22% 
of samples 10–20 cm from bats, and 14% of samples >2 m 
from bats (Figure 1, panels D, F). Prevalence among bats 
of 4 species was already >70%, and prevalence among bats 
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of 1 of these species (P. subflavus), for which prevalence 
at the end of the previous winter had been lowest, was al-
ready 85%–100% (Figure 1, panel B). By the end of the 
second winter, 109 (98%) of 111 bats were positive for P. 
destructans, and P. destructans was present throughout 
the hibernacula (in 91% of samples from under bats, 66% 
of samples near bats, and 44% of samples far from bats)  
(Figure 1, panels B, D, F).

Over these 2 years, the effect of WNS on bat popu-
lations mirrored the patterns of P. destructans preva-
lence. During the first winter, declines were limited at 
the larger site and moderate (50%–75%) at the smaller 
site (Figure 2). In contrast, over the second winter, counts 
of M. septentrionalis bats declined by 95%–99% and M. 
lucifugus bats by 81%–88% (20,000 bats of this species 
disappeared) (Figure 2, panel A). Populations of bats of 
the 2 other species also experienced moderate to severe 
declines in the second year (M. sodalis, 16%–96%; P. 
subflavus, 47%–73%) (Figure 2, panel B). Declines prob-
ably resulted from disease-related deaths because high 
hibernacula site fidelity makes emigration unlikely (10) 

and substantial numbers of dead bats were observed at 
both sites.

Conclusions
Early in the first winter studied, prevalence of P. destruc-
tans was very low, and although transmission resulted in 
most bats harboring P. destructans by winters’ end, de-
clines in bat populations were limited. In contrast, early 
in the second winter, fungal prevalence among bats was 
already high and severe communitywide declines occurred 
over the next 4 months. The earlier timing of exposure in 
the second year would be expected to increase the effects of 
WNS because by winter’s end most bats would have been 
infected and in hibernation for at least 70–100 days (the ap-
proximate time between infection and death; 5). Few would 
be able to survive until spring, when bats cease hibernating 
and clear the fungus (7).

Patterns of P. destructans distribution in the environ-
ment mirrored prevalence among bats and population de-
clines. Early in the first year, when P. destructans was rare 
on hibernacula substrates, most bats were not infected in 
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Figure 1. Pseudogymnoascus 
destructans prevalence 
(±1 SE, calculated from 
the variance of a binomial 
distribution	sample)	over	
2	winters,	2012–13	and	
2013–14,	at	2	sites	(diamonds	
and	triangles)	in	Illinois,	USA,	
on	bats	of	5	species	(A,	B);	
prevalence of P. destructans 
on substrate under bats of 
each	species	(C,	D),	and	
prevalence of P. destructans 
under,	near	(10–20	cm),	and	
far	from	(>2	m)	bats	(E,	F).	
No	substrate	samples	far	from	
bats	were	taken	in	the	first	
winter.	Lines	join	observed	
mean prevalence for each 
species	(solid	circles)	to	
facilitate presentation but 
do not indicate trajectories 
between time points. 
Prevalence	of	species	or	
substrate means indicated 
by the same letter did not 
differ	significantly	(p>0.05)	in	
a logistic regression analysis 
with either species and site as 
fixed	effects	at	each	sampling	
point	(A,	B)	or	substrate	
sample type at each sampling 
point	(C–F);	effect	of	site	was	
not	significant	in	any	of	these	
comparisons. E., Eptesicus; 
M., myotis;	P., perimyotis.
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early winter, and 4 months later, P. destructans was not 
detectable in one third of bats of 3 species. However, by the 
end of the first winter, P. destructans was present on hiber-
nacula substrate under bats, probably resulting from bats 
shedding P. destructans into the environment. At the be-
ginning of the following winter, P. destructans was wide-
spread in the environment, and nearly all bats had fungus 
on them. The widespread occurrence of P. destructans in 
the environment at this time may have contributed to higher 
prevalence among bats because most bats clear infections 
during the summer, when their body temperature is too high 
for P. destructans growth (7,11). Long-term persistence of 
P. destructans in the absence of bats (8,12) suggests that 
an environmental reservoir of P. destructans may contrib-
ute to WNS persistence, as occurs for other diseases, such  
as cholera (13).

WNS continues to spread south, west, and north from 
New York, where it was first detected in 2006, and contin-
ues to cause widespread bat population declines. Potential 
control strategies include development of probiotic treat-
ments (14) and alteration of hibernacula microclimates to 
make them cooler and drier (3,15). Our results suggest 
that if P. destructans invasion in other sites is similar to 
what we documented in Illinois, interventions must be im-
plemented proactively, or quickly after P. destructans in-
vasion, to prevent collapse of bat communities. Reduced 
bat populations will probably have a negative effect on 
humans because bats play a useful role in ecosystems by 
consuming disease vectors and many forest and agricul-
tural insect pests.
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Carriage	 of	 the	New	Delhi	metallo-β-lactamase variant 1 
(NDM-1)	enables	drug	 resistance	 to	move	between	com-
munities and hospitals. In Bangladesh, we found the blaNDM-1 
gene	in	62%	of	environmental	waters	and	in	fermentative	
and nonfermentative gram-negative bacteria. Escherichia 
coli	 sequence	 type	 (ST)	 101	was	most	 commonly	 found,	
reflecting	 a	 common	 global	 relationship	 between	 ST101	
and	NDM-1.

Carbapenemases, bacterial enzymes that typically in-
activate most of the β-lactam class of antimicrobial 

drugs, have emerged rapidly over the past decade (1). 
These resistance mechanisms are often accompanied by 
other resistance alleles, and together they can confer ex-
tensive drug resistance, leaving minimal treatment options 
(2). The New Delhi metallo-β-lactamase variant 1 (NDM-
1), a chimera formed by the fusion of 2 resistance genes, is 
unique among the carbapenemases (3). Since its descrip-
tion in 2009, NDM-1 has spread rapidly to many countries 
worldwide and appears to be endemic in South Asia (1,4,5). 
A study of the environment in New Delhi, India, showed 
that ≈30% of surface waters and sewage was contaminated 
with NDM-1; the enzyme was also detected in drinking wa-
ter (6). In addition, high rates of NDM-1 gut carriage have 
been found in the community and in hospitals in Pakistan 
(7). High rates of gut carriage can lead to contamination 
of drinking water and food through inadequate sewage 
treatment. Furthermore, gut carriage of NDM-1–encoding 
Escherichia coli can lead to common community-acquired 
infections (e.g., urinary tract infections), which often re-
quire hospitalization (8) and enable resistance mechanisms 
to move between community and hospital sectors. Indirect 
studies in 2009 and 2010 showed that NDM-1 was not 
present in the Bangladesh environment (9,10). To deter-
mine whether NDM-1 is now present in Bangladesh, we 
surveyed the environmental waters of Dhaka. 

The Study
During October 19–27, 2012, we collected environmental 
water/sewage samples from 7 regions (58 sites) in Dhaka, 

Bangladesh (Figure 1). Control samples were from the United 
Kingdom. Each sample was investigated for bacterial growth 
on UTI brilliance agar plates (Thermo Fischer Scientific, 
Basingstoke, UK) containing vancomycin (30 mg/L) plus 
meropenem (0.5 mg/L). The species of individual colonies 
of different colors and morphologies were determined by us-
ing matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry. Bacteria were genetically characterized 
by blaNDM-specific PCR. Genetic location of the blaNDM-1 gene 
was determined by probing S1 nuclease pulsed-field gels. A 
subset of isolates of each species was further investigated 
for MICs of relevant antimicrobial drugs. All E. coli isolates 
were genotyped to determine multilocus sequence typing 
group; examples of each group were characterized for addi-
tional relevant resistance mechanisms. Details are provided 
in the online Technical Appendix (http://wwwnc.cdc.gov/
EID/article/21/6/14-1578-Techapp1.pdf).

The carbapenemase and extended-spectrum 
β-lactamase genes blaNDM-1 and blaCTX-M-15 were detected 
by PCR in 36 (62%) and 41 (71%), respectively, of the 58 
water samples. Both genes were found at all 7 sample re-
gion sites in Dhaka. Gene blaCTX-M-15, but not blaNDM-1, was 
detected in sewage samples from the United Kingdom; 
neither was detected in UK water samples from the  
River Thames.

We identified 226 gram-negative NDM-1–producing 
isolates to the species level (Figure 1; online Technical Ap-
pendix Table 1); 15 isolates harboring blaNDM-1 could not 
be identified and were not investigated further. The most 
widely disseminated bacteria in samples from Dhaka were 
pseudomonads (6/7 regions) and Klebsiella pneumoniae 
(4/7 regions). Nine different species of Pseudomonas spp. 
and 5 Acinetobacter spp., mostly belonging to nonpatho-
genic strains, were among the nonfermentative bacteria 
(online Technical Appendix Table 1). Carbapenem resis-
tance in the Pseudomonas spp. isolates was unstable; all 
strains lost the blaNDM-1 gene after 2 days’ growth or when 
frozen for storage.

With the exception of 4 isolates, all bacterial isolates 
contained the original blaNDM-1 allele; 3 E. coli sequence 
type (ST) 101 isolates carried the blaNDM-3 variant, and 1 
ST648 isolate carried the blaNDM-4 variant (online Tech-
nical Appendix Table 2). S1 nuclease pulsed-field gel 
electrophoresis combined with blaNDM-1 probes detected 
blaNDM-1 on plasmids of limited size diversity in E. coli 
(ST101, 160 kb; ST405, 100 kb; ST648, 150 kb); how-
ever, other species included blaNDM-1–positive plasmids in 
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a wide diversity of sizes (30 kb–450 kb); some of these 
species had multiple positive plasmids, and blaNDM-1 was 
also found on the chromosome (online Technical Appen-
dix Table 1 and Figure 1).

The E. coli isolates were further analyzed by PCR to 
identify additional resistance mechanisms often associated 
with blaNDM-1 (Table). blaCTX-M-15 and 16s ribosomal meth-
ylase genes (armA or rmtB) were associated with most E. 
coli strains, which explains the extensively drug-resistant 
phenotype of the E. coli isolates (online Technical Ap-
pendix Table 3). Plasmids of plasmid incompatibility 
groups incFII (ST101, ST405, ST648) and incX (ST405, 
ST648) were also closely associated with E. coli strains 
(Table). E. coli harboring blaNDM-1 were isolated from 
10 sampling sites (Figure 1; online Technical Appendix 
Table 1). The E. coli isolates belonged to 3 different mul-
tilocus sequence typing groups: ST101 (phylogroup B1, 
20/53 samples); ST405 (phylogroup D, 5/53 samples);  

and ST648 (phylogroup D, 28/53 samples) (online Tech-
nical Appendix Table 2). ST101, which was found in 
samples from 6 (10.3%) of the 58 sites, was the most 
prevalent NDM-1–encoding E. coli genotype. ST648 rep-
resented an intermediate prevalence (5/58 [8.6%] sites), 
and ST405 was the least prevalent (1/58 [1.7%] sites) (on-
line Technical Appendix Tables 1, 2).

Conclusions
Our findings indicate that NDM-1 is widespread in the 
Dhaka environment. We detected 241 NDM-1–encod-
ing bacterial isolates; they were found in all 7 sampled 
regions and at 36 (62%) of the 58 sampling sites. This 
high level of environmental blaNDM-1 contamination is of 
concern, especially because drinking water in Bangladesh 
usually carries high levels of sewage-derived bacteria 
(11). It is therefore likely that blaNDM-1 carriage rates will 
rise rapidly. Future environmental studies could provide 

Figure 1.	Diversity	of	New-Delhi	metallo-β-lactamase	variant	1–encoding	species	and	the	number	found	in	58	locations	in	7	regions	
(red	circles	on	map)	of	Dhaka,	Bangladesh,	October	2012.	Individual	sampling	sites	were	within	2	km	of	each	sampling	region,	and	the	
number	of	sites	varied	from	6	to	12	per	region.	Pie	charts	indicate	the	proportions	of	different	blaNDM-1–positive bacteria isolated in each 
region;	colors	indicate	specific	species.	The	diameter	of	each	pie	chart	is	directly	proportional	to	the	number	of	blaNDM-1–positive isolates 
collected	in	each	region;	actual	numbers	are	shown	in	parentheses	after	the	region	name.	Numbers	within	pie	charts	indicate	the	
percentage of sites in each region in which the individual positive blaNDM-1–positive species were found. blaNDM-1 was detected in samples 
from	all	7	regions	and	from	36	(62%)	of	the	58	sampling	sites.
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indicators of epidemics of emerging resistant bacteria be-
fore they are realized in hospitals.

Despite the widespread presence of NDM-1 in Dhaka, 
it appears that this carbapenemase has recently emerged 
in the Bangladesh environment. Studies in northern Ban-
gladesh did not find NDM-1 in wild ducks and poultry in 
2009 (9) or in crow and gull feces in 2010 (10). Similarly, 
NDM-1 was not detected in drinking water in Dhaka during 
2008–2009 (11) even though all samples had high levels of 
fecal and blaCTX-M-15 contamination. Furthermore, a study 
of 1,879 clinical E. coli and Shigella spp. isolates collected 
during 2009–2010 in Bangladesh did not detect blaNDM-1 
(12). The first known clinical isolates date from 2008 (12), 

and the first evidence of human gut carriage of blaNDM-1 was 
found in samples collected in Dhaka (13) a month before 
our study.

Because E. coli is the leading cause of human uri-
nary tract infections, bloodstream infections, and neo-
natal meningitis, the ability of NDM-1 to give this bac-
terium clinical resistance to carbapenems is of concern 
(14). E. coli is also universally carried in the human gut. 
Therefore, we focused on this species because it is likely 
to be the greatest threat to human health. E. coli encoding 
NDM-1 were found in 3 of the 7 sampled regions, and 
genotyping showed they belonged to only 3 STs: ST648, 
ST101, and ST405. These same 3 E. coli genotypes are 

 

 

 
Table. Resistance	genes	and	plasmid	profiles	for	a	subset	of	Escherichia coli strains	in	a	study	of	extensively	drug-resistant	New	Delhi	
metallo-β-lactamase–encoding	bacteria	in	the	environment,	Dhaka,	Bangladesh,	October	2012* 

E. coli strain, ST 
Resistance genes 

blaCTX-M-15 blaNDM 16S	methylase blaampC incX incFII incL/M incA/C incN2 
18, ST101 + NDM-3 rmtB   +    
24,	ST101 + NDM-3 rmtB   +    
25,	ST101 + + rmtB   +    
28,	ST101 + NDM-3 rmtB   +    
221,	ST101 + NDM-1 rmtB   +    
34,	ST648 + + armA cmy, dha + +    
192,	ST648 + NDM-4 armA cmy, dha + +    
346,	ST648 + + armA cmy, dha + +    
43,	ST405 + NDM-1 armA cmy, dha + +    
54, ST405 + NDM-1 armA cmy, dha + +    
*armA and rmtB, aminoglycoside methylase genes;	CTX-M-15, cmy, and dha, -lactamases;	inc,	plasmid	incompatibility	group;	NDM,	New-Delhi metallo-
β-lactamase;	ST,	sequence	type;	,	negative;	+,	positive. 

 

Figure 2.	Sites	where	New-Delhi	metallo-β-lactamase	variant	1	(NDM-1)–encoding	Escherichia coli	sequence	type	(ST)	101	isolates	
have	been	detected	worldwide.	Stars	indicate	countries	where	NDM-encoding	E. coli	ST101	has	been	detected:	Australia,	Bangladesh,	
Belgium,	Bulgaria,	China,	Canada,	Denmark,	France,	Germany,	India,	Korea,	New	Zealand,	Pakistan,	the	United	Kingdom,	and	the	
United States.
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responsible for 80% of clinical NDM-1–encoding E. 
coli isolates in the United Kingdom (15). Furthermore, 
ST101 is the most common E. coli genotype in the Ban-
gladesh environment (10.3% prevalence) and in clinical 
isolates from the United Kingdom (50%). Results of a 
literature search for NDM-1–encoding E. coli belonging 
to ST101 showed that this genotype has been detected 
in 15 nations (Figure 2). Thus, E. coli ST101 appears 
to be a successful global genotype that is often associ-
ated with NDM-1. This association with a single global 
genotype is analogous to the association between E. coli 
ST131 and the cephalosporinase CTX-M-15. Because of 
the critical nature of extensively drug-resistant bacteria, 
we are investigating the underlying factors responsible 
for the success of these particular antimicrobial drug–re-
sistant strains.

This work was funded by grants from the National Institute for 
Social Care and Health Research (grant no. HF-11-24) and from 
the Medical Research Council (grant no. G1100135).

Dr. Toleman is a senior lecturer at Cardiff University. His recent 
work includes the discovery of the ISCR (insertion sequence com-
mon region) elements, NDM-1, and the formation of NDM-1 by 
an unusual genetic fusion event.
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Responding	 to	 a	 request	 by	 corrections	 agency	manage-
ment, we investigated coccidioidomycosis in prison em-
ployees in central California, a coccidioidomycosis-endemic 
area.	We	 identified	 103	 cases	 of	 coccidioidomycosis	 that	
occurred over 4.5 years. As a result, we recommended 
training	 and	 other	 steps	 to	 reduce	 dust	 exposure	 among	
employees	and	thus	potential	exposure	to	Coccidioides.

Coccidioidomycosis, also known as Valley fever, is 
caused by inhalation of spores of the fungus Coccidi-

oides, which grows in soil in semiarid areas. Coccidioido-
mycosis is endemic to the southwestern United States, the 
Central Valley of California, Mexico, and parts of Central 
and South America (1). An estimated 150,000 new infec-
tions occur annually in the United States (2). In disease-en-
demic areas, workers involved in soil disturbance, includ-
ing agricultural, construction, and archeological workers, 
are at high risk for coccidioidomycosis (1).

As part of a health hazard evaluation requested by 
corrections agency management (3), we investigated the 
incidence of coccidioidomycosis among employees at 2 
prisons in California’s Central Valley. To reduce expo-
sure to Coccidioides, we recommended ways to improve 
coccidioidomycosis-related occupational health practices 
at the prisons.

The Study
Prison A, a minimum–maximum security facility, and 
prison B, a minimum–medium security facility, employed 
≈1,300 and 1,500 custody and support staff, respectively. 
The prisons are located on 640 acres in 2 (1 each) of 6 
coccidioidomycosis-hyperendemic California counties. In 
those counties, annual case rates for coccidioidomycosis 
are consistently higher than rates for the state (4).

We identified confirmed cases of coccidioidomyco-
sis among prison staff by using agency employee rosters 
and the Confidential Morbidity Reports from the Califor-
nia Department of Public Health for 2009–2013. We used 
the coccidioidomycosis case definition of the Council of 

State and Territorial Epidemiologists and defined a case 
as a clinically compatible illness that was laboratory con-
firmed (5) in a person employed at either prison at symp-
tom onset. We calculated the crude (unadjusted) average 
annual incidence of coccidioidomycosis for prison A and 
B employees. Using information from the California De-
partment of Public Health and from the corrections agency, 
we described personal and work characteristics of the em-
ployee case-patients.

During visits to the prisons in June 2013, we inter-
viewed a convenience sample of 172 employees across all 
job categories about their work practices and exposures 
and met with staff to learn about dust mitigation efforts. 
As a public health response, according to Title 45 Code of 
Federal Regulations Part 46, this evaluation did not require 
review by an institutional review board.

We identified 65 confirmed cases of coccidioidomyco-
sis among prison A employees and 38 confirmed cases of 
among prison B employees from 2009 to mid-2013. These 
cases were reported by 9 counties where the employees 
resided. All but 3 employees resided in 1 of the 6 coccid-
ioidomycosis-hyperendemic counties. For 2009–2012, 
the crude average annual incidence for prison A employ-
ees was 1,039 cases/100,000 employees, and for prison B 
employees, 511 cases/100,000 employees. The 12-month 
combined incidence for 2009–2012 showed no clear sea-
sonal patterns (Figure 1).

Of 103 employees with confirmed illness, 84 (82%) 
were male; median age was 43 (range 24–67) years. The 
median time worked at the prison before symptom onset 
was 5 years (range 2 months–23 years). The most common 
job categories were custody (72%), health care (11%), ad-
ministration (10%), and plant operations (2%). 

We interviewed 172 (99%) of 173 invited employees 
at both prisons. Median age was 47 (range 25–74) years; 
67% were male. Most (59%) reported their race as white, 
5% as Filipino, and 3% as black or African American; 42% 
reported their ethnicity as Hispanic or Latino. The median 
number of years living in any coccidioidomycosis-hyper-
endemic California county was 35 (range 0.5–67) years. 
Thirty-five (20%) interviewed employees reported having 
>1 underlying medical condition that placed them at high 
risk for severe or disseminated disease, including asthma, 
emphysema, diabetes mellitus, immunosuppression result-
ing from medication, heart disease, kidney disease, and 
cancer requiring chemotherapy or radiation therapy.

Coccidioides Exposure and  
Coccidioidomycosis among Prison Employees, 

California, United States 
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Job categories of interviewed employees were custo-
dy (45%), administration (17%), plant operations (13%), 
health care (13%), education or vocational training (7%), 
and other (5%). Of interviewed employees, 171 (99%) re-
ported outdoor work activities, including walking around 
prison grounds, performing security checks, patrolling, 
performing maintenance, and landscaping. The median 
time spent outdoors during the work day was 1.5 hours 
(range 10 minutes–9 hours). Forty-two (24%) employees 
reported conducting soil disruption activities during their 
job, including grid searches, digging for contraband, and 
drilling or digging for maintenance and repairs. The me-
dian time spent performing outside work was 2 hours per 
day (range 0–9 hours).

During meetings with facilities and engineering staff 
at both prisons, we learned that efforts to reduce potential 
dust exposures on prison grounds already included wetting 
soil before soil disruption, reducing soil disking (shallow 
plowing), applying a soil stabilizer, and planting grass and 
other vegetation. Prison B’s grounds and surrounding areas 
have little natural vegetation (Figure 2).

Conclusions
Our investigation revealed 103 cases of confirmed coc-
cidioidomycosis in prison A and B employees from 2009 
to mid-2013. The crude average annual incidence among 
prison employees seems to be higher than that reported 
among the general noninmate adult population in the sur-
rounding counties (county A, 40 cases/100,000 persons; 
county B, 110 cases/100,000 persons) (J. Mohle-Boetani, 
pers. comm.; F. Tabnak, pers. comm.). However, com-
parisons of crude incidence rates between the prison em-
ployee and noninmate populations should be interpreted 
cautiously because of unmeasured confounding factors. 
We were unable to determine age-, sex-, and race-adjust-
ed incidence rates for prison employees because these 

data were unavailable for this population; therefore, we 
could not make statistical comparisons. Also, reporting or 
testing bias is possible because of heightened awareness 
among employees and could have contributed to the dif-
ference in crude incidence rates.

Most employees with confirmed coccidioidomycosis 
were custody workers. However, because these workers 
represent most of the employee population, cases for this 
group did not seem to be disproportionate. We also could 
not determine if each confirmed coccidioidomycosis case 
in an employee was because of exposure at work or outside 
of work. Most prison employees with confirmed coccidioi-
domycosis resided in a coccidioidomycosis-hyperendemic 
area, and our interviews revealed that employees are prob-
ably exposed to Coccidioides at work and outside of work. 
Almost all interviewed employees at each prison reported 
spending time outdoors at work, and almost one third, spe-
cifically custody and plant operations employees, reported 
work involving soil disruption.

The prisons face ongoing challenges of maintaining or 
restoring vegetation and grass on the grounds because of 
water restrictions. Environmental mitigation efforts, such 
as reducing soil disking, paving roads, and wetting soil be-
fore disturbing it, can reduce dust levels and therefore may 
lower the risk for localized airborne dispersion of Coccidi-
oides spores. However, little data exist to demonstrate the 
effectiveness of these measures in reducing airborne dis-
persal and occupational coccidioidomycosis (6). Airborne 
spores can travel for miles, and focal Coccidioides sites 
may be small and unevenly distributed within coccidioi-
domycosis-endemic areas (6–8). Environmental mitigation 
measures neither eradicate the organism from soil nor pre-
vent exposure to dust from areas outside the prison grounds. 
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Figure 1.	Number	of	coccidioidomycosis	cases	among	prison	A	
and B employees by month of symptom onset, California, USA, 
2009–2012.

Figure 2.	Prison	B,	located	in	an	arid,	coccidioidomycosis-
hyperendemic	area	of	the	Central	Valley	of	California,	USA.	Little	
natural vegetation grows on the grounds and in surrounding 
areas.	Photograph	courtesy	of	National	Institute	for	Occupational	
Safety	and	Health.
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Nevertheless, reducing dust is a reasonable risk-reduction 
strategy for addressing occupational coccidioidomycosis.

On the basis of our findings, we recommended that 
prison management weigh the advantages and disadvan-
tages of various environmental mitigation efforts to reduce 
dust exposures. Our recommendations included providing 
employees with education and training about coccidioido-
mycosis symptoms and transmission, risk factors for dis-
seminated disease, and ways to minimize exposures; closing 
the prison yards during dust storms; and using respirators 
approved by the National Institute for Occupational Safety 
and Health as part of a respiratory protection program for 
employees who must work outside during unusually dusty 
days or who may disturb soil. The recently available coc-
cidioidal spherulin skin test may also be a potentially useful 
tool for identifying at-risk employees.
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A soil fungus found in the western United States and parts of Mexico and Cen-
tral and South America, Coccidioides was discovered in 1892 by Alejandro 

Posadas, a medical student, in an Argentinian soldier with widespread disease. 
Biopsy specimens revealed organisms that resembled the protozoan Coccidia 
(from the Greek kokkis, “little berry”). In 1896, Gilchrist and Rixford named 
the organism Coccidioides (“resembling Coccidia”) immitis (Latin for “harsh,” 
describing the clinical course). Ophüls and Moffitt proved that C. immitis was a 
fungus rather than a protozoan in 1900. In 2002, C. immitis was divided into a 
second species, C. posadasii, after Alejandro Posadas.

Photomicrograph	reveals	the	presence	of	 
thick-walled arthroconidia and arthrospores 
of Coccidioides immitis fungal organisms.
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To characterize the genomic context of New Delhi metallo-
b-lactamase-1 (NDM-1) and Klebsiella pneumoniae car-
bapenemase (KPC), we sequenced 78 Enterobacteriaceae 
isolates from Pakistan and the United States encoding 
KPC, NDM-1, or no carbapenemase. High similarities of the 
results indicate rapid spread of carbapenem resistance be-
tween strains, including globally disseminated pathogens.

Pathogenic Enterobacteriaceae, including Escherichia 
coli and Klebsiella pneumoniae, are major causes of 

multidrug-resistant (MDR) infections in hospitals world-
wide. These pathogens have recently been shown to have 
acquired resistance to carbapenems, and the US Centers 
for Disease Control and Prevention identified carbapen-
em-resistant Enterobacteriaceae as 1 of the 3 most urgent 
MDR threats (1). Among the Enterobacteriaceae, β-lactam 
resistance, including carbapenem resistance, is primarily 
caused by enzymatic degradation by β-lactamases. Two 
carbapenemase subclasses are especially problematic: 
Klebsiella pneumoniae carbapenemase (KPC) and New 
Delhi metallo-β-lactamase-1 (NDM-1). KPC, identified 
in 2001 (2), has become endemic to several noncontigu-
ous areas of the world, including the United States, Israel, 
Greece, South America, and China (3). NDM-1 was first 
described in 2008, although retrospective studies identified 
NDM-1 from 2006 (4) and is abundant in New Delhi water 
samples (5). Most patients from whom NDM-1 is isolated 
have an epidemiologic link to the Indian subcontinent, but 
NDM-1 has also recently become endemic to the Balkans 
and Middle East (6).

The spread of antibiotic resistance genes such as NDM-
1 and KPC is facilitated by horizontal gene transfer (HGT) 
between bacteria (7). Among globally disseminated patho-
gens, HGT facilitates combination of the most effective 
antibiotic resistance genes from diverse geographies into 

multidrug resistance plasmids that spread between strains. 
Recombination and transposition have created populations 
of these plasmids that have related architectures but vary in 
their composition of antibiotic drug resistance cassettes (8). 
This effect has enabled both KPC and NDM-1 to rapidly 
expand within the Enterobacteriaceae and other proteobac-
terial pathogens, such as Acinetobacter baumanii (9,10). 
Antibiotic resistance genes can also spread through clonal 
expansion in successful pathogenic strains, for example, 
KPC in K. pneumoniae sequence type (ST) 258 (11), and 
the extended-spectrum β-lactamase CTX-M-15 in E. coli 
ST131 (12). Both HGT and clonal expansion have enabled 
KPC and NDM-1 to rapidly spread to distant locations after 
their emergence (6,8). 

The similarities in the spread and resistance spectra 
of KPC and NDM-1 (both provide resistance to nearly all 
β-lactam antimicrobial drugs) leads to the hypothesis that 
similar mobile elements will make both genes available to 
similar pathogen populations. We tested this hypothesis 
by examining clinical Enterobacteriaceae isolates from 
Pakistan and the United States encoding NDM-1, KPC, or  
no carbapenemase.

The Study
We collected 450 bacterial isolates (including 195 Entero-
bacteriaceae) in Pakistan during February 2012–March 
2013 from Pakistan Railway General Hospital in Rawal-
pindi and the Pakistan Institute of Medical Sciences in Is-
lamabad. From this collection, we randomly selected 55 
Enterobacteriaceae isolates for whole-genome sequenc-
ing. We then selected 23 isolates from samples collected in 
the United States during January 2010–June 2013 from pa-
tients in Barnes Jewish Hospital in St. Louis, Missouri, that 
had similar proportions of β-lactam susceptibility and re-
sistance to the isolates collected in Pakistan for sequencing. 
All isolates were de-identified and retrieved from existing 
strain banks. The combined set included 33 E. coli, 30 K. 
pneumoniae, 9 Enterobacter cloacae, and 6 Enterobacter 
aerogenes (online Technical Appendix Table 1, http:// 
wwwnc.cdc.gov/EID/article/21/6/14-1504-Techapp1.
pdf). We extracted plasmid DNA from 9 isolates encod-
ing NDM-1, 11 isolates encoding KPC, and 3 isolates en-
coding CTX-M-15 and performed shotgun sequencing on 
those plasmid preparations. Detailed methods are described 
in the online Technical Appendix.

KPC and NDM-1 Genes in Related  
Enterobacteriaceae Strains and Plasmids  

from Pakistan and the United States
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KPC and NDM-1 in Enterobacteriaceae

Using antibiotic resistance gene predictions from the 
Resfams database (13) and core genome alignment, we 
constructed a phylogenetic tree for each species in our 
set, overlaid by the β-lactamases encoded by each isolate 
(Figure 1). Isolates from both locations were found to be 
members of the same subspecies clades (online Technical 
Appendix Figure 1) and to contain similar repertoires of 
β-lactamases (Figure 1), indicating that geography is not 
a discriminating variable for these isolates. Many of these 
isolates were also MDR: resistance to ciprofloxacin, trim-
ethoprim/sulfamethoxazole, gentamicin, doxycycline, and 
chloramphenicol occurred in 63%, 65%, 45%, 54%, and 
56% of isolates, respectively. As expected from results of 
previous work (8), E. coli ST131 isolates had high rates of 
CTX-M carriage (82%; Figure 1, panel A) and ciprofloxa-
cin resistance (100%).

The variety of strains that we discovered encoding KPC 
and NDM-1 is consistent with existing evidence that HGT is 
a major factor in their spread. All KPC genes were proximal 
to Tn4401 and all NDM-1 genes were carried on ISAba125, 
mobile elements with which each gene has respectively been 
previously associated (14). We observed multiple examples 
of NDM-1 within the K. pneumoniae ST11 clade (15) (Fig-
ure 1, panel B; online Technical Appendix Figure 1, panel 
B), a close relative of ST258. This association could be 
caused by clonal expansion or multiple HGT events and em-
phasizes that lineages known to encode KPC are now also 
acquiring NDM-1. We also observed high rates of NDM-1 
carriage in Enterobacter isolates (Figure 1, panels C and D), 
which in general showed a high number (maximum 8) and 
wide variety of β-lactamases. These isolates were also MDR: 
57% of the Enterobacter isolates were resistant to all or all 
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Figure 1. Distribution of antimicrobial drug resistance genotypes of Klebsiella pneumoniae carbapenemase (KPC) and New Delhi 
metallo-β-lactamase-1	(NDM-1)	genes	in	related	Enterobacteriaceae	strains	and	plasmids	in	Pakistan	and	the	United	States.	A)	
Escherichia	coli;	B)	K.	pneumoniae;	C)	Enterobacter	cloacae;	D)	E.	aerogenes.	Phylogenetic	trees	have	been	annotated	with	the	
specific	β-lactamases	encoded	by	those	isolates.	*Denotes	an	unnamed	single	nucleotide	variant	of	the	named	β-lactamase.	 
Scale bars indicate nucleotide substitutions per site.
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but 1 of the antimicrobial drugs tested. At best, these Entero-
bacter strains are a reservoir for resistance in Pakistan; at 
worst, they are the vanguard of an expansion of carbapenem-
resistant Enterobacter infections.

Previous observations have predominantly found 
KPC and NDM-1 to be expressed from plasmids (6,11). 
To characterize the sequence similarity of plasmids 
within the NDM- and KPC-carrying plasmid popula-
tions, we purified and sequenced plasmid DNA from 9 
isolates encoding NDM-1, 11 encoding KPC, and 3 en-
coding CTX-M-15. Sequencing showed that these plas-
mids include representatives from IncHI2, IncY, IncN, 
IncFIA, IncFIB, IncFIC, and IncI1 incompatibility 
groups. Using reciprocal BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) alignment between each pair of plas-
mid preparations, we calculated the percentage of each 
plasmid shared using a 99% identity threshold. We per-
formed this same analysis for all sequenced plasmids 
containing NDM-1, KPC, or CTX-M available in the 
National Center for Biotechnology Information data-
base (http://www.ncbi.nlm.nih.gov) together with our set  
(Figure 2) and separately (online Technical Appendix 

Figure 2). Certain components, primarily mobile ele-
ments, were abundant within these plasmids: the aver-
age plasmid shared 500 contiguous bases with 58 of the 
other plasmids; however, median BLAST identity for  
this pairwise comparison was <12%, even when consider-
ing plasmids with the same β-lactamase, suggesting that 
both carbapenemases exist within a variety of plasmid 
configurations.

To visualize this comparison of carbapenemase plas-
mids, we generated a network diagram in which each node 
represented a plasmid and each line represented shared se-
quence between 2 plasmids (Figure 2, panel B). Node size 
and line width correlate to the number of nucleotides con-
tained in the plasmid or sharing interaction. This visualiza-
tion shows the abundant small, shared regions that exist be-
tween most plasmid pairs, represented as thin background 
lines. This visualization also highlights the larger shared 
regions that indicate highly similar plasmids, represented 
by the few wide lines. These outliers were often between 
pairs of plasmids encoding the same β-lactamase but were 
also observed between NDM-1 and KPC containing plas-
mids (maximum 79% of smaller plasmid length).
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Figure 2.	Pairwise	BLAST	identity	(http://blast.ncbi.nlm.nih.gov/Blast.cgi) of all CTX-M genes, Klebsiella pneumoniae carbapenemase (KPC), 
and	New	Delhi	metallo-β-Lactamase-1	(NDM-1)	plasmids	from	isolates	collected	in	Pakistan	and	the	United	States	plasmid	preparations,	
and	the	National	Center	for	Biotechnology	Information	database	complete	plasmids.	An	all-against-all	plasmid	BLAST	was	performed	and	
plasmid	interactions	were	defined	by	the	percentage	of	the	query	plasmid	conserved	(at	≥99%	identity)	in	the	subject	plasmid.	A)	Plasmid	
interactions	collected	based	on	the	defining	β-lactamase	of	their	query	and	subject	plasmids.	Box	and	whisker	plots	represent	the	range	of	
pairwise	sharing	values	within	this	population	of	plasmids.	Upper	and	lower	boundaries	of	the	box	correspond	to	the	first	and	thirds	quartiles;	
whiskers	(error	bars)	represent	1.5	times	the	interquartile	range;	points	beyond	the	whiskers	represent	outliers.	B)	Network	map	in	which	
nodes	represent	individual	plasmids	and	lines	represent	regions	shared	between	plasmids.	Line	width	is	proportional	to	the	number	of	
nucleotides	contained	in	fragments	>500	bp	in	length	at	>99%	sequence	identity.	Genetic	elements	repeated	within	the	same	plasmid	DNA	
are	represented	by	lines	that	leave	and	return	to	the	same	node.	Plasmid	sequence	origin	is	indicated	in	arcs	around	the	network.
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Conclusions
Together, this evidence supports our hypothesis that strains 
and plasmids known to carry either carbapenemase also have 
access to the other. Given the similarity of carbapenemase-
negative strains to those carrying KPC or NDM-1 and the 
high diversity of plasmids in which they can be found, we 
anticipate that global carbapenem usage will encourage HGT 
of both of these carbapenemases into additional strain and 
plasmid backgrounds. Because KPC and NDM-1 are poised 
to cross genetic and geographic boundaries, we recommend 
that hospitals routinely screen Enterobacteriaceae strains for 
both genes, even in regions where they are not yet endemic. 
We further advocate reduced carbapenem use to limit the se-
lection for resistance against this vital antibiotic class.
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After	heavy	rains	and	flooding	during	early	2011	in	the	nor-
mally arid interior of Australia, melioidosis was diagnosed 
in	6	persons	over	a	4-month	period.	Although	 the	precise	
global distribution of the causal bacterium Burkholderia 
pseudomallei remains to be determined, this organism can 
clearly survive in harsh and even desert environments out-
side the wet tropics.

Melioidosis, a tropical disease caused by the bacterium 
Burkholderia pseudomallei, is endemic to South-

east Asia and northern Australia and is being increasingly 
recognized in other locations globally (1,2). During 1989–
2009, a total of 540 cases of melioidosis were documented 
in a prospective melioidosis study based at Royal Darwin 
Hospital (latitude 12.4°S) in the tropical north of the North-
ern Territory of Australia (3). During that 20-year period, 4 
of the study participants were considered to have been in-
fected in the central Australia region of the Northern Terri-
tory; the other 536 were infected in the tropical north. Dur-
ing the same period, 2 persons who were not included in 
that study tested positive for B. pseudomallei in the central 
Australian region and were treated at Alice Springs Hospi-
tal (23.8°S), making a total of 6 cases of melioidosis during 
20 years attributed to B. pseudomallei infection acquired in 
Central Australia. The ongoing Darwin prospective meli-
oidosis study is approved by the Human Research Ethics 
Committee of the Northern Territory Department of Health 
and Menzies School of Health Research (approval 02/38).

The Study
Central Australia (also known as the “Red Centre”) is 
the most inland part of the arid interior of Australia and  

features low average annual rainfall, a desert environment, 
and rivers that are often dry. During March–July 2011, a 
total 6 cases of melioidosis were diagnosed in patients from 
Central Australia who resided south of latitude 20°S (Fig-
ure) and had not traveled to the tropical north of the coun-
try or to overseas regions to which melioidosis is endemic. 
These cases occurred after exceptionally heavy rainfall in 
February and March 2011, which resulted in widespread 
flooding in this normally parched region. The heavy rain-
fall in Central Australia was linked to a La Niña–associ-
ated, record-breaking wet season during 2010–2011 in the 
tropical north of the Northern Territory (Figure). Tropical 
Cyclone Carlos formed over the Beagle Gulf north of Dar-
win on February 15. At Darwin airport, the total rainfall 
during February 2011 of 1,110.2 mm and during the Oc-
tober–April wet season of 2,926.8 mm were the highest on 
record for that weather station. At Alice Springs airport, 
rainfall was 107.6 mm during February 2011, compared 
with a February mean of 40.3 mm during 1981–2010. The 
February 2011 rainfall at Tennant Creek airport (19.6°S) 
was 309.6 mm, compared with a February mean of 122.3 
mm during 1981–2010. During the month of March 2011, 
when the first 3 patients became ill, rainfall amounts at Al-
ice Springs and Tennant Creek airports were 120.6 mm and 
222.6 mm, respectively; the annual mean March rainfalls in 
these locations during 1981–2010 were 35.4 mm and 53.8 
mm, respectively.

The 6 persons whose illnesses were diagnosed as en-
demic melioidosis were treated at the central Australia 
hospitals in Alice Springs and Tennant Creek (Table). Of 
the 6 patients, 3 were male and 5 were indigenous Aborig-
inal Australians; 3 became bacteremic and required intu-
bation and ventilation in intensive care for severe sepsis. 
The only patient <50 years of age and no identified risk 
factor had the mildest disease, characterized by a local-
ized skin abscess. All patients were treated according to 
standard guidelines (1): with initial intravenous ceftazi-
dime or meropenem, then with oral eradication therapy, 
which is usually with trimethoprim/sulfamethoxazole. All 
6 patients survived. 

Rainfall in the region returned to normal patterns and 
there have been no further locally acquired cases of meli-
oidosis in Central Australia. Two persons with confirmed 
melioidosis were treated at Alice Springs Hospital in Au-
gust 2011 and December 2014; both were attributed to in-
fection acquired while traveling to the tropical north of the 
Northern Territory.

Endemic Melioidosis in Residents of  
Desert Region after Atypically Intense  

Rainfall in Central Australia, 2011
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Melioidosis	in	Desert	Region,	Central	Australia

B. pseudomallei isolates from the 6 patients were sub-
jected to multilocus sequence typing (MLST) as described 
by Godoy et al (4). On interrogation of the global B. pseu-
domallei MLST database (http://bpseudomallei.mlst.net/), 
each of the 6 isolates was unique and a novel sequence 
type (ST) (Table). ST907 has 2 novel alleles (gmhD, 54 
and lipA, 48) and ST905 has 1 novel allele (lepA, 44); the 
remaining 4 STs contained unique configurations of exist-
ing alleles. None of the 6 STs was a single-locus variant of 
any ST in the MLST database (i.e., sharing 6/7 alleles), but 
all in the database except ST904 had double locus variants 
(i.e., sharing 5/7 alleles) that were B. pseudomallei isolates 
from northern Australia. Subsequent environmental soil 
sampling from Central Australia has confirmed the endem-
ic presence of B. pseudomallei in several locations, and fur-
ther studies are planned to characterize the environmental 

correlates of such B. pseudomallei–positive sites in Central 
Australia (M. Mayo, B.J. Currie, unpub. data).

Historically, melioidosis has been found to occur in the 
wet tropics between latitudes 20°S and 20°N (5,6). Never-
theless, the first recognition of melioidosis in Australia was 
in an outbreak among sheep in 1949 at Winton, Queensland 
(22.4°S) (7), an arid location with geographic similarities to 
Central Australia and where flooding also sporadically oc-
curs. Case clusters of melioidosis have also occurred even 
further south in Australia: 1 cluster spanned 25 years in 
temperate southwestern Western Australia (31°S) (8). Se-
vere weather events with heavy rainfall have dramatically 
increased the case numbers in regions in Australia and over-
seas to which the organism is endemic (9,10) and have also 
unmasked melioidosis in locations where it was uncommon 
or not previously recognized as being endemic (11–13).

Although genotype profiles showed the 6 isolates to 
be closer to STs of other Australian B. pseudomallei than 
to STs from Southeast Asia and the rest of the world, the 
extensive diversity among B. pseudomallei in Central 
Australia is evident in that each isolate is a novel ST and 
that none has any known single-locus variants. This di-
versity is similar to the situation seen in tropical north-
ern Australia and in northeast Thailand (14) and contrasts 
with endemic melioidosis identified in Puerto Rico, which 
was recently shown to be mostly restricted to a single ST 
(15). The limited genetic diversity of B. pseudomallei 
seen in Puerto Rico to date is consistent with more re-
cent introduction of B. pseudomallei to that location, po-
tentially through importation of infected animals, as has 
occurred elsewhere (2). Importation of infected animals 
from the tropical north of Australia was also considered a 
possible source of the clonal cluster of melioidosis seen in 
various animals and in a person in southwestern Western 
Australia (8).

Although the presence of B. pseudomallei in central 
Australia is clearly not a recent phenomenon, the origins 
and longevity of B. pseudomallei in the region and the phy-
logenetic relationships to B. pseudomallei in tropical Aus-
tralia and elsewhere globally require further studies using 
whole genome sequencing. Furthermore, the geographic 
boundaries of B. pseudomallei across the vast interior of 
the Australian continent and the extent of incursion into 
southern Australia remain entirely unclear.
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Figure.	Rainfall	in	the	Northern	Territory	of	Australia	during	August	
1,	2010–July	31,	2011.	Rainfall	is	expressed	as	percentages	of	
historical	mean;	the	lowest	rainfall	total	was	100%	of	mean.	Cities	
and	towns	are	indicated	by	black	dots;	locations	of	6	persons	
with melioidosis in central Australia are indicated by red dots. 
Adapted	from	the	National	Climate	Centre,	Australian	Bureau	of	
Meteorology	(http://www.bom.gov.au).	Inset	shows	location	of	
Northern	Territory	in	Australia.

 

 

 
Table. Details	of	6	residents of desert region in whom melioidosis was diagnosed after heavy	rainfall	in	Central	Australia,	2011* 

Age, y,	sex, ethnicity 
Month of 

illness onset Risk	factors Clinical manifestation 
B. pseudomallei 
culture source 

MLST	
sequence type 

22y, F, indigenous March Hazardous	alcohol	use Brain abscess Abscess pus ST	897 
32y, M, indigenous March Chronic renal disease Axillary	abscess Abscess pus ST	894 
68y, F, indigenous March Elderly Pneumonia,	septic shock Blood, sputum ST	903 
36 y, M, indigenous April Type	2	diabetes mellitus Septic arthritis, septic shock Blood, joint aspirate ST	904 
44 y, F, indigenous May Type	2	diabetes	mellitus Septic shock, no focus Blood ST	905 
23y, M, caucasian July None Skin abscess Skin swab sample ST	907 
*Indigenous,	Aboriginal	people	of	Australia;	MLST,	multilocus	sequence	typing. 
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Conclusions
Heavy rains and flooding in the normally arid interior of 
Australia early in 2011 were followed by 6 cases of meli-
oidosis over a 4-month period. Although the true extent of 
the environmental presence of B. pseudomallei remains to 
be determined, both regionally and globally (1,2), these 
bacteria can clearly survive in harsh and even desert en-
vironments outside the traditionally recognized melioido-
sis-endemic regions of the wet tropics. Melioidosis should 
therefore be considered in such regions, especially after 
heavy rainfall and flooding.
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To investigate azole resistance in clinical Aspergillus iso-
lates, we conducted prospective multicenter international 
surveillance.	 A	 total	 of	 3,788	 Aspergillus isolates were 
screened	 in	22	centers	 from	19	countries.	Azole-resistant	
A. fumigatus	was	more	frequently	found	(3.2%	prevalence)	
than previously acknowledged, causing resistant invasive 
and noninvasive aspergillosis and severely compromising 
clinical use of azoles.

Azole resistance is increasingly recognized as a prob-
lem in aspergillus diseases (1). Within the Aspergillus 

fumigatus species complex, new sibling species have been 
reported to cause invasive aspergillosis; these species are 
generally intrinsically less susceptible than A. fumigatus 
sensu strictu to azole compounds (2). Acquired resistance to 
azoles in A. fumigatus has become a public health concern 
because of the presumed fungicide-driven route of resistance 
selection and the associated risk for geographic migration. 
Surveillance studies show that, in areas to which Aspergillus 
is endemic, the environmental route of resistance selection 

contributes to >90% of resistance mechanisms in azole-re-
sistant aspergillus diseases (1,3). Azole resistance has been 
observed in patients with no recent history of azole therapy, 
and the mortality rate for patients with azole-resistant inva-
sive aspergillosis was 88% (3).

The Study
Our objective was to investigate the prevalence of azole 
resistance in clinical Aspergillus isolates. A multicenter in-
ternational surveillance network was established (Surveil-
lance Collaboration on Aspergillus Resistance in Europe 
[SCARE-network]), comprising 22 centers from 19 coun-
tries (18 European and 4 non-European sites) (Figure 1). 
To detect azole-resistant A. fumigatus, we developed a phe-
notypic screening-method using a 4-well plate format with 
agar supplemented with itraconazole, voriconazole, and 
posaconazole (4). Each center was asked to screen for azole 
resistance for 12 consecutive months. For each screened 
isolate, patient characteristics were registered through an 
online questionnaire, and patients with invasive aspergillo-
sis were classified according to the European Organization 
for the Research and Treatment of Cancer/Mycoses Study 
Group consensus definitions (5).

For every A. fumigatus isolate that grew on any of the 
azole-containing wells, the primary culture isolate was sent 
both to the Radboud University Medical Centre (Nijmegen, 
the Netherlands) and Statens Serum Institute (Copenhagen, 
Denmark) for molecular species identification, susceptibil-
ity testing according to the EUCAST (European Committee 
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on Antimicrobial Susceptibility Testing) broth microdilution 
reference method (6), and determination of the full coding 
sequence of both strands of the cyp51A gene and the promot-
er region by PCR amplification. For every resistant isolate, a 
susceptible control isolate was assigned; this control isolate 
was the first susceptible isolate screened on the 4-well plate 
format in the same center after the resistant isolate, and they 
received molecular species identification and susceptibility 
testing according to the EUCAST broth microdilution refer-
ence method (6).

During January 2009–January 2011, a total of 3,788 
Aspergillus isolates were screened for azole resistance by 
using the 4-well plates (Figure 1). Clinical information 
was available from 1,911 patients from 21 centers in 18 
countries. Most (2,941 [77.6%]) isolates were classified 
as A. fumigatus species complex and were recovered from 
1,450 patients. The most common underlying disease was 
chronic lung disease (30.0%), followed by cystic fibrosis 
(22.1%) and hemato-oncologic diseases (12.9%). A total 
of 204 (14.1%) patients had undergone hematopoietic 
stem cell transplantation or solid organ transplantation, 
and 265 (18.3%) had been treated with corticosteroids 
within 3 months before culture of the isolate. A total of 
223 (15.4%) of 1,450 patients had received antifungal 
drugs within 3 months before, or at the time of the posi-
tive culture. For 806 (55.6%) patients, the clinical rele-
vance of the cultured A. fumigatus sc isolate was reported 
(Figure 2).

For 60 A. fumigatus species complex isolates, the re-
sistant phenotype was confirmed in vitro (Table 1). Forty-
seven (78.3%) azole-resistant isolates were identified as 
A. fumigatus sensu strictu. The other 13 azole-resistant 
isolates were identified as A. lentulus (7 isolates), Neosar-
torya pseudofisheri (4 isolates), and N. udagawae (2 iso-
lates). Sequence analysis of the cyp51A gene of A. fumig-
atus showed TR34/L98H in 23 (48.9%) azole-resistant A. 
fumigatus isolates (Table 2). All TR34/L98H isolates were 
cultured from patients from European centers. In 3 isolates 
from the Netherlands, the TR46/Y121F/T289A resistance 
mechanism was found (7).

A total of 60 azole-resistant isolates were recovered from 
46 patients. The overall prevalence of azole resistance among 
patients with A. fumigatus species complex isolates was 3.2% 
(range 0.0%–26.1% among the centers). Azole resistance 
was detected in 11 (57.9%) of 19 participating countries. Ac-
quired resistance in A. fumigatus was found at European sites: 
Austria, Belgium, Denmark, France, Italy, the Netherlands, 
Spain, Sweden, and the United Kingdom. In 5 countries 
(Australia, Germany, Spain, Sweden, and United Kingdom), 
azole-resistant A. fumigatus sibling species were recovered.

From the 46 patients with resistant isolates, 8 patients 
had azole-resistant A. fumigatus sibling isolates, and 38 
had a resistant A. fumigatus isolate. Of these 38 patients, 
19 had an isolate that harbored a fungicide-driven resis-
tance mechanism (i.e., TR34/L98H or TR46/Y121F/T289A). 
When comparing patients with isolates harboring presumed 
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Figure 1. Study characteristics 
(number	of	isolates/patients	
screened)	from	22	centers	in	19	
countries participating in a study 
of azole resistance in Aspergillus 
fumigatus.	*Period	screened	was	
8 months instead of 1 year in this 
center for unknown reason. †Total 
number of screened patients is 
unknown because this center 
is a reference laboratory that 
does not have access to patient 
characteristics.
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fungicide-driven resistance mechanisms with “non–fungi-
cide driven” resistance mechanisms (i.e., point mutations 
or non–Cyp51A-mediated mechanisms), azole exposure 
differed significantly: 4 (21.1%) of 19 patients with an iso-
late with the fungicide-driven resistance mechanism had a 
history of azole therapy, compared with 16 (84.2%) of 19 
patients with isolates with other or no cyp51A mutations 
(p = 0.001). Of the 195 cases with invasive aspergillosis, 
azole resistance was documented in 10 (5.1%) (3 proven, 
1 probable, and 6 possible infections). Among the patients 
with resistant isolates, 28 patients had documented asper-
gillus disease (online Technical Appendix Table, http://
wwwnc.cdc.gov/EID/article/21/6/14-0717-Techapp1.pdf). 
The case-fatality rate for this cohort was 70%.

Conclusions
Acquired azole resistance in A. fumigatus was detected in 
11 of 17 European centers in 9 countries. Overall preva-
lence of azole resistance was 3.2%; TR34/L98H was the 
predominant mechanism of resistance (48.9%) in A. fu-
migatus sensu strictu isolates. This finding substantiates 
our concern that azole resistance is an emerging problem 
in A. fumigatus and that resistance selection in the environ-
ment contributes significantly to azole-resistant aspergillus 
diseases. A predilection of isolates harbored the TR34/L98H 
mutation for patients with acute invasive diseases over pa-
tients with aspergilloma and chronic pulmonary aspergillo-
sis. Azole-resistant invasive aspergillosis was documented 
in 5.1% of cases of invasive aspergillosis, which is not low-
er than the percentage of the prevalence of azole resistance 
among the A. fumigatus isolates (3.2%). This finding might 
indicate that resistance does not come with a significant 
fitness cost and that azole-resistant isolates that harbored 
TR34/L98H or TR46/Y121F/T289A are at least as capable 
of causing invasive aspergillosis as nonresistant wild-type 
isolates. Although the clinical implications of sibling spe-
cies of A. fumigatus are less well understood, our study 
confirms that these species are generally less susceptible 
than A. fumigatus to azole antifungal drugs.

Our study shows that azole resistance is widespread 
in Europe. Azole-resistant A. fumigatus caused aspergillus 
diseases in the patients in our study, and azole resistance 
was associated with a worsened outcome (3). A rapid and 
convenient screening method for resistance is indispens-
able, and centers that care for patients with aspergillus 

diseases should perform surveillance to determine their 
local epidemiology. Furthermore, azole resistance has be-
come a public health problem that needs continued inter-
national surveillance and research on the mechanisms that 
enable its selection in the environment. This report of the 
emergence of resistance has launched a new phase in the 
management of aspergillus diseases. Unless we can im-
plement measures that prevent the fungicide-driven route 
of resistance development, the clinical use of azoles will 
be severely compromised.
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Figure 2.	Patient	characteristics	and	underlying	resistance	
mechanisms of patients with invasive and noninvasive 
Aspergillus	disease.	*Otomycosis,	dermatomycosis,	or	
onychomycosis;	1	patient	had	a	resistant	isolate	and	otomycosis	
(patient	9	in	the	online	Technical	Appendix	Table,	http://
wwwnc.cdc.gov/EID/article/21/6/14-0717-Techapp1.pdf).	†One	
patient	had	chronic	pulmonary	aspergillosis	and	ABPA.	‡Not	
classified	according	to	European	Organization	for	the	Research	
and	Treatment	of	Cancer/Mycoses	Study	Group	criteria	(5).	
§One	patient	is	included	with	46-bp	tandem-repeat	resistance	
mechanism.	ABPA,	allergic	bronchopulmonary	aspergillosis;	
CPA,	chronic	pulmonary	aspergillosis;	R,	resistant;	S,	
susceptible;	–,	negative;	+,	positive.

 

 

 
Table 1. Susceptibility	for	3	antifungal	medical	azoles	and	1	azole	fungicide	of	resistant	isolates	(60	isolates)	and	control	group	(60 
isolates)	after	species	identification 

Isolate 
Median	MIC,	mg/L 

Itraconazole Voriconazole Posaconazole Tebuconazole 
Azole-resistant Aspergillus fumigatus, n = 47 >8 2 1 8 
A. fumigatus sibling	species,*	n	=	13 1 2 0.25 >8 
A. fumigatus controls,	n	=	60 0.25 0.5 0.06 2 
*Aspergillus lentulus, Neosartorya pseudofischeri, N. udagawae. 
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Table 2. Acquired resistance mechanisms from each country in cyp51A gene	in	47	Aspergillus fumigatus isolates with an azole-
resistant phenotype 

Country 
No.	azole-resistant 

isolates,	n	=	47 
TR34/L98H	or	TR46/Y121F/T289A	

mechanism (no. isolates) Other mutations (no. isolates) 
No.	isolates without 
Cyp51A-mutations 

Austria 2 TR34/L98H	(2) 0 0 
Belgium 8 TR34/L98H	(7) F46Y/M172G	(1) 0 
Denmark 6 TR34/L98H	(4) 0 2 
France 4 TR34/L98H	(1) G54W	(1) 2 
Italy 5 TR34/L98H	(5) 0 0 
The	Netherlands 7 TR34/L98H	(4), 

TR46/Y121F/T289A	(3) 
0 0 

Spain 1 No	isolates 0 1 
Sweden 1 No	isolates F46Y/M172G 0 
United Kingdom 13 No	isolates P381R/D481E	(1),	L329V	(1),	

M220K	(1),	L77V/L399I/D481E	
(1),	M220I	(3),	M220R	(1),	

G54R	(1),	G54E	(1),	G54W	(1) 

2 

Resistant	isolates,	% 100 55.3 29.8 14.9 
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Outbreaks of Salmonella enterica serotype Enteritidis infec-
tions	 associated	 with	 eggs	 occurred	 in	 French	 Polynesia	
during	2008–2013.	Molecular	analysis	of	isolates	by	using	
clustered regularly interspaced short palindromic repeat 
polymorphisms and multilocus variable-number tandem-re-
peat	analysis	was	performed.	This	subtyping	made	defining	
the	epidemic	strain,	finding	the	source,	and	decontaminat-
ing	affected	poultry	flocks	possible.

Over the past 2 decades, the incidence of Salmonella 
enterica serotype Enteritidis infections in humans 

has increased dramatically in all industrialized countries, 
with contaminated eggs the major source of infection (1,2). 
Despite a substantial decrease in outbreaks caused by this 
bacterium since the beginning of the 2000s, in particular 
in Europe due to the introduction of various control mea-
sures, Salmonella Enteritidis remains a major foodborne 
pathogen causing considerable human disease and high 
economic costs (3–5).

Different phenotypic and genotypic methods have 
been used to subtype Salmonella Enteritidis, including 
techniques such as phage typing and pulsed-field gel elec-
trophoresis (PFGE). Results suggest the existence of ma-
jor worldwide clones of Salmonella Enteritidis, of which 
most strains belong to phage type (PT) 4, followed by PT8 
and PT1 (1,6). Recently, new methods such as standard-
ized multilocus variable-number tandem-repeat analysis 
(MLVA) (7) and clustered regularly interspaced short 
palindromic repeats (CRISPR) typing (8,9) have been de-
veloped to subtype genetically homogeneous serotypes of 
Salmonella, in particular Enteritidis.

We report successive outbreaks of Salmonella Enter-
itidis in French Polynesia, South Pacific. To identify the 

source and determine the molecular subtypes of Salmonella 
Enteritidis strains that are circulating, we performed a com-
prehensive molecular and epidemiologic study on human 
and nonhuman strains isolated in Tahiti during 2008–2013.

The Study
Six cases of foodborne infection caused by Salmonella En-
teritidis occurred on the island of Tahiti in October 2011, 
alerting public health authorities to an abnormal increase of 
these infections in humans. Epidemiologic and microbio-
logical investigations confirmed that a tuna dish prepared 
with contaminated raw eggs was the food vehicle. Cases of 
Salmonella Enteritidis infection in Tahiti began to increase 
in July 2011, peaked in December 2011, and returned to 
baseline in April 2012; a total of 62 laboratory-confirmed 
cases occurred (Figure). A resurgence of 15 cases was 
registered during September–December 2012. Epidemio-
logic investigation by public health authorities revealed 
20 clusters of cases (with a total of 54 cases) associated 
with the consumption of uncooked eggs produced by lo-
cal layer farms. During November 2011–December 2012, 
a survey of 17 local poultry farms indicated the presence of 
Salmonella Enteritidis in 14 (1.9%) of 739 samples: 0 of 6 
from drinking water sources, 0 of 15 from poultry feed, 3 
(1.9%) of 155 from dust, 6 (1.5%) of 391 from feces, and 
5 (2.9%) of 172 from eggs. The samples that tested posi-
tive were from 5 laying-hen houses on 2 farms that produce 
3,000,000 eggs per year (70% of the local production).

A total of 112 Salmonella Enteritidis strains isolated 
in French Polynesia were sent to the Centre National de 
Référence des Escherichia coli, Shigella, et Salmonella for 
further analysis. During January 2008–August 2013, a total 
of 111 strains were isolated (96 from humans, 1 from the 
tuna dish, and 14 from laying hens); in November 2014, 1 
strain was isolated from an imported chicken product from 
the United States. All but 3 Salmonella Enteritidis strains 
were susceptible to all antimicrobial drugs tested (10); the 
remaining 3 showed single-drug resistance to amoxicillin 
(data not shown). 

Analysis by PulseNet (http://www.cdc.gov/pulsenet/
pathogens/index.html) standardized XbaI PFGE showed 
a similar common profile, named JEGX01.0004 in a pre-
vious study (11), in 46 of 47 selected strains from Tahiti 
(Tables 1, 2). Phage typing revealed mostly 2 types, PT8 (n 
= 8) and PT13a (n = 4), for strains with the JEGX01.0004 

Salmonella enterica Serotype Enteritidis in 
French Polynesia, South Pacific, 2008–2013
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profile. MLVA typing (7) on a subset of 60 strains showed 
main diversity in the SENTR4 and SENTR5 loci in iso-
lates with the JEGX01.0004 PFGE profile. MLVA types 
2-10-8-5-2 and 2-10-8-6-2 dominated in strains isolated 
from humans and laying hens. The CRISPR1 and CRIS-
PR2 polymorphisms in 83 selected strains were studied by 
PCR amplification and sequencing as described elsewhere 
(9). The spacer content was determined by submitting the 
DNA sequences to the Institut Pasteur CRISPR database 
for Salmonella (http://www.pasteur.fr/recherche/genopole/
PF8/crispr/CRISPRDB).

The 83 strains from French Polynesia had the same 
CRISPR1 allele (A14) but 2 different CRISPR2 alleles (B20 
or B21), differing by the presence of a single spacer, EntB9 
(online Technical Appendix 1, http://wwwnc.cdc.gov/EID/
article/21/6/14-1103-Techapp1.xlsx; online Technical Ap-
pendix 2, http://wwwnc.cdc.gov/EID/article/21/6/14-1103-

Techapp2.xlsx). Both CRISPR2 alleles contained a triplica-
tion of the EntB8 spacer, which had not been observed in 
our database (194 Salmonella Enteritidis strains from France 
and Europe during 1920–2014) (9). However, this particular 
A14-B21 CRISPR profile is displayed by 37 Salmonella En-
teritidis genomes deposited in the GenBank public database 
and originating in poultry or humans from North America 
(8,11,12) (online Technical Appendix 3, http://wwwnc.cdc.
gov/EID/article/21/6/14-1103-Techapp3.xlsx).

Locally, in the month after the outbreak associated with 
consumption of the tuna dish, different control measures 
were implemented, depending on whether eggs were con-
taminated. Workers at farm A, where eggs were contaminat-
ed by both A14-B20 and A14-B21 strains, slaughtered lay-
ing hens. At farm B, where contamination was revealed only 
by sampling dust and feces (with only an A14-B21 CRIS-
PR profile for Salmonella Enteritidis), minimal sanitary  
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Figure.	Number	of	confirmed	cases	of	human	infection	with	Salmonella enterica serotype Enteritidis per month and distribution of 
clustered	regularly	interspaced	short	palindromic	repeats	types,	French	Polynesia,	2010–2013.	Arrow	indicates	when	infections	
associated	with	tuna	dish	prepared	with	contaminated	eggs	occurred;	brackets	indicate	periods	of	laying	hen	slaughters.	NT,	not	typed.

 
Table 1. CRISPR-type	characteristics	of	67	Salmonella enterica serotype	Enteritidis	clinical	isolates	from	French	Polynesia,	2008–
2013,	compared	with	major	examples	from	the	Institut Pasteur	database* 
Country and period  
of isolation No.	isolates 

Major	PFGE	types	
(no.) 

Phage	types	
available	(no.) 

CRISPR	type	
allele1-allele2 MLVA	type	(no.)† 

French	Polynesia      
 2008	Jan–2013	Aug 52 JEGX01.0004	(13) PT8	(1),	PT13a	(2) A14-B21 2-10-8-5-2	(20).	2-10-8-5-1 

(1),	2-11-8-5-2	(6),	2-9-8-
5-2	(5),	2-12-9-5-2	(1),	2-

12-5-5-2	(1) 
 2011	Aug–2012	Feb 15 JEGX01.0004	(4) PT8	(2) A14-B20 2-10-8-6-2	(15) 
France      
 1957–2013 83 XEN-001	(57) PT4	(45),	PT1	(10),	

PT6	(6),	PT21	(3),	
PT14b	(1), PT22	(1),	
PT24	(1),	PT34	(1),	
PT35	(1),	PT44	(1) 

A6-B7 3-11-5-4-1	(6),	3-11-5-6-1 
(1),	3-10-5-4-2	(1),	3-10-5-

4-1	(1) 

 2002 10 XEN-001	(10) PT4	(6),	PT35	(3),	
PT6a	(1) 

A8-B7  

 1956–2014 8 XEN-001	(6) PT4	(6) A7-B7 2-9-4-5-1	(1),	1-8-9-4-1	(4) 
 1920–2001 7 XEN-001	(4) 

XEN-008	(2) 
PT4	(6) 
PT6a	(1) 

A10-B7  

 1956–2011 54 JEGX01.0004	(42) PT8	(28),	PT14b	
(12),	PT13a	(1),	

PT22	(1) 

A14-B6 2-12-7-5-1	(1) 

*All	available	CRISPR-types,	and	the	spacer	content	of	each,	are	described	in	online	Technical	Appendix	1	(http://wwwnc.cdc.gov/EID/article/21/6/14-
1103-Techapp1.xlsx).	CRISPR,	clustered regularly interspaced short palindromic repeats. †SENTR7-SENTR5-SENTR6-SENTR4-SE3. 
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policies were implemented (i.e., thermically treating eggs, 
disinfecting laying houses). Consequently, the incidence 
of human Salmonella Enteritidis infections has declined 
markedly in Tahiti. The reisolation of A14-B21 Salmo-
nella Enteritidis strains from humans and farm B at the 
end of 2012 necessitated stronger measures, including 
slaughtering more laying hens. In total, 120,000 hens were 
slaughtered, representing 50% of the stock in Tahiti, which 
caused an egg-production deficit. After this outbreak ended 
in 2013, production levels returned to normal. Further-
more, controls on imported chicken products have begun in 
French Polynesia, and in November 2014, a frozen chicken 
product from the United States tested positive for Salmo-
nella Enteritidis A14-B21. Given that the poultry sector has 
been importing eggs and laying hens from North America 
for decades, that the A14-B21 CRISPR profile is prevalent 
in Salmonella Enteritidis genomes from North America, 
and that a A14-B21 Salmonella Enteritidis strain has re-
cently been isolated from imported poultry from the United 
States since the implementation of control on imported 
poultry products and animals, it is likely that the epidemic 
Salmonella Enteritidis strain that was circulating in French 
Polynesia was imported from North America before 2008.

Conclusions
When analyzed by classical subtyping methods, the Salmo-
nella Enteritidis strains from French Polynesia displayed 
a very common and global profile, JEGX01.0004 PFGE 
type, PT8, and pansusceptibility to antimicrobial agents. 
Because of this, we used a combination of methods, such 
as CRISPR typing and MLVA, to more precisely define the 
epidemic strain and confirm that 2 local poultry farms were 
the source of the increase in human cases in Tahiti during 
July 2011–April 2012. By applying minimal to maximal 
control measures, depending on the CRISPR profile, and 
by sampling these flocks regularly, it became possible to 
follow and readjust the efficacy of the different control 

measures taken by the 2 layer farms. We also demonstrat-
ed that the epidemic strain has been circulating in French 
Polynesia since at least 2008 and was probably imported 
from North America but has not been associated with hu-
man cases since 2014.

Given the signatures offered by the polymorphism of 
the 2 CRISPR loci in our study and in previous works (8, 
9,13), we are convinced that CRISPR DNA targets might 
be very helpful for subtyping Salmonella, including sero-
type Enteritidis. Furthermore, because the CRISPR spacer 
content can be extracted easily from short-read DNA se-
quences, in contrast to MLVA loci, it could be used to de-
fine particular Salmonella Enteritidis strains together with, 
or as an alternative to, core genome single nucleotide poly-
morphisms when whole-genome sequencing for foodborne 
pathogen surveillance and investigation are implemented 
in public health and veterinary laboratories (14).
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Table 2. Epidemiologic data, antimicrobial susceptibility patterns, XbaI	PFGE	types,	phage	types,	MLVA	types,	and	CRISPR	types	of	
nonhuman Salmonella enterica serotype Enteritidis isolates	from	French	Polynesia,	2011–2014* 

Period	of	
isolation 

Origin of 
sample 

Sample type 
(no.) 

No.	
isolates 

Antimicrobial 
resistance 
profile	(no.) 

PFGE	types	
(no.) 

Phage	
types	(no.) 

CRISPR	types,	
allele1-allele2	

(no.) MLVA	type	(no.)† 
2011	Oct	25 Restaurant Tuna dish with 

raw eggs 
1 Susceptible JEGX01.0004  A14-B20 2-10-8-6-2 

2011	Nov–
Jan	2012 

Farm A Egg	(5),	feces	
(1) 

6 Susceptible 
(6) 

JEGX01.0004	
(5), XEN-033	

(1) 

8	(2), 23	
(1) 

A14-B21	(5), 
A14-B20	(1) 

2-10-8-5-2	(4),	2-
11-8-5-2	(1),	2-

10-8-6-2	(1) 
2011	Jan–
2012	Dec 

Farm B Feces	(5),	dust	
(3) 

8 Susceptible 
(8) 

JEGX01.0004	
(8) 

8	(3), 13a	
(2) 

A14-B21	(8) 2-10-8-5-2	(3),	2-
11-8-5-2	(1),	2-9-

8-5-2	(4) 
2014	Nov Imported 

chicken 
product 

Legs–official 
control 

1 NP NP NP A14-B21 NP 

*The	spacer	content	of	each	CRISPR-type	is	described	in	online	Technical	Appendix	1	(http://wwwnc.cdc.gov/EID/article/21/6/14-1103-Techapp1.xls).	
CRISPR,	clustered	regularly	interspaced	short	palindromic	repeats;	MLVA,	multilocus	variable-number tandem-repeat	analysis;	NP,	not	performed;	
PFGE,	pulsed-field gel electrophoresis. †SENTR7-SENTR5-SENTR6-SENTR4-SE3. 

 



DISPATCHES

References
  1. Fisher IS; Enter-net participants. Dramatic shift in the  

epidemiology of Salmonella enterica serotype Enteritidis phage 
types in western Europe, 1998–2003—results from the Enter-net 
international Salmonella database. Euro Surveill. 2004;9:43–5. 

  2. Velge P, Cloeckaert A, Barrow P. Emergence of Salmonella  
epidemics: the problems related to Salmonella enterica serotype Enter-
itidis and multiple antibiotic resistance in other major serotypes.  
Vet Res. 2005;36:267–88. http://dx.doi.org/10.1051/vetres:2005005

  3. European Commission. Commission regulation (EU) no. 517/2011 
of 25 May 2011 implementing regulation (EC) no. 2160/2003 of 
the European Parliament and of the Council as regards a Union 
target for the reduction of the prevalence of certain Salmonella 
serotypes in laying hens of Gallus gallus and amending regulation 
(EC) no. 2160/2003 and commission regulation (EU) no.  
200/2010 (text with EEA relevance) [cited 2015 Mar 30].  
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX: 
32011R0517

  4. Poirier E, Watier L, Espie E, Weill FX, De Valk H,  
Desenclos JC. Evaluation of the impact on human salmonellosis  
of control measures targeted to Salmonella Enteritidis and  
Typhimurium in poultry breeding using time-series analysis  
and intervention models in France. Epidemiol Infect. 
2008;136:1217–24. http://dx.doi.org/10.1017/S0950268807009788

  5. The European Union summary report on trends and sources of 
zoonoses, zoonotic agents and food-borne outbreaks in 2010. 
EFSA Journal. 2012;10:2597 [cited 2015 Mar 30].  
http://www.efsa.europa.eu/fr/efsajournal/doc/2597.pdf

  6. Pang JC, Chiu TH, Helmuth R, Schroeter A, Guerra B, Tsen HY.  
A pulsed-field gel electrophoresis (PFGE) study that suggests a 
major world-wide clone of Salmonella enterica serovar Enteritidis. 
Int J Food Microbiol. 2007;116:305–12. http://dx.doi.org/10.1016/ 
j.ijfoodmicro.2006.05.024

  7. Hopkins KL, Peters TM, de Pinna E, Wain J. Standardisation of 
multilocus variable-number tandem-repeat analysis (MLVA)  
for subtyping of Salmonella enterica serovar Enteritidis.  
Euro Surveill. 2011;16.

  8. Liu F, Kariyawasam S, Jayarao BM, Barrangou R, Gerner-Smidt P, 
Ribot EM, et al. Subtyping Salmonella enterica serovar Enter-
itidis isolates from different sources by using sequence typing 
based on virulence genes and clustered regularly interspaced 
short palindromic repeats (CRISPRs). Appl Environ Microbiol. 
2011;77:4520–6. http://dx.doi.org/10.1128/AEM.00468-11

  9. Fabre L, Zhang J, Guigon G, Le Hello S, Guibert V,  
Accou-Demartin M, et al. CRISPR typing and subtyping for im-
proved laboratory surveillance of Salmonella infections. PLoS ONE. 
2012;7:e36995. http://dx.doi.org/10.1371/journal.pone.0036995

10. Le Hello S, Brisabois A, Accou-Demartin M, Josse A, Marault M, 
Francart S, et al. Foodborne outbreak and nonmotile Salmonella 
enterica variant, France. Emerg Infect Dis. 2012;18:132–4.  
http://dx.doi.org/10.3201/eid1801.110450

11. Allard MW, Luo Y, Strain E, Pettengill J, Timme R, Wang C,  
et al. On the evolutionary history, population genetics and  
diversity among isolates of Salmonella Enteritidis PFGE pattern  
JEGX01.0004. PLoS ONE. 2013;8:e55254. http://dx.doi.org/ 
10.1371/journal.pone.0055254

12. Rehman MA, Ziebell K, Nash JH, Kropinski AM, Zong Z, Nafziger E,  
et al. High-quality draft whole-genome sequences of 162 Salmonella 
enterica subsp. enterica serovar Enteritidis strains isolated from 
diverse sources in Canada. Genome Announc. 2014;2.

13. Ley B, Le Hello S, Lunguya O, Lejon V, Muyembe JJ, Weill FX,  
et al. Invasive Salmonella enterica serotype Typhimurium infec-
tions, Democratic Republic of the Congo, 2007–2011. Emerg Infect 
Dis. 2014;20:701–4. http://dx.doi.org/10.3201/eid2004.131488

14. Zheng J, Pettengill J, Strain E, Allard MW, Ahmed R, Zhao S,  
et al. Genetic diversity and evolution of Salmonella enterica serovar 
Enteritidis strains with different phage types. J Clin Microbiol.  
2014;52:1490–500. http://dx.doi.org/10.1128/JCM.00051-14

Address for correspondence: Simon Le Hello, Institut Pasteur, Unité 
des Bactéries Pathogènes Entériques, Centre National de Référence des 
Escherichia coli, Shigella, et Salmonella, 28 Rue du Docteur Roux, 
75724 Paris CEDEX 15, France; email: slehello@pasteur.fr

1048	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	6,	June	2015

Table of Contents

Emailed to you

GovDelivery
Manage your email alerts 

so you only receive  
content of interest  

to you.

Sign up for an  
Online Subscription:

wwwnc.cdc.gov/eid/subscribe.htm



Kevin A. Fajardo, Shauna C. Zorich,  
Jameson D. Voss, Jeffrey W. Thervil

During	October	2013–May	2014,	there	were	102	cases	of	
pneumonia diagnosed in US Air Force Academy cadets. 
A	 total	 of	 73%	 of	 tested	 nasal	 washes	 contained	 Chla-
mydophila pneumoniae. This agent can be considered 
to be present on campus settings during outbreaks with 
numerous, seemingly disconnected cases of relatively  
mild pneumonia.

Chlamydophila pneumoniae is the most common 
Chlamydophila species that causes human infection 

(1). It responsible for up to 20% of community-acquired 
pneumonia cases in elderly adults (1). In recent years, 
C. pneumoniae has also been identified in outbreaks of 
pneumonia among younger age groups in a variety of 
close-quarters living environments, including military  
installations, prisons, universities, and single-family 
households (2–6).

We report the findings of our investigation into an 
outbreak of 102 cases of pneumonia at the US Air Force 
Academy, Colorado Springs, CO, USA. Laboratory testing 
identified C. pneumoniae as the likely causative pathogen.

The Study
The US Air Force Academy houses ≈4,000 cadets. The ca-
det population is composed of approximately equal-sized 
freshman, sophomore, junior, and senior classes. Members 
of each class year are randomly distributed to 1 of 40 cadet 
squadrons (numbered 1–40). Each squadron is composed 
of ≈100 cadets of both sexes. Approximately 80% of cadets 
are men. Ten squadrons are grouped together to form 1 of 
4 cadet groups. All cadets receive their health care at the 
cadet clinic or other military installations.

In October 2013, a cluster of radiographic-confirmed 
cases of pneumonia was identified as part of routine medical 
surveillance by the preventive medicine staff at the US Air 
Force Academy. Nine cases of pneumonia were diagnosed 

in football team members in that month. In comparison,  
only 8 cases of pneumonia were diagnosed in the en-
tire cadet population during the previous academic 
year. Although the incidence of mild upper respiratory  
infections was relatively high at the time of this cluster, 
cases of pneumonia other than in football players were 
not identified.

Laboratory testing ruled out Streptococcus pyogenes, 
influenza virus, and Legionella pneumophila as possible 
infectious etiologies in these cases. The following case 
definition was used to identify additional cases: any cadet 
receiving diagnostic codes from the International Classifi-
cation of Diseases, 9th Revision, for bacterial pneumonia 
(482, 483, 484, 485, or 486) and who had radiographic 
confirmation of an acute pulmonary process.

In November 2013, the first case of pneumonia outside 
the football team was diagnosed. The primary care provid-
ers of the cadet medical clinic were encouraged to collect 
nasal wash samples from any cadets with upper respiratory 
infection symptoms, including those with pneumonia, for 
further laboratory testing. All samples were sent to the US 
Air Force School of Aerospace Medicine Epidemiology 
Laboratory (Wright-Patterson Air Force Base, OH, USA), 
which is a Department of Defense center for febrile respira-
tory illness surveillance.

Infection control guidance was developed by US Air 
Force Academy preventive medicine staff and disseminated 
to all cadets. Because all cadets reside in dormitory build-
ings, a close-quarters living environment, the recommended 
preventive measures focused on reinforcement of personal 
hygienic practices, social distancing, common contact sur-
face decontamination, and wearing of surgical masks.

The outbreak lasted through May 2014, and a total of 
102 cases of pneumonia were identified in US Air Force 
Academy cadets (Figure 1). Pneumonia was diagnosed in 
74 male (73%) and 28 female (27%) cadets; cases were 
identified in members of every class year and cadet group 
(Table 1). Although no major differences in attack rate 
were noted among cadet groups, freshmen and juniors had 
higher attack rates than sophomores and seniors (Table 1). 
For freshmen, this finding is consistent with traditional 
military training risk factors because freshman undergo the 
most physically demanding training. It is unclear why the 
junior class had a similar incidence of pneumonia, although 
this finding might reflect a higher level of social contact 
outside the dormitory environment for this group.

Pneumonia Outbreak Caused by  
Chlamydophila pneumoniae among  

US Air Force Academy Cadets, Colorado, USA
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Clinically, all cadets with pneumonia reported general-
ized, mild upper respiratory tract infection (URI) symptoms, 
such as cough, sore throat, and headache at the time of ini-
tial presentation. Chest radiographs showed acute, unilateral 
lobar consolidation for all patients. Only 4 cadets (5%) had 
documented evidence of fever at the time of presentation. 
Most cadets with pneumonia (101/102) required only a stan-
dard course of oral azithromycin therapy. One cadet, who 
had a pulmonary abscess, required hospitalization. He was 
given intravenous antimicrobial drugs and discharged from 
the hospital after 4 days.

Sixty-eight nasal wash samples from cadets were  
tested at US Air Force School of Aerospace Medicine Epi-
demiology Laboratory. Each specimen was tested by viral 
culture and real-time reverse transcription PCR for influen-
za virus. Influenza virus–negative specimens was then test-
ed by using multiplex PCR testing; this PCR can identify 
many common respiratory pathogens, including C. pneu-
moniae (Table 2). Of the 68 samples, 15 were from cadets 
with pneumonia (Table 2). Of these 15 samples, 11 (73%) 
were positive for C. pneumoniae, 1 (7%) was positive  

for influenza A (H1N1) virus, and 3 (20%) were negative 
for both pathogens (Table 2).

Fifty-three nasal wash specimens were collected 
from cadets who had URI symptoms but were not giv-
en a diagnosis of pneumonia. Of these 53 specimens, 19 
(36%) were positive for C. pneumoniae (Table 2). None 
of the 53 cadets from whom these samples were obtained 
received antimicrobial drug therapy, and all recovered 
without complications.

When charted on the basis of cadet squadron assigned, 
incident pneumonia cases were generally scattered through-
out the cadet population (Figure 2). Only brief, self-limited 
clustering of cases was noted. For example, in February 
2014, three squadrons had multiple cases diagnosed with-
in a few weeks of each other (squadrons 24, 26, and 35). 
However, incident cases abruptly ended in these squadrons, 
which made it difficult to justify a large-scale antimicro-
bial drug prophylaxis campaign. Antimicrobial drug pro-
phylaxis of close contacts of cadets with pneumonia was 
also of unclear benefit because we observed no evidence of 
roommate-to-roommate transmission.

The last case was diagnosed on May 15, 2014, al-
though the surveillance period extended through July 31, 
2014. Although aggressive reinforcement of infection 
control measures continued throughout the outbreak, the 
abrupt cessation of incident cases was more likely caused 
by the efflux of cadets off base after senior graduation and 
the start of underclassman summer activities.

Conclusions
Recent evidence supports C. pneumoniae as an increas-
ingly common cause of outbreaks of community-acquired 
pneumonia, particularly in close-quarters living environ-
ments (2–6). The outbreak described supports this finding, 
and laboratory studies confirmed the presence of C. pneu-
moniae in 11 (73%) of 15 nasal wash samples from cadets 
given a diagnosis of pneumonia. Furthermore, 19 (36%) 
of 53 cadets with acute URI symptoms, but who were not 
given a diagnosis of pneumonia, were also positive for C. 

1050	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	21,	No.	6,	June	2015

Figure 1.	Chest	radiograph–confirmed	cases	of	pneumonia	in	
cadets,	US	Air	Force	Academy,	Colorado,	USA,	August	2013–
May	2014.

 

 

 
Table 1. Pneumonia	case	distribution	and	attack	rates	for	cadets,	US	Air	Force	Academy,	Colorado,	USA,	August	2013–May	2014* 
Group 
 Men,	no.	(%) Women,	no.	(%) No.	cases Total population Attack	rate,	% 

p value by 2 test 
of homogeneity 

Class, y       
 Senior,	2014 12	(71) 5	(29) 17 1,131 1.5 0.01† 
 Junior,	2015 23	(77) 7	(23) 30 884 3.4 
 Sophomore,	2016 14	(70) 6	(30) 20 886 2.3 
 Freshman,	2017 25	(71) 10	(29) 35 1,025 3.4 
Cadet group       
 1 17	(77) 5	(23) 22 972 2.3 0.45‡ 
 2 18	(78) 5	(22) 23 962 2.4 
 3 26	(79) 7	(21) 33 1,002 3.3 
 4 13	(54) 11	(46) 24 990 2.4 
*Group	1,	squadron	1–10;	group	2,	squadron	11–20;	group	3,	squadron	21–30;	group	4,	squadron	31–40. 
†Probability	of	random	distribution	among	class	years. 
‡Probability	of	random	distribution	among	cadet	groups. 
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pneumoniae. This finding might indicate that mild URI 
symptoms, rather than frank pneumonia, predominate in C. 
pneumoniae outbreaks. The long incubation period for in-
fection with C. pneumoniae, estimated to be <4 weeks (7), 
also probably contributed to the difficulty in containing 
the outbreak because case diagnoses were generally made 
in a random pattern. Thus, the preventive intervention  
relied primarily on reinforcement of basic personal hy-
gienic practices.

We suspect that routine testing for C. pneumoniae in 
outbreak situations is rare. Therefore, it is possible that C. 
pneumoniae commonly emerges on college campuses, in 
prisons, and other military training environments without 
any reporting. There are several reasons to be concerned 
about emergence of C. pneumoniae in these settings. First, 
unique transmission characteristics (incubation period, as-
ymptomatic carriage) can lead to diagnostic uncertainty, 
which enables outbreaks to be sustained for long durations 
without a clear method for control. Second, if C. pneumoni-
ae is not considered within the differential diagnosis, un-
necessary testing for other pathogens might be conducted. 
Third, even if the acute illness is mild, C. pneumoniae has 
been linked with numerous chronic diseases (e.g., athero-
sclerosis [8] and asthma [9]).

Dr. Fajardo is Chief of Preventive Medicine at the United States 
Air Force Academy, Colorado Springs, Colorado. His primary re-
search interest is tropical infectious diseases.
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Table 2. Laboratory	results	for	68	cadet	nasal	wash	specimens,	
US	Air	Force	Academy,	Colorado,	USA,	August	2013–May	2014 

Bacteria or virus 

No.	(%)	positive 
Cadets with 
pneumonia,  

n = 15 

Cadets without 
pneumonia,  

n	=	53 
Chlamydophila pneumonia 11	(73) 19	(36) 
Influenza	A(H1N1)	virus 1	(7) 8	(15) 
Adenovirus 0 2	(4) 
Rhinovirus/enterovirus 0 1	(2) 
Coronavirus 0 1	(2) 
Human	metapneumovirus 0 1	(2) 
Parainfluenza	viruses	1–4 0 0 
Respiratory	syncytial	virus 0 0 
Bordetella pertussis 0 0 
Mycoplasma pneumoniae 0 0 

 Figure 2.	Scatter	plot	of	pneumonia	cases	(diamonds)	in	cadets,	
by squadron, US Air Force Academy, Colorado, USA, August 
2013–May	2014.
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A	 case	 of	 Lyme	 oligoarthritis	 occurred	 in	 an	 11-year-old	
boy	in	Vienna,	Austria.	DNA	of	Borrelia bavariensis was de-
tected	by	PCR	in	2	aspirates	obtained	from	different	joints.	
Complete recovery was achieved after a 4-week course 
with	 amoxicillin.	 Lyme	arthritis	must	 be	 considered	 in	 pa-
tients from Europe who have persisting joint effusions.

Lyme borreliosis is a tickborne disease caused by cer-
tain species of spirochetes of the Borrelia burgdorferi 

sensu lato (s.l.) complex. In Europe, several genospecies 
of B. burgdorferi s.l. cause the disease, whereas in North 
America, B. burgdorferi sensu stricto is the only agent 
of Lyme borreliosis. This difference causes variability 
in clinical manifestations (Figure). According to surveil-
lance by the US Centers for Disease Control and Preven-
tion, Lyme arthritis occurs in 30% of Lyme borreliosis pa-
tients in the United States (1), whereas in Europe, arthritis 
is reported in only 3%–7% of patients, as assessed in a 
few epidemiologic studies (2,3). Direct comparison of the 
frequencies of clinical manifestations is difficult because 
of possible differences in case definitions.

In most cases, diagnosis of Lyme arthritis is made 
on the basis of the clinical picture supported by serologic 
testing. PCR testing of synovial fluid or synovial tissue 
samples is the most reliable method for direct identifica-
tion of the pathogen (4). Cultivation of the pathogen from 
these materials is difficult, and recovery has been reported 
only anecdotally.

Lyme arthritis usually affects 1 or several large joints, 
most commonly the knee (3). Several studies, mostly of 
serologic testing and clinical picture, have shown different 
patterns of joint involvement in children (5). Therefore, it 
is difficult to distinguish Lyme arthritis from other forms of 
arthritic diseases, particularly juvenile idiopathic arthritis, 
on the basis of clinical signs and symptoms. Both diseases 
may present with oligoarticular involvement with symmet-
rically or unilaterally occurring joint effusions. We report 
a case of Lyme oligoarthritis in an 11-year-old boy from 
Vienna, Austria.

The Study
A signed consent form was obtained from the mother of 
the patient. The patient had reported recurrent joint pain, 
most prevalent in his left knee, since he was 6 years old. 
In December 2012, when he was 10 years old, his left knee 
became swollen, and he was treated locally with nonsteroi-
dal antiinflammatory drugs.

In February 2014, the patient had effusions of both 
knees and the left ankle. The first joint aspiration of the left 
knee was performed in February 2014, but the patient was 
discharged without a diagnosis. Soon after that, he became 
febrile (temperature 39°C) and was referred to another hos-
pital because of persistent effusions of all 3 joints. Clinical 
investigation revealed swelling of both knees, which were 
not warm or red, and a swollen, hot, red left ankle.

A routine blood test showed a normal leukocyte count, 
elevated C-reactive protein levels (79.4 mg/L, positive 
threshold 5 mg/L), and elevated erythrocyte sedimentation 
rates (85 mm/h, reference <7 mm/h, and 109 mm/2 h, ref-
erence <12 mm/2 h). Tests for rheumatoid factor and other 
autoantibodies (antinuclear antibodies, double-stranded 
DNA, proteinase 3, myeloperoxidase antibodies) showed 
negative results. The patient underwent needle aspiration 
of all 3 joints under general anesthetic to obtain synovial 
fluid: 18 mL from the right knee, 60 mL from the left knee, 
and 6 mL from the left ankle. The patient was given a pre-
liminary diagnosis of juvenile idiopathic arthritis and treat-
ed with nonsteroidal antiinflammatory drugs. A few days 
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Figure. Comparison of frequency of clinical manifestations 
in	Lyme	borreliosis	cases	between	the	United	States	and	2	
countries in Europe. Data from the United States are based 
on	154,405	patients	identified	during	2001–2010	by	Centers	
for	Disease	Control	and	Prevention	surveillance	(1).	Cases	in	
Europe	are	represented	by	data	from	southern	Sweden	(1,471	
patients,	1992–1993)	(2)	and	Slovenia	(1,020	patients,	2000)	
(3).	The	category	Lyme	neuroborreliosis	includes	all	neurologic	
manifestations, such as radiculoneuropathy, facial palsy, and 
meningitis or encephalitis. Some patients had >1 manifestation.
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later, another aspiration of the left knee was performed, fol-
lowed by an intraarticular injection of steroids.

Infection with pathogens associated with reactive ar-
thritis was ruled out by negative serologic test results for 
Chlamydia spp. (IgG and IgA enzyme immunoassays), 
Mycoplasma pneumoniae (IgG and IgA enzyme immuno-
assays), Salmonella spp. (agglutination assay), and Yersinia 
spp. (agglutination assay). Antibodies against B. burgdorferi 
s.l. were detected by Borrelia ELISA (Medac, Hamburg, 
Germany); IgG levels were highly elevated (IgG ELISA 
>200 AU/mL, cutoff 10.8 AU/mL; IgM ELISA results were 
negative). Test results obtained by using the Anti-Borrelia 
Euroline Westernblot (Euroimmun, Lübeck, Germany) were 
positive for IgG with strong band intensities for VlsE, p83, 
p39, p30, p21, p19, and p17 and weak band intensity for p25 
(OspC). Cytologic test results for synovial fluid showed an 
inflammatory infiltrate with lymphocytes and segmented 
neutrophils. Culture for bacterial pathogens was negative.

Synovial fluid samples from all 3 joints were tested 
by using PCR. DNA was extracted by using the Peq-
GOLD Tissue DNA Mini Kit (Peqlab, Erlangen, Germa-
ny). Two TaqMan-based real-time PCR assays targeting 
the 16S rDNA gene (6) and the flagellin gene (7) were 
performed; primer and probe sequences are listed in Ta-
ble 1. The DNA of an in-house B. burgdorferi s.l. strain 
was used as a positive control, and PCR-grade water was 

used as a negative control. To check for PCR inhibition, 
we used samples spiked with borrelial DNA in an extra 
well. In 2 of the 3 joint aspirates (left knee and left ankle), 
borrelial DNA was detected by both assays. For genotype 
identification, samples were subjected to a previously de-
scribed nested PCR targeting the 5S-23S intergenic spacer  
region (8).

Amplicons were purified by using the QIAquick PCR 
Purification Kit (QIAGEN, Hilden, Germany) and sent to 
MWG Eurofins (Munich, Germany) for bidirectional se-
quencing by using primers B5S-23S_Fn and B5S-23–S_Rn 
(8). Sequencing revealed the same Borrelia strain in both 
joints. When compared with known sequences by using 
BLAST (http://www.ncbi.nlm.nih.gov/blast), the sequenc-
es showed 100% identity with that of the PBi strain.

Because the PBi strain and all PBi-like strains are 
now known as a distinct genospecies within the B. burg-
dorferi s.l. complex, namely B. bavariensis (9), and be-
cause B. bavariensis strains are associated with OspA 
serotype 4, another PCR for identifying the OspA sero-
type was carried out. To determine the OspA type of the 
Borrelia spp. found in the joint aspirates, we performed 
another previously described nested PCR targeting the 
ospA gene (10), then sequenced and identified a virtual 
restriction fragment polymorphism by using CLC Main  
Workbench version 7.0 (CLC bio, Aarhus, Denmark). 

 

 

 
Table 1. Primer	and	probe	sequences	used	in	identification	of	Borrelia bavariensis in 11-year-old	patient	with	oligoarthritis,	Vienna,	
Austria,	February	2014* 
Primer	or	probe Target gene Sequence, 5  3 Reference 
Primer    
 16SF 16S	rDNA GCT	GTA	AAC	GAT	GCA	CAC	TTG	GT (6) 
 16SR 16S	rDNA	 GGC	GGC	ACA	CTT	AAC	ACG	TTA	G (6) 
 BorF Flagellin  GAA	TTA	GCA	GTT	CAA	TCA	GG (7) 
 BorR Flagellin TTC	GTC	TGT	AAG	TTG	CTC	TAT (7) 
 rrf-rrl IGS	F 5S–23S	IGS CTG	CGA	GTT	CGC	GGG	AGA (8) 
 rrf-rrl	IGS	R 5S–23S	IGS TCC	TAG	GCA	TTC	ACC	ATA (8) 
 B5S-23S_Fn 5S–23S	IGS GAG	TTC	GCG	GGA	GAG	TAA	G (8) 
 B5S-23S_Rn 5S–23S	IGS TAG	GCA	TTC	ACC	ATA	GAC	TCT	T (8) 
 V1a ospA  GGG	AAT	AGG	TCT	AAT	ATT	AGC (10) 
 V1b ospA  GGG	GAT	AGG	TCT	AAT	ATT	AGC (10) 
 V3a ospA  GCC	TTA	ATA	GCA	TGT	AAG	C (10) 
 V3b ospA  GCC	TTA	ATA	GCA	TGC	AAG	C (10) 
 R1 ospA  CAT	AAA	TTC	TCC	TTA	TTT	TAA	AGC (10) 
 R37 ospA  CCT	TAT	TTT	AAA	GCG	GC (10) 
Probe    
 LBTM 16S	rDNA	gene FAM–TTC	GGT	ACT	AAC	TTT	TAG	TTA	A–TAMRA (6) 
 BorTM Flagellin gene FAM–AAC	GGC	ACA	TAT	TCA	GAT	GCA	GAC–TAMRA (7) 
*IGS,	intergenic	spacer. 

 

 

 

 
Table 2. Reports	of	Lyme	arthritis	and	identified	genospecies	in	patients	in	Europe* 

Study 
Year 

published PCR	target 
Total no. 

cases 
PCR-positive 

cases 

Borrelia spp.,	no.	(%)	identified 
B. burgdorferi 
sensu stricto B. afzelii B. garinii 

Eiffert et al. (11) 1998 ospA gene 11 7 3	(43) 1	(14) 3	(43) 
Vasiliu	et	al.	(12) 1998 ospA gene 20 13 4	(31) 5	(38) 4	(31) 
van	der	Heijden	et	al.	(13) 1999 5S–23S	IGS 4 3 3	(100) 0 0 
Jaulhac	et	al.	(14) 2000 Flagellin gene 12 10 9	(90) 0 1	(10) 
Total   47 33 19	(58) 6	(18) 8	(24) 
*IGS,	intergenic	spacer. 
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Because the obtained restriction fragment length poly-
morphism pattern matched OspA serotype 4, the presence 
of a B. bavariensis strain in both Borrelia-positive joints 
could be confirmed.

After the patient was treated with amoxicillin (500 
mg 3×/d for 28 days) (4), all joint effusions resolved. At 
his 9-month follow-up visit, the patient did not report any 
symptoms. No erythema migrans was observed, and the pa-
tient’s mother reported only 1 tick bite for the patient when 
he was 2 years old.

Conclusions
In Europe, Lyme arthritis can be caused by several geno-
species of B. burgdorferi s.l. Published studies have most 
commonly identified B. burgdorferi sensu stricto in joints 
from Lyme arthritis patients in Europe (Table 2). B. ba-
variensis, the pathogen that caused the illness in the pa-
tient we describe, was formerly classified as B. garinii 
genospecies characterized by OspA serotype 4 (9). On 
the basis of multilocus sequence analysis of chromosomal 
housekeeping genes, this group was found to be geneti-
cally distinct from other B. garinii strains. Furthermore, 
the 2 genotypes differ in their hosts: B. bavariensis is a 
rodent-associated strain, whereas other B. garinii sero-
types can be found in birds.

Most Lyme arthritis patients respond well to a single 
course of treatment with antimicrobial drugs, although 
in a small percentage of cases persistent synovitis can  
develop months or even years after treatment. For those pa-
tients whose synovial fluid PCR result is negative, intraar-
ticular application of corticosteroids can be beneficial (15).

This case illustrates that Lyme arthritis must be tak-
en into account in patients in Europe who have persist-
ing joint effusions. Treatment with antimicrobial drugs 
is highly effective. We did not find any other report  
of cases in which the pathogen was detected in multiple 
joints by using a direct identification method. This case 
is further evidence for the systemic characteristics of  
Lyme borreliosis.
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We studied the role of European rabbits (Oryctolagus cu-
niculus)	 as	 a	 reservoir	 for	Coxiella burnetii in the Iberian 
region.	 High	 individual	 and	 population	 seroprevalences	
observed in wild and farmed rabbits, evidence of systemic 
infections, and vaginal shedding support the reservoir role 
of the European rabbit for C. burnetii.

Wildlife play a major role in the maintenance and 
transmission of multihost pathogens (1,2). Under-

standing the role of host species involved in multihost zoo-
notic pathogen maintenance and transmission is essential to 
prevent disease caused by these pathogens.

Coxiella burnetii, which is the cause of Q fever, is a 
zoonotic pathogen that infects multiple hosts (3). The im-
plication of wildlife in the life cycle of C. burnetii has been 
reported worldwide (4,5), and wildlife might act as a source 
for humans infections (6,7).

European rabbits (Oryctolagus cuniculus) are native to 
the Iberian Peninsula and have been introduced into Aus-
tralia, New Zealand, Chile, and Argentina (8). Domestic 
varieties of European rabbits are farmed worldwide. Spe-
cific ecologic traits (high density, gregarious behavior, high 
reproductive rate) suggest that these rabbits might become 
a major reservoir of zoonotic pathogens. However, whether 
C. burnetii can infect, replicate in, and be shed by Europe-
an rabbits and contaminate the environment is not known. 
In this study, we investigated the role of these rabbits in a 
region to which Q fever is endemic.

The Study
Serum samples were collected from European wild rab-
bits in 13 locations in Spain, Portugal, and the Chafarinas 
Islands during 2003–2013 (Figure 1). Wild rabbits from 
1 of the study locations (LO; Figure 1) were obtained 
from 2 epidemiologic scenarios (10). The first scenario 
involved rabbits that coexisted with farmed red deer 
(Cervus elaphus) (sites A and B). The second scenario in-
volved rabbits that had not been in contact with ruminants 
since 2002 (site C). 

In addition to serum samples, spleen, uterus, and mam-
mary gland samples and vaginal and uterus swab specimens 
were collected from rabbits surveyed at location LO. Each 
rabbit from this location was weighed and sexed. Serum sam-
ples were also collected from farmed rabbits on 4 farms in 
Spain (Figure 1). Samples were stored at -20°C until tested.

Serum samples were analyzed by using the LSIVet 
Ruminant Q Fever Serum/Milk ELISA Kit (Life Technolo-
gies, Carlsbad, CA, USA) and horseradish peroxidase–con-
jugated protein G (Sigma-Aldrich, St. Louis, MO, USA) as 
secondary antibody (10). Results were interpreted accord-
ing to manufacturer’s recommendations.

DNA from tissues and swab specimens was extract-
ed bu using the DNeasy Blood and Tissue Kit (QIAGEN, 
Hilden, Germany). Swabs were incubated at 56°C for 30 
min in 200 μL of AL buffer containing 20 μL of protein-
ase K. Swabs specimens were then vortexed for 15 s and 
removed. The remaining solution was incubated at 56°C 
for 30 min. The manufacturer’s blood extraction protocol 
was then used. DNA aliquots were frozen at –20°C. Nega-
tive controls (nuclease-free water; Promega, Madison, WI, 
USA) were included during DNA extraction.

DNA samples were analyzed by using a conventional 
PCR (11). PCR products were visualized by electrophore-
sis in 1.2% agarose gels containing 0.1 μL/mL of GelRed 
Nucleic Acid Gel Stain (Biotium, Hayward, CA, USA).

Logistic regression models were used to test the effect 
of potential factors (Table) on the individual risk of expo-
sure to C. burnetii. Individual ELISA results were included 
as response variables in the models and the location origin 
of rabbits was used as a random factor.

Logistic regression models were also used for indi-
vidual exposure of rabbits from location LO to C. burnetii 
(ELISA), for the presence/absence of C. burnetii DNA in 
spleen (a proxy of systemic infection), and for the pres-
ence/absence of C. burnetii DNA in the reproductive tract 
(a proxy of shedding; including PCR results from uterus, 
and vaginal and uterus swab specimens). Location LO was 
included as a random factor, and sex, weight and ruminant 
presence/absence were also included as predictor variables 
(Table). Models were created by using a forward stepwise 
procedure. The model with the lowest Akaike information 
criterion (12) was selected.

Statistical analyses were performed in SPSS version 
20.0 (IBM, Armonk, NY, USA). Prevalence-associated, 
Clopper-Pearson exact 95% CIs were estimated.

Serum samples from 572 rabbits (464 wild and 108 
farmed) (Figure 1) were analyzed. Overall seroprevalence 
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was 32.3% (95% CI 28.5%–36.4%) for wild and farmed 
rabbits, 37.9% (95% CI 33.5%–42.5%) for wild rabbits, 
and 8.3% (95% CI 3.8%–15.2) for farmed rabbits. Sero-
prevalence in wild rabbit populations ranged from 6.7% 
to 81.3%. Nine (64.3%) of 13 wild rabbit populations and 
2 (50%) of 4 farms had >1 seropositive rabbit. The best 
model for C. burnetii exposure retained sampling year and 
season, and the risk for seropositivity was higher in sum-
mer (Table).

Seroprevalence at location LO was 65.2% (133/204; 
95% CI 58.2%–71.7%); it was slightly lower at site C than 
at sites A and B (Figure 2, panel A). However, none of the 
considered factors were retained in the best model (Table). 
Six (4.4%; 95% CI 1.6%–9.4%) of 136 spleen samples ana-
lyzed at location LO were positive by PCR (4 male and 2 
female rabbits). Five of the 6 spleen PCR–positive animals 
were seropositive. The 2 female rabbits were positive for 
C. burnetii DNA in vaginal swab specimens. Spleen PCR–
positive rabbits were observed only at sites A and B (Figure 
2, panel B).

The best model for the presence of C. burnetii DNA 
in spleen retained sampling year, season, presence of ru-
minants, and sex (Table). Results suggest expected higher 
systemic infection prevalence in rabbits coexisting with 
farmed red deer (Figure 2, panel B). C. burnetii DNA 

was detected in the reproductive tract of 9 (14.1%; 95% 
CI 6.6%–25.0%) of 64 female rabbits at sites A, B, and C 
(Figure 2, panel F). The presence of ruminants was retained 
in the best model for C. burnetii DNA in the reproductive 
tract (Table). None of the 13 mammary glands analyzed 
was positive for C. burnetii DNA.

Conclusions
This study provides 3 results that suggest that European 
rabbits might be reservoirs of C. burnetii. These 3 results 
are high seroprevalence of this bacteria; systemic infec-
tions; and bacterial shedding in vaginal secretions, which, 
in other host species, constitutes the main source for en-
vironmental contamination and transmission between  
species (13).

Host density is a major factor in C. burnetii preva-
lence in livestock (14). The highest seroprevalence values 
were observed at 2 locations where rabbit populations are 
managed for hunting purposes, which promotes high den-
sities of rabbits. These findings suggest that rabbit density 
may be a major factor in the ecology of C. burnetii. In 
addition, the European rabbit is a gregarious species with 
a high reproductive rate. This rate favors transmission of 
C. burnetii from infected to susceptible animals, which is 
enhanced by replacement of C. burnetii–negative rabbits  

Figure 1. Seroprevalence of 
Coxiella burnetii	(sample	size)	in	
wild and farmed European rabbits 
(Oryctolagus cuniculus),	Iberian	
Peninsula	and	Chafarinas	Islands.	
The distribution area of wild rabbits 
in	the	Iberian	Peninsula	(10	x	10	
km Universal Transverse Mercator 
squares)	is	shown	(gray	shading)	
according	to	Mitchel-Jones	et	
al. (9).	LO	sampling	location	is	
indicated.	*Rabbit	farm.
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and can contribute further to spread of this bacterium in 
the environment.

The higher risk of exposure to C. burnetii observed 
during the summer might be related to increased indirect 
interaction with C. burnetii shed by coexisting ruminants, 

whose main shedding season is late spring–early summer 
(3). Inclusion of ruminants in the final models for systemic 
infection and vaginal shedding at location LO might sup-
port this hypothesis. However, further analyses, including 
molecular typing of circulating strains, would be needed to 

 

 

 
Table. Variables	considered	as	potential	risk	factors	and	outputs	(coefficient/statistic)	of	best	fitted	risk	factor	models	for	Coxiella 
burnetii exposure	in	European	rabbits	(Oryctolagus cuniculus),	Iberian	Peninsula	and	Chafarinas	Islands* 
Variable	code Variable,	units Cbsp CbspLO CbsplLO CbrtLO 
Intercept NA 67.776/4.98† –037270.00‡ –2,942.687/1.15‡ 2,925.025/0.49‡ 
X Longitude,	decimal	degrees § ¶ ¶ ¶ 
Y Latitude,	decimal	degrees § ¶ § ¶ 
Ye Year 0.033/0.20‡ § 1.464/0.42‡ 1.453/0.45‡ 
Se Season § § § § 
Sp Spring 1.209/5.45‡ § 1.583/2.78‡ § 
Su Summer 2.257/5.45† § Referent § 
Au Autumn 0.043/5.45‡ § § § 
Wi Winter Referent § § § 
Mg Management, wild vs. farmed § ¶ ¶ ¶ 
Rum Ruminants,	presence	vs.	absence ¶ § 0.059/0.0‡ 2.004/1.08‡ 
Sex Sex,	M	vs.	F ¶ § 0.383/0.27‡ 2.004/0.22‡ 
Wg Weight, g ¶ § § § 
*Cbsp,overall	seropositivity;	CbspLO,	seropositivity	at	location	LO;	CbsplLO, systemic infection (C. burnetii DNA	in	spleen	of	wild	rabbits);	CBrtLO, shedding  
(C. burnetii DNA	in	reproductive	tracts	of	wild	rabbits);	NA,	not	applicable. 
†p<0.05. 
‡p>0.05. 
§Variable	was	included	in	each	model	but	was	not	retained	in	the	best	model. 
¶Variable	not	tested. 

 

Figure 2.	Prevalence	of	antibodies	against	Coxiella burnetii and C. burnetii	DNA	in	European	rabbits	(Oryctolagus cuniculus)	at	sampling	
location	LO,	Iberian	Peninsula.	A)	Antibodies;	B)	DNA	in	spleen;	C)	DNA	in	vaginal	swab	specimen;	D)	DNA	in	uterine	swab	specimen;	E)	
DNA	in	uterus;	F)	DNA	in	reproductive	tract	(vaginal	swab	specimen,	uterine	swab	specimen,	uterus).	Gray	bars	indicate	seroprevalence.	
St_P	indicates	results	for	sites	with	ruminants	(sites	A	and	B);	no	ruminants	were	present	at	site	C.	Values	at	the	top	of	bars	indicate	number	of	
samples,	and	values	at	the	bottom	of	bars	indicate	number	of	positive	samples.	Error	bars	indicate	prevalence-associated	exact	95%	CIs.
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confirm the direction, frequency, and magnitude of inter-
species interactions favoring transmission of C. burnetii.

Indirect transmission of C. burnetii between rabbits, 
humans, livestock, and other wild species may be enhanced 
in regions with high-density rabbit populations and in re-
gions in which the European rabbit is a major game or farm 
species. Hunters, game keepers, rabbit farmers, veterinari-
ans, wildlife researchers, livestock producers and livestock 
might be exposed to C. burnetii from rabbits (6,15). The 
European rabbit shows a high potential as a reservoir of C. 
burnetii for infection of livestock and humans in Europe.
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Panama	 remains	 free	 of	 zoonotic	 tuberculosis	 caused	
by Mycobacterium bovis.	However,	DNA	fingerprinting	of	
7	M. bovis	 isolates	 from	a	2013	bovine	 tuberculosis	out-
break indicated minimal homology with strains previously 
circulating	 in	 Panama.	M. bovis	 dispersion	 into	 Panama	
highlights the need for enhanced genotype testing to track 
zoonotic infections.

Zoonotic tuberculosis (TB) is a chronic infectious dis-
ease of humans caused by transmission of Mycobac-

terium bovis from cattle (1). M. bovis infection in humans 
occurs after direct contact with infected cattle, ingestion of 
unpasteurized dairy products or raw or undercooked meat, 
or (rarely) person-to-person transmission (2). Despite the 
low incidence of zoonotic tuberculosis in the Americas, 
accumulating evidence confirms that death rates from M. 
bovis pulmonary infection in specific groups and settings, 
including in the United States and Mexico, are substantial 
(3,4). The risk for death is twice as high for children and 
persons with HIV co-infection and extrapulmonary TB 
than for HIV-negative persons with TB (3). M. bovis in-
fection in cattle (bovine TB) has a major effect on meat 
and live animal export trade and dairy industry develop-
ment and expansion (1). Thus, bovine TB eradication plans 
across the Americas are based on the elimination of any 
cattle with a positive tuberculin skin test (TST) result (5). 

The most recently reported bovine TB outbreak in 
Panama occurred in 1997 in the western province of Bocas 

del Toro. The origin of this outbreak remains unclear. Since 
2008 (after the slaughter of ≈7,000 cattle during the 1997 
outbreak), Panama has not reported any bovine TB cases to 
the World Organisation for Animal Health (OIE) (Figure 
1) (6). However, Panama has not received bovine TB-free 
accreditation. OIE data show that clinical bovine TB was 
continually reported from Colombia and Costa Rica during 
the same period (6). 

In August 2013, despite active surveillance at coun-
try borders and in-country animal health controls, a new 
bovine TB outbreak in Panama was reported to OIE (6). 
Neither the neighboring countries of Colombia and Costa 
Rica nor Panama have reported zoonotic tuberculosis to 
OIE in the past 20 years (4,7). Among these countries, only 
Costa Rica does not test M. tuberculosis complex isolates 
to identify M. bovis. In contrast, Guatemala continually re-
ports cases of zoonotic TB (6). Yet, the genetic biodiver-
sity of M. bovis in Central America remains unexplored. 
Comparisons of mycobacterial interspersed repetitive 
unit–variable-number tandem-repeat (MIRU-VNTR) and 
single-nucleotide polymorphism (SNP) analyses based on 
whole-genome sequencing have proven to be helpful for 
identifying TB outbreaks elsewhere (8,9). We character-
ized and genotyped M. bovis isolates that reemerged in 
Panama during the 2013 outbreak of bovine TB.

The Study
In March 2013, as part of the Panamanian bovine TB con-
trol program, TSTs were administered to a dairy herd of 
1,680 Jersey cows in Coclé Province, Panama. Animals 
with TST indurations >4 mm in diameter were considered 
positive. From animals with positive TST results, blood 
samples were collected for confirmation with an interfer-
on-gamma release assay (BOVIGAM; Prionics, La Vista, 
NE, USA). Bovine TB was confirmed for 9 animals, 1 of 
which died naturally and 8 of which were sent to slaughter 
for postmortem examination and collection of samples for 
M. bovis culture. Epidemiologic investigation revealed that 
within the past 2 years, all 9 animals had been imported 
from Guatemala and Costa Rica according to controlled 
and legal commercial trade protocols. Visible lesions were 
found on all 8 slaughtered animals. Samples were obtained 
and sent for culture at the Laboratorio de Diagnóstico e In-
vestigación Veterinaria de Salud Animal del Ministerio de 
Desarrollo Agropecuario.

Mycobacteria were isolated from 7 animals. Bacterial 
genomic DNA was extracted, and PCR identified the iso-
lates as M. bovis (10). DNA from the M. bovis isolates was 
genotyped by 24-loci MIRU-VNTR (11). Whole-genome 
sequencing was performed by using the Illumina MiSeq 

Mycobacterium bovis in Panama, 2013
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platform (12), and sequencing reads were aligned on  
reference genome by using the bowtie2 program (http://
bowtie-bio.sourceforge.net/bowtie2/index.shtml) and for 
further SNP calling and variant cell format file processing by 
using a combination of SAMtools (http://samtools.source-
forge.net) and VCFtools (http://vcftools.source¬forge.net).  
M. bovis genome sequence NC_002945.3 was used as a 
reference for SNP/indel detection. Sequencing data for 
the M. bovis sequenced genomes were deposited in the 
National Center for Biotechnology Information Sequence 
Read Archive (accession no. PRJNA267480). SNP analy-
sis revealed high homology among the 7 M. bovis isolates. 
However, the isolates were not directly related to 2 M. bo-
vis isolates available from the 1997 bovine TB outbreak in 
Bocas del Toro (Figure 2).

Among the 7 isolates, a least four 24-loci MIRU-
VNTR M. bovis genotypes were identified, including 5 
distinct loci sequences (Table, http://wwwnc.cdc.gov/EID/
article/21/6/14-1821-T1.htm). These 4 distinct genotypes 
suggest that bovine TB may have been introduced by at 
least 4 infected animals. The M. bovis strains obtained from 
animals imported from Guatemala were clustered accord-
ing to MIRU-VNTR genotypes (Table). Similarly, MIRU-
VNTR genotypes for M. bovis isolates obtained from 3 ani-
mals imported from Costa Rica were more closely related. 
The 2 M. bovis isolates from the 1997 Bocas del Toro out-
break shared the same MIRU-VNTR genotypes with those 
from the recent outbreak. The molecular clock speed for 
this genotyping tool may account for the lack of differentia-
tion in this last comparison, but we cannot rule out endemic 
spread of the same strain in this herd.

SNP analysis revealed high genetic similarity among 
all 7 M. bovis isolates from the 2013 bovine TB outbreak. 
In contrast, we found no direct relation between M. bovis 
isolates from the 2013 and 1997 outbreaks. Because all 7 
isolates were grouped in 2 branches, it is possible that they 
were derived from a common ancestor in Central America. 

A comparison of the SNPs from the 7 M. bovis isolates 
from the 2013 outbreak with 2 M. bovis isolates from the 
1997 Bocas del Toro outbreak showed no close relation-
ships. Adjacent countries have often reported M. bovis 
strains with highly similar genotypes, but geographically 
distant countries have not (13). 

We hypothesize that similar genotypes are being dis-
tributed in Central America because of augmented commer-
cial trade between neighboring countries. Coincidentally, 
since January 2013, importation of cattle from Nicaragua, 
the United States, and Costa Rica into Panama for dairy 
and meat production has increased by ≈300%. Unfortu-
nately, whole-genome sequencing data for M. bovis iso-
lates from Central America are not available for validation 
of this hypothesis. Determination of the genetic structure 
of all M. bovis strains circulating in Central America will 
require further multicenter studies.

Conclusions
The diagnosis of bovine TB in Panama requires urgent at-
tention. Accumulated genetic changes in M. bovis isolates 
from 2 outbreaks occurred 15 years apart (8). Currently in 
Latin America, use of the TST remains the preferred meth-
od of identifying animals with bovine TB, despite its sen-
sitivity range of 68% to 95% (14,15). In addition, several 
factors can lead to false-positive and false-negative TST 
results (e.g., purified protein derivative antigen quality and 

Figure 1. Bovine	tuberculosis	(TB)	in	Panama,	1999–2013.	Data	
from	the	World	Organisation	for	Animal	Health	(http://www.oie.int/
animal-health-in-the-world/the-world-animal-health-information-
system/the-oie-data-system/).	

Figure 2. Phylogenic	placement	of	the	Mycobacterium bovis 
isolates. The M. bovis	AF2122/97	sequence	was	used	as	a	
reference	for	single-nucleotide	polymorphism	analysis	(GenBank	
accession	no.	NC_002945.3).The	tree	was	derived	from	an	
unweighted pair-grouping method analysis algorithm by using 
DNA	fragment	sequence	analysis.	Numbers	on	branches	
represent bootstrap percentages from 500 replicates. M. 
canettii was used as the outgroup. Evolutionary analyses were 
performed	by	using	MEGA6	software	(http://www.megasoftware.
net).	Symbols	indicate	M. bovis isolates with identical genotypes 
according to mycobacterial interspersed repetitive units–variable 
number of tandem repeats. Scale bar indicates mean distances 
between	strains	according	to	base	substitutions	(%).	CR,	Costa	
Rica;	GUA,	Guatemala,	PTY,	Coclé,	Panama.
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manipulation, skin induration interpretation, and injection 
dose protocols) (15). In contrast, interferon-gamma release 
assays are expensive and cost-prohibitive for rural farmers. 
For detection and quantification of the disease, novel and 
low-cost biomarker-based tests are needed; they would en-
able proper identification and disposal of diseased animals 
to prevent new outbreaks of zoonotic TB. After bovine TB 
is diagnosed, whole-genome sequencing and MIRU-VN-
TR can differentiate M. bovis lineages and identify patterns 
of bovine TB transmission across Central America.

Our study provides the baseline genotypes and se-
quences of M. bovis strains involved in the 2013 outbreak 
of bovine TB in Panama. These data could serve as a refer-
ence to determine future sources of zoonotic M. bovis in-
fection and help track the movement of M. bovis strains 
between Central American countries. Together these strat-
egies will reinforce international bovine TB control and 
eradication efforts.
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Mycoplasma genitalium	was	detected	in	21	(14.1%)	of	149	
vaginal	swab	samples	and	in	1	(0.7%)	of	149	throat	wash-
ing	samples	from	female	sex	workers	during	2013–2014	in	
Japan.	Prevalences	of	M. genitalium with macrolide resis-
tance–associated	23S	rRNA	mutations	and	fluoroquinolone	
resistance–associated parC	 alterations	 were	 47.1%	 and	
36.8%,	respectively.

For Mycoplasma genitalium infections, azithromycin 
regimens have been considered first-line treatments, 

and fluoroquinolone regimens, including those of moxi-
floxacin and sitafloxacin, have been effective second-line 
treatments (1). However, the proportion of M. genitalium 
harboring macrolide or fluoroquinolone resistance–asso-
ciated mutations has been increasing in male and female 
patients with M. genitalium infections (2–5), and treating 
M. genitalium infections with current antimicrobial chemo-
therapies is increasingly difficult (5,6).

The prevalence of M. genitalium infections in wom-
en at low risk for sexually transmitted infections (STIs) 
is reportedly 2.0%, with the range for most cohorts be-
ing <1%–5%. In high-risk populations, the prevalence is 
0%–42% (7). For female sex workers (FSWs), the range 
of M. genitalium prevalence rates is reportedly 12%–26% 
(7–10). FSWs could be a reservoir of M. genitalium in-
fections, but little is known about drug resistance in M. 
genitalium in FSWs.

In this study, vaginal swab and throat washing sam-
ples collected from 149 FSWs were examined for the 
presence of M. genitalium. Positive specimens were then 
tested for drug resistance–associated mutations in the M. 
genitalium DNA.

The Study
This cross-sectional prospective study was approved by 
the Institutional Review Board of the Graduate School of 

Medicine, Gifu University, Japan (reference number 22–
11). A total of 149 FSWs who attended Hoshina Clinic, 
Kyoto, Japan, for regular screening for STIs from August 
2013 through January 2014 were enrolled in this study 
after informed consent was obtained. The women were 
19–47 years of age (mean 29 years). All performed fellatio 
on their clients without use of condoms. Six (4.0%) had 
received antimicrobial drug treatment (i.e., azithromycin, 
clarithromycin, ceftriaxone, or amoxicillin) for gonococcal 
or chlamydial infections during the 3 months before vis-
iting the clinic. Sixty-five (43.6%) had histories of STIs, 
including gonococcal infections, chlamydial infections, 
genital condyloma, genital herpes, and syphilis. Other so-
ciodemographic information, sexual history, or HIV sero-
logic status was not obtained from most participants. At 
clinic visits, all were asymptomatic. On genital examina-
tion, however, genital herpes was found in 1 (0.7%), and 
mucopurulent vaginal discharge was found in 3 (2.0%).

Vaginal swab and throat washing samples were col-
lected from all 149 women, as previously recommended 
(11). These specimens were tested by using Cobas 4800 
CT/NG (Roche Molecular Systems, Pleasanton, CA, USA) 
to detect Chlamydia trachomatis and Neisseria gonorrhoe-
ae. The specimens were also tested for M. genitalium, M. 
hominis, Ureaplasma urealyticum, and U. parvum, as pre-
viously recommended (12). The DNA specimens were then 
stored at –80°C. The 1 throat washing positive for M. geni-
talium was tested by PCR with primers specific for the 23S 
rRNA genes of the genital mycoplasmas, which were used 
in the PCR-based assay. The PCR product was sequenced, 
and its sequence was compared to the 23S rRNA genes of 
M. genitalium and M. pneumoniae (13,14).

A total of 6 bacterial species were detected in the 
samples (Table 1). M. genitalium was detected in the 
vaginal swab samples from 21 FSWs (14.1%, 95% CI 
8.5%–19.7%). M. genitalium was also detected in a throat 
washing sample from 1 FSW (0.7%, 95% CI 0%–2.0%), 
whose vaginal swab sample was negative for M. genita-
lium. The sequence of the PCR product amplified from the 
DNA from the throat washing specimens aligned with that 
of the 23S rRNA gene of M. genitalium but not with that 
of M. pneumoniae.

The prevalence of M. genitalium in vaginal swab sam-
ples from the asymptomatic FSWs in this study was similar 
to that reported in FSWs worldwide (7–10). The FSWs en-
rolled in this study were at high risk for pharyngeal STIs. 
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However, M. genitalium was found in only 1 throat wash-
ing sample and was not detected in throat washing sam-
ples obtained from 403 FSWs in our previous study (11). 
The prevalence of M. genitalium in the genitalia of FSWs 
would be expected to be high, whereas the prevalence of 
mycoplasma in the pharynx has been extremely low.

For the 21 vaginal swab samples and 1 throat wash-
ing sample that were positive for M. genitalium from the 
22 FSWs, the portion of the 23S rRNA gene, including 
A-2058 and A-2059 in the 23S rRNA gene of Escherichia 
coli, and the region corresponding to the quinolone resis-
tance–determining regions of the E. coli gyrA and parC 
genes were amplified from the stored DNA specimens by 
PCR, and sequencing of the PCR products was performed, 
as reported previously (4). The 6 FSWs to whom antibiot-
ics had been administered 3 months before this study were 
not included in these 22 FSWs. 

Table 2 shows the results of analyses of these 22 
specimens for the drug resistance–associated alterations. 
Five vaginal swab specimens and the 1 throat washing 
specimen could not be analyzed because their stored DNA 
yielded no reliable PCR products. The storage of the frozen  

specimens likely had degraded the quality of the DNA, or 
the specimens might have contained low bacterial loads 
of M. genitalium. However, for samples for which genes 
could be analyzed, 8 (47.1%, 95% CI 23.4%–70.8%) of 
17 vaginal swab samples had macrolide resistance–associ-
ated 23S rRNA mutations, and 7 (36.8%, 95% CI 15.1%–
58.5%) of 19 samples had fluoroquinolone resistance–as-
sociated parC alterations. For 21 vaginal swab samples, 
no fluoroquinolone resistance–associated gyrA alterations 
were found. Four of 16 vaginal swab samples that could 
be analyzed for the 23S rRNA gyrA and the parC genes 
showed drug resistance–associated alterations in both 
genes (25.0%, 95% CI 3.8%–46.2%).

In Australia and the United Kingdom, the proportions 
of M. genitalium harboring macrolide resistance–associated 
mutations in clinical specimens from male and female pa-
tients with M. genitalium infections ranged from 36.1% to 
43.4% (2,3,5), but proportions of the mycoplasma harbor-
ing the fluoroquinolone resistance–associated amino acid 
changes in gyrA or parC ranged from 4.5% to 15.4% (2,3). 
For Japan, we reported that drug resistance–associated 23S 
rRNA mutations and parC alterations were observed in 

 

 

 
Table 1. Bacterial species detected in vaginal swab and throat washing samples from 149 female sex workers, Japan, August 2013–
January 2014 

Bacterial species 
No. (%) specimens positive  

Vaginal swab Throat washing 
Neisseria gonorrhoeae 7 (4.7) 10 (6.7) 
Chlamydia trachomatis 26 (17.4) 11 (7.4) 
Mycoplasma genitalium 21 (14.1) 1 (0.7) 
Mycoplasma hominis 52 (34.9) 2 (1.5) 
Ureaplasma parvum 109 (73.2) 4 (2.7) 
Ureaplasma urealyticum 52 (34.9) 5 (3.4) 

 

 

 

 
Table 2. Mutations in the 23S rRNA gene and amino acid changes in GyrA and ParC in Mycoplasma genitalium detected in female sex 
workers, Japan* 

Female sex worker Specimen type 
Mutations in the 23S 

rRNA gene 
Amino acid changes in 

GyrA ParC 
1 Vaginal swab A-2058G – – 
2 Vaginal swab NA – – 
3 Vaginal swab – – – 
4 Vaginal swab – – – 
5 Vaginal swab A-2058G – – 
6 Vaginal swab A-2059G – Ser-80Ile 
7 Vaginal swab NA – NA 
8 Vaginal swab – – – 
9 Vaginal swab – – – 
10 Vaginal swab – – – 
11 Throat washing NA NA NA 
12 Vaginal swab – – – 
13 Vaginal swab NA – – 
14 Vaginal swab A-2059G – Ser-80Ile 
15 Vaginal swab A-2058G – Ser-80Asn 
16 Vaginal swab NA – Ser-80Ile 
17 Vaginal swab – – Ser-80Ile 
18 Vaginal swab – – – 
19 Vaginal swab – – Ser-80Asn 
20 Vaginal swab A-2058G – Ser-80Asn 
21 Vaginal swab A-2058G – – 
22 Vaginal swab A-2058G – NA 
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5 (29.4%) and 8 (47.1%), respectively, of 17 first-voided 
urine specimens from men with M. genitalium–positive 
nongonococcal urethritis in 2013 (4). The present study 
suggests that macrolide- and fluoroquinolone-resistant 
strains of M. genitalium will be emerging and spreading in 
asymptomatic FSWs and other patients with M. genitalium 
infections in Japan.

Conclusions
This study has several limitations: the small number of en-
rolled FSWs, the inability to analyze all specimens for drug 
resistance–associated mutations, the lack of knowledge of 
most participants’ HIV serologic status, and the lack of 
longitudinal observations for FSWs with M. genitalium in-
fections. Nevertheless, this study suggests that, in addition 
to the high prevalence of M. genitalium in FSWs, the my-
coplasmas might frequently harbor macrolide or fluoroqui-
nolone resistance–associated alterations. Several studies 
have suggested that M. genitalium might increase the risk 
for HIV acquisition in FSWs (15). This growing evidence 
indicates that M. genitalium infections should be included 
in STI control strategies for FSWs.
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The antimalarial drug chloroquine has been suggested as 
a treatment for Ebola virus infection. Chloroquine inhibited 
virus	replication	in	vitro,	but	only	at	cytotoxic	concentrations.	
In mouse and hamster models, treatment did not improve 
survival. Chloroquine is not a promising treatment for Ebola. 
Efforts should be directed toward other drug classes.

Chloroquine was first used as an antimalarial drug un-
til widespread resistance in Plasmodium falciparum 

strains emerged. However, for >30 years this drug also has 
been recognized as having broad-spectrum antiviral prop-
erties (1), including activity against HIV-1 (2); the human 
coronaviruses, severe acute respiratory syndrome coro-
navirus (3) and OC43 (4); dengue virus (5); chikungunya 
virus (6); and influenza virus (7) in cell culture. Despite 
these data, chloroquine is not approved for use against any 
viral infections.

Previous in vitro data state a half maximal effective 
concentration (EC50) and EC90 of 16 and 25 μmol/L for 
chloroquine against Ebola virus (EBOV), respectively (8). 
Twice daily dosing at 90 mg/kg intraperitoneally rapidly 
achieved a steady-state concentration of 2.5 μg/mL in the 
blood of mice. This dosing regimen resulted in survival 
of 85% of mice after infection with mouse-adapted (MA) 
EBOV (8). These data have led to the suggestion that chlo-
roquine and its derivatives be used in persons with EBOV 
infection because this drug is approved for use in humans, 
has an extensive safety profile, and is inexpensive (1,9). To 
determine whether protection would extend to the EBOV 
hamster model, during 2013–2014 we investigated chloro-
quine treatment in this model and attempted to repeat previ-
ous in vitro findings and findings in the mouse model.

The Study
Vero E6 cells were infected with 100 focus-forming units of 
EBOV expressing enhanced green fluorescent protein. After 
a 1-h incubation, the inoculum was removed and replaced 
with media (Dulbecco’s modified Eagle’s medium with 2% 
fetal bovine serum, Penn/Strep, l-glutamine) containing 

chloroquine (Sigma, St. Louis, MO, USA). The supernatant 
was collected on days 1, 3, 5, 7, and 9 after infection and 
media replaced with fresh drug. Viral RNA was extracted 
from the supernatant and quantified by real-time quanti-
tative reverse transcription PCR as previously described 
(10). Concurrently, cell viability was assayed by using Cell 
Titer96 Aqueous One Solution (Promega, Madison, WI, 
USA) according to the manufacturer’s instructions. EC was 
determined by using Prism6 (GraphPad Software, San Di-
ego, CA, USA).

When added 1 h after infection, chloroquine at 5 μg/
mL and 25 μg/mL reduced the viral loads by 0.61 and 1.07 
logs, respectively (peak reduction observed on day 5), with-
out any significant cytotoxicity (Figure 1). Analysis of the 
data from day 5 resulted in an EC50 of 1.77 μg/mL and an 
EC90 of 23.34 μg/mL, concentrations that are comparable 
with previous data (8); however, reductions in viral loads 
at these concentrations at other time points were negligible. 
Although concentrations of >50 μg/mL of chloroquine re-
duced viral loads by 2–4 logs starting on day 3, this de-
crease was accompanied by a high level of cytotoxicity 
(>50%) that was evident both in the cytotoxicity assay and 
microscopically resulting in poor selectivity of chloroquine.

Six-week-old BALB/c mice or Syrian hamsters (both 
from Harlan, Indianapolis, IN, USA) were inoculated intra-
peritoneally with 100 50% lethal dose of MA EBOV. The 
mouse (11) and the hamster (12) are well-established dis-
ease models of EBOV infection. Treatment was initiated 1 
h after inoculation. Treatment groups (mice and hamsters) 
received 90 mg/kg of chloroquine alone (intraperitoneally). 
Vehicle groups received the equivalent volume of sterile 
saline (intraperitoneally). Mock-infected animals received 
sterile tissue culture media in place of MA EBOV. An ad-
ditional group of hamsters received 50 mg/kg of chloro-
quine (intraperitoneally every 24 h) in combination with 
2.5 mg/kg doxycycline (gavage every 12 h) and 50 mg/
kg azithromycin (intraperitoneally every 24 h). After in-
oculation, animals were monitored at least twice daily and 
euthanized by using a humane endpoint scoring criteria as 
approved by the Animal Care and Use Committee at Rocky 
Mountain Laboratories (Hamilton, MT, USA). Analysis of 
survival was performed in Prism6 (GraphPad).

Two of 3 mock-challenged mice did not survive be-
cause of chloroquine (90 mg/kg) treatment alone (Figure 2, 
panel A). Only 2 of 9 mice infected with MA EBOV and 
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treated with chloroquine survived, and 1 of 9 mice infected 
with MA EBOV and treated with vehicle survived. With 
median survival of 7, 8, and 8 d for mock-challenged/chlo-
roquine-treated mice, MA EBOV–infected/chloroquine-
treated mice, and MA EBOV–infected/vehicle-treated 
mice, respectively, treatment had no significant effect on 
survival. This dose, although previously stated as the maxi-
mum tolerated dose in mice (8), was not well tolerated by 
the animals in this study and clearly did not improve sur-
vival in animals challenged with MA EBOV.

When the same dose (90 mg/kg) of chloroquine was 
given to hamsters challenged with MA EBOV, the study 
had to be terminated on day 2 after treatment. Nearly all the 
treated animals, in both the MA EBOV and the mock-chal-
lenged groups, died of acute toxicity after administration of 
chloroquine intraperitoneally, typically within 30 min after 
treatment (Figure 2, panel B).

In a separate study, hamsters were treated with chlo-
roquine (50 mg/kg) in combination with doxycycline (2.5 
mg/kg) and azithromycin (50 mg/kg) to additionally pro-
vide broad-spectrum antimicrobial drug coverage. Reper-
fusion injury of the gut after EBOV disease, which would 
subsequently result in bacterial sepsis, has been suspected 
as a possible cause of death. Thus, broad-spectrum antimi-
crobial drugs were proposed to help in this regard. In this 
study, no toxicity was observed in the mock-challenged 
group as a result of the combination treatment. This find-
ing suggests that hamsters tolerate this dose of chloroquine. 
However, treatment had no effect on survival; no combina-
tion-treated or vehicle-treated groups survived, and median 
survival times were comparable (Figure 2, panel C).

Conclusions
Despite some activity of chloroquine against EBOV in vitro, 
we observed no benefit to its administration in the mouse 

and hamster models. In the mouse model, a dose of 90 mg/
kg resulted in toxicity but did not alter survival; therefore, 
higher concentrations of chloroquine in the mouse would 
not be expected to be possible. In the hamsters, this dose 

Figure 1.	Viral	loads	from	supernatants	derived	from	Vero	
cells	infected	with	Ebola	virus	expressing	enhanced	green	
fluorescent	protein	and	treated	with	chloroquine	at	the	indicated	
concentrations	(0,	5,	25,	50,	100,	and	200	μg/mL).	TCID50,	50%	
tissue culture infectious dose.

Figure 2.	Survival	of	MA	EBOV-inoculated	mice	(A)	and	hamsters	
(B)	treated	with	CQ	(90	mg/kg).	C)	Survival	of	MA	EBOV–
infected	hamsters	treated	with	a	combination	of	CQ	(50	mg/kg),	
doxycycline	(2.5	mg/kg),	and	azithromycin	(50	mg/kg).	Combo,	
combination	of	chloroquine,	doxycycline,	and	azithromycin;	
CQ,	chloroquine;	EBOV,	Ebola	virus;	MA,	mouse-adapted.
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was already lethal on its own. In the hamster model at a 
lower dose (50 mg/kg) combined with doxycycline and 
azithromycin—which together provide broad-spectrum 
antimicrobial coverage, in addition to doxycycline having 
a small antiviral effect against EBOV—survival did not 
change. Previous anecdotal reports of the incidental use of 
chloroquine in patients with filovirus infections also do not 
support any benefit from its use (13,14). Together, these 
data suggest that chloroquine is unlikely to provide any 
protection from EBOV infection in humans.

Given its in vitro activity against many different vi-
ruses and its longstanding use in humans, chloroquine has 
been put into multiple clinical trials. During dengue virus 
infection, viremia did not decrease (15), and chloroquine 
neither prevented influenza virus infection (7) nor im-
proved outcome of chikungunya virus infection (6) despite 
promising in vitro activity against these viruses.

When taken together with previous findings for other 
less pathogenic viruses, the clinical use of chloroquine 
seems unlikely to provide any benefit for either prophylaxis 
or treatment of EBOV. Moreover, chloroquine has a small 
therapeutic window; dosing for treatment of acute malaria 
is ≈15 mg/kg, and lethality starts at 50 mg/kg. Thus, current 
preclinical data do not support the continued consideration 
of chloroquine for use against EBOV infections in humans.
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To the Editor: We report the identification of Wohl-
fahrtiimonas chitiniclastica bacteria in a sample of blood 
obtained from a patient in Surrey, United Kingdom. We 
highlight the importance of recognizing unusual bacteria 
that are associated with the larvae of parasitic flies as a po-
tential causative agent of severe infection in patients with 
myiasis in the United Kingdom and possibly worldwide.

The patient, an 82-year-old woman, was found col-
lapsed in her garden with maggots covering her body and 
hair. Skin excoriations over her neck, face, and head showed 
superficial tissue breakdown in keeping with proteolytic 
enzyme secretions of maggots. The woman may have been 
lying outside for 72–96 hours. She had a history of recur-
rent falls, hypertension, chronic kidney disease, ischemic 
heart disease, hypercholesterolemia, and osteoarthritis.

Blood analysis showed a marked inflammatory re-
sponse. The patient had a C-reactive protein level of 157 
mg/L (reference <10 mg/L); leukocyte count of 15.56 × 
109 cells/L (reference 4.0–11.0 × 109 cells/L); predomi-
nant neutrophilia; and evidence of rhabdomyolysis. She 
had persistent acute kidney injury; her creatinine level was 
131 µmol/L (reference 49–90 µmol/L), and her urea level 
was 23.3 mmol/L (reference 2.5–7.8 mmol/L). Her serum 
lactate level was 2.5 mmol/L (reference 0.6–2.2 mmol/L), 
suggesting sepsis.

Intravenous antimicrobial drug therapy with cefu-
roxime (750 mg 3×/d), metronidazole (500 mg 3×/d), and 
clarithromycin (500 mg 2×/d) was continued for 7 days, 
followed by oral flucloxacillin (500 mg 4×/d). Topical 
chloramphenicol and fusidic acid were applied to ear ca-
nals. Superficial maggots were manually removed; howev-
er, larvae continued to emerge from the patient’s inflamed 
ear canals, requiring otoscopic removal and cleaning of 
her ears. Larvae were identified as the third instar of Lu-
cilia sericata, the common green bottle fly. W. chitinicla-
stica bacteria, which were isolated from cultures of blood 
samples obtained on admission, were identified by using 
matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectrometry (Bruker Daltonics, Bil-
lerica, MA, USA), a tool for rapid identification of uncom-
mon microorganisms, and confirmed by using 16S rRNA 

sequencing. Two W. chitiniclastica reference isolates were 
in the MALDI-TOF database at time of testing; scores 
matched to our isolate were 2.264 and 2.200, indicating 
a match to species level. We could not isolate W. chitini-
clastica from swab specimens of superficial lesions or ear 
swab specimens.

Blood culture samples grew a mixture of Proteus mi-
rabilis, Providencia rettgeri, and Staphylococcus aureus. 
The patient made good clinical recovery and was later dis-
charged to a local rehabilitation unit.

Previous case reports from Argentina and the south of 
France of bacteremia caused by Wohlfahrtiimonas spp. in-
volved homeless persons with histories of alcohol abuse, 1 
of whom was infested with insect larvae (1,2). One of these 
patients died from sepsis. W. chitiniclastica is known to 
colonize at least 2 species of flies but is not reported in Lu-
cilia sp. This bacterium has been isolated from larvae of the 
fly Wohlfahrtia magnifica, a serious parasite of livestock in 
eastern Europe, the Mediterranean, and Central Asia (3), 
but this fly is not usually seen in the United Kingdom. W. 
chitiniclastica has also been isolated in China from Chrys-
omya megacephala oriental latrine flies, a screwworm 
species common in tropical and subtropical regions that is 
a facultative cause of myiasis (4,5). A study from South 
Korea reported a new Wohlfahrtiimonas sp. isolated from 
the larval gut of Hermetia illucens, the black soldier fly, 
although this fly is not pathogenic (6).

L. sericata is a blowfly that is common across much 
of the world. Although it usually feeds on dead or necrot-
ic tissue, it can invade healthy tissue and is the cause of 
sheep blowfly strike (i.e., cutaneous myiasis) in otherwise 
healthy livestock. This organism has a role in forensic in-
vestigations and is used in health care settings for larval 
debridement of necrotic tissue from wounds and ulcers (5). 
The woman in our study had myiasis (i.e., infestation) with 
some invasion of healthy tissue and tissue damage from 
enzymes secreted by the larvae.

In this case, use of MALDI-TOF mass spectrometry 
enabled rapid identification of a rare bacterial species (7) in 
a patient with myiasis; slower molecular methods were pre-
viously required for such diagnoses. Without local avail-
ability of this technology, considerably more time would 
have been required for the diagnosis. Previous lack of iden-
tification of this species may be due to the former shortage 
of W. chitiniclastica isolates in the MALDI-TOF database.

This case demonstrates association of W. chitiniclas-
tica with myiasis, although the pathogenic role in this clini-
cal situation is uncertain. It is difficult to ascribe the clini-
cal symptoms solely to bacteremia caused by this organism 
because multiple organisms were isolated. The cultures 
might have been heavily contaminated, but this would still 
highlight an association between L. sericata and W. chitini-
clastica. Although we did not test the extracted fly larvae 
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for W. chitiniclastica, we believe it is likely that the bac-
teremia originated from the patient’s inner ear infestation. 
L. sericata may be a vector for this microorganism in the 
United Kingdom, and possibly worldwide, given this fly’s 
widespread habitat.
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To the Editor: New Delhi metallo-β-lactamase 
(NDM) is an example of a successful antimicrobial drug 

resistance determinant and has become one of the most 
clinically significant carbapenemases. The gene blaNDM 
was first described in India in 2009. Its dispersion is epide-
miologically linked to the Indian subcontinent, from which 
increased international transmission has been detected in 
nosocomial, community, and environmental isolates (1). 
Currently, the main acquired carbapenemases around the 
world are Klebsiella pneumoniae carbapenemase (KPC), 
oxacillinase-48 (OXA-48), and NDM. KPC is broadly 
detected and endemic to some areas; OXA-48 has been 
widely disseminated throughout European countries and 
has been reported in other regions. NDM is reported almost 
worldwide but did not successfully spread in most coun-
tries of Europe except the United Kingdom and recently, 
France, as has been found in Enterobacteriaceae (2) and 
in nonfermenting gram-negative bacilli, with progression 
toward rapid global prevalence.

NDM producers were detected most recently in South 
America (3). However, an increase in cases of NDM-pro-
ducing bacteria has been noted. Carvalho-Assef et al. (4) 
described characterization of NDM in Brazil, in Providen-
cia rettgeri isolated from a tissue sample excised from a 
patient in a hospital in Rio Grande do Sul state in southern 
Brazil, in 2013. Reports by Carvalho-Assef et al. (5) and 
Rozales et al. (6) have highlighted that P. rettgeri and iso-
lates from the Enterobacter cloacae complex, clonally and 
nonclonally related, have been increasingly detected in the 
southern region of Brazil. In addition, retrospective stud-
ies have shown that NDM-1–producing Enterobacter have 
been present in Brazil since 2012 and have also been detect-
ed in Rio Grande do Sul (5). NDM-1–producing Morgan-
ella morganii (6), Escherichia coli, Klebsiella pneumoniae 
(7), Acinetobacter baumannii (8), and Citrobacter freundii  
(J. Campos, et al., https://www.escmid.org/escmid_library/
online_lecture_library/?search=1&current_page=1&search_
term=Citrobacter+freundii+NDM) have also been reported. 
Initial reports from Brazil also indicate that NDM producers 
have displayed characteristics such as co-resistance (5,9,10) 
and heteroresistance (11), but to date, occurrence in the com-
munity has not been reported. NDM producers were original-
ly detected in the southern and southeastern regions of Brazil 
and have since moved into the northern states.

Brazil is a country of extremes that has industrialized 
and nonindustrialized regions, and this situation converges 
with social, economic, and infrastructure problems (e.g., 
sanitation and health care public services). This scenario is 
similar to the initial conditions that contributed to worldwide 
dissemination of NDM from the Indian subcontinent. Suc-
cessful and widespread international high-risk clones and 
epidemic plasmids have been detected in Brazil and could 
have a critical role in rapid national expansion of NDM-en-
coding genes and NDM producers. Brazil is under imminent 
threat of national spread and prevalence of NDM.
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Lessons learned from management of KPC-production 
bacteria will help infection prevention and control teams, 
clinicians, and microbiology laboratories in Brazil more ef-
fectively manage patients with infections caused by NDM 
producers. Moreover, because of knowledge gained associ-
ated with global KPC dissemination, including in Brazil, 
this country is better prepared to face the other β-lactamases 
emerging worldwide. Initiatives of regional agencies and 
the Brazilian Health Surveillance Agency include dissemi-
nation of risk alerts to health professionals and guidelines 
for technical standardization and management of multidrug-
resistant bacterial infection. These alerts focus on NDM 
producers and specific prevention and control measures; 
therapeutic orientation; and interpretive criteria for the 
assessment of bacterial antimicrobial drug susceptibility. 
These efforts are aimed at rapid microbiology detection and 
clinical and epidemiologic measures to control infections 
caused by NDM producers and blaNDM dissemination (e.g., 
using simple tests to detect carbapenemases, searching for 
colonized patients, and evaluating/monitoring hospital dis-
charge of patients after NDM infection).

Another type of mobilization was promoted dur-
ing the 27th Brazilian Congress of Microbiology, 29 
September–3 October, 2013 in Natal, Brazil, in which a 
special symposium was dedicated to discussing and im-
proving NDM counterattacks (http://www.sigeventos. 
com.br/sbmicrobiologia/admin/pro_lista_programa.asp? 
eveId=5&tipId=22 [in Portugese]). This symposium gath-
ered a team of experts, including government representa-
tives, to try to minimize the spread and effect of the entry 
of NDM into Brazil, as well as the future complications 
and consequences of national dissemination 

These efforts are crucial and have strategic signifi-
cance that affect major events in Brazil, such as the 2014 
FIFA World Cup, which brought people from all around the 
world to all regions of Brazil, and the upcoming Games of 
the XXXI Olympiad, which will occur in Rio de Janeiro in 
August 2016. Also of importance to this issue are the geo-
political and economic characteristics of Brazil. Because of 
Brazil’s global influence related to national and internation-
al movement of people and products, broad prevalence of 
NDM producers in Brazil could contribute to acceleration 
of the global spread of blaNDM. Microbiologists, clinicians, 
and their respective organizations, as well as the govern-
ment of Brazil, through its health and disease control agen-
cies, should continue to strive to contain NDM dispersion 
and limit the possible global impact of the spread and prev-
alence of NDM producers in Brazil.

This letter was based on our observations and reflections  
regarding antibiotic-resistant bacteria during studies supported 
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To the Editor: Histoplasmosis occurs after infection 
with the dimorphic fungus Histoplasma capsulatum (1–6). 
Patients become ill after they inhale soil contaminated with 
H. capsulatum (1,2). Most infections are asymptomatic or 
result in mild illness not determined to be histoplasmosis 

(1,2). Symptoms usually develop 3–14 days after exposure 
and range from self-limited pneumonia to severe dissemi-
nated disease requiring antifungal therapy (2,7).

In the United States, H. capsulatum is endemic to the 
Mississippi and Ohio River Valleys (1,2,5,8) but is not 
known to be endemic to the Rocky Mountain region (8). 
During June 2012–November 2013, a total of 6 unrelated 
cases of histoplasmosis were reported in Idaho (n = 1) and 
Montana (n = 5) in patients who had no recent travel to 
recognized H. capsulatum–endemic regions. Public health 
authorities investigated the illnesses by reviewing medical 
records and collecting exposure and travel histories.

The median age of the patients (3 male, 3 female) was 
68 (range 17–79) years (Table). Each case was diagnosed 
by a different physician; no known epidemiologic links 
existed among the patients. Five patients had >1 immuno-
compromising conditions (Table), and 2 had acute pneu-
monia; 1 each had left parotid gland enlargement, anterior 
cervical lymphadenopathy, tricuspid valve mass, and acute 
changes in mental status. Three patients were hospitalized: 
2 required intensive care, and 1 died.

Histoplasmosis was diagnosed primarily on the basis 
of culture (n = 2), urine enzyme immunoassay (EIA) (n = 
2), and histopathologic examination (n = 2) results; histo-
pathologic examinations were conducted by 2 pathologists 
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Table. Characteristics of 6 persons with histoplasmosis, Idaho and Montana, USA, 2012–2013* 
Characteristic Value 
Sex  
    M  3 (50) 
    F 3 (50) 
Median age, y (range) 68 (17–79) 
Location of residence  
 Idaho, southwestern 1 (17) 
 Montana  
  Eastern 2 (33) 
  Southwestern 3 (50) 
Immunocompromising condition, n = 5†  
 Diabetes mellitus, type 2 3 (50) 
 Hepatitis C 1 (17) 
 Previous history of breast cancer 1 (17) 
 Acute mononucleosis 1 (17) 
 Previous history of colon cancer 1 (17) 
Hospitalization 3 (50) 
 Death 1 (17) 
Tests with positive results that contributed to histoplasmosis diagnosis  
 Culture 2 (33) 
 Histopathology‡ 2 (33) 
 Urine enzyme immunoassay‡ 2 (33) 
 Diagnosis delayed >6 mo 3 (50) 
At-risk activities  
 Using potting soil containing bat guano  1 (17) 
 Exploring caves 1 (17) 
 Mowing grass in pasture 1 (17) 
 Cleaning pigeon cages 1 (17) 
 Traveling to an area where the disease is endemic <3 y of illness onset 0 
 None known 2 (33) 
*Values are no. (%) patients except as indicated. 
†One patient had diabetes mellitus type 2 and hepatitis C; 1 patient had diabetes mellitus type 2 and a previous history of colon cancer. 
‡One patient with a culture positive for Histoplasma capsulatum also had histopathology and urine enzyme immunoassay results consistent with H. 
capsulatum infection (results not shown). 

 

 



(online Technical Appendix Table, http://wwwnc.cdc.gov/
EID/article/21/6/14-1367-Techapp1.pdf). One patient with 
H. capsulatum–positive cultures also had positive results 
by histopathology, serum antigen detection, and urine EIA. 
Another patient with positive urine EIA results for antigen 
detection also had low serum levels of Histoplasma anti-
bodies measured by compliment fixation. No patient sam-
ples were tested by PCR.

The interval between a patient’s initial visit to a health 
care provider and diagnosis ranged from 1 week to 20 
months. Diagnosis was delayed >6 months for 3 patients. 
For 2 patients, a diagnosis was made on the basis of an H. 
capsulatum–positive urine EIA result <4 weeks from ill-
ness onset. Four (67%) patients underwent surgical proce-
dures before histoplasmosis was diagnosed.

Each patient reported having traveled to H. capsula-
tum–endemic places, but none had traveled to these ar-
eas within 3 years of illness onset. Four patients reported 
exposures possibly related to infection (1 patient each): 
handling bat guano–containing potting soil manufactured 
in California, exploring caves, mowing pasture grass, and 
cleaning pigeon cages. The exposure to potting soil oc-
curred in California; the other 3 exposures occurred in 
Montana. Two patients had no identifiable high-risk expo-
sures to H. capsulatum.

These 6 patients with histoplasmosis represent poten-
tial acute infections and suggest that H. capsulatum might 
exist in Idaho and Montana, a geographic area farther west 
than areas where the fungus is known to be endemic. Areas 
of contaminated soils exist in microfoci outside recognized 
H. capsulatum–endemic areas and can be the source of in-
fection for some persons (6). Previous studies suggest that 
the H. capsulatum–endemic area might extend into Mon-
tana and possibly other states in the Rocky Mountain re-
gion (8–10). Further environmental studies are needed to 
determine with certainty whether H. capsulatum fungi exist 
in natural environments in the Rocky Mountain region.

Delayed diagnosis of histoplasmosis increases the like-
lihood of delays in administering effective antifungal thera-
py. Histoplasmosis was diagnosed in 3 of these patients >6 
months after they first sought care, probably because they 
had reported no recent travel to H. capsulatum–endemic 
areas. Among these 3 patients, none had urine EIA testing 
for the presence of H. capsulatum antigen. The 2 patients 
who received a diagnosis of histoplasmosis <4 weeks after 
they first sought care were assessed by using urine EIA. 
Urine EIA is a noninvasive and sensitive assay with high 
specificity but is subject to false-positive results in patients 
with other fungal infections, particularly blastomycosis (6), 
which is not known to be endemic in Montana or Idaho.

Investigation of these 6 histoplasmosis cases was lim-
ited because only 2 patients had cultures positive for H. 
capsulatum, and each patient had a remote travel history 

(>3 years before infection) to an H. capsulatum–endemic 
area. These limitations raise the possibility that the cases 
represent reactivation of latent disease or delayed clini-
cal manifestations following a low-inoculum exposure 
years earlier in an area where the fungus is endemic (2,6). 
However, data supporting the possibility that reactiva-
tion of latent H. capsulatum infection causes acute illness  
are inconclusive (6).

In summary, health care providers should consider a 
diagnosis of histoplasmosis for Idaho and Montana resi-
dents having symptoms consistent with the disease, regard-
less of whether they have a travel history to recognized H. 
capsulatum–endemic areas. When considering a diagnosis 
of histoplasmosis, providers should also consider testing 
with urine EIA, a noninvasive way to assess the presence 
of H. capsulatum infection.
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To the Editor: Infections with typhus group rickettsiae 
(TGR), spotted fever group rickettsiae (SFGR), and scrub 
typhus group orientiae (STGO) have been reported among 
persons in South Korea in increasing numbers over the past 
decade (1,2). During 2001–2011 in South Korea, 51,825 ori-
entiae group infections were reported (mean incidence 9.95 
cases/100,000 residents/year) (2). TGR (Rickettsia typhi), 
SFGR (R. akari, R. japonica, R. monacensis, and R. felis), 
and STGO (Orientia tsutsugamusi) have been identified in 
their arthropod vectors and reservoirs in northern provinces 
and at US military training facilities in South Korea (3–5).

Currently, little data exist on the risk for rickettsioses 
and scrub typhus for US military deployed to South Korea. 
Thus, a retrospective serologic investigation to determine 
the level of exposure to rickettsiae among 9,303 military 
personnel deployed to South Korea was conducted. The 
study used de-identified predeployment and postdeploy-
ment serum samples made available from the Department 
of Defense Serum Repository (6). The study group con-
sisted of men in combat-related jobs at US military training 
sites and military installations in South Korea during 1990–
1995 while on active duty continuously for >1 year. This 
study protocol was reviewed and approved by the Naval 
Medical Research Command Institutional Review Board in 
compliance with all applicable federal regulations govern-
ing the protection of human subjects. 

Age range of the 9,303 soldiers in the study group 
was 17–52 (median 24) years. Most (99.6%) were sta-
tioned in Dongducheon, Yongtaeri, and Seoul, located in 
the Gyeonggi and Gangwon provinces in northern South 
Korea. Primary military occupation specialties were in-
fantryman (58.8%), fighting vehicle infantryman (22.4%), 
indirect fire infantryman (12.3%), and heavy anti-armor 
weapons infantryman (6.5%).

The soldiers’ postdeployment serum samples (n = 
9,303) were screened at a dilution of 1:100 for IgG against 

TGR, SFGR, and STGO by using group-specific ELISA 
whole-cell antigen preparations from R. typhi Wilmington, 
R. conorii Morrocan, and a mixture of O. tsutsugamushi 
Karp, Kato, and Gilliam, respectively (7,8). TGR, SFGR, 
and STGO IgG ELISA titers (range 100–>6,400) were 
determined for screen-positive (net absorbance >0.500) 
postdeployment serum samples, and results were compared 
with matched predeployment serum samples. Samples with 
a net total absorbance >1.000 for serum dilutions 1:100, 
1:400, 1:1,600, and 1:6,400 were considered titer positive. 
The inverse of the highest dilution of titer positive serum 
that produced a net absorbance >0.200 was determined to 
be the titer. Serum samples from laboratory animals infect-
ed with R. felis reacted specifically in the SFGR ELISA but 
not in the TGR ELISA (K.R. Macaluso and A.L. Richards, 
unpub. data); thus, any soldier infected with R. felis would 
have reacted in the SFGR but not the TGR ELISA.

The postdeployment seropositivity in US military per-
sonnel for antibodies against TGR, SFGR, and STGO at a 
titer ≥100 were 1.3% (117/9,249), 9.0% (805/8,918), and 
0.5% (44/9,135), respectively (Figure). Seropositivity oc-
curred for 10 (0.1%), 181 (2.0%), and 15 (0.2%) men who 
showed evidence of infection (seroconversion or 4-fold rise 
in antibody titer) with TGR, SFGR, and STGO, respective-
ly, during their deployment to South Korea (Figure). The 
chance of a soldier having an infection with SFGR was 
significantly higher than the chance of having an infection 
with TGR or STGO (χ2 test, p<0.05) (analysis performed 
in SAS version 9.4; SAS Institute Inc., Cary, NC, USA). 
For personnel who seroconverted or had a 4-fold rise in 
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Figure. Evidence of rickettsiosis or scrub typhus among US 
military personnel deployed to South Korea. Black bars indicate 
postdeployment serum samples from US military personnel with 
a titer ≥1:100 (seropositive) to typhus group rickettsiae (TGR), 
spotted fever group rickettsiae (SFGR), or scrub typhus group 
orientia (STGO) IgG, as determined by ELISA. White bars indicate 
personnel determined by paired serum sample analyses to have 
seroconversion or 4-fold rise in titer between predeployment and 
postdeployment serum samples, indicating evidence of infection 
with the corresponding pathogen during deployment.



titer to TGR, SFGR, or STGO, the age range was 19–49 
(median 25) years, and job specialties were infantrymen 
(63.5%), fighting vehicle infantrymen (16.4%), indirect 
fire infantrymen (14.2%), and heavy anti-armor weapons 
infantrymen (5.9%).

These results indicate that many US military person-
nel were exposed to rickettsiae and orientiae before their 
deployment to South Korea (Figure), perhaps because of  
previous deployments around the world or because of ex-
posure to rickettsial agents at home (8–10). However, 206 
(2.2%) of the men became infected with either a typhus 
group (n = 10) or spotted fever group (n = 181) rickettsia or 
a scrub typhus group orientia (n = 15) during their deploy-
ment to South Korea.

More SFGR infections occurred than TGR and STGO 
infections, although the pathogens for the latter infections 
(R. typhi and O. tsutsugamushi) are considered endemic 
to South Korea and are believed to affect the public and 
military health more than SFGR (3). The SFGR infec-
tions might correlate with recent observations of highly 
prevalent rickettsia-infected tick and R. felis–infected flea 
populations seen in South Korea (4,5). No evidence of 
co-infection was found in the men assessed during the 
deployment. These results suggest a risk for rickettsial 
disease, including scrub typhus and especially spotted fe-
ver, among US military personnel stationed in or visiting 
South Korea.

This study was supported by the Armed Forces Health Surveil-
lance Center (Global Emerging Infections Surveillance and 
Response System) work unit #0000188M.0931.001.A0074. 

The views expressed herein are those of the authors and do not 
necessarily reflect the official policy or position of the Depart-
ment of the Navy, Department of Defense, or the US Govern-
ment. Copyright protection for this work is not available under 
Title 17 U.S.C. §105 and Title 17 U.S.C. §101.
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To the Editor: Control of methicillin-resistant Staphy-
lococcus aureus (MRSA) is an international public health 
priority. The Netherlands is among countries in Europe that 
have a low prevalence of MRSA among humans, largely 
because of a national search and destroy policy (1). The 
overall prevalence in long-term care facilities (LTCFs) is 
low (2). However, this policy is challenged by an increase 
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in MRSA S. aureus protein A (spa) t1081, which spe-
cifically affects LTCFs. MRSA with the same spa type is 
endemic to Hong Kong, China, and affects hospitals and 
LTCFs (3–5). This finding prompted us to jointly explore 
epidemiologic and strain-related factors.

The low prevalence of MRSA enables the National In-
stitute for Public Health and the Environment (Bilthoven, the 
Netherlands) to type all first MRSA isolates referred from 
clinical laboratories in the Netherlands. In 2007, spa typing 
replaced pulsed-field gel electrophoresis typing. The annual 
number of referred isolates ranged from 1,570 in 2008 to 
2,439 in 2013, excluding livestock-associated strains. Num-
bers of MRSA spa t1081 isolates were low during 2007–2009 
but increased to 127 isolates in 2011 and 218 isolates in 2013.

The search and destroy policy in the Netherlands re-
quires that detection of MRSA infection is followed by 
screening of neighboring patients and personnel in suc-
cessive circles until no new colonizations are found. Most  

reported t1081 isolates represent colonization. In 2013, 
there were 30 infection isolates, 19 unknown isolates, and 
169 colonization isolates.

Severe illness caused by t1081 is rarely reported, and 
eradication therapy is usually successful. In LTCFs, MRSA 
t1081 was more prevalent, accounting for 27% (65/242) 
and 24% (72/299) of all MRSA isolates from LTCFs in 
2011 and 2013 respectively. LTCF clusters were often 
small, but some became large. The t1081 strain was prob-
ably introduced into Amsterdam and subsequently spread 
eastward (Figure).

We sequenced 5 t1081 isolates, 3 from The Netherlands 
(NL2007, NL2011, and NL2013) and 2 from Hong Kong 
(HK2005 and HK2008), by using whole-genome sequenc-
ing (Illumina, San Diego, CA, USA). Sequence data showed 
the CC45/agr IV-MRSA V type (3,6). A total of 91.39% of 
reads of NL2007 aligned with the published CC45/USA600 
sequence (7); NL2007 was more similar to HK2005 and 
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Figure. Spread of methicillin-
resistant Staphylococcus aureus 
spa t1081 in the Netherlands,  
2007–2013. A) 2007; B) 2009; C) 
2011; D) 2013. Source: National 
Institute for Public Heath and 
the Environment (RIVM). A color 
version of this figure is available 
online (http://wwwnc.cdc.gov/EID/
article/21/6/14-1597-F1.htm).



HK2008 (97.32% and 97.61% identity, respectively). 
NL2011 and NL2013 showed slightly decreasing similar-
ity to HK2005 (96.86% and 96.59% identity, respectively) 
and HK2008 (96.97% and 96.69% identity, respectively). 
Staphylococcal cassette chromosome mec type V sequences 
in our isolates were more closely related to each other than 
to the closest reference sequence (GenBank accession no. 
AB505629), which originated from a CC398 isolate.

Phenotypic resistance to tetracycline and ciprofloxacin 
is common in t1081 and is often combined with gentami-
cin and macrolide resistance. tetK, a gene coding resistance 
to tetracycline that is located on the staphylococcal cassette 
chromosome mec element, was detected in reads of all se-
quenced isolates. The macrolide resistance gene ermC on 
plasmid pKH19 (GenBank accession no. NC_010685.1) was 
detected in HK2008, NL2011, and NL2013. Resistance to 
gentamicin (aacA/aphD genes) was detected in all isolates. 
A recent report on epidemic MRSA strain 15 based on many 
whole-genome sequenced strains highlights antimicrobial 
drug use as an evolutionary driving force (8). The tetK gene 
might benefit t1081 in LTCFs in the Netherlands, in which 
doxycycline is used more frequently than in hospitals (Neth-
Map-MARAN 2014; http://www.swab.nl/nethmap).

None of our isolates was positive for Panton-Valentine 
leukocidin, and all isolates had the collagen-binding adhe-
sion gene. In methicillin-sensitive S. aureus, this gene has 
been associated with carriage (9). The apparent high trans-
missibility of t1081 remains to be explained.

The present t1081 outbreak has elicited a debate on 
the policy in the Netherlands. Some elder-care physicians 
question benefits and costs of this policy for a strain that 
is weakly pathogenic. Residents in whom MRSA carriage 
cannot be eradicated face prolonged measures that some 
physicians say are unethical. Conversely, hospital infec-
tion control professionals emphasize that if MRSA can be 
controlled in hospitals, why not in LTCFs? The search and 
destroy policy in the Netherlands faced a major challenge 
in 2001 (10). Uncontrolled dissemination of MRSA had oc-
curred throughout a large hospital in Rotterdam among pa-
tients and staff, as well as in neighboring institutions. This 
outbreak was eventually controlled (10). The Rotterdam 
area, which is southwest of Amsterdam, has not been af-
fected by the current t1081 outbreak.

Concurrent with this professional debate, a public de-
bate is ongoing on the quality of care in LTCFs. Residents 
have more illnesses than a decade ago because of increas-
ingly stringent admission criteria. Skill levels of personnel 
have not kept pace in several LTCFs, as noted by the Health 
Care Inspectorate. Although virtually all LTCFs are pub-
licly funded, quality differences are substantial. This situa-
tion is no longer acceptable, according to public opinion. A 
link between insufficient skill levels in specific LTCFs and 
spread of MRSA can be inferred.

The latest initiative to control multidrug-resistant or-
ganisms, including MRSA in LTCFs, is included in an ex-
isting program for rapid outbreak reporting and support for 
hospitals by the National Institute for Public Health and 
the Environment. This initiative is expected to begin early 
in 2015 and should facilitate control of MRSA in LTCFs.

This study was supported by grants from the Health and Medical 
Research Fund (formerly Research Fund for the Control of In-
fectious Diseases) of the Food and Health Bureau of the Govern-
ment of the Hong Kong Special Administrative Region.
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To the Editor: Leprosy (Hansen disease) is caused by 
Mycobacterium leprae, an extremely slow-growing, intra-
cellular, acid-fast bacillus with a typical incubation period 
>2–5 years, ranging up to 20 years. Anesthetic, thickened 
skin lesions and granulomatous inflammation in biopsy 
specimens are typical findings because direct visualization 
of the organism from biopsy specimens is unreliable (1).

The worldwide prevalence of leprosy is estimated to 
be <181,000 cases (annual incidence ≈220,000 new cas-
es in recent years), of which 96% (173,760) occur in 14 
countries (2). In the United States, ≈150 cases are reported 
annually, two thirds of which are associated with overseas 
exposure; the remainder are believed to be domestically 
acquired (3).

We report a case of multibacillary leprosy in a 44-year-
old man, an active member of the US military, residing in 
southern California, USA, who had a 2-week history of fa-
tigue and large, erythematous plaques on the extremities. 
He was born in the Philippines and resided there until im-
migrating to the United States at 23 years of age. He subse-
quently joined the US military and served as an administra-
tor in clinical and microbiology research laboratories. He 
resided in California, Maryland, Japan, Egypt, Guam, and 
Indonesia. He also was deployed to Afghanistan and had 

vacationed in Laos, Cambodia, and Thailand. Family his-
tory was unremarkable. No household or other ill contacts 
were identified.

Initial evaluation showed a weakly positive antinuclear 
antibody titer, which prompted consideration of cutaneous 
lupus. Annular skin lesions subsequently developed on his 
face, limbs, and trunk (Figure, panel A). His fatigue persist-
ed, and further rheumatologic evaluation did not show any 
unusual results. Dermatologic evaluation showed madaro-
sis, thickening of the glabella, and 8 large annular plaques. 
Light touch sensation was impaired, but all lesions were 
hypersensitive to trauma.

A skin biopsy specimen showed perineural lympho-
histiocytic inflammation and nonnecrotizing granulomata 
(Figure, panel B). Results of acid-fast and Grocott’s methe-
namine silver (fungal) staining were negative. A presump-
tive diagnosis of leprosy was made, and he was referred 
to the Division of Infectious Diseases at Naval Medical 
Center San Diego for subspecialty management. Dapsone 
and rifampin were given for multibacillary leprosy. Clo-
fazamine was not available from the manufacturer at time 
of treatment. After 6 months of therapy, the patient’s le-
sions were less prominent, and cutaneous sensation had 
improved. A 2-year treatment course was completed and 
resulted in total resolution of cutaneous lesions. Residual 
anesthesia remained only over the right pinna. His course 
was without complication by either reversal reaction or 
erythema nodosum leprosum.

Understanding of the transmission of M. leprae has 
been impeded by difficulty cultivating the organism in vitro. 
Transmission is believed to occur by prolonged exposure to 
nasal secretions of patients with high bacillary loads. Infec-
tion might also result from exposure to cutaneous lesions or 
animal reservoirs, such as 9-banded armadillos (3).

Leprosy has been linked to defects in cell-mediated 
immunity. Milder disease has been associated with human 
leukocyte antigen HLA-DR3, and more severe disease has 
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Figure. Physical examination 
and histopathologic 
manifestations of leprosy in a 
44-year-old man in California, 
USA (active member of 
the US military). A) Large, 
annular, cutaneous plaque 
on the thigh. B) Skin biopsy 
specimen showing perineural 
lymphohistiocytic inflammation 
and non-necrotizing granulomas 
(hematoxylin and eosin stained, 
original magnification ×40).  
A color version of this figure  
is available online  
(http://wwwnc.cdc.gov/EID/
article/21/6/14-1666-F1.htm). 



been associated with HLA-DQ/DR variants (4). Although 
most persons lack susceptibility, high nasal carriage rates 
in disease-endemic areas and living conditions associated 
with poverty further increase infection risk for susceptible 
persons because acquisition is facilitated by malnutrition, 
overcrowding, and poor sanitation (5).

Leprosy treatment is determined according to disease 
severity. The Ridley-Jopling system assesses lesion quan-
tity, neurologic involvement, and bacterial load, and the 
current World Health Organization system simplifies this 
system to facilitate clinical classification, defining pauci-
bacillary leprosy as <5 skin lesions and multibacillary lep-
rosy as >6 lesions (6).

Combination drug regimens for 6–24 months are 
highly effective. Together with efforts of the World Health 
Organization toward eradication, combination therapy has 
dramatically reduced the prevalence to current levels from 
previously stable levels of 10–12 million in the 1960s–
1980s (7). Typical regimens include dapsone and rifampin, 
and clofazimine is available in the United States by inves-
tigational new drug application for multibacillary disease.

Patients undergoing treatment must be monitored for 
immunologic complications, such as cell-mediated reversal 
reaction (type 1 reaction) or interferon-α–mediated erythe-
ma nodosum leprosum (type 2 reaction). Reversal reactions 
may be especially severe and require urgent immunosup-
pression to avoid neurologic and vascular complications.

Leprosy is extremely rare in the United States (150 an-
nual cases). Because transmission by prolonged close con-
tact is more common than by casual contact, it is likely that 
the infection in this patient may have been acquired during 
childhood in a disease-endemic area, which represents the 
upper limit of incubation time. However, rare cases have 
been reported among military members, which makes it 
difficult to exclude the question of acquisition during mili-
tary service in disease-endemic areas (8–10). Therefore, in 
patients with geographically appropriate foreign service or 
prolonged travel history, leprosy must be considered in the 
differential diagnosis of progressive skin lesions, particu-
larly when lesional anesthesia is present.
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To the Editor: Tickborne relapsing fever (TBRF) is en-
demic in Iran; >1,400 cases were confirmed in 19 provinces 
during 1997–2006 (1). In the western, northwestern, and 
foothill regions of the Alborz Mountains, the Argasid soft 
tick Ornithodoros tholozani is commonplace and accounts 
for ≈60% of TBRF cases attributed to Borrelia persica. 
However, in central and western Iran, O. tholozani and B. 
microti–infected O. erraticus ticks coexist (1,2). Two other 
Borrelia species, B. latyschewii and B. baltazardi, have also 
been described in northeastern and northwestern Iran (3,4), 
but no recent human infections with these species have been 
documented. Cases of TBRF occurring in southern Iran have 
presumably been caused by B. microti because its tick vec-
tor, O. erraticus, predominates in this region.

Relapsing fever infections in Hormozgan Province 
in southern Iran are commonly identified during routine 
checks for malaria. During 2011–2013, blood samples 
were obtained from 14 febrile patients referred to medi-
cal centers in Jask and Rodan in Hormozgan Province  
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(online Technical Appendix Figure, http://wwwnc.cdc.gov/
EID/article/21/6/14-1715-Techapp1.pdf). Informed verbal 
consent was obtained from all participants, and the ethical 
committee of Pasteur Institute of Iran approved the project. 
Patients seeking care had fever and >1 sign or symptom, 
such as headache, chills, sweating, or fatigue. Six patients 
reported recurrent fever and generalized muscle and joint 
pain. Each patient lived in a local tent, called a kapar, or in 
a brick or concrete-block house.

Thick and thin blood smears were prepared from blood 
samples, stained with Giemsa, and examined. None showed 
malaria parasites; however, spirochetes were observed in 
thick or thin smears from 3 patients (online Technical Ap-
pendix Table). Patients whose samples tested positive by 
microscopy were treated with 500 mg tetracycline every 6 
hours for 10 days and became afebrile.

DNA was extracted from patients’ serum samples 
by using the Miniprep DNA kit (QIAGEN, Hilden, Ger-
many) and screened for borrelia DNA by using real-time 
PCR; negative and positive control DNA from B. microti 
or B. persica was also screened. Borrelia spp. DNA was 
detected in 5 (36%) of 14 serum samples (online Technical 
Appendix Table). Of these 5 samples, 2 were also positive 
by nested PCR that targeted the intergenic spacer (IGS) re-
gion (5). The 2 IGS regions were sequenced (ABI-3130XL 
sequencer; Applied Biosystems, Foster City, CA, USA) in 
both directions at the Pasteur Institute of Iran. The result-
ing 539- and 527-bp IGS sequences (GenBank accession 
nos. KM271987 and KM271988, respectively) were 97% 
homologous with B. recurrentis and B. duttonii from Af-
rica (GenBank accession nos. CP000993 and DQ000280, 
respectively); 96% homologous with B. microti from Iran 
(GenBank accession no. JQ436580); and 92% homolo-
gous with B. crocidurae from Africa (GenBank accession 
no. GU350723). A neighbor-joining phylogenetic tree was 
constructed by using MEGA6 (http://www.megasoftware.
net); the 2 IGS sequences clustered into a distinct group 
separate from B. microti, B. duttonii, and B. recurrentis 
genotypes (Figure).

B. microti was expected to be found because O. tholo-
zani ticks that transmit B. persica are not seen in southern 
Iran, but B. microti–infected O. erraticus ticks have been 
frequently recovered from rodents’ burrows in the region 
(6). Current molecular data from TBRF borreliae from Iran 
are limited to 2 isolates of B. persica and B. microti from O. 
tholozani and O. erraticus ticks, respectively (5,7,8). In situ 
IGS analysis revealed that spirochetes in our analysis had 
highest homology (97%) with relapsing fever agents from 
eastern Africa, B. duttonii and B. recurrentis, followed by 
B. microti (96%) from Iran (8). B. microti clustered with 1 
strain (B. duttonii; GenBank accession no. GU350721) and 
apart from other B. duttonii IGS strains, suggesting that this 
strain may not be B. duttonii. The phylogenetic tree sepa-

rated B. duttonii into 4 clades, 2 of which also contained 
B. recurrentis, confirming previous observations (9) and 
providing further support that B. recurrentis represents an 
ecotype of B. duttonii rather than a species (10). Further-
more, the high level of phylogenetic similarity among bor-
reliae from eastern Africa and Iran indicates that the bor-
reliae in our study might represent ecotype-adapted strains. 
More sequencing of different genomic markers is required 
to substantiate or refute this possibility. Lack of GenBank 
data for the remaining borreliae from Iran, B. latyschewii 
and B. baltazardi, prevent exclusion of these species.

Although relapsing fever spirochetes from southern 
Iran and those from borreliae in Africa have a close phylo-
genetic similarity, they have different virulence levels and 
abilities to infect vector and host species. Consequently, 
deciphering the evolutionary links for these Borrelia spp. 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 21, No. 6, June 2015 1079

LETTERS

Figure. Phylogenetic tree of Borrelia spp. strains isolated in Iran, 
2014. Constructed on the basis of  intergenic spacer sequences, 
the tree is drawn to scale using evolutionary distance computed 
using the Jukes-Cantor method in which the units reflect 
substitutions per site. The final dataset used 587 bp. Numbers at 
nodes show the level of robustness in a bootstrap test performed 
with 2,000 replicates; numbers <85 were removed. Scale bar 
indicates nucleotide substitutions over length analyzed. GenBank 
accession nos. for nucleotide sequences of IGS from 2 patients (in 
bold) are KM271987 and KM271988.



is of paramount importance and might provide valued in-
sights into host–microbe interactions.

Our report confirms a novel Borrelia IGS sequence 
type detected in situ from 2 relapsing fever patients. This 
species showed greatest homology with the relapsing fe-
ver borreliae from Africa, B. recurrentis and B. duttonii, 
but not with B. microti, which is transmitted by O. errati-
cus ticks, previously believed to be the only soft tick spe-
cies in this region. These findings challenge the assump-
tion that TBRF in Iran is attributed to only B. persica or 
B. microti.
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To the Editor: I read with interest the report by Wei 
et al. (1) regarding 2 cases of neonatal legionellosis associ-
ated with infant formula prepared with hospital tap water. 
Two hospitals were involved, and water samples from both 
were positive for Legionella pneumophila bacteria that had 
molecular profiles indistinguishable from those for bacte-
ria from the infected neonates. As Wei et al. (1) and others 
have established, control of waterborne pathogens, such as 
Legionella spp., in health care institutions remains a work 
in progress.

Recently, leading medical centers have recognized the 
efficacy and cost-effectiveness of performing certain mea-
sures to ensure the safety of hospital water. These measures 
include routine microbial analyses of tap water and use 
of waterborne pathogen prevention and control measures 
such as hot water flushing of plumbing; use of chlorination, 
chlorine dioxide, monochloramine, copper–silver ioniza-
tion, or ultraviolet light; ozonation; and point-of-use water 
filtration. Each method has advantages and disadvantages 
related to ease of implementation, cost, maintenance is-
sues, and short- and long-term effectiveness. Randomized 
controlled trials comparing the efficacy of these strategies 
are lacking, but the availability of guidance for using wa-
terborne pathogen prevention and control strategies has 
resulted in substantial declines in health care–associated 
legionellosis (2). Efforts at waterborne pathogen detection 
and control are complicated by the role of biofilm, compris-
ing microbes embedded in the polymeric matrix attached 
to internal plumbing surfaces, which protects waterborne 
pathogens from adverse environmental conditions, includ-
ing antimicrobial agents and systemic controls (e.g., ultra-
violet light, metals, acid pH) (2,3).

Prevention of legionnellosis in health care settings 
offers a clinically beneficial and cost-effective alterna-
tive to intermittent case detection and outbreak control. 
For example, it has been demonstrated that, even in the 
absence of a recognized outbreak, hospital units caring 
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for immunosuppressed patients can reduce infection rates 
by using water filtration at the point of use (4). Although 
further efforts are needed to systematically evaluate Le-
gionella spp. control measures, a progressive approach to 
prevent health care–associated legionellosis includes rou-
tine microbial analysis of tap water in units for patients 
at high risk for infection, use of systemic water disinfec-
tion technology, and use of point-of-use water filtration in 
units where care is rendered for patients most vulnerable 
to infection with Legionella spp.
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To the Editor: Carnobacterium spp. are ubiquitous 
lactic acid bacteria isolated from cold and temperate envi-
ronments (1). They are present in food including fish, meat, 
and dairy products. Only C. divergens and C. maltaromati-
cum (formerly C. piscicola) are found in dairy products 
(2). Carnobacteria are well known for their ability to pro-
duce bacteriocins that inhibit Listeria monocytogenes (1).  

Because Carnobacterium and Listeria bacteria are psy-
chrotrophic and share the same ecologic niche, many stud-
ies have highlighted the potential use of carnobacteria as 
a biopreservative (1). These bacteria were previously be-
lieved to be nonpathogenic for humans. We report a case of 
C. divergens bacteremia in a woman.

In January 2013, a 57-year-old woman with a history 
of diabetes mellitus, severe undernutrition, and chronic al-
coholism was admitted to the intensive care unit of the Avi-
cenne Hospital, Bobigny, France, for diabetic ketoacidosis 
with altered level of consciousness. Physical examination 
revealed a low body temperature (30.1°C) and epigastric 
tenderness. At admission, a computed tomographic scan of 
the abdomen showed pneumoperitoneum with low-abun-
dance ascites. Antimicrobial therapy with piperacillin/tazo-
bactam and amikacin was empirically started. Exploratory 
laparotomy findings were within normal limits. 

Three days after admission, acute necrotizing esophagi-
tis (“black esophagus”) with multiple gastroduodenal ulcer-
ations was diagnosed by gastrointestinal endoscopy. By then, 
septic shock had developed. Antimicrobial drug therapy was 
empirically changed to imipenem/cilastatin and amikacin. A 
total esophagectomy with gastrostomy and esophagostomy 
was performed. No etiology for black esophagus could be 
established. Parenteral nutrition was begun 24 hours after 
surgery and relieved with enteral nutrition 72 hours after sur-
gery. On hospitalization day 13, after having clinically im-
proved, the patient consecutively experienced 2 episodes of 
hypoxemic cardiac arrest and resuscitation. Fever began 2.5 
hours later and septic shock again developed. Exploratory 
laparotomy findings ruled out ischemic colitis.

Four sets of blood cultures collected on 3 days over a 
period of 5 days showed bacterial growth after 2 days of in-
cubation in the BACTEC 9240 System (Becton Dickinson, 
Franklin Lakes, NJ, USA). Gram-positive Listeria-like rods 
were seen. Within 24 hours, the isolate grew on trypticase 
soy agar with 5% horse blood and chocolate PolyViteX 
agar (bioMérieux, Marcy l’Étoile, France). The colonies 
were gray, 1–2 mm in diameter, and nonhemolytic. The 
strain was facultative anaerobic. The catalase reaction was 
negative, and the esculin hydrolysis reaction was quickly 
positive. Results of testing with the API Coryne and API 
Listeria systems (bioMérieux) were unclear. The isolate 
seemed to be susceptible to penicillins, carbapenems, mac-
rolides, and gentamicin and resistant to cephalosporins. 
MICs were as follows: penicillin 0.19 mg/L, amoxicillin 
0.125 mg/L, amoxicillin/clavulanic acid 0.094 mg/L, ce-
fotaxime >32 mg/L, ofloxacin 1 mg/L, ciprofloxacin 0.38 
mg/L, imipenem 0.064 mg/L, vancomycin 2 mg/L, teico-
planin 1 mg/L, linezolid 0.50 mg/L, amikacin 16 mg/L, and 
rifampin 0.006 mg/L.

Because blood cultures were positive for gram-pos-
itive rods susceptible to amoxicillin, our initial diagnosis 
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was listeriosis. Empirically prescribed antimicrobial ther-
apy (ceftazidime, colistin, amikacin, and metronidazole) 
was given for 96 hours and then replaced by gentamicin 
for 48 hours and amoxicillin for 3 weeks; clinical results 
were favorable.

The isolate strain was analyzed by the Division of Bac-
terial Identification (Pasteur Institute, Paris, France). The 
16S rRNA gene was completely sequenced. A phylogenetic 
tree was generated by using the neighbor-joining algorithm 
(3). The isolate was found be C. divergens. Microbiological 
cultures and 16S rRNA testing results for another sample 
of enteral nutrition solution and a surgical specimen of the 
necrotic esophagus were negative.

Three reports of isolation of Carnobacterium sp. from 
humans have been published. The first report described iso-
lation of Carnobacterium sp. from 1 set of blood cultures 
from a man who had prepared fish before onset of fever 
(4). The imputability of this diagnosis could not be clearly 
established because only 1 set of blood cultures had posi-
tive results. The second report described isolation of C. pi-
scicola from pus after traumatic amputation of a hand by 
an industrial water sawmill (5). The third report described 
isolation from a child’s hand with multibacterial synergistic 
gangrene (6).

For the case described here, the presence of C. diver-
gens in blood cultures cannot be considered contamination 
because it was isolated from 4 sets of blood cultures col-
lected over 5 days. We hypothesize that bacterial transloca-
tion was caused by low mesenteric flow after 2 episodes of 
cardiac arrest. Because the patient was receiving exclusive-
ly enteral nutrition, we presume that the origin of the infec-
tion was bacterial contamination of the solution or coloni-
zation of the feeding tube. Carnobacteria and lactobacilli 
(which are used as probiotic bacteria or fermented food 
products) are similar in that each is found in food, can be 
used as a biopreservative, and is considered nonpathogenic. 
The pathogenic relevance of lactobacilli is uncommon, but 
some clinical infections have been reported, including sep-
ticemia and meningitis (7). Because C. divergens seems to 
be able to cause life-threatening infection in immunocom-
promised patients, its safe use in such patients and in the 
food industry should be monitored.
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To the Editor: In November 2012, a 44-year-old 
HIV-negative white man (patient 1) with fever, fatigue, 
and breathlessness sought care at a hospital in the United 
Kingdom. He had never traveled abroad but had biopsy-
proven alcoholic cirrhosis. No acid-fast bacilli were seen 
on multiple samples, including ascitic fluid, and he re-
ceived treatment for presumptive abdominal tuberculo-
sis (TB). Mycobacterium tuberculosis was subsequently 
cultured after 12 days. His clinical condition deteriorat-
ed, and he died of multiorgan failure 44 days after ad-
mission. The cultured M. tuberculosis was subsequently  
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confirmed as multidrug resistant (online Technical Ap-
pendix Table, http://wwwnc.cdc.gov/EID/article/21/6/14-
1903-Techapp1.pdf).

Routine mycobacterial interspersed repetitive unit–
variable-number tandem-repeat (MIRU-VNTR) testing 
was performed (1) (online Technical Appendix Table). 
A matching MIRU-VNTR profile was identified from 
a 42-year-old South African–born, HIV-positive health 
care worker (patient 2) who had died in 2008 after ad-
mission to the same hospital. She has been described 
previously in detail because she had worked at Tugela 
Ferry hospital in KwaZulu-Natal, South Africa, which 
was associated with a 2005 outbreak of multidrug-resis-
tant TB (MDR TB) and extensively drug-resistant TB 
(2,3) (online Technical Appendix Figure 1). To ascertain 
whether these isolates could have matching MIRU-VN-
TR patterns by chance alone, we compared the MIRU-
VNTR results with a national database of ≈11,745 iso-
lates typed since the UK typing service began in 2010. 
Only 2 other isolates matched (from patients 3 and 4), 
originating from a UK hospital ≈100 miles away. Al-
though both patients were HIV-positive health care 
workers from sub-Saharan Africa, no history of contact 
could be established with patients 1 or 2.

A review of admission records established that patients 
1 and 2 were admitted to the same medical ward in 2008 for 
8 days, suggesting a high probability of nosocomial trans-
mission. The ward had a traditional “Nightingale” config-
uration with beds for male and female patients arranged 
dormitory-style. In 2009, patient 1 had been identified as 
a contact of patient 2 and was offered screening for latent 
infection but had failed to attend appointments and was not 
under regular medical follow-up. No other common con-
tact was identified. The estimated time from known contact 
between patients 1 and 2 until the clinical presentation of 
patient 1 was 49 months.

Sequencing libraries from genomic DNA extracted 
from the 4 UK M. tuberculosis isolates that had matching 
MIRU-VNTR profiles were paired-end sequenced by using 
Illumina MiSeq (Illumina, San Diego, CA, USA). To in-
vestigate the origins of the infections, they were compared 
with 36 South Africa strains (including 1 from the Tugela 
Ferry outbreak [4]) sequenced by using Illumina HiSeq 
2000 platforms.

For each sequenced strain, a random subset of reads was 
aligned at ≈100× coverage to the M. tuberculosis H37Rv ref-
erence genome by using BWA version 0.5.9-r16 (5). Pilon 
v1.5 (http://www.broadinstitute.org/software/pilon/) was run 
in variant discovery to generate a list of single-nucleotide 
polymorphisms (SNPs) and insertions and deletions. We es-
timated a phylogeny using RAxML v7.7.8 (6) using a gen-
eral time reversible + gamma substitution model with 1,000 
bootstrap replicates.

Pairwise comparison of whole-genome sequences 
from M. tuberculosis isolated from patients 1 and 2 found 
that the 2 sequences differed at only 4 SNPs (Table). Based 
on previous estimates of background mutations rates of 0.5 
SNP/year (7), the pairwise distance between isolates from 
patient 1 and 2 increases confidence in the epidemiologic 
data implicating transmission >4 years earlier, although 
uncertainties exist around such estimates. Comparison 
between samples from patient pairs (1+2 vs. 3+4) found 
differences of 69–72 SNPs, which strongly argues against 
transmission between them.

In comparison with isolates sampled from KwaZulu-
Natal (online Technical Appendix Figure 1), isolates from 
patients 1 and 2 were closely related to a strain associated 
with the Tugela Ferry outbreak (KZN605; online Technical 
Appendix Figure 2). Isolates from patients 3 and 4 were 
less closely related to isolates from the Tugela Ferry out-
break but were closely related to other isolates circulating 
within the region, consistent with the hypothesis that both 
infections originally occurred within South Africa.

This investigation illustrates the power of current tech-
nology to inform our understanding of the links in MDR 
TB transmission between low- and high-incidence areas. 
Whole-genome sequencing of pathogens is becoming part 
of routine practice for establishing transmission and resis-
tance patterns (8). The greater certainty it brings to trans-
mission data can provide evidence to justify more active 
policies of screening and isolation as part of infection con-
trol. The nosocomial transmission described here is consis-
tent with the fact that a person with pulmonary TB (patient 
2) was managed on an open ward before being put into re-
spiratory isolation and had not been previously screened by 
occupational health services.

Recent data reviewing MDR TB transmission in the 
United Kingdom before 2007 did not identify cases of 
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Table. Pairwise distances between 2 pairs of Mycobacterium tuberculosis isolates from patients in the United Kingdom, an isolate from 
the 2005 Tugela Ferry outbreak in KwaZulu-Natal, South Africa (KZN605), and reference strain H37Rv 
Isolate Patient 1 Patient 2 KZN605 Patient 3 Patient 4 H37Rv 
Patient 1 0      
Patient 2 4 0     
KZN605 21 24 0    
Patient 3 84 80 87 0   
Patient 4 87 83 90 2 0  
H37Rv 862 862 887 849 830 0 
 



nosocomial transmission during that period (9). However, 
the emergence of MDR TB in regions of high HIV prev-
alence is relatively recent (10), and the cases described 
here suggest that increased vigilance for TB and MDR TB 
among migrating health care workers might be required.
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To the Editor: Campylobacter species are well known 
to cause gastrointestinal infections in humans. However, 
extraintestinal illnesses caused by Campylobacter spp., 
including bacteremia, can also occur, primarily in immu-
nocompromised persons (1). Campylobacter gracilis is a 
newly recognized species (2) that is commonly found in the 
oral flora and that has been associated with periodontal dis-
eases and pleuropulmonary infections (3–6). Furthermore, 
a wide range of infectious etiologies caused by C. gracilis 
at different anatomic sites have been reported in the litera-
ture, suggesting its highly pathogenic potential (7,8). We 
describe a case of bacteremia due to C. gracilis compli-
cated by pneumonia.

An 80-year-old man with a history of hypertension, 
hypertensive nephropathy, and　chronic obstructive pul-
monary disease (COPD) was in his usual health status when 
he began having worsening productive cough, fevers, and 
malaise; he sought health care 5 days later at Long Island 
College Hospital (Brooklyn, NY, USA). A heavy smoker 
who was noncompliant with his COPD treatment, he had 
frequent episodes of COPD exacerbation necessitating 
chronic  maintenance with oral steroid therapy.

At physical examination, the patient appeared chroni-
cally ill and had mild respiratory distress. His temperature 
was 100.8°F, blood pressure 124/67 mm Hg, pulse 106 
beats/min, respiration 22 breaths/min, and oxygen satura-
tion 94% on room air. His heart sounds revealed tachycar-
dia without murmurs, and his lung sounds disclosed scat-
tered wheezing and rhonchi.
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Laboratory studies revealed a leukocyte count of 
14,400 cells/mm3 (reference range 4,500–11,500) with 
85% polymorphonuclear leukocytes, a hemoglobin level of 
11.7 g/dL (reference range 14.0–18.0), and a platelet count 
of 174,000/mm3 (reference range 150,000–450,000). His 
sodium level was 133 mmol/L (reference range 135–145), 
potassium 4.6 mmol/L (reference range 3.5–4.5), bicarbon-
ate 30 mEq/L (reference range 22–28), urea nitrogen 118 
mg/dL (reference range 9–23), and creatinine 5.2 mg/dL 
(reference range 0.7–1.3). A chest radiograph showed con-
solidation with large pleural effusion in the right lung. 

He was empirically given vancomycin, cefepime, and 
azithromycin. Severe respiratory distress developed, and 
the patient died a few days later. Respiratory cultures at 
that time showed Klebsiella pneumoniae and C. gracilis. 
Blood cultures were positive for C. gracilis.

C. gracilis, originally known as Bacteroides gracilis, 
was transferred to the genus Campylobacter in 1995 after 
analysis of the cellular fatty acids, respiratory quinones, 
and proteins of B. gracilis and a comparison of them with 
the corresponding chemotaxonomic features of Campylo-
bacter spp. (2). C. gracilis is a nonmotile, non–spore-form-
ing, anaerobic gram-negative rod that uniquely requires 
formate and fumarate in its metabolism. C. gracilis primar-
ily inhabits the gingival crevice and has been associated 
with a wide variety of periodontal diseases (3,7).

A study of 28 persons with chronic asymptomatic peri-
radicular lesions showed C. gracilis in 6 (21.4%), including 
2 (16.7%) of 12 who had acute apical periodontitis and 4 
(23.5%) of 17 who had acute periradicular abscess (4). C. 
gracilis has also been isolated from other anatomic sites 
and has caused severe infections such as peritonitis, pneu-
monia, and bacteremia (5,8).

Our patient had C. gracilis bacteremia complicated 
by acute respiratory distress secondary to pneumonia. Al-
though another gram-negative rod was isolated from the 
respiratory cultures, C. gracilis potentially played a major 
pathogenic role for this patient because of concomitant 
bacteremia that resulted in an unfavorable outcome. Pleu-
ropulmonary infections with C. gracilis are not surprising 
because of the frequency of its detection in the human oral 
flora. In a study of 23 isolates of C. gracilis and their as-
sociated clinical diagnosis, 7 were from patients with lung 
abscess or empyema, and 2 were from those with aspiration 
pneumonia (6).

Campylobacter spp. are commonly associated with 
extraintestinal complications, including bacteremia, in im-
munocompromised hosts. In a study of 183 patients with 
Campylobacter bacteremia, the main underlying condi-
tions were liver disease (39%) and cancer (38%). In that 
study, C. fetus was the most frequently identified species, 
found in 53% of the patients involved, followed by C. je-
juni, C. coli, and C. lari (1). In another case report, C. lari 

bacteremia was described in a patient with multiple my-
eloma (9). Although uncommon, C. gracilis bacteremia has 
been reported in the literature (8). 

Optimal antimicrobial drug treatment for C. gracilis 
remains to be established. Available antimicrobial suscep-
tibility patterns in the literature have shown conflicting re-
sults (5,10). In 1 study, penicillin susceptibility was 67% 
and cephalosporin susceptibility was 67%–84% in 23 iso-
lates of C. gracilis (6).

Further research is warranted to elucidate the mecha-
nisms of pathogenicity and virulence of C. gracilis. Its 
pathogenic potential should not be underestimated because 
of the spectrum of disease, severity of infection, and its 
possible high frequency of antimicrobial drug resistance. 
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To the Editor: Aquatic birds form a natural reservoir 
of avian influenza viruses from which new human and 
animal influenza viruses originate. After initial detection 
in 2010 in China, a new highly pathogenic avian influenza 
(HPAI) virus of the H5N8 subtype reemerged in ducks 
in South Korea in 2014 (1,2). The hemagglutinin gene 
of this virus was distantly related to those of H5N1 sub-
types that have caused infections in humans since 1997 
(3). The World Health Organization/World Organisation 
for Animal Health/Food and Agriculture Organization of 
the United Nations H5N1 Evolution Working Group has 
assigned this new H5 to clade 2.3.4.4. Several poultry 
farms in the Netherlands, Germany, United Kingdom, and 

Italy were recently affected by infection with H5N8 virus 
closely related to the strains circulating in Asia (4), lead-
ing to implementation of preventive measures to restrict 
viral spread. Human infections with this new HPAI sub-
type have not been reported.

Modified vaccinia virus Ankara (MVA) is a promising 
viral vector platform for the development of influenza vac-
cines (5). We previously conducted a randomized double-
blind phase 1/2a trial in young healthy persons to evaluate 
an MVA-based H5 vaccine (registered in the Netherlands’ 
trial register under NTR3401). Preclinical testing was con-
ducted before this trial (6,7). Thirty-nine study participants 
received MVA-H5-serumfree Munich-Rotterdam (sfMR), 
which encoded hemagglutinin of influenza virus A/Viet-
nam/1194/2004 (H5N1), and 40 received vector control. 
Persons received 1 or 2 doses (with an interval of 4 weeks) 
of 107 or 108 PFU. Twenty-seven of the MVA-H5-sfMR– 
vaccinated persons received a booster vaccination 1 year  
later (again 107 or 108 PFU). The MVA-based vaccine was 
well tolerated and induced antibodies to both the homologous  
(A/Vietnam/1194/2004, clade 1) and a heterologous  
(A/Indonesia/5/2005, clade 2.1) H5N1 virus (8).

Although the newly emerged HPAI (H5N8) vi-
rus thus far has been detected only in birds, zoonotic 
transmission to humans exposed to large numbers of 
infected birds might occur (e.g., during culling opera-
tions). Therefore, shortly after the H5N8 outbreak in 
poultry in the Netherlands, we determined whether 
MVA-H5-sfMR–induced antibodies cross-react with the 
new H5N8 strain. Post-infection A/Vietnam/1194/2004 
(clade 1) ferret serum (infected with a low pathogenic 
reverse genetics virus produced with hemagglutinin and  
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Figure. Results of hemagglutination-inhibition (HI) testing of modified vaccinia virus Ankara influenza vaccine cross-reactivity. Each 
symbol represents a person in the clinical trial; symbol shapes indicate different vaccination regimens. A) Timeline for development  
of HI titers against influenza virus A(H5N8) (A/chicken/Netherlands/EMC-3/2014). B) Correlation between HI titers against H5N8 and  
A/Vietnam/1194/2004 (H5N1) viruses. Linear regression for samples after booster vaccination is shown (r = 0.82, p<0.0001).



neuraminidase gene segments of A/Vietnam/1194/2004 
and the remaining 6 gene segments of A/Puerto 
Rico/8/34) was tested by hemagglutination-inhibition 
(HI) for cross-reactivity with viruses belonging to clade 
0 (A/Hong Kong/156/1997), 2.1 (A/Indonesia/5/2005), 
2.2 (A/Turkey/turkey/1/2005), and 2.3 (A/Anhui/1/2005) 
and the emerging H5N8 strain A/chicken/Netherlands/
EMC-3/2014. A/Vietnam/1194/2004-specific serum (ho-
mologous titer 80) displayed low cross-reactivity with the 
clade 0, 2.2, and 2.3 viruses and completely failed to react 
with H5N8 strain A/chicken/Netherlands/EMC-3/2014. 
Inversely, A/chicken/Netherlands/EMC-3/2014-specific 
ferret serum (homologous titer 160) completely failed 
to cross-react with A/Vietnam/1194/2004. This finding 
demonstrates an antigenic distance between these viruses. 
Furthermore, the World Health Organization Collaborat-
ing Centers have only found limited cross-reactivity of a 
panel of H5 vaccine candidates with subtype H5N8 (9).

The clinical trial serum samples were pretreated with 
receptor-destroying enzyme and horse erythrocytes and 
tested by HI assay for their reactivity with A/chicken/
Netherlands/EMC-3/2014 according to standard proce-
dures (10). HI antibodies were induced after MVA-H5-
sfMR vaccination that displayed considerable reactivity 
with the antigenically distinct H5N8 strain A/chicken/
Netherlands/EMC-3/2014 (Figure, panel A). The titers 
of cross-reactive antibodies correlated with those to 
the homologous strain A/Vietnam/1194/2004 (r = 0.82, 
p<0.0001; Figure, panel B).

As shown previously (8), the magnitude of the an-
tibody response was dose-dependent. Also, the highest 
cross-reactive response to the H5N8 strain was observed 
after vaccination with 108 PFU (Figure, panel A) of MVA-
H5. None of the study participants had prevaccination HI 
antibody titers >1:40 against A/Vietnam/1194/2004 or A/
chicken/Netherlands/EMC-3/2014. Although most of the 
study participants had detectable HI antibody titers against 
the homologous virus 4 and 8 weeks after vaccination (8), 
antibodies against the H5N8 virus were barely detectable at 
these time points. HI antibody titers against the homologous 
virus increased in persons who received a booster vaccine 
at 52 weeks after primary vaccination. A large proportion 
(9 [82%] of 11 study participants; geometric mean titer 63) 
of participants who received a vaccine dose of 108 PFU 
(equally divided among groups that received 1 or 2 pre-
vious doses) also had detectable cross-clade titers against 
the H5N8 virus A/chicken/Netherlands/EMC-3/2014. Fur-
thermore, virus neutralizing antibodies against H5N8 virus 
were detected in 10 of 27 persons and correlated with anti-
body titers measured by HI assay.

We showed that an MVA-based H5 (A/Viet-
nam/1194/2004) vaccine can elicit cross-clade antibodies 
against the newly emerging HPAI (H5N8) virus that is  

genetically and antigenically distinct from the clade 1 
H5N1 virus A/Vietnam/1194/2004. The cross-reactive an-
tibody response observed after the 1-year booster vaccina-
tion suggests that the use of MVA-H5-sfMR is an effective 
emergency vaccination strategy in case tailor-made vac-
cines are not yet available in an outbreak situation. Thus, 
such a strategy might also be effective against the newly 
emerging influenza A(H5N8) viruses, in case these viruses 
would cause human infections.
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To the Editor: Carbapenemase-producing Enterobac-
teriaceae are being reported worldwide. Travel, medical 
tourism, and cross-border transfer of patients might play a 
role in the spread of these bacteria (1,2). Klebsiella pneu-
moniae co-producing New Delhi metallo-β-lactamase 5 
(NDM-5) and oxacillinase 181 (OXA-181) carbapenemas-
es was detected in South Korea in 2014.

On April 13, a 75-year-old man who had had a cere-
bral infarction was transferred from a tertiary care hospital 
in Abu Dhabi, United Arab Emirates (UAE), to Samsung 
Medical Center (Seoul, South Korea) for rehabilitation 
therapy. In Abu Dhabi, he had received broad-spectrum 
antimicrobial drugs for aspiration pneumonia. While at 
Samsung Medical Center, he experienced septic shock and 
acute respiratory failure due to pneumonia and was trans-
ferred to the medical intensive care unit (ICU). Carbapen-
em-resistant K. pneumoniae (strain CC1409-1) was isolat-
ed from a culture of bronchoalveolar lavage fluid. He was 
given meropenem and colistin for treatment of pneumonia, 
was discharged, and returned to the UAE.

Four months later, carbapenem-resistant K. pneumoni-
ae (strain CC1410-1) was identified in the tracheal aspirate 
of a 74-year-old woman admitted to the surgical ICU at 
Samsung Medical Center for traumatic intracranial hemor-
rhage. She had no underlying disease or previous history 
of hospitalization or travel abroad. She was given colistin 
and piperacillin/tazobactam. Following the identification 
of colistin resistance, colistin was switched to tigecycline. 

However, her clinical condition worsened (aggravated 
pneumonia), and she died of refractory respiratory failure.

In vitro antimicrobial drug susceptibility tests of 2 
isolates were performed by using broth microdilution. Re-
sults were interpreted following Clinical and Laboratory 
Standards Institute guidelines (3), except for those for 
colistin and tigecycline, for which European Committee 
on Antimicrobial Susceptibility Testing breakpoints were 
used (4). The first isolate was susceptible to colistin but 
none of the other antimicrobial agents tested (cefepime, 
ceftriaxone, ceftazidime, aztreonam, amikacin, cipro-
floxacin, trimethoprim/sulfamethoxazole, ertapenem, 
imipenem, and meropenem)whereas the second isolate 
was susceptible only to tigecycline. Modified Hodge tests 
for both isolates showed positive results. Production of 
metallo-β-lactamase was detected by an imipenem-EDTA 
double-disk synergy test.

The presence of carbapenemase genes was determined 
by PCR and DNA sequencing (2). The blaNDM and blaOXA-48 
genes were detected in both isolates. The PCR product 
sequences were consistent with those of NDM-5 (Gen-
Bank accession no. JN104597.1) and OXA-181 (GenBank 
accession no. JN205800.1). Further analyses for other 
β-lactamases (TEM-type, SHV-type, and CTX-type) and 
16S rRNA methylase aminoglycoside resistance determi-
nants (armA, rmtA, rmtB, rmtC, rmtD, rmtF, and npmA) re-
vealed that both isolates carried blaTEM-1, blaSHV-11, blaCTX-M-15,  
and rmtB genes.

Clonal relatedness was investigated by using multilo-
cus sequence typing and pulsed-field gel electrophoresis 
(PFGE) (5,6). Multilocus sequence typing revealed that 
both isolates belonged to sequence type 147. PFGE showed 
that both isolates were the same strain (Figure).

The 2 patients were never hospitalized in the same ward 
and there was a substantial time lag between their hospital-
izations. However, given sequence type and PFGE patterns 
between 2 isolates, we suspected nosocomial cross-trans-
mission and performed infection control measures, includ-
ing strict contact precautions and enhanced environmental 
cleaning with daily monitoring in the surgical ICU. In addi-
tion, environmental cultures and active surveillance cultures 
(rectal swabs and respiratory samples) on all patients in the 
units where these isolates were identified were performed to 
find asymptomatic carriers or contaminated environments as 
potential sources of transmission. All samples tested were 
negative for carbapenemase-producing Enterobacteriaceae. 
No further cases were reported in the hospital.

NDM-5 was first identified in a multidrug-resistant 
Escherichia coli sequence type 648 isolate from a patient in 
the United Kingdom who had a recent history of hospital-
ization in India (7). NDM-5 differs from existing enzymes 
due to substitutions at positions 88 (Val→Leu) and 154 
(Met→Leu). OXA-181, a variant of OXA-48, was initially 
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reported in India but has been sporadically detected in the 
United Kingdom, the Netherlands, France, New Zealand, 
Oman, and Singapore (8). It has also been found to be asso-
ciated with other carbapenemase genes, such as the blaNDM-1 
and blaVIM-5 genes, and particularly in isolates with a link to 
the Indian subcontinent.

In the cases we describe, the first K. pneumoniae 
isolate was recovered from a patient transferred from the 
UAE. Recent studies suggest that the Middle East, a re-
gion with close ties to the Indian subcontinent that hosts a 
large expatriate population, may act as another reservoir of 
OXA-48 and NDM producers (9,10). The emergence of ex-
tremely drug-resistant isolates carrying multiple carbapen-
emase genes is of concern because of limited treatment op-
tions and the possibility of global dissemination by means 
of cross-border transfer. A collaborative interdisciplinary 
strategy, including active surveillance for high-risk patients 
and adequate infection control measures against spread 
of such highly transmissible multidrug-resistant strains in 
health care settings, is necessary.
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To the Editor: Health authorities from Cambodia and 
European Union member states recently described a pro-
nounced increase in Salmonella enterica serotype Paratyphi 
A infections in Cambodia resulting from an ongoing outbreak 
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Figure. Dendrogram of pulsed-field gel electrophoresis patterns showing the genetic relationship between 2 Klebsiella pneumoniae isolates 
co-producing New Delhi metallo-β-lactamase 5 and oxacillinase 181 carbapenemases, South Korea, 2014. ATCC BAA-2146 indicates New 
Delhi metallo-β-lactamase 1 K. pneumoniae used as a reference strain. Scale bar indicates percentage genetic relatedness.



(1,2). To further characterize this outbreak, we analyzed 
2013–2014 data on Paratyphi A infections associated with 
travel to Southeast Asia that were reported to the Centers for 
Disease Control and Prevention (CDC) National Typhoid 
and Paratyphoid Fever Surveillance (NTPFS) system and the 
CDC National Antimicrobial Monitoring System (NARMS).

NTPFS began tracking Salmonella Paratyphi A infec-
tions in 2008. During 2008–2012, ten cases were reported 
in patients who had traveled to Southeast Asia within 30 
days before illness onset; only 1, who also reported travel 
to Sri Lanka, Nepal, and Nigeria, reported travel to Cam-
bodia. During January 1, 2013–August 22, 2014, how-
ever, NTPFS received 19 reports of laboratory-confirmed 
Paratyphi A infection in travelers returning from Southeast 
Asia; 13 traveled to Cambodia, and 8 of them reported trav-
el only to Cambodia (Table). Of the 7 patients who traveled 
only to Cambodia and reported reason for travel, all cited 
“visiting friends and relatives.” Six (75%) of the 8 patients 
who traveled only to Cambodia were hospitalized (median 
duration 7 days, range 2–10 days), and all recovered. Cases 
occurring in 2014, especially later in the year, might not 
yet have been reported, so the 2014 data most likely are 
an underestimate. Although many cases reported to health 
authorities in Cambodia and the European Union clustered 
in the Phnom Penh region (1,2), we lack information about 
destinations within Cambodia for US patients.

Paratyphi A isolates from southern Asia (e.g., India, 
Pakistan, Bangladesh) often are resistant to the quinolone 
nalidixic acid or are multidrug resistant (i.e., resistant to 
ampicillin, chloramphenicol, and trimethoprim/sulfa-
methoxazole) (3), but little is known about antimicrobial 

drug resistance among Paratyphi A strains from Southeast 
Asia. However, most outbreak-associated isolates from 
Cambodia reported by others have been pansusceptible 
(1,2). CDC NARMS characterized the antimicrobial sus-
ceptibility of isolates from all patients who reported travel 
only to Cambodia; 7 (87.5%) were pansusceptible, and 1 
(12.5%) was resistant to nalidixic acid and had reduced 
susceptibility to the fluoroquinolone ciprofloxacin. CDC 
NARMS also tested isolates from all patients who reported 
travel to Cambodia and other countries in Southeast Asia 
and from 2 patients who reported travel to other countries 
in Southeast Asia only; all were pansusceptible.

The Paratyphi A outbreak in Cambodia appears to be 
large and ongoing. To our knowledge, information about 
possible sources and risk factors that could help inform 
prevention activities is not yet available. This outbreak 
highlights the urgent need for a paratyphoid fever vaccine; 
although typhoid fever vaccines exist, persons living in and 
visiting regions of active Paratyphi A transmission have no 
alternative to relying exclusively on close attention to food 
and water safety to mitigate risk (4). Furthermore, although 
most isolates from this outbreak appear to have been pan-
susceptible, antimicrobial drug resistance has emerged 
quickly among Paratyphi A strains in southern Asia (5–7). 
More comprehensive surveillance of antimicrobial resis-
tance among Paratyphi A strains is warranted in Southeast 
Asia to determine the extent of geographic expansion of 
resistant strains from southern Asia and to inform treat-
ment options for management of patients. We recommend a 
systematic outbreak investigation to determine source and 
routes of transmission.
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Table. Characteristics of patients with Salmonella enterica serotype Paratyphi A infection returning to the United States from 
Southeast Asia, NTPFS, 2013–2014* 

Characteristic Cambodia only, n = 8 
Cambodia and other countries in 

Southeast. Asia, n = 5† 
Other countries in Southeast. 

Asia only, n = 6‡ 
Travel history§    
 Reason for travel, no (%)    
  Business 1 (14) 0 3 (60) 
  Tourism 0 3 (60) 3 (60) 
  Visiting friends and relatives 7 (100) 3 (60) 0 
  Missionary work 0 1 (20) 0 
  Immigration 0 0 1 (17) 
  Unknown 1 (<1) 0 0 
 Demographics    

Age, y, median (range) 23 (9–50) 21 (18–59) 39 (25–52) 
Female sex, no. (%) 5 (63) 4 (80) 4 (67) 

Clinical    
 Hospitalized, no. (%) 6 (75) 3 (60) 2 (33) 
  No. days, median (range) 7 (2–10) 6 (4–7) 3 (1–4) 
  Recovered, no. (%) 8 (100) 5 (100) 6 (100) 
 Specimen source, no. (%)    

Blood 7 (88) 4 (80) 4 (67) 
Feces 1 (12) 1 (20) 2 (33) 

*Cases occurring in 2014, especially later in the year, might not yet have been reported to NTPFS. NTPFS, National Typhoid and Paratyphoid Fever 
Surveillance system. 
†In addition to Cambodia, patients also visited Vietnam (2 patients) and Laos (1 patient).  
‡Other countries in Southeast Asia included Indonesia (4 patients) and Thailand (2 patients). 
§Of patients with known reason for travel. Some patients listed multiple reasons. 
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To the Editor: Recent reports from Asia (1–4) have 
highlighted the increasing incidence of the fungus Can-
dida auris as a nosocomial bloodstream pathogen affect-
ing persons of all age groups. We report a case of C. auris 

candidemia in a 27-year-old woman in Kuwait with a long 
history of chronic renal failure. On May 9, 2014, the pa-
tient was admitted to the intensive care unit with symptoms 
of septic shock secondary to lobar pneumonia and com-
plicated by acute renal failure. The patient was known to 
have immotile cilia syndrome (primary ciliary dyskinesia) 
and bronchiectasis with recurrent episodes of sinusitis. 
Beginning on day 1, she received treatment with different 
courses of a wide range of broad-spectrum antimicrobial 
drugs. However, despite treatment, the patient’s condi-
tion continued to deteriorate. On day 12 after admission, 
a blood culture yielded yeast growth that was identified 
with 99% probability as C. haemulonii by using the Vitek 
2 yeast identification system (bioMérieux, Marcy l’Etoile, 
France). As part of routine patient care, we sent the isolate 
(Kw1732/14) to the Mycology Reference Laboratory at 
Kuwait University for further identification and antifungal 
susceptibility testing. The isolate was resistant to flucon-
azole (MIC of >256 µg/mL), but it appeared susceptible to 
amphotericin B (MIC of 0.064 µg/mL), voriconazole (MIC 
of 0.38 µg/mL), and caspofungin (MIC of 0.064 µg/mL) by 
using the Etest (bioMérieux, Marcy l’Etoile, France). The 
patient was started on liposomal amphotericin B (150 mg/
day), but the next day, she died from multiorgan failure.

On MAST ID CHROMagar Candida medium (Mast 
Group Ltd., Bootle, UK), the isolate formed pink colonies, 
which grew well at 42°C but not at 45°C. The isolate did 
not grow on BBL Mycosel Agar (BD, Sparks, MD, USA) 
containing 0.4 g cycloheximide per liter of medium. As with 
C. auris isolates from India and South Africa, this isolate 
assimilated N-acetyl glucosamine (2,5). Because the iso-
late showed reduced susceptibility to fluconazole, it was 
further characterized by sequencing of internal transcribed 
spacer and D1/D2 domains of ribosomal DNA. Genomic 
sequences for the internal transcribed spacer and D1/D2 
regions (EMBL accession nos. LN624638 and LN626311) 
shared 99%–100% identity with sequences for correspond-
ing regions of several C. auris strains (identification nos. 
CBS12874, CBS12875, CBS12876, CBS12880, CBS12882, 
CBS12886, and CBS12887, and several isolates from India).

C. auris was isolated in 2009 from the ear canal of 
a woman in Japan (6). The species has attracted attention 
because of its reduced susceptibility to azoles and ampho-
tericin B (2,5) and its misidentification as C. haemulonii 
or Rhodotorula glutinis by commercial yeast identification 
systems (1,4). Because there are no reliable phenotypic 
methods for the rapid identification of C. auris and because 
molecular methods are not yet widely available, it is rea-
sonable to infer that C. auris may be a more frequent cause 
of candidemia than previously recognized, particularly in 
Asian countries. A recently published multicenter study 
from India supports this view (7). In that study, a signifi-
cantly higher occurrence of C. auris candidemia was re-
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ported among patients admitted in public sector hospitals 
compared with those in private hospitals (8.2 vs. 3.9%; p = 
0.008) (7). The report reinforces the growing clinical impli-
cations of rare Candida spp. in the etiology of candidemia 
and highlights the role of molecular methods for their un-
equivocal identification.
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The Antibiotic Era: Reform, 
Resistance, and the Pursuit 
of a Rational Therapeutics
Scott H. Podolsky
Johns Hopkins University Press,  
Baltimore, Maryland, USA; 2015
ISBN-13: 978-1-4214-1593-2
Pages: 309; Price: US $34.95

There has been a flood of recent publications and media 
coverage on the current crisis relating to drug-resistant 

microorganisms. The Antibiotic Era: Reform, Resistance, 
and the Pursuit of a Rational Therapeutics takes a unique 
approach by presenting a well-documented history, starting 
in the earliest days with the introduction of antimicrobial 
drugs to the present time. It is built around those reform-
ers who recognized problems relating to the irrational use 
of these agents and the difficulties these reformers experi-
enced over many years.

Early chapters provide a firm foundation for the many 
issues that follow. They trace the development of the sulfa 
drugs and penicillin up to the period of World War II, and 
more important, the postwar introduction of the group of 
broad-spectrum “wonder-drug” antibiotics. The introduc-
tion of these drugs changed the practice of medicine but 
also stimulated the need for infectious disease experts to 
clarify their use and help counter the extreme and extensive 
marketing of these drugs by the pharmaceutical companies 
in the form of journal advertisements, supplements, and 
free physician samples.

As the author notes, experts like Maxwell Finland be-
came “therapeutic rationalists” or “reformers” to help fill 

the vacuum left by the American Medical Association and 
the Food and Drug Administration because they only dealt 
with drug safety, not efficacy, and did not want to dictate 
therapeutic choices to practicing physicians. It was the 
introduction of the fixed-dose combination antibiotics in 
the 1950s, especially Panalba (tetracycline/novobiocin), 
that reinforced the need for real reform, a movement that 
dragged on for several decades before coming to fruition 
with the acceptance of the requirement for controlled clini-
cal studies to prove the efficacy, as well as the safety, of 
antimicrobial agents.

Except for the last chapter, this well-researched book 
focuses exclusively on issues debated in the United States. 
This easy to read book is arranged in a logical chronologic 
order, and traces the complexity of newer antimicrobial 
drug classes and their related policy issues. The author 
provides 105 pages of references and documentation that 
makes this book a valuable source of information for his-
torians of science, clinical microbiologists, and infectious 
disease physicians. If for no other reason, the extensive 
reference sections makes this book a wise investment for 
anyone researching or writing on these issues now or in the 
future, especially because many of the past issues are still 
being argued today.
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Although expressions such as “shed some light” or “I 
saw the light” figure often in our everyday speech, 

we do not typically contemplate light. We may marvel at 
its seemingly mysterious expression through auroras, rain-
bows, lasers, or celestial objects or find comfort in its sub-
tler forms such as sunbeams, candles, campfires, or fireflies. 
Artists and scientists, by contrast, do study and manipulate 
light, reflection, and illumination. 

Impressionistic painters strive to capture an impres-
sion of a fleeting moment, a particular scene. Many among 
their numbers are considered masters for their skill at cap-
turing light as it shimmers across surfaces. Claude Monet 
once described Joaquín Sorolla y Bastida Sorolla as “the 
painter of light above all other.”

Sorolla, was born in Valencia, Spain, in 1863. He and 
his infant sister Concha were orphaned when their parents 
died during a cholera epidemic 2 years later, and they were 
raised by their mother’s relatives. Early on, Sorolla seemed 
destined to become an artist: “When Joaquin was of an age 
to go to school, he manifested little inclination for his studies 
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proper, though he revealed a stealthy and incorrigible craze 
for scrawling embryonic drawings in his copy books. . . .” 

In 1878, he began studies at the Fine Arts School of 
San Carlos, and he soon won awards at the Academy of 
Valencia. During 1879, the young artist traveled to Paris, 
where he toured exhibitions and met painters who worked 
in the open air, a practice that accentuated attention to light, 
color, and movement. That experience proved pivotal. So-
rolla developed a passion for painting outdoors, preferring 
natural light and settings. After his military service, Sorolla 
subsequently attended the Fine Arts Academy in Rome on a 
4-year scholarship beginning when he was 21. By the time 
Sorolla was 30, his paintings had been displayed across Eu-
rope and in the United States, and by the turn of the century, 
he was acknowledged to be among the Western world’s 
best living painters. 

He created many memorable paintings portraying the 
sun-drenched Spanish Mediterranean beaches and sea-
scapes; he often painted portraits outside, reinvigorating the 
form with his fresh perspective. Sorolla’s mastery is largely 
accorded to his ability to depict tones and colors of sunlight, 
and he dedicated his life to chasing the sun as it played over 
the people and places of his beloved Spain. He himself ac-
knowledged, “I hate darkness. Claude Monet once said that 
painting in general did not have light enough in it. I agree 
with him. We painters, however, can never reproduce sun-
light as it really is. I can only approach the truth of it.”

Sorolla cut a dashing figure, dressed in a suit, work-
ing from a table-sized palette dabbed with an array of col-
ors squeezed from emptied tubes, and wielding yard-long 
brushes. The vigor with which he worked—he often fin-
ished a painting within a few days—did not diminish even 
as his reputation and wealth grew: he completed more than 
500 paintings during an energetic 4-year spurt.

This months’ cover image, The Wounded Foot, is 
among a series of paintings Sorolla made on the beach 
at Valencia. This painting focuses on 2 children, one of 
whom sits on the wet sand inspecting her foot, possibly 
injured from a jagged shell or broken shard of glass; her 
companion crouches, peering from under a wide-brimmed 
hat, perhaps offering comfort. That child’s arm falls be-
yond the edge of the canvas; blurred figures bob, swim, 
and frolic in the ocean. Reflected light scatters and glis-
tens across the wet sand, swirling water, and foamy edges 
of waves. The casual composition belies the artist’s exper-
tise in capturing transitory light and motion. The J. Paul 
Getty Museum notes that “The colored reflections of late 
afternoon light animate this beach scene and actively de-
fine the forms, from the injured child’s shoulder to the 
liquid sea and the figures playing in the water. The sun’s 
highlights on the hurt child’s hand, the sand around her 
foot, and her companion’s hat draw the viewer’s attention 
to the injured limb.” 

The study of light, reflection, and illumination also 
seized the imagination of German scientist August Köhler, 
one of Sorolla’s contemporaries. In 1893, Köhler devel-
oped the microscope illumination technique that both bears 
his name and remains in use: Köhler illumination. This 
technique uniformly illuminates specimens without back-
ground glare. When this means of illumination is used on 
Gram-stained specimens, the defining features and struc-
tures of bacteria are readily and vividly revealed.

Köhler illumination proved ground-breaking. Ad-
vances in detection and surveillance cannot come swiftly 
enough as researchers and public health professionals 
grapple with the increasing emergence of drug resistance in 
bacteria. Antimicrobial drug resistance diminishes the abil-
ity to treat bacterial infections, increases risks associated 
with many medical procedures, and threatens animal health 
and agriculture. In 2014, the United States government re-
leased The National Action Plan for Combating Antibiotic-
Resistant Bacteria, acknowledging the global scope of the 
problem and supporting the One Health approach to dis-
ease surveillance for pathogens of humans and animals as 
being critical for combating resistance to antibiotics.

Light, reflection, and illumination led an artist to cap-
ture a fleeting incident on a sunny beach in The Wounded 
Foot and inspired a scientist to find a durable solution for a 
problem that had vexed researchers. The growing problem 
of antimicrobial resistance could make treating that child’s 
wound today more complicated than we imagined when the 
widespread use of antibiotics began in the 1940s, reminding 
us that we must keep shedding new light on an old problem.
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Article Title

Estimated Illnesses and Deaths Averted During Fungal  
Meningitis Outbreak Associated with Contaminated  

Steroid Injections, United States, 2013–2014

Activity Evaluation

1. You are consulting for a public health department 
regarding lowering the risk for fungal infection 
outbreak associated with injectable drugs. According 
to the report by Smith and colleagues, which of the 
following statements about the 2012–2013 outbreak 
of fungal meningitis linked with contaminated steroid 
injections and the effects of the public health response 
is correct? 
A. The responsible pathogen was Exserohilum rostratum, 

an environmental mold
B. The outbreak was linked with injections of 

preservative-containing methylprednisolone acetate 
(MPA)

C. Public health efforts led to a 12% reduction in case 
fatality rate 

D. An estimated nearly 1000 injections were averted, 
along with nearly 50 cases of meningitis or stroke and 
40 deaths

2. According to the report by Smith and colleagues, 
which of the following statements about the nature of 
the public health response to the 2012–2013 outbreak 
of fungal meningitis linked with contaminated steroid 
injections is correct?

A. Specific contaminated lots could not be identified
B. The implicated manufacturer voluntarily recalled all of 

its injectable steroids
C. Potentially exposed persons were notified indirectly by 

media reports
D. The Centers for Disease Control and Prevention 

and partners developed diagnostic and treatment 
guidelines, posted them on the outbreak website, and 
disseminated them through health advisory notices

3. According to the report by Smith and colleagues, 
which of the following factors would most likely be 
associated with the risks for meningitis and stroke 
during the 2012–2013 outbreak of fungal meningitis 
linked with contaminated steroid injections? 
A. Earliest-produced lots
B. Youngest vials
C. Diagnosis on or before October 4 (the date when  

the outbreak was widely publicized)
D. Preservative-containing formulation

1. The activity supported the learning objectives. 
Strongly Disagree Strongly Agree 

1 2 3 4 5
2. The material was organized clearly for learning to occur.

Strongly Disagree Strongly Agree
1 2 3 4 5

3. The content learned from this activity will impact my practice.
Strongly Disagree Strongly Agree

1 2 3 4 5
4. The activity was presented objectively and free of commercial bias.

Strongly Disagree Strongly Agree
1 2 3 4 5
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Article Title
Acquired Drug Resistance in Mycobacterum tuberculosis and Poor 
Outcomes among Patients with Multidrug-Resistant Tuberculosis

CME Questions

Activity Evaluation

1.  You are seeing a 55-year-old recent immigrant 
from the republic of Georgia. He has been treated for 
pulmonary tuberculosis (TB) for the past 8 months, but 
gaps appear in his treatment course. What should you 
consider regarding the epidemiology and definitions 
of complicated TB?
A. The overall control of multidrug-resistant TB  

(MDR TB) has exceeded goals set by the World 
Health Organization

B. The rate of new cases of MDR TB worldwide was 
480,000 in 2013

C. MDR TB is defined by resistance to ethambutol  
and ofloxacin

D. TB resistant to fluoroquinolones but sensitive to 
injectable agents should still be labeled extensively 
drug-resistant TB (XDR TB)

2.  You are justifiably concerned regarding resistance 
to anti-TB agents in this case. Which of the following 
statements regarding acquired resistance (AR) in TB 
in the current study is most accurate?
A. Almost 14% of patients were thought to have AR
B. The mean time to the development of AR was 51 days

C. AR to ofloxacin was far more common than  
injectable agents

D. AR was not associated with the development of XDR TB

3.  Which baseline factor was most associated with the 
risk for incident AR?
A. Cavitary disease
B. Older age
C. Male gender
D. History of previous TB

4.  What should you consider regarding patient 
outcomes in the current study?
A. Approximately 90% of patients had a poor outcome
B. The most common category of poor outcomes  

was death
C. A positive result on sputum smear or culture at 4 and 

6 months was consistently the most important variable 
associated with a poor outcome

D. AR was associated with a higher risk for death or 
treatment failure specifically

1. The activity supported the learning objectives. 
Strongly Disagree Strongly Agree 

1 2 3 4 5
2. The material was organized clearly for learning to occur.

Strongly Disagree Strongly Agree
1 2 3 4 5

3. The content learned from this activity will impact my practice.
Strongly Disagree Strongly Agree

1 2 3 4 5
4. The activity was presented objectively and free of commercial bias.

Strongly Disagree Strongly Agree
1 2 3 4 5
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